
Dickey T (1991) Concurrent high resolution physical and
bio-optical measurements in the upper ocean and their
applications. Reviews in Geophysics 29: 383}413.

Dickey T, Granata T, Marra J et al. (1993) Seasonal
variability of bio-optical and physical properties in the
Sargasso Sea. Journal of Geophysical Research 98:
865}898.

Dickey T, Marra J, Stramska M et al. (1994) Bio-optical
and physical variability in the sub-arctic North Atlan-
tic Ocean during the spring of 1989. Journal of Geo-
physical Research 99: 22541}22556.

Dickey T, Frye D, Jannasch H et al. (1998) Initial results
from the Bermuda Testbed Mooring Program. Deep-
Sea Research I 45: 771}794.

Dickey T, Marra J, Weller R et al. (1998) Time-series of
bio-optical and physical properties in the Arabian Sea:
October 1994}October 1995. Deep-Sea Research II
45: 2001}2025.

Dickey TD, Chang GC, Agrawal YC, Williams AJ 3rd
and Hill PS (1998) Sediment resuspension in the wakes
of Hurricanes Edouard and Hortense. Geophysical
Research Letters 25: 3533}3536.

Dickey T, Zedler S, Frye D et al. (2001) Physical and
biogeochemical variability from hours to years at the
Bermuda Testbed Mooring site: June 1994}March
1998. Deep-Sea Research.

Foley D, Dickey T, McPhaden M et al. (1998) Longwaves
and primary productivity variations in the equatorial
PaciRc at 03, 1403W February 1992}March 1993.
Deep-Sea Research II 44: 1801}1826.

Gentien P, Lunven M, Lehaitre M and Duvent JL (1995)
In situ depth proRling of particle sizes. Deep-Sea Re-
search 42: 1297}1312.

GrifRths G, Knap A and Dickey T (1999) Autosub experi-
ment near Bermuda. Sea Technology, December.

Jerlov NG (1976) Marine Optics. Amsterdam: Elsevier.
Kirk JTO (1994) Light and Photosynthesis in Aquatic

Ecosystems, 2nd edn. Cambridge: Cambridge Univer-
sity Press.

Mobley CD (1994) Light and Water: Radiative Transfer
in Natural Waters. San Diego: Academic Press.

Moore CC, Zaneveld JRV and Kitchen JC (1992)
Preliminary results from in situ spectral
absorption meter data. Ocean Optics XI, SPIE 1750:
330}337.

O’Reilly JE, Maritorena S, Mitchell BG et al. (1998)
Ocean color chlorophyll algorithms for SeaWiFS.
Journal of Geophysical Research 103: 24937}24953.

Petrenko AA, Jones BH, Dickey TD, Le Haitre M and
Moore C (1997) Effects of a sewage plume on the
biology, optical characteristic and particle size distribu-
tions of coastal waters. Journal of Geophysical Re-
search 102: 25061}25071.

Petrenko AA, Jones BH and Dickey TD (1998) Shape and
near-Reld dilution of the Sand Island sewage plume:
observations compared to model results. Journal of
Hydraulic Engineering 124: 565}571.

Petzold, TJ (1972) Volume scattering functions for
selected waters, Scripps Institution of Oceanography
Reference 72}78. La Jolla, California: Scripps Institu-
tion of Oceanography.

Smith RC, Booth CR and Star JL (1984) Oceanographic
bio-optical proRling system. Applied Optics 23:
2791}2797.

Spinrad RW, Carder KL and Perry MJ (1994) Ocean
Optics. Oxford: Oxford University Press.

INTERNAL TIDAL MIXING

W. Munk, University of California San Diego,
La Jolla, CA, USA

Copyright ^ 2001 Academic Press

doi:10.1006/rwos.2001.0139

Introduction

Any meaningful attempt towards understanding
how the ocean works has to include an allowance
for mixing processes. A great deal is known about
the transport of heat and solutes by molecular pro-
cesses in laboratory-scale experiments. Quite nat-
urally, at the dawn of ocean science, these concepts
were borrowed to speculate about the oceans. On
that basis it was suggested by Zoeppritz that the
temperature structure T(z) at 1000m depth could be
interpreted in terms of the time history T(t) at the
surface some 10 million years earlier. It would

indeed be nice if past climate could be inferred in
this simple manner.
Once it was realized that molecular diffusion fail-

ed miserably to account for the transports of heat
and salt, generations of oceanographers attempted
to patch up the situation by replacing the molecular
coefRcients of conductivity and diffusivity by enor-
mously larger eddy coefRcients, but leaving the gov-
erning laws (equations) unchanged. By an arbitrary
choice of the magnitude of the coefRcients it was
generally possible to achieve a satisfactory (to the
author) agreement between theory and observation,
a result aided by the uncertainty of the measure-
ments. But the clear danger signal was there; each
experiment, each process required a different set of
values.
The present generation of oceanographers has

come to terms with the need for understanding the
mixing processes, just as they had come to terms

INTERNAL TIDAL MIXING 1323



some years ago with the need for understanding
how ocean currents, ocean waves etc. are generated.
Wind mixing and tidal mixing are very different
processes. And the widespread use of parametriz-
ation of mixing processes will not succeed unless
there is an underlying understanding of what is
being parametrized. Here we have come a long way
and have a long way to go.

Stirring and Mixing

In a Newtonian Suid the down-gradient Sux of
a quantity � is given by

F�"!�d�/dx [1]

It is the very smallness of the molecular diffusivity
� which requires large gradients d�/dx in order to
attain signiRcant Suxes F�. The fundamental distinc-
tion between stirring and mixing was Rrst made in
1948. Stirring produces the gradients whereas
molecular mixing reduces the gradients. For the
purpose of this article stirring and mixing are both
included in the discussion of the contribution of
internal tides to mixing processes.
For an ocean in steady-state there needs to be an

overall balance between the generation and dissipa-
tion of mean-square gradients. Nearly all of ocean
dynamics deals with processes that generate gradi-
ents. This takes place over a wide variety of scales,
all the way up to the scales of ocean basins. Dissipa-
tion takes place on the ‘microscale,’ i.e., millimeters
to centimeters. This is the scale which includes the
dominant contributions to the gradient spectrum.
A further increase in the spatial resolution of the
measurements does not lead to a signiRcant increase
in the measured mean-square gradients.

The Battle for Spatial Resolution

It is very difRcult to attain a quantitative measure of
mixing in the turbulent ocean interior. The problem
is the need for very high spatial resolution. An eddy
coefRcient can be estimated as follows:

�molecular�rms(d�/dx)"�eddy�mean(d�/dx) [2]

(The subscript ‘molecular’ is introduced here to
emphasize the distinction.) The ratio: mean square
gradient/square mean gradient (the ‘Cox number’)
has been used to estimate the ratio of the eddy
coefRcient to the molecular coefRcient. A typical
value away from boundaries is �eddy"10�5m2 s�1,
two orders of magnitude in excess of the molecular
coefRcient.

Achieving the required resolution has been a
major accomplishment; but there are many prob-
lems with the measurements, and even more prob-
lems with the interpretation of the measurements
along the lines of eqn [2]. It was only with the
conRrmation by a tracer release experiment that the
community has come to accept the value
�pelagic"10�5m2 s�1 for the eddy diffusivity in the
interior ocean, away from rough topography. There
is of course considerable variability from place to
place, but the surprising Rnding is not how large
this variability is but how small it is.

Maintaining the Strati\cation
A quite different estimate of eddy diffusivity asso-
ciated with pelagic mixing can be made from the
following considerations. Bottom water is formed in
the winter by convective overturning in just a few
places: the Greenland Sea, the Labrador Sea and
along the Antarctic continent. The formation is esti-
mated at Q"25 Sverdrups (25�106m3 s�1). This
would Rll the oceans with cold water in a few
thousand years. The reason this does not happen is
that turbulent diffusion downward from the warm
surface balances the upwelling of cold water. With
reasonable assumptions this leads to an estimate of
eddy diffusivity �stratification"10�4m2 s�1, ten times
the measured pelagic value.
Measurements near topography do indeed give

high diffusivities, orders of magnitude above the
pelagic value. One simple interpretation is that there
are concentrated areas of mixing (just as there are
concentrated areas of bottom water formation) from
which the water masses (but not the turbulence) are
exported into the interior ocean. We can ask the
question whether the global stratiRcation can be
maintained by vertical mixing in 10% (say) of the
ocean volume with an average diffusivity 100 times
the pelagic value?
The work done against buoyancy by turbulent

mixing in a stratiRed Suid can be written

�b"�(g/�)(!d�/dz)"�N2Wkg�1 [3]

where N is the buoyancy frequency. Only a fraction
� (called the ‘mixing efRciency’) of the work goes
into increasing potential energy (the rest goes into
joule heat). A typical value is �"0.2. The total
work per unit area is �total"�b/�. For the world
ocean of area A, the total work done is

D"A� ��totaldz"g�!1�A�� W [4]
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where ��"1kgm�3 is taken as the difference
between surface and bottom density. Then for
A"3.6�1014m2 and �"�stratification"10�4m2 s�1,
one has D"2TW (1 terawatt"1012W) for the
power required to maintain the global stratiRcation
in the face of 25 Sverdrups of bottom water forma-
tion. To maintain the pelagic turbulence requires
only 0.2TW.

Tidal Dissipation: The Astronomic
Evidence

It is interesting to compare these numbers with the
dissipation of tidal energy. We know this number
with remarkable accuracy to be 2.5$0.1TW for
the principal lunar tide (M2); it is obtained from the
measured rate of 3.82$0.07 cmy�1 at which the
Moon is moving away from the Earth. For all solar
and lunar tides the dissipation is 3.7TW, but with
lesser certainty. We note that the tidal dissipation is
of the same magnitude as the 2TW required for
maintaining the ocean stratiRcation. Is this an
accident?
The astronomic evidence tells us nothing about

how and where the dissipation takes place. Allow-
ing for dissipation in the solid Earth and atmosphere
leaves 3.4TW to be dissipated somewhere somehow
in the ocean. Ever since it was estimated in 1919
that the dissipation in the Irish Sea is at 0.060TW,
the traditional sink has been in the turbulent bottom
boundary layers of marginal seas, about 60 Irish
Seas for the world. And before the astronomic esti-
mates settled down to their present value, the ocean
estimates kept rising and falling with the astronomic
estimates.

Boundary Layer Dissipation Versus
Scatter

When we speak of tides we usually refer to surface
(barotropic) tides which have a nearly uniform cur-
rent velocity from top to bottom, and a maximum
vertical displacement at the surface. However, there
is also a class of internal (baroclinic) tides with
velocities that vary with depth and with maximum
displacements in the interior.
A surface (barotropic) tide has essentially no

shear in the interior ocean, There is shear near
the bottom boundary, but the barotropic tidal
velocities are so low in the deep ocean that the
dissipation is negligible. In shallow seas the baro-
tropic tidal currents are ampliRed, and the
dissipation (proportional to the current cubed) is
greatly ampliRed. This is the basis on which the

global tidal dissipation has been attributed to the
marginal seas.
Internal tides are part of a larger class of internal

waves with frequencies other than tidal frequencies.
A possible mechanism of tidal dissipation is the
scattering of surface tides into internal tides, with
subsequent transfer of energy into the broad spec-
trum of internal waves, and Rnally into turbulent
dissipation: surface tidesPinternal tidesPinternal
wavesPturbulence. What is required at the second
stage is some nonlinear frequency splitting which
converts the low-frequency tidal line spectrum into
a closely packed high-frequency continuum that re-
sembles the observed internal wave spectrum.
The Rnal step is associated with the fact that the
internal wave spectrum is at or near instability in
the Richardson sense: the means-square shear is
roughly 4N2 (N is the buoyancy or Brunt-VaK isaK laK
frequency).
Scattering of surface tides into internal tides can

take place along wavy bottoms. A second possibility
is scattering along submarine ridges. An acoustic
tomography experiment north at Hawaii detected
internal waves of tidal frequency radiating north-
ward.

Satellite Altimetry to The Rescue

A subsequent analysis of satellite altimetry clearly
showed internal tides emanating from the Hawaii
submarine ridge. This is shown in Figure 1. The
radiated power was estimated at 0.015TW. So 14
Hawaiian chains will radiate 0.2TW, enough to
power the pelagic mixing associated with
�pelagic"10�5m2 s�1. The discovery of internal tide
signatures by means of satellite altimetry was an
altogether unexpected dividend from a technology
that has revolutionized tidal analysis. The global
sampling of surface elevation has introduced a new
element into a subject that had gone to bed (in
the opinion of some) with the work of Victorian
mathematicians. With the Laplace tide equation as
a guide for the tidal response of a nondissipative
ocean, the assimilation of TOPEX/POSEIDON
altimetry can lead to estimates of where one needs
to introduce dissipation for agreement with the
satellite data.
The most recent result allocates roughly 1TW to

the open ocean, mostly over rough terrain. The
tentative conclusion is that tidal dissipation is a
signiRcant factor in open ocean turbulent mixing.
Supporting evidence comes from the measure-

ments of tracer dispersion and microstructure in
the Brazil Basin. Diffusivities of �"2�10�4}
4�10�4m2 s�1 at an elevation of 500m above
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Figure 1 Surface manifestation of internal M2 tides emanating from the Hawaii’an Island Chain. (Reproduced from Ray and
Mitchum 1997.) The wiggly curves show the amplitudes along the ascending orbits of TOPEX/POSEIDON, with positive elevations
on the north side. The dashed lines are the inferred crests of the mode 1 component of internal tides. Background shading
corresponds to bathymetry, with darker areas denoting shallower water. The triangle to the north east shows the position of the
tomographic array. Adapted from Ray & Mitchum (1997).

the abyssal hills of the Mid-Atlantic Ridge,
increasing to 10�10�4m2 s�1 near the bottom
have been obtained. Perhaps the most important
result is that over a period of a month the
diffusivities vary by a factor of two, with the large
values occurring at spring tide and the small values
at neap tide.

Discussion

There is more than enough tidal dissipation to
feed the measured pelagic turbulence associated
with �pelagic"10�5m2 s�1. With regard to the
larger value �stratification"10�4m2 s�1, the present
best estimates would suggest that tidal dissipation
could power half the turbulence needed to account
for the observed ocean stratiRcation. Figure 2
attempts an allocation of tidal energy Sux, but

there are many uncertainties, some by factors
of two or more. The assumed one-dimensional
balance between upward advection and downward
diffusion as a measure of �stratification is itself
somewhat uncertain. However, the present con-
clusion is that tidal dissipation is a signiRcant, pos-
sibly dominant factor driving mixing in the ocean
interior.
The combination of detailed in situ measurements

of turbulent mixing subject to a global lid on avail-
able tidal energy has led to giant strides towards
a meaningful parametrization of ocean mixing,
whether or not tidally induced. The conversion of
wind energy to turbulent mixing plays a major role,
particularly in the upper oceans. In Figure 2, equal
weight has arbitrarily been assigned to tides and
winds. We shall have to await the outcome of this
competition.
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Figure 2 Sketch of proposed flux of tidal energy (modified
from Munk and Wunsch, 1997). The traditional sink is in the
turbulent boundary layer of marginal seas. Scattering into inter-
nal tides over ocean ridges (by the equivalent of 14 Hawaii’s)
and subsequent degradation into the internal wave continuum
feeds the pelagic turbulence at a level consistent with
�pelagic"10�5 m2 s�1. Most of the ocean mixing is associated
with a few concentrated areas of surface to internal mode
convergence over regions of extreme bottom roughness and
with severe wind events. Light lines represent speculation with
no observational support.

See also

Dispersion and Diffusion in the Deep Ocean.
Internal Tides. Internal Waves. Tides. Turbulence
in the Benthic Boundary Layer.
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Introduction

Oceanic internal tides are internal waves with tidal
periodicities. They are ubiquitous throughout the
ocean, although generally more pronounced near
large bathymetric features such as mid-ocean ridges

and continental slopes. The internal vertical dis-
placements associated with these waves can be
extraordinarily large. Near some shelf breaks where
the surface tides are strong, internal displacements
(e.g., of an isothermal surface) can exceed 200m.
Displacements of 10m in the open ocean are not
uncommon. The associated current velocities are
usually comparable to or larger than the currents
of the surface tide. Internal tides can occasionally
generate packets of internal solitons which are
detectable in remote sensing imagery. Other
common nonlinear features are generation of higher

INTERNAL TIDES 1327


