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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

• Low-mode  ~interfacial waves

• High-mode ~ plane waves

• Fast 

• Breaking waves are at small 
(1-10 m) scales  

warm

cold

f ≤ ω ≤ N
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The zoo of internal waves in the ocean
D

ep
th

, z

Horizontal distance (x,y)

Two frequencies dominate energetically 

Internal Tides: generated by oscillatory 
tidal flow over topography. Waves have 

tidal (often M2=12.4 hour) period

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

frequency (latitude dependent)
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Cant’ explicitly resolve internal waves in climate models. 
 3 steps to parameterize their role: 

Internal-Tide Generation
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Figure 5. Seasonally averaged maps of energy flux from

the wind into near-inertial mixed-layer motions for the year

1997. Variability in mixed-layer depth is included by sea-

sonally averaging the Levitus climatology.

and the model gives zero currents. A few (< 1%) seasonally-

averaged values are < 0 (loss of energy to the atmosphere),

but all of these have magnitudes less than 0.1 mWm−2, and

so are also plotted in blue. The rough land edges reflect the

2.5◦ grid spacing.

The largest inputs occur from 30-50◦N during northern

hemispheric fall/winter, in bands across the western North

Atlantic and Pacific, associated with northern midlatitude

storms. Large fluxes also occur at 30-50◦S during southern

winter, particularly in the Indian Ocean.

Broad minima span the central and eastern portions of

each basin. Interestingly, D’Asaro’s [1985] eastern Pacific

analysis was conducted in a relatively low-flux region. He

obtained higher values in the eastern Atlantic, consistent

with this general picture.

Spatial maps of the inertial component of the wind would

produce identical patterns. These differ substantially from

maps of wind speed (or, for example, maps of ρu3
∗). For

example, the strong easterly trade winds produce very lit-

tle near-inertial energy flux. These differences underscore
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Figure 6. (a,c) The monthly mean flux is

plotted for each year 1996-1999 (thin lines,

solid=1996,dashed=1997,dashdot=1998,dotted=1999),

and for the 4-year mean (heavy line). Black lines are from

37.5◦ N, and gray lines are from 37.5◦ S. (a) The flux

without mixed-layer-depth correction, Π(50 m). (b) The

monthly mean, zonally averaged Levitus and Boyer [1994]

mixed layer depth, < H >, at 37.5◦ N (black) and 37.5 S

(gray). (c) Mixed-layer-depth corrected flux, Π(H).

the importance of the inertial component of the wind fields,

rather than their overall magnitude, in generating near-inertial

motions.

4.2. Seasonal Cycle

The seasonal cycle is examined by computing the zonal

average across the bands 37.5◦N and 37.5◦S. Examining the

cycle of Π(50 m) (Figure 6a), a strong maximum is seen near

December/January in the northern hemisphere (in agreement

with D’Asaro [1985]), and near June in the southern hemi-

sphere. This pattern is consistent with primary forcing by

winter storms.

The zonally averaged mixed-layer depth (Figure 6b) is

deepest during winter. Its incorporation into the flux corre-

spondingly weakens the seasonal cycle of Π(< H >) rela-

tive to Π(50 m), and shifts the peaks towards October in the

northern hemisphere, also as seen by D’Asaro [1985]. Sea-

sonal cycles are still present in both hemispheres, however,

with maxima resulting as a combination of large fluxes and

a thin mixed-layer.

Wind-generated near-inertial internal waves

1) Wave generation

Egbert and Ray 01

Alford 01

Parameterizing mixing

Generation where barotropic
(astronomical) tides are large and 

topography is rough

Generation by rotating component of 
wind stress, mirrors storm tracks
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Cant’ explicitly resolve internal waves in climate models. 
 3 steps to parameterize their role: 

1) Wave generation

Parameterizing mixing

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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well et al., 2000), and the 3000-m isobath of the Hawaiian

Ridge (Kunze et al., 2002b). The latter was averaged from

16 stations spanning roughly ∼1000 km along the Hawai-

ian Ridge. These stations were occupied over a 3 week pe-

riod 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 in-

ternal tides dissipating in the far field (Nash et al., 2003).

At all sites, the dissipation rates are maximum along the to-

pography, 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 dissi-

pation. Shear instability, wave-wave interactions, and topo-

graphic scattering all act to influence the rate of dissipation

and control whether the internal tide dissipates near the gen-

eration 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

Several nondimensional parameters are needed to model

the physical regime of internal tide generation. One param-

eter, 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 distin-

guishes 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,
δ = h0/H, measures the ratio of the topographic amplitude

h0 to the total depth H. A third parameter, s/α, measures

the ratio of the maximum topographic slope s = |∇h| to
the ray slope given by α =

��
ω2 − f

2
�
/

�
N

2 − ω2
��1/2

.

This parameter also distinguishes two regimes. In the case

of s/α < 1, the topographic slopes are less steep than the

radiated tidal beam, and internal wave generation is termed

subcritical. In the case of s/α > 1, the topographic slopes

exceed the steepness of the radiated beam and the internal

wave generation is termed supercritical. The critical genera-

tion condition is met when the radiated tidal beam is aligned

with the slope of the topography.

The subcritical generation of internal tides was first con-

sidered by Cox and Sandstrom (1962), Baines (1973), and

Bell (1975). These studies examined subcritical topography

in the limit of δ � 1 and s/α � 1, for which the bottom

boundary condition can be linearized to w(−H) = U ·∇h.

In this case, the internal tide generation problem can be

Figure 1. Average profiles of turbulent dissipation from

several sites where internal tides support mixing. Oregon

Slope data are shown with 95% confidence intervals, as de-

scribed by Moum et al. (2002). Virginia Slope data (Nash et

al., 2003) show mixing supported by the dissipation of low

mode internal tides. The 95% confidence intervals for data

from Brazil Basin fracture-zone valleys, crests, and slopes

are shown as blue, green. and red shaded bands, respec-

tively, as described by Ledwell et al. (2000). Dissipation at

the 3000-m isobath of the Hawaiian Ridge was derived from

data described in the text.
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well et al., 2000), and the 3000-m isobath of the Hawaiian

Ridge (Kunze et al., 2002b). The latter was averaged from

16 stations spanning roughly ∼1000 km along the Hawai-

ian Ridge. These stations were occupied over a 3 week pe-

riod 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 in-

ternal tides dissipating in the far field (Nash et al., 2003).

At all sites, the dissipation rates are maximum along the to-

pography, 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 dissi-

pation. Shear instability, wave-wave interactions, and topo-

graphic scattering all act to influence the rate of dissipation

and control whether the internal tide dissipates near the gen-

eration 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

Several nondimensional parameters are needed to model

the physical regime of internal tide generation. One param-

eter, 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 distin-

guishes 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,
δ = h0/H, measures the ratio of the topographic amplitude

h0 to the total depth H. A third parameter, s/α, measures

the ratio of the maximum topographic slope s = |∇h| to
the ray slope given by α =

��
ω2 − f

2
�
/

�
N

2 − ω2
��1/2

.

This parameter also distinguishes two regimes. In the case

of s/α < 1, the topographic slopes are less steep than the

radiated tidal beam, and internal wave generation is termed

subcritical. In the case of s/α > 1, the topographic slopes

exceed the steepness of the radiated beam and the internal

wave generation is termed supercritical. The critical genera-

tion condition is met when the radiated tidal beam is aligned

with the slope of the topography.

The subcritical generation of internal tides was first con-

sidered by Cox and Sandstrom (1962), Baines (1973), and

Bell (1975). These studies examined subcritical topography

in the limit of δ � 1 and s/α � 1, for which the bottom

boundary condition can be linearized to w(−H) = U ·∇h.

In this case, the internal tide generation problem can be

Figure 1. Average profiles of turbulent dissipation from

several sites where internal tides support mixing. Oregon

Slope data are shown with 95% confidence intervals, as de-

scribed by Moum et al. (2002). Virginia Slope data (Nash et

al., 2003) show mixing supported by the dissipation of low

mode internal tides. The 95% confidence intervals for data

from Brazil Basin fracture-zone valleys, crests, and slopes

are shown as blue, green. and red shaded bands, respec-

tively, as described by Ledwell et al. (2000). Dissipation at

the 3000-m isobath of the Hawaiian Ridge was derived from

data described in the text.
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well et al., 2000), and the 3000-m isobath of the Hawaiian

Ridge (Kunze et al., 2002b). The latter was averaged from

16 stations spanning roughly ∼1000 km along the Hawai-

ian Ridge. These stations were occupied over a 3 week pe-

riod 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 in-

ternal tides dissipating in the far field (Nash et al., 2003).

At all sites, the dissipation rates are maximum along the to-

pography, 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 dissi-

pation. Shear instability, wave-wave interactions, and topo-

graphic scattering all act to influence the rate of dissipation

and control whether the internal tide dissipates near the gen-

eration 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

Several nondimensional parameters are needed to model

the physical regime of internal tide generation. One param-

eter, 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 distin-

guishes 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,
δ = h0/H, measures the ratio of the topographic amplitude

h0 to the total depth H. A third parameter, s/α, measures

the ratio of the maximum topographic slope s = |∇h| to
the ray slope given by α =

��
ω2 − f

2
�
/

�
N

2 − ω2
��1/2

.

This parameter also distinguishes two regimes. In the case

of s/α < 1, the topographic slopes are less steep than the

radiated tidal beam, and internal wave generation is termed

subcritical. In the case of s/α > 1, the topographic slopes

exceed the steepness of the radiated beam and the internal

wave generation is termed supercritical. The critical genera-

tion condition is met when the radiated tidal beam is aligned

with the slope of the topography.

The subcritical generation of internal tides was first con-

sidered by Cox and Sandstrom (1962), Baines (1973), and

Bell (1975). These studies examined subcritical topography

in the limit of δ � 1 and s/α � 1, for which the bottom

boundary condition can be linearized to w(−H) = U ·∇h.

In this case, the internal tide generation problem can be

Figure 1. Average profiles of turbulent dissipation from

several sites where internal tides support mixing. Oregon

Slope data are shown with 95% confidence intervals, as de-

scribed by Moum et al. (2002). Virginia Slope data (Nash et

al., 2003) show mixing supported by the dissipation of low

mode internal tides. The 95% confidence intervals for data

from Brazil Basin fracture-zone valleys, crests, and slopes

are shown as blue, green. and red shaded bands, respec-

tively, as described by Ledwell et al. (2000). Dissipation at

the 3000-m isobath of the Hawaiian Ridge was derived from

data described in the text.
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well et al., 2000), and the 3000-m isobath of the Hawaiian

Ridge (Kunze et al., 2002b). The latter was averaged from

16 stations spanning roughly ∼1000 km along the Hawai-

ian Ridge. These stations were occupied over a 3 week pe-

riod 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 in-

ternal tides dissipating in the far field (Nash et al., 2003).

At all sites, the dissipation rates are maximum along the to-

pography, 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 dissi-

pation. Shear instability, wave-wave interactions, and topo-

graphic scattering all act to influence the rate of dissipation

and control whether the internal tide dissipates near the gen-

eration 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

Several nondimensional parameters are needed to model

the physical regime of internal tide generation. One param-

eter, 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 distin-

guishes 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,
δ = h0/H, measures the ratio of the topographic amplitude

h0 to the total depth H. A third parameter, s/α, measures

the ratio of the maximum topographic slope s = |∇h| to
the ray slope given by α =

��
ω2 − f

2
�
/

�
N

2 − ω2
��1/2

.

This parameter also distinguishes two regimes. In the case

of s/α < 1, the topographic slopes are less steep than the

radiated tidal beam, and internal wave generation is termed

subcritical. In the case of s/α > 1, the topographic slopes

exceed the steepness of the radiated beam and the internal

wave generation is termed supercritical. The critical genera-

tion condition is met when the radiated tidal beam is aligned

with the slope of the topography.

The subcritical generation of internal tides was first con-

sidered by Cox and Sandstrom (1962), Baines (1973), and

Bell (1975). These studies examined subcritical topography

in the limit of δ � 1 and s/α � 1, for which the bottom

boundary condition can be linearized to w(−H) = U ·∇h.

In this case, the internal tide generation problem can be

Figure 1. Average profiles of turbulent dissipation from

several sites where internal tides support mixing. Oregon

Slope data are shown with 95% confidence intervals, as de-

scribed by Moum et al. (2002). Virginia Slope data (Nash et

al., 2003) show mixing supported by the dissipation of low

mode internal tides. The 95% confidence intervals for data

from Brazil Basin fracture-zone valleys, crests, and slopes

are shown as blue, green. and red shaded bands, respec-

tively, as described by Ledwell et al. (2000). Dissipation at

the 3000-m isobath of the Hawaiian Ridge was derived from

data described in the text.
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“Farfield” wave breaking / mixing
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Altimetric tidal fluxes

Northbound Southbound

Most (70-90%) internal tide energy escapes to propagate thousands of km away. 

Where do these waves break? [St. Laurent and Nash 04]

Zhongxiang Zhao, UW
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Cant’ explicitly resolve internal waves in climate models. 
 3 steps to parameterize their role: 

1) Wave generation

Parameterizing mixing

2) Wave propagation Harper Simmons
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1) Wave generation

Parameterizing mixing

2) Wave propagation Harper Simmons
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Cant’ explicitly resolve internal waves in climate models. 
 3 steps to parameterize their role: 

1) Wave generation

Parameterizing mixing

2) Wave propagation
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Cant’ explicitly resolve internal waves in climate models. 
 3 steps to parameterize their role: 

1) Wave generation

Parameterizing mixing

2) Wave propagation

PLANNED 
WORK

Propagating waves steadily lose energy due to interaction with 
other internal waves and mesoscale eddies.  Apply existing wave-
wave interaction theory to develop a map of dissipation for low-
mode internal waves
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Turbulent mixing makes the ocean go round

Turbulence occurs at small scales: cm to m

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

Drives meridional overturning circulation 
by creating potential energy.  

(may 2007)

Low Latitudes High Latitudes

breaking internal wavesbreaking internal waves

downward
heat

diffustion (K)

downward
heat

diffustion (K)

~ 1 TW

internal tide
~ 1 TW
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Turbulent mixing makes the ocean go round

Low Latitudes High Latitudes

P EP E K EK E

heat
conveyor

simmons et al 
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Turbulent mixing makes the ocean go round

Low Latitudes High Latitudes

P EP E K EK E

heat
conveyor

But patchy mixing changes the story

simmons et al 
Thursday, July 8, 2010



  

freshwater forcing and diffusivity plane that separated 
the thermal mode from the haline (reversed) mode.  
That is, with larger mixing rates a larger freshwater 
forcing could be tolerated before collapse of the thermal 
mode.  Figure 5 below illustrates the theoretical 
relationship along with contours of the meridional 
overturning strength.  While conventional models would 
keep the diffusivity fixed and rapidly increasing 
freshwater fluxes could cause collapse of the MOC, a 
diffusivity that responded to a  slowly  increasing  fresh- 
water flux could actually cause the MOC to strengthen  
according to [34] and [35].    This counterintuitive result 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

arises from the sensitivity of the stratification and 
mixing rate to salinity, and is just one example of how 
the freshwater cycle impacts ocean dynamics.  
Monitoring of mixing rates as proposed by [36] along 
with changing salinities thus has much to recommend it.  
The potential trade-offs between oceanic heat and water 
transports by the MOC and atmospheric transport by 
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. 

 

 

 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 
collapsing ice dam might push the system over the edge and shut off the thermal mode, but a slow 
freshwater flux increase (as we are experiencing with global warming) could change the deep stratification 
so as to cause an increase in the mixing rate that leads to a stronger overturning circulation and a warmer 
rather than cooler North Atlantic. Thus it is important to understand the response of all aspects of ocean 
dynamics to changing freshwater forcing before attempting to predict the future state of the meridional 
overturning circulation. 

Changing strength of global overturning

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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Changing strength of regional overturning

Palmer et al 07:  Modeled Indian Ocean overturning streamfunction

Constant κ = 1.2 10-4 Bottom enhanced diffusivity

Thursday, July 8, 2010



Figure 2: Sensitivity to changes in mixing in 
the thermocline. The bias in the depth of the 
σθ 26.4 surface (which has a typical 
subtropical depth of ~400 m) in the GOLD-
based model CM2G (also to be used in AR5) 
is greatly reduced (30%) by using a 
background thermocline diffusivity with a 
latitudinal dependence suggested by early 
studies of internal gravity wave interactions, 
compared with a constant background 
diffusivity of the same average magnitude 
[Harrison and Hallberg 08]
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Patchiness of Deep Ocean Mixing matters

Monday, September 7, 2009

Zonal mean Atlantic temperature bias

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

rough topography
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Patchiness of Upper Ocean Mixing matters
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Reduced mixing from the breaking of
internal waves in equatorial waters
Michael C. Gregg, Thomas B. Sanford & David P. Winkel

Applied Physics Laboratory, College of Fishery and Ocean Sciences, University of
Washington, Seattle, Washington 98105, USA
.............................................................................................................................................................................

In the oceans, heat, salt and nutrients are redistributed much
more easily within water masses of uniform density than across
surfaces separating waters of different densities. But the magni-
tude and distribution of mixing across density surfaces are also
important for the Earth’s climate as well as the concentrations of
organisms1. Most of this mixing occurs where internal waves
break, overturning the density stratification of the ocean and
creating patches of turbulence. Predictions of the rate at which
internal waves dissipate2,3 were confirmed earlier at mid-
latitudes4,5. Here we present observations of temperature and
velocity fluctuations in the Pacific and Atlantic oceans between
428N and 28 S to extend that result to equatorial regions. We find
a strong latitude dependence of dissipation in accordance with
the predictions3. In our observations, dissipation rates and
accompanying mixing across density surfaces near the Equator
are less than 10% of those at mid-latitudes for a similar back-
ground of internal waves. Reduced mixing close to the Equator
will have to be taken into account in numerical simulations of
ocean dynamics—for example, in climate change experiments.

Internal waves are generated in the ocean when its stratification is
disturbed. Unlike surface waves, which propagate horizontally
because they are confined to the air–sea interface, internal waves
propagate vertically as well as horizontally, making flow disturb-
ances at the surface or bottom felt in the interior. Garrett andMunk6

and Munk7 modelled internal waves in terms of a wavenumber–
frequency spectrum; they assumed that the wave field is constant in

time, and results from the superposition of many uncorrelated
waves having frequencies between the buoyancy frequency N,
determined by the stratification, and the Coriolis frequency, f ¼
2QEarth sinðvÞ; where QEarth is the Earth’s rotation rate and v is the
latitude. The Garrett and Munk (GM) frequency spectrum is ‘red’,
with most of the energy very close to f. Integrating components of
the GM energy spectrum over the entire range of frequency and
wavenumber yields average characteristics of the wave field, such as
the net vertical displacement z and horizontal wave speed u.
Subsequent observations show that the GM model represents the
background state of the internal wave field, but some situations are
significantly more energetic.
Numerical simulations of energy transfer by interactions within

the internal wave field show a net flux towards small spatial scales
that increases the shear variance (›u/›z)2 until it overcomes the
stratification and the waves break2,3. When the wave field is
statistically steady, or varies slowly in time, the rate at which wave
breaking dissipates energy approximately equals the rate at which
the energy is transferred from large to small scales. This equivalence
allows the dissipation rate 1 to be expressed in terms of internal
wave parameters. To check their numerical simulations, Henyey,
Wright and Flatte3 formulated an analytic model based on the
Doppler shifting of evolving test waves by a background wave field.
The Doppler shifting produces a net energy flux toward smaller
scales—that is, higher wavenumbers—and ultimate breaking. The
functional dependence of 1 (which is expressed in units of Wkg21)
associated with this flux is the product of two terms:

1¼ 1308 N;FshearðmÞ;FstrainðmÞ
! "

£ Lðv;NÞ ð1Þ

The first term, 1 at the 308GMmodel reference latitude, depends
on stratification (via N) and on internal wave characteristics (in
terms of spectra of vertical shear, F shear(m), and of vertical strain,
F strain(m), wherem is the vertical wavenumber in cycles per metre).
Strain fluctuations are variations of the vertical separations between
density surfaces, that is, fluctuations of ›z/›z. Previous measure-
ments4 verified the shear andN dependence in 1308, and subsequent
observations5 and numerical simulations8 confirmed the strain
dependence. The second term contains the latitude (v) dependence:

Lðv;NÞ ¼ f cosh21ðN=f Þ
f 308 cosh21ðN0=f 308Þ

ð2Þ

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 wave

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 upper

and lower 95% confidence limits are shown by extents of the vertical lines. Multiple values

at the same latitude v come from different depths or locations. The shaded curve gives the

predicted L(v,N ) for the range of N encountered. Because the N dependence is weak, the

height of the shaded band is small. Upper and lower solid lines are twice and one-half the

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.

Figure 2 Diapycnal diffusivities. Kr was calculated using observed dissipation rates 1 and
stratification N 2 in equation (2). The horizontal reference line is the value of Kr at 308

latitude when internal waves are at the level of the Garrett and Munk spectrum. Owing to

the latitude effect on 1 produced by internal waves, intense internal waves observed near

the Equator produced only modest Kr. For reference, the molecular diffusivity of heat in

water is 1.4 £ 1027 m2 s21.
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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). 

Observational confirmation

Modeled 
implication
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Dynamics of wave breaking
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• theory
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