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Abstract. Recent observations and analysis suggest that rough abyssal topography
serves as a generation site for energetic internal waves. The elevated turbulence that
these waves produce may be an important part of global circulation and energy budgets.
We have conducted a series of idealized numerical experiments to investigate internal
wave evolution and interaction above rough topography. The non-hydrostatic equations
of motion are solved in a horizontally periodic domain with free-slip top and bottom
boundary conditions, allowing nonlinear interactions between about 105 wave modes. We
do not explicitly consider the wave generation problem, but instead force each simulation
with a narrowband, upwardly propagating internal tide as a (near) bottom boundary
condition. Three simulations are run with varying amplitude at a low latitude (21◦ S)
chosen to approximately match the Brazil Basin mixing experiment. For comparison, three
simulations were also run at midlatitude (43◦ S). In all cases nonlinear interactions quickly
transfer energy to a wide range of scales and frequencies. Once a quasi-steady state is
achieved, energy spectra are dominated by low frequencies, with high-frequency slopes
close to -2, in qualitative agreement with numerous observations and models. In contrast,
vertical wavenumber spectra retain more of a narrowband signature and have deviations
in shape that respond sensitively to changes in forcing amplitude. Two-dimensional
spectra are non-separable in vertical wavenumber and frequency, with a band of energy at
low-wavenumbers extending through all frequencies. The numerical analog of turbulent
dissipation is realistically patchy in space and time and on average steadily decreases
with height above bottom. All simulations yield a quadratic relationship between the
average shear variance and the volume integrated dissipation rate. There are two major
distinctions between low- and mid-latitude results. First, nonlinear interactions at low
latitude efficiently transfer energy to lower frequencies and higher wavenumbers, while
at mid-latitude energy remains concentrated near the forcing frequency (M2) and, to
a lesser extent, the forcing vertical wavenumber. At low latitude, this frequency shift
occurs within a few days of the initiation of forcing. Once the wave-field has saturated,
energy spectra have a small tidal frequency peak that subsides with increasing distance
from the bottom, and a larger peak near half the forcing frequency. Second, mid-latitude
simulations are characterized by a smaller characteristic vertical scale of dissipation falloff
with height than equivalent low-latitude runs. We hypothesize that the dramatic difference
in the rate of energy transfer out of the tidal band between the low- and mid-latitude
experiments is loosely related to Parametric Subharmonic Instability (PSI)—an idealized
type of wave-wave interaction possible only at low latitudes.

Introduction

The study of deep ocean mixing remains a vital and
vibrant part of the quest to understand and model
ocean circulation. Deep and abyssal mixing maintain
the meridional gradients that drive the overturning cir-
culation, determine average isopycnal locations, and
control deep lateral circulation and upwelling (Munk
and Wunsch, 1998). The order of magnitude discrep-
ancy between the rate of turbulent diapyncal mixing
inferred necessary to close global budgets and that typ-
ically observed has been a long-standing cause of con-

cern in the small-scale oceanographic community. The
relatively low magnitude of typical thermocline diffu-
sivity (∼5 × 10−6 m2 s−1 ) has been confirmed by both
microstructure (Gregg, 1989; Polzin et al., 1995) and
tracer release (Ledwell et al., 1993) studies and is con-
sistent with several models of internal wave-wave inter-
action as governing dynamic (Henyey et al., 1986; Mc-
Comas and Müller, 1981; Winters and D’Asaro, 1997).

Recent observations in the Brazil Basin (Polzin et
al., 1997; Ledwell et al., 2000) have strengthened ear-
lier suspicions (Munk, 1966) that much of the ‘missing
mixing’ may be occurring over regions of rough topog-
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raphy. Polzin et al. (1997) found diapycnal diffusivities
well above 10−4 m2 s−1 that extended (with declining
magnitude) well above the highest topography. They
suggested that the elevated turbulence is related to the
presence of an energetic internal wave field generated
locally by the interaction of the barotropic tide with
rough topography. The implications of such patterns of
elevated mixing are global—Simmons et al. (2003) and
Hasumi and Suginohara (1999) demonstrate that the
structure and magnitude of deep circulation and up-
welling sensitively responds to bottom-intensified, hor-
izontally inhomogeneous diffusivity.

The internal-wave generation problem has received a
surge of recent attention (e.g., St. Laurent and Nash,
this issue; Polzin, this issue; St. Laurent and Garrett,
2002; Llewellyn et al., 2002; and Egbert and Ray, 2000).
Efficient generation is found to occur over a wide range
of topography, from fracture zones to seamounts to is-
land arcs to mid-ocean ridges. St. Laurent and Nash
(this issue) argue that the lowest generated modes radi-
ate away from the generation site, while higher modes
are trapped locally. They hypothesize that nonlinear
interactions in the vicinity of forcing regions transfer en-
ergy to dissipative scales, leading to observed patterns
of elevated turbulence. The nature of such interactions,
and sensitivity to the magnitude and spectral character
of generated waves, is a major open question and is the
subject of this study.

We have undertaken a series of idealized numerical
experiments to study internal wave evolution in ener-
getic regions - in particular above sites of topographic
internal wave generation. These experiments do not
directly address wave generation, but impose an up-
ward propagating internal wave field as a (near) bot-
tom boundary condition, and explore the energy trans-
fer rate, steady-state spectral properties, and the nu-
merical analog to turbulent dissipation as functions of
depth. Here we present results using spectrally local-
ized wave forcing and consider the sensitivity of results
to changes in forcing wave amplitude and latitude.

Numerical Methods

The numerical model used here is an updated version
of the three-dimensional, pseudo-spectral nonhydro-
static code used by Winters and D’Asaro (1997) and
is more fully described in Winters et al. (2003). Gen-
erally, this choice of model and associated parameters
reflects our focus on interactions within the internal
wave continuum rather than the details of wave genera-
tion or dissipation. Approximately 105 wave modes are
free to interact via the inviscid Navier-Stokes equations.
Energy transferred to scales smaller than about 1 km
horizontally and 100 m vertically is removed through

hyperviscosity. This removal rate, or equivalently the
rate of downscale transport then serves as an estimate
of the dissipation rate.

Specifically, the model solves the equations of mo-
tion in an incompressible, rotating ocean with arbitrary
forcing,
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where [u, v, w] is the velocity vector, ρ′ is the density
perturbation from a linearly increasing average density
profile (ρ̄(z)), p′ is the perturbation pressure, ρ0 is a
reference density, and f 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 periodic boundary conditions and free-slip
top and bottom boundary conditions (Table 1). It must
be justified a posteriori that the available bandwidth is
enough to capture the important interaction scales. To
address this question, we varied the resolution for one
case and found that the major features discussed here
did not substantially change with increased resolution.

The coefficients (νp, κp) and exponent (p) of the hy-
perviscosity terms in (1) are chosen to maximize the
range of inviscid wavenumbers while removing energy
from the smallest resolved scales quickly enough to
maintain numerical stability. Based upon these equa-
tions we define a ‘hyperdissipation’ rate (henceforth
simply referred to as the dissipation rate),
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that describes the rate at which energy is transfered to
dissipative scales by inviscid dynamics.

The simulations are initialized at rest and forced
with a bottom-localized, narrowband field of upward-
propagating internal waves of tidal (M2) frequency, a
modification of the forcing used by Slinn and Riley
(1998). For example, forcing of vertical velocity is spec-
ified as the time derivative of a hypothesized forcing
wave velocity,
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Table 1. Parameters common to all runs

Lx 50 km nx 128 kx0 6.3× 10−4 m−1 N 2 × 10−3 s−1

Ly 50 km ny 64 ky0 0 m−1 ω0 1.4× 10−4 s−1

Lz 5 km nz 128

k = [kx, ky, kz(kx, ky, ω0)] (4)

F (z) = e−b2z2
. (5)

The simulations presented here were forced with a nar-
row gaussian distribution of spectral amplitudes (Ak)
around a central horizontal wavenumber,

Ak = A0e
−
[

kx−kx0
β

]2
−
[

ky−ky0
β

]2

, (6)

where A0 physically represents a typical vertical dis-
placement. The central horizontal wavevector [kx0, ky0]
is oriented eastward in these f-plane simulations with-
out loss of generality (Table 1). For each pair of hor-
izontal wavenumbers [kx, ky], the vertical wavenumber
is calculated from the dispersion relationship for a given
forcing frequency (ω0). The characteristic scale (b) of
the vertical localization function (F ) is chosen to allow
at least one full vertical wavelength in the forcing region
(b = 1.5kz0).

The results from six runs are presented here (Table
2), three each at low latitude (LL) and mid-latitude
(ML). Runs LL1 and ML1 are presented in some detail;
they have the same forcing amplitude, but have dif-
ferent local inertial frequencies, representing low- (21
S) and mid-latitude (43 S) environments. The low-
latitude value was chosen to match that of the Brazil
Basin observations. The central forcing wavenumber
k0 and wave amplitude A0 were chosen to approxi-
mately match the magnitude and characteristic hori-
zontal wavenumber of the peak upward energy flux cal-
culated by St. Laurent and Garrett (2002). Note that
as latitude changes, so does the vertical wavenumber of
the forcing waves, which is set by the chosen horizontal
wavenumber and forcing frequency (Table 2). In ad-
dition to these two main simulations, two others were
conducted at each latitude, with half and double the
forcing amplitude.

Results

Low-latitude: base case (Run LL1)

Despite the simple form of the forcing functions, a
relatively complex wavefield quickly emerges. Figure 1

shows snapshots from Run LL1 after a couple of days
and nearly a month. The early snapshot of horizon-
tal velocity shows coherent upwardly propagating waves
(upper left panel). Because no appreciable energy has
yet been transferred to high wavenumbers, the dissi-
pation rate is negligible (upper middle panel). Spectra
confirm that energy is tightly banded around the forcing
wavenumbers and tidal frequency (right panels, thick
grey). In the later snapshot, energy has spread out to a
wide range of scales and frequencies. Remarkably, there
is no significant peak at the forcing (tidal) frequency in
the later snapshot, but there is a large accumulation
of energy near the inertial frequency. Low-frequency
(low aspect ratio) motions are visible as banded struc-
tures of horizontal velocity in the later snapshot (lower
left). The dissipation rate is patchy, as observations of-
ten suggest, with elevated regions visible near the bands
of strong velocity (and strong shear). The patterns and
typical scales of velocity and dissipation rate fluctua-
tions are qualitatively similar to observed data (Polzin,
2003).

The transition from dominantly tidal (in a depth-
averaged sense) to lower frequency motions occurs
rapidly and early on in the simulation (Fig. 2). During
the first few days, the newly generated internal tide is
largely in phase with the forcing, and we see a rapid
rise in tidal energy. After five days the first waves have
reflected off the top boundary and begun to propagate
downwards (not shown). At this time dissipation be-
comes significant. Over the next few days there is a
rapid redistribution of energy to other wavenumbers
and frequencies and, as a result, a loss of coherence be-
tween the wavefield and the forcing. Most of the tran-
sition between the narrow and broad spectral shapes
shown in Figure 1 occurs during this period. In par-
ticular, there is a decline in tidal energy and a rise in
low-frequency energy (including both near-inertial and
M2/2 frequencies). After approximately 10 days, the
wavefield becomes steady in the sense that tidal and
low-frequency wave energies stabilize with a ratio close
to 1:6. We note that the low-frequency band shown used
in Figure 2 also includes a slow accumulation of energy
in inertial and sub-inertial motions with zero horizon-



76 MACKINNON AND WINTERS

Figure 1. Left panels: slices of eastward horizontal velocity after 2 days (4 forcing periods) and 43 days (82 forcing periods)
from the main low-latitude simulation (Run LL1). Slices are located 2.5 km horizontally and 1 km vertically away from
the domain boundaries. Middle panels: dissipation rate (2) at these times. Right panels: early (thick, grey) and late (thin,
black) depth-averaged spectra of horizontal kinetic energy as a function of horizontal wavenumber (kh = |(kx, ky)|), vertical
wavenumber (kz), and frequency. The frequency spectrum for the early snapshot was calculated from wavenumber spectra
using the linear dispersion relationship, while the spectrum for the later time is based on a 4-day time series. Central forcing
frequencies/wavenumbers are indicated with vertical dotted lines. Grey shaded regions indicate wavenumber ranges in which
hyperviscosity acts to damp motion in less than a day.
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Table 2. Run parameters, from left to right: run label, forcing amplitude, local inertial frequency, forcing vertical
wavenumber, depth-averaged total energy averaged over days 20-40, average energy from super-inertial motions
only, and average dissipation rate. Depth averages taken only above the forcing region (z ≥ 0.8km).

Run A0 / m f / s−1 kz0 / m−1 Etot / Jkg−1 Ewaves / Jkg−1 εp / Wkg−1

LL1 1.0 −5.3 × 10−5 9.6 × 10−3 1.1× 10−3 6.9× 10−4 2.9× 10−10

LL2 2.0 −5.3 × 10−5 9.6 × 10−3 2.1× 10−3 1.5× 10−3 1.1× 10−9

LL3 0.5 −5.3 × 10−5 9.6 × 10−3 5.5× 10−4 5.0× 10−4 1.9× 10−10

ML1 1.0 −1 × 10−4 1.3 × 10−2 1.2× 10−3 1.1× 10−3 5.9× 10−10

ML2 2.0 −1 × 10−4 1.3 × 10−2 1.9× 10−3 1.9× 10−3 1.4× 10−9

ML3 0.5 −1 × 10−4 1.3 × 10−2 1.1× 10−3 1.0× 10−3 3.3× 10−10
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Figure 2. Upper panel: integrated spectral energy from
run LL1 in two frequency bands, ΣΨ(ω)dω, of width
dω = 4 × 10−5s−1 centered at ω = 5.6 × 10−5s−1 and
ω = 1.4 × 10−4s−1 (thick and thin solid lines). Lower
panel: same, except the low-frequency band is centered at
ω = 1.05×10−4s−1, with a width of dω = 3×10−5s−1. The
frequency spectra, Ψ(ω, t) were calculated at each time from
wavenumber spectra using the linear dispersion relationship.

tal wavenumber. Physically, these motions represent
transfers of energy to larger horizontal scale or lower-
frequency (lower aspect ratio) waves than the model
domain allows.

Two-dimensional spectra of horizontal velocity pro-
vide further insight into the distribution of waves present
in the quasi-steady state (Fig. 3, left). Two major fea-
tures are apparent. First, the peak in energy at the
forcing frequency and wavenumber is small. Instead
there is an accumulation of energy near the inertial fre-
quency at vertical wavenumbers ranging from half to
several times the forcing wavenumber. Second, there is
a band of energy centered below the forcing wavenum-
ber extending out to high frequencies.

After about 10 days, when the magnitude and spec-
tral properties of super-inertial motions have stabilized,
average wave energy and dissipation rate both decrease
with height above the forcing region (above approxi-
mately 800 m, Fig. 4). The transfer of energy from tidal
to low-frequency waves during the first few days (visible
in Figure 2) is mirrored in the depth-evolution of fre-
quency spectra (Fig. 4, right panel). At three increas-
ing heights above the bottom the tidal peak steadily
shrinks in both absolute and relative magnitude. In-
stead there is a global maximum near half the forcing
frequency in all three spectral slices, the magnitude of
which is cut in half by 4 km above the bottom. Above
the forcing frequency, all spectra collapse to a univer-
sal level with a -2 slope. Within the forcing region
(grey), there are strong inertial motions (zero horizon-
tal wavenumber) that dominate the depth-averaged fre-
quency spectra shown in Figure 1.
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Figure 3. Two-dimensional spectra of eastward horizontal velocity as a function of frequency and vertical wavenumber for
the base cases at low latitude (Run LL1, left) and mid latitude (Run ML1, right). Spectra were calculated from four-day-long
time series starting 38 days into the run, and have been averaged over all horizontal wavenumbers. Blue lines indicate the
tidal forcing frequency and local inertial frequency (vertical lines) and forcing wavenumber (horizontal lines).
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simulation (Run LL1) has achieved a near-steady state. Middle panel: average dissipation rate over this period. Right panel:
horizontal kinetic energy frequency spectra calculated from time series at four depths as indicated by horizontal dashed lines
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Figure 5. Same as Fig. 1, for mid-latitude (Run ML1).
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Figure 6. Same as Fig. 4 for mid-latitude (Run ML1).
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Mid-latitude: base case (Run ML1)

At mid-latitude (Run ML1), most wave energy re-
mains near the forcing frequency. The initial snapshots
are similar to the low latitude case (Fig. 5). The flow
evolution, however, is significantly different. The final
state shows neither the dominant low-frequency peak
nor the associated banded structures in velocity. As
with Run LL1, the initial rapid growth of tidal energy
levels off and partially dissipates after a few days (Fig.
2, bottom panel). In this case energy again appears at
lower frequencies but does not surpass that in the tidal
band. The average saturation energy level is similar to
the low-latitude value, though at mid-latitude almost
all energy is super-inertial (Table 2).

Two-dimensional spectra peak at the forcing fre-
quency and wavenumber (Fig. 3, right panel). There is
some spread of energy to higher wavenumbers, though
unlike the low-latitude case it remains primarily at the
forcing frequency. There are also patches of elevated
energy at harmonics of the forcing frequency. As in
the low-latitude case, there is a band of energy cen-
tered near half the forcing wavenumber spread through
a wide range of frequencies.

In steady-state, wave energy, spectral properties and
the associated dissipation rate all quickly relax to uni-
form values and shapes a few hundred meters above the
forcing (Fig. 6). Both the saturation energy level and
the average dissipation rate are larger than the low-
latitude case, and both have a smaller characteristic
vertical scale of change (compare to Fig. 4). Energy
spectra have a close to universal shape at all depths
above the forcing region, with a slowly decreasing tidal
peak (Fig. 6, right panel). At this latitude, the inertial
frequency (which sets the lower frequency limit of freely
propagating internal waves) is larger than half the forc-
ing frequency (M2/2). There is no appreciable energy
accumulation in inertial or sub-inertial motions, even
within the forcing depth range.

Varying amplitude

We now briefly consider the effect of changing the
forcing amplitude at each latitude (Table 2). As the
low-latitude forcing amplitude is doubled, and doubled
again, the saturation energy level also doubles twice
(Table 2). With increasing amplitude the wave-field
shear is distributed amongst a larger range of vertical
scales (Fig. 7, top panel). In particular, with higher
total spectral level, nonlinear interactions increasingly
spread variance to lower wavenumbers. It is interest-
ing to note that all three spectra are peaked at or just
above twice the forcing wavenumber. At mid-latitude,
shear spectra are peaked at the forcing wavenumber,
with variance primarily spread to higher wavenumbers.
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Figure 7. Shear spectra for all low-latitude (top) and
mid-latitude (bottom) simulations. The forcing wavenum-
ber (Table 2) at each latitude is indicated with a vertical
grey line. Grey shaded regions indicate wavenumber ranges
in which hyperviscosity acts to damp motion in less than a
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simulations. A +2 slope is shown for reference.

The spectral peak again broadens with increasing wave-
field amplitude.
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Discussion

Wave-wave interactions and spectral evolution

Energy may be transferred between finite ampli-
tude internal waves through the nonlinear terms in (1).
Though in general the transfer rates are complicated
and somewhat impenetrable, McComas and Brether-
ton (1977) argue that for spectral distributions similar
to the canonical Garrett-Munk spectrum (Garrett and
Munk (1972), hereafter GM), energy transfer is domi-
nated by a few classes of interactions that can be de-
scribed in relatively simple terms. One of these is Para-
metric Subharmonic Instability (PSI), which involves
the transfer of energy from an energetic initial wave to
waves of smaller vertical scale and half the frequency.
PSI is a candidate mechanism to transfer energy away
from tidally forced waves only when the tidal frequency
is at least twice the inertial frequency - a criteria that
is met only for the low-latitude runs.

It is tempting to conclude that the comparatively
efficient transfer of energy to lower frequencies in the
low-latitude simulation is due to PSI. Supporting ev-
idence includes the spectral peaks at half the forcing
frequency (Fig. 4) and double the vertical wavenum-
ber (Fig. 7), both of which are absent at mid-latitude.
However, a few caveats must be noted. First, whereas
the formal theory requires a large scale separation be-
tween interacting waves, here energy appears at a range
of vertical wavenumbers in the lower frequency band,
many of which are actually smaller than the forcing
wavenumber. Second, previous studies of PSI in GM-
like wavefields have mitigated its importance by noting
the relatively long associated timescales of interaction
- typically on the order of tens of days for the vertical
wavenumbers considered here (McComas and Müller,
1977). In fact, both the initial wavefield evolution (Fig.
2) and the saturation spectral shapes (Figs. 4, 3) sug-
gest that the transfer of energy out of the forced fre-
quency is quite rapid. On the other hand, resonant
wave interaction models are based upon statistical aver-
ages of randomly phased waves with prescribed spectral
shapes. Strict comparisons of interaction timescales or
other model features with the bandwidth limited, co-
herently forced waves described here may not be ap-
propriate.

Other features of the spectral evolution or final state
observed here are even less easily explicable in terms of
commonly discussed classes of wave-wave interaction.
In particular, there is no previously described mecha-
nism (that we are aware of) that operates to transfer
energy to higher frequencies at low wavenumbers, a fea-
ture observed at both latitudes (Fig. 3). We caution
against overly strict comparison with any single mech-

anism - it is likely that the evolution here comes from
a full array of resonant and off-resonant wave interac-
tions.

Energy and dissipation

Over the last 30 years several studies have identified
the dissipation rate with the modeled spectral trans-
fer of energy from large (vertical) scale to small scale
waves through wave-wave interaction (e.g., Gregg et al..
2003; Polzin et al., 1995; Müller et al., 1986). Several
of these have since been validated by a wide range of
observational (Gregg. 1989; Polzin et al., 1995) and nu-
merical (Winters and D’Asaro, 1997) results, though
few validation attempts have taken place near regions
of energetic internal wave generation.

A particularly robust result of such models is that the
average dissipation rate generally scales quadratically
with wavefield energy. In the most recent formulations,
wavefield energy is defined as a typical shear spectral
level integrated over a range of vertical wavenumbers
defined by a critical Richardson number criterion (Gregg
et al., 2003). This method cannot be directly applied
to our results, as the simulated waves succumb to hy-
perviscosity before the wave shear reaches the critical
value. Furthermore, calculation of the spectral energy
level in such methods is based on assumptions about the
shape of vertical wavenumber spectra that are violated
here (Fig. 7).

However, there is a strong, close to quadratic rela-
tionship between total integrated shear variance and
depth-averaged dissipation rate for all six simulations
(Fig. 8). There is also a good correlation between av-
erage dissipation rate and both the total and super-
inertial energy in each run (Table 2). The average dis-
sipation rate is slightly larger in all three mid-latitude
simulations for comparable wavefield energy, a feature
that is qualitatively consistent with the recent formula-
tion of Gregg et al. (2003).

Though average dissipation scales similarly with shear
at both latitudes, the depth structure is markedly differ-
ent. Consider the base case simulations at each latitude
(Figs. 4, 6). Both runs are forced with the same am-
plitude internal tide, but the saturation internal wave
energy level, defined either as the total super-inertial
energy (Table 2) or integrated shear variance (Fig. 8)
is larger at mid-latitude. Following Polzin (2003), one
might argue that the rapid decay is simply a conse-
quence of the higher wave energy content near the bot-
tom at mid-latitude, and the nonlinear relationship be-
tween energy and dissipation. However, this cannot be
the entire story, as the differences in depth structure
between latitudes persist even when runs with simi-
lar saturation wavefield energy or shear are compared.
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For example, runs LL1 and ML3 have similar depth-
integrated shear variance and dissipation rates, as do
runs LL3 and ML3 (Fig. 8), but maintain the same dif-
ferences in vertical structure visible in Figures 4 and 6.
We conclude that the difference in characteristic ver-
tical scales of energy and dissipation is controlled by
more than the wavefield energy, and may be related to
the large differences in wave spectral properties.

Several of the simplifications made here may affect
the vertical structure of simulated dissipation. We sus-
pect that the relatively large decay scale of simulated
low-latitude dissipation reflects the choice of a mod-
erately sized forcing wavenumber. Direct forcing of
high-wavenumber waves could lead to enhanced near-
bottom dissipation. Topographic scattering of down-
wardly propagating low-mode waves may also lead to
bottom-intensified turbulence (St. Laurent and Gar-
rett, 2002; Müller and Xu, 1992) but is not included in
these simulations.

Conclusions

We have presented results from simulations of non-
linearly evolving internal wave fields at representative
low and mid latitudes. All cases are forced with a nar-
rowband, bottom-localized, upwardly propagating in-
ternal tide, yet all quickly spread energy to a variety
of scales and frequencies. After tens of days all wave-
fields become steady in the sense that the magnitude
and spectral characteristics of super-inertial energy sta-
bilize. The saturation energy levels are not a priori
determined by the forcing magnitude, but are selected
by a dynamical balance between forcing efficiency and
dissipation rate. The saturation energy level increases
linearly with changes in forcing amplitude. For in-
creasing wave energy / spectral level, vertical wavenum-
ber spectra became increasingly broad. The magnitude
and typical scales of saturation velocity and dissipation
rate fluctuations at low-latitude are similar to those ob-
served in the Brazil Basin experiment.

There are significant differences in the spectral prop-
erties and vertical structure of wave energy and dissi-
pation at the two latitudes considered here. In the low-
latitude simulations, depth-averaged energy is quickly
transfered out of the M2 frequency into lower-frequency
motions and higher wavenumbers. We suspect this pro-
cess is related to Parametric Subharmonic Instability,
a class of resonant wave-wave interaction possible only
at low-latitudes. In contrast, mid-latitude energy spec-
tra have strong peaks near the forcing frequency and
wavenumber that decrease with height above bottom.

In all simulations the depth-averaged dissipation rate
is quadratically related to the integrated shear variance,
though the dissipation is on average larger at the higher

latitude. However, there are systematic differences in
the vertical structure of energy and dissipation. Mid-
latitude dissipation is stronger just above the forcing
region and falls off more quickly with height than low-
latitude dissipation, even when comparing wavefields of
similar wave energy or shear content.

Overall we find these results to be very encouraging.
Given the simple form of the forcing, the fact that the
saturation states selected by internal dynamics display
spectral properties and kinematic relationships similar
to ocean observations and theoretical predictions is re-
markable. In particular, it suggests that the important
dynamics are relatively robust and are captured by the
scales resolved here. We conclude that similar meth-
ods hold great promise for further exploration of mixing
above rough topography as well as a host of other en-
ergetic internal-wave regimes. We hope that such work
will be instrumental in the development of comprehen-
sive global models of internal-wave generation, propa-
gation, and decay (e.g. Alford [this issue], and Müller
[this issue]).
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