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Abstract

This thesis deals with the internal tide in the deep ocean, which is generated by
the barotropic tide flowing over the bottom topography. The energy flux from
the barotropic tide to the internal-wave field at the bottom is calculated using
a method based on linear-wave theory and the traditional WKB approximation
valid for a slowing varying vertical stratification. The global distribution of
the baroclinic plus barotropic tidal velocities near the bottom is thus obtained,
which is then used to analyzed the deep-sea sediment resuspension. The cal-
culated energy flux of the internal tide is then compared with the energy dis-
sipation rate obtained from different data sets of microstructure measurements
conducted in several regions of the world ocean. A good correlation is gen-
erally found between the model estimates and observations, giving us some
confidence that the theory reasonably well predict internal tide generation. It is
also found that the ratio of the averaged energy dissipation rate to the averaged
energy flux is very different in different regions. A direct global calculation
of the energy flux is done by projecting the internal tides onto vertical eigen-
modes, so that the vertical density profile and the finite ocean depth are taken
into account in a fully consistent way. The results of the modal energy flux
is important for understanding the pathway from generation to dissipation of
the internal tides, since the low-mode internal tides are less affected by local
nonlinear processes responsible for degrading their energy to small-scale mix-
ing. The agreement between this detailed method and the WKB-based method
is found to be high, while this methods provides new information on the ver-
tical mode distribution of internal tide generation.Finally, the bottom-trapped
internal tides, which are generated when the tidal frequency is smaller than
the Coriolis frequency, is examined. The energy density associated with these
waves is computed using linear wave theory and vertical normal-mode decom-
position. An emphasis is placed on the bottom-trapped internal tides in the
Arctic Ocean, as yet, there is a lack of the comprehensive understanding of the
mixing processes in this basin. Through the development of new methods to
estimate internal tide generation, this thesis provides a valuable information to
the problem of the better understanding of tidal mixing in the deep ocean and
its role on the large-scale ocean circulation, with a possible applications to the
improvement of ocean general circulation model.
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1. Introduction

The rise and fall of the ocean surface caused by the gravitational pull exerted
by the moon and sun, denoted tides, has been recognized and studied for hun-
dreds of years (Garrett and Kunze 2007). Ever since antiquity, tides have been
one of the most noteworthy manifestations of celestial phenomena affecting
the earth known to mankind. These fascinating phenomena are very important
for industry, navigation, coastal engineering and so on. Our understanding of
tides is based on Newton’s theory of gravitation, in which the forces of attrac-
tion of the moon and sun are calculated from the equations of fluid motion
developed by Euler (Gill 1982). The main characteristics of the different types
of tides, viz. the superposition of solar and lunar tides, were already qualita-
tively explained in the 17th century by Newton on the basis of equilibrium tidal
theory. In Napoleonic times, Laplace took a dynamical approach to the tidal
problem and he derived the tidal equation for a homogeneous fluid by adding
appropriate forcing terms to the governing equations of fluid motion (Pedlosky
1987).

The vertical displacements of the ocean surface caused by tides are accom-
panied by horizontal displacements of the water masses, denoted tidal cur-
rents. The currents associated with tides are less readily observed than the
tides and are difficult to examine theoretically. These currents are classified as
barotropic currents, which means that the velocity is independent of depth.

Vertical mixing in the ocean gives rise to upwelling of cold bottom water of
polar origin (Munk and Wunsch 1998). In the absence of upwelling, the deep
ocean would become a stagnant pool of cold water after thousands of years. In
order to sustain this upwelling, a mechanism is needed that transports the en-
ergy vertically. Internal waves and their breaking represent a likely candidate
for this mechanism.

As mentioned by Gill (1982), the first qualitative description of oceanic in-
ternal waves was given by V. Bjerknes for the dead-water phenomenon, which
at that time was considered as a mysterious feature that caused severe prob-
lems for certain types of shipping. V. W. Ekman was the first person to solve
this mystery by suggesting that ship-movements can produce waves, internal
waves in the ocean interior.

In the deep ocean, the interaction between the tide and the rough bottom to-
pography is regarded as a major source of internal-wave generation. This type
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dissipation happens in the marginal seas. Egbert and Ray (2000) estimated the
dissipation of the M2 tide in the deep ocean to be 0.57−0.83 TW.

Figure 1.2: A schematic illustration of the generation of the internal tide in
the deep ocean by the tidal current flowing over a “mid-ocean ridge”. Fig-
ure courtesy of the American Association of Petroleum Geologists ������

������	
���������������������.

The main theme of this thesis is the calculation of the energy conversion
from the barotropic tide to the internal tides. This is the rate at which the
energy from the barotropic tide is converted to the internal wave field at the
bottom. A rigorous calculation of the energy conversion rate using an analyt-
ical method is still a challenging problem for a supercritical slope (i.e. when
the slope of the topography is greater than that of the internal-wave rays). Ob-
viously, the most comprehensive way of calculating the energy conversion rate
is to use 3-D numerical simulations. However, previous studies on internal-
tide generation reveal that semi-analytical methods are reliable for calculating
the energy conversion rate when the topography is subcritical (Zilberman et
al. 2009). Nycander (2005) used a method based on linear wave theory de-
veloped by Bell (1975a,b) as well as Llewellyn Smith and Young (2002) to
calculate the global distribution of the energy conversion for the eight major
tidal constituents. The computation performed by Nycander (2005) was based
on a convolution integral. The input data used were the bottom topography, the
tidal-velocity field and the stratification of the ocean. He estimated the energy
conversion rate for the M2 tidal constituent and for the depth greater than 500
m to be 0.8 TW. This was in good agreement with the M2-tide dissipation in
the deep ocean obtained using inverse calculations (Egbert and Ray 2000).
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In this thesis, we use the formulation of Nycander (2005) as well as im-
prove it for calculating the energy conversion rate. To contribute to the un-
derstanding of the linkage between the deep-sea sediment dynamics and the
internal tides, based on Nycander (2005) method, we map the barotropic plus
baroclincic tidal velocity for the global ocean. The idea is that the internal
tides can push the tidal velocity over the threshold required for sediment re-
suspension.

One of our goals is to compare the tidal energy conversion rate with the
turbulent energy dissipation obtained from the microstructure measurements
conducted in different parts of the world ocean. A detailed comparison is re-
quired to take into account the temporal and spatial variability of the energy
conversion rate. Hence, we extend the Nycanders’s (2005) method to take into
account the time variability of the tidal current (the spring-neap tidal cycle).
Another goal is to improve this method in the sense that the treatment of the
vertical variation of the buoyancy frequency is done in a correct way by em-
ploying vertical normal-mode decomposition. The total internal-wave field can
then be obtained by a linear superposition of the normal modes. The resolution
of the topography data only permits us to calculate the energy flux of the first
ten vertical modes globally. However, they account for the bulk of the global
energy conversion. Finally, we use the normal-mode decomposition approach
and investigate the bottom-trapped internal tides which occur when the tidal
frequency is outside the admissible frequency range for the existence of freely
propagating internal waves.
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2. Internal tides and deep-sea
sediment dynamics

Sedimentary deposits in the deep sea serve as an important environmental
archive for the reconstruction of past changes of the Earth system on time
scales of typically more than thousands of years. These reconstructions can
be used to make predictions about future changes of the Earth system. The
distribution of sediments also controls deep-sea biodiversity. Consequently,
in-depth mechanistic insights into the processes involved in the formation and
dynamics of sedimentary deposits in the deep sea is essential.

In paper I, we review several well-known flow-topography interactions,
such as those between tides/mean flows and the topography and investigate
their roles for deep-sea sediment dynamics. Several studies suggest that cur-
rent velocities above 5–10 cm s−1 are required to move loosely aggregated
particular matter on the bottom of the ocean. Evidence suggesting that tides
might affect sediment deposition in large parts of the deep sea would cause a
shift in our view of deep-sea fluid and sediment dynamics, with possible impli-
cations for the formation of sedimentary records. In this regard, the map of the
maximum spring-tide total velocities (barotropic+baroclinic) at the seafloor of
the global ocean is of great utility. The prevailing view is that current veloci-
ties in the greater part of the deep ocean are too small to erode and resuspend
sediments.

The computation of the baroclinic part of the tidal velocity (i.e. the internal
waves) was done based on the formulation given by Turnewitsch et al. (2008).
Using a linearized hydrostatic Boussinesq model for the equations of motion
subject to a radiation condition at the upper boundary (z→ +∞), these inves-
tigators derived a formulation of the baroclinic internal-tide velocity near the
bottom:

u
′

=

(
1− f 2

ω2

)−1( 1
iω

∂ p̂
∂x

+
f

ω2
∂ p̂
∂y

)
, (2.1)

v
′

=

(
1− f 2

ω2

)−1( 1
iω

∂ p̂
∂y
− f

ω2
∂ p̂
∂x

)
, (2.2)
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where

p̂(x,y,0) = NB

(
1− f 2

ω2

)1/2(
Û

∂J
∂x

+V̂
∂J
∂y

)
. (2.3)

Here h(x,y) is the bottom topography, f the Coriolis parameter, NB the buoy-
ancy frequency near the ocean floor, and Û ,V̂ refer to the background barotropic
velocities in the x- and y-directions, respectively. These are time-independent
complex quantities (wherer the common factor e−iωt has been left out) and
originate from the barotropic tidal model TPXO6.2 (Egbert and Erofeeva 2002).
J is the two-dimensional convolution integral

J(x,y) =
∫ ∫

gγ(|r− r′|)h(x′,y′)dx′dy′, (2.4)

gγ(r) being the filtered Green’s function (Nycander 2005), given by

gγ(r) =
1
γ

G
(

r
γ

)
,

where

G(ξ ) =
1

2πξ
− 1

4
√

π
e−

ξ 2
8 I0

(
ξ 2

8

)
.

Here I0 is the modified Bessel function of the first kind and γ = γ(ω) is the
cutoff length obtained from

γ =
1.455

π
√

ω2− f 2

∫ 0

−H
N(z)dz, (2.5)

where H denotes the depth of the ocean. The filtered Green function gγ is in-
troduced to take into account the main effect of the finite depth of the ocean, so
that the influence of topographic features larger than the horizontal wavelength
of the mode-1 internal tide is suppressed. The total velocity field (i.e. the
barotropic plus baroclinic velocities) for a tidal constituent whose frequency is
ω is�ue−iωt , where�u = [u

′
+Û ,v′+V̂ ].

In the present study, we present the total velocity field for the global ocean
when taking into account all eight major tidal components (M2, S2, N2, K2, K1,
Q1, P1, O1). The total velocity field considering two tidal constituents of the
frequencies ω1 and ω2 is given by:

�A(t) =�u1e−iω1t +�u2e−iω2t , (2.6)

where �u1 and �u2 are the complex vectors of the total velocity field, i.e., the
barotropic plus the baroclinic, given by real and imaginary parts as follows:

�u1 =�ur1 + i�ui1 , (2.7)

�u2 =�ur2 + i�ui2 . (2.8)
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Equation (2.6) gives the total time-dependent velocity field for two tidal com-
ponents with the corresponding frequencies, ω1 and ω2. The total velocity field
when all tidal components are taken into account is obtained in a similar man-
ner. We run this time series of �A(t) for two months with a time interval equal
to 1/2 h so as to have a reasonable temporal resolution and to minimize all
aliasing errors. The end result is the maximum amplitude of the baroclinic plus
barotropic tidal velocities over two months at each grid point in the topographic
file ETOPO2v2, derived from a satellite-bathymetric dataset with a resolution
2′ equivalent to an approximately 3-km distance between grid points. The
barotropic tidal velocities originate from the global barotropic model (Egbert
and Erofeeva 2002). The buoyancy frequency was calculated from an early
version of the WOCE Global Hydrographic Climatology (WGHC, Gouretski
and Koltermann 2004) with a horizontal resolution of 1◦ and linearly interpo-
lated to the the topographic grid points.

The computed field is mapped for the global ocean to see the effects of
the internal tide for increasing the total currents (Fig. 2.1). The effect of the
internal tide on the increase of the basic tidal current is prominent over the Mid-
Atlantic Ridge and the Hawaiian Ridge. The analytical model used to construct
this map is valid for topographic features such as the Mid- Atlantic Ridge
where the slope is mostly subcritical. Nevertheless, we map the barotropic
plus the baroclinic velocity field for the global ocean irrespective of whether
the topography is sub- or super-critical in any given area.

Note that the spatial resolution of the resulting field is the same as that
of the input files, e.g. the topography file. To facilitate the plotting, we per-
formed 10 by 10 grid-point averaging of the resulting file. As evident from
Fig. 2.1, over basin scales the island chains (especially in the South and West
Pacific Ocean) and mid-ocean ridges and their fracture zones (especially in the
Atlantic and the southern Indian Oceans) are likely to be the most important
regions where baroclinic tides increase the total tidally-related velocities near
the sea floor. For example, over the Mid-Atlantic Ridge the total barotropic
plus baroclinic velocity is larger than 6.5 cm s−1. This kind of map assists in
intrepreting the sediment records, which this study is aimed at. As reviewed in
paper I, other deep-sea interactions between flow and topography such as lee
waves are also important for the sediment dynamics.
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Figure 2.1: Global map of modelled total (barotropic + baroclinic) maximum
(spring tide) tidal-current velocities near the seafloor. The map results from
model runs over a tidally representative 62-day interval. The model is based
on the equations presented by Turnewitsch et al. (2008) and has been expanded
to take into account the eight most important tidal constituents (semidiurnal: M2,
S2, N2, K2; diurnal: K1, O1, P1, Q1) and to permit the calculation of maximum
spring-tide current velocities. The spatial resolution of the model run that gener-
ated this map was 1/30◦. The ETOPO2v2 bathymetry was used.
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3. Internal tides and microstruc-
ture measurements

Observational programs conducted during the Brazil Basin Tracer Release Ex-
periment (hereafter BBTRE) convincingly showed that the vertical turbulent
diffusivity is greatly enhanced over the rough Mid-Atlantic Ridge bottom to-
pography, implying a connection between the deep-ocean mixing and the un-
derlying bathymetric roughness (Polzin et al. 1997; Ledwell et al. 2000;
St. Laurent et al. 2001). The enhanced turbulent dissipation inferred from
these observations (which likely is caused by breaking of internal tides) has
provided the motivation for many studies on the generation and dissipation
of these waves (Polzin 2004; Polzin 2009; Nikurashin and Legg 2011). The
field-survey results obtained during the LArval Dispersal along the Deep East-
Pacific Rise (hereafter LADDER) project provides additional evidence for a
connection between bottom topography, internal waves and turbulent mixing
from a different region. In particular, over the East-Pacific Rise crest and
flanks, turbulence levels were found to vary with the spring-neap tidal cycle
on short time scales (Thurnherr and St. Laurent 2011).

The energy dissipation rates originates from the above-mentioned field sur-
veys, in particular, BBTRE, have been analyzed in several previous papers
(Polzin 2004; St. Laurent 2001), and are widely regarded as supporting the
importance of internal tides for mixing. As yet, however, no detailed com-
parison of the observed energy dissipation rate with computations of internal
tides has been done taking into account both the time and position of each
measurement. If the observed energy dissipation is caused by breaking of the
internal tide, then it is related to the internal-tide vertical energy flux. To assess
the time variability associated with observed depth-integrated energy dissipa-
tion from microstructure measurements, the temporal behavior of the vertical
energy flux at the bottom needs to be calculated.

A practical method of computing the generation of internal tides was de-
veloped by Nycander (2005). In this method, based on linear wave theory,
the energy conversion from the barotropic tide to internal waves at a point r is
obtained by computing a convolution integral of the topography over a region
around r. The input data are the bottom topography, the stratification and the
tidal parameters. Following Nycander (2005), using a linearized hydrostatic
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Boussinesq model for the equations of motion subject to a radiation condition
at the upper boundary (z→ +∞), the expression for the time-independent (or
time-averaged) energy flux P for the specified tidal component of the frequency
ω is given by

P =−ρ0NB

4π

√
1− f 2

ω2

{
U2
+

∂h
∂x

∫∫ ∂gγ(|r− r′|)
∂x′

h(x
′
,y
′
)dx

′
dy

′

+U2
−

∂h
∂y

∂gγ(|r− r′|)
∂y′

h(x
′
,y
′
)dx

′
dy

′
}
,

where ρ0 is the mean density of sea water, NB the buoyancy frequency near the
bottom, U+ and U− the velocities along the major and minor tidal-ellipse axes,
respectively, and the x- and y-axes are chosen to lie along the major and minor
axes of the tidal ellipse.

In deriving (3.1), the following assumptions have been made. First, the
horizontal tidal displacements are small compared to the topographic scale. In
this case, the advective effect of the barotropic tide can be neglected in the lin-
earized form of governing equations. This further implies that the baroclinic
response remains at the tidal frequency ω . The second assumption is the weak-
topography approximation. This is justified provided that the topography am-
plitude is smaller than both the vertical wavelength of the wave and the ocean
depth, and that the slope of the wave characteristics

√
ω2− f 2/

√
N2−ω2 is

greater than the topographic slope |∇h|, i.e. when the topography is subcritical.
In paper II, in order to compare the energy flux with the microstructure

measurements, we extended the Nycander (2005) method to take into account
the time variability of the barotropic tide and the superposition of the tidal
components. The final expression for the vertical energy flux C(x,y, t) is

C(x,y, t) = p(x,y,0, t)w(x,y,0, t), (3.1)

where

w(x,y,0, t) =
8

∑
c=1

(
Uc(x,y, t)

∂h
∂x

+Vc(x,y, t)
∂h
∂y

)
, (3.2)

p(x,y,0, t) =
8

∑
c=1

ρ0NB

(
1− f 2

ω2
c

)1/2(
Uc(x,y, t)

∂Jc

∂x

+Vc(x,y, t)
∂Jc

∂y

)
. (3.3)

In this paper, we compared the computed energy flux C to the energy dissi-
pation observed in a number of microstructure surveys. Microstructure mea-
surements can be made using a High-Resolution Profiler (HRP), which is a
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Figure 3.1: (a) The locations of the 75 stations occupied in the BBTRE1 field
experiment (blue circles) and those of 90 stations during BBTRE2 (red circles).
The cross-marked circles indicate the stations which are excluded in the analysis
reported in paper II . (b) The locations of 37 stations during the LADDER3 field
experiment. (c) The 12 stations occupied in the GRAVILUCK field experiment.
(d) The locations of 10 stations near the Izu- Ogasawara Ridge.

free-falling instrument sampling temperature, salinity and horizontal veloc-
ity profiles at a high vertical resolution (∼ 1 mm) (Toole et al. 1997). HRP
measurements are sufficiently well resolved to provide accurate estimates of
instantaneous turbulent-kinetic-energy dissipation rates. The most abundant
data originate from the Brazil Basin Tracer Release experiments in 1996 and
1997 (BBTRE1 and BBTRE2, respectively), conducted in a large region of
rough topography near the Mid-Atlantic Ridge (Fig. 3.1a). We also consid-
ered microstructure profiles sampled during the LADDER3 survey (Fig. 3.1b),
obtained with an instrument, similar to the HRP, denoted the deep microstruc-
ture profiler (Thurnherr and St. Laurent 2011). LADDER3 was conducted
near the crest of the East Pacific Rise (EPR), between 9◦30

′
N and 10◦N. We

also considered 12 deep microstructure profiles from the GRAVILUCK cruise
(Fig. 3.1c), carried out in the Mid-Atlantic-Ridge Lucky Strike segment at
37◦N (St. Laurent and Thurnherr 2007). Finally, 10 microstructure profiles
(Hibiya et al. 2012) sampled near the Izu-Ogasawara Ridge in the west Pacific
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were analyzed (hereafter IZU, Fig. 3.1d).
For each observed dissipation profile, a time series of the energy flux C at

the ocean floor was computed. The datasets used are the ocean bathymetry, the
barotropic tidal velocity and the buoyancy frequency. For the bottom topogra-
phy, we used the GEBCO (General Bathymetric Chart of the Oceans) global
30 arc-second gridded dataset. Barotropic tidal velocities were extracted from
the TPXO6.2 model (Egbert and Erofeeva 2002), with a resolution of 1/4◦

and then interpolated onto the topographic grid. The eight major tidal com-
ponents (M2,S2,N2,K2,K1,Q1,P1,O1) were used to compute the energy flux,
thus capturing the spring-neap cycle of tidal forcing, which is mainly due to
interaction between M2 and S2. The buoyancy frequency N was calculated
from the WOCE Global Hydrographic Climatology (WGHC, Gouretski and
Koltermann 2004) with a 1◦ horizontal resolution and 45 vertical levels. The
climatology was linearly interpolated onto the topographic grid points, and the
buoyancy frequency of the deepest level was then chosen as the bottom buoy-
ancy frequency NB.

The computed energy flux was averaged over a region around the exper-
imental sites, and over a time period preceding the dates of the experimental
observations. Also, the observed energy dissipation profile was integrated up
to a prescribed height above the bottom. For the BBTRE data, the strongest
correlation between observed and computed values was obtained when the ra-
dius of the averaging region was at least as large as the wavelength of the first
internal wave mode and the averaging period was 3 days, and the upper in-
tegration boundary was 2500 m above the bottom. Fig. 3.2a shows a scatter
plot of the results for these parameter values. The correlation is 0.66 in this
case. The observed energy dissipation and the computed energy conversion
were then both averaged over all the points of the BBTRE surveys, using the
same optimal parameters as in Fig. 3.2a. The ratio between the observed and
computed averages was 0.35. A plausible interpretation is that one third of
the internal tides dissipate locally in the bottom 2500 meters, while the rest
escapes into the thermocline and away from the region of rough topography.

For LADDER3, the observed dissipation rates were integrated vertically
up to 1500 m above the bottom. In this case, the average computed energy
flux was about fifty times larger than the observed energy dissipation (Fig.
3.2b). One reason may be that sharp topography in this case is limited to a few
steep seamounts, and the generated internal tides can therefore more easily
escape and propagate away from the experimental region. It is also likely
that the linear computations overestimate the energy conversion at supercritical
topography.

For GRAVILUCK, the energy flux was found to be of the same magnitude
as the observed integrated dissipation rates, similarly as in the BBTRE region
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Figure 3.2: (a) Logarithmic scatter plot of the energy dissipation rates ε inte-
grated up to 2500 m above the ocean bottom versus the average of the last 72
hours of the energy-flux-time series for the 127 stations from BBTRE1 and BB-
TRE2. The weighted average from all grid points within a radius γM2 is used
to obtain C at the observational sites. (b) As in (a), but for the 26 stations from
the LADDER3 experiment. The energy dissipation rates ε are integrated up to
1500 m above the bottom. (c) As in (a), but for the 12 GRAVILUCK stations,
where the energy dissipation rates ε are integrated up to 1500 m above the bot-
tom. (d) As in (a), but for 10 stations near the Izu-Ogasawara Ridge. The energy
dissipation rates ε are integrated up to 2500 m above the ocean bottom.

(Fig. 3.2c). For the IZU dataset, the comparison revealed a depth-integrated
dissipation smaller than the vertical energy flux by an order of magnitude on
average (Fig. 3.2d), hereby resembling the LADDER3 results.

The quality of the estimate of the vertical energy flux using linear wave
theory is limited by several factors. In particular, this estimate is sensitive
to small-scale details of the bathymetry which are still poorly known in most
regions of the world ocean. Also, the calculations are subject to large uncer-
tainties when the bathymetric slope is supercritical. In any case, many more
microstructure observations, in more diverse regions, will be needed to ob-
tain a better understanding of the relationship between tidal generation and
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dissipation. This should allow us to improve parameterizations of the vertical
mixing, and enable us to make more realistic simulations of the global ocean
circulation.
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4. Conversion of the tidal energy
into vertical normal modes

In the ocean, the buoyancy frequency N is a function of the depth, staying
uniform within the surface mixed layer and fairly uniform in the abyss, and
reaching its maximum value in the vicinity of the thermocline with a typi-
cal depth of 700 m. The tide-topography interaction problem is inherently
dependent on the structure of the buoyancy frequency. For instance, in the for-
mulation of Nycander (2005), presented in chapter 3, we see that the energy
conversion rate is proportional to the buoyancy frequency near the bottom NB.
This formulation is based on the WKB approximation in the vertical direction,
which is valid when the variation of the buoyancy frequency is small over the
vertical wavelength of the internal waves. Since the variation of the buoyancy
frequency is significant over the whole depth of the ocean, the WKB approx-
imation can only be valid for internal waves whose vertical wavelengths are
much smaller than the local depth of the ocean. To account for the vertical
variation of the buoyancy frequency in a fully consistent way without using
the WKB approximation, we need to use the modal decomposition technique
as discussed below.

The interaction of the tide with the bottom topography results in a spectrum
of internal-wave modes, with the lowest mode having a vertical wavelength
equal to half the local ocean depth. The vertical structure of these internal-
wave modes is governed by a Sturm-Liouville eigenvalue problem subject to
boundary conditions imposed at the sea surface (z = 0) and at the sea floor
(z =−H):

d2an

dz2 + c−2
n N2an = 0, an(0) = an(−H) = 0, (4.1)

where the index n denotes the mode number, c−2
n is the eigenvalue, and an is

the eigenfunction. Physically speaking, cn is the propogation phase velocity
of the mode-n internal wave. This mode-decomposition approach was utilized
by Llewellyn Smith and Young (2002) to derive a formulation, based on linear
wave theory, for the energy conversion rate into vertical normal modes in an
ocean of finite depth. The main reason to use the vertical-mode-decomposition
approach for calculating the energy conversion rate is that the vertical structure
of the buoyancy frequency is treated correctly, as opposed to the widely used
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WKB method. The final expression is given by

Cn =
∫∫

Pn dxdy, (4.2)

where

Pn =−1
8

ρ0 f κnεnS2
n

√
1− f 2

ω2

[
U2
+

∂h
∂x

∫∫
h(x

′
,y
′
)κnJ1(κn|r− r′|) x− x′

|r− r′|d
2r′

+U2
−

∂h
∂y

∫∫
h(x

′
,y
′
)κnJ1(κn|r− r′|) y− y′

|r− r′|d
2r′

]
, (4.3)

where ρ0 is the mean density of sea water, the Green function J1 is the first-
order Bessel function of the first kind , h is the topography height, the x-axis is
taken to lie along U+, where U+ and U− are the major and the minor axes of
the tidal ellipse respectively, and εnS2

n is given by

εnS2
n =

c3
na′n

2(−H)

f
∫ 0
−H a2

n(z)N2(z)dz
. (4.4)

Here a′n(z) =
dan

dz
. Fig. 4.1 shows the phase speed of the first baroclinic mode,

c1, over the global ocean. It is obtained by numerically solving (4.1). As
evident, c1 can be as large as 3 m s−1 in the western Pacific.

For the case of a uni-directional tide impinging on a one-dimensional to-
pography (called the Witch of Agnesi with a shape h(x) = h0

1+( x
Λ )

2 , where h0 is
the maximum ridge height and Λ is the half-width of the ridge), we compared
the exact modal energy conversion rate Cexact , the modal conversion rate ob-
tained using (4.3), and CNYC, i.e. the energy conversion rate based on the Ny-
cander (2005) method (Fig. 4.2). Note that for the Agnesi Witch topography,
the energy conversion spectrum can be calculatd analytically. In this compar-
ison, this stratification is obtained from the WOCE Global Hydrographic Cli-
matology (WGHC, Gouretski and Koltermann2004), and for a position in the
South Atlantic (18.5◦W, 21◦S). Four different topography widths are consid-
ered. As evident from Fig. 4.2, the modal calculation of the energy conversion
rate follows the exact solution very closely. In contrast, for all the considered
widths, CNYC, which is based on the WKB method, has a substantial error.

The global gridded bathymetry data sets (ETOPO2v2 and GEBCO) are
derived from a combination of coarse-resolution satellite gravimetry data and
high-resolution multibeam data obtained from vessel-borne depth soundings.
Since the the global coverage of the latter data is still poor, particularly in the
deep ocean, the effective topography resolution in the abyssal ocean remains
close to that of satellite data, which is O(10) km. Thus, we use the following
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criterion, and only consider the first 10 vertical normal modes satisfying this
criterion, for the global calculation of the energy conversion rate of the M2
tidal constituent:

2πκ−1
n > 10 km. (4.5)

Table 4.1 lists the energy conversion rate of the first 10 vertical modes, Csum =
n=10
∑

n=1
Cn, for the global ocean and the three basins: the Pacific, Atlantic, and

Indian Ocean. Also shown is the energy conversion obtained using the formu-
lation of Nycander (2005) CNYC. It is seen that the first vertical mode is the
most energetic mode over the global ocean, as well as in the three basins un-
der consideration. In all cases, CNYC is greater than Csum. Howerer, they only
differ by 16%, which is reassuring.

Gr 40 ◦ E 80 ◦ E 120 ◦ E 160 ◦ E 200 ◦ E 240 ◦ E 280 ◦ E 320 ◦ E

Longitude

80 ◦ S

60 ◦ S

40 ◦ S

20 ◦ S

Eq

20 ◦ N

40 ◦ N

60 ◦ N

80 ◦ N

L
a
ti

tu
d
e

Phase speed of the first baroclinic mode for global ocean

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

3.6

m
.s
−
1

Figure 4.1: A global distribution of the phase speed of the first baroclinic mode.

Although being the most energetic mode globally, on a regional scale it is
possible that mode 1 is not the most energetic one. To illustrate this, we show
in Fig. 4.3 the energy flux of mode 1 as well as Psum, the sum of those up to
the mode 10, Psum, and their ratio. Note that all these fields are averaged over
a 10◦ × 10◦ area. It is seen that that in many regions the ratio is smaller than
0.1, implying that here other modes than mode 1 can be the most energetic.

The low internal-wave modes are characterized by a large horizontal wave-
length and a fast propagation speed. Thus, these modes are less susceptible to
the local nonlinear processes that drain energy from the internal-wave field and
feed it to small-scale turbulence. How low modes eventually lose their energy
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Figure 4.2: The comparison between Csum =
nmax
∑

n=1
Cn (blue triangle-solid line),

Cexact =
100
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Cexact

n (red dot-solid line), and CNYC (black square-solid line). The

horizontal axis shows the inverse of the half-width ridge in units of km−1, and
nmax is the number of vertical modes that, for a given ridge, can be resolved ac-
curately by a numerical solution for an ocean with the subtropical South Atlantic
N(z).

to the small-scale mixing is still poorly understood. Several mechanisms are
suggested and discussed by St. Laurent and Garrett (2002). Clearly, progress
along these lines cannot be made unless the generation of low modes is rea-
sonably well understood. In any case, the energy flux of the low modes may
enable us to estimate the fraction of the total internal-wave energy that can
escape from the generation site, with the rest directly going to the small-scale
mixing. We believe that the results of this paper have important implications
for the internal-wave driven mixing in Ocean General Circulation models and
coupled ocean-atmosphere models.
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Table 4.1: The energy conversion rate Cn for the first 10 internal-tide modes

and their sum Csum =
n=10
∑

n=1
Cn for the global ocean and the Pacific, Atlantic, and

Indian-Ocean basins, all taken to extend to the Antarctica. The listed numbers
in percentages are the fraction of the cumulative sum of the energy conversion
rate contained in each vertical normal mode. CNYC is the energy conversion rate
obtained using the formalism due to Nycander (2005)

mode number Cn (TW)
n Global Ocean Pacific Ocean Atlantic Ocean Indian Ocean
1 0.237 (34%) 0.140 (37%) 0.042 (36%) 0.040 (33%)
2 0.178 (25%) 0.091 (24%) 0.023 (20%) 0.034 (28%)
3 0.107 (15%) 0.053 (14%) 0.020 (17%) 0.020 (16%)
4 0.066 (9%) 0.033 (9%) 0.012 (10%) 0.010 (8%)
5 0.041 (6%) 0.020 (5%) 0.007 (6%) 0.008 (7%)
6 0.025 (4%) 0.012 (3%) 0.005 (4%) 0.005 (4%)
7 0.015 (2%) 0.008 (2%) 0.003 (3%) 0.003 (2%)
8 0.015 (2%) 0.007 (2%) 0.003 (3%) 0.002 (2%)
9 0.012 (2%) 0.006 (2%) 0.003 (3%) 0.001 (1%)

10 0.011 (2%) 0.006 (2%) 0.001 (1%) 0.002 (2%)
Csum 0.707 0.376 0.117 0.122
CNYC 0.820 0.411 0.143 0.147
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5. Bottom-trapped internal tides

The admissible frequency range for the existence of freely propagating inter-
nal waves is f < ω < N. Outside this range, the baroclinic disturbances are
trapped near the source of internal-wave generation. Since the Coriolis fre-
quency varies latitudinally, there is a critical latitude at which the tidal fre-
quency ω matches the Coriolis frequency f . Poleward of the critical latitude
the internal tide is trapped near the bottom topography. For the M2 and K1 tidal
constituents, the critical latitudes are 74.46◦ and 30.0◦, respectively, which im-
plies that the global coverage of the M2 trapped internal tide is small compared
to the freely propagating internal tide existing equatorward of the critical lat-
itude, while for the diurnal K1 tide this is not the case. On the other hand,
most of the Arctic Ocean is located above the M2 tide critical latitude, and the
trapped internal tides may therefore be important in this region.

In the previous chapter, the formulation of the modal energy conversion of
the freely propagating internal tide was given. However, within the framework
of linear inviscid theory, there is no conversion associated with the trapped
waves as the baroclinic disturbances are trapped near the generation site and
there is no propagation of energy. Mathematically speaking, it is straightfor-
ward to show that the modal energy conversion rate is equal to zero for the case
of trapped waves, i.e. Cn = 0. However, on the basis of linear wave theory, we
can calculate the energy density of the trapped waves (in units of J m−2), which
is given by

En(x,y, t) =
1
2

ρ0
cn

| f |(u
2
n + v2

n + c−2
n p2

n), (5.1)

where pn is the pressure anomaly of the trapped waves, pn = Re[p̂ne−iωt ], and
p̂n is given by

p̂n(x,y) = iκ2
n Sn| f |

√
f 2

ω2 −1 Û ·
∫∫ h(x

′
,y
′
)

2π
r− r′

|r− r′|K1(κn|r− r
′ |)dx

′
dy

′
.

(5.2)
Here κn =

√
f 2−ω2/cn, Û is the complex amplitude of the barotropic tide U

such that U = Re[Ûe−iωt ], and K1 is the modified first-order Bessel function of
the second kind, which decays rapidly beyond the trapping scale, κ−1

n . Hence,
the oscillation is mostly confined within a distance r = κ−1

n from the generation
site.
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In the context of oceanic mixing, we are mainly concerned with the amount
of energy that is available for increasing the background potential energy due
to the breaking of internal waves. This is described as an energy flux in units of
W m−2. Here we need to transfer the energy density information to the energy
flux. This can be achieved by considering the decay time-scale τ , over which
the waves are attenuated by the dissipative mechanisms. For both trapped and
free waves, the numerical and observational studies suggest that a time-scale
of 3 days is appropriate. In paper IV, we thus chose τ to be 3 days and trans-
form energy density to energy flux, viz. Pn = En/τ . In paper IV, we performed

Table 5.1: The area-integrated energy flux
∫∫

Pn dxdy for the first 2 bottom-
trapped internal-tide modes and their sum Psum = P1 +P2 for the global ocean as
well as the Pacific, Atlantic, Indian-Ocean, and Arctic basins. A decay time of
3 days for the trapped waves has been assumed. Note that the Pacific, Atlantic,
and Indian Oceans all extend to Antarctica. The results are for the diurnal K1
and O1 tidal constituents and presented in units of gigawatts. CNYC is the energy
conversion rate of freely propagating internal waves obtained using the formalism
due to Nycander (2005).

mode number
∫∫

Pn dxdy (GW)
n Global Ocean Pacific Ocean Atlantic Ocean Indian Ocean Arctic

K1 tidal constituent
1 1.45 1.07 0.15 0.07 0.17
2 0.54 0.38 0.06 0.03 0.07∫∫

Psum dxdy 1.99 1.45 0.21 0.10 0.24
CNYC 82.60 51.00 2.60 29.00 0.0

O1 tidal constituent
1 1.00 0.80 0.11 0.05 0.04
2 0.43 0.32 0.05 0.02 0.04∫∫

Psum dxdy 1.43 1.12 0.16 0.07 0.08
CNYC 45.16 28.00 2.16 15.00 0.0

the global calculation of the energy density for the M2, K1, and O1 tidal con-
stituents. We also paid particular attention to two regions, namely the Kuril
Islands and the Arctic Basin, as the trapped waves play a important role in the
vertical mixing here. Table 5.1 lists the globally integrated energy flux of the
trapped waves for the K1 and O1 tidal constituents. We also list the CNYC as-
sociated with the free waves. As evident from Table 5.1, the diurnal trapped
waves are most energetic in the Pacific basin, mainly because the diurnal tides
are strongest in this ocean.

We also considered the diurnal trapped waves in the Kuril-Islands region
located in the North-Western Pacific and in the latitude range 45◦N–50◦N,
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separating the Okhotsk Sea from the North Pacific Ocean. Several previous
studies show that tidally-trapped internal waves play a significant role for the
vertical mixing in this region (Tanaka et al. 2007; Hasumi et al. 2008; Tanaka
et al. 2010). Fig. 5.1 shows the sum Esum of the K1 and O1 tidal constituents
in a region encompassing the Kuril Islands. As evident from this figure, the
energy density is very large around the Kuril Islands, with many values greater
than 10 J m−2.
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Figure 5.1: Map of Esum =
9
∑

n=1
En of the K1 and O1 bottom-trapped internal tides

in the Kuril-Islands area.

Finally, we consider the trapped waves in the Arctic Basin, where a clear
understanding of the vertical mixing is as yet lacking and further research is
warranted. As most of the Arctic Basin is located north of the M2 critical lati-
tude, generation of trapped waves is possible and it is worthwhile to calculate
the energy flux of the diurnal and the semidiurnal trapped waves in this basin.
Fig. 5.2 shows the trapped waves due to the diurnal K1 and O1 tides as well
as to the M2 tide. From this figure, it is recognized that the energy density
is high in the Arctic Basin, pointing to the importance of trapped waves for
the internal-wave activity in this basin. We believe that the outcome of this
study has implications for our understanding of the vertical mixing in the Arc-
tic Basin. More observational and numerical studies need to be conducted to
obtain a greater in-depth understanding of the internal wave activity and the
associated mixing in the Arctic Basin.
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6. Outlook

Apart from contributing to the sediment dynamics and the deep-sea fluid dy-
namics in the context of the results presented in paper I, the outcome of this
thesis is primarily directed towards improvements of the parameterization of
tidal mixing in ocean general circulation models (OGCMs) and coupled cli-
mate models. Vertical mixing caused by the breaking of internal tides plays
a vital role in the maintenance of the ocean’s abyssal stratification. It influ-
ences the strength of the meridional overturning circulation (MOC), which is
setting the large-scale meridional heat transport and the rates of atmospheric
carbon uptake, and is thus an important factor controlling past and future cli-
mate changes.

The parameterization of the vertical mixing induced by breaking of the
internal tide is controlled by a few parameters in OGCMs. One of the key
parameters is the fraction of the internal-tide energy flux that goes directly to
mixing, assuming that the rest of the energy propagates away from the genera-
tion site without being subjected to local dissipation. This parameter, known as
the local dissipation efficiency q, is typically chosen to be 1/3. The results of
Paper II in connection with the comparison of the internal-tide energy flux and
the microstructure measurements revealed that q can vary significantly from
one region to another. This is in contrast to the standard practice of using a
constant q in the parameterization of tidally-induced mixing used in OGCMs.
This points to the importance of using a non-constant q in OGCMs.

The global calculation of the energy conversion of the tide into the verti-
cal normal modes was done in paper III with the purpose of sharpening our
understanding of the pathway from generation to dissipation of the internal
tides. If the low-mode internal tides are less affected by local nonlinear pro-
cesses responsible for degrading their energy to small-scale mixing, the fate
of these modes then poses an interesting problem where, and by what mech-
anism, does they ultimately break and cause vertical mixing? In any event,
prior to expending any effort along these lines, the energy flux of the low-
mode internal tide needs to be determined with a fairly reasonably degree of
accuracy. We believe that the results of paper III are instrumental for studying
the internal-wave breaking and its consequences for the vertical mixing and
the overturning circulation in the deep ocean.

Finally, the results presented in Paper IV on the generation of bottom-

��



trapped internal tides have implications for regional studies of the internal-tide
mixing. In view of this, emphasis should be placed on the Arctic Ocean, which
is an important region for the study of climate change. At present, the gap
in our understanding of the mixing processes in the Arctic basin is so wide
that any attempt towards narrowing it will have important consequences. We
believe that the calculation of the energy flux of the bottom-trapped waves
in the Arctic Basin is of importance for quantifying the internal-tide energy
budget that can be incorporated in OGCMs to yield a better representation of
the internal-wave mixing in this basin.

��



Sammanfattning

Föreliggande avhandling är fokuserad på det interna tidvattnet i djuphavet,
vilket genereras av det barotropa tidvattnet i samverkan med bottentopografin.
Beräkningen av energiflödet från det barotropa tidvattnet till internvågsfäl-
tet närmast botten genomföres med en metod utvecklad av Nycander (2005).
M.h.a. Nycanders metod har den globala fördelningen av den baroklina plus
den barotropa strömningshastigheten närmast botten beräknats. Denna kvan-
titet har avgörande betydelse för djuphavssedimentets dynamik och resuspen-
sion. Det beräknade energiflödet till det interna tidvattnets jämförs med fyra
olika uppsättningar experimentella resultat från olika delar av världshavet. En-
ergiflödet har erhållits genom en vidareutveckling av Nycanders metod som
som genom att överlagra de åtta viktigaste tidvattenkomponenterna tar hän-
syn till tidvattnets amplitud vid datumet för mätningarna, d.v.s. om det då var
springflod eller nipflod. För BBTRE-mätningarna, som genomfördes i Brasil-
bäckenet, var överensstämmelsen god mellan det beräknade energiflödet och
den djupintegrerade energidissipationen. I andra områden var däremot den ob-
serverade energidissipationen avsevärt mindre än det beräknade energiflödet.
Nycanders metod har även vidareutvecklats genom att det interna tidvattnet
genom att det interna tidvattnet projuceras på vertikala egenmoder. Detta ger
en korrekt behandling av den vertikala skiktningen i havet, till skillnad från
den tidigare metoden som bygger på WKB-metoden. Resultaten från mod-
beräkningen av interntidvattnets energiflöde lägger grunden för kommande
analys av den vertikala och horisontella fördelningen av tidvatteninducerad
blandning i det inre av havet. Slutligen har även interaktionen mellan det barotropa
tidvattnet och bottentopografin studerats i de fall då tidvattenfrekvensen är lä-
gre än Coriolisfrekvensen. Den resulterande vågen är geografiskt bunden, och
dess energitäthet har beräknats m.h.a. linjär vågteori och normalmodsuppdel-
ning i ett hav med ändligt djup. Två regionala skattningar av denna energitäthet
har genomförts, en för Kurilområdet, och en för den arktiska oceanen. Resul-
taten i denna avhandling utgör ett bidrag till att förbättra parametriseringen av
inre blandning i numeriska oceanmodeller samt i kopplade klimatmodeller.
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