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Overview
1. Most diapycnal (vertical) mixing in the ocean interior is due to
breaking internal gravity waves
2. Mixing is patchy in space and time, reflecting the complex
geography of internal wave generation, propagation, and
dissipation.
3. Patchy mixing matters for ocean circulation and fluxes. It’s
important to “get it right”.
4. Our plan: use what we collectively know about internal wave
physics to develop a dynamic parameterization of diapycnal
mixing that can evolve in a changing climate.
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Internal wave primer
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•

Low-mode ~interfacial waves

•

High-mode ~ plane waves

•

Fast

•

Breaking waves are at small
(1-10 m) scales
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The zoo of internal waves in the ocean

Depth, z

Two frequencies dominate energetically

Near-inertial waves: often wind generated,
have a frequency close to the local inertial
frequency (latitude dependent)

Horizontal distance (x,y)

Internal Tides: generated by oscillatory
tidal flow over topography. Waves have
tidal (often M2=12.4 hour) period
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Parameterizing mixing
Cant’ explicitly resolve internal waves in climate models.
3 steps to parameterize their role:

1) Wave generation
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Parameterizing mixing
Cant’ explicitly resolve internal waves in climate models.
3 steps to parameterize their role:

1) Wave generation
2) Some waves break “locally”

Internal tides propagating up
from the rough (eastern)
bathymetry steadily break,
producing elevated mixing up
into the main thermocline

Global pattern of mixing that mirrors wave generation
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“Nearfield” tidal mixing
ocean bottom 1000 meters

St Laurent et al 02
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dissipation
rate (related
Tidal Energy Dissipated Near Topography, ’Aha Huliko’a Proceedings, January 2003
to diffusivity)
well et al., 2000), and the 3000-m isobath of the Hawaiian
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Ridge (Kunze et al., 2002b). The latter was averaged from
16 stations spanning roughly ∼1000 km along the Hawaiian Ridge. These stations were occupied over a 3 week period during 2000 and capture energy flux radiated from both
strong and weak sites of internal tide generation along the
ridge. A profile from the Virginia Slope is also shown, as
turbulence at this site is likely supported by low-mode internal tides dissipating in the far field (Nash et al., 2003).
At all sites, the dissipation rates are maximum along the topography, and decay away from the topography with height.
Enhanced turbulence levels are found to extend up to 1000
m from the bottom.
The energy flux carried by the internal tide can radiate as
propagating internal waves, and these waves are subject to
a collection of processes that will eventually lead to dissipation. Shear instability, wave-wave interactions, and topographic scattering all act to influence the rate of dissipation
and control whether the internal tide dissipates near the generation site or far away. Understanding the physical cascade
that allows energy in the internal tide to power turbulence is
one goal of ocean mixing research.

2. Internal tide energy flux
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Several nondimensional parameters are needed to model
the physical regime of internal tide generation. One parameter, kU0 /ω, measures the ratio of the tidal excursion length
scale U0 /ω to the length scale of the topography k −1 . This
parameter is discussed by Bell (1975) and others, and distinguishes a wave response dominated by the fundamental tidal
frequency (kU0 /ω < 1) from a lee-wave response involving
higher tidal harmonics (kU0 /ω > 1). A second parameter,
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“Farfield” wave breaking / mixing
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Propagating waves steadily lose energy due to interaction with
other internal waves and mesoscale eddies. Apply existing wavewave interaction theory to develop a map of dissipation for lowmode internal waves

Turbulent mixing makes the ocean go round
~ 1 TW

Determines large scale vertical transport
of heat, C02, nutrients, etc.

breaking internal waves

downward
heat
diffustion (K)
internal tide
~ 1 TW

Low Latitudes

Turbulence occurs at small scales: cm to m

Drives meridional overturning circulation
by creating potential energy.

High Latitudes

(may 2007)
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Turbulent mixing makes the ocean go round
heat
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High Latitudes

simmons et al
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Turbulent mixing makes the ocean go round
heat
conveyor

PE

Low Latitudes

But patchy mixing changes the story

KE

High Latitudes

simmons et al
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Changing strength of global overturning

keep the diffusivity fixed and rapidly increasing
freshwater fluxes could cause collapse of the MOC, a
diffusivity that responded to a slowly increasing freshwater flux could actually cause the MOC to strengthen
according to [34] and [35]. This counterintuitive result

storms and the unknown role of salinity in modulating
the ocean thermohaline circulation suggests that we
have much motivation to come to a better understanding
of these key climate processes.

Expectation: freshwater flux will slow down MOC. But if mixing
increases in a windier climate, maybe not (Schmitt et al, Ocean Obs)
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Figure 5. Contour plot of the strength of the meridional overturning circulation (MOC, in Sverdrups) as a
function of the vertical mixing rate and the high latitude freshwater flux magnitude, according to the
analysis of Zhang et al, [37]. Points below the black curve are in the “haline” mode, with the direct thermal
mode (conveyor) in its off state. Points above the black curve are in the direct thermal mode, with the
strength of the MOC varying with the contours as shown. A large increment in freshwater flux due to a

Changing strength of regional overturning
Palmer et al 07: Modeled Indian Ocean overturning streamfunction

Constant κ = 1.2 10-4
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Bottom enhanced diffusivity

Patchiness of Deep Ocean Mixing matters
Zonal mean Atlantic temperature bias

CM2.1 (in AR4)
Hallberg
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CM2M (in AR5)
Elevated mixing over
rough topography

F

Internal waves are generated in the ocean when its stratification i
disturbed. Unlike surface waves, which propagate horizontally
because they are confined to the air–sea interface, internal wave
propagate vertically as well as horizontally, making flow disturb
ances at the surface or bottom felt in the interior. Garrett and Munk
and Munk7 modelled internal waves in terms of a wavenumber–
frequency spectrum; they assumed that the wave field is constant in

Patchiness of Upper Ocean Mixing matters

Observational confirmation

Successful application of wave-wave
interaction theory: breaking of ambient
internal wave field scales with latitude
because of changing internal wave
frequency band (f<ω<N).
Gregg et al 03

Modeled
implication

Figure 1 Reduction of dissipation rates produced by breaking internal waves near the
Equator. The predicted latitude effect L is unity at 308 because the standard internal wav
spectrum, Garrett and Munk6, and the calculations based on it are referenced to that
latitude. Ratios of average 1observed to 1308 are plotted as short horizontal bars, and uppe
and lower 95% confidence limits are shown by extents of the vertical lines. Multiple value
at the same latitude v come from different depths or locations. The shaded curve gives th
predicted L(v,N ) for the range of N encountered. Because the N dependence is weak, th
height of the shaded band is small. Upper and lower solid lines are twice and one-half th
prediction, and approximately bound the scatter in the data. In spite of the scatter, the
observations confirm the predicted sharp cut-off of dissipation at low latitude.
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Planned Work
Dynamics of wave breaking
• observations
Postdoc
i mp
• process modeling
par lem
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• theory
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Global climate modeling
• high-resolution
• tide and wind-forced
• w/ or w/o mesoscsale
Postdoc
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Postdoc

Global wave modeling
• high-resolution
• tide and wind-forced
• w/ or w/o mesoscale
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