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ABSTRACT

Numerical process studies of an idealized upward propagating internal tide at 21◦S demonstrate a rapid
transfer of energy (over only a few days) to waves of half the tidal frequency and smaller vertical
scale. The energy transfer characteristics are consistentwith Parametric Subharmonic Instability (PSI),
a particular class of resonant wave-wave interactions previously thought too slow (timescales of weeks
or months) to be an effective mechanism for extracting energy from the internal tide. Near sources,
the internal tide is coherent, i.e. not well described by a random phase approximation. Consequently,
the simulated transfer rates are much faster than theoretical predictions that rely on this approximation.
The slow group velocities of recipient subharmonic waves constrain them to break near the generation
site; overall 40 % of the tidal energy is dissipated locally.Further simulations indicate that the strength
of this “tidal mixing hotspot” is strongly latitude dependent. At the critical latitude of 28.9◦nearly 80
% of tidal energy is dissipated locally. Poleward of the critical latitude,M2/2 < f , PSI can not occur,
and nearly all the generated tidal energy radiates away.

1. Introduction

Breaking internal waves are the dominant source of
deep-ocean mixing.Munk and Wunsch(1998) calculate
that maintenance of deep stratification requires that on
average 2.1 TW of power be drawn from external sources,
converted to internal gravity waves and irreversibly trans-
formed to potential energy via small-scale turbulent mix-
ing events. Approximately half (0.9 TW) of the required
global internal-wave power is produced by the interac-
tion of the barotropic tide with topography, generating
internal-waves of tidal frequency, otherwise known as an
internal tide. (The other significant source of internal-
wave energy is surface wind stress (Alford 2001), though
the focus here is on the tide.)

Neither the sources nor turbulent sinks of internal-
wave energy are uniformly distributed throughout world
oceans.St. Laurent and Nash(2004) estimate that 30-
50% of energy input into the internal tide is lost to turbu-
lence near the generation site. The result is the increas-
ingly familiar picture of hotspots of elevated mixing near
rough topography (Polzin et al.1997;St. Laurent et al.
2002;St. Laurent and Garrett2002), a spatially variable
process with significant consequences for the global cir-
culation (Simmons et al.2004;Hasumi and Suginohara
1999).

While internal waves are primarily generated at
medium-large scales (vertical wavelengths of hundreds
to thousands of meters), the transition to turbulence is
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regulated by the highly nonlinear dynamics (e.g. ’break-
ing’) of small-scale waves (vertical wavelengths of tens
of meters).The magnitude and spatial extent of turbulent
hotspots is controlled by the dynamic or kinematic pro-
cesses that transfer energy from large- to small-scale mo-
tions. Away from the immediate vicinity of boundaries,
nonlinear interaction between groups of propagating in-
ternal waves (Müller et al. 1986; Henyey et al.1986;
Sun and Kunze1998) is thought to produce the necessary
scale transformations.

We will show here that the internal tide is particu-
larly susceptible to an interaction known as Parametric
Subharmonic Instability (PSI); it involves energy trans-
fer from a primary wave of relatively large scale to two
‘recipient’ waves of smaller vertical scale and approxi-
mately half the primary frequency. For the internal tide,
energy can be drained through PSI only when the half-
frequency recipient waves are within the internal wave
band (M2/2 ≥ f ), a criterion only satisfied equatorward
of 28.9◦.

Previous work has argued that wave-wave interactions
are an inefficient means to transfer of energy out of the
internal tide. For example,Olbers and Pomphrey(1981)
argue that the characteristic timescales for energy transfer
through PSI are so slow (weeks to months) as to ‘disqual-
ify’ PSI as an important mediator of internal wave evo-
lution and associated patterns of turbulence. However,
recent observations [Polzin et al.(1997) and Rainville,
in prep] and numerical studies (Hibiya et al.2002) sug-
gest this disqualification may have been premature. In
particular, the theoretical calculations were based on an
assumption that the waves in question are in a statistical
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steady state with randomly distributed phase and direc-
tion, an assumption which may not be appropriate near
internal-tide generation sites.

We present results from a series of idealized numerical
experiments undertaken to study nonlinear internal wave
evolution above sites of topographic internal tide gener-
ation. The principal results of this study are that, in the
near field of tidal conversion sites, PSI acts on time scales
far shorter than previously thought (days), and that the ef-
ficient transfer to lower frequency, smaller vertical scale
waves controls the vertical distribution of the tidal ’mix-
ing hotspot’.

Numerical methods are described in Section 2. In
Section 3 we compare results from three experiments:
at, poleward, and equatorward of the critical latitude of
28.9◦. Transfer rates in and out of the internal tide are
quantified. The effect of the transfers on vertical prop-
agation and the magnitude and vertical scale of elevated
mixing regions are discussed in Section 4. Conclusions
and implications for global circulation are presented in
Section 5.

**** ADDD ***** Toshi and company
showed...what? PSI is a fast (less than 10 inertial
periods) method of transfering energy out of the tides
when there is a spike of energy (CHECK olbers to
make sure he’s not using a spike too). PSI loosely
here, cuz energy in Toshi’s simulations goes to a broad
band of frequencies. And that it has an on/off latitude
dependence. He argues that you should expect nearfield
hotspots equatorward of 30, but not poleward. So what
do we add to that? One, study rates of energy loss as
a function of various parameters and vertical extent of
mixing hotspots and relationship between then. Two,
look carefully at dynamics of instability. What sets the
transfer rate? And it’s dependence on latitutde and other
things?

2. Numerical Methods

The numerical model used here is an updated ver-
sion of the three-dimensional, pseudo-spectral non-
hydrostatic code used byWinters and D’Asaro(1997),
and is more fully described inWinters et al.(2004). The
model solves the equations of motion in an incompress-
ible, rotating ocean with arbitrary forcing,
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where[u,v,w] is the velocity vector,ρ′ is the density per-
turbation from a linearly increasing average density pro-

file, ρ̄(z), p′ is the perturbation pressure,ρ0 is a reference
density, andf is the local inertial frequency. The model
is solved in a rectangular domain of size(Lx,Ly,Lz) with
(nx,ny,nz) evenly spaced grid points, horizontally peri-
odic boundary conditions and free-slip top and bottom
boundary conditions (Table 1).

The coefficients(νp,κp) and exponent (p = 10) of
the hyperviscosity terms in (1) are chosen to maximize
the range of inviscid wavenumbers while removing en-
ergy from the smallest resolved scales quickly enough
to maintain numerical stability. In practice, energy
is drained from vertical scales smaller than 150 m on
timescales shorter than one day. Based upon these equa-
tions we define a ‘hyperdissipation’ rate (henceforth sim-
ply referred to as the dissipation rate),
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ukk

]2

(2)

that describes the rate at which energy is removed from
the smallest resolved scales. In steady state, this is equiv-
alent to the rate at which energy is transfered to dissipa-
tive scales by the inviscid dynamics at resolved (λz≥ 150
m) scales. An implicit assumption in this approach is that
energy does not “pile up” at scales smaller than about 150
m. This assumption is both necessary and reasonable.

Guided by the expected strong latitudinal dependence
of PSI, we conducted three otherwise identical exper-
iments at 21◦S (CaseA), 28.9 ◦S (CaseB), and 40
◦S (CaseC). The simulations are initialized at rest and
forced with a monochromatic, bottom-localized field of
upward-propagating internal waves of tidal (M2) fre-
quency. The forcing scheme is a modification of that used
by Slinn and Riley[1998]. For example, forcing of ver-
tical velocity is specified as the time derivative of a hy-
pothesized forcing wave velocity,

Fw =
∂wF

∂t
= −A0 ω2

0 ei [k0·x−ω0t]F(z) (3)

k0 = [kx0,ky0,kz0(kx,ky,ω0)] (4)

F(z) = e−b2z2
, (5)

whereω0 is the M2 tidal frequency, andA0 the verti-
cal displacement (Table 1). The amplitude was chosen
to produce upward tidal energy fluxes of several mW/m,
consistent with the results ofSt. Laurent and Garrett
(2002). The central horizontal wavevector [kx0,ky0] was
chosen to match that of the strongest upward tidal en-
ergy fluxes observed in the Brazil Basin (St. Laurent
and Garrett2002), and is oriented eastward in these f-
plane simulations without loss of generality. The vertical
wavenumber is calculated from the dispersion relation-
ship, which depends on latitude; hencekz varies slightly
between the three simulations (Table 1). The character-
istic scale,b, of the vertical localization function (F) is
chosen to allow at least one full vertical wavelength in
the forcing region. Random low-level background noise
(rms displacement amplitude of 1 mm) is added through
spectrally white forcing at each time step. Waves are not
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Table 1. Simulation parameters

Universal Parameters

Lx 50 km nx 128 N 2×10−3 s−1 2π/kx0 10 km

Ly 50 km ny 64 ω0 1.4×10−4 s−1 2π/ky0 0 km

Lz 5 km nz 128 A0 1.0 m

Specific Parameters

Case A Latitude 21 ◦S f −5.3×10−5 s−1 2π/kz0 654 m

Case B Latitude 28.9◦S f −7.0×10−5 s−1 2π/kz0 611 m

Case C Latitude 40 ◦S f −9.3×10−5 s−1 2π/kz0 527 m

allowed to reflect off the upper surface, but rather are ab-
sorbed by strong Rayleigh friction in a sponge layer in
the top few hundred meters.

3. Results

The goal of the idealized simulations presented here
is not to replicate a specific oceanic observation, but
rather to examine an idealized flow in a similar parameter
regime in hopes of extracting dynamical insights and pa-
rameter dependencies applicable to oceanic internal tides.
Towards that end, our analysis is guided by several moti-
vating questions:

1. How much of the forced internal tidal energy is lost
to dissipation in the ‘nearfield’ of the wave genera-
tion site (in our case everywhere below the surface
sponge layer)?St.Laurent and Nash(2003) suggest
on average 30 % , but the variability is not well quan-
tified from limited observations.

2. What are the primary dynamical processes that act
to transfer energy to the smaller scales at which it is
dissipated? In particular, is PSI important?

3. What role does latitude play in the answer to either
question? Are there substantial differences in wave
dynamics and dissipation rate patterns equatorward
and poleward of the critical latitude cutoff for PSI?

Our approach is twofold. First, we examine the flow as
it spins up from rest. Though the flow is unrealistically
“clean” in the spinup phase, the wave energy transfers
are easy to diagnose and are useful to guide the analysis
of the more realistically complex flows that subsequently
evolve. Second, we look at wave distribution and ener-
getics once the simulation has reached steady-state.

Case A: 21◦S - equatorward of the critical latitude

M
2

M
2
 / 2

Total

10
−

4  J
 k

g−
1

0

5

10

15
Case A: 21°

10
−

4  J
 k

g−
1

0

5

10

15
Case B: 28.9°

time / days

10
−

4  J
 k

g−
1

0 20 40 60 80
0

5

10

15
Case C: 40°

FIG. 2. Top: evolution of total energy (dotted) and spectrally
integrated energy in theM2 (thick,grey) andM2/2 (thin, black)
frequency bands for Case A (21◦). Middle, Bottom: same for
Cases B and C. Frequency spectra at each time were calculated
from wavenumber spectra and the linear dispersion relationship.

For the first few days the dominant feature is a
monochromatic coherent upward propagating tide, the
angle of which is consistent with theM2 tidal frequency
(Fig. 1, upper left). Spectral energy density is concen-
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FIG. 1. Snapshots at three times during the evolution of an upward propagating internal tide at 21◦S (case A, Table 1). Top row:
eastward horizontal velocity. Middle row: spectral (horizontal kinetic) energy density as a function of vertical wavenumber and
frequency, calculated from 4 day time series surrounding the times of each snapshot in the top row. Bottom row: power spectra for
each time period as a function of (from left to right) frequency, vertical wavenumber, and horizontal wavenumber: day 2(red), day
22(green), and day 65(blue).

trated near the forcing frequency and wavenumber (Fig.
1, middle left panel and red lines in bottom three panels).
Energy in this frequency band initially grows quickly
(Fig. 2), as generated waves are almost exactly in phase
with the forcing. As the waves propagate upwards and
away over the second week, the forcing efficiency de-
clines, resulting in a gradual decrease in total tidal energy.
During this fortnight there is also a gradual increase in the
spectral level of background wave noise (not shown).

Over the third week there is a rapid transfer of en-
ergy from tidal (M2) to subharmonic (M2/2) frequency
motions (Fig. 2). Subharmonic waves are visible as an
emerging disturbance in horizontal velocity (Fig. 1, up-
per middle panel), with shallower phase angles indicat-
ing lower frequency waves. The energy transfer is more
easily seen in a frequency-wavenumber energy spectrum,
which reveals the appearance of enhanced energy at two
distinct vertical wavenumbers, both near half the original
frequency (Fig. 1, middle middle panel).

A closer look at this period shows energy being trans-

fered to two wave packets that, together with the forced
internal tide, compose a classic resonant triad (Sec. 4b).
Guided by the three discrete peaks in spectral energy den-
sity (Fig. 1, middle middle), we bandpass velocity be-
tween days 10 and 22 into three frequency bands: near
the tidal frequency, just above the subharmonic, and just
below the subharmonic (Fig. 3, lower left). Time series
of bandpassed velocity (from a representative slice of the
spatial domain) show energy transfer from the primary
(M2) wave to two other wave groups− one just above the
subharmonic frequency with downward phase propaga-
tion (upward energy propagation), and one with just be-
low the subharmonic frequency with upward phase prop-
agation (downward energy propagation), all with well de-
fined characteristic vertical wavenumbers. The frequen-
cies and wavenumbers of these three energy-containing
waves add up to form near-perfect triads (Fig. 3, bottom
row), as predicted by resonant interaction theory (Müller
et al.1986). As time goes on other simple triads emerge
in different parts of the spatial domain, all with slightly
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FIG. 3. Top row: time series of (from left to right) eastward horizontal velocity, and horizontal velocity bandpassed in three
frequency ranges, as indicated above each plot. Bottom row:one-dimensional frequency and vertical wavenumber spectra of the
three bandpassed time series; colors correspond to the titles above each timeseries in the top row. The peak frequenciesand vertical
wavenumbers of each bandpassed time series are written in the bottom right.

different frequency/wavenumber combinations that add
up to locally complete triads (not shown).
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FIG. 4. Percent of energy input through forcing dissipated in
the bottom 3800 m (below the surface sponge layer).

After about a month a near steady-state is established,
in which the energy level is stabilized and spectral shapes
evolve only slowly. In steady-state, energy is input into
the internal tide at a rate of 10−3 Wm−2 , 40 % of which
is lost to dissipation before waves reach the upper sponge
layer (Fig. 4). Depth-averaged spectra show a substantial
accumulation of energy near the subharmonic frequency
at a range of vertical wavenumbers, primarily at smaller
scales (Fig. 5d). Remarkably, though energy is continu-
ally being added to tidal frequency waves, spectra show
no tidal peak, but rather a red power-law behavior, remi-
niscent of numerous ocean observations and models (Fig.
1, bottom left).

Depth-averaging masks substantial vertical variations
in all steady-state quantities. Both total energy and the
rate of energy dissipation smoothly decrease with height
above bottom (Fig. 6, left panels, solid black lines). En-
ergy spectra at all depths show peaks at the tidal fre-
quency and two near-subharmonic frequencies, though
almost all the energy has accumulated at the lower, near-
inertial peak (Fig. 6). The change in relative energy dis-
tribution with height can be seen more clearly in spec-
tra of energy flux, which more heavily weight higher-
frequency (faster propagating) waves (Fig. 6, upper right
panel). Near the bottom, energy flux is primarily tidal,
but shifts progressively to subharmonic waves with in-
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FIG. 5. Top row: select time series of eastward horizontal velocity from each run once a near steady-state has been reached.
Bottom row: spectral energy density as a function of frequency and vertical wavenumber for each case.

creasing height. In this sense, the steady-state vertical
structure mirrors the evolution in time observed during
the spinup period. Summing over all frequencies, the up-
ward energy flux steadily declines with increasing height
above the bottom. In steady-state, this flux convergence
is balanced by turbulent dissipation.

Case B: 28.9◦S - at the critical latitude

At the critical latitude (where the subharmonic,M2/2,
is equal to the local inertial frequency), energy is rapidly
transfered to waves with both subharmonic and harmonic
frequencies (Fig. 5e). The largest energy accumula-
tion is at the subharmonic frequency, at slightly higher
wavenumbers than in the lower latitude case (Fig. 5, mid-
dle middle panel). These near-inertial waves have vanish-
ingly small group velocities and hence negligible upward
energy flux (Fig. 6). Rather than propagate upwards and
away as in Case A, critical latitude subharmonic waves
are bottom-trapped, dissipating near the generation site
(Fig. 5b, and grey line in leftmost panel of Fig. 6). For a
similar rate of energy input, the near-bottom dissipation
rate is triple that at lower latitude (Fig. 6, second from
left, compare solid black and grey lines). Nearly all (80
% ) of the energy input into the internal tide is dissipated
before waves reach the upper sponge layer (Fig. 4 and
Fig. 6, leftmost panel).

Case C: 40◦S - poleward of the critical latitude

In stark contrast to the previous two cases, at 40◦the
internal tide does not succumb to any strong instabil-

ity or wave-wave interaction. Months into the simula-
tion, energy remains tightly concentrated near the forc-
ing frequency and wavenumber (Fig. 5). In steady-state,
both energy and energy flux remain at theM2 tidal fre-
quency at all depths (Fig. 6, bottom row of right two
columns). With energy remaining at the relatively large
vertical scales at which it is generated, dissipation is neg-
ligible (Fig. 6, left), and nearly and virtually all the gen-
erated tidal energy propagates unhindered into the upper
sponge layer (Fig. 4).

4. Discussion

a. Predicted wave-wave interaction efficiency

Nonlinear energy transfer between internal waves has
often been conceptualized with resonant wave-wave in-
teraction theory. In this view, energy is transfered be-
tween a triad of weakly nonlinear waves through the first
order term of a perturbation expansion in wave amplitude
(McComas1977;Olbers1983;Müller et al. 1986). The
interaction is strongest when participating wavenumbers
and frequencies satisfy simple resonance conditions (Fig.
3). Two limiting cases are often considered. The first
limit is that of energy transfer between three individu-
ally coherent waves. The simplest dimensional scaling of
the time rate of change and inertial terms in the moment
equation gives a timescale of energy transfer of (Staquet
and Sommeria2002)

τsimple=
L
U

, (6)
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FIG. 6. Left: steady-state average vertical structure of energy (kinetic plus potential) and dissipation rate (2)for simulations at
21 ◦(solid), 28.9◦(dash-dot), and 40◦(dash). The horizontal colored lines indicate the depths ofspectra shown in the right two
columns. Second from right column: energy spectra for each latitude (top to bottom) at three representative depths. TheM2 tidal
frequency and the local inertial frequency are indicated with vertical dotted lines for reference in each case. Rightmost column:
same, for energy flux spectra, calculated as the product of vertical velocity and perturbation pressure using the methodof Kunze
Althaus et al.(2003). Note the change in axis range.

whereL is a vertical wavelength andU a rms horizontal
velocity. For the internal tide considered here,

τsimple≈ 2 days.

On the other hand, most applications of resonant in-
teraction theory to oceanic internal-waves have consid-
ered not individually coherent waves but large ensem-
bles of waves with gaussian amplitude and phase distri-
butions. In this statistical limit, ensemble averaging elim-
inates the first order perturbation term and resonant in-
teractions are controlled by the next perturbative order,
resulting in a significantly reduced transfer rate. The
random phase approximation provides a good descrip-
tion of wave interactions in the higher-frequency, higher-
wavenumber portion of the continuum, as attested to by
the successful comparison of resultant mixing parame-
terizations and turbulence observed in the open ocean
thermocline (Gregg1989;Polzin et al.1995). However,
the predicted rates of energy transfer out of moderate to
low mode internal tides are an order of magnitude lower
than observed here. For example,Olbers and Pomphrey
(1981) suggest that the characteristic timescale for energy
transfer out of a mode 10 internal tide is

τOP ≈ 20 days,

and longer for lower modes (their Fig. 1).
The order of magnitude difference in timescale has

significant consequences for predicting enhanced mix-
ing near wave-generation sites. An internal tide of the
wavelength considered here would propagate upwards to
the thermocline or surface in 4-5 days. If the shorter
timescale,τsimple is appropriate, the tide should lose a
substantial amount of its energy in deep waters, result-
ing in a mixing hotspot. However, if the more commonly
invoked slower timescale,τOP, is used, the internal tide
will escape the generation site to dissipate elsewhere.

b. Observed wave-wave interaction efficiency

The simulations described here demonstrate that PSI
can be a rapid means of transferring energy from the in-
ternal tide to subharmonic waves of smaller vertical scale
at and below 28.9◦. Rapid energy transfers (a few days)
are clearly visible during the initial period of wave evo-
lution (Figs. 2, 3). Once a broadband steady-state has
been achieved, it is more difficult to observe individual
instances of energy transfer. However, the lack of spectral
peak at theM2 frequency (Figs. 1, 6), despite continuous
tidal forcing, suggests that the steady state nonlinear en-
ergy transfer rate is quick enough to keep up with this ap-
plied (and oceanographically realistic) rate of baroclinic
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tidal forcing.
A more quantitative estimate of the energy transfer rate

can be derived from a consideration of the internal tide
energy budget. In steady-state, energy is added to the in-
ternal tide at a rate of 10−3 Wm−2 . Tidal energy escapes
the nearfield and is absorbed into the upper sponge layer
at a rate of 2× 10−4 Wm−2 (vertical energy flux at the
base of sponge layer, Fig. 6). Since the generated tide
is of too large a scale to directly dissipate, the remain-
ing 8×10−4 Wm−2must be lost through nonlinear inter-
actions. The characteristic timescale of energy transfer
(τmodel) can be taken as the ratio of integrated tidal en-
ergy and the rate of energy transfer out of the tide,

τmodel ∼
EM2

[dE/dt]nonlin
(7)

=
135 Jm−2

8×10−4 Wm−2 (8)

= 2 days. (9)

The similarity between the timescale of wave-wave in-
teraction inferred from model results,τmodel, and that pre-
dicted by simple resonant interaction theory,τsimple sug-
gests that coherent wave-wave interaction theory is more
appropriate in the nearfield of wave-generation sites than
the random phase statistical limit. The fact that mix-
ing hotspots are actually observed over rough topogra-
phy (Polzin et al.1997) further supports this conclusion.
Other recent studies have also argued that fast energy
transfer through PSI plays an important role in the fate
of the internal tide (Hibiya et al.(2002), and Rainville, in
prep.)

c. Latitude dependence of tidal mixing hotspots

The magnitude and spatial distribution of elevated tur-
bulence is controlled by the propensity for efficient wave-
wave interaction (PSI) to occur and the group speed of the
resultant subharmonic waves. Both factors vary strongly
with latitude, leading to order one differences in the mag-
nitude and structure of enhanced dissipation:

• Equatorward of the critical latitude (Case A), PSI
provides an efficient transfer of energy from the in-
ternal tide to a range of waves with frequencies near
the subharmonic (M2/2) and generally smaller ver-
tical scales (Fig. 5). The recipient waves are super-
inertial enough to carry substantial upward energy
flux (Fig. 6), allowing over half the input energy
to propagate away from the ‘nearfield’ of wave gen-
eration (Fig. 4). The result is a moderately strong
elevation of turbulence above the generation region,
the vertical extent of which is governed by a balance
between the group speed and dissipation rate of sub-
harmonic waves.

• At the critical latitude, PSI again quickly transfers
energy to subharmonic waves. However in this case
the recipient waves are almost exactly inertial (van-
ishing group velocity) and carry negligible energy
flux (Fig. 6). As a result, energy is trapped closer to

the generation site, leading to a mixing hotspot three
times as strong as at lower latitude.

• Poleward of the critical latitude, no significant wave
interactions occur, and nearly all the generated tidal
energy propagates away from the generation site.
There is no mixing hotspot (Fig. 6).

5. Conclusions

Complementary numerical and theoretical studies
demonstrate that the detailed patterns of vertically and
laterally inhomogeneous mixing may have striking ef-
fects on the structure and magnitude of global circulation
patterns. In particular, recent modeling studies (Simmons
et al. 2004;Hasumi and Suginohara1999) have investi-
gated the effects of a simple enhanced localized mixing
over internal tide generation sites. They find that the re-
sulting global and basin-scale flow patterns differ signifi-
cantly from those calculated with uniform diffusivities.

Effective modeling and prediction of tidal mixing and
it’s consequences therefore requires two things - a global
map of internal tide generation sites, and a dynamical
model predicting the fraction of generated baroclinic en-
ergy lost to locally enhanced dissipation. The internal-
wave generation problem has received a surge of recent
attention (St. Laurent and Nash2004;St. Laurent and
Garrett 2002;Llewellyn Smith and Young2002;Egbert
and Ray2000, e.g). Efficient generation is found to occur
over a wide range of topography, from fracture zones to
sea-mounts to island arcs to mid-ocean ridges.St. Lau-
rent and Nash(2004) suggest that on average 30 % of
generated energy is lost to produce local mixing hotspots
near tidal conversion sites. Our results imply that this per-
centage has an order one dependence on latitude, rang-
ing from 0% to to 80% over the latitude range consid-
ered here. Judicious synthesis of low-mode (energy-
containing) internal wave source distributions (both tidal
and near-inertial) with latitude dependent predictions of
dissipation (from this and future studies) would effec-
tively “close” the internal-wave mixing problem.
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