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FIG. 1. Cross sections of instantaneous flow fields from simulation 1. Temperature is represented in nondimensional form as !/!
o
in (a)–

(d): (a) t " 565 s, (b) t " 1414 s, (c) t " 4242 s, and (d) t " 6222 s. The arrow in (d) corresponds to Fig. 2. The turbulent kinetic energy
dissipation rate # is shown at (e) t " 4242 s and (f ) t " 6222 s. The scalar variance dissipation rate $ is also shown at (g) t " 4242 s and
(h) t " 6222 s.

was set to 0.0099 s%1. Most of our conclusions are dem-
onstrated using only the first three simulations shown
in Table 1.
Cross sections of the evolving flow fields in simu-

lation 1 are shown in Fig. 1. Figures 1a–d show scaled
temperature cross sections taken at four instants during

the simulation. Figures 1e and 1f show the kinetic en-
ergy dissipation rate # at the latter two instants, and
Figs. 1g and 1h show the scalar variance dissipation rate
at the same two instants. [The dissipation rates # and $
are defined explicitly in section 2c(3).] At t " 565 s
(Fig. 1a), a pair of primary KH billows has grown and
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modeled flow in the southern ocean

FIG. 6. Instantaneous surface speed in 1° and 1⁄6° models after 40 yr. Note that the large-scale structure of the 1° model is quite similar to the 1⁄6° model (the currents have similar
locations and have similar horizontal extents). The main difference is in the presence of intense jets and eddies in the 1⁄6° model.
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sea surface height measured from space

AVISO  - free on web
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Diapycnal Mixing Mechanisms

Quantifying turbulence:

Turbulent dissipation rate:

Associated ‘eddy’ diffusivity:

ε [W/kg]

[m2/s]Kρ = 0.2
ε

N2

Buoyancy Flux: 

Jb = 0.2ε
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WAVE BREAKING IN AIR-SEA INTERACTION 285 

Figure 2 

trainment and degassing as the larger bubbles rise back to the surface. (From Lamarre 1993.) 

Generation of a plunging breaking wave in the laboratory showing significant air en- 

Annual Reviews
www.annualreviews.org/aronlinevertical mixing: breaking surface waves

Turbulence penetration depth 
proportional to horizontal 

wavelength of breaking wave

Rapp and Melville 90
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vertical mixing: Convection

Moum and Smyth

Turbulence produced by destabilizing 
surface buoyancy fluxes
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Summer Observations I
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dissipation rate of 205 GW by the external tide over the
same shelf region. The internal tide thus constitutes a
negligible portion (0.2%) of the tidal energy budget of the
NW European shelf seas. This is in contrast to the ocean
where the internal tide is thought to be the main sink for
tidal energy. However, the internal tide is dissipated over a
limited portion of the shelf: i.e., areas which are stratified
and are in direct contact with a generation zone (the
continental shelf break in the model). In this portion of
the NW European Shelf Seas the internal tide accounts for
approximately 3% of the total M2 tidal energy budget.
[6] Moreover, when considering the relative importance

of the external and internal tides in mixing the water column,
we must invoke a mixing efficiency, Rf, which relates the
increase in water column potential energy through mixing to
the rate at which energy is made available to mix the water
column (i.e., the rate of energy transfer from mean flow to
turbulence). Empirical estimates of bulk mixing efficiencies
imply that the internal tide is considerably more effective at
mixing the water column (e.g., Rf ! 0.056 [Stigebrandt and
Aure, 1989] - 0.2 [Sandstrom and Oakey, 1995]) than the
surface tide (e.g., Rf = 0.0037 [Simpson and Hunter, 1974]).
On the basis of these efficiencies, the contributions to

mixing from the external tide and the internal tide, in the
summer stratified portion of the NW European shelf to
the west of the UK and Ireland, are similar (50 MW for the
external tide as compared to between 26 and 86 MW for the
internal tide). This is a particularly significant result since
the NW European Shelf Seas are a major sink of tidal
energy accounting for !8% of the global total [Egbert and
Ray, 2000]. In most other continental shelf seas the external
tide is less energetic, suggesting that the internal tide may
dominate the tidal contribution to mixing, as on, for
example, the North East New Zealand Continental Shelf
[Sharples et al., 2001b]. An interesting consequence of this
result is that tidal energy will tend be more efficiently used
in mixing the water column in regions where the external
tide is less energetic.

3. Direct Observations of Dissipation

[7] Profiles of the rate of dissipation of TKE, e, from a
number of sites in the summer stratified portion of the Celtic

Figure 1. A composite image of sea surface temperature
(SST) for the northwest European continental shelf seas for
6–12th June 2004. 200 and 400 m contours are shown
indicating the position of the shelf break, together with the
location of the measurement sites; CS1, CS3, S140 and
S140E referred to in the text (red circles). Areas of the shelf
where tidal mixing dominates over surface heat input, the
water column remains mixed (cooler SST), whilst in deeper
less turbulent regions surface heating dominates and the
water column stratifies (warmer SST). The mixed and
stratified areas are separated by fronts (indicated by red
lines). Close to the shelf break the surface tide interacts with
steep topography to transfer energy into an internal tide.
This is thought to rapidly dissipate resulting in strong
mixing close to the shelf break, sometimes evident as a
depression in SST (e.g., green tongue extending along the
shelf edge to the south of the Ireland). The data was
processed by RSDAS (Plymouth Marine Laboratory).

Figure 2. a. Rotary horizontal baroclinic energy spectra
for site CS3 showing anticlockwise (blue), clockwise (red)
and total (black). In each case an average spectrum is
formed from the velocity estimates taken in each ADCP bin
within the thermocline, with the ‘depth average’ flow
removed. The number of degrees of freedom is kept low in
order to resolve some of the harmonics. The frequencies
corresponding to the local inertial (If) and dominant
semidiurnal tidal frequencies (M2) and various interactions
are marked. b. Shear spectrum at a height of 62m for CS3.

L05602 RIPPETH ET AL.: VERTICAL MIXING IN STRATIFIED SHELF SEAS L05602

2 of 4

Boundary stress mixing the whole water column

Strong surface friction: hurricanes

Strong bottom friction: 
tidal mixing fronts

(MacKinnon and Gregg 03)

(Rippeth et al 05)

ε ≈ 4 × 10
−6[Wkg−1]
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Hawaiian Ocean Mixing Experiment (HOME)
Huge overturns as internal 
tide sloshes up and down a 

steep slope

Klymak et al 07
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Breaking Internal Waves

2106 VOLUME 33J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y

FIG. 14. Example acoustical snapshot of a propagating ISW within which is embedded a sequence of rollups identical in nature to Kelvin–
Helmholtz instabilities observed in the laboratory and in small-scale simulations. The vertical scale of the largest is more than 10 m, and
the horizontal scale (in the direction of wave propagation) is about 50 m. Toward the trailing edge of the wave, the rollups become less
coherent but contribute a greater backscatter signal, suggesting breakdown to turbulence. At greater depth, denoted by arrows, are two more
layers of bright backscatter. These are presumably the same phenomenon, but smaller scale. Hence the echosounder resolution does not
permit a clear depiction of rollups.

FIG. 15. (left) Observed profiles of horizontal velocity from 300-
kHz ADCP (2-m bin size) and (right) !" from Chameleon. These
coincide with the Chameleon profile noted by the black dot in Fig.
9 which corresponds to the time of maximum stratification at the
interface at 30-m depth, after which overturns and intense turbulence
first appear.

given the density profile at the same location. First, the
ambient streamfunction in the wave’s reference frame
is obtained from the measured upstream velocity profile
u0(z) using

z

# (z) $ % [u (z&) % c ] dz&. (3)0 ! 0 w

At any location within the wave, we obtain the stream-
function profile corresponding to the local density pro-
file '1(z) using

# (' ) $ # (' ).1 1 0 0 (4)

Last, we differentiate5 to obtain the velocity profile and
transform into the earth’s reference frame:

(#1
u $ % ) c . (5)1 w(z

An appropriate value for *' was obtained by ex-
amining density fluctuations in six profiles prior to and
including the profile selected for analysis. Thorpe re-
ordering was used to estimate density fluctuations in
turbulent overturns. The maximum fluctuation had ab-
solute value of 0.1 kg m%3 (Fig. 17). We adopted this

5 Differentiations and integrations were approximated using sec-
ond-order, finite differences on an uneven grid. Interpolations be-
tween the various data grids were done using an equal mixture of
linear and cubic Hermite interpolants. (This controls the spurious
peaks that appear when cubic interpolation is used alone.)

Moum et al 03

Breaking solitons on the Oregon ShelfFIG. 1. R/P FLIP was moored in 1100 m of water over Kaena Ridge at 21◦40.78′

N, 158◦37.77′ W. Also shown are two moorings from the same field program, where
larger near-bottom overturns have been observed.
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Enhanced mixing where 
internal tides are 

created, and break, over 
bumpy topography

From Jayne et al (Oceanography, 2004)
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Relation of tides to diapycnal diffusivity

From Jayne et al (Oceanography, 2004)
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