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Small-scale turbulent mixing in the ocean interior is vital in governing ocean
circulation and tracer distributions, and hence global climate. However, the
planetary extent of this role and its dependence on the microphysics of mixing
remain inadequately understood. Here, we emphasize the variety of spatio-
temporal scales on which such interior turbulent mixing can shape the climate
system. In addition to its well-established role in facilitating the equilibration
of deep branches of ocean circulation on centennial-to-millennial timescales,
interior turbulent mixing is a leading determinant of oceanic tracer budgets on
timescales as short as sub-annual. We highlight the importance of the co-
dependence of vertical (diapycnal) mixing and lateral (isopycnal) stirring in
establishing the large-scale impacts of oceanic turbulence. We conclude with a
summary of theoretical, observational and computational bottlenecks in the
way of a sufficiently accurate representation of mixing in Earth System Models,

and discuss emerging opportunities for making progress in these areas.

Oceanic tracers are scalar properties that follow the flow and manifest
processes and dynamical changes in the ocean system. Tracers can be
‘physical’ or ‘dynamic’ (as gradients can lead to buoyancy forces), such
as temperature and salinity, or ‘bio/geochemical’, such as carbon,
oxygen and nutrients; ‘ventilation’ tracers, such as radiocarbon and
chlorofluorocarbons, are used for dating seawater, namely determin-
ing the length of time since the water was last at the sea surface.
Tracers can affect the climate system directly (e.g., heat and carbon) or
indirectly (e.g., via changes in primary productivity due to variable
nutrient supply). They are transferred by the background flow
(advected), drawn into narrow filaments by variations in advection
(stirred), and irreversibly transferred to reduce variability (i.e., ‘mixed’,

an intuitive concept of homogenization of scalar fields which we will
define more precisely below), which is ultimately achieved by mole-
cular diffusion’. This perspective focuses on the last of these pro-
cesses: the irreversible mixing of tracers driven by small-scale ocean
turbulence in the ocean interior.

Small-scale ocean turbulence regulates the global ocean over-
turning circulation and the distribution of climatically important tra-
cers from the ocean surface to the seafloor, through mechanisms
operating on timescales that range from sub-annual to millennial*”.
The small spatial scales of three-dimensional turbulence, ©(10~3 —
10%) m, and its spatio-temporal intermittency make it challenging to
obtain sufficient samples to quantify turbulent fluxes of water and
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tracers accurately, particularly at depth in the ocean water column.
Furthermore, turbulence occurs at scales much smaller than the dis-
cretized grid cells of Earth System Models (ESMs) and thus must be
parameterized. Connecting such microphysics to regional and global
physical and biogeochemical processes with horizontal scales of
0O(10° — 10”) m remains a monumental challenge®’, analogous to the
problem of capturing the global climatic implications of cloud
microphysics'.

This perspective is structured as follows. We start with a theore-
tical definition (and its caveats) of small-scale ocean turbulence, and
present canonical observational and modeling efforts. We then
showcase the multi-scale role that mixing plays in the climate system,
with an emphasis on the short-timescale impacts on tracer budgets.
We conclude by discussing ways to overcome several theoretical,
observational and computational bottlenecks that limit our under-
standing and accurate representation of mixing in ESMs.

Defining, observing, and modeling small-scale
ocean turbulence

Defining ocean turbulence and mixing

The ocean interior is stably stratified in density, with the densest
waters lying deepest. Small-scale stratified turbulence is generated
when an energy source is sufficiently strong to overcome the stable
background density stratification. Such turbulence inevitably will act
to ‘mix’ the fluid for two related reasons. In this article, we define
‘mixing’ as the irreversible local homogenization of a spatially varying
scalar distribution via molecular diffusion. First, turbulence will tend to
increase local scalar gradients at least initially, thus enhancing the
diffusive flux. Second, turbulence also tends to increase the surface
area of isoscalar levels, thus increasing the total transport of the dif-
fusive flux. Particularly in geophysically relevant flows in the ocean and
the atmosphere, this mixing concept in terms of diffusive homo-
genization of scalar fields can be related to exchanges between energy
reservoirs, as irreversible mixing of a statically stable dynamic scalar
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Fig. 1| Turbulent mixing is ubiquitous at all depths and diverse in nature. The
contours (color) in the background show the zonally integrated Meridional Over-
turning Circulation (MOC), comprising two shallow (less than 500 m deep) sub-
tropical gyres, a clockwise (red) upper cell, and a counterclockwise (blue) lower
cell, diagnosed from the Estimating the Circulation and Climate of the Ocean
(ECCO) data-assimilating state estimate™>'**, Thin gray lines represent zonally
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density field will inevitably lead to an increase in an appropriate
‘background potential energy™ ™. However, it is always important to
remember that ‘mixing’ homogenizes scalar distributions, and so (of
course) ‘passive’ scalars, such as carbon dioxide, can also be mixed by
turbulence. In this case, there is no energetic description in terms of
transfers between kinetic and potential energy reservoirs, but there is
anirreversible local homogenization of the relevant scalar distribution,
justifying why we define that process as ‘mixing’.

The processes that underpin cross-density mixing in the ocean
interior include the breaking of surface-generated (by winds and/or
density gradients) or topographically-induced (by tides or eddy/cur-
rent-seafloor interactions) internal waves, boundary layer turbulence
(such as gravity currents/overflows at high latitudes, and deep canyon
mixing), double diffusion (e.g., in the Arctic Ocean), deep convection
(e.g. in the Nordic Seas), wake turbulence due to flow around topo-
graphic features, and interior vortices (e.g submesoscale coherent
vortices)*>' (Fig. 1). This paper focuses on shear-driven diapycnal
mixing in the ocean interior and near-bottom boundaries, and does
not discuss diffusive mixing (e.g. double diffusion, salt fingering),
contributions to mixing due to nonlinearilities of equation of state of
seawater, deep convection, or mixed layer dynamics,. The stratifica-
tion is much stronger below the mixed layer, requiring more energy to
mix vertically. It follows that turbulence in the ocean interior is gen-
erally weaker and more spatially intermittent than in the surface ocean.
As aresult, many climate-scale models use overly simplistic or constant
‘background’ vertical diffusion coefficients in the ocean interior. Here,
we highlight the role of small-scale interior turbulence in modulating
several dynamical and biogeochemical ocean processes, for which the
lack of appropriate parameterizations in climate-scale models poses
significant biases.

To illustrate the effect of interior mixing on modulating ocean
properties (and the challenges in observing it), Fig. 2 shows the mixing
of cold and nutrient-rich Antarctic bottom waters on their northward
path through the deep Samoan Passage with the overlying warmer

|

(Sub)mesoscale
coherent vortices

\ 4
-

A canonical breaking
internal wave

averaged density surfaces. The MOC is overlaid by a schematic summary of some of
the processes that drive the circulation at the surface and bottom, and the pro-
cesses that induce turbulent mixing in the ocean interior. The bathymetry denotes
the ocean seafloor and is representative of the hydrographic sections A16 and A23
in the Atlantic Ocean®. The inset shows the transition of a canonical internal wave to
turbulence (adapted from Mashayek & Peltier, 2013"*°).
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Fig. 2 | Turbulence spans a wide range of scales and is difficult to observe in the
deep ocean. a Temperature climatology™ at the seafloor reveals the northward
flow of Antarctic-sourced abyssal waters. As they cross the Samoan Passage (black
rectangle), a choke point for the Pacific Overturning Circulation, they undergo
drastic transformation via small-scale ocean turbulence, as revealed by the sig-
nificant change in temperature values before/after the Samoan Passage.

Measurements of the flow through the main channel b show elevated turbulent
mixing at two sills (c, black profiles) with the coldest deep water completely mixed
away (c, color). Highly resolved towed measurements at the second sill show details
of turbulent mixing (d, color), and internal waves are visible in the temperature
contours (d, black lines). Adapted from Alford et al. (2013)*.

waters of the deep Pacific. Detailed sampling of the temperature
structure (Fig. 2c) and turbulent mixing (assessed from the dissipation
of turbulent kinetic energy sampled by microstructure probes; Fig. 2d)
reveals steep isotherms associated with the breaking of gigantic (200-
300 m high) internal waves. Such wave roll-ups and their breaking
initiate a turbulent energy cascade towards smaller scales, which
unfolds until energy reaches the limit where molecular processes
become of leading order. Hence, turbulence leads to the dynamics
described by Lewis Fry Richardson’s famous quote “big whirls have
little whirls that feed on their velocity, and little whirls have lesser
whirls and so on to viscosity”, and illustrated in the inset in Fig. 1.
Through the formation of whirls and filaments, turbulence accelerates
molecular diffusion. As a result, momentum, heat, salt, and passive
tracers, such as carbon and nutrients are irreversibly mixed (homo-
genized) across the stable density stratification®. In the Samoan Pas-
sage example, this microscale physics causes the dense (colder)
bottom waters to mix with lighter (warmer) overlying waters, homo-
genizing the temperature gradient (Fig. 2¢) and leading to net upwel-
ling of the cold waters®. In practice, it is difficult to measure the big
and small whirls at the same time and, often, information is only
available on one narrow set of scales, thus necessitating assumptions
about the existence of a (forward, namely towards smaller scales)
turbulent cascade, following Kolmogorov’s seminal K41 theory*, even
though stratified turbulence is demonstrably, inherently anisotropic
and inhomogeneous.

In most applications, we are concerned with the turbulent flux of a
scalar tracer, as this turbulent flux leads inevitably to irreversible
mixing. Taking the turbulent flux of buoyancy as an example, and
hence connecting irreversible mixing directly to exchanges between
the kinetic energy and potential energy reservoir', mixing may be
expressed via

X0.b
202

M=wb ~ -Te~ —kd,b~ — o))

where b = - g(p - po)/p is buoyancy (with g, p, and p, being the
gravitational acceleration, density, and reference density, respec-
tively), and the turbulent flux is given by the covariance of fluctuations
in diapycnal velocity (w) and buoyancy (b'). k is the effective diapycnal
( ~ vertical) diffusivity. Assuming that density is mostly determined by
temperature (0 in Eq. (1) is potential temperature), the flux may be

approximated by inferring k from estimates of y, i.e., the dissipation
rate of thermal variations (i.e., the rate at which temperature fluctua-
tions are smoothed out by turbulence, and thus a fundamental mea-
sure of diffusive irreversible mixing as defined above). x is calculated
from measured temperature gradient spectra as y = 2Dg < V 8* >, where
Dy is thermal diffusivity. Alternatively, a classical assumption is to
assume that the turbulent flux can be approximated by s, where ¢ is
the rate of turbulent kinetic energy dissipation” and I is the flux
coefficient. The flux coefficient is computed as the ratio of the power
available for mixing to viscous dissipation rate of turbulent kinetic
energy. Notably, € can be assessed from observations, whereas the flux
is notoriously difficult to measure directly?>*. Thus, I connects the
‘observable’ € to the ‘desired’ M. As such, its parameterization based
on observable quantities has been the subject of intense research (and
controversy) over the past four decades''**~,

Although a constant value of "= 0.2 is still commonly adopted in
practice, its variability and dependency on the nature of turbulence are
well appreciated**°*, In particular, there is clear evidence that it
depends on (at least) three different non-dimensional parameters
capturing different aspects of the flow properties®. First, there is long-
standing numerical evidence®* that I"is a decreasing function of the
molecular Prandtl number Pr = v,/k,, (where v,, and k,, are the
molecular values of the kinematic viscosity and the density diffusivity
respectively) which appears to be related to the possibility of the
development of fine-scale ‘ramp-cliff’ structure in the buoyancy field
for flows with higher values of Pr¥. Second, the dependence of the
properties of stratified turbulence on the ‘intensity’ or buoyancy Rey-
nolds number &/(vd,b) has long been postulated®**’. There is strong
numerical®* and observational evidence® that (at least in some cir-
cumstances) I varies like Re;l/ 2 for sufficiently large Rej, although this
is still a topic of ongoing discussion. Indeed, demonstrating just how
challenging modeling stratified turbulent mixing is, highly plausible
theoretical arguments have been advanced that I” should depend
fundamentally on a third parameter, the turbulent Froude number
Fr=¢g/(K0,b), where K is the turbulent kinetic energy***%. These
arguments are supported by observational®**** and numerical
evidence**?, and there is some (though not yet conclusive) evidence
that apparent variation with Reg may actually be associated with a
correlated variation with Fr*. Such variability of mixing with various
parameters has been shown to have non-negligible impacts on the net
mixing-driven circulation, and should therefore be taken into account
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when parameterizing turbulence in ocean models®***’, although it is
(at the moment) not at all settled how such variability should robustly
and credibly be parameterized.

Observing mixing

Assuming turbulence to be isotropic, turbulent fluxes can be inferred
from estimates of ¢ or , following Eq. (1)**. Ship-deployed micro-
structure profiler measurements define the gold standard in the direct
observational inference of mixing in the ocean interior. These profilers
return velocity shear and thermal variance observations, from which ¢
and y can be inferred, respectively. Such observations are scarce due to
their technical difficulty and cost*, and coincident observations of
large-scale flow and turbulent mixing (such as the study in Fig. 2) are
rarely available. Indirect inferences of turbulence may also be made
from temperature and salinity, regularly sampled through global
international ship-based programs, such as WOCE, GO-SHIP and
GEOTRACES, or the global profiling float array deployed by the Argo
Program®°. Such indirect inferences, made based on the ‘fines-
tructure’ in thermohaline and velocity variables, have proven suc-
cessful in identifying areas of elevated turbulence in the ocean
interior™”*%, but can be inaccurate by as much as one order of magni-
tude due to diverse assumptions and uncertainties®. Finally, dye and
tracer release experiments have been successfully used to provide
direct measures of mixing®*°*°', These release experiments measure
the bulk spatio-temporal mixing that water parcels experience,
thereby allowing us to quantify the net effect of mixing on tracer dis-
tributions. This makes it possible to constrain turbulence para-
meterizations in ESMs, although linking these estimates to individual
turbulent processes or spatio-temporal distributions of mixing rates is
challenging®”.

Modeling mixing

In ESMs, mixing is parameterized with turbulent diffusivity, x, which
expresses the unresolved subgrid-scale mixing in terms of resolved,
coarse-grained density gradients (Eq. (1)). Despite decades of research,
the representation of k in the ocean interior remains poor regardless of
model resolution®***, and is often dominated by numerical effects (so-
called “spurious” or “numerical mixing”)®. Even high-resolution,
internal wave-permitting regional models cannot fully resolve turbu-
lent processes and must employ parameterizations for turbulent dif-
fusion of density, momentum and tracers. Commonly adopted
parameterizations of the turbulent diapycnal diffusivity, such as the
K-Profile parameterization (KPP)*’, do not permit coupling of the
density and momentum budgets®®. As a result, in all existing ESMs,
no energetic link exists between resolved/permitted processes
that can contribute to mixing and the actual mixing in the models.
Our best representation of mixing in ESMs is based on prescribed
estimates of energy transfer from the larger-scale flow to small-scale
turbulence™*”!, combined with Eq. (1). Using this approach, ESMs
incorporate sensitivities to parameterizations of internal tides”"*",
wind-driven near-inertial waves”, lee waves”’>”¢, and boundary layer
turbulence”. While the contributions associated with these processes
are often added up linearly in ESMs, in reality, such processes often co-
exist and undergo nonlinear interactions. Further, the energy transfer
from large to small scales is neither a function of the state of the model
(i.e. one-way feedback), nor is unconnected to the model’s energy
budget. Thus, the lack of critical energetic connections in coarse-
resolution IPCC-class ESMs compromises the models’ ability to simu-
late the climatic variability induced by variations in ocean mixing.

Climatic reach of small-scale ocean turbulence

Small-scale turbulence in the ocean interior exerts a leading-order
climatic influence on timescales ranging from millennial to sub-annual,
and on spatial scales ranging from thousands of kilometers to meters.
Turbulent mixing in the ocean interior exerts a modulation on the

climate through a variety of multi-scale mechanisms—by modifying
water mass properties, altering oceanic heat content, regulating bio-
geochemical processes and oceanic carbon storage, and impacting
climatic feedbacks (Fig. 3). Most of these processes lack a physically
credible representation in ESMs. Per each process, the red-to-green
circle color indicates whether there has been little or no attempt to
represent such process in even the most advanced climate models
(red); some attempt has been made, but the representation is most
likely inadequate on climate-relevant timescales of seasons to dec-
ades/centuries (yellow); or some attempt has been made, and the
representation is potentially adequate (green).

Here, we select a subset of these processes to illustrate how
small-scale turbulence in the ocean interior contributes to
modulating climate variability on a wide span of spatio-temporal
scales, and through processes largely absent from climate models. This
articulates the need for substantial improvements in mixing
parameterizations.

Mixing and the global ocean circulation and stratification
Dense waters formed at high latitudes in the northern North Atlantic
and around Antarctica fill up the deep and abyssal ocean and con-
stitute the main component of the global-scale Meridional Over-
turning Circulation (MOC; Fig. 1). By connecting water masses across
the full depth of the ocean, the MOC induces a large-scale redistribu-
tion of heat, carbon and nutrients that is key to the Earth’s climate and
biogeochemical cycles’ (Fig. 1). Turbulent mixing sustains the MOC by
providing energy to overcome the stable stratification, and so to
upwell deep waters back to shallower layers>”®, Without such dense-to-
light water mass transformation, the abyssal ocean would slowly
become a pool of cold, stagnant water®®. In other words, ocean tur-
bulence is critical to establishing and maintaining deep-ocean strati-
fication, thereby contributing to the equilibration of deep circulation
on centennial and longer timescales.

However, such net deep-water upwelling has a nontrivial spatio-
temporal structure, and is the residual of larger upwelling and down-
welling regions®*”*"#*, The dipolar patterns of upwelling/downwelling
around topographic features result from the transition from weaker
mixing in the ocean interior to enhanced boundary turbulence as one
approaches the rough seafloor*®®>, The diapycnal velocity, w, repre-
sents the local turbulence-induced dense-to-light (upwelling) and
light-to-dense (downwelling) water mass transformation. In the deep
ocean, on a density surface with an average depth of 3000 m, there is
predominant upwelling along seafloor boundaries, and downwelling in
the ocean interior (Fig. 4a; inset shows the details of the opposing up/
downwelling pattern around a boundary, with upwelling limited to the
boundary proximity). The diapycnal velocity is calculated here as
w=0,M/0,b, where M is inferred from Eq. (1) using recent estimates
of the global distribution of tidally-induced mixing’®, d,b is evaluated
from hydrographic data®, and the conventional assumption /"= 0.2 is
adopted*”’°. Variations in I (for example with the various non-
dimensional parameters discussed above) significantly alter the
upwelling/downwelling patterns, with changes of the same order of
magnitude as w (Fig. 4b). Such changes have potentially significant
implications for inter- and cross-basin water mass exchanges. A vari-
able " might have high values in zones of very weak mixing away from
ocean boundaries, intermediate values (/"= 1.3-1.7 x 0.2) that lead to
‘optimally’ mixing patches close to rough topography**®, and I'= 0 at
the seafloor (no normal flux boundary condition). Note that, since I
essentially describes the energy fractionation between the rates of
turbulent mixing and dissipation, it has different meanings when
applied to a single turbulence event or a coarse grid cell (such as the
0.5-degree grid on which calculations in Fig. 4 were performed). The
latter is a bulk property, referred to as Iz in the figure, accounting for
the cumulative statistics of the many turbulent events that occur
within the volume of such a grid cell®.
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Fig. 3 | Climatic reach of small-scale turbulence in the ocean interior. A non-
exhaustive overview of processes of climate significance implicating turbulent
mixing, including: the dispersal of nutrient-rich hydrothermal plumes”*"5; the
vertical exchange of heat and nutrients following glacier and iceberg calving™**’;
tidally-driven cooling of surface waters in the Indonesian Throughflow, with
impacts on air-sea heat fluxes, atmospheric drying and precipitation'*"*%; the
ocean-driven melting of ice shelves and mixing-modulated offshore transport of
meltwater plumes'*™*; the turbulent transformation of water masses and
exchange of properties near and above the (rough) seafloor'>'*; the mixing-

regulated air-sea carbon fluxes and primary productivity in the Southern
Ocean'®>'¥’; the mixing-mediated supply of nutrients and sustainance of primary
productivity in subtropical gyres’®’’; the mixing-governed modification of dense
water properties in overflow plumes'®'*; the interplay between upper-ocean
mixing and sea-ice dynamics™’; the mixing-influenced development and persis-
tence of El Nifio and La Nifa phases™; the mixing-mediated transfer of ventilation
tracers from the ocean surface to the ocean interior>>*>; the global overturning

circulation and stratification®508515+155,

The net water mass transformation for a given density class can be
inferred by globally integrating the diapycnal velocity over that density
level (Fig. 4c). The opposing rates of diapycnal upwelling (red) and
downwelling (blue) return a residual (net) water mass transformation
(black) that is positive for the most part, indicating a net dense-to-light
water mass transformation. The net transformation peaks at around 15-
17 Sv (1 Sv=10° m*s™) for density class 28.1—average depth of -3600 m
—which is consistent with the amount of dense water estimated to
form around Antarctica and constituting the lower limb of the MOC”*%¢
(Fig. 1). This indicates that mixing in the ocean interior is indeed critical
in regulating the strength of the lower MOC circulation. Variations in I’z
can lead to up to 25-50% change in the net diapycnal upwelling, which
can be translated into a 25-50% change in the strength of the abyssal
MOC, given that turbulent mixing is the primary process sustaining
this branch of the circulation.

Finally, we note that the diapycnal velocities and transformation
rates in Fig. 4 are incomplete, as they do not account for all turbulence
processes, and many such processes are not fully understood. While
the generality of boundary upwelling of water masses and tracers is
still an open question, recent fieldwork has shown upwelling of a dye
released close to the seafloor in an energetic tidal mixing zone in a

deep canyon (Fig. 4d)**®’. The experiment revealed a diapycnal velo-
city of ~100 m/day, much higher than the values shown in Fig. 4a and
about 10,000 times higher than the estimated basin-mean upwelling
value®. Similar results have been obtained through observationally
constrained models in the Southern Ocean, where mixing is non-tidal
and forced by eddy-topography interactions®*.

The role of mixing in global tracer budgets

While the large-scale tracer distributions are set by the equilibration
timescale of the background ocean circulation, tracers can also be
directly impacted by mixing on much shorter timescales. This section
provides four examples, focused on the mixing of ventilation and
biogeochemical tracers and of oceanic heat.

Mixing-modulated ocean ventilation in the Atlantic Ocean. Higher
up in the water column, moving away from topography and thus from
the mixing-dominated regime of the abyssal ocean, small-scale tur-
bulence is generally considered a mechanism of, at best, second-order
importance. This simplification is particularly true for the Atlantic
Ocean, where the strength of the upper MOC limb (the clockwise (red)
cell in Fig. 1) is assumed to be primarily controlled by wind-driven
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Wynne-Cattanach et al. 2024%.

upwelling of dense waters in the Southern Ocean. However, this
assumption tends to obscure the effect that small-scale turbulence can
have on the tracers carried by these water masses®’. As an example,
Fig. 5 shows the impact of mixing on the dispersion of transient tracers,
as they are sequestered in the North Atlantic and carried southward
by the upper MOC limb. Chlorofluorocarbons (CFCs) and sulfur-
hexafluoride (SF¢) are transient tracers that have entered the
surface ocean since the 1950s, and can reveal the pathways and
ventilation timescales of recently formed water masses. Ventilation
timescales (i.e., water ages) can be calculated using Green’s functions,
which represent the local distribution of transit times from the
ocean surface to an interior locale, i.e., they define the water age by
representing the advection, stirring and turbulent mixing of the water
parcels that start somewhere at the surface and get to a given interior
location®. From the Green'’s functions, we compute the 10%, 50%, and
90% ventilation ages, defined as the times it took to ventilate 10, 50,
and 90% of the water at each location (Fig. 5¢)°’. The 10% ventilation
age is closer to the fastest advection timescales and is better
suited to describe younger waters, whereas the 90% ventilation age
corresponds to the longer equilibration timescales and is inferred by
using radiocarbon observations in the deconvolution of the Green’s
functions™.

The 10% ventilation age on a density surface lying at ~ 2000 m
depth in the core of the upper MOC limb highlights the fast ventilation
of the North Atlantic and the arrival of young water masses to the
Southern Hemisphere, mainly via a deep western boundary current
(Fig. 5a). The Green’s functions at selected points along the upper MOC

pathway show an apparent increase in water ages (Fig. 5). As expected,
all the ventilation ages increase as we move southward, further
away from the upper MOC limb source region (Fig. 5c). Beyond
a longer advection timescale, the shape of the Green’s functions
changes significantly across the different points, with a wider
distributions in the southernmost points. The increase in width
indicates that the increase in age is also caused by turbulent mixing,
which dilutes the transient tracer signal as it is carried southward,
hence contributing to mixing the tracer-rich waters formed in the
North Atlantic with the tracer-depleted ambient waters (Fig. 5c). This
irreversible tracer mixing along the shown isopycnal is facilitated by
stirring by mesoscale eddies®?, but it is ultimately achieved by small-
scale turbulence™*,

Transient tracers reveal the strong mixing experienced by any
tracer transported southward by the upper MOC cell (Fig. 5). This
mixing can have important implications for the arrival of anthro-
pogenic heat and carbon to the Southern Ocean via the upper MOC
limb, potentially affecting air-sea carbon fluxes in the region and melt
rates of Antarctic ice shelves®°. As tracers are carried southward and
moved diapycnally along the way (Fig. 5), they can reach the upper
Southern Ocean at different locations and subsequently enter distinct
pathways of the global ocean circulation, ultimately leading to very
different distributions and residence times’*’.

Turbulence-driven resupply of nutrients to the upper ocean. The
combination of isopycnal and diapycnal motions resolves a long-
standing conundrum of how nutrients are supplied to the euphotic
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Fig. 5 | Mixing is key to sequestration and ventilation of tracers by the mer-
idional overturning circulation. a 10% ventilation age (in years) along the neutral
density surface 27.90 kg m™, which is in the core of the southward-flowing over-
tuning branch and runs at an average depth of 2000 m in the Atlantic Ocean
interior. The 10% ventilation age indicates the time taken for 10% of the water at that
location to be renewed by surface-ventilated water. A few points are selected along
the path of the overturning’s upper limb, indicated by the circled color-coded dots.
b Green'’s functions for the selected points (color-coded). The diamonds at the base
of the plot indicate the 10% ventilation age for the chosen locations, which

increases as we move further south away from the source of dense waters. ¢ The
black diamonds, squares, and triangles show the 10%, 50%, and 90% ventilation
ages, respectively, for the selected points as a function of distance (in km, starting
from the northernmost point in the North Atlantic). The 50% ventilation time
corresponds to the median of the Green’s function distribution of transit times,
while 90% corresponds to the quasi-equilibrium age, usually referred to as the
“mean age'. The red circles show the width of the Green’s functions for the selected
points as a function of distance, where the width is an indicator of the mixing
experienced by the tracer while on its transit to the Southern Ocean.

zone in subtropical gyres, where the circulation is characterized by
wind-driven downwelling”* (Fig. 6). Nutrient supply is needed to
maintain biological productivity, which regulates the amount of
organic matter sequestered in the deep ocean and, hence, the net
strength of the biological carbon pump, a term given to the carbon
export from surface waters due to sinking organic material. About 1/3
of the total oceanic carbon sink is mediated by the biological pump.
Subtropical gyres are oligotrophic regions, meaning they are usually
nutrient-depleted; here, biological activity is quickly activated when-
ever nutrients become available. Because of their vast area, subtropical
gyres can contribute a significant fraction of global carbon export (e.g.,
20-50% of total North Pacific organic carbon flux) despite their low
productivity’®. Hence, a better understanding of the nutrient supply to
these regions is critical to constraining the global biological car-
bon pump.

Recent studies have revealed that nutrients in the oligo-
trophic subtropical gyres are resupplied via joint contributions of
along-isopycnal eddy transport (Fig. 6¢) and turbulence-driven
diapycnal transport (Fig. 6d)°”"*°. Diapycnal mixing transfers
nutrients from thermocline waters to the euphotic zone,
causing a reduction in nutrient concentration within the upper
thermocline. Hence, lateral motions are needed to resupply
nutrients in thermocline waters; this supply is achieved via eddy
stirring, which is particularly efficient on the flanks of the
gyres due to larger isopycnal slopes and lateral nutrient gradients
(Fig. 6b). Ultimately, nutrient supply to the euphotic zone is
achieved via a multistage (relay) mechanism that couples lateral
motions with diapycnal mixing, with comparable nutrient flux
convergences associated with the isopycnal and diapycnal
components.
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density surfaces (black). Yellow arrows show the relay mechanisms supplying
nutrients to the upper ocean through mesoscale eddy transport along density
surfaces (label 1) and diapycnal mixing (label 2). ¢ Basin-averaged and area-
integrated meridional isopycnal eddy fiuxes of phosphate (positive northward).
d Basin-averaged and area-integrated diapycnal flux of phosphate (positive
upward). Adapted from Gupta et al. (2022).

Hypersensitivity of upper-ocean carbonate chemistry to mixing in
the Southern Ocean. In addition to influencing the carbon budget by
regulating the MOC and nutrient supply to the surface, mixing can
change air-sea carbon fluxes by affecting carbon-related tracers that
set the partial pressure of carbon dioxide in the ocean (pCO,), which
drives the air-sea exchange of carbon dioxide. The Southern Ocean is a
region of strong carbon fluxes, where the sinking of intermediate and
mode water draws carbon into the ocean interior, and the upwelling of
old waters releases carbon to the atmosphere. On average, the
Southern Ocean is a region of net oceanic carbon uptake, hosting
nearly 40% of the ocean’s anthropogenic CO, absorption'*'%,
Despite several decades of observations of mixing in the Southern
Ocean, measurements remain sparse and difficult to scale up'®
However, it is established that interior diapycnal mixing below the
surface mixed layer is spatio-temporally variable and linked to a
diverse range of dynamical processes. In ESMs, parameterized mixing
primarily mimics strong turbulence along seasonal atmospheric storm
tracks in the Southern Ocean, diffusing dissolved inorganic carbon
(DIC) gradients over the upper few hundred meters. In other places,
where strong wind-induced turbulence is lacking (such as under sea ice
or ice shelves and in the ocean interior), the models rely on a pre-
scribed background value for turbulent mixing. Elevated mixing can
exist under the sea ice due to bottom-generated lee waves penetrating
to the top boundary, where they can induce large vertical velocities'®®,
or due to shoaling of remotely generated internal tides’, among other
processes not well understood nor accounted for in models. The
background mixing is typically set to a value in the range k =
107°-10"* m?/s, with the upper bound being one or two orders of
magnitude smaller than surface mixed layer turbulence induced by
atmospheric forcing. Variations to the background mixing over this
range change the ocean pCO, significantly by mixing temperature,

DIC, and alkalinity (Fig. 7). This mixing effect changes the air-sea car-
bon dioxide flux by ~ 70% on annual timescales'”, highlighting the
hypersensitivity of climate to the supposedly modest interior mixing.

From wind forcing to boundary turbulence: mixing-regulated deep-
ocean heat content. A foremost feature of ocean climate change is the
remarkably widespread warming that the deep ocean below ~2000 m
has experienced since at least the 1980s'°“', The ocean contains
~ 90% of global anthropogenic warming, with approximately one third
at depths below 1000 m'. The observed warming tracks the north-
ward pathways of Antarctic Bottom Water (AABW), and suggests that it
has been driven by processes implicated in AABW formation and/or
export from source regions in the Southern Ocean.

In the South Atlantic (Fig. 8), deep-ocean warming has been
shown to be controlled at least in part by wind forcing on timescales as
short as days to weeks''°, The forcing mechanism involves the wind-
driven acceleration/deceleration of the deep western boundary cur-
rent, conveying freshly produced AABW from the southern and wes-
tern Weddell Sea northward into the Scotia Sea. The boundary current
flows along the steep southern slope of the South Scotia Ridge
(Fig. 8b), which separates the Weddell and Scotia basins, and then
navigates the Orkney Passage (Fig. 8a), a deep cleft in the ridge that
channels a substantial fraction (up to one quarter) of all AABW
exported from the Southern Ocean'®". As the boundary current
experiences topographic drag, a downslope Ekman flow ensues at the
current’s base that advects relatively light waters under denser waters
near the seabed, tilting isopycnals toward the vertical and enhancing
lateral density and velocity gradients there (Fig. 8d). Such boundary-
focused modification of physical gradients creates the conditions
necessary for the generation of submesoscale instabilities"?. These
instabilities give rise to turbulent overturning motions, which
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Fig. 7 | Tracer mixing below the mixed layer can impact air-sea fluxes sig-
nificantly and rapidly. a Annual-mean air-sea carbon flux when background dia-
pycnal diffusivity is set to 107> m%/s. Negative (positive) flux indicates a net oceanic
carbon sink (outgas). b Change in the air-sea carbon flux due to enhancement of
background diffusivity to 10™* m?/s. Positive values imply reduced carbon uptake or
increased outgassing. ¢ Change in partial pressure of CO, (pCO,) of seawater

explained as contributions from the enhanced mixing-induced changes to tem-
perature, dissolved inorganic carbon (DIC), and alkalinity (Alk); the difference
between atmospheric and oceanic pCO; levels drives the air-sea carbon flux.
Adapted from Ellison et al. (2022)'%%, and based on an observationally
constrained model.

vigorously mix the denser classes of AABW with overlying warmer
waters (Fig. 8c), thus transferring heat into—and warming—the AABW.
This heat transfer induces diapycnal upwelling of AABW near topo-
graphy and diapycnal downwelling of waters above'” (Fig. Se).

In summary, as a result of the above mixing-mediated dynamics,
stronger (weaker) eastward winds over the northern Weddell Sea
induce rapid warming (cooling) of the AABW exported from the
Weddell Sea'®”. This mechanism contributes significantly towards
explaining the interannual variability in AABW volume and deep-ocean
heat content of the Scotia basin'’**,

Future outlook

In this perspective, we have illustrated how small-scale turbulent
mixing in the ocean interior shapes the ocean’s role in the climate
system on sub-annual to millennial timescales, by outlining a non-
exhaustive set of case examples. Thanks to regional and global
observational programs, and advances in dynamical theory and high-
performance computing, our phenomenological understanding of
mixing and its larger-scale impacts has evolved rapidly over the past
decade. Nevertheless, significant obstacles remain to fully unravel the
key mechanisms and climatic impacts of small-scale turbulence in the
oceaninterior. Below, we discuss such obstacles and offer perspectives
on where and how targeted resources could be deployed to accelerate
progress.

Physics and statistics of turbulence

Recent research on the fluid dynamics of shear-driven turbulent mix-
ing has established that the temporal evolution of a mixing event must
be accounted for and, if possible, modeled. In other words, ‘history
matters’ in mixing, due to the long-lasting imprint of larger-scale stir-
ring onto the irreversible, small-scale turbulence. Hence, caution must

be taken in interpreting data constructed from snapshots at different
stages in the flow evolution®. Furthermore, particular care must be
exercised when parameterizing mixing in terms of ‘local’ (in space and
time) values of parameters, such as Reg and/or Fr as defined above, as
such an Eulerian approach will inevitably miss the clearly important
Lagrangian effects on the mixing of the various fluid elements’ history.
Of course, just as assuming I takes a constant value is a natural first
modeling step, clearly ‘useful’ even though obviously ‘wrong’, so too
developing parametric models for variable I promises to lead to
enhanced insight and predictive power in larger-scale global climate
models.

However, deterministic dynamics-based models can only go so
far. Understanding and modeling the inherently statistical character-
istics of small-scale turbulence, with the specific aim of connecting
turbulence phenomenology to large-scale budgets relevant to opera-
tional climate modeling, is perhaps the largest remaining challenge.
This scale issue is further complicated by our incomplete under-
standing of non-linear eddy-wake interactions, e.g., the dynamics of
internal tides interacting with fronts/eddies or of waves trapped in the
bottom boundary layer. Resolving this scale issue is crucial to pro-
gress, yet arguably underdeveloped compared to our understanding
of both the deterministic fluid dynamics of mixing and the role of
mixing in the global circulation. It is becoming increasingly apparent
that rare extreme turbulent events are disproportionally significant for
the bulk mixing of a given region®'*. Using extensive oceanic datasets,
it has been shown that € is well described by a log-skew-normal dis-
tribution, where the distribution’s long tail corresponds to large e
values, i.e., to the most energetic turbulent patches dominating the
overall mixing. It is therefore necessary to develop parameterizations
that allow the automatic identification of such extreme events as a
path toward parameterizing appropriate bulk mixing statistics, for
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Fig. 8 | Mixing regulates deep ocean heat content. a Major Antarctic Bottom
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bars). d Cross-slope velocity (color) and neutral density (black contours). The
arrows show a schematic of the downslope Ekman flow (solid) and diapycnal
mixing (dashed), with thicker lines indicating stronger transports. e Diapycnal
transport within the deep passage, where positive values indicate water moving
toward lighter classes. Adapted from Naveira Garabato et al. (2019)"? and Spingys
et al. (2021)™".

example, via a variable flux coefficient. Any variations in the flux
coefficient I are currently absent from ESMs, and we have argued here
that their global importance needs to be examined (Fig. 4). New stu-
dies of the statistical characteristics of small-scale turbulence may
steer the design of novel ESM-purposed parameterizations and, cru-
cially, point to a significant future role for applications of machine
learning to this problem®**#5, Such efforts can also guide the closure of
the gap between bulk measures of mixing as inferred from tracer-
release experiments, and the in situ observations of turbulence, a
discrepancy often linked to a historical discussion on ‘missing mixing’
within the ocean mixing community®-¢>"¢7,

Observations

Over the past five decades, since the classical work of Walter Munk®,
significant observational efforts have been dedicated to the quantifi-
cation of mixing in the ocean interior*. Now, small-scale turbulent
fluxes have been added to the list of observable Essential Ocean
Variables?, given their recognized climatic reach on a number of
spatial and temporal scales. The last few decades have seen huge
technological advancements in mixing observations, but greater
impetus is needed to reach global coverage and gain critical insight
into the statistics of small-scale turbulent mixing,.

In recent years, advances in mobile electronics have led to the
development of low-power turbulence sensors', and there are
ongoing efforts to add such turbulence probes to global autonomous
observational systems, such as the Argo program'’—which would
enormously expand observational coverage. However, more wide-
reaching turbulence-measuring technologies are required, especially
near boundaries (including the climate-critical sea ice-ocean and ice
shelf-ocean boundaries'®"?) and in the deep ocean, where direct
measurement of turbulent fluxes is technically most challenging and
currently out of reach of core Argo floats. Technological advances have
made velocity-sensing techniques (such as travel-time velocimetry and
particle tracking velocimetry) feasible and inexpensive for mounting
on moorings and turbulence platforms'>. These new sensing techni-
ques can return time series of the turbulent buoyancy flux (i.e., direct
mixing observations), as well as of turbulent kinetic energy dissipation.
Similarly, distributed sensing along fiber optic cables (regularly
deployed for energy and communication purposes) provides a new
approach to making oceanographic measurements at a very large
spatio-temporal scale (10 cm, 1kHz) and sustained over long periods.
These approaches have shown early promise to afford a new window
on turbulent processes?. Such observations could provide a trans-
formative high-resolution view of ocean turbulence near the seafloor
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(for a seabed cable) or along a vertical profile (for mooring deploy-
ments). All these novel technologies can supply information to con-
strain the characteristics and statistics of small-scale turbulent mixing
thoroughly*>**, As the statistics of mixing become increasingly better-
resolved by observations, the representation of mixing in high-
resolution numerical simulations can be tested, narrowing the gap
between modeling and observational efforts.

Finally, we have shown that mixing acts differently on distinct
tracers. While the impact of mixing on the ocean interior’s density
stratification can manifest in climatic trends (through the mixing-
circulation two-way feedback) on centennial to millennial timescales,
its impact on nutrient transport, primary productivity, and air-sea
carbon fluxes can occur on timescales as short as sub-annual (Fig. 3).
Measuring biogeochemical cycling indicators alongside mixing pro-
cesses by integrating biological- and physical-oceanographic field
campaigns will be helpful for improving our understanding of how
mixing shapes marine biogeochemical cycles.

Modeling

We have provided evidence of the leading-order impacts of mixing on
important physical and biogeochemical processes, with implications
for the modulation of climate variability. To capture such feedbacks in
ESMs, several improvements are necessary.

Currently, ESM representations of mixing lack the ability to cap-
ture the two-way feedback between changes to mixing and changes in
the climate system, as they do not have the freedom to mix less where
thereis less to mix, or mix more where there is more to mix, and energy
is available for it. In other words, an energetically sound coupling
between the momentum and density budgets is required, but is
entirely lacking at present. An adaptive mixing scheme—one which
would be zero in an unstratified region and also zero in a sufficiently
strongly stratified region—allows for internal variability that such a
restoring mechanism brings about. Regardless of the subjective choi-
ces involved in parameterizing the bulk flux coefficient I, the need to
implement it in ESMs is evident. We argue that enough progress has
been made to explore adaptive mixing schemes in ESMs.

Moreover, the same mixing processes can yield different turbu-
lent diffusivities (the mixing metric used by ESMs) for different tracers,
depending on their time histories, distributions in the ocean interior,
and local gradients. For example, different pre-industrial gradients for
heat and carbon have led to oppositely signed redistributions of their
anomalies over the past several centuries'”. Thus, the representations
of mixing for various tracers need to be customized, requiring tracer-
specific observations and greater model parameterization flexibility.

To conclude, the small-scale mixing discussed in this article is only
one (albeit arguably dominant) part of diapycnal water mass trans-
formations in the ocean interior. The nonlinearity of seawater's equa-
tion of state gives rise to other processes, such as cabbeling,
thermobaricity, and double diffusion, which are at best crudely
represented in ESMs. Yet, if properly described, these processes can
conceivably lead to significant transformations, especially in the upper
ocean and polar regions.

Al and other data-driven approaches

Since the late 1800s, when theoretical research on the fluid dynamics
of ocean turbulence began, many investigations have been devoted to
understanding the physics of shear-induced turbulence. Despite all
these efforts, the task of comprehending, parameterizing and model-
ing turbulence, through studying individual processes and their non-
linear interactions, has been outpaced by the urgency imposed by the
ongoing anthropogenic climate transition for representing such pro-
cesses in ESMs. Vastly enhanced computational and observational
resources have yielded enormous data on various aspects of shear-
driven mixing events. Exploiting the information in these data to
advance the description and modeling of the underlying flows is both a

challenge and an opportunity. In particular, the rapid development of
data science, especially in the algorithmic development of ‘artificial
intelligence’ (Al) and ‘machine learning’, is sparking a revolution in the
analysis and modeling of shear-driven mixing events. Recent research
combining such data-driven techniques with physics-informed models
illustrates the potential for significant improvement in the skill of
parameterizations compared to classical models™"?. Further, data-
driven techniques can lead to the identification of previously unap-
preciated relationships between different quantities, and thereby
point toward fruitful lines of attack for physics-based modeling'”.
Such an iterative connection between data-driven and physics-
informed modeling promises to revolutionize the understanding of
the climate system, particularly when appropriate attention is paid to
the interpretability of the emergent models. These novel data-driven
approaches naturally build on the seemingly coherent global statistical
characteristics of small-scale turbulence highlighted herein.

Long-term climate variability

Understanding and correctly representing mixing is key to our inter-
pretation of past marine-centered climate tipping points, and thereby
to our ability to make credible predictions of potential future tipping
points. In modulating the centennial-to-millennial-scale climate varia-
bility, the ocean acts as a low-pass filter of surface perturbations'®.
Small-scale mixing effectively sets the frequency of the passband. The
implication is that higher-frequency variability may be observed closer
to deep-water formation sites (such as the North Atlantic) but not in
the far-field (e.g., in the North Pacific) because small-scale mixing has
longer time to act here. This has ramifications for how we con-
ceptualize global ocean heat and carbon uptake, and calls for revisiting
the frequency content of paleo timeseries to determine the character
of surface climate variations. Unraveling the effects of mixing is crucial
to quantitatively connect the decadal variability inferred from modern
tracer observations (e.g., CFCs, as reviewed herein) with longer-term
variability recorded in the Earth System as inferred from paleo
tracers'”. An example pertains to decadal/centennial-to-millennial
transients in the ocean-atmosphere system, associated with so-called
‘Dansgaard-Oeschger’ variability or ‘Heinrich events™™2, These
abrupt transitions apparently involved major changes in ocean mass
transports, marine biogeochemistry and oxygenation, atmospheric
greenhouse gas levels, and ocean heat content. They offer a particu-
larly useful natural laboratory for probing the potential role of small-
scale turbulent mixing in rapid ocean/climate adjustments, informing
the potentially looming MOC tipping points. While the dramatic
changes in ocean stratification during these events must have modu-
lated mixing significantly, the extent to which these modulations fed
back into climate variability remains poorly understood, compromis-
ing our interpretation of paleo-proxy records. Thus, ocean mixing lies
at the heart of the much-needed but largely lacking effort to quanti-
tatively link the paleo record to computational (and increasingly Al-
driven) modeling of modern and future climate change.
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