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Parameterizations firmly grounded in sound theory and tested against 
observations should remain a vital part of global modeling for some time.

Relevance of Theory?
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A Teledyne Marine Company

Teledyne RD Instruments

Workhorse Sentinel
Self-Contained 1200, 600, 300kHz ADCP

The self-contained SENTINEL is Teledyne RD Instruments’ most 
popular and versatile Acoustic Doppler Current Profiler (ADCP) 
configuration, boasting thousands of units in operation in over 
50 countries around the world.

By providing profiling ranges from 1 to 154m, the high-frequency 
Sentinel ADCP is ideally suited for a wide variety of applications. 
Thanks to Teledyne RDI’s Broadband signal processing, the 
Sentinel also o!ers unbeatable precision, with unmatched low 
power consumption, allowing you to collect more data over an 
extended period.

The lightweight and adaptable Sentinel is easily deployed on 
buoys, boats, or mounted on the seafloor. Real-time data can be 
transmitted to shore via a cable link or acoustic modem, or data 
can be stored internally for short or long-term deployments. The 
Sentinel is easily upgraded to include pressure, bottom tracking, 
and/or directional wave measurement—for the ultimate data 
collection solution.

The Industry Standard for  
High Accuracy Data Collection

• Versatility: Direct reading or self contained, moored or mov-
ing, the Sentinel provides precision current profiling data 
when and where you need it most.

• A solid upgrade path: The Sentinel has been designed to 
grow with your needs. Easy upgrades include pressure, bottom 
tracking, and directional wave measurement.

• Precision data: Teledyne RDI’s BroadBand signal processing 
delivers very low-noise data, resulting in unparalleled data 
resolution and minimal power consumption.

• A four-beam solution: Teledyne RDI’s 4-beam design improves 
data reliability by providing a redundant data source in the 
case of a blocked or damaged beam; improves data quality by 
delivering an independent measure known as error velocity; and 
improves data accuracy by reducing variance in your data.

PRODUCT FEATURES

A Teledyne RD Instruments Marine Measurements Datasheet

Liu (2009)

“Duality" of Ocean Turbulence 

• Deterministic (dynamics) 

• Stochastic (lognormal, Burr)

estimate! 
(with local isotropy assumption)

Lozovatsky et al. (2017)

Quantifying Small-Scale Turbulence in the Ocean
Mixing efficiency?
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MacKinnon et al. (2017)

Internal Wave Driven Mixing
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T
he absence of data is not always a 
bad thing; it can sometimes make a 
job a lot easier. In decades past, for 
instance, climate modellers simply 

didn’t worry too much about how turbulent 
processes in the ocean (known as ocean mix-
ing) affected the outputs of their models. Not 
knowing how ocean mixing worked may not 
have been intellectually fulfilling, but it cer-
tainly made the models simpler to run.

But data are now beginning to emerge — and 
they show, peskily, that mixing is not so sim-
ple after all. Information flooding back from 
instruments such as microstructure profilers, 
which are towed behind ships to gather data on 
factors such as temperature and conductivity, 
has started to quantify exactly how parcels of 
water mix with each other. In particular, the 
amount of mixing seems to be much less than 
models of the ocean would suggest, especially 
given the temperatures measured at the ocean’s 
depths. Some of the mixing is missing. 

As a result, ocean mixing is an increasingly 
hot topic at conferences. “The field is chang-
ing quicker than many would have thought,” 
says Raffaele Ferrari, an oceanographer at the 
Massachusetts Institute of Technology (MIT) 
in Cambridge. “It seems unlikely that we know 
the full story.”

The importance of mixing is that it helps the 

oceans move heat from A — normally near 
the Equator — to B — which will typically be 
nearer one of the poles. The best known mech-
anism is the global conveyor belt, or thermo-
haline circulation; warm waters move north 
through the Atlantic before becoming cool and 
salty enough to sink to the ocean bottom and 
flow back south, from where they are distrib-
uted worldwide1. The energy involved is pro-
digious: 2,000 trillion watts, or two petawatts, 
some 200 times the rate at which mankind uses 
energy, and a significant chunk of the energy 
flow needed to drive Earth’s climate.

Since early in the twentieth century it has 
been known that, without mixing, such a sys-
tem would stall. The depths would fill up with 
cold water that, because it was dense, would not 
resurface, leaving a thin warm 
layer on top. Warmth is needed 
to add buoyancy to the bottom 
waters, and that means mixing 
them with the waters above. But 
no one can say for sure where 
the energy needed that drives 
this mixing comes from. Some have suggested 
plankton as paddles (see ‘Could tiny creatures 
stir the whole ocean?’). Others have called 
down the Moon in support of their theories, 
proposing tides as the driving force.

The prevailing trade winds between the 

tropics of Cancer and Capricorn were perhaps 
the most obvious candidates for stirring the 
oceans, in principle providing sufficient energy 
to create a well-mixed upper layer in the tropi-
cal oceans. But the amount of mixing near the 
ocean’s surface, as observed by techniques such 
as microstructure profilers and tracer experi-
ments, is not as high as theoretical calculations 
would suggest, and not enough to keep the glo-
bal circulation going. 

 
Stormy weather
One recent idea is to look not at the regular 
winds that are the sailor’s friend, but the rare 
ones that spell his doom — specifically, hur-
ricanes. On page 577 of this issue, modeller 
Matthew Huber of Purdue University in West 

Lafayette, Indiana, presents 
evidence supporting the notion 
that tropical cyclones play an 
important part in ocean mix-
ing. Huber’s work follows on 
from a 2001 study that sug-
gested much the same thing2. 

In that earlier work, Kerry Emanuel, a hurri-
cane researcher at MIT, proposed that tropi-
cal cyclones mix the upper ocean so well that 
they are responsible for a staggering amount 
of heat transfer: 1.4 petawatts. As most other 
researchers had ignored the role of cyclones 

Churn, churn, churn
How the oceans mix their waters is key to understanding future climate change. Yet scientists 
have a long way to go to unravel the mysteries of the deep. Quirin Schiermeier reports.

“It seems unlikely 
that we know the 
full story.” 
 — Raffaele Ferrari
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where (4) has been used and the integration is carried out to the boundaries of the wave breaking process
(8). Expression (11) encapsulates the basic concept underpinning finescale parameterizations: that the rate
of turbulent dissipation and the turbulent buoyancy flux occurring at small scales can be inferred from
knowledge of the nonlinear energy transfers in the internal wavefield at intermediate scales. We now dis-
cuss the next building block of finescale parameterizations, which concerns how Tr may be represented in
terms of easily measurable variables and the approximations implicit in that representation.

2.3.2. Dynamics
While the focus is on the energetics of mixing, the dynamics of conservative wave propagation concerns
action N , defined as N5E=x. Here theoretical estimates of a net downscale transport of action are avail-
able from a number of sources.

The first source is a general paradigm of weakly interacting dispersive waves in continuous media referred
to as wave turbulence [Zakharov et al., 1992; Nazarenko, 2011]. One of the corner stones of wave turbulence
is the development of kinetic equations quantifying the spectral energy transfer associated with resonant
wave interactions for statistically homogeneous systems. In this approach, energy exchange occurs
between three waves which are each solutions to the linear problem, see M!uller et al. [1986] and Polzin and
Lvov [2011] for discussion of the internal wave problem.

This first principles approach, though, has issues. First, numerical evaluations of the internal wave kinetic
equation [Polzin and Lvov, 2011] reveal an O(1) evolution of the spectrum on time scales of a wave period,
contradicting any notion of weak nonlinearity. Second, this approach predicts no transfer of energy to
smaller vertical scales at high frequency for what is the ‘‘universal’’ Garrett and Munk vertical wave number
spectrum, contradicting the common acceptance that the ‘‘universal’’ spectrum defines background mixing
rates. Third, for vertical wave number spectra that deviate from the ‘‘universal’’ model, the absence of
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Figure 1. A map of dynamical processes in the vertical wave number—frequency domain. Red colors represent sources associated with
wave mean effects, green nonlinear transfers, and blue sinks associated with shear instability and wave breaking. Arrows denote the domi-
nant direction of energy transfer. Nonlinear transfers in the frequency domain are uncertain. Wind forcing and barotropic tidal conversion
are regarded here as boundary conditions on the radiation balance equation. The ellipses depict the range of overturning scales for GM,"""""

10
p

and 10 times GM finescale spectral levels. The range of vertical scales for the most robust application of finescale parameterizations
(FP), shear instability (SI), and Thorpe-scale (OT) parameterizations of turbulent dissipation are indicated for the GM spectral level, as are
the nominal scalings of !; LT ; Lo , and Lk upon mc, f, and N.

Journal of Geophysical Research: Oceans 10.1002/2013JC008979

POLZIN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 1387

Garrett (2003) Polzin et al. (2014)

Fine-scale Parameterization of Ocean Turbulence
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Whalen et al. (2015)

Yang et al. (2014)
Gregg et al. (2003)

Fine-scale Parameterization of Ocean Turbulence

10-6m2 s-1

>10-4m2 s-1?
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Thermocline Mixing at Low Latitudes
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Thermocline Mixing in the North Pacific LLWBCs
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Thermocline Mixing in the North Pacific LLWBCs
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Thermocline Mixing in the North Pacific LLWBCs
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Thermocline Mixing in the Tropical-Extratropical Pacific
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Thermocline Mixing in the Western Equatorial Pacific
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Thermocline Mixing in the Eastern Equatorial Pacific
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Thermocline Mixing in the Eastern Equatorial Pacific
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Thermocline Mixing in the Eastern Equatorial Pacific
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• Liu C., Wang X., Liu Z., Köhl A., Smyth W.D., and Wang F. 
(2020), On the formation of a subsurface weakly sheared 
laminar layer and an upper thermocline strongly sheared 
turbulent layer in the eastern equatorial Pacific: Interplays 
of multi-timescale equatorial waves, Journal of Physical 
Oceanography, https://doi.org/10.1175/JPO-D-19-0245.1

To Be Continued…
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• Thermocline mixing at low latitudes sustained by 
breaking of background internal waves is generally 
weak, due to inefficient energy transfer through 
internal wave-wave interactions; 

• Additional mixing is due to shear turbulence fertilized 
by sheared currents, eddies (surface & subsurface), and 
waves (e.g., tropical instability waves of different types/
modes/frequencies); 

• Mixing parameterization incorporating impacts of both 
internal wave breaking and shear turbulence to 
characterize variability of thermocline mixing at low 
latitudes is developed; 

• The resulting parameterization can be easily adopted 
into regional (& global) ocean and climate models. 

Take-home Message



Thank you!

Zhiyu Liu (zyliu@xmu.edu.cn)




