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Interference pattern and propagation of the ), internal tide

south of the Hawaiian Ridge
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Abstract.

Most of the My internal tide energy generated at the Hawaiian Ridge ra-

diates away in modes 1 and 2, but direct observation of these propagating waves is com-
plicated by the complexity of the bathymetry at the generation region and by the pres-
ence of interference patterns. Observations from satellite altimetry, a tomographic ar-

ray and R/P FLIP taken during the Farfield program of the Hawaiian Ocean Mixing
Experiment are found to be in good agreement with the output of a high-resolution prim-
itive equation model simulating the generation and propagation of internal tide. The model
shows that different modes are generated with different amplitudes along complex to-
pography. Multiple sources produce internal tides which sum constructively and destruc-
tively as they propagate. The major generation sites can be identified using a simpli-

fied 2-D idealized knife-edge ridge model. Four line sources located on the Hawaiian Ridge
reproduce the interference pattern of sea surface height and energy flux density fields
from the numerical model for modes 1-2. Waves from multiple sources and their inter-
ference pattern have to be taken into account to correctly interpret in situ observations

and satellite altimetry.

September 1, 2009

1. Introduction

Most of the internal tide energy generated at tall, steep
midocean topography radiates away as low vertical mode
internal waves [Llewellyn Smith and Young, 2003; St. Lau-
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Figure 1. Interference pattern from 2 line sources (gray
lines) of mode 1 radially spreading. Baroclinic SSH and
depth-integrated energy flux density vectors are plotted.

rent et al., 2003]. These energetic M> low-mode internal
tides have been observed directly [Dushaw et al., 1995; Feng
et al., 1998; Lozovatsky et al., 2003; Dushaw, 2006; Alford
et al., 2007; Rainville and Pinkel, 2006a, b] and with satel-
lite altimetry [Ray and Mitchum, 1997; Ray and Cartwright,
2001; Dushaw, 2002; Zhao and Alford, 2009], but a clear un-
derstanding of their propagation and ultimate dissipation is
lacking. The radiated internal tide energy is believed to
be one of the main sources of energy into the deep ocean
[Wunsch and Ferrari, 2004]. Specifically at the Hawaiian
Ridge, where internal tide generation and associated diapy-
cnal mixing were the focuses of the Hawaii Ocean Mixing
Experiment (HOME) [Rudnick et al., 2003], most of the en-
ergy converted to baroclinic motions was found to escape
the generation region [Klymak et al., 2006; Carter et al.,
2008]. The decay scale of the mode-1 internal tide propa-
gating away from the Hawaiian Ridge obtained by altimetry
is believed to be >1000 km [Ray and Cartwright, 2001]. A
large fraction of the decrease in amplitude of the internal
tidal signal detected by altimeters is likely due to wave re-
fraction by mesoscale eddies, which reduce the coherence
of the baroclinic internal waves with the barotropic tide
[Rainville and Pinkel, 2006b]. The actual loss of energy from
low-mode tides due to topographic scattering [St. Laurent
and Garrett, 2002; Johnston and Merrifield, 2003; Johnston
et al., 2003] and nonlinear wave-wave interactions [MacKin-
non and Winters, 2005; Alford et al., 2007] would contribute
to the decay of mode-1, but their importance is still debat-
able. The ultimate fate of these energetic low-mode internal
tides is uncertain - they might eventually dissipate all their
energy on continental slopes [Nash et al., 2004].
Observation of the low-mode internal tides is further com-
plicated by interference patterns produced by multiple gen-
eration sites. For example, two line sources of waves produce
nodes and anti-nodes not only in their sea surface height
manifestation, but also in energy flux density (Fig. 1). In
this example, an arbitrary 90° phase difference between the
sources (representing a lag in the maximum barotropic cur-
rents between the two source locations) shifts the beams
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to the right. Despite its spatial variability and presence of
strong beams, this interference pattern has zero energy flux
divergence. While wave interference is far from being a new
concept in Physics and Oceanography, there is little docu-
mentation of such effects for internal tides, which are crucial
for interpreting point measurements at long term moorings
e.g., Alford and Zhao, 2007] or from profiling instruments
e.g., Nash et al., 2006]. For example, the interference be-
tween internal waves propagating in opposite directions has
been considered to explain local variability observed near
generation sites [Nash et al., 2006; Martini et al., 2007]. The
primary goal of this paper is to demostrate the importance
of these interference patterns in interpreting in situ and alti-
metric observations of internal wave propagation over large
distances.

We expand on previous modelling studies [Merrifield and
Holloway, 2002; Carter et al., 2008] to examine the propaga-
tion of the M> internal tide away from its sources along the
Hawaiian Ridge into the farfield, where observations were
made with the R/P FLIP and an ocean acoustic tomogra-
phy array during HOME. The model setup is described in
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section 2. Model results are validated by observations from
R/P FLIP, the TOPEX/Poseidon (now replaced by Jason)
altimeters, and the tomographic data in section 3. The main
generation sites along the Hawaiian Ridge are identified in-
dependently using a linear knife-edge model with idealized
2-dimensional topography in section 4. It is shown that 4
line sources located at ‘hot-spots’ on the ridge reproduce
most characteristics of the low-mode internal tide wave field
south of the Hawaiian Ridge. Conclusions follow.

2. Methods
2.1. Model setup

The Princeton Ocean Model (POM) is a three-
dimensional, nonlinear, free-surface, hydrostatic primitive
equation model [Blumberg and Mellor, 1987] that has been
substantially modified to simulate internal tides [Carter and
Merrifield, 2007; Carter et al., 2008]. Forcing is applied at
the lateral boundaries with Flather boundary conditions us-
ing barotropic tidal currents and elevations of the principal
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Figure 2. Baroclinic SSH due to the (a) total, (b) mode-1, (¢) mode-2, and (d) mode-3 M internal tide
from the numerical model. The locations of R/P FLIP (stars), acoustic moorings (circles), and the 6
acoustic paths (lines) are plotted. In (b) and (c), wave crests (thick black lines) and troughs (thin black
lines) from a simplistic model with 4 sources (Kauai and Kaulakahi Channels, and near the Nihoa and
Hawaii islands) are also plotted for modes 1 and 2. Selected satellite ground tracks are plotted (dashed

white lines in (b)).
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lunar semidiurnal tide (M2, period = 12.42 hours) from the
TPXO06.2 global tide model [Egbert and Erofeeva, 2002].
The grid has 0.01° (~1-km) horizontal resolution over a re-
gion extending from 19°21'N 160°W to 22°26'N 156°W, and
progressively expands to 0.03° near the boundaries. A 10-
cell-wide layer at the boundaries absorbs baroclinic waves
by relaxing velocities and displacements to zero [Carter and
Merrifield, 2007]. Model runs last 40 tidal cycles or 20.7
days with a harmonic analysis and energy terms calculated
over the last 6 tidal cycles. There are 51 sigma levels (ter-
rain following coordinates) evenly-spaced in the vertical. A
20-day run allows modes 1-5 to propagate throughout the
domain and contribute to the modeled internal tides in the
farfield. For example, in 34 tidal cycles (17.6 days), the time
before the harmonic and energy analysis starts, modes 1-4
travel ~4900, 2600, 1700, and 1300 km in deep water, respec-
tively. Topography is obtained from multibeam bathymetry
covering the Hawaiian Ridge merged with 1-minute Smith
and Sandwell [1997] altimetry/sounding-derived data in the
southern portion of the domain. Hydrography is uniform
throughout the domain and is obtained from a 10-year aver-
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age of data from the Hawaii Ocean Time Series. This model
does not include non-tidal mesoscale variability.

2.2. Observations

During HOME, the R/P FLIP collected data near the
generation site in the Kauai Channel (21°41'N, 158°31'W,
1100 m water depth) for 36 days in 2002, and about 430 km
to the southwest in the farfield (18°24'N, 160°47'W, 5200
m water depth) for 29 days in 2001. Depth profiles of tem-
perature and salinity were obtained to 800 m every 4 min
by 2 CTDs each profiling 400 m. Currents were obtained
from 0-800 m from upward and downward looking Doppler
sonars deployed at 400 m [Rainville and Pinkel, 2006a].

An ocean acoustic tomography array consisting of
4 acoustic transceivers was moored for 6 months (S1:
16°26'N, 160°8'W; S2: 18°24.66'N, 162°38'W; S3: 18°18'N,
160°25'W; S4: 17°01'N, 158°40'W) in the farfield near the
R/P FLIP. The array measures travel time, which can be
inverted for mode-1 amplitude averaged over the acoustic
path [Dushaw et al., 1995]. One of the tomographic moor-
ings, S3, was located within 35 km of the R/P FLIP farfield
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Figure 3. Depth-integrated M, energy flux density vectors for (a) all modes, (b) mode 1, (c) mode
2, and (d) mode 3 from the numerical model. The spatial patterns are different for different modes.
Note the different scale (black arrow) given in the lower right of each subplot. The locations of R/P
FLIP (stars), acoustic moorings (circles), and the 6 acoustic paths (lines) are plotted. Gray contours are

isobaths (1000-m intervals).
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site and had additional thermistors located at depths of 300,
500, 700, 750, 900, 1300, 1500, and 1950 m. Another to-
mographic array was also deployed north of the ridge in the
early part of 2001 around 27°N, 161°W, but is not discussed
here.

Satellite altimetry provides a remarkable view of baro-
clinic tides radiating away from the Hawaiian Ridge [Ray
and Mitchum, 1997]. The passage of an internal wave is as-
sociated with a change in sea surface height (SSH) of several
centimeters. If the baroclinic tidal signal is coherent with
the barotropic tide, it can be detected by altimetry. In the
next section, we compare SSH from satellite altimetry data
processed similarly to Ray and Mitchum [1997] with model
baroclinic tidal elevations. Annual and semiannual signals
and a linear trend are removed from the alongtrack SSH
data. The residual is harmonically analyzed at the M alias
period of 62.1 days. A Butterworth high-pass filter with 15-
dB (50-dB) power loss at a wavelength of 300 km (600 km)
is applied to the complex M; amplitudes to remove large-
scale signals. The remaining signal contains the SSH due
to the My internal waves (thereafter termed “Ms baroclinic

SSH”).

3. Energy flux and baroclinic sea-surface
height

3.1. Model

The model results are presented in terms of baroclinic
modes, computed following Chelton et al. [1998]. On aver-
age around 80% of the displacement or horizontal velocity
variance in the vertical is represented by the first 4 modes,
and more than half of the displacement variance is explained
by the first 4 modes in over 90% of the domain.

The baroclinic perturbation pressure for each mode, p,,
is obtained by vertically integrating the isopycnal displace-
ments associated with a given mode and ensuring that the
integral averages to zero over the entire water column [Kunze
et al., 2002; Rainville and Pinkel, 2006a]. From the baro-
clinic pressure at the surface, p,(t), we can obtain the baro-
clinic SSH:

PAELI) A0, y) expliwt + G (o)
o

(1)
where p, is the density at the surface, g is the gravitational
acceleration, and w is the M tidal frequency. A¢ and G¢
are the amplitude and phase (Greenwich Epoch) of ¢. In the
figures where the baroclinic SSH is shown, ( is plotted as a
snapshot at t = 0. For each mode, there is a one-to-one rela-
tion between the baroclinic SSH and the maximum interior
vertical displacement. For the same vertical displacement
magnitude, A; decreases as mode number increases. The
horizontal wavelength for modes 1-3 (given by the spatial
structure of G¢) is about 150, 80, and 50 km, respectively.
Fig. 2 shows the total Ms baroclinic SSH (no modal decom-
position) and that for modes 1-3 from the model. Low-mode
propagation from the Hawaiian Ridge is not a simple plane
wave, but rather a complex pattern of superposition from
multiple sources.

We compute baroclinic energy flux density from the
model as the product of product of baroclinic perturbation
pressure (p) and baroclinic velocitya(ﬁ), averaged in time
over one or several wave periods: F = (pi) [Nash et al.,
2005]. From the perturbation pressure and velocity for each
mode, p, and i, the energy flux density of each mode is
calculated as:

C(tz,y) =

—

Fn($7yvz): (pn(t,a:,y,z)-ﬁn(t,x,y,z». (2)

The sum of modal energy flux densities is equal to the total
energy flux density F' (see Appendix). The depth-integrated
Mo energy flux densities from the model show relatively
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complex spatial patterns, with narrow beams emanating
from generation hot-spots at the ridge (Fig. 3). Away from
the ridge, fluxes sometimes seem to decrease and pick up
again (e.g., fluxes between the S1 and S3 moorings of the
tomographic array appear smaller than either north or south
of the array), or start in the deep ocean (e.g., south of the
islands of Maui and Hawaii, between 18 and 19°N). As in
Fig. 1, these patterns are a consequence of the interference
of different waves.

Also most noticeable is how different each mode is from
the other: specific sites along the ridge seems to be hot-spots
for mode 1 or mode 2, but hardly any mode 3 is seen origi-
nating from them, or vice-versa. Well-defined beams seem to
emanate from certain topographic areas (e.g., Kauai Chan-
nel, Nihoa), but their direction is not the same for modes 1,
2, and 3.

Particularly relevant to the farfield measurements dis-
cussed here, there is a beam of high energy flux density
south of the Kauai Channel. This feature appears to split
into 2 branches just north of the tomographic array, with
one branch passing through the farfield R/P FLIP site and
to the east half of the array but largely avoiding the west
half of the array. Energy density is relatively low through-
out the tomographic array, but increases again somewhat
south of the array (Fig. 3). Many of these patterns will
be discussed and interpreted in terms of the interference of
several sources (section 4), but first data from R/P FLIP,
the tomographic array, and satellite altimetry are used to
test the accuracy of the farfield model.

Obtained by integrating the energy flux density in depth
and over an along-ridge distance of 400 km (across the width
of the box shown in dashed in Fig. 3a), the cross-ridge en-
ergy flux from the numerical model shows little decrease
south of the ridge (Fig. 4). For distances greater than
about 150 km from the ridge (one mode-1 wavelength, or
one ‘bounce’, in terms of rays), the cross-shelf flux for each
mode is close to being a constant, as it would be for an in-
finite line source in the absence of dissipation. Note that
this holds for integration over a large along-ridge distance,
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Figure 4. The total southwestward energy flux and

that in modes 1-3 propagating away from the ridge, ob-
tained by integrating the model energy flux density vec-
tors in depth and in the along-ridge direction (over the
box shown in Fig. 3a). The latitude is given along the
centerline of the box in the cross-ridge direction (rotation
= 0.4 radian).
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Figure 5. (a) M> baroclinic SSH and (b) its phase along the ascending satellite ground tracks from
satellite altimetry (blue) and in the model (red). The Hawaiian Islands are shown in black, and 1000-m
depth contour is plotted. (c) Mz baroclinic SSH from altimetry (blue) and the model (red) along along
ground track 112, and from the model along the straight line between the farfield and nearfield sites
(gray, gray dashed line in a). Estimates of the baroclinic M2 SSH observed by R/P FLIP are solid dots
with a bar indicating a range including 80% of all observations, a rough estimate of the fortnightly cycle.
(d) Bottom topography along ground track 112, also indicating latitude.

therefore integrating over the minima and maxima of the
interference pattern. In this context, to obtain the total M>
energy radiating from the Hawaiian Ridge, one would have
to average (or integrate) over all the temporal (between dif-
ferent frequencies) and spatial interferences.

3.2. Altimetry

The satellite altimeters provide an independent measure-
ment of the SSH due to low-mode internal tides. Similar to
the classic figure of Ray and Mitchum [1997], Fig. 5 shows
the baroclinic SSH and its phase along several ascending
tracks nearly perpendicular to the Hawaiian Ridge. The
model and satellite altimetry observations agree reasonably
well, both showing a general coherence of baroclinic SSH
from one track to the other. There are also regions of little
signal (e.g., near 20°N, 162°W), which correspond to region
of destructive interference (section 4).

Looking in more detail along the track 112 (Fig. 5), the
baroclinic SSH in the model appears to have more structure
further away from the ridge relative to what is observed from
the altimetry. The measured baroclinic SSH signal is almost

exclusively composed of mode 1, but modes 2 and higher are
present (and coherent) for long distances in the model.

3.3. R/P FLIP

The baroclinic SSH can be calculated from R/P FLIP
observations, which resolve very well the upper 800 m of
the water column [Rainville and Pinkel, 2006a]. Semidi-
urnal isopycnal displacements are calculated from the R/P
FLIP time series and the additional thermistor data from
the nearby tomographic mooring S3 (Fig. 6a) by band-
passing the density or temperature time series (using a 4th
order Butterworth filter centered at the M frequency and
a bandwidth of 40 h™') and using the observed mean den-
sity or temperature vertical gradients. The amplitude and
phases of the first 3 vertical modes that best explain the
variance of the displacement time series are obtained by
least-square fit (Fig. 6b). Modal amplitudes and phases
are used to calculate the baroclinic perturbation pressure
profile, and therefore the baroclinic SSH (Eq. 1).

Most of the variability in the amplitude of the semidiurnal
displacements is due to the spring/neap cycle of the forcing
at the ridge. Averaged over the spring/neap cycle, the vari-
ance in the semidiurnal band should be close to the sum of
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Figure 6. (a) Semidiurnal isopycnal displacements from R/P FLIP (top 800m) and S3 (900-2000m)
and (b) sum of the first 3 vertical modes obtained from the fit. Moon phases are also shown. (c) Profile
of averaged isopycnal displacement amplitude from the observations (thick black), modes 1 to 3 (blue,
green, and red, respectively), and their sum (dashed black). The fraction of the total variance explained
by each mode is listed in the legend. (d) M> displacement profile from the POM model at the grid point
closest to R/P FLIP (thick gray), and displacement of the sum of the first 3 modes (dashed gray).

the Ms and Ss variances. Since the Ms> currents dominate
the other tidal components by a factor of 2 or 3, a one-month
average is our best approximation to determine the M dis-
placement from the data. Holloway and Merrifield [2003]
found that the M> internal tide energy flux is about 6 times
the Sy flux. At the farfield R/P FLIP site, the averaged am-
plitude of the isopycnal displacement is dominantly mode 1,
with the first 3 modes explaining over 80% of the variance
(Fig. 6c). The same is true for the displacements at the
POM grid point closest to the R/P FLIP site, where the
first 3 modes represent 79% of the total semidiurnal vari-
ance, although higher modes are more obvious since they
are coherent in the model and do not average out (Fig. 6d).
The model overestimates the high-mode contribution actu-
ally found in the data at the time of the farfield experiment.
As demonstrated in previous work [Merrifield et al., 2001;
Lee et al., 2006; Carter et al., 2008], this internal tidal model
is also good at reproducing observed low-mode velocities.

At both the nearfield and farfield sites, the mean values
of ¢ over the month-long deployments agree with model pre-
dictions (Fig. 5). Also note how the baroclinic SSH differs
between track 112 and the R/P FLIP site, despite their
proximity (95 km in the along-ridge direction).

Using the semidiurnal baroclinic perturbation pressure
and the measured baroclinic velocities, Rainville and Pinkel
[2006a] calculate that the total depth-integrated Ms energy
flux density observed at this site is 1.7 #0.3 kW m™' with
practically all the flux in mode 1. The 1-month averaged en-
ergy flux density associated with mode 2 calculated from the
FLIP data is about 5 times less than that of mode 1, and it
is not aligned away from the ridge, as one would expect and
is seen in the model). During the R/P FLIP farfield deploy-
ment, modes 2 and higher were most likely refracted west of
the farfield site by mesoscale currents [Rainville and Pinkel,
2006b], which are not present in the model. The modeled
total flux density at the R/P FLIP farfield location is 2.2
kW m~', with 1.8 kW m~! in mode 1, which is within the
range of the values calculated from the direct observations.

3.4. Tomographic array

The tomographic array forms a directional antenna for
the low-mode internal tides in the farfield of the Hawaiian
Ridge [Dushaw et al., 1995; Dushaw, 2003]. The sum of
the reciprocal travel times for each eigenray between acous-
tic transceivers gives the average sound speed (temperature)
along the acoustic ray path [Munk et al., 1995]. The vertical

""\»

\‘ { //’)
PN

[
V

L)

NI

Figure 7. The beam patterns of line-integral mea-
surements for 150-km wavelengths superimposed on the
HOME tomography array geometry. The main diagonal
of the array diamond is 450 km long. The arrangement of
the acoustic paths in the diamond-shaped array is such as
to maximize the measurement of outgoing wavenumbers,
which are to the south-southwest in this case.

averaging of the ray paths suppresses the higher internal-tide
modes that oscillate with depth, providing a natural filter for
low-mode sound-speed variability. The horizontal averaging
along each acoustic path forms a directional antenna that is
sensitive to internal tides with wave numbers perpendicular
to the path (i.e., wave crests parallel to the path) and that
discriminates against internal tides propagating in other di-
rections, making the tomographic data less sensitive than
point data to interference effects. The tomographic array
consisted of multiple acoustic paths that were aligned with
respect to the axis of the Hawaiian Ridge in order to pro-
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Table 1. Path-averaged amplitudes and phases for the
mode-1 M2 internal tide from the tomographic data and from
POM. The phase is Greenwich Epoch. The percentages of
the mode-1 variance accounted for by the tidal analysis of
the tomographic data are also given. Values for the main
diagonal of the array (S2-S4) are in bold.

Path Tomography ((1) POM (¢1)
% variance [cm] [°] [cm] °
S1-S2 27 0.36+0.03  94+5 0.61 72
S1-S3 11 0.0840.03  55£20 0.37 46
S1-S2 14 0.16+0.03  28+12 0.34 82
S2-S3 24 0.3840.03 100£5 0.25 167
S2-S4 70 0.73+0.02 256+2 | 0.64 273
S3-54 30 0.2640.03 130+6 0.57 38

vide good angular resolution of wave numbers emanating
from the ridge (Fig. 7).

The tomographic sources transmitted eight times per day
every other day. After obtaining the high-frequency varia-
tions of sum travel times by subtracting daily means on each
transmission day, a linear inverse was applied to the travel-
time data from each path to determine the time series of the
low-mode amplitudes. The model for this inverse was the
set of internal-tide sound-speed modes, given by the prod-
uct of the internal-tide displacement modes and the vertical
profile of potential sound-speed gradient. For the oceano-
graphic conditions south of Hawaii, the ray-path structure is
such that only mode 1 is well-resolved. The rms of mode-1
SSH on each path was 0.6-0.7 cm, with the largest rms on the
acoustic path approximately parallel to the ridge (S2-S4). A
weighted least-square fit for the amplitudes and phases of 8
tidal constituents (Ma, S2, N2, K2, O1, K1, Pi, Q1) was
then made to the time series of mode-1 amplitude [Dushaw
et al., 1995; Dushaw, 2006]. The tidal analysis accounted
for 70% of the variance on S2-S4, but only 11-30% of the
variance on the other paths (Table 1). The implication is
that most of the mode-1 variability on the other acoustic
paths was not due to internal tides or was due to internal
tides that were not coherent over the approximately 195-day
record length.

The path-averaged harmonic constants for the mode-1 M,
internal tide, expressed in terms of SSH, are listed in Table
1. We note that although the model mode-1 SSH along the
acoustic paths has amplitudes of up to 3-4 cm (Fig. 2),
their spatial averages over the paths, ((1), are of the order
of 0.5 cm in both the model and from the tomographic data.
The observations indicate that the internal tide propagating
perpendicular to the main diagonal of the array (S2-S4) has
the largest amplitude. This path is roughly parallel to the
Hawaiian Ridge, and the dominant internal tides are there-
fore propagating directly away from the ridge. The averaged
amplitude and phase from POM for this path are in good
agreement with the observations, with the amplitudes dif-
fering by only about 10%. The averaged amplitudes and
phases from POM do not agree as well with the observa-
tions for the other paths, although even in these cases the
agreement is generally within a factor of two. The model
amplitudes tend to be larger than the observed values for
the paths that are not parallel to the ridge. The tomo-
graphic data indicate that the coherent Ms internal tides
are more anisotropic at the location of the array than is the
case in the model. Analysis combining all these data in a
consistent way to obtain a best estimate for the internal tide
and its energy flux through the array is beyond the scope of
this paper.
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Table 2. Estimates for the amplitude of the waves generated
at the line sources. A knife-edge model is used to identify the
hot-spots and estimate the total energy radiated from each
channel (first column). This radiated energy is distributed
uniformly along 80 km for every source (second column),
which allows us to estimate the amplitude of the baroclinic
SSH associated with the source (last column).

Total integ. Line dpth-integ. Barocl.
energy flux energy flux SSH
[GW] kW m~1] [cm]
Kauai C. 0.37 4.1 2.9
Kaulakahi C. 0.17 2.2 2.1
Nihoa I. 0.36 4.5 3.1
I. of Hawaii 0.04 0.5 1.0

4. Generation and interference patterns

4.1. Line source model

Internal tide generation along the ridge is not uniform
[Merrifield and Holloway, 2002; Rudnick et al., 2003; Lee
et al., 2006]. In particular, submarine ridges in the Kauai
and Kaulakahi Channels and near Nihoa Island are strong
sources (Figs. 2 and 3). Here we derive a simple model of
superposition of waves that reproduces most features seen
in the baroclinic SSH and energy flux density pattern in the
domain of this study. The parameters for the line source
model are chosen independently from the POM simulations,
using primarily the knife-edge model of St. Laurent et al.
[2003].
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Figure 8. (a) Along-ridge bathymetry (dashed line),

and WKB-scaled depth of a knife-edge in an ocean with
uniform stratification (solid). (b) M2 barotropic tide at
maximum flood, and total baroclinic energy flux from
a knife-edge model. (c) Total energy flux integrated
in depth and in the along-ridge direction (0.5° longi-
tude) radiating from the ridge, from the knife edge model
(black), and from the POM simulation (gray, integrated
just south of the ridge). Internal tide generation sites
are shown by the gray lines, and line sources locations as
black lines.
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In cylindrical coordinates, the baroclinic SSH associated
with a cylindrically spreading wave is:

1/2
n(t,r,0) =no (%) exp(iky - 7 — iwt + ¢o),

for |0 — 60| < ao/2r,

®3)

where r is the distance from the spreading center, 7, is the
amplitude of baroclinic SSH at distance r, (the ridge), and
¢o is an arbitrary phase. This equation is only evaluated for
r > 1o. Furthermore, the wave is prevented from radiating
in all directions by assigning an ‘arc length’, a,, and a prop-
agation direction, 6y, such that equation 3 is only valid for
propagation angles 6 in the range 6o £ ao/275, and n = 0
elsewhere. Baroclinic pressure, velocities, etc. can be de-
rived from the baroclinic SSH with knowledge of the modal
vertical structure.

Using the same bathymetry as used in the model, the
Hawaiian Ridge is first approximated by an infinitely narrow
ridge of height determined by the shallowest depth across
the ridge (Fig. 8a). Following St. Laurent et al. [2003], we
use a uniform buoyancy frequency (No = 0.0021 rad s™'), a
deep ocean depth of 4500 m, and scale the depth of the ridge
appropriately [scaling, see Gill, 1982, for example|. The am-
plitude and phase of the barotropic tidal currents across the
ridge are determined from the TPXO.7 tidal model [Egbert
and Erofeeva, 2002]. We use a knife-edge model to estimate
the baroclinic wave field generated at the ridge (Fig. 8b).
Integrating the knife-edge energy flux along the ridge (8c),
4 dominant generation sites are apparent.

Keeping in mind the many simplifications associated with
such a calculation (2-dimensional, flow strictly across a zero-
width ridge, non-dissipative, etc., see St. Laurent et al.
[2003]), the results compare well with the model. Similar
general agreement has also been found between direct ob-
servations and a knife-edge model [St. Laurent and Nash,
2004]. Note that because of some flexibility in the choice of
the knife-edge parameters (total ocean depth relevant to a
knife-edge ridge, buoyancy frequency, barotropic flow), the
magnitude of the energy flux can be tuned by a factor of
2 or so. This does not affect significantly the magnitude of
the sites relative to each other.

The wave propagation model described here can have var-
ious levels of complexity. For example, one can imagine only
a few sources at the major hot-spots, or a much larger num-
ber of 2-dimensional sources in each channel, superposed
to create finite line source. Here we retained only the 4
dominant sources, located near the islands of Nihoa and
Hawaii, and in the Kaulakahi and Kauai Channels. Finite
line sources are chosen as a compromise between unrealis-
tic point sources (there is not a single point source at each
hot-spot) and an equally unrealistic representation of the
ridge as an infinite line source. The length (a, = 80 km)
and radius of curvature (r, =150 km) of the sources are cho-
sen to be uniform to retain simplicity. These are reasonable
estimates given the geometry of the major channels of the
Hawaiian Ridge.

Propagation angles, 6 are established by the direction of
the strongest barotropic tidal currents in each channel. The
barotropic tide also determines the phase (¢, ), such that the
baroclinic currents at r, have the same phase as the maxi-
mum cross-ridge barotropic tide [St. Laurent et al., 2003].
The wavelength for each mode is calculated using the strat-
ification used in the model. The final parameter of the line
source model, 7, is chosen such that the wave generated by
the line source carries the same amount of energy as pre-
dicted across the entire channel by the knife-edge model.
The depth-integrated energy fluxes across the ridge from
the knife-edge model are integrated over the entire width

RAINVILLE ET AL.: INTERFERENCE PATTERN OF THE M, INTERNAL TIDE

of the enhanced generation area (Fig. 8a), and the total
is redistributed along a uniform line source of length a,.
The corresponding baroclinic SSH is readily obtained from
linear dynamics. Specific values are given in Table 2. For
simplicity, values are rounded to 3, 2, 3, and 1 cm for the 4
sources.

4.2. Sea surface height

The baroclinic SSH fields for each of the 4 major gener-
ation sites are shown in Figs. 9c-f, where thick black (thin
gray) lines are crests (troughs) of these idealized waves. The
4 sources are summed in Fig. 9b, to be compared to the
SSH for mode 1 for the full numerical model (Fig. 9a).
To compare the results from the numerical and knife-edge
models, the same crests and troughs of the idealized waves
are plotted on Fig. 2b, and corresponding ones for mode 2
on Fig. 2c. Crest-crest or trough-trough intersections in the
wave propagation model correspond to constructive interfer-
ence (thick-thick or thin-thin black line intersections in Figs.
2b,c), which can be seen in the numerical model as regions of
higher wave amplitude. Crest-trough intersections are loca-
tions of destructive interference (thick-thin line intersections
in Figs. 2b,c) and reduced amplitude. The agreement for
modes 1 and 2 is remarkable for such a simple wave propa-
gation model. The comparison becomes poorer for mode 3
because its sources on the ridge are more widely distributed
and greater in number (Fig. 3). Mode 3 idealized waves
are not plotted as their wavelengths are too small, and their
generation is likely to be occurring at different sites.
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Figure 9. Baroclinic SSH for mode 1 from (a) the model
and (b) from the superposition of 4 line sources on the
ridge at (c) Kauai and (d) Kaulakahi Channels, and at
the islands of (e) Nihoa and (f) Hawaii.
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The interference pattern caused by these very few sources
explains some of the complicated structure seen in the baro-
clinic SSH observed by the satellite altimeters. For example,
there is constructive interference around 20°N along satellite
ground track 112 due to the superposition of the mode-1 in-
ternal tide from the Kauai and Kaulakahi Channels sources,
but there is destructive interference of waves from the same
sources around 17°N along satellite ground track 23. The
mode-1 waves from Nihoa probably contribute to the node
observed near 20°N along satellite ground track 74 (Figs.
2b and 5a).

4.3. Baroclinic energy flux density

Not only is generation localized along the ridge, but each
section of the ridge also generates internal tides with dif-
ferent vertical or modal structures. Thus the pattern of
internal wave modes emanating from the ridge is far from
uniform (Fig. 3), but again, at least for modes 1 and 2, is
fairly well-represented by only a few sources (Fig. 10).

The complex pattern found in the energy flux density dis-
tribution from the model highlights the importance of con-
sidering how several sources distributed along the ridge in-
terfere with each other. In our idealized model, 4 sources are
necessary: for mode 1, the Kaulakahi and Kauai Channels
sources are necessary to reproduce the narrow beam com-
ing from the Kauai Channel. The Nihoa source contributes
to the emergence of a beam in the farfield and creates a
null in the energy flux density just west of the location of
R/P FLIP . Finally, the source near the island of Hawaii
makes the checkered pattern south of the eastern Hawaiian
Islands and its superposition with the Kaulakahi source cre-
ates weak beams in the middle of the ocean, as in the first
example we presented (Fig. 1).

The depth-integrated energy flux density map from the
idealized line sources, shown in Fig. 10b, reproduces many
of the characteristics found in the high-resolution model
(Fig. 10a). The spatial pattern and variations in the beams
of energy are well-represented. Fortuitously, the farfield R/P
FLIP site was located in a region where the energy flux den-
sity and displacement are generally consistent with the sim-
ple geometry of a plane mode-1 wave propagating from the
Hawaiian Ridge. This suggests that, had R/P FLIP been
moored 50 km further west, hardly any energy flux den-
sity would have been measured. Note that the location of
R/P FLIP farfield site was in part chosen based on a previ-
ous version of the POM simulation used here. That previ-
ous simulation, however, was run with smaller domains and
missed a lot of the interferences. In particular, the mode-1
wave generated near Nihoa is essential to explain the vari-
ations of SSH and energy flux density observed across the
area sampled by the tomographic array but was outside the
domain used to model this section of the Hawaiian Ridge.

The mode-2 energy density splits into numerous branches
much closer to the ridge (Fig. 10c,d). Also there are several
other notable regions of elevated mode-2 energy density near
the ridge — for example, at the north point of Oahu. This
pattern becomes more dispersed again for mode 3.

It should be noted that the spatial distribution of modes
emanating from the ridge may be affected by topographic
scattering. Flux directed along the ridge may scatter off
other topography oriented across its path into higher-mode,
cross-ridge flux a short distance from the main mode-1 gen-
eration sites. This scattering process may explain why the
mode-2 and -3 energy densities have a more scattered pat-
tern than mode 1. One examples is found south of Oahu.
The large mode-1 energy flux density due to the superpo-
sition of the Kauai and Kaulakahi sources corresponds to
a region where mode-2 and mode-3 flux seem to diverge
(Figs. 3c-d), suggesting that topographic scattering might
be contributing to the overall generation of higher modes.

5. Summary

This paper focuses on the structure and propagation of
the My internal tide southward from the Hawaiian Ridge.
The generation of internal tides is known to be non-uniform
along the ridge, but the model reveals that each mode is gen-
erated in slightly different locations on the ridge and prop-
agates away with a different spatial pattern. In the model
domain, internal tides are primarily generated at 4 subma-
rine ridges near the islands of Hawaii and Nihoa, and in the
Kauai and Kaulakahi Channels, creating interference pat-
terns in sea surface height and energy flux density different
for each mode. Energy flux density, in particular, appears
as a composite of narrow beams, which might be misleading
when trying to get a locate the sources of the waves. As
demonstrated in Fig. 1, a narrow energy flux beam or fil-
ament does not imply the presence of a directed source of
internal waves at its origin.

Since the baroclinic wave field in the farfield is a super-
position of several waves generated at discrete spots along
the complex ridge topography, a local plane wave descrip-
tion is not adequate. Ray and Cartwright [2001] estimated
energy flux in this region from SSH. They allowed for quasi-
standing wave components (i.e., waves propagating in oppo-
site directions), but not for waves propagating at arbitrary
angle. An approach that considers a multi-directional wave
field is required [Dushaw, 2002; Zhao and Alford, 2009].

In situ observations from R/P FLIP and the tomographic
array agree reasonably well with the numerical simulation,
but highlight the strong spatial variability of the M inter-
nal tide, even in the ‘farfield’. It is likely that some mode-1
waves are missing from the POM simulated field because of
its limited domain. The importance of considering multiple
sources and their interference is emphasized for point mea-
surements. For example, if R/P FLIP had been moored 50
km to the west during the HOME Farfield program, hardly
any M> internal tide would have been measured. Our results
also demonstrate that distant sources need to be considered
when comparing direct observations with models.

In the numerical model, the energy flux density in modes
2-3 displays a larger along-ridge component. This may be
due to scattering from topography near the generation site
of the much stronger along-ridge component of the mode-
1 energy flux density. When compared with direct mea-
surements and satellite altimetry data, the POM simulation
consistently overestimates the high-mode contribution. In
the real ocean, refraction by the mesoscale probably rapidly
makes mode 2 and higher incoherent [Rainville and Pinkel,
2006b], and/or their dissipation might not be adequately
captured by numerical model. In fact, there appears to be
very little decay of the cross-ridge energy flux when aver-
aged across the model domain. Long-term averages of di-
rect observations of mode-1 internal tide are consistent with
a negligible energy decay within 1000 km of the generation
area, although the large spatial and temporal variability of
the modal structure complicates the interpretation of in situ
data. Dissipative process, such as subharmonic instabil-
ity [Hibiya and Nagasawa, 2004; MacKinnon and Winters,
2005], critical layer absorption [Munk, 1981], or topographic
scattering [Johnston and Merrifield, 2003], would lead to an
actual decay of the internal tide signal, are therefore not
dominant for the lowest modes south of Hawaii within 1000
km of the ridge. The prevalence of the interference pattern
in the farfield suggests that trying to establish if there is a
real decay of mode-1 energy in the open ocean from one or
a few point measurements is a daunting task, whereas inte-
grated measurements (such as tomography) might be more
adequate.
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Figure 10. M5 mode-1 energy flux density from (a) the model and (b) from the 4 line sources of Fig.

9. (c¢,d) Same for mode 2.

Finally, and perhaps most importantly, the apparently
complex patterns in observations and a high-resolution nu-
merical model around the Hawaiian Ridge can be repro-
duced by a few line sources of internal tides. The loca-
tion and strength of the sources are derived independently
using simplified bathymetry and a linear knife-edge model
forced with barotropic currents. Here we demonstrate that
idealized models can help understanding and interpreting
numerical and observational results. Long-time series ob-
servations, such as tomographic data or long mooring time
series, generally exhibit more variability in the amplitude of
the semidiurnal internal tide than can be explained by the
barotropic forcing [Rainville and Pinkel, 2006b]. The ability
of a simple wave propagation model to reproduce the com-
plexity of the mean mode-1 internal wave energy flux density
is promising, suggesting that idealized models or numerical
simulations with low horizontal and vertical resolution can
capture most of the energetics of propagating internal waves
and can be used to study their variability. Ultimately, an
approach that combines analytical models, numerical simu-
lations, and direct observations will be necessary to under-
stand where and how the energy associated with low-mode
internal tide dissipates, which remain open questions.
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Appendix:
Energy flux of a superposition of waves

This paper describes the total depth-integrated energy
flux density as the sum of the depth-integrated energy flux
density from each mode. Here we demonstrate that the
superposition of several waves with the same and different
mode numbers, and propagating in different directions, can
be separated in a single pressure and velocity field for each
mode, and that the sum of the energy flux density associ-
ated with each mode is equal to the total energy flux density.
First considering waves that all have the same frequency w,
if there are M different waves for each mode n the total
baroclinic pressure is

>

m

L

p(t,l‘,y, Z) = p”(tvwryaz)

Il
—

n=1

—

Fo(2)Amn(z,y) exp(tkmn - T — iwt),
(A1)

where A (z,y) is a complex amplitude which includes the
phase that is written out explicitly in the main text, and

kyn is the horizontal wavenumber vector of the mt" wave

o
NgE
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3
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n
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of mode number n, whose vertical structure is described
by F,(z). Waves with the same mode number n have equal
|Emn|, but different directions and amplitudes. Similar equa-
tions for baroclinic velocities are found from the polarization
relations [Gill, 1982].

_ Even if several mode-1 waves are added, all with the same
|km1|, the spatial pattern for the amplitude and phase of
the superposition does not have the same horizontal wave-
length. Indeed, the addition of 2 plane waves cannot be
represented by a single plane wave. However, for a given
position (zo, yo), the specific wavenumber of each individual
wave contributes an additional phase offset, which can be
incorporated into Amn (o, yo):

p(t, 2) = Z Z F, (2)Pmn exp(—iwt)

m=1n=1

(A2)

where Prmn = An(zo,yo0) exp(il;mn - Zo) is a complex num-
ber. Baroclinic velocities have similar amplitude terms Uy,n
and Vmn. The sum of those complex numbers is linear, and
therefore, we can sum all the waves with the same mode
number and write p as

p(t, 2) = (P1Fi(z) + PeFa(z) + ...) exp(—iwt)

(A3)
= pl(ta Z) + pQ(tv Z) + ..

where P; is the phase and amplitude of mode 1 (with contri-

bution from all M mode-1 waves), whose vertical structure

is given by Fi(z).

When modes are fitted to the baroclinic field of the POM
simulation, the complex amplitudes P,, U, and V, are
found. From these, one can compute the energy flux density.
For example, the east component of energy flux density is:

H 1 H o 1 H o
/ (pu)dz ==Pilh / Fidz + 77321/{2/ Fydz+ ...
0 2 0 2 0

H H
:/ <p1u1>dz—|—/ (paus2)dz + ...
0 0
(A4)
where (-) is long-time average. The cross-terms in the last
equation, (pmun) where m # n cancel out because

/OH Fr(2)Fno(z)dz=0 for m#n (A5)

by virtue of the modes being orthogonal to each other.

For the analysis of the model, where a single frequency
was used to run the model, the sum of the energy flux den-
sity associated with each mode is therefore the total energy
flux density.

When several frequencies are present, all the cross-terms
between different frequencies and mode number also are also
vanishing, although the time average has to be taken over
a longer period of time than when only one frequency is
present. This is a concern for the R/P FLIP time series
(less than one month). The variability of the semidiurnal
energy flux density observed at R/P FLIP was described
by Rainville and Pinkel [2006a, b]. It is assumed here that
the monthly averages of the semidiurnal baroclinic SSH and
of the energy flux density are dominated by the Ma> signals
[Holloway and Merrifield, 2003].

References

Alford, M. H., J. A. MacKinnon, Z. Zhao, R. Pinkel, J. Klymalk,
and T. Peacock, 2007: Internal waves across the Pacific. Geo-
phys. Res. Lett., 34 (L24601), doi:10.1029:2007GL031566.

X-11

Alford, M. H. and Z. Zhao, 2007: Global Patterns of Low-Mode
Internal-Wave Propagation. Part I: Energy and Energy Flux.
J. Phys. Oceanogr., 37, 1829-1848.

Blumberg, A. F. and G. L. Mellor, 1987: A description of a
three-dimensional ocean circulation model. Three-dimensional
Coastal Ocean Models, Coastal Estuarine Ser., N. Heaps, Ed.,
AGU, Washington, D.C., Vol. 4, 1-16.

Carter, G. S. and M. A. Merrifield, 2007: Open boundary condi-
tions for regional tidal simulations. Ocean Modeling, 18, 194—
209.

Carter, G. S., et al.,, 2008: Energetics of Ms barotropic to
baroclinic tidal conversion at the Hawaiian Islands. J. Phys.
Oceanogr., 38 (10), 2205-2223.

Chelton, D. B.; R. A. DeSzoeke, and M. G. Schlax, 1998: Ge-
ographical variability of the first baroclinic Rossby radius of
deformation. J. Phys. Oceanogr., 28, 433-460.

Dushaw, B. D., 2002: Mapping low-mode internal tides near
Hawaii using TOPEX/POSEIDON altimeter data. Geophys.
Res. Lett., 29, doi:10.1029/2001GL013944.

Dushaw, B. D., 2003: Mapping and Wavenumber Resolution
of Line-Integral Data for Observations of Low-Mode Internal
Tides. J. Atmos. Oceanic Technol., 20, 1043-1059.

Dushaw, B. D., 2006: Mode-1 internal tides in the western North
Atlantic Ocean. Deep-Sea Res. Part I, 53, 449-473.

Dushaw, B. D., B. D. Cornuelle, P. F. Worcester, B. M. Howe,
and D. S. Luther, 1995: Barotropic and baroclinic tides in the
central North Pacific Ocean determined from long-range recip-
rocal acoustic transmissions. J. Phys. Oceanogr., 25, 631-647.

Egbert, G. D. and S. Erofeeva, 2002: Efficient inverse modeling
of barotropic ocean tides. J. Atmos. Oceanic Technol., 19 (2),
183-204.

Feng, M., M. A. Merrifield, R. Pinkel, P. Hacker, A. J. Plued-
demann, E. Firing, R. Lukas, and C. Eriksen, 1998: Semid-
iurnal tides observed in the western equatorial Pacific dur-
ing the Tropical Ocean-Global Atmosphere Coupled Ocean-
Atmosphere Response Experiment. J. Geophys. Res., 103,
10,253-10,272.

Gill, A. E., 1982: Atmosphere-Ocean Dynamics. Academic Press,
662 pp.

Hibiya, T. and M. Nagasawa, 2004: Latitudinal dependence
of diapycnal diffusivity in the thermocline estimated using
a finescale parameterization. Geophys. Res. Lett., 31 (1),
10 301.

Holloway, P. E. and M. A. Merrifield, 2003: On the spring-neap
variability and age of the internal tide at the Hawaiian Ridge.
J. Geophys. Res., 108, 3126, doi:10.1029/2002JC001486.

Johnston, T. M. S. and M. A. Merrifield, 2003: Internal tide
scattering at seamounts, ridges, and islands. J. Geophys. Res.,
108 (C6), 3180, doi:10.1029,/2002JC001528, 2003.

Johnston, T. M. S., M. A. Merrifield, and P. E. Holloway, 2003:
Internal tide scattering at the Line Islands Ridge. J. Geophys.
Res., 108 (C11), 3365, doi:10.1029/2003JC001844, 2003.

Klymak, J. M., et al., 2006: An estimate of tidal energy lost
to turbulence at the Hawaiian Ridge. J. Phys. Oceanogr., 36,
1148-1164.

Kunze, E., L. K. Rosenfield, G. S. Carter, and M. C. Gregg,
2002: Internal waves in Monterey Submarine Canyon. J. Phys.
Oceanogr., 32, 1890-1913.

Lee, C. M., E. Kunze, T. B. Sanford, J. D. Nash, M. A. Merrifield,
and P. E. Holloway, 2006: Internal tides and turbulence along
the 3000-m isobath of the Hawaiian Ridge. J. Phys. Oceanogr.,
36, 1165-1183.

Llewellyn Smith, S. G. and W. R. Young, 2003: Tidal conversion
at a very steep ridge. J. Fluid Mech., 495, 175-191.

Lozovatsky, I. O., E. G. Morozov, and H. J. S. Fernando, 2003:
Spatial decay of energy density of tidal internal waves. J. Geo-
phys. Res., 108 (C86), 3201.

MacKinnon, J. A. and K. B. Winters, 2005: Subtropical catastro-
phe: Significant loss of low-mode tidal energy at 28.9°. Geo-
phys. Res. Lett., 32 (L15605), doi:10.1029/2005GL023376.

Martini, K. I., M. H. Alford, J. D. Nash, E. Kunze, and M. A.
Merrifield, 2007: Diagnosing a partly standing internal wave
in Mamala Bay, Oahu. Geophys. Res. Lett., 34, L.L17604, doi:
10.1029/2007GL029749.

Merrifield, M. A. and P. E. Holloway, 2002: Model estimates of
My internal tide energetics at the Hawaiian Ridge. J. Geophys.
Res., 107 (C8), 10.1029.



X-12

Merrifield, M. A., P. E. Holloway, and T. M. S. Johnston, 2001:
The generation of internal tides at the Hawaiian Ridge. Geo-
phys. Res. Lett., 28 (4), 559-562.

Munk, W., 1981: Internal waves and small scale processes. Fvo-
lution of Physical Oceanography, B. Warren and C. Wunsch,
Eds., The MIT Press, 264-291.

Munk, W., P. F. Worcester, and C. Wunsch, 1995: Ocean Acous-
tic Tomography. Cambridge University Press, 433 pp.

Nash, J. D., M. H. Alford, and E. Kunze, 2005: On estimating
internal-wave energy fluxes in the ocean. J. Atmos. Oceanic
Technol., 22, 1551-1570.

Nash, J. D., E. Kunze, C. M. Lee, and T. B. Sanford, 2006: Struc-
ture of the baroclinic tide generated at Kaena Ridge, Hawaii.
J. Phys. Oceanogr., 36, 1123-1135.

Nash, J. D., E. Kunze, J. M. Toole, and R. W. Schmitt, 2004: In-
ternal tide reflection and turbulent mixing on the continental
slope. J. Phys. Oceanogr., 34, 1117-1133.

Rainville, L. and R. Pinkel, 2006a: Baroclinic energy flux at the
Hawaiian Ridge: Observations from the R/P FLIP. J. Phys.
Oceanogr., 36, 1104-1122.

Rainville, L. and R. Pinkel, 2006b: Propagation of low-Mode in-
ternal waves through the ocean. J. Phys. Oceanogr., 36, 1220—
1236.

Ray, R. D. and D. E. Cartwright, 2001: Estimates of internal tide
energy fluxes from Topex/Poseidon altimetry: Central North
Pacific. Geophys. Res. Lett., 28 ('7), 1259-1262.

RAINVILLE ET AL.: INTERFERENCE PATTERN OF THE M, INTERNAL TIDE

Ray, R. D. and G. T. Mitchum, 1997: Surface manifestation of
internal tides in the deep ocean: observations from altimetry
and island gauges. Progress in Oceanography, 40, 135-162.

Rudnick, D. L., et al., 2003: From tides to mixing along the
Hawaiian Ridge. Science, 301, 355-357.

Smith, W. H. F. and D. T. Sandwell, 1997: Global seafloor to-
pography from satellite altimetry and ship depth soundings.
Science, 277, 1957-1962.

St. Laurent, L. and C. Garrett, 2002: The Role of Internal Tides
in Mixing the Deep Ocean. J. Phys. Oceanogr., 32, 2882-2899.

St. Laurent, L. C. and J. D. Nash, 2004: An examination of
the radiative and dissipative properties of deep ocean internal
tides. Deep-Sea Res. Part 11, 51, 3029-3042.

St. Laurent, L. C., S. Stringer, C. Garrett, and D. Perrault-
Joncas, 2003: The Generation of internal tides at abrupt to-
pography. Deep-Sea Res., 50 (8), 987-1003.

Wunsch, C. and R. Ferrari, 2004: Vertical mixing, energy, and
the general circulation of the oceans. Annu. Rev. Fluid Mech,
36, 281-314.

Zhao, Z. and M. H. Alford, 2009: New altimetric estimates of
mode-one M> internal tides in the central North Pacific Ocean.
J. Phys. Oceanogr., in press***.

Luc Rainville, Applied Physics Laboratory, University of
Washington, 1013 NE 40th St, Seattle, WA, USA, 98105-6698.
E-mail: rainville@apl.washington.edu



