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The ocean, because of its ability to store heat and as the biggest mediator of
water exchanges on Earth, modulates the climate from years to centuries. By
combining Water Mass transformation and the Temporal-Residual-Mean fra-
meworks, together with a direct estimation of turbulent diffusivity (computed
through an artificial intelligence method), we determine temperature and
salinity transformations along density surfaces. Because isopycnal transfor-
mations barely alter the density field, they remain hidden from the ocean
dynamics. Here we unveil these hidden, isopycnal transformations from in situ
observations at 1000-m depth. We shows that these isopycnal transformations
are 5 times as large as their diapycnal counterpart and are occurring for - 67%
in the Southern Ocean. Our estimations stress the role of the spatially-varying
and anisotropic characteristics of isopycnal diffusion, often not considered in
ocean models. This has major consequences for our understanding of the role

of the ocean in response to anthropogenic climate changes.

Ocean circulation transports a vast amount of water over the globe (up
to 150 Sv, where 1Sv = 10°m’s™, in the Antarctic Circumpolar Current,
for instance)'. This large-scale ocean circulation is also associated with
transport of heat (up to 1.5 PW northward at 20°N)* and freshwater
(around 0.5 Sv southward at 35°N in the North Atlantic). The former is
a fundamental component of the climate equilibrium and adjustment
by transporting the excess of heat from the tropics to the
poles. Whereas the latter indirectly reflects the geographical pattern of
evaporation, precipitation, river discharge, and ice melting, all taking
part in the water cycle. In particular, the ocean is the most important
region of precipitation and evaporation (i.e., 75% and 85%, respec-
tively), making it particularly relevant for the Earth water cycle®.
Beyond this equilibrated view, the Earth is experiencing changes
since the pre-industrial era, with a significant amount of
anthropogenically-induced greenhouse gazes released into the
atmosphere’. As a consequence, the surface atmospheric temperature
is increasing’®, despite a significant mitigation by the ocean, with an
ocean absorption of about 90% of the Earth’s heat excess’”. Together
with this warming, the water cycle is also affected®. This is reflected by
changes in the evaporation and precipitation patterns and
amplitudes’. These changes, either directly (when over the ocean) or

indirectly through runoffs (when over land), are imprinted in the ocean
freshwater transport™® through, for instance, modification of the
ocean salinity distribution™. Hence, the ocean heat and freshwater
transports are central actors of the Earth equilibrium and climate
changes.

Mesoscale eddies are ubiquitous worldwide in the ocean'” and,
unlike the mean transport, they contribute to the heat and fresh-
water transport in two-fold. Firstly, equivalently to the laminar
component, they move ocean water properties (i.e., its temperature
and salinity) in a conserving manner within the ocean. Secondly,
eddies also induce a transformation of these properties through
turbulent diffusion® (e.g., mixing cold and warm waters or salty and
fresh ones). Transformations of seawater properties can occur
either through interactions with the atmosphere at the ocean sur-
face or through turbulent diffusion in the ocean interior. Whereas
the former is easier to etimate®, the latter has always been more
difficult to assess and is often deduced using inverse
methodology® 8. Assessing the role of turbulent eddy diffusion for
heat and freshwater transports and for the transformation of sea-
water properties is a timely question of ocean and climate sciences,
as demonstrated by numerous numerical model studies' 2.
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There has been a large range of studies on Water Mass
Transformations® >, These studies often assess the transformations in
terms of temperature and salinity changes, without specifically
separating the respective role of isopycnal and diapycnal transforma-
tions. In parallel, the role of diapycnal diffusion on temperature and
salinity transformations in the ocean interior has been well
established'®”’. More recently, studies have suggested the key role of
isopycnal processes on heat and freshwater uptakes®**, opening the
possibility of an important role of the isopycnal diffusion. This has
been further confirmed as potentially important in the North Atlantic
for the maintenance of the mean temperature and salinity structure®.
However, these studies rely on either numerical models or inverse
methods, both intrinsically depending on a chosen closure scheme
(and sometimes imposed parameters). Hence, it is key to use direct
observations to assess whether isopycnal or diapycnal diffusion is
dominant in the ocean interior. Indeed, in ocean science, where
reproducible controlled experiments are not possible, the use of direct
observations is the only way to validate or invalidate hypotheses
derived from these numerical or inverse modeling approaches.

In this work, we use direct observations to assess the changes and
transformations of temperature and salinity induced by mesoscale
eddy turbulence, which acts as an equivalent isopycnal turbulent dif-
fusion. We show that, at 1000 m depth, these temperature and salinity
changes mainly occurred in the Southern Ocean and along the Gulf
Stream. These isopycnal changes induce temperature and salinity
transformations significantly more important than their diapycnal
equivalents. We also conclude that the spatially variable and aniso-
tropic nature of the isopycnal turbulent diffusion is keys for an accu-
rate estimation of the temperature and salinity transformations.

Results

The major difficulty of obtaining robust, direct estimations of heat
and freshwater transformations by eddies comes from the need of
knowing turbulent diffusive coefficients independently of tem-
perature and salinity fields (to avoid the dependence of the results
to a closure scheme)*?*. Here, to circumvent this difficulty, we have
used the recently estimated diffusivity coefficients® derived from
Argo float deep displacements®. This dataset has been obtained
using a class of data-driven Artificial Intelligence methods: the
Analog Method®%, There, the spatially varying and anisotropic
diffusivity coefficients were estimated through local tracer disper-
sion induced by a turbulent velocity field reconstructed from deep
Argo displacements. This dataset provides the full diffusivity ten-
sor, explicitly acknowledging the anisotropy, rather than a single
diffusivity coefficient, as most commonly done*?***°. These result-
ing diffusivity coefficients are strong where the flow is strong
(Fig. 1d, e), but with a slight spatial offset with the core of the
currents*®*, hence with the largest density gradients. This could be
rationalized by the existence of Kinetic Energy transfers*’. These
coefficients (Fig. 1d, e) together with temperature and salinity fields
from gridded ISAS17 product* (Optimal Interpolation** from Argo
profiles, Fig. 1a, b) allow us to have a direct estimation of isopycnal
heat and freshwater transformations and uncover an unobserved
facet of deep ocean circulation.

Effect of isopycnal turbulent diffusion

In the present study, we assess the global effect of the turbulent dif-
fusion on temperature and salinity fields. However, because of
observational constraints (i.e., the typical parking depth of Argo float
deep displacements), our study focuses at 1000 m depth. This depth is
particularly relevant for estimating heat and freshwater transports and
seawater property transformations for two reasons. (1) It is close to the
depth of the maximum of the Atlantic Meridional Overturning Circu-
lation (depth of no-motion for this circulation, as estimated at 26.5°N
in the North Atlantic by RAPID)®. (2) It is the depth with the largest

contrast in salinity***’, but also includes signatures of the coldest
waters*’ (Fig. 1).

The transformation of seawater properties works hand in hand
with the concept of Water Masses*®. Water Masses are volumes of
water with consistent seawater properties (Fig. 1f) that are set through
ocean-atmosphere exchange at the ocean surface, where water masses
originate. They then spread within the ocean through advection and
mixing and are transformed by the latter. At 1000 m depth, we will
consider three intermediate water masses: Red Sea-Persian Gulf
Intermediate Water (RSPGIW) formed in the Red Sea and Persian
Gulf*’, the Mediterranean Water*® (MW) reaching the Atlantic through
the Strait of Gibraltar, and the AntArctic Intermediate Water™ (AAIW)
intersecting the 1000-m depth along the Polar Front™. We will also
consider more dense Water Masses, namely the North Atlantic Deep
Water (NADW), its transformed southern extension, the Circumpolar
Deep Water” (CDW), and the Antarctic Bottom Water** (AABW).
Despite not being their depth of maximum intrusion, these Water
Masses are present at 1000 m depth in the high latitudes of the North
Atlantic and of the Southern Ocean (Fig. 1f).

To estimate the impact of the turbulent diffusion on the tem-
perature and salinity of these water masses, we follow the Temporal-
Residual-Mean framework (see Methods - Isopycnal Turbulent
Transformation Framework)". This framework disentangles advective
and mixing effects when eddy turbulence is averaged. This allows for
an accurate attribution of eddy-induced transport and transformation.
Also, this framework acknowledges that transformations act within
isopycnal layers as epineutral flux (Fig. 2). To this purpose averaging
are done along-isopycnal, so that fictitious diapycnal transport, due to
incorrect estimates of the isopycnal slopes, can be limited®. This
transformation-induced process has almost no signature on the den-
sity field (except for the weak cabbeling and thermobaricity compo-
nents, although they remain crucial for the density transformations®®),
nor pressure, nor circulation. As a consequence, there is no impact on
Potential Energy, and it can act passively, as long as Eddy Kinetic
Energy remains to maintain the turbulent diffusion. In this sense, for
the ocean dynamics, it remains hidden along the isopycnals (Fig. 1c).
However, it still contributes to heat and freshwater transports from
cold to warm and from salty to fresh regions, respectively. This process
can be described in the form of temperature and salinity rates of
change or of water-mass transformation rates (see Methods - Water
Mass Transformation Rates). The rates of change of a material prop-
erty (temperature or salinity) measure the amount of warming/cooling
or salinification/freshening induced by the isopycnal turbulent diffu-
sion; whereas the transformation accounts for the amount of seawater
that have their properties transformed by this process.

Rates of temperature and salinity change

As mentioned above, the isopycnal diffusion of temperature and sali-
nity can be assessed as the induced rates of change in terms of tem-
perature and salinity [see Methods - (10)]. High magnitudes of the
rates of change are due to high diffusivity coefficients, sharp isopycnal
temperature or salinity gradients, or a combination of both. At 1000 m
depth, we find that they are of the order of kelvins per year or tenth of
(g kg™ per year [or a few 10® K s™ and 107 g kg™ s™] for temperature
and salinity, respectively. These rates of change are mainly located in
the Southern Ocean, along the Antarctic Circumpolar Current, and, to
alesser extent, in the North West of the North Atlantic (Figs. 3a and 4a).
Indeed, the Southern Ocean accounts for 67% of the global rates of
change for temperature and salinity [as measured by the R? of the
transformations described in (11)], despite representing only 31% of the
global ocean area. When including the North Atlantic it reaches 95% for
temperature and salinity rates of change. A local maximum of these
rates of change can be seen in the Zapiola gyre, which corresponds to a
local maximum of diffusivity coefficients (Fig. 1d, e). There is also
significant rates of change along the Agulhas return current and its
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Fig. 1| Climatological tracer fields and horizontal diffusivity at 1000 m depth.
a Conservative Temperature, (b) Absolute Salinity, and (c) neutral density at
1000 m depth from the climatological-annual mean of the gridded ISAS17
product®. d Primary and (e) secondary diffusivity, as well as their respective
directions, estimated from deep Argo displacements at 1000 m depth from the
ANDRO dataset®. f Six Water Masses are identified at 1000 m depth*’ and denoted
through color patches. These Water Masses are the Mediterranean Water (MW), the
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Red Sea-Persian Gulf Intermediate Water (RSPGIW), the AntArctic Intermediate
Water (AAIW), the North Atlantic Deep Water (NADW), the Circumpolar Deep Water
(CDW), and the AntArctic Bottom Water (AABW). Four key regions are also high-
lighted and used in the rest of the study : North Atlantic (NA), Atlantic sector of the
Southern Ocean (SO-A), Indian sector of the Southern Ocean (SO-I), and Pacific
sector of the Southern Ocean (SO-P).

merging with the Antarctic Circumpolar Current, which also corre-
sponds to a local maximum of diffusivity coefficients. Indeed, between
South Africa and the Kerguelen plateau, there is a warming and sali-
nification of the relatively cold and salty AAIW (Figs. 3a and 4a), a
cooling and freshening of the relatively warm and fresh AAIW, and a
warming and salinification of the warm and salty residual of RSGPIW
(trapped in the Agulhas system®’, Fig. 1b).

Unlike the geographical map that reveals where the rates of
change are located, the TS-diagram (i.e., representation with
temperature-salinity axes) reveals which water masses are subjected to
the isopycnal diffusion (i.e., change along isopycnal surfaces). This can
be represented globally (insets in Figs. 3a and 4a) or displayed for each
relevant basin (following the division of Fig. 1f), which allows a simpler
relation with local Water Masses (Fig. 3b-e and 4b-e). In the North
Atlantic, despite the weak isopycnal turbulent diffusion coefficients in
the subtropical gyre interior (Fig. 1d, e), temperature and salinity rates
of change within the MW (along the 27.6-27.8 kg m™ density class) are
visible with a slight cooling and a freshening of MW (Fig. 3b). A more

important cooling and freshening is also visible at the edge between
MW and NADW. In the Southern Ocean, the geographical separation is
quite revealing. It suggests different water masses at play for each of
the three sectors (Atlantic, Indian, and Pacific). In the Atlantic sector of
the Southern Ocean, we observe a cooling and freshening of CDW and
awarming and salinification of AAIW and AABW (Figs. 3c and 4c). In the
Indian and Pacific sectors, the rates of change correspond to a warm-
ing and salinification of the AABW, a cooling and freshening of the
CDW, a warming and salinification of the coldest and freshest portion
of the AAIW, and a cooling and freshening of the warmest and saltiest
portion of the AAIW (Figs. 3d, e and 4d, e). In the Indian sector, there is
also a warming and salinification of the warmer portion of the AAIW,
which derives from RSPGIWY.

Water mass transformations

To further quantify these effects, the isopycnal turbulent diffusion can
also be expressed as Water Masses Transformation (see Methods -
Water Mass Transformation Rates). As discussed earlier, since the
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Fig. 2 | Distribution of temperature and salinity along 25°W and potential
transformation induced by the oceanic isopycnal turbulence. a Conservative
Temperature and (b) Absolute Salinity along 25 °W from the climatological-annual
mean of the gridded ISAS17 product®. The light gray lines indicate neutral density
contours of 26.5, 27.25, 27.85, and 28.02 kg m™. Because the existence of Tem-
perature and Salinity (TS) gradients along isopycnal, the oceanic isopycnal turbu-
lent diffusion (gray arrow) can transform TS-properties (black spiral). This is
especially true at 1000 m depth (denoted by the horizontal black line), where

isopycnal temperature and salinity gradients are important given the range of
different Water Masses. At 25 °W we have: AntArctic Bottom Water (AABW), Ant-
Arctic Intermediate Water (AAIW), Mediterranean Water (MW), North Atlantic Deep
Water (NADW), and Circumpolar Deep Water (CDW). As suggested by the sche-
matic (aand b), it is possible to compute the rates of change, following (10), and the
corresponding water mass transformation, following (11), associated to a tracer
(e.g., temperature or salinity).

turbulent eddy-induced diffusion acts along isopycnals® it cannot
modify density (except for weak nonlinear effects, which affect density
and hence the circulation)®. Hence, we will focus on transformations
induced by temperature and salinity changes. We use the traditional
Water Mass Transformation framework*®*®, often defined across den-
sity layers. Here, we compute transformation rates induced by tem-
perature and salinity changes along the isopcycnals [see Methods -
(11)]. They are computed both globally and for each region defined
earlier (Fig. 1f). These two transformations are evidence of heat and
freshwater transport by isopycnal turbulent diffusion.

We find density transformations of the order of +2Sv (i.e.,
density-class standard deviation) for density changes induced by
either temperature and salinity, respectively (colored - red and blue -
bars in Fig. 5a, c, respectively). This is important as these transforma-
tions correspond to a 70 m layer only (i.e., the typical density layer
thickness due to the stratification at our studied depth, see Methods -
Water Mass Transformation Rates and Supplementary Fig. 1). For
comparison, the buoyancy transformations are of the order of a few
tens of Sverdrup when computed over the full ocean depth®. We
rationalize the importance of the temperature and salinity transfor-
mations over the density ones because of their strong thermohaline
compensating effect on density (i.e., the so called spiciness). The
Water Masses located at our studied depth exhibit particularly intense
spiciness contrasts'®, although it is not necessarily the case at other
depths. More broadly, at the ocean surface, warming regions are often
regions of net evaporation, whereas cooling regions are often regions
of net precipitation. This means that there is a non-negligible part of
the ocean circulation that transports heat and freshwater from cold
and fresh regions to warm and salty regions without transporting
density.

For reference, we compare these isopycnal transformations to
the diapycnal ones, which induce a net density transformations®.
These diapycnal transformations are computed using recon-
structed vertical diffusion coefficients®° (see Methods -

Alternative Diffusivity Coefficients.), which show the expected
typical control by topography (Supplementary Fig. 2). To compare
the isopycnal and diapycnal transformations, we measure their
amplitude through their standard deviation along the density
coordinate. We find that the temperature and salinity isopycnal
transformations are 3 and 5 times as large as the diapycnal ones
(colored-bars vs cyan line in Fig. 5a, c), respectively. Note that this
result contrasts with density transformations for which, as expec-
ted, diapycnal transformations is the dominant factor over iso-
pycnal ones, except for a few specific Water Masses (i.e.,
Subantarctic Mode Water, AAIW, and CDW), for which cabbeling
and thermobaricity are important factors™.

These dominant isopycnal transformations reveal a mean density
gain and loss of +1.5Svand —1.9 Sy, respectively. The density trans-
formations correspond to three regimes in density coordinates (Fig. 5):
a warming and salinification of the lightest water, a cooling and
freshening of density classes between 27.35 and 28kgm™, and a
warming and salinification of the densest water. As expected within an
isopycnal framework, transformations with respect to neutral density
classes show that density gain and loss by cooling and warming are
associated to density loss and gain by freshening and salinification,
respectively, preserving the density field (Fig. 5e). Looking at water
classes and regional separation, we find warming and salinification of
the lightest class of AAIW and cooling of the densest class of AAIW.
This mainly occurs in the Indian sector of the Southern Ocean. On the
other hand, transformations associated with CDW and AABW exhibit a
warming and salinification, which mainly occurred in the Atlantic
sector of the Southern Ocean, and to a second degree in the Pacific
sector for CDW. A transformation peak is also visible in the North
Atlantic sector. It corresponds to a cooling compensated by a fresh-
ening at the edge between MW and NADW. Similarly, in the same
sector, the full range of MW is also transformed through cooling and
freshening, whereas a slight warming and salinification also occur for
the NADW.
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Fig. 3 | Temperature rates of change at 1000 m depth. Rates of Change in (a)
Conservative Temperature at 1000 m depth induced by the isopycnal turbulence.
The Inset shows the same rates of change but as a Temperature-Salinity diagram,
with neutral density in contours (in kg m™ with intervals of 0.2 kg m>). b-e same as
the inset but for regional estimations of the rates of change for Conservative
Temperature. The four selected regions are North Atlantic (NA), Atlantic sector of
Southern Ocean (SO-A), Indian sector of Southern Ocean (SO-I), and Pacific sector
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of Southern Ocean (SO-P), as separated by the lines and represented in Fig. 1f. In the
scatter plots, the values are ordered in absolute rates of change (potentially hiding
weaker rates of change of the same Temperature-Salinity class). The color patches
show properties of selected Water Masses*’: Mediterranean Water (MW), Red
Sea-Persian Gulf Intermediate Water (RSPGIW), AntArctic Intermediate Water
(AAIW), North Atlantic Deep Water (NADW), Circumpolar Deep Water (CDW), and
AntArctic Bottom Water (AABW).

To better understand the role and to assess the importance of
spatially varying anisotropic diffusivity coefficients*®, we have tested a
range of less complex diffusivity coefficients (see Methods - Alter-
native Diffusivity Coefficients). To quantitatively test the mis-
estimations of these simplest diffusivity coefficients, we used their
relative error in comparison to the most complete version [see
Methods - (12)]. The simplest one was a spatially-uniform and isotropic
isopycnal diffusivity coefficient (light gray bars in Fig. 5a, b). It mainly
preserves the signs of the transformations, but underestimates them
by up to 53% for both temperature and salinity. Nonetheless, this
approximation warm and salinified AAIW from 27.4kgm™ to
27.5kg m™, whereas it was cool and freshened with the most complete
version of the diffusivity. Using spatially-varying and isotropic iso-
pycnal diffusivity coefficients (dark gray bars in Fig. 5a, b) better

conserves the shape of the transformations but overestimates by up
to 48% both of these temperature and salinity transformations.

Robustness of the isopcynal diffusivity dataset
To test the robustness of our results, we have recomputed the tem-
perature and salinity transformations using two alternative diffusivity
coefficient datasets (see Methods - Alternative Diffusivity Coeffi-
cients). The first dataset, that we named Groeskamp, estimates diffu-
sivity using salinity observations and assuming the validity of the
mixing length theory*. The second dataset, that we named Roach,
uses the same deep Argo float displacements than us, but a different
methodology: a pairwise dispersion®.

Groeskamp and Roach diffusivities (Fig. 6a, b, respectively) have
the same overall pattern as our reference diffusivities (Fig. 1d, e):
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Fig. 4 | Salinity rates of change at 1000 m depth. Rates of Change in (a) Absolute
Salinity at 1000 m depth induced by the isopycnal turbulence. The inset show the
same rates of change but as a Temperature-Salinity diagram, with neutral density in
contours (in kg m™ with intervals of 0.2 kg m™). b-e same as the inset but for
regional estimations of the rates of change for Absolute Salinity. The four selected
regions are North Atlantic (NA), Atlantic sector of Southern Ocean (SO-A), Indian
sector of Southern Ocean (SO-I), and Pacific sector of Southern Ocean (SO-P), as
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separated by the lines and represented in Fig. If. In the scatter plots, the values are
ordered in absolute rates of change (potentially hiding weaker rates of change of
the same Temperature-Salinity class). The color patches show properties of
selected Water Masses*’: Mediterranean Water (MW), Red Sea-Persian Gulf Inter-
mediate Water (RSPGIW), AntArctic Intermediate Water (AAIW), North Atlantic
Deep Water (NADW), Circumpolar Deep Water (CDW), and AntArctic Bottom
Water (AABW).

intensification in western boundary currents and within the Antarctic
Circumpolar Current. Because Groeskamp and Roach diffusivity
coefficients correspond solely to the cross-flow diffusion, they are
more comparable to our secondary diffusivity coefficients (Fig. 1e),
which are by construction, weaker than the primary ones. Groeskamp
and Roach diffusivity coefficients range between 2000 m?’s™ and
5000 m?s™ in active regions (as our secondary diffusivity coefficients).
In comparison with the two other datasets, Roach diffusivity coeffi-
cients are less spatially smooth.

Because the Groeskamp and Roach datasets provide only a single
local diffusivity coefficient, we restrict the comparison to the spatially
varying and isotropic framework. Computing the temperature and
salinity transformations with the different diffusivity coefficient data-
sets shows the good consistency of the results (Fig. 6¢ and d). When

using our spatially varying and isotropic diffusivity coefficients, we find
stronger transformations than those obtained with Groeskamp and
Roach diffusivity coefficients. However, the transformations are qua-
litatively well represented. As expected, the agreement is better when
applying the spatially varying and isotropic diffusivity coefficients
solely based on the secondary diffusivity coefficients. Here, the
agreement is qualitative and quantitative. This stresses the robustness
of our described temperature and salinity transformations with
respect to the methodology used to infer the diffusivity coefficients.

Discussion

The ocean, through its absorption of 91% of the heat imbalance’ and as
the largest region of evaporation and precipitation on Earth*, is a key
component of our changing climate. At first glance, the ocean is filled
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Fig. 5 | Temperature and Salinity water mass transformations at 1000 m depth
for density classes. Water mass transformations in terms of density changes for
(a and b) Conservative Temperature and for (b and d) Absolute Salinity, and (c and
d) their sum for density classes. Positive or negative values show warming or sali-
nification and cooling or freshening, respectively. a, ¢, and e Red and blue bars
show positive and negative transformations for the anisotropic and spatially-
varying diffusivity, respectively; dark and light gray bars show transformations for
the isotropic and spatially-varying and for the isotropic and globally-uniform dif-
fusivity (set as the local-mean and global-mean of the anisotropic diffusivity),
respectively. The cyan lines are the transformations induced by diapycnal diffusion.
e, d, and f The transformations are split in geographical sectors: global (black lines),

NEUTRAL DENSITY (kg m™®)

North Atlantic (NA, orange line), Atlantic sector of Southern Ocean (SO-A, blue
line), Indian sector of Southern Ocean (SO, yellow line), and Pacific sector of
Southern Ocean (SO-P, green line), as represented in Fig. 1f. The curves have been
smoothed using a moving average window of 0.06 kg m™ and re-interpolated on
regular 0.012 kg m™ grid with a spline interpolation. The horizontal color patches
show neutral density classes of selected Water Masses*’: Mediterranean Water
(MW), Red Sea-Persian Gulf Intermediate Water (RSPGIW), AntArctic Intermediate
Water (AAIW), North Atlantic Deep Water (NADW), Circumpolar Deep Water
(CDW), and AntArctic Bottom Water (AABW). e and fNon-zero values for the sum of
isopycnal temperature and salinity transformations correspond to the computa-
tional error.

by fast, intense mesoscale eddy features, ubiquitous worldwide'.
Hence, the role of these eddies and their associated turbulence in
balancing the ocean circulation and its heat and freshwater transports
remains a vivid question of current climate and ocean research.

This question is even more intriguing when acknowledging that,
since eddy turbulence corresponds to a flow along isopycnals, its
induced mixing cannot modify density (except through weak - but
potentially locally important® - nonlinear effects), hence the circula-
tion. However, they interact with temperature and salinity fields,
transforming seawater properties along their way", without a trace on
the circulation, but still acting on the heat and freshwater transports.
From an energetic point of view, by transporting temperature and
salinity properties, without disturbing the density (because of the
compensating effect), these transformations do not impact the
potential energy, remaining hidden for ocean dynamics and acting
passively, as long as Eddy Kinetic Energy exists for maintaining the
eddy turbulence.

The first result of the present study is the observational estimation
of temperature and salinity transformations at 1000 m depth. By using
observations of the ocean temperature and salinity together with a
direct observational estimate of anisotropic diffusivity coefficients
induced by mesoscale eddy turbulence®, we have unveiled the exis-
tence of this intense, hidden isopycnal transformations fundamental
for the transport of heat and freshwater in the ocean and, therefore, for
setting the global temperature and salinity seawater properties. These
isopycnal transformations are 3 and 5 times as large as the more
classical diapycnal transformations in terms of temperature and sali-
nity transformations, respectively. In particular, in the North Atlantic
we find an important dominance of isopycnal transformations over
diapycnal transformations at our studied, 1000 m depth, consistently
with an independent recent observational study®’. We have shown that
these dominant isopycnal transformations occur for -~67% in the
Southern Ocean (despite representing only 31% of the global ocean
area) and is particularly relevant for AAIW, CDW, and AABW.
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Fig. 6 | Other estimations of isopycnal diffusivity and induced Temperature
and Salinity water mass transformations at 1000 m depth for density class.
(a and b) Isopycnal diffusivity coefficients at 1000 m estimated with alternative
methods** (denoted as Groeskamp and Roach, respectively). Water mass trans-
formations in terms of density changes for (c) Conservative Temperature and for
(d) Absolute Salinity for density classes. Blue lines show transformations for the
isotropic and spatially varying diffusivity. Solid and dashed blue lines show results
for the average between primary and secondary diffusivities and secondary
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diffusivities, respectively. The former is strictly identical to the dark gray bars of
Fig. 5. Orange and red lines show transformations for the Groeskamp and Roach
diffusivities, respectively. The curves have been smoothed using a moving average
window of 0.06 Kg m™ re-interpolated on a regular 0.012 Kg m™ grid with a spline
interpolation. The horizontal color patches show neutral density classes of selected
Water Masses*’: Mediterranean Water (MW), Red Sea-Persian Gulf Intermediate
Water (RSPGIW), AntArctic Intermediate Water (AAIW), North Atlantic Deep Water
(NADW), Circumpolar Deep Water (CDW), and AntArctic Bottom Water (AABW).

The second result is the demonstration of the importance of
acknowledging the full complexity of the isopycnal diffusivity ten-
sor. We have shown that considering the spatially varying and ani-
sotropic diffusivity coefficients is key for the accurate
transformation estimations. Simpler diffusivity coefficients (as
often used in parameterization of laminar/eddy-less ocean com-
ponent used in some current climate models)®* lead to misestima-
tion of the seawater properties transformation (by up to 53%), thus
impacting oceanic heat and freshwater transports. Although
because our study is limited to a single-depth layer, we could not
quantitatively estimate these impacts. Hence, this should be tested
in state-of-the-art climate models to further identify the relevance
and significance of our finding. In particular, the role of spatially
varying and anisotropic diffusivity coefficients in modulating and
redistributing ocean heat storage in climate simulations should be
evaluated. Given the projected changes of ocean mesoscale turbu-
lence over the 21% century®, hence of the isopycnal diffusivity
coefficients®, the future response of our identified intense hidden
isopycnal transformations is in question.

Whereas, the role of diathermal and diahaline water-mass trans-
formations has been long established'®”, there exists in the recent
literature evidence of the importance of the isopycnal direction over
the diapycnal one for these temperature and salinity
transformations'®*>°!, Qur direct estimates suggest the dominance of
isopycnal diffusion over diapycnal diffusion at 1000 m depth. We
hypothesize that this is because we fully acknowledged the anisotropic
nature of the isopycnal diffusion within our framework, unlike in
inverse or numerical modeling studies. This dominance is particularly
important since isopycnal transformations are key for heat uptake in
the context of Global Warming™.

Because of observational constraints®, our analysis is restricted at
1000 m depth. Hence, our results are only representative of a hor-
izontal slice of the ocean, potentially masking geographical variations
linked to the local layer thickness (relatively more important in the
Southern Ocean and in the subpolar North Atlantic). However, this
depth is particularly interesting because it is close to the depth of the
maximum meridional overturning transport in the Atlantic (i.e., the
depth of no-motion for this circulation), and it is where some of the
most saline waters reside and where the coldest waters also exist. This
makes this depth particularly relevant for heat and freshwater trans-
ports. However, given the intensity of the circulation and transfor-
mation identified in our study, it is important to acknowledge it at
other depths. In particular, diapycnal mixing could become more
prevalent near the seabed, mitigating the key role of isopycnal mixing
for temperature and salinity transformations. Hence, building a robust
3-dimensional picture, fully constrained by observations, of the iso-
pycnal turbulent transformations of the global ocean will be a direc-
tion for future work.

Methods

Isopycnal turbulent transformation framework

Starting from the advection equation for a tracer (which could be
temperature or salinity) away from forcing (mainly occurring at the
ocean surface) and for high Péclet number (Pe > 1, measuring the
advection to diffusion ratio), we have:

D.C=0, @

where C is the tracer concentration and D, is the material derivative
(=0+ udyx+vd,+wo,, where t is time, x, y, and z are the zonal,
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meridional, and vertical coordinates, and u, v, and w are the zonal,
meridional, and vertical velocities).

This equation can be modified to show the evolution of the large-
spatial scale or long-time scale by splitting each term in an Eulerian
mean (7)) and its associated anomaly (). This reads:

D,C= —ouC —dvC —d,wC, )

where D, is the mean material derivative (=0, + u0, + 00, +wd,).

This shows that several mean (C, @, v, and @) and turbulent (v C’,
v'C’, and w'C’) terms contribute to the maintenance of the mean state.
In this context, we can redistribute the terms™®* so that the evolution
of the tracer becomes:

D,C=d,, 3)

where C is the modified tracer, D, is the modified material derivative
[=0,+ 4d, + 00, +Wwd,, and a=u+u, b=v+0, and Ww=w+w, where a,
v, and w are the zonal, meridional, and vertical eddy-induced
velocities, respectively], and d; is the transformation term. This
expression suggests that the modified tracer is advected by both the
mean and the eddy-induced velocity® and transformed. In this
Temporal-Residual-Mean framework, the eddy-induced advection
and the transformation are consequences of the skew-symmetric
and symmetric components of the turbulent flux, respectively. This
framework is particularly useful to accurately separate and attribute
the advection and mixing effects of averaged eddy turbulence. The
advection effect only displaces tracer properties, whereas the
mixing effect changes tracer properties. Hence, this framework
avoids the misinterpretation of eddy-induced transport by hor-
izontal turbulence as a transformation.

In the ocean interior (i.e., below the ocean mixed layer), the
transformation term can take the form* of

. di
dc=dléo+déla, (4)

where dig" and dgia are the transformation along the isopycnal and
the diapycnal direction. Here, by being in the ocean interior (i.e.,
below mixed layer depth), we have neglected the potential effect of
horizontal transformation (important within the mixed layer). In the
rest of the study, we will focus on the isopycnal component of these
fluxes and compare it to the diapycnal one. Note that isopycnal heat
and freshwater transformations act along a constant density sur-
face, thus, by construction, they avoid density gradients. Although
the diapycnal component, induced by small-scale mixing
processes®, will be used as a reference. It is worth noting that the
use horizontal diffusion instead of isopycnal diffusion outside of
the mixed layer is fundamentally flawed>. With this approximation,
we would find transformations that are completely missing the
correct warming/cooling and freshening/salinification. Also, as
expected for such flawed approximation, the compensation
between temperature and salinity changes are missed. This would
result in unrealistic transformations.

Following a downgradient flux closure™*’ (i.e., Fick’s law), the
density-weighted isopycnal transformation reads:

d®=0,yv,- <K : Z’f), ©)
z

where V,, refers to the gradient along the neutral density (y) and K is
the, possibly spatially-varying, anisotropic diffusivity tensor acting
along the neutral density (or anisotropic epineutral diffusivity ten-
sor). Here, the gradient is computed using the projected

nonorthogonal approach®®®’, The diffusivity tensor is expressed as:

() ®
W
where x and y are the zonal and meridional direction along neutral
density, respectively, and k4, K5, and k5 are the zonal, meridional,
and cross diffusivities along the neutral density, respectively. Hence,
the isopycnal transformations for a spatially varying and anisotropic
diffusivity tensor read:

d°=0,y0, (gﬂaf@ +0.y0, Gﬂ ayé) +3,y0, (gﬂ af(é>
£24 £24 2V )
Ky . »

This expression shows that the diffusivity is dependent on 3 sca-
lars that measure both the intensity of the diffusivity and its orienta-
tion. Indeed, since the off-diagonal terms are strictly identical in (6), it
simply induces a rotation of diffusivity, which will act independently
along its two orthogonal natural directions (directions after rotation).
Here, it becomes apparent that the use of a single coefficient cannot
fully represent the complexity of these isopycnal transformations,
both in terms of intensity and directionality.

Computation of epineutral flux

One last difficulty is to estimate the gradient along neutral density®’ (or
epineutral gradient) as expressed in (7): computing the V, (or 0; and
;). As an example, but it would be equivalent for the meridional
direction, for the zonal direction, we have:

_Aal, Ao, +Ao|,

3.0~ _0,0Ax+0,06z

Ax T VARHEZ T px f1+82

®

1 1
~ 0,0+5,0,0 — isﬁaxo - isf;i)za+ e

~ 0,0+s,0,0,

where g is any scalar quantity (e.g., Temperature or Salinity), s, = 6z/Ax
is the zonal component of the isopycnal slope, A0|{yyx,z} is the differ-
ence in ¢ at constant y, x, and z, respectively, Ax is the distance at
constant y along the zonal direction, and Ax and 6z are the zonal and
vertical distances, respectively, covered by the neutral density surface.

In the last calculation, a few approximations have been done: (i)
Ax ~ v/ Ax? + 622, assuming that the epineutral displacement can be
geometrically approximated by the zonal and vertical displacement;
(ii) 6z < Ax, assuming that the vertical displacement of the epineutral is
weak compared to the zonal one (i.e., small slope approximation®),
allowing a Taylor expansion of the denominator; and (iii) 0,0 and 0,0
are constant over Ax and &z, respectively. Equivalently, we have
050 ~ 0,0 +5,0,0, where s, is the meridional component of the iso-
pycnal slope. Note that there exist more complex but more accurate
computation methods of the neutral slopes and gradients, which are
key when the slopes become important’®”'. However, in our applica-
tion, the slopes remain weak, with a maximum slope magnitude of
0.08 and a median value of 0.0001.

The slope is defined through the horizontal gradients of Absolute
Salinity (S4) and Conservative Temperature (0), by setting d;y =0 and
d;y =0, such as:

s\ _  ave - pvs, o)
s,  a0,0-po,S,’
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where V is the horizontal gradient, and a and S are the thermal
expansion and haline contraction coefficients, respectively. s is the
magnitude of the slope measured through the components inner
product (=s3 + s}),

This epineutral formulation for the gradients allows us to com-
pute an approximation of the isopycnal diffusion, described in (5) and
(7), for any tracer C as a function of Cartesian coordinates. This reads:

ae ~ an{ax [% (axf:+sxazf:) + % (ayé +5,0,C )]
+5,0, 55 (0,0+5,0,0) + 55 (0,6 +5,0,€)] w0
+0, 5 (0, +5.0,0) + 1 (8, +5,0,€)]
+5,0: 55 (0,C +5,0:C) + 57 (9,C +5,0:C ) | }.

This is the formulation, which includes anisotropic, isopycnal diffu-
sivities, that is used in our study.

Water mass transformation rates
Building on (10), the action of the isopycnal turbulent term could be
further estimated in terms of transformation rates*®’* as:

wh=0, / / o, Az, (1)

Wi =0, / / Bds’ d3 Az, (11b)
JJ 2y sy

where X()y’ <) is the surface of a tracer class below the threshold value
y at 1000 m depth. Here lng and lllfA represent neutral density trans-
formations through temperature or salinity changes over a layer of
thickness Az, respectively. These transformations are expressed in Sv,
where 1Sv = 10°m?s™. In practice, the transformations are estimated
using neutral density increment (we chose: Ay = 0.03kg m™). For
consistency, the layer thickness can be estimated though the scaling:
Az ~ Ay(azy)’1 (which derives from dy = 0,ydx + d,ydy + 9,ydz). Com-
pution over the globe at 1000 m depth show values from 10 m to more
than 3000 m (Supplementary Fig. 1a). In particular, the thickness is
significantly more important in the Southern Ocean (e.g., the Weddell
Sea) and in the subpolar North Atlantic (e.g., Labrador Sea) than in the
rest of the globe. However, extrapolating our computation over more
than 3000 m is inconsistent with our knowledge of vertical variations
of diffusivity coefficient: existence of a steering level*>*! and variations
with Eddy Kinetic Energy*®. Hence, we have chosen to restrict the layer
thickness amplitude. We have used a uniform layer thickness based on
the median value: Az=70 m (Supplementary Fig. 1b), regardless of the
local stratification (0,y). Hence, our results, despite being in Sverdrup,
only reflect a slice of the ocean at 1000 m depth.

These transformations mathematically expressed a probability
density function of density changes induced by cooling/warming or
freshening/salinification per neutral density classes, respectively. They
physically correspond to the volume of water at a given density that is
gaining/loosing density by cooling/warming or by salinification/
freshening, respectively.

These transformation rates (W and lllfA) can be interpreted as the
component of the total transformation induced by isopycnal turbu-
lence. Other components exist?, such as the one induced by the ver-
tical turbulence” [w'C’, visible in (2)] and the small-scale diffusion
[neglected in (1), by assuming Pe > 1].

To summarize, (11) shows the existence of transformations when
both isopycnal oceanic turbulence and isopycnal tracer gradients are
present (Fig. 2). In this framework, one can compute transformations
associated to temperature and salinity (Fig. 5). The sum of the two

transformations with respect to neutral density classes can also be
defined as: W + llJfA. This sum is expected to be zero and, therefore,
reflects the computation errors (Fig. Se and f).

Tracer fields, diffusivity data, and computation method
One can compute a tracer transformation and transformation rates by
knowing two properties:

1. C and 9,C (as well as d,p) at all locations [ V (x, )] along the
surface (defined by z=z,, where z; is a constant depth). This can
be obtained after assuming C ~ C from relevant reanalyzes at any
depth, but primarily above the maximum Argo depth sampling of
~2000 m for robustness. In this study, C can be Conservative
Temperature or Absolute Salinity (Fig. 1a, b);

2. K at all locations [ V (x, y)] along the same surface (defined by
z=2o, Where zy is a constant depth), which can be estimated by
Argo deep displacements at their parking depth® (Fig. 1d-f).

Hence, the main constraint occurs through K which is only
determined at Argo float parking depth (mainly located at ~1000 m)
and determines the focused depth of our study.

We have used the two-dimensional gridded direct estimate of the
turbulent anisotropic, isopycnal diffusivity coefficients derived from
Argo deep displacements®, which are available® at https://doi.org/10.
17882/91335, and the global three-dimensional ISAS17 gridded tem-
perature and salinity data derived from objective analysis of in situ
observations* and available at https://doi.org/10.17882/52367.

The spatially varying and anisotropic diffusivity coefficients were
obtained by reconstructing an analog turbulent field from deep Argo
displacement. This reconstructed turbulent field was used to deter-
mine the local dispersion of a locally-injected spike of passive tracer,
the rates of dispersion estimating the local diffusivity coefficients
along the zonal, meridional, and cross directions. This allows for the
full determination of the diffusivity tensor, rather than a single coef-
ficient as often done®***,

In practice, after conversion of the data to Conservative Tem-
perature and Absolute Salinity, as well as the computation of neutral
density, all the computations are done using 3°x3° cells (i.e., the
native cell of the diffusivity coefficients) on 1° x 1° grid (i.e., the native
grid of the diffusivity coefficients). Data are vertically averaged over
40 m bins, and vertical levels (needed for the computation of vertical
gradients) are separated by 20 m. All conversions to Conservative
Temperature and Absolute Salinity, as well as computation of neutral
density, are done using the Gibbs SeaWater Oceanographic Toolbox of
TEOS-10 code.

For the water masses framework, we have identified six Water
Masses located at the depth of the study*. They are defined through
their temperature and salinity range. They are the Mediterranean
Water (MW), the Red Sea-Persian Gulf Intermediate Water (RSPGIW),
the Antarctic Intermediate Water (AAIW), the North Atlantic Water
(NADW), the Circumpolar Deep Water (CDW), and the AntArctic Bot-
tom Water (AABW).

Alternative Diffusivity Coefficients

To test the importance of using spatially-varying and anisotropic iso-
pycnal diffusivity coefficients, we have tested a range of less complex
diffusivity coefficients:

1. Spatially-uniform and isotropic isopycnal diffusivity coefficients: the
diffusivity coefficients are set to xni&1so = K},’j’“ 850 = (k) + (K35))/2
and K)%?i &lo=(), where () reflects the global horizontal average.
These coefficients are applied to (5).

2. Spatially-varying and isotropic isopycnal diffusivity coefficients: the
diffusivity coefficients are set to x}ar 150 = kar&5e = (k3 + k;5)/2 and
K}g’&'w: 0. These coefficients are applied to (5).
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To compare transformations using the different versions of the
diffusivity, we used a relative error (RE) using the most complete
version as the reference. This reads:

pt var(W# g
RE =sign {Iog( °°mp>} < o ref). 12
ref var(lllref)

where '~lJref is the reference transformation (i.e., most complete diffu-

sivity), lllcomp is the transformation used for comparison (i.e., less

complete diffusivity), and the log term allows to estimate the sign of
the mis-estimation (positive and negative for over- and under-
estimation, respectively).

In addition to ensuring the robustness of our results, we have
tested two other diffusivity coefficient datasets. They have been
computed using different methods and/or different observations.
Hence, we will also test a modified version of our dataset, which is
more aligned with the constraints of these two datasets and allows a
fairer comparison between the three datasets.

a. The first dataset will be named Groeskamp and corresponds to
spatially-varying coefficients®. This dataset is available at: https://
figshare.com/articles/dataset/Groeskamp_et_al_2020_- mixing_
diffusivities/12554555. The Groeskamp diffusivity coefficients
(KGroeskamp) are obtained using a mixing length closure theory to
extract cross-flow diffusivity coefficients from salinity ocean
observations. These coefficients cover the full depth of the ocean
but we extracted their values at 1000 m (Fig. 6a). Then, to be
applied in our framework, we set this single spatially-varying
coefficient as spatially-varying but isotropic coefficients:

)(;‘-;oeskamp _KSroeskamp — KGroeskamp and KG;oeskamp 0. Then we apply

this set of coefficients to (5).

b. The second dataset will be named Roach and also correspond to
spatially varying diffusivity coefficients®’. This dataset is available
at:  https://github.com/croachutas/Isopycnal Diffusivity. The
Roach coefficients (kroacn) Use a pairwise distance from deep Argo
float displacements to infer the cross-flow diffusivity coefficients.
By construction, this dataset is restricted to our 1000 m studied
depth (Fig. 6b). As for the Groeskamp diffusivity coefficients, we
set this single spatially varying coefficient as isotropic spatially
varying coefficients: k802 = xRoch = g .\, and k302h=0. This is
applied to (5).

c. Since these two sets of diffusion coefficients were computed as
cross-flow diffusion coefficients, consistently, we have used our
secondary diffusivity coefficient (k) to have a fairer comparison
with our diffusivity dataset®. The secondary diffusivity coefficient
is the second eigenvalue of the diffusivity tensor (K) described in
(6). It is, by construction, weaker than the primary eigenvalue and
is more consistent with the cross-flow diffusivity coefficient (i.e.,
avoiding subgrid stirring and shearing). In principle, this
secondary diffusivity is associated with a particular isopycnal
direction (i.e., the second eigenvector of the diffusivity tensor).
However, here for fair comparison with Groeskamp and Roach
diffusivity coefficients described above, we have also applied it as
a spatially varying and isotropic isopycnal diffusivity coefficient.
Hence, it is set as: k}ar&!so™ = gYar&lso™ = and xYar&iso™=0.
These coefficients are applled to (5)

Finally, for comparison purposes, we have computed the dia-
pycnal transformation as a vertical diffusion: dg'a = az(xzazé), where k,
is the vertical diffusivity coefficient. We have used spatially varying
diffusivity coefficients***° available at https://doi.org/10.17882/73082,
and have extracted the corresponding values for 1000 m depth (Sup-
plementary Fig. 2). This shows the expected topographic control of the
vertical diffusion coefficients.

Data availability

The global gridded temperature and salinity product is ISAS17 (release
key: 86441) and available at: https://doi.org/10.17882/52367. Turbulent
anisotropic, isopycnal diffusivity coefficients derived from ANDRO
Argo deep displacements are available at https://doi.org/10.17882/
91335. ISAS and ANDRO Argo floats displacements products are made
available by SNO Argo France at LOPS Laboratory (supported by UBO/
CNRS/Ifremer/IRD) and IUEM Observatory (OSU IUEM/CNRS/INSU),
and was funded by Ifremer, Coriolis, SOERE-CTDO2, SNO Argo France,
and CPER Bretagne Obsocean. Groeskamp isopycnal diffusivity coef-
ficients are available at https://figshare.com/articles/dataset/
Groeskamp_et_al 2020 _-_mixing_diffusivities/12554555. Roach iso-
pycnal diffusivity coefficients are available at https://github.com/
croachutas/Isopycnal_Diffusivity. Vertical diffusivity coefficients are
available at: https://doi.org/10.17882/73082.

Code availability

The Gibbs SeaWater Oceanographic Toolbox of TEOS-10 package used
for the computation of Neutral Density, Absolute Salinity, and Con-
servative Temperature is available at http://www.teos-10.org/pubs/
gsw/html/gsw_contents.html. The M_Map package for MATLAB, used
for global mapping of data, is available online at https://www-old.eoas.
ubc.ca/-rich/map.html. The code developed for the analyses and for
producing the figures are available from the corresponding author on
request.
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