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Abstract: This is a review paper on generation of internal tides in the global ocean based on literature
data and publications of the author. Energy fluxes of semidiurnal internal tide generation over
submarine ridges were estimated based on modeling and measurements on moorings in many regions
of the ocean. Data from 4000 moorings during a period of 50 years are considered. Regions of
intense generation of internal tides are indicated. They are related to several underwater oceanic
ridges. Energy fluxes from submarine ridges greatly exceed those from the continental slopes because
generally the currents of the barotropic tide are parallel to the coastline. If the barotropic tide
currents are normal to the ridge, they generate strong internal tides. They account approximately for
one fourth of the energy losses of the barotropic tide. Decay of internal tide during propagation was
estimated based on the data from lines of moorings located normal to the ridges. Model simulations
and moored measurements result in a global map of semidiurnal internal tide amplitudes.
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1. Introduction

American scientist and politician Benjamin Franklin was the first to notice the exis-
tence of internal waves. In 1762, he described the waves at the interface between oil and
water in a ship’s lantern. More than 100 years passed since F. Nansen made observations
of internal waves in the sea [Nansen, 1902] using water sampling bottles. Intense studies
of internal waves began only in the 1960s [LaFond, 1961; Lee and Cox, 1966; Summers and
Emery, 1963]. In this decade measurements on moorings revealed the existence of strong
oscillations at tidal periods [Cairns and LaFond, 1966].

However, our knowledge of internal waves by the 1960s was quite poor, especially
about the existence of internal tides. This was very briefly written in the book by W. Krauss
[Krauss, 1966]. A paper by W. Munk [Munk, 1966] was published on the influence of tides
on the entire dynamics of the ocean and especially on internal tides, but it was not yet
deeply understood at that time. It is likely that the paper by Tareev [Tareev, 1966] was
the only publication on internal waves in Russia, but it has not been associated yet with
internal tides. The Garrett-Munk model describing the background state of the internal
wave field appeared only in 1972 [Garrett and Munk, 1972]. The authors presented a model
of dimensionless energy of internal waves, from which the observed spectra of temperature
fluctuations and currents on moored buoys and the spectra measured by towed instruments
were obtained. A brilliant American experiment in the technical sense to study internal
waves (IWEX) was conducted in 1973 [Briscoe, 1975]. A pyramidal construction with one
mutual buoyancy moored at three spatially separated locations was set in the Sargasso Sea
where internal waves are very weak. However, at that time, the scientists did not know
that internal tides in the Sargasso Sea are weak. In 1975, C. Wunsch published two review
works summarizing the current knowledge about internal tides [Wunsch, 1975a,b].
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The propagation of internal disturbances along inclined characteristic surfaces (which
fall into the category of attractors, that is, the concentration of disturbances occurs
around specific trajectories) was first described by Phillips [Phillips, 1977]. The find-
ing of Phillips [Phillips, 1977] that unlike surface waves the motion of water particles in
internal waves occurs along sloping lines was continued with the idea that generation of
internal tides over sloping bottom occurs because when currents of the barotropic tide
overflow topography the most intense generation of internal tides occurs over subma-
rine slopes if their inclination is close to the inclination of internal wave characteristic

curves dz
dx = kz

kx
=
√

ω2−f 2

N2−ω2 [Baines, 1982; Holloway and Merrifield, 2003; Johnston et al., 2003;
Phillips, 1977; Torgrimson and Hickey, 1979] (Figure 1). Usually this happens in the upper
parts of the submarine ridges and in the regions of the shelf break where stratification is
strong [Hibiya, 2004].

Figure 1. Scheme of internal wave beam. Excursion of water particles is shown by an elongated
ellipse. Beam of internal perturbations is shown in red. Underwater topography is in gray. Formula
describes the slope of internal wave beam.

Joint efforts of many scientists resulted in the idea that internal tides are generated by
the barotropic tide currents flowing over sloping topography; thus, the vertical component
of tidal currents periodically displaces isopycnals [Baines, 1982; Morozov, 1995, 2018;
Sjöberg and Stigebrandt, 1992]. The frequency of these displacements is tidal. Internal
waves are generated by periodical displacements of isopycnals and propagate from the
sloping topography: continental slopes, submarine ridges, and seamounts. Numerous
investigations show that tidal interactions and wind are the main sources of internal wave
generation [Garrett and Kunze, 2007; Munk, 1966; Munk and Wunsch, 1998].

2. Energy fluxes of internal tides from bottom topography

Baines [Baines, 1982] used the following approach when studying generation of inter-
nal tides over continental slopes. After solving the equation system, he found an expression
for mass force F that is responsible for internal wave generation; this force is nonzero over
sloping topography:

−→
F =

QN2

ω
z
−→
ẑ
∂h
∂x

1
h2 sinωt.

Here, Q is the water transport by the barotropic tide; z = h(x) is the ocean bottom; ω is
the tidal frequency; N is the Brunt-Väisälä frequency. This mass force is non-zero only in
regions with variable depth due to the presence of the derivative of depth with respect to
the horizontal coordinate in this formula: h′(x).

Submarine ridges are important regions of internal tide generation [Morozov, 1995;
Sjöberg and Stigebrandt, 1992]. The generation of internal tides over the slopes of ridges
exceeds many times the generation over continental slopes. This result was reported
by Morozov [Morozov, 1995]. After the first publication, the results and estimates were
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updated. This paper is a progressive report on internal tides in the global ocean and
geographical distribution of semidiurnal internal tide, its amplitudes, and energy. The goal
of this research is to apply observations and modeling to understand the distribution of
internal tide energy and amplitudes over the global ocean.

As was previously written, P. Baines solved the equations, calculated the mass forces
and energy of the internal tide over most of the continental slopes. Morozov [Morozov, 1988,
1995] continued this work and calculated the energy of the internal tide over most of the
underwater ridges (more than 50 ridges). These modeling estimates were compared to the
field observations on moorings. The results were repeatedly updated and published [Mo-
rozov, 1988, 1990, 1995, 2006, 2018]. This publication is an updated review of previous
publications.

The estimated energies from all major ridges and island arcs in each ocean have
been summed. Calculations from previous publications were updated to get more correct
estimates of energy fluxes. The resulting sums of the energy of semidiurnal internal waves
per time unit (power) in the three oceans (including the Southern Ocean as the southern
parts of the three) are the following:

• 3.1× 1011 W in the Atlantic;
• 2.8× 1011 W in the Pacific;
• 2.2× 1011 W in the Indian Ocean.

Thus, the sum for the entire World Ocean is 8.1× 1011 W, which is approximately 1
4 of

the energy dissipation of the M2 barotropic tide.
One of the first estimates of the total amount of the barotropic tide dissipation given

by Cartwright [Cartwright, 1977] was 4.3× 1012 W. Previously it was considered that tidal
energy generally dissipates in the shallow seas. More recent astronomical estimates give
a smaller value of tidal energy dissipation of the M2 tide. The review papers by Munk
and Wunsch [Munk and Wunsch, 1998] and Garrett [Garrett, 2003] emphasize the role of
mid-oceanic ridges in the generation of internal tide. Egbert and Ray [Egbert and Ray,
2000, 2001] analyzed tidal elevation in the global ocean and estimated the total rate of the
dissipation of tidal energy as 2.5 TW (1 TW = 1012 W) for the lunar semidiurnal tide M2,
3.2 TW for all lunar tides. Much smaller energy (0.2 TW) dissipates in the atmosphere and
solid Earth. Later estimates reported by Egbert and Ray [Egbert and Ray, 2003] indicate that
the total dissipation of the M2 tide is 2.435 TW, of which 1.649 TW dissipates in the shallow
seas and 0.782 TW in the deep ocean. Kantha and Tierney [Kantha and Tierney, 1997]
suggest on the basis of altimetric observations that the total energy of the M2 baroclinic
tide is 50 PJ, while the dissipation is 360 GW (3.6 × 1011 W).

Baines [Baines, 1982] estimated that less than 1% of semidiurnal tide energy (1.73×
1010 W) is transferred to internal tides over continental slopes. Bell [Bell, 1975] estimated
that about 10% of the tidal energy goes to internal tides over uneven abyssal topography in
deep basins.

Let us consider the characteristic regions of very strong internal tides.

3. Regions of intense internal tides
3.1. Mascarene Ridge

The Mascarene Ridge is considered one of the regions, where internal tides of high
energy are generated. The array of moorings was deployed in March 1987 assuming that the
internal tide is generated by barotropic tidal currents in the underwater passage between
the Saya de Malha and Nazareth banks [Morozov and Vlasenko, 1996]. The measurements
confirmed the existence of large-amplitude internal tides. The mooring array of six moor-
ings was extended in the direction to the southeast from the strait between the two banks.
A scheme of location of moorings over bottom topography near the banks of the Mascarene
Ridge is shown in Figure 2.

The vertical displacements caused by the internal tide were estimated from the tem-
perature time series and vertical temperature gradient. Their mean amplitude at a depth
of 1200 m was 0.2°C, which gives vertical displacements of the water particles equal to
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120 m and correspondingly the amplitude of the displacement from the mean position as
high as 60 m.

Figure 2. Bottom topography near the shallow banks of the Mascarene Ridge (m) and moorings east
of the ridge. Depth contour lines are shown at depths of 500, 1000, 1500, 2000, 3000, 3500, and
4000 m. Locations of moorings are shown with red dots.

Figure 3. Amplitudes of semidiurnal internal waves near the Mascarene Ridge. The curve is the
eigen function of the first mode (Equation 1). It was normalized by the maximum to fit the data of
measured vertical displacements; the black dots show measured amplitudes of internal tide at the
easternmost mooring.

Below we will analyze vertical distribution of semidiurnal internal tide amplitudes. A
graph of the eigen function for the oscillations of the first mode is shown in Figure 3. It
was calculated by the numerical integration of the equation for the vertical velocity (w)
caused by internal waves at realistic stratification N(z) and zero boundary conditions for
vertical velocity at the surface and bottom [LeBlond and Mysak, 1978]:

d2w

dz2 +
N2(z)
g

dw
dz

+
N2(z)−ω2

ω2 − f 2 wk2 = 0, (1)

where, N2(z) is the squared Brunt-Väisälä frequency based on the CTD data; ω is the
semidiurnal frequency, f is the Coriolis parameter, and k is the horizontal wave number.
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The theoretical wavelength of the first mode of internal tidal wave based on the
integration of this equation was equal to 130 km, and the phase velocity was 2.9 m/s. The
amplitudes of internal waves were also estimated from the spectra of time series at different
depths on the easternmost mooring. Temperature fluctuations at semidiurnal frequency
were divided by the vertical gradient of temperature; thus, vertical amplitudes of water
particle displacements were estimated.

The wavelength and direction of propagation of internal tides were estimated based on
the spatiotemporal spectra at the semidiurnal tidal frequency. They were calculated on the
basis of measurements at six moorings (serving as an antenna for internal tides) at several
levels using the method suggested by [Barber, 1963]. The wavelength of internal tide was
140–150 km, and its direction from the strait between the banks was 110°. Why are the
amplitudes of internal tide so large over the Mascarene Ridge? Because the barotropic tide
is strong, tidal currents are almost normal to the ridge, the tops of the ridges are shallow,
while the surrounding waters are deep, and the stratification is strong.

3.2. Aleutian Ridge

Cummins et al. [Cummins et al., 2001] used satellite altimetry to analyze internal
tides radiated from the Aleutian Ridge. The authors reported coherent propagation of
semidiurnal internal tides in the southern direction over a distance of at least 1100 km.
The strongest energy fluxes occur in the vicinity of the Amutka Pass (52° N, 172° W).

The moorings were deployed during the GARS, FOCI, and NPBC experiments over
the continental slopes of Alaska and the Aleutian Islands. The amplitude of internal tides
at a depth of 1000 m was estimated at 70 m, while at a distance of 100 km from the slope
the amplitude was 50 m. Locations of moorings are shown in Figure 4 [Morozov, 2018].

Figure 4. Bottom topography in the study site near the Aleutian Ridge and locations of moorings.
Depth contour lines are shown at depths of 3000, 4000, 5000, 5500, and 6000 m. Land and islands
are shown with gray color. Locations of moorings are shown with red dots.

A strong tidal flow propagates through the passes between the islands generating in-
tense internal tides when overflowing the bottom slopes. A mooring at 52°24' N, 169°45' W
deployed on the southern slope of the Aleutian Islands over a depth of 1050 m recorded
the amplitudes of internal tides exceeding 150 m at a depth of 560 m. The records from
another mooring over a depth of 2000 m showed amplitudes in the range 150–200 m. At a
depth of 3000 m, the amplitudes decreased half of the initial amplitude (70–80 m) and
after further spreading to a depth of 6000 m, they decreased to 25 m.
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3.3. South China Sea

Several experiments were carried out in the South China Sea to study internal waves.
The Luzon Strait is known as a strong generation region of internal tides due to the existence
of two steep submarine ridges along the north-south direction. Internal tides generated
over the pair of ridges propagate in both directions to the South China and Philippine
seas. Many field studies with moored thermistor strings and ADCPs, satellite and radar
observations, and model simulations were dedicated to this region of strong internal tides
together with the theoretical research [Fang et al., 2015; Huan Lee et al., 2012; Kerry et al.,
2016; Mercier et al., 2013; Niwa and Hibiya, 2004; Orr and Mignerey, 2003; Ramp et al.,
2004]. Internal tides generated over the slopes of these two submarine ridges propagate
both sides. Internal tides propagating to the west of the Luzon Strait are very strong.
Those internal tides propagating to the east are less intense. Analysis performed by Jan
et al. [Jan et al., 2008] revealed that strong internal tides are generated over the slopes
of the eastern (70%) and western (30%) ridges. The results of experiments reported by
Ramp et al. [Ramp et al., 2004] report that the amplitudes of internal tides reached 50 m.
Alford with coauthors [Alford et al., 2015] report about the observations of internal tides
at 20°30’ N, 119°00 E. The measurements reveal the existence of greater than 200-m high
breaking internal waves in the region of generation. Many other publications report about
amplitudes exceeding 100 m.

3.4. Gibraltar Strait

The flow in the Strait of Gibraltar (Figure 5) is characterized by a two-layer system of
opposite currents that exists due to the difference in sea level and water density between
the Atlantic Ocean and the Mediterranean Sea. Due to high water temperature evaporation
of water in the Mediterranean is intense. Approximately 50 cm of water column evaporates
during one year. This loss is compensated by the surface currents from the Atlantic Ocean.
The velocities of this flow reach 40 cm/s. The flow changes its direction to the opposite at
a depth of 100 m. A deep-water current of more saline Mediterranean Water flows into
the ocean owing to the difference in water density. The velocities of this current in the
lower layer reach 85 cm/s. The velocity maximum is close to the bottom. A barotropic tidal
wave with mean velocities in the range 70-80 cm/s propagates through the strait. Strong
internal tides are generated when the currents of the barotropic tide overflow transverse
Camarinal Sill in the middle of the Strait of Gibraltar [Bryden et al., 1994; Farmer and Armi,
1988; Morozov et al., 2002].

The measurements over the Camarinal Sill reported by Boyce [Boyce, 1975] and
Bockel [Bockel, 1962] indicate that the amplitudes of internal tides over the slopes of the
sill are as high as 200 m.

Figure 5. Satellite photo of the Strait of Gibraltar and surface manifestations of internal waves best
seen in the eastern part. Red dots indicate locations of moorings in 1985–1986.
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Analysis of moored temperature measurements shows that the displacement of the
13°C isotherm gives the best illustration pattern because this isotherm always remains
within the depth interval of measurements. The vertical excursion of water particles
(isotherm 13°C) ranges from 100 to 300 m depth. Superposition of the diurnal and
semidiurnal tidal components based on the data from July 2 to July 31, 1986, is clearly
seen in Figure 6.

Figure 6. Depth variation of the 13°C isotherm over the Camarinal Sill from July 2 to July 31, 1986.
Adopted from [Morozov et al., 2002].

The internal tidal oscillations are observed over the sill exactly at the source of their
generation; hence we conclude that these waves are forced internal oscillations, which
transform into free propagating waves east and west of the sill. Internal tide waves lose their
energy while propagating to the east and west from the Camarinal Sill. After propagating
50 km from the sill to the west, the amplitude of internal tides decreases three times.

However, strong internal tides here do not make any notable contribution to the
internal wave energy balance in the ocean. The Strait of Gibraltar from the point of view
of the global processes can be interpreted as a point source unlike quasi-linear sources of
submarine ridges.

4. Decay of internal tides and global map of internal tide amplitudes

We have considered the estimates of energy fluxes of internal tides from most of the
submarine ridges and estimated the amplitudes and energies of internal tides. The highest
energies were revealed at those submarine ridges where the currents of the barotropic tide
are normal to the ridge, and the geometry of the ridge intensifies generation of internal
tides if the slopes of bathymetry are close to the characteristic curves of internal tide.
This usually occurs near the crests if they are relatively close to the surface while the
surrounding waters are deep. The energy of internal tides radiated from the submarine
ridges is estimated as quarter of the barotropic tide dissipation. While propagating from
the ridges internal tides lose their energy and their amplitude decreases. One of the goals
of this study was to construct a global map of amplitudes of semidiurnal internal tides.
In addition to the estimates of energy fluxes from submarine ridges as the sources areas
we need estimates of energy decay in the course of propagation of internal tides. These
estimates were evaluated from those moored measurements where long arrays of moorings
were deployed in the normal direction to the ridge.

Spatial decay of the energy of semidiurnal internal tides in different regions was
performed using the method described in [Lozovatsky et al., 2003]. The density of the
kinetic energy of the horizontal components of internal tide was determined as the sum of
squared amplitudes of velocity. The total energy density of internal tide was calculated
using the following formula [Holloway and Merrifield, 2003; Torgrimson and Hickey, 1979]:

ETW (z) = 0.25ρ
(
u2
IT (z) + v2

IT (z) +N2(z)ζ2
IT (z)

)
. (2)
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Here, uIT ,vIT are the amplitudes of the semidiurnal internal tide velocity components,
ζIT are vertical displacements. Internal tide velocity components were calculated from the
mooring data subtracting the barotropic tide velocities.

Horizontal velocities of the barotropic tide in the region were calculated using the
OTIS tidal inversion software based on satellite data assimilation [Egbert and Erofeeva,
2002]. The barotropic tide velocities over the slopes of the ridge sometimes exceed 40 cm/s,
while far away from the ridge they decrease to 1–2 cm/s.

We normalized the distances by the scale equal to the wavelength of the first mode
λ = 145 km. Over a distance of 1000–1500 km the energy density of the internal tide in the
main thermocline (1000–1200 m) decreases by a factor of 10 approximately from 1 J/m3 to
0.1 J/m3. This is approximately 15% loss of energy over one wavelength; hence, a 10-fold
energy decrease occurs over a distance of 12 wavelengths.

We compared the energy decay of the internal tide in the Mascarene region with
some other regions. The graphs of energy decay in the Kuroshio, Aleutian, Kermadec, and
Mozambique regions, are shown in Figure 7. The energy level in each of the regions is
different but the rate of energy decay is very similar to the one analyzed near the Mascarene
Ridge. The graphs in Figure 7 show that the energy decay with distance is similar in
different regions of the oceans.

Figure 7. Combined graph of the semidiurnal internal tide energy decay with the distance from the
source. The graph shows total energy density ETW +EH +Eζ (see Equation 2) of the semidiurnal
internal tide versus distance from the ridge. The distance from the ridge is normalized by the
wavelength of the first mode λ = 145 km. The measurement depth is in the interval 1000–1200 m.
Energy decay from the Mascarene Ridge is shown with circles of red color; from the Aleutian Islands
with blue triangles; from the Mozambique slope with magenta diamonds; from the east Japan coast
(Kuroshio) with green squares, and from the Kermadec Ridge (South Pacific) with brown crosses.

Decay of the semidiurnal internal tide amplitudes with distance in the regions of
the Mascarene ridge and Aleutian Islands is shown in Figure 8. Decay is stronger near
the source of internal tide generation. At greater distances from the ridge the amplitudes
decrease slower, and eventually become close to 20 m, which is the background level of
amplitudes worldwide.

The estimates of energy and amplitude decay made it possible to conclude that ap-
proximately 10% of internal tide energy and 5% of the amplitude are lost over a distance of
one wavelength (~145 km). In deep basins far from the sources the energies of semidiurnal
internal tide approach the natural background level [Garrett and Munk, 1972], 1972]. Thus,
the waves propagate over 12–15 wavelengths. After evaluating the estimates of internal
tide energy flux and decay of internal tides over distance it was possible to construct a map
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Figure 8. Combined graph of the semidiurnal internal tide amplitude decay with the distance from
the Mascarene Ridge (black line and circles) and Aleutian Islands (blue line and triangles) based on
the data of moorings.

of internal tide amplitudes in the ocean (Figure 9). The map is based on modeling and
measurements. The largest amplitudes were found near submarine ridges. Several ridges
in the ocean make the greatest contribution to the global energy balance of internal tide
and dissipation of the barotropic tide. These ridges include the Mascarene Ridge, Aleutian
Islands, Hawaii Islands, Kusu Palau Ridge, Mid-Atlantic Ridge in the South Atlantic, great
Meteor Banks, and ridges in the Luzon Strait. The map is very general because it shows
only the outline of the amplitude distribution. The amplitudes should be considered as
“vertically averaged” and also “time averaged” over a half-month (spring-neap) time scale.

Figure 9. World map of the amplitudes of semidiurnal internal tides (meters). Submarine ridges are
shown with heavy brown lines. The regions of the semidiurnal internal tide amplitudes exceeding 50
and 30 m (peak-to-peak) are shown in dark and light brown colors, respectively.

5. Conclusions

The major generation of internal tides occurs near submarine ridges. The highest
energies were revealed at those submarine ridges where the currents of the barotropic tide
are normal to the ridge, and the geometry of the ridge intensifies generation of internal tides
if the slopes of bathymetry are close to the characteristic curves of internal tide. This usually
occurs near the crests if they are relatively close to the surface while the surrounding waters
are deep. The energy of internal tides radiated from the submarine ridges is estimated as
quarter of the barotropic tide dissipation. The balance of tide dissipation energy has been
closed. A quarter of the tide dissipation energy is transferred to internal tides. Previously
it was considered that the major part of the barotropic tide dissipates in shallow seas, but
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the balance was not closed. A map of the amplitudes of tidal internal waves in the ocean
has been constructed.
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