
Ocean Mixing from Space?

Caitlin Whalen
Applied Physics Laboratory
University of Washington

March 6, 2018



Many Types of Ocean Mixing

Mixing Occurs:

• Mixed layer
(Convection, wind stress, mixed layer instabilities, etc)

• Mixed layer base
(Shear, etc)

• Thermocline and abyss
(Internal wave driven mixing, double diffusion, etc)

• Close to the seafloor
(Dense overflows, turbulent boundary layers, etc)
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Internal Wave Driven Mixing and the Global Ocean

Internal Waves Near Indonesia

(http://earthdata.nasa.gov/lance/rapid-response)

(Talley 2013)



Internal Wave Driven Mixing
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Rough Seafloor and Tidal Energy → Elevated Mixing

Tidal Mixing at the Hawaiian Ridge
Velocity

Dissipation Rate

(Klymak et al. 2008)
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Tides → Generate Internal Waves → Mixing
Internal Waves → Scattered by Rough Topography → Mixing

• Big Question: What are the internal wave energy pathways?

• Specific Question: What fraction of energy from internal waves
dissipates close to generation sites? How much propagates away?
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Internal Wave Driven Mixing at the Slopes and Shelves
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Internal Wave Driven Mixing at the Slopes and Shelves

(Kelly et al. 2013)
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Low-Mode Internal Waves → Scattering on Shelves/Slopes → Mixing
Low-Mode Internal Waves → Reflection → Mixing in Interior

• How much of the energy is scattered, reflected, or transmitted for
all low-mode waves under different shelf/slope geometries?
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• How much of the energy is scattered, reflected, or transmitted for
all low-mode waves under different shelf/slope geometries?



Project 1: Tides from Altimetry and HYCOM
Zhongxiang Zhao and Maarten Buijsman

Internal Tide Amplitudes from Altimetry

(Z. Zhao)

Semidiurnal Baroclinic Pressure Flux

(Buijsman et al. 2016)

Altimetry + HYCOM → more complete understanding of internal tides

• What is the spatial distribution of the mixing due to internal tides?
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Project 2: Changes in SST at the Tidal Frequency

Dwi Susanto et al

Amplitude of Spring-Neap Tidal Component in SST



Internal Wave Driven Mixing from Lee Waves
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Internal Wave Driven Mixing from Lee Waves
Observed lee wave vertical velocities

(Cusak et al. 2017)
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• Big Question: Where and why do lee waves dissipate their energy,
and is this large enough to be important globally?

• Specific Question: How much energy dissipates close to the sources
of lee waves vs how much propagates away?
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Mixing from Wind-Driven Internal Waves
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Near-Inertial Energy From Wind → Elevated Mixing

Seasonal Cycle in Near-Inertial Kinetic Energy

blue) should equal the change inmixed layer KE (Fig. 13,
red) minus dissipative and damping processes,

ð
P 5 DKEML 2 (damping 1 dissipation). (7)

Observed near-inertial KE (blue) is about 3 kJ m22 at
the start of the record, reflecting motions from previous
forcing events. It rises during this period but less sharply,
with a change of about ½–3/4 of the integrated wind
work. Presumably, the rest is associated with damping
(which includes radiation in this context). Following
this, integrated work remains constant (indicating no
more forcing), whereas mixed layer KE decays over the
course of a week or so.
Observed andmodeledmixed layer velocity (Fig. 13c)

show good agreement in phase, as typically seen begin-
ning with Pollard and Millard (1970). Observed ampli-
tude is greater prior to 4November partly because of the
preexisting currents. Agreement is better later in the
example.
Total and near-inertialmeridional velocity (Figs. 13d,e)

indicate a weak near-inertial packet radiating downward

to about 350 m over the next several weeks. However,
energy deeper than 200 m (Fig. 13b, green) remains well
below the integrated wind work and mixed layer KE.
In the second and third events, wind work is sub-

stantially less (note different scale in Fig. 13b; also recall
that the work in the third event is an indirect estimate
from NCEP). For the second event, mixed layer KE is
again nonzero at the beginning of the time period, in-
creasing at a similar rate as the integrated work. As in
the first example, slab-model velocity (Fig. 13c) agrees
very well in phase with observations. (Agreement is
poorer for the third example, presumably because wind
is from NCEP rather than measurements.) Modeled ve-
locity decays faster in the second case than observed.
Improved agreement would be obtained with smaller
damping in the slabmodel, but, because the windwork is
not significantly affected by choice of damping and the
deep propagation is our focus, we have not attempted to
tune the damping to match the mixed layer observations.
In both the second and third cases, much more prom-

inent downward radiation is seen than in the first case.
Particularly in the third event, it is clear that radiation
penetrates at least to 800 m. The differences in its degree

FIG. 11. (a) Observed wind work, MLD incorporated (blue line); NCEP slab wind work (dashed line); and the
observed flux computed as the mean of energy from 600 to 800 mmultiplied by cgz5 1.53 1024 m s21 (13 m day21;
green line). All have been smoothed over 20 days. (b) KEin for the whole 2-yr record. (c) WKB version. The
momentum-based MLD is overplotted in (b),(c) in white. Closeup periods plotted in Figs. 13–15 are shown.
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(Alford et al. (2012))
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• Big Question: What are the near-inertial internal wave energy
pathways?

• Specific Question: Where and why do wind-driven near-inertial
waves dissipate and cause mixing?



Near-Inertial Energy From Wind → Elevated Mixing

Seasonal Cycle in Mixing between 30-45 N

(Whalen et al. in review)
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Implications of Spatially Variable Mixing for the MOC?
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When observationally-based diffusivities are incorporated:

Changes in the MOC in GEOS5/MOM5

(Trossman et al. 2018b in prep)

Changes in the MOC in ECCO

(Trossman et al. 2018a in prep)

How does the spatial/temporal variability of mixing affect the MOC?
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Mixing from Internal Waves: Lingering Questions

Internal Wave Energy Pathways

• e.g. What fraction of energy from internal waves dissipates close to generation
sites? How much propagates away? (From Tides, Winds, Lee waves)

Where, When and Why Internal Waves do Dissipate and Cause Mixing

• e.g. What fraction of internal wave energy encountering boundaries (rough
topography, slopes, and shelves) locally dissipates, and how much staying in the
internal wave field?

• e.g. Where in the ocean does the majority of wind-driven internal wave energy
dissipate?

The Impacts of this Mixing

• e.g. How does the spatial/temporal variability of mixing affect the MOC?
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Mixing Processes in the Mixed Layer

(Moum and Smyth 2001)

• What is the spatial and temporal variability of surface boundary
layer mixing on large spatial and long temporal scales?

• How do processes beyond buoyancy fluxes and winds affect mixing?
(e.g. Langmuir circulation, waves, storms)
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Project 3: Surface Boundary Layer Mixing from Satellites
Clayson, Jayne, and St. Laurent

Locations of Microstructure and CTD in the Drake Passage Region

(Merrifield et al 2016)

• Can satellite observations of surface buoyancy and moment fluxes
be used to estimate surface boundary layer mixing?



Mixing from Submesoscale Instabilities

(a) Fox-Kemper et al (2008), (b) Thomas et al (2013), and (c) Sarkar et al (2016)

• What are the regional and global impacts of mixing due to
submesoscale processes on mixed layer depth, heat fluxes, and
energy budgets?
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• What are the regional and global impacts of mixing due to
submesoscale processes on mixed layer depth, heat fluxes, and
energy budgets?



Project 4: Heat Flux from Submesoscale Instabilities
Whalen, Druska, and Gaube

Equivalent Heat Flux Estimates from Ship Tracks and Satellite SST



Summary
Surface Boundary Layer Mixing Mixing from Submesoscale Instabilities
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Mixing Questions

Mixing from Internal Waves

• Where, when and why internal waves do dissipate and cause mixing? What are
the pathways from generation to dissipation? (Tides, Winds, Lee waves)

• What are the implications of spatially and temporally varying mixing on the
circulation? (e.g. MOC)

Mixing in the Mixed Layer

• What is the spatial and temporal variability of surface boundary layer mixing on
large spatial and long temporal scales?

• How do processes beyond buoyancy fluxes and winds affect mixing? (e.g.
Langmuir circulation, waves, storms)

Mixing in the Submesoscale

• What are the regional and global impacts of mixing due to submesoscale
processes on mixed layer depth, heat fluxes, and energy budgets?
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