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[1] Moored current meter and temperature observations and results from a three-
dimensional primitive equation model are used to examine the energetic semidiurnal
internal tides present in Mamala Bay on the south coast of Oahu, Hawaii. The steady,
harmonic component of the internal tide is characterized by large vertical displacements in
the central region of the bay (35 m amplitude for the M2 constituent), and enhanced
alongshelf baroclinic currents at the headlands on either end of the bay (0.27 m s�1).
Seasonal changes in amplitude and phase are observed. The model captures the qualitative
spatial structure of the observations. Baroclinic energy flux estimates, from the mooring
observations and the numerical simulations, suggest that internal tide energy propagates
into the bay and does not originate within the bay. The model indicates that internal
wave generation occurs over the flanks (500–1000 m depth) of the ridge, predominantly
on the east side, with perhaps some additional contribution on the west from an energetic
internal tide generated north of Oahu. Wave superposition is believed to account for
the alongshelf spatial structure of currents and displacements. Incoherent modulations of
the internal tide occur that are not related to local changes in stratification, at least on
superannual timescales. Factors contributing to this signal may include stratification
variations at the deep generation sites, mesoscale activity, and/or the shoaling of a random
internal wave field into the bay from the open ocean. INDEX TERMS: 4544 Oceanography:

Physical: Internal and inertial waves; 4560 Oceanography: Physical: Surface waves and tides (1255); 4255

Oceanography: General: Numerical modeling; KEYWORDS: internal tide, Hawaii, numerical model

Citation: Eich, M. L., M. A. Merrifield, and M. H. Alford (2004), Structure and variability of semidiurnal internal tides in Mamala

Bay, Hawaii, J. Geophys. Res., 109, C05010, doi:10.1029/2003JC002049.

1. Introduction

[2] Recent studies have demonstrated the importance of
the Hawaiian Ridge as a source of internal tides [Chiswell,
1994; Dushaw et al., 1995; Ray and Mitchum, 1996, 1997;
Kang et al., 2000; Egbert and Ray, 2000; Mitchum and
Chiswell, 2000; Merrifield et al., 2001; Niwa and Hibiya,
2001; Merrifield and Holloway, 2002]. The numerical
simulations of Holloway and Merrifield [1999] showed
how elongated ridge-shaped topographies are efficient at
generating internal tides in the open ocean. Ridges promote
across-isobath flow of stratified water, a key element in the
internal tide generation process. In a model study of the
Hawaiian Ridge, Merrifield et al. [2001] identified several
energetic internal tide generation sites where strong tidal
currents pass over ridge topographies.
[3] The Hawaii Ocean Mixing Experiment (HOME) was

designed to investigate barotropic tidal scattering at the
Hawaiian Ridge and the resultant tidally driven diapycnal

mixing. Low-mode internal tides emanating from the ridge,
previously detected using satellite altimeter [Ray and
Mitchum, 1996, 1997; Ray and Cartwright, 2001] and
acoustic [Dushaw et al., 1995] measurements, have been
examined with HOME farfield instrument arrays [Pinkel et
al., 2000]. HOME near-field and survey studies have
provided details of high-mode wave structure and enhanced
dissipation levels near the ridge [Rudnick et al., 2003].
[4] Prior to HOME, the Mamala Bay Study (MBS) in

1994–95 provided evidence for energetic internal tides in
Hawaii. An extensive set of oceanographic measurements
was taken in Mamala Bay on the south shore of Oahu
(Figure 1) to describe circulation patterns in support of a
sewage plume modeling study. One of the most notable
observations was the existence of large-amplitude internal
tides of semidiurnal frequency [Hamilton, 1996; Hamilton
et al., 1995; hereinafter referred to as Hamilton]. In the
central regions of the bay, peak to trough vertical displace-
ments of the isotherms were as large as 150 m, compared to
reported values of 10 to 50 m on various continental shelves
[e.g., Holloway, 1984; Sherwin, 1988; Rosenfeld, 1990].
Hamilton proposed a unique generation mechanism associ-
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ated with the island geometry; namely that along-isobath
barotropic tidal flows converge and diverge in the center of
the bay, resulting in vertical displacements and internal
tides.
[5] Lewis et al. [2002] attempted to simulate the Mamala

Bay internal tides using a three-dimensional numerical
model. The model was able to replicate the large vertical
displacements in the central bay, but the baroclinic flow
field and the cause of the large displacements were not
addressed in that study.
[6] It was not appreciated at the time of Hamilton’s study

that the larger Hawaiian Ridge, and not just Mamala Bay, is
a region of energetic internal tide generation. In this study,
we re-evaluate the MBS data in the context of the regional
internal tide. We examine harmonic and broadband compo-
nents of the semidiurnal tide. We compare observations of
the dominant semidiurnal constituent (M2) with model
simulations obtained by Merrifield et al. [2001] using the
Princeton Ocean Model (POM). In contrast to the genera-
tion mechanism proposed by Hamilton, we find that
Mamala Bay is located between two internal tide generation
sites over the deeper flanks of the ridge. Internal tides
propagate into Mamala Bay predominantly from the east,
but also from the west, resulting in standing as well as
propagating wave components.
[7] This paper is organized as follows. Data and analysis

methods are discussed in section 2. In sections 3 and 4, we
provide a site description and a summary of previous studies
of Mamala Bay. A harmonic analysis of the internal tide is
presented in section 5, and the residual tidal band is
discussed in section 6. In section 7, we examine model
results for the M2 internal tide. A discussion and summary
follow in section 8.

2. Methods

[8] The MBS included ADCP, current meter, thermistor
chain, and CTD measurements (Figure 2 and Table 1).
Hamilton et al. [1995] provide a detailed description of
the dataset. The velocity time series were rotated into their
principal axes with u positive in the offshore direction and v

positive toward the east. The barotropic current is defined
here as the depth-averaged flow, and the baroclinic current
as the residual once the barotropic current is removed.
Throughout this paper, the terms converging and diverging
are used to describe tidal flows that are directed into and out
of Mamala Bay, respectively. For example, a converging
current corresponds to eastward flow at the western moor-
ing lines (A, B and F), and westward flow at the eastern
mooring lines (D, C and E; Figure 2). Hourly tide gauge
data for Honolulu Harbor were obtained from the National
Ocean Service via the University of Hawaii Sea Level
Center.We convert temperature fluctuations to vertical dis-
placements using

x ¼ �T 0 DT=Dz
� ��1

where T0 = T � T, is the hourly averaged time series, T is
the low pass filtered series (cutoff frequency � 0.1 cycles/
day), and finite differences are used to compute the vertical
gradient of T . The above equation assumes that horizontal
temperature gradients and diffusion effects are negligible in
Mamala Bay at tidal frequencies, which is supported by
the analysis of Hamilton. At depths shallower than 70 m,
the temperature gradient is too weak to infer vertical
displacement.
[9] The internal tide is analyzed in terms of the amplitude

and phase of the dominant semi-diurnal harmonic constit-
uents, computed using the least squares harmonic analysis
programs of Foreman [1996a, 1996b]. The 95% confidence
intervals are computed following Foreman. Hamilton noted
seasonal changes in the Mamala Bay internal tide, presum-
ably due to changes in stratification. To capture this change
in structure, summer (1 August to 31 October 1994) and
winter (15 December 1994 to 15 March 1995) months are
analyzed separately. Results are presented for the M2

constituent, whose spatial pattern is representative of the
other major constituents in the semidiurnal band (i.e.,
spring-neap modulations of the semidiurnal tide can be
considered to be a strengthening and weakening of the M2

tide). We examine characteristics of the semidiurnal tidal
band (1.8–2.1 cycles/day), referred to here as the incoherent

Figure 1. Map of Oahu, Hawaii and surrounding islands. The study area, Mamala Bay, is shown in the
inset. Depth contours are in meters.

C05010 EICH ET AL.: SEMIDIURNAL INTERNAL TIDES IN MAMALA BAY

2 of 13

C05010



tide, by subtracting the sinusoids associated with the esti-
mated tidal harmonics and band-pass filtering the residual
time series.
[10] Observational estimates of baroclinic energy flux,

~F = h~u0p0i, are computed from the moored temperature and
current records at A4 and E4. Following Alford [2003],
baroclinic mode profiles of displacement (x) and velocity
are computed using long-term-mean stratification profiles.
Then, mode-{1, 2} velocity and displacement amplitude are
obtained via weighted least-square fitting of the discrete-
depth measurements at each time. The sparse vertical
measurements are only sufficient to resolve the first two
modes. Following Kunze et al. [2002], the baroclinic
pressure anomaly, p0, is obtained by depth-integrating N2

x and subtracting the depth-mean. The correlation between
velocity and p0 in each mode then equals the energy flux.

The depth integrated energy flux, estimated here as the
depth-integral of the sum over modes 1 and 2, will be
examined in sections 5 and 7. Some techniques and
subtleties of the method are described by J. Nash et al.
(manuscript in preparation).
[11] The numerical model simulations of Merrifield et al.

[2001] are compared to the Mamala Bay observations. POM
is a fully three-dimensional, nonlinear, free surface, hydro-
static, sigma coordinate, primitive equation model
[Blumberg and Mellor, 1987]. The model grid spacing is
4 km in the horizontal with 51 sigma levels in the vertical.
The sigma levels are equally spaced except near the bottom
boundary where higher resolution is used in the boundary
layer. Realistic stratification (from annual means of temper-
ature and salinity from Station Aloha), bathymetry [Smith
and Sandwell, 1997], and M2 tidal forcing [Egbert, 1997]

Figure 2. Map of Mamala Bay showing the MBS mooring locations. Each measurement site is
identified by a letter indicating the transect (A, B, D, E, F) and a number indicating the approximate water
depth (‘2’ at �75 m depth, ‘3’ at �250 m, and ‘4’ at �500 m). Depth contours are in meters. See Table 1
for a description of the instrument type(s) at each mooring.

Table 1. Mamala Bay Study Data Used in This Analysisa

Mooring Instrument Data Type Bottom Depth Date Range Instrument Depths

A2 300 kHz BBADCP currents 78 m 6/7/94 to 1/11/95 6 to 68 m (Dz = 2 m)
A2 300 kHz BBADCP temperature 78 m 6/7/94 to 7/31/95 76 m
A4 GO Mk2 VACM currents/temperature 505 m 1/6/94 to 7/31/95 70, 125, 240, 450 m
B2 300 kHz BBADCP currents 56 m 7/29/94 to 10/17/94 6 to 48 m (Dz = 2 m)
B2 300 kHz BBADCP currents 56 m 1/20/95 to 4/17/95 6 to 50 m (Dz = 2 m)
B2 Thermistor Chain temperature 77 m 7/29/94 to 7/31/95 15 to 65 m (Dz = 5 m)
B3 GO Mk2 VACM currents/temperature 250 m 1/6/94 to 8/2/95 35, 70, 125, 240 m
D2 300 kHz BBADCP currents 77 m 6/5/94 to 7/31/95 7 to 65 m (Dz = 2 m)
D2 Thermistor Chain temperature 74 m 4/14/94 to 7/31/95 13 to 63 m (Dz = 5 m)
D3 150 kHz NBADCP currents 249 m 1/11/94 to 1/10/95 34 to 218 m (Dz = 8 m)
D3 150 kHz NBADCP temperature 249 m 1/11/94 to 1/10/95 230 m
D3 GO Mk2 VACM temperature 255 m 1/19/95 to 7/31/95 70, 125 m
D3 GO Mk2 VACM temperature 255 m 1/19/95 to 4/19/95 240 m
E2 300 kHz BBADCP currents 76 m 7/13/94 to 10/18/94 7 to 69 m (Dz = 2 m)
E2 300 kHz BBADCP currents 76 m 1/13/95 to 8/3/95 7 to 61 m (Dz = 2 m)
E2 300 kHz BBADCP temperature 76 m 7/13/94 to 10/18/94 74.5 m
E2 300 kHz BBADCP temperature 76 m 1/13/95 to 8/3/95 74.5 m
E4 GO Mk2 VACM currents/temperature 496 m 1/11/94 to 8/11/95 70, 125, 240, 450 m
F3 NBADCP (150 kHz) currents 320 m 4/21/95 to 7/31/95 56 to 288 m (Dz = 8 m)
aSee Figure 2 for mooring locations. The sampling interval is 30 min, except at B2 (1/20/95 to 4/17/95), which is 1 hour.

C05010 EICH ET AL.: SEMIDIURNAL INTERNAL TIDES IN MAMALA BAY

3 of 13

C05010



are used in the HOME simulations. The Mellor-Yamada
level-2.5 submodel parameterizes turbulence. Model results
are obtained from M2 tidal fits to the model time series in
the last day of a 4-day run. Hence, the model results are
compared to the observed behavior of the dominant M2
tidal harmonic. More detailed descriptions of the model
setup and the results for the Hawaiian Ridge are given by
Merrifield et al. [2001].

3. Description of the Study Area

[12] Mamala Bay extends from Diamond Head on the
east to Barbers Point on the west, a distance of �32 km
(Figure 2). We refer to Diamond Head and Barbers Point in
this paper as the ‘‘headlands.’’ The bathymetry includes an
upper shelf (<50 m depth), which extends �600 m offshore
near Diamond Head and broadens gradually to �5000 m
toward Barbers Point. At the shelf edge, the depth drops
abruptly to 100 m at a step called the Mamala Shelf [Ruhe et
al., 1965]. Seaward of the Mamala Shelf is a broad, gently
sloping trough that slopes (�1� on average) in a south to
southeast direction [Hampton et al., 1997]. The trough is
bounded to the west by a southeast trending platform, and to
the east by a steep slope leading up to Diamond Head
[Hampton et al., 1997]. At the western edge of the bay, the
bottom drops off precipitously into the deep ocean. In
the vicinity of the MBS instrument array, the slope of the
topography ranges from 6�–11�, which is steeper than the
propagation slope of semidiurnal frequency internal waves
(i.e., the bottom slope is supercritical relative to semidiurnal
internal wave characteristics, which range from �1�–2�).
[13] In Mamala Bay, semidiurnal tides dominate the

current field, but diurnal tides, eddies, and a weak (0.03–
0.05 m s�1) westward mean flow (Hamilton) are also
present. Semidiurnal surface currents at Diamond Head
are fairly regular and predictable, flowing into the bay
during high tide at Honolulu Harbor [Laevastu et al.,
1964]. At Barbers Point, Laevastu et al. [1964] reported
more variable tidal currents than at Diamond Head. They
also observed that the current patterns become increasingly
irregular toward the central regions of the bay as the area of
a shifting tidal convergence/divergence zone is approached.
[14] The center of the main thermocline in Mamala Bay is

at approximately 300 m depth (Hamilton). Stratification in
the upper 100 m has a strong seasonal cycle. Top to bottom
temperature differences along the 75 m isobath vary from
3�–4� C in summer to less than 1�C in late fall, early winter.
The buoyancy frequency (N) in the bay is a maximum at
1.6 � 10�2 s�1 at �75 m during the summer when the
seasonal thermocline is at its strongest.

4. Previous Studies of Internal Tides
in Mamala Bay

4.1. Studies by Hamilton [1996] and
Hamilton et al. [1995]

[15] Barotropic M2 tidal currents in Mamala Bay are
directed primarily along the isobaths with weak (0.01–
0.02 m s�1) cross-isobath flows. Strong M2 currents at
Diamond Head (�0.40 m s�1) and Barbers Point
(�0.20 m s�1) converge at the bay during high tide. A nodal
point in current amplitudes occurs near transect B just west

of Pearl Harbor. The vertical structure of the M2 tidal
currents shows that the only significant offshore flow
(0.08 m s�1) occurs at transect B at 240 m depth.
[16] Temperature fluctuations in the bay are primarily

semidiurnal with the largest amplitudes occurring at
240 m, near the depth of the main thermocline (300 m),
and near the center of the bay where barotropic flows are
weak. Semidiurnal temperature changes at B3 are as large as
8�C, which correspond to peak-to-trough vertical displace-
ments of �150 m. The largest temperature fluctuations
(�3�C) along the 75 m isobath occur in the central bay
(B2 and D2) during the summer when the upper water
column is stratified. Associated peak-to-trough vertical
displacements are approximately 50 m. Temperature fluc-
tuations disappear during November and December when
the upper 100 m of the water column is well mixed.
[17] The cross-shore structure of temperature fluctuations

at transects B and E show little variation in amplitude or
phase, indicating that the isotherms move up and down
synchronously across the shelf. Temperature fluctuations at
transect A, however, show both phase and amplitude differ-
ences between A2 and A4, which Hamilton interpreted as the
signature of a westward propagating internal Kelvin wave
with a wavelength of 35 km and a phase speed of 0.8 m/s.
[18] The downward vertical displacements in the center

of the bay occur during converging tidal flows at the
headlands. This observation led to Hamilton’s hypothesis
that the convergence of semidiurnal barotropic tidal currents
cause downwelling in central Mamala Bay between trans-
ects A and D, resulting in an internal tide.

4.2. Study by Petrenko et al. [2000]

[19] Petrenko et al. [2000] described the effects of semi-
diurnal internal tides in Mamala Bay on the discharge from
sewage outfalls. They deduced that the horizontal propaga-
tion of the M2 internal tide was westward along the shelf.
Using the dispersion relation for a two-layer flow, the phase
speed and wavelength of the internal wave were estimated
to be 0.41 m s�1 and 18.4 km. These values are similar to
the results of Lien [1985] from a study of internal tides off
the west coast of Oahu; however, they are equal to about
half the phase speed and wavelength of the internal Kelvin
wave described by Hamilton. Petrenko et al. [2000] attrib-
uted the differences to the fact that Hamilton’s calculations
assumed deeper depths.

4.3. Study by Lewis et al. [2002]

[20] Lewis et al. [2002] used an adaptation of the model of
Blumberg and Mellor [1987] to simulate M2 internal tides in
Mamala Bay. Their model reproduced some aspects of theM2

internal tides, particularly the large displacements observed in
the central bay. The model predicted 90 m peak-to-trough
displacements of the isotherms at a depthof 275m.Hamilton’s
conceptual model of internal tide generation, however, was
not supported by the numerical results. Lewis et al. [2002]
suggest that the large M2 internal tides in the bay result from
propagation of remotely generated internal tides.

5. Harmonic Analysis of the Internal Tide

[21] The spatial structure of the internal tide is described
for horizontal current and vertical displacement amplitudes
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and phases from harmonic analysis. We finish this section
with a discussion of the M2 energy flux.

5.1. M2 Barotropic Tidal Currents

[22] Estimates of M2 barotropic tidal current vectors are
plotted relative to high tide at Honolulu Harbor (Figure 3).
Consistent with Hamilton’s results, M2 barotropic tidal
currents at the 75 m isobath are strongest at the headlands
and weakest in the central bay along transect B. The ellipses
are rectilinear and oriented in the along-isobath direction,
except at B3 where the ellipse is oriented across the
isobaths. Hamilton notes a convergence of the barotropic
flow in the central regions of Mamala Bay during high tide.

On the western side of the bay, only the A2 current is
consistent with this convergent flow structure.

5.2. M2 Baroclinic Tidal Currents

[23] M2 baroclinic tidal ellipses are estimated for summer
and winter time periods. The data available for location F3
(4/21/95 to 7/31/95) do not span either averaging period.
Nonetheless, tidal ellipses for F3 are computed and pre-
sented in the summer results.
[24] At the 75 m isobath, M2 baroclinic tidal currents

(Figure 4a) are largest at the headlands (A2 and E2) and
weakest in the center of the bay (B2 and D2). During the
summer, maximum currents (0.27 m s�1) at Diamond Head

Figure 3. Estimated M2 barotropic tidal ellipses. Tidal current vectors are plotted relative to high tide at
Honolulu Harbor. The star denotes the approximate location of the tide gauge. Depth contours are in
meters.

Figure 4a. Vertical structure of the M2 baroclinic tidal ellipses near the 75 m isobath for the summer
(left panel) and winter (right panel). Tidal current vectors are plotted relative to high tide at Honolulu
Harbor. Barotropic tidal ellipses are presented at the top of each plot for reference.
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are larger by a factor of four than the next largest currents at
Barbers Point (A2). The difference in baroclinic energy
between summer and winter is most apparent on the eastern
side of the bay (D2 and E2). Baroclinic currents are more
energetic in summer (E2, 0.27 m s�1) when the water column
is highly stratified, than in winter (E2, 0.09 m s�1) when the
water column is nearly homogeneous to 75m depth.
[25] At the 250 m and 500 m isobaths, peak baroclinic

current amplitudes are generally larger (except D3) than
their barotropic counterparts (Figure 4b). The largest M2

baroclinic tidal currents (0.29 m s�1) are found near bottom
(288 m) at F3. The structure of the M2 baroclinic currents
during summer and winter at most locations is characteristic
of a mode-one internal tide (i.e., one current reversal in the
vertical). Baroclinic tidal flows at the headlands (A and E)
are nearly 180� out of phase, consistent with converging and
diverging currents in the central bay.
[26] Seasonal differences are apparent in the central bay at

B3 and D3. M2 tidal currents at B3 during the summer have
relatively strong (0.07 m s�1) cross-shore components espe-
cially near bottom at 240 m depth (Figure 4b, left panel). As
noted by Hamilton, the only substantial cross-isobath flow
occurs at this location and depth. During winter, however, the
cross-shore component weakens (0.01 m s�1) as the ellipse
becomes more aligned with the isobaths (Figure 4b, right
panel). Seasonal differences are also apparent at D3, where,
during summer, the vertical structure of the flow resembles a
mode-two internal wave compared to mode-one during
winter. The variability at B3 and D3 appears to be an
indication of the seasonal migration of the tidal conver-
gence/divergence zone as described by Bathen [1978].

5.3. Vertical Displacements

[27] During the summer, M2 vertical displacement ampli-
tudes are highest in the central regions of Mamala Bay (35 m
at B3 and 21 m D3, both at 240 m depth; Table 2), and

weakest at the headlands (1 m at E4 at 450 m, 3 m at A2 at
76 m). Displacement amplitudes elsewhere range from 5–
13 m with an average value of �9 m. At each mooring,
amplitudes tend to increase with depth. At each transect, the
displacement phases are generally uniform with depth and
across the shelf, except at 240 m depth at Diamond Head,
where the internal tide is approximately 180� out of phase
with all other locations. The average phase lag, excluding
the anomalous phase lag at Diamond Head, is �320�. The
M2 phase lag for Honolulu sea level is �60�. Maximum
downward displacements of the isotherms, therefore, lag
surface tide elevations by 3–4 hours.
[28] During the winter, peak M2 vertical displacement

amplitudes are similar to the summer in that the largest
amplitudes occur in the center of the bay (31 m at B3, 24 m
at D3, both at 240 m depth, Table 2). The weakest amplitudes
(2–4 m) are found at the 70–76 m depths at all locations, and
again at E4 at 450 m. Phases are not as uniform across the bay
as in summer and the 180� phase shift observed between
location E4 at 240 m depth and the rest of the bay is not
evident during winter. At 240 m depth, the internal tide at the
headlands (A4 and E4) leads the inner bay locations (B3 and
D3) by �3 hours and D3 leads B3 by �1 hour. Thus the
maximum displacements in the center of the bay lag the
response at the headlands. Awinter decrease in displacement
amplitudes occurs at the shallower depths (70–76m), but not
in all cases at the deeper depths (e.g., B3 and E4 at 125 m).
[29] Although our emphasis has been the M2 tidal con-

stituent, we consider here the timing of spring tides,
associated with the combination of the three main semidi-
urnal constituents (M2, S2, and N2). M2 and S2 account for
the dominant fortnightly modulation of the semidiurnal tide,
while N2 contributes to longer-term modulations in the
strength of the spring tide. A complex demodulation,
centered at the M2 frequency, of vertical displacement and
Honolulu Harbor sea level time series shows that typical

Figure 4b. Vertical structure of the M2 baroclinic tidal ellipses near the 250 and 500 m isobaths for the
summer (left panel) and winter (right panel). Tidal current vectors are plotted relative to high tide at
Honolulu Harbor. Barotropic tidal ellipses are presented at the top of each plot for reference.
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spring events for displacements in the central bay (B3) lag
the surface tide by approximately 2 days (i.e., the age of the
internal tide is greater than the surface tide; see Holloway
and Merrifield [2003] for a discussion of tidal age). This
significant lag in maximum fortnightly amplitudes suggests
that the internal tide is not locally generated. If local
generation were important, we would expect the timing of
spring internal tide amplitudes to coincide, approximately,
with the maximum barotropic tidal forcing.

5.4. M2 Internal Tide Energy Flux

[30] Current and temperature data at Barbers Point (A4)
and Diamond Head (E4) are used to estimate the baroclinic
energy flux at each site. The energy flux provides an indica-
tion of the direction of propagation of the M2 internal tide. At
each headland, internal tide energy is directed into Mamala
Bay. This is just the opposite of what would be expected for a
wave generated within the bay and radiating outward along
the shelf. The energy flux is higher at DiamondHead (1.9KW
m�1) than at Barbers Point (1.2 KW m�1), suggesting a
stronger energy source to the east of the bay.
[31] In assessing the internal tide energy flux, we recall

that the maximum M2 internal tide displacements and
currents occur in different locations, i.e., at the center of
the bay for displacement and at the headlands for alongshelf
current. We believe that this may be indicative of a quasi-
standing wave component to the internal tide field within
Mamala Bay. The oppositely traveling internal tide energy,
as indicated by the convergent energy fluxes at the head-
lands, may superpose to create areas of maximum displace-
ments (i.e., similar to standing wave antinodes), and
maximum horizontal currents (i.e., nodes). The wave is
not completely ‘‘standing’’ given that the westward energy
flux exceeds the eastward flux.

6. Incoherent Internal Tide

[32] Similar to findings in other regions of the ocean
[Wunsch, 1975], the internal tide in Mamala Bay exhibits
intermittent and incoherent behavior. One measure of this is
that approximately 40% of the total variance in the semidi-
urnal tidal band (frequency range 1.78–2.09 cycles/day)

occurs at frequencies other than the tidal constituents. This
energy contributes to a disorganized, or incoherent, com-
ponent to the internal tide. We examine this energy by band-
passing the data over the semidiurnal band and removing
energy at the tidal constituents.
[33] The incoherent tide exhibits no obvious spatial

structure. Correlations between pairs of current and dis-
placement time series, whether separated in depth at a single
mooring or horizontally in space between moorings, are
weak (r � 0.3). The exception is at 240 m depth at the
central bay locations (B3 and D3) where the correlation
rises to �0.6. A few sporadic events show some consistency
across the array (e.g., day 60 or 1 March 1994, and day 300
or 27 October 1994; Figure 5). These events do not appear
to be linked to the spring-neap cycle of the harmonic
internal tide. While one event occurs during the spring
cycle, the other occurs just before the neap cycle. The
amplitudes of both events are largest at B3 at 240 m depth,
yet the events peak first at the headlands (Figure 5).
[34] The incoherent internal tide does not exhibit an obvi-

ous seasonal signal as did theM2 internal tide. The largest and
weakest incoherent internal tide amplitudes are not consis-
tently found during the summer or winter. On the basis of the
results of Mitchum and Chiswell [2000], we anticipated that
changes in stratification in the upper 150mwould account for
the modulation of the semidiurnal internal tide. Correlations
between stratification and vertical displacement, however, are
weak throughout Mamala Bay, ranging from 0 to 0.4 with an
average value of r = 0.1.Moreover, low-frequency changes in
stratification appear to be uniform across the bay, whereas the
incoherent tide is not.
[35] In short, it is difficult to characterize any particular

structure to the incoherent tide or any obvious link to
stratification changes. This lack of coherence and spatial
structure again suggests that the energy is not generated
locally. That is, wewould expect to see amore regular internal
tide dominating the record if the generation were local.

7. Model Simulation of the M2 Internal Tide

[36] In contrast to the local generation hypothesis of
Hamilton, we find that the M2 energy flux is directed into

Table 2. Estimated M2 Vertical Displacement Amplitudes and Phases for the Summer (8/1 to 10/31/94) and Winter (12/15/94 to

3/15/95)a

Location Depth, m
Summer

Amplitude, m
Winter

Amplitude, m
Summer Phase

Lag, deg
Winter Phase
Lag, deg

A2–Barbers Point 76 3±2 2±1 225±42 119±31
A4–Barbers Point 70 6±2 3±1 285±19 14±21

125 5±1 5±1 335±14 28±17
240 13±3 12±2 319±14 281±10
450 11±1 9±1 309±6 309±8

B3–west central Mamala Bay 70 7±2 4±1 330±19 302±11
125 11±1 15±2 357±6 324±7
240 35±4 31±2 340±6 20±4

D3–east central Mamala Bay 70 no data 2±1 no data 2±21
125 no data 9±2 no data 340±11
240 21±1 24±2 318±3 344±4

E2–Diamond Head 75 8±3 2±1 337±22 335±17
E4–Diamond Head 70 11±3 6±1 314±12 14±10

125 5±1 10±2 335±11 7±11
240 8±1 7±1 152±10 257±11
450 1±1 4±1 319±42 253±12

aThe exceptions are the summer period at E2 (8/1 to 10/18/94), and the winter period at (1/20/95 to 3/15/95). Here 95% confidence intervals are included.
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Mamala Bay. Because we lack observations in the suspected
areas of generation, the availability of a numerical model
has proven advantageous. We use the POM results of
Merrifield et al. [2001] to examine the issue of generation
and to place the Mamala Bay internal tides into a broader
context of internal tide generation along the Hawaiian
Ridge. Prior to discussing the issue of generation, the model
is compared to the observed M2 barotropic tidal currents

and vertical displacements. The model run was not designed
to examine Mamala Bay specifically, this was a regional
model study, and so model resolution (4 km in the hori-
zontal) is rather sparse compared to the length of the bay
(32 km) and the spacing of the MBS moorings.
[37] The model-predicted M2 tidal ellipses (Figure 6)

show qualitative agreement with the observed barotropic
tidal currents in Mamala Bay (Figure 3). Model-predicted

Figure 5. M2 incoherent internal tide displacement amplitudes for the 240 m depth locations.

Figure 6. Model-predicted M2 barotropic tidal ellipses. Tidal current vectors are plotted relative to high
tide at Honolulu Harbor. The star denotes the approximate location of the tide gauge. Depth contours are
in meters. See Figure 8 for an illustration of the model grid size.
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tidal flows are oriented in the along-isobath direction with
weak cross-isobath flows. The major difference is that the
model underpredicts the semi-major amplitudes. The RMS
difference in predicted and observed amplitudes is 0.13m s�1

for the semi-major amplitudes and 0.01 m s�1 for the semi-
minor amplitudes. We suspect that the model grid resolution
may account for the barotropic current discrepancies.
[38] Model performance is further evaluated by compar-

ing the model-predicted M2 vertical displacement ampli-
tudes and phase lags with the observations (Table 3). The
model captures the qualitative structure of the displacement
field, although it tends to overpredict displacement ampli-
tudes. The RMS difference in predicted and observed
amplitudes is 6 m. The locations of the largest amplitudes
predicted by the model are in agreement with those in the
observations (B3 at 240 m and D3 at 230 m). At location
B3, model and observed values are 48 m and 32 m, while at
D3, model and observed values are 28 m and 23 m. The
agreement in phase lag at these locations is also reasonable
with a RMS difference of 28�. In general, model phases lead
the observed values.
[39] For the larger Hawaiian Ridge region, barotropic

tidal flow over sloping topography is the primary mecha-
nism for internal tide generation [Merrifield et al., 2001].
The Kauai and Kaiwi channels are two such topographic
features that scatter the barotropic tide into the baroclinic
tide. The large internal tide current observed at Diamond
Head (Figure 4a) appears to originate to the east in the
Kaiwi Channel. To investigate internal tide generation, we
use POM to estimate baroclinic energy fluxes and energy
flux divergences for Mamala Bay and the Kaiwi Channel. In
the Kaiwi Channel, baroclinic energy radiates away from
both sides of the submerged ridge, and also toward the
middle of the channel (Figure 7, top panel). On the east side
of the channel, a component of the energy flux is directed
toward Diamond Head and into Mamala Bay. On the other
side of the bay near Barbers Point, there appears to be some
local generation, but energy is also directed southward,
having originated in the Kauai Channel to the north. The
model does not show westward propagation of the internal
tide at Barbers Point as proposed by Hamilton. Included in
Figure 7 are the estimated energy fluxes from the MBS
mooring data. The model and observed fluxes are remark-
ably similar in amplitude and direction, lending confidence
in both the model results and the estimated fluxes from the

mooring data, which were based on sparsely sampled
measurements in the vertical.
[40] The model-predicted energy flux divergence

(Figure 7, bottom panel) emphasizes the regions of gener-
ation. A strong divergence, or source region, occurs on the
eastern side of the Kaiwi Channel where the topography
drops off to the deep ocean. Aweaker generation site occurs
over the ridge flank on the west side of the channel.
Generation is not predicted in the central regions of Mamala
Bay, in fact a weak convergence is predicted. The model
results support internal tide generation at the channel slopes,
particularly in the eastern Kaiwi Channel, with subsequent
propagation over the ridge, causing high energy levels
(Figure 8) within Mamala Bay. Negative energy flux
divergence in Mamala Bay is also found in the model runs
(Figure 7, bottom panel), suggesting that some dissipation
of wave energy also occurs in the bay.
[41] A broader view of the semidiurnal internal tide field

around Oahu is presented at different tidal phases using the
model-predicted M2 vertical displacement amplitudes and
baroclinic currents at 250 m depth (Figure 9). The maps
illustrate that the internal tides in Mamala Bay are not
anomalous. Large internal tides (25–30 m amplitudes) gen-
erated in the Kauai Channel are seen propagating away from
the submerged ridge to the north, and to the south along the
west coast of Oahu (Figure 8, left panels). The Kauai Channel
was identified byMerrifield et al. [2001] as one of threemajor
internal tide generation sites along the Hawaiian Ridge. The
model internal tide at the Kauai Channel is similar to that at
the Kaiwi Channel in that energy is predicted to propagate
across the ridge from either flank. Thus the Mamala Bay tide
is part of a broader cross-ridge internal tide structure, although
significantly weaker in magnitude than its counterpart in the
Kauai Channel north of Oahu.

8. Discussion and Summary

[42] One of the main findings of this study is that the
Mamala Bay semidiurnal internal tide is not generated in the
bay itself. The support for this result comes primarily from
energy flux estimates. There is a weak convergence of
energy within the bay, and not a divergence representative
of generation. Furthermore, we believe that a superposition
of east and west propagating waves results in a standing
wave component in the center of the bay. This explains the

Table 3. Predicted and Observed M2 Displacement Amplitudes and Phasesa

Location Depth, m

Amplitude, m GMT Phase Lag, deg

Observed Model Observed Model

A4–Barbers Point 70 6±2 6 285±19 149
125 5±1 3 335±14 137
240 13±3 5 319±14 218
450 11±1 19 309±6 252

B3–West Central Mamala Bay 70 7±2 8 330±19 45
125 11±1 14 357±6 254
240 35±4 48 340±6 340

D3–East Central Mamala Bay 230 21±1 28 318±3 301
E4–Diamond Head 70 11±3 13 314±12 301

125 5±1 10 335±11 277
240 8±1 5 152±10 299
450 1±1 11 319±42 11

aHere 95% confidence intervals are included.

C05010 EICH ET AL.: SEMIDIURNAL INTERNAL TIDES IN MAMALA BAY

9 of 13

C05010



Figure 7. Model-predicted estimates of depth-integrated M2 baroclinic energy flux (top) and M2 energy
flux divergence (bottom). The estimated energy flux from the mooring data at A4 and E4 is included in
the top panel.

Figure 8. Model-predicted estimates of depth-integrated M2 baroclinic energy density.
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large displacements and weak currents in the central bay
(similar to a standing wave antinode), and the strong
currents and small displacements at the headlands (standing
wave node). This is not a pure standing wave, however, as
the westward propagating wave energy is greater than the
eastward energy. Local generation is also inconsistent with
the time delay of the spring internal tide (as measured by
vertical displacements at B3), and the surface tide (Hono-
lulu sea level).

[43] The notion of a shifting tidal convergence zone in
Mamala Bay (i.e., the location where oppositely directed
currents meet resulting in weak flow) has been reported by
Laevastu et al. [1964] and Bathen [1978]. This has been
interpreted as a variable barotropic convergence (Hamilton).
It is more likely, however, that seasonal variations in upper
ocean stratification cause variations in the internal wave
structure creating a shifting baroclinic tidal convergence
zone. We find changes in M2 amplitude and phase between

Figure 9. Model-predicted M2 vertical displacement amplitudes at 250 m depth and baroclinic currents
at 100 m depth for (a and d) high tide, (b and e) 2 hours after high tide, and (c and f ) 4 hours after high
tide.
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summer and winter months for both currents and vertical
displacements. Bathen [1978] proposed a westward migra-
tion of the tidal convergence zone between summer (near
transect B) and winter (near transect A). Seasonal changes
in structure observed at B3 and D3, i.e., the orientation of
the baroclinic tidal ellipse at B3 is across-shore during
summer and alongshore during winter, are consistent with
this scenario.
[44] The presence of an energetic incoherent component

of the internal tide in Mamala Bay (40% of the total
semidiurnal band variance) is further indication of remote
generation, particularly because the incoherent signal can-
not be reconciled as simply a kinematic response to varying
local stratification. The numerical simulation does not
provide insights into what causes the incoherent tide. It
would be useful to investigate the effects of variable
stratification at the proposed generation sites with the
model. These sites are deeper in the water column (500–
1000 m) than Mamala Bay and presumably subject to
different stratification variations than were observed within
the bay. This mechanism likely accounts for the low-
frequency internal tide modulations observed in the deep
ocean off of the Hawaiian Ridge [Mitchum and Chiswell,
2000]. Likewise, modulation of the tide by mesoscale flow
features may also contribute to a random internal tide
component. We note that Mitchum and Chiswell [2000]
did not use data from the Honolulu tide gauge, located
within Mamala Bay, in their investigation of regional M2

internal tide modulations because the Honolulu record was
suspected of containing mesoscale contamination.
[45] In addition to the influence of variable stratification

and mesoscale features, we propose that the shoaling of a
stochastic, deep ocean, internal wave field could contribute
to the incoherent internal tide within Mamala Bay. Johnston
and Merrifield [2003] have shown how internal tide ampli-
tudes increase significantly as deep ocean waves propagate
into shallow water over a ridge, similar to shoaling surface
waves at the coast. This would contribute to an inhomoge-
neous wave field.
[46] The numerical modeling results of Merrifield et al.

[2001] suggest that the internal tide variability observed in
Mamala Bay originates along the ridge flanks, with energy
propagating up and over the ridge. Similar to the observa-
tions, the westward propagating energy is dominant, signi-
fying stronger generation on the eastern flank of the ridge.
The model also establishes that the Mamala Bay internal
tide is not a unique feature. In fact a far more energetic
counterpart occurs in the Kauai Channel. Internal tide
displacements of 300 m (peak-to-trough) have been ob-
served along the north ridge flank [Boyd et al., 2002]
compared to the 150 m displacements reported for Mamala
Bay. Instead of a locally forced internal wave as proposed
by Hamilton, we characterize the Mamala Bay internal tide
as the coastal manifestation of the large-scale internal tides
generated at the ridge flanks in the Kauai and Kaiwi
Channels.
[47] Although we did not explicitly consider this issue,

we note that the modulation of the M2 tide in the Honolulu
Harbor tide gauge record is under investigation by W. H.
Munk and J. Colosi (personal communication, 2003). The
modulation, evident as a tidal cusp about the M2 line in sea
level spectra [Munk and Cartwright, 1966], are likely to

occur at timescales that are long relative to the length of the
MBS time series. Nevertheless, the strong seasonal modu-
lation of the internal tide observed in Mamala Bay, in both
amplitude and phase (section 5), strongly suggests that the
cusps are indeed indicative of internal tide variability as
originally proposed by Munk and Cartwright [1966].
[48] Questions that arise from this study include: (1) What

causes the 2-day lag in internal spring tide relative to the
surface spring tide? (2) What contributes to the incoherent
component of the internal tide? (3) Is internal tide dissipa-
tion important in Mamala Bay as suggested by the numer-
ical model? (4) How do mesoscale features like eddies and
coastal jets affect the Mamala Bay internal tide? Recent
observations collected in Mamala Bay as part of HOME
will help address these issues.
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