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Excitation of Seiche Observed in a Small Harbor 
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Scripps Institution of Oceanography, University of California, San Diego, La Jolla 

Seiche measured within a small (0.6 by 0.6 km), shallow (12-m depth) harbor is dominated by oscillations in 
several narrow infragravity frequency bands between approximately 10 '3 and 10 '2 Hz. Energy levels within the 
harbor are amplified, relative to just outside the harbor in 8.5-m depth, by as much as a factor of 20 at the 
lowest (grave mode) resonant frequency (~ 10 '3 Hz) compared to amplifications of roughly 5 at higher resonant 
frequencies (~10 '2 Hz). At nonresonant frequencies, energy levels observed inside the harbor are lower than 
those outside. These amplifications are compared to predictions of a numerical model of seiche excited by 
linear, inviscid long waves impinging on a harbor of variable depth. The amplification of higher-frequency 
(~10'2-Hz) seiches is predicted within a factor of about 2. However, at the grave mode (10 '3 Hz), the observed 
amplification decreases with increasing swell and seiche energy levels, possibly owing to the sensitivity of this 
highly amplified mode to dissipation not included in the inviscid model. The energy levels of higher-frequency 
seiche within the harbor were predicted from the offshore sea and swell spectra by the ad hoc coupling of the 
linear model for the amplification of harbor modes with a nonlinear model for the generation of bound 
infragravity waves outside the harbor. The predictions are qualitatively accurate only when the swell is 
energetic and bound waves are a significant fraction of the infragravity energy outside the harbor. 

1. INTRODUCTION 

Seiche in a harbor is caused by the amplification of waves at 
the so-called "natural frequencies." In response to forcing that 
is broad banded in frequency, oscillations within the harbor at 
these natural frequencies increase significantly in magnitude 
before the energy input from the exciting source is balanced by 
losses such as those owing to friction, flow separation, boundary 
absorption, and radiation from the harbor mouth. In small 
harbors which are sheltered from high frequency (-q0-1-Hz) sea 
and swell, the most energetic motions typically have frequencies 
in the range 10-4-10 -2 Hz. The oscillatory horizontal 
displacements caused by these low-frequency oscillations can 
seriously interfere with harbor operations [e.g., Wilson, 1972; 
Morison and Iraberger, 1992]. 

Analytical, numerical, and laboratory models of seiche are 
typically used to determine, as a function of frequency, the 
an•plification of wave energy within the harbor relative to unit 
long-wave energy outside (and propagating toward) the harbor. 
From a suite of logistically feasible designs, the harbor 
geometry with minimum wave amplification can be determined, 
but the results are generally used only qualitatively both because 
of limited field verification of the basic seiche amplification 
models and because the excitation of long waves outside the 
harbor is not well understood. Unless the absolute magnitude of 
the seiche energy is predicted, the "best" design may still be 
operationally unacceptable. 

The majority of past field studies of harbor seiche have been 
restricted either to comparisons of observed and predicted 
resonant frequencies [e.g., Houston, 1977; Gerber, 1986] or to 
energy ratios between points within or near the mouth of a 
harbor [e.g., Lewis et al., 1989; Morison and Iraberger, 1992; 
Botes et al., 1982, 1984]. Exceptions include Yamada et al. 
[1983], who showed good agreement between the observed and 
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predicted amplification of the grave mode (6.0x10-4-Hz) in a 
long and narrow (3.8 by 0.5 km), shallow (depth, 5 to 17 m) 
harbor in Japan. Large discrepancies between observations and 
predictions at higher frequencies were attributed to the model 
assumption of constant depth throughout the harbor and offshore 
areas. Variable depth was included by Olsen and Hwang 
[1971], who studied the amplification at the grave mode 
(~3.3x10 -3 Hz) of a small (-•0.2 by 0.5 km) shallow (depth, 6 to 
17 m) bay in Hawaii. Numerical model amplifications were 
applied to the sea surface spectrum obtained from pressure 
measurements about 3.5 km offshore in 165-m depth. The 
observed energy in the bay was a factor of 4 larger than 
predicted, even though energy losses were neglected. Olsen and 
Hwang [1971] speculated that the model underpredictions 
occurred because edge waves with turning points shoreward of 
the offshore gauge were not accounted for. In the present study 
we compare predictions of a linear, variable-depth model to 
amplifications observed between gauges at four locations in 
Barbers Point Harbor (12-m depth) and a gauge located only a 
few hundred meters offshore from the harbor mouth in 8.5-m 

depth (Figure 1). 
Tsunamis [e.g., Matuzawa et al., 1933; Wilson, 1971], 

meteorological disturbances [e.g., Munk et al., 1956; Wilson, 
1972; Tintord et al., 1988], and internal waves [Giese et al., 
1982, 1990; Giese and Hollander, 1987; Chapman and Giese, 
1990] have all been shown to excite harbor seiche, generally of 
periods longer than O(10 min) (frequencies <~10 -3 Hz). Munk 
[1949] and Tucker [1950] observed low-frequency motions 
associated with groups of wind waves on an open coast and 
Munk termed these low-frequency waves "surf beat" to evoke 
their relationship with the beat in the incident wind waves. The 
wind wave and surf beat energy increased simultaneously, and 
Munk [1949] speculated that wave groups or surf beat somehow 
caused harbor seiche. Simultaneous increases in offshore swell 

and lower-frequency harbor seiche energy have subsequently 
been reported [e.g., Wilson, 1957; Bichkov et al., 1970; Clark, 
1974; Botes et al., 1982; Kirkegaard and Nielsen, 1982; Lopez 
and Pina, 1988; Morison and Iraberger, 1992]. These swell- 
driven seiches typically have periods of a few minutes or less 
(frequencies > -•10 -3 Hz). 
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nonlinear effects (e.g., bound waves) may often be negligible in 
the harbor [Wu and Liu, 1990] and near the harbor mouth. The 
basic approach taken here is that harbor seiche is the linear 
response to a directionally broad background of free long waves 
outside the harbor. 

In Section 2, the field site is described and an overview of the 
observations is given. An existing numerical model [Chen and 
Mei, 1974; Houston, 1981; Chen, 1984] for seiche caused by 
linear, inviscid, free waves impinging on a harbor is briefly 
reviewed in Section 3. In Section 4 the amplifications predicted 
within the harbor (relative to offshore) are shown to be 
qualitatively accurate, but in some cases dissipation appears to 
reduce the observed amplification. In Section 5 we present a 
crude hybrid model which, by coupling a nonlinear model for 
infragravity wave generation outside the harbor with the linear 
harbor seiche amplification model, predicts harbor seiche from 
the offshore sea and swell spectrum. 
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Fig. 1. Instrument positions (solid circles and square indicate sensors 
within and offshore of the harbor, respectively) and depths (in meters) at 
Barbers Point Harbor, Oahu, Hawaii. 

It has been shown theoretically and in laboratory experiments 
that groups of swell (and the associated low-frequency bound 
wave) impinging on a harbor mouth can drive harbor seiche 
[Bowers, 1977; Mei and Agnon, 1989; Wu and Liu, 1990]. In 
these models the only free infragravity wave energy outside the 
harbor is that radiated from the harbor. However, recent 

observations on open coasts (including sites far from harbors) in 
depths comparable to the depths of small harbors (i.e., O(10 m)) 
show that free waves frequently contribute the bulk of the 
infragravity energy in the swell-driven seiche band (e.g., above 
roughly 10 '3 Hz [Okihiro et al., 1992; Elgar et al., 1992; 
Herbers et al., 1992; Herbets et al., Infragravity-frequency 
(0.005-0.05 Hz) motions on the shelf, I: Local nonlinear forcing 
by surface waves, submitted to Journal of Physical 
Oceanography, 1993, hereinafter referred to as Herbets et al. 
1993; Bowers, 1992]). When swell energy levels are low, no 
more than a few percent of the total infragravity energy is 
bound. Bound and free infragravity energy levels are similar 
only when swell energy levels are relatively high. The energy 
source and detailed generation mechanisms of free infragravity 
waves in the swell-driven band is not known, but the waves 

appear to be generated in very shallow water, perhaps within the 
surf zone. Energy radiated seaward from shallow water appears 
to be trapped in the waveguide of the continental shelf by 
reflection at the shoreline and refraction over the sloping shell 
The trapping does not appear to be highly selective, and 
observed spectra of free infragravity waves in O(10 m) depth are 
relatively featureless in frequency and direction (Herbets et al., 
1993). Thus, although infragravity waves on the shelf adjacent 
to the harbor mouth are probably initially generated by 
nonlinear processes on nearby beaches [e.g., Munk, 1949], 

2. FmLD MEASUREMENTS AND BASIC OBSERVATIONS 

This data set was collected at Barbers Point Harbor (where 
seiche has sometimes interfered with operations) between 
October 1989 and March 1990. The main harbor basin is 

--0.4 km 2 and 11.6-m deep and is connected to the Pacific Ocean 
through a 1.3-km-long, 12.8-m-deep entrance channel 
(Figure 1). The small, shallow (4- to 5-m depth) marina 
extending northward from the entrance to the main basin was 
constructed during 1988 and 1989. The coral rock beach in the 
vicinity of the harbor slopes rather steeply (0.04 slope) from the 
shoreline to 3-m depth and then slopes more gradually (-0.01) 
to the 9-m contour (approximately 0.8 km offshore), beyond 
which the depth increases to 180 m within another 1 kin. 

Five near-bottom pressure sensors were deployed; four (north, 
south, east and west, Figure 1) located in the main harbor basin 
and one (offshore) located in -8.5-m depth about 200 m north of 
the entrance channel. Records of 4.6-hour duration were 

obtained four times a day at a 0.5-Hz sample rate inside the 
harbor and at 1.0-Hz outside the harbor. The data acquisition 
system and sensors are described by Seymour et al. [1985]. The 
508 records when all five sensors were operational were 
analyzed. 

Each 4.6-hour time series record was detrended (with a cubic 
polynomial) to suppress tidal and other motions with periods 
greater than the record length. The lowest frequency f 
considered here is thus roughly 10-4-Hz. Fourier coefficients of 
pressure calculated from tapered and overlapped 1.1-hour 
segments were converted to sea surface elevation with linear 
theory (i.e., at sea and swell frequencies, the attenuation of 
pressure fluctuations by the water colunto was accounted for). 

Power spectra nGx(f) for each record n and location X=(x,y), 
obtained by averaging the 1.1-hour segments, have the narrow 
spectral bandwidth (Af=2.4x10 '4 Hz) necessary to resolve the 
resonant seiche modes but low (about 10) degrees of freedom. 

Time histories of wave energy spectra (Figure 2) show that 
energy outside the harbor at swell frequencies (4.0x10 '2- 
1.5x10 '1 Hz; Figure 2a) is correlated with lower-frequency 
energy both offshore (Figure 2b) and within the harbor (Figure 
2c). At the offshore location, on average only 1% of the 
observed total (i.e., sea, swell, and infragravity) energy is at 
infragravity frequencies (here, 1.0x10-4-4.0x10 -2 Hz). The 
relative amount of sea and swell energy varies within the harbor 
(not shown). For example, the south location is highly sheltered 
from sea compared to the west gauge (Figure 1), and on average 
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Fig. 2. Contours of wave energy density (units of 103 cm9'/Hz) for November 1989 at (a) swell frequencies 
(4.0x10'9'_<f<l.5x10 '1Hz) outside the harbor (offshore), (b) infragravity frequencies (104_<f<4.0x10 '9' Hz) offshore, and (c) 
infragravity frequencies in the south comer of the harbor. In Figures 2b and 2c, the contour levels plotted are 0.2, 2, 5, 15, and 25. 

15% of the total energy is in the infragravity band at the west 
gauge, compared to about 50% at the south gauge. The 
distribution of sea and swell energy within the harbor is not 
discussed further. 

The infragravity energy spectrum (Eio(f)) outside the harbor 
is relatively white, with a smooth increase in the cumulative 
energy as a function of frequency. In contrast, Eio(f) within the 
harbor is elevated in narrow frequency bands corresponding to 
the resonant modes of the harbor, where there are step increases 
in the cumulative energy (Figures 3a and 3b). On average, 
~75% of the total infragravity energy in the harbor is at 
frequencies of less than 1.2x10 -2 Hz, the highest infragravity 
frequency considered in the model-data comparisons (section 4). 
The observed power at the lowest resonant frequency, the grave 
or Helmholtz mode at 10 -3 Hz, is approximately equal at 
different locations in the interior of the harbor, with the lowest 
level at the west location in the entrance channel (Figure 3a). 
The energy levels of resonant modes at higher frequencies are 
more variable within the harbor, but all locations have multiple 
peaks between 5.0x10 -3 and 9.0x10 -3 Hz. 

The correlation between infragravity Eio(f) and total offshore 
swell energy (EswmL, the energy integrated over the 4.0x10 -2- 
1.5x10 -1 Hz swell band) typically varies as a function of 
infragravity frequency f [Munk et al., 1956; Donn and 
McGuinness, ! 963; Morison and lrnberger, ! 992; Herbers et al., 
1992] and in the present observations (Figure 3c) is low for 

frequencies of less than about 2.0x10 -3 Hz. At frequencies 
below about 2.0x10 -3 Hz, which includes the grave mode 
(10 -3 Hz), infragravity motions may be driven by atmospheric 
processes [e.g., Munk et al., !956] as illustrated in Figure 4. 
Coincident with an atmospheric pressure drop of 17 mbar, the 
energy of grave mode oscillations increased by roughly an order 
of magnitude (there were no significant increases in sea and 
swell energy). It is not clear whether the harbor seiche was 
driven by direct meteorological forcing of the harbor or by long 
waves on the shelf which were excited by the frontal passage. 
Other processes (e.g., internal waves and tsunamis) may also 
force the grave mode at Barbers Point. 

Seiche energy was split into broad frequency bands 
corresponding to the different dominant forcing mechanisms. 
The lower-frequency, grave mode band extends from about 
10-4Hz (the lowest resolved frequency) to 2.0x10 -3 Hz 
(approximately the transition to seiche driven by local swell; 
Figure 3c). A second frequency band spans the range 2.0x10 '3- 
1.2x10 '2 Hz, and the third band (not included in model-data 
comparisons; section 4) extends from 1.2x10-2-4.0x10 -2 Hz. 
Energy levels of both of these higher-frequency seiche bands are 
strongly correlated with the total swell energy (Figure 3c). 

Outside the harbor (Figure 5a), the grave mode band is not as 
energetic as the higher-frequency seiche bands. Within the 
harbor, the grave mode dominates the seiche energy when the 
swell energy (EswmL) is low, but when the swell is energetic, 
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Fiõ. 3. (a) Average observed Dower spectra and (b) average cumulative 
percentage of the total infragravity energy; offshore (solid line) and in the 
harbor (sou•, dotted line; north, short-dash line; west, dot-dash line; east, 
long-dash line). (c) Correlation (r 2) between the logarithms of the total 
swell energy ESWEL L and offshore infragravity energy Eio(f) as a function 
of f (solid line) and the average r 2 between ESWEL L and EiG(f ) at the four 
harbor j•auges (dotted line). The dashed vertical lines at 2.0x10 '3 and 
1.2x 10" Hz delineate frequency bands discussed in the text. 

the higher-frequency seiche modes contribute the bulk of the 
infragravity energy (Figure 5b). The differential amplification 
which increases the importance of the grave mode inside the 
harbor (relative to that outside the harbor) is apparent in Figure 
6. The grave mode band is amplified by a factor of roughly 2- 
10, whereas the next higher-frequency band is usually slightly 
less energetic inside the harbor than outside, and the highest 
infragravity band typically has only 20-40% of the energy 
outside the harbor. 

The experiment-averaged energy amplification (as a function 
of frequency) <A(X2,Xlf)> at location X 2 relative to X 1 is 
defined as the average of the ratios of the smoothed power 
spectra G from all (N=508) individual 4.6-hour records (there 
are small differences between the average and the median ratio), 

(A(X 2 Xl ' f))= 1 N , , •- n•=l nGx• (f)l nGx, (f). (1) 
Peaks in <A(X2,Xlf)> may result from either peaks (i.e., 
resonances) in nGx2(f ) or depressions (i.e., nodes) in nGx•(]). 

However, because the average power spectrum outside the 
harbor is relatively white (compared with the power spectra in 
the harbor; Figure 3a) over much of the infragravity frequency 
band, the structure of the energy amplification spectra (between 
the offshore and all harbor locations; Figure 7a is typical) is 
primarily due to the frequency structure of the power spectra in 
the harbor. The approximately unity transfer function between 
the south harbor and offshore sites in the 2.0x10 '3- to 
1.2x10'2-Hz band (Figure 6) results from an approximate 
balance between amplification of two peaks at ~8.0x10 -3 Hz 
(Figure 7a) and strong suppression of seiche energy at other 
frequencies in this band. The grave mode band is amplified 
across the entire bandwidth (with peak amplifications of about 
20), whereas the highest seiche frequency band is amplified only 
slightly in a narrow band around 1.7x 10 -2 (Figures 3a and 7a). 

Experiment-averaged cross spectra were computed using a 
variance normalization [Munk et al., 1964] which essentially 
equally weights the cross spectra of each data record. Examples 
of experiment-averaged phase differences between sensor pairs 
obtained from these cross spectra are shown in Figure 7b. 

Amplification spectra (equation (1)) and normalized cross 
spectra were separately averaged over "energetic" and "calm" 
records (defined as EswELL>625 cm 2 and EswELL<156 cm 2 
outside the harbor, respectively) as well as over all records 
(Figure 7). Although there are detectable differences between 
energetic and calm records (e.g., the amplification at the grave 
mode tends to be less when the swell is energetic; Figures 6 and 
7), the overall patterns of energy amplifications and phase 
differences (between offshore and harbor locations) for the 
ESWEL L separated data are certainly similar. The observations 
are not obviously inconsistent with the assumption (section 3) 
that the spatial structure (amplification and phase differences 
relative to those offshore) of harbor seiche can be described 
with linear dynamics. 

The observed frequencies and energy levels of peaks in the 
infragravity power spectra of harbor seiche are slightly different 
at low and high tides (depth differences of 0.9m or less). 
Although detectable, these tide-induced changes are relatively 
small, and no distinction will be subsequently made according 
to tidal stage. Numerical model calculations (section 3) use the 
mean tide level. 

A limited amount of data from a few sensors was collected 

prior to construction of the small shallow marina to the 
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Fig. 4. Low-pass-filtered (2-min average) sea surface elevation time 
series on December 11, 1987, offshore (solid line) and in the south comer 
(dotted line). The atmospheric pressure dropped 17 mbar during the time 
indicated, and the grave mode energy (period, ~15 min) increased 
dramatically. 
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Fig. 5. Infragravity energy (Eio) versus offshore swell energy (Esv•u,) at 
the (a) offshore and (b) south comer. Eio is the total energy in the 
following frequency bands: 10'4<f<2.0x10 '3 Hz (asterisks), 
2.0x 10 '3_<f< 1.2x 10 '2 Hz (squares), and 1.2x 10'2_<f<4.0x 10 '2 Hz (pluses). 

northwest (Figure 1). Comparison of pre- and post-construction 
amplification spectra at the west corner (dashed and solid lines 
in Figure l 1 a) show that the marina introduced a node at 
7.0x10 -3 Hz but did not otherwise significantly alter the 
amplification spectra. 

3. NUMERICAL MODEL 

Model Description 

The numerical model used here is the solution of a boundary 
value problem for linear gravity waves in a domain of arbitrary 
shape and variable depth [Chen and Mei, 1974; Houston, 1981; 
Chen, 1984]. The governing equation is [Berkhoff, 1972] 

V.(bcc,V½) + m•c*½ = 0 (2) 
c 

where V is the horizontal gradient operator; qb is the velocity 
potential; c and c•. are the phase velocity and group velocity, 
respectively; c0 is the radian frequency (c0=2•j0; g is gravity; 
and •2=gk tanh(kh), with k the wave number and h the depth. 
Energy losses from bottom friction are parameterized in b, 
where b=[1/(l+(13iaoein/4 )/(h sinh(kh))] and a o is a typical 
incident wave amplitude. Equation (2) is the inviscid mild- 
slope equation when the bottom friction coefficient 13=0 and 
b=l. 

The solution domain is divided into variable-depth near- 
regions H and A and a constant-depth far-region R, separated by 
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Fig. 6, Ratio between infragravity energy measured in the south comer 
and offshore. The frequency ranges spanned by Eio are 
10'4_<f<2.0xl0'3Hz (asterisks), 2.0x10'3<_.f<l.2x10 '2 Hz (squares), and 
1.2x 10'%f<4.0x 10 '•' Hz (pluses). 

an artificial semicircular boundary aA where solutions are 
matched and a Sommerfeld radiation condition is satisfied 

(Figure 8). The solution in regions H and A is found using 
finite-element techniques, while the solution in R is analytic. 

The dissipative effects of incomplete reflection at boundaries 
and bottom friction can be included in the numerical model, but 

values for coefficients must be empirically (or arbitrarily) 
chosen. We neglect dissipation and thus quantify the 
differences between observed energy amplifications and 
predictions of a linear inviscid model with no free parameters. 
The no-flow boundary condition (i.e., aqb/an=0, n=0, n is unit 
normal vector) is satisfied along the periphery of the harbor and 
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Fig. 7. South comer relative to offshore (a) energy amplification (dashed 
horizontal line is unit amplification) and (b) phase averaged over all data 
(solid line and triangles), calm (EswEL L < 156 cm 2) records (dashed line 
and diamonds), and energetic (EswEL L > 625 cm 2) records (dashed line 
and pluses). 
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500 

Fig. 8. Definition sketch of the harbor model regions (R, A, and H), 
boundaries OA and •)B), depths (h), bottom friction (b), and incident wave 
direction (0). Harbor and offshore sensors are shown by solid circles and 
a square, respectively. The measured bathymetry in region H (dotted box) 
is shown in Figure 1. 

surrounding coasts (i•B, Figure 8), and bottom friction is 
neglected (i.e., •=0 and b-1) in the harbor and nearshore area of 
interest (region H). 

Undesirable wave reflection, refraction, and scattering occur 
at the depth discontinuity on the semicircular boundary 
between the variable-depth near-region A and constant-depth 
far-region R (Figure 8). The location of 8A and the values of 
bottom friction in region A effective in reducing these model 
artifacts were determined empirically on bathymetry with 
known analytical solutions for a range of infragravity 
frequencies. The effect of depth discontinuities was reduced by 
placing •)A where the actual bathymetry is relatively smooth and 
planar and selecting the constant far-region depth (here, 13 m) 
to match the measured bathymetry over a large portion of •)A 
(Figure 8). However, where •)A intersects the shoreline, the 
depth still changes abruptly from zero in region A to 13 m in the 
far-field R. To further reduce the bogus effects of these depth 
discontinuities, nonzero and spafially variable bottom friction 
values between 10 -5 and 10 -3 ) was specified near the boundary 
between the coast and •)A (Figure 8). Bottom friction was 
included in less than 5% of the total grid area, and the results in 
region H were not sensitive to the details of the damping. The 
radius of region A ranged from 2 to 3 km, and •)A was therefore 
less than one wavelength distant from the harbor mouth for the 
lowest frequencies considered and several wavelengths away for 
the higher infragravity frequencies. The grid size was 
constrained by the available computer time. The approximately 
20,000 triangular elements in each grid had dimensions 
(typically 18-45 m) much less than the local wavelength. 
Various numerical tests indicated that boundary and other model 
artifacts are smaller than the discrepancies with observations 
discussed in section 4. 

Model Results 

The model output used here is the complex free surface 
displacement q(Xf,0) at location X relative to a monochromatic 
unidirectional wave of unit amplitude and incident direction 0 

(Figure 8) in the far-field. The amplification at X relative to 
shoreward propagating waves with unit energy in the far-field 
(oo) is 

A(X, oo, f ,O) = in(x,f,0)l (3) 

The directions of low-frequency waves (at Barbers Point) 
were unknown, but the model amplifications (both inside and 
just outside the harbor) are only weakly sensitive to 0. To 
approximate the broad directional distribution of infragravity 
energy measured in comparable depths at other sites (Herbers et 
al., 1993), model amplifications A(X,oof,0) were calculated for 
five far-field directions 0 ranging from -30 ø to 30 ø. To resolve 
the sharp resonant peaks, the model was tested with frequency 
resolution as f'me as 3.8x10 -6 Hz. A smoothed model spectrum 
of energy amplifications is obtained by averaging 
monochromatic results over all directions and over frequency 
[e.g., Pinching et al., 1990] to match the frequency resolution 
(2.4x10 -4 Hz) of the field data. Owing to limitations on 
computer time, model results were obtained only for frequencies 
less than 1.2x10 -2 Hz. Model results are cast as smoothed, 
energy amplification spectra between locations X 1 and X 2 

(A(X2,øø,f)) 
(A(X2'X"f)) = (A(X,,oo,f))' (4) 

Figure 9 shows <A(X2J( 1,f)> with X2=south and Xl=offshore 
sensor positions (Figure 1), and also the energy amplification 
spectra relative to infinity (<A(south,oo•f)> and 
<A(offshore,oof)>). Normalizing the model predictions within 
the harbor by the wave field at the offshore sensor has a small 
effect, for example, shifting the grave mode peak a single 
frequency band from 9.8x10 -4 in <A(south,ood')> to 1.2x10 -3 Hz 
in <A(south,offshored')>. 

Examples of the spatial structure of the smoothed energy 
amplification relative to the offshore sensor (Figure 1) are 
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Fig. 9. Model-predicted energy amplification spectra smoothed over 
frequencies and directions. Solid line is <A(south, offshore•>, dashed line 
is <A(offshore,oo,f)>, and dotted linc is <A(south,oo,f)>. The spatial 
structures of the grave and rocking modes are shown in Figures 10a and 
lob, respectively. 
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shown in Figure 10 for two resonant frequencies. Figure 10a 
shows the grave mode (1.2x10 -3 Hz) with relatively uniform 
amplifications (50-90) in the main harbor interior, decreasing 
amplification along the entrance channel toward the harbor 
mouth (qualitatively consistent with the relatively low power 
observed at the west gauge; Figure 3a), and a nodal line near the 
offshore sensor. Note the strong amplification (200) predicted 
in the (uninstrumented) shallow (depth, ~5 m) marina extension. 
At higher resonant frequencies, the patterns of wave energy 
amplification are more complex. Figure 10b illustrates a 
"rocking mode" with a nodal line across both the main basin and 
marina. Model phase predictions (discussed below) were 
obtained from frequency- and 0 direction-averaged model cross 
spectra. 

4. MODEL-DATA COMPARISONS 

The frequencies of peaks and valleys in the observed 
experiment-averaged energy amplification spectra (equation (1)) 
and the phase differences between the harbor and offshore 
locations are well predicted (Figure 11). However, there are 
significant differences in the magnitudes of the resonant peaks 
(e.g., the amplification of the grave mode is on average 
overpredicted at all four gauges). Similar comparisons, but 
between the south and west harbor gauges are shown in Figure 
12. The peaks in the amplification spectra result from both 
spectral maxima at the south gauge and minima at the west 
gauge (Figure 3a). The predicted 0, n phase differences 
between the harbor gauges are observed both with high and low 
offshore swell energies. The agreement between all pairs of 
harbor gauge locations is similar to that in Figure 12. 

The slight offset of the predicted amplification maxima to 
higher frequencies than observed (Figures 11 and 12) may be 
the result of erroneous model depths. A 1-m-thick accumulation 
of sediment in parts of the harbor between the bathymetric 
surveys (1985) and the present measurements (1989-1990) could 
account for the observed frequency offset (about 1 or 2 
frequency bands). Nonlinear effects [e.g., Rogers and Mei, 
1978; Lepelletier and Raichlen, 1987] can also shift the resonant 
frequency, but nonlinearity is probably weak within the harbor 
because both swell and seiche amplitudes are relatively small. 
For example, there is no evidence of nonlinearly generated 
harmonics of the grave mode (e.g., Figure 3), as occurs with 
sufficiently energetic seiche in numerical simulations [Rogers 
and Mei, 1978]. 

Observed experiment-averaged energy amplification and 
phase spectra are compared to predictions in Figures 11 and 12. 
Observed and predicted amplifications of frequency-band- 
integrated energy for all 508 individual records are shown for 
the offshore and south gauge pair in Figure 13. The observed 
amplification of the grave mode, roughly 2-10 (Figure 6), is 
slightly overpredicted when swell energy is low but 
overpredicted by a factors of 4-6 when swell energy is highest 
(Figure 13a). This is the case for the grave mode band for all 
four harbor sensors. At the next higher-frequency infragravity 
band, where the observed amplification is between 0.5 and 1 
(Figure 6), the model overpredicts the amplification by roughly 
a factor of 2 at the south (Figure 13b), north, and west (not 
shown) gauges independent of swell energy. Curiously, the 
amplification of the higher-frequency infragravity band at the 
east gauge (not shown) is underpredicted both with increasing 
swell and on average (e.g., the average underprediction of the 

(o) (b) 

m 

o 

Fig. 10. Contours of model-predicted wave energy for unit energy at the offshore sensor position (square) for the (a) grave mode, 
f=l.2x10'3Hz, and (b) rocking mode, f=-7.8x10"Hz. The dashed lines are amplifications ~0. Solid symbols indicate sensor 
positions. 
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Fig. 11. Model-predicted (dotted line and circles) and observed (solid line and triangles) energy amplification and phase between 
the offshore location and (a) west comer, (b) north comer, (c) south comer, and (d) east comer of the harbor. The dashed line in 
Figure 1 la is the observed energy amplification before the marina northwest of the main basin was added to the harbor (see 
section 2). 

peak observed at ,-,9x10 -3 Hz in Figure 1 l d occurs for high and 
low swell energy). 

Energy dissipation owing to friction, flow separation near the 
harbor mouth, and incomplete reflection at boundaries was 
neglected in the model and may cause the consistent model 
overpredictions of the grave mode amplification (Figures 11 and 
13a). Even small deviations from perfect boundary reflection 
can cause large overpredictions of resonant amplification [lppen 
and Goda, 1963; Kostense et al., 1986]. Energy losses at the 
harbor entrance also reduce the energy amplification, 
particularly for the grave mode, where the predicted 
amplification is high [lto, 1970; Horikawa and Nishimura, 
1970; Lee, 1971; Onliiata and Mei, 1975; Bowers, 1977; 
Lepelletier, 1980; Zelt, 1986]. Trends in the present results are 
qualitatively consistent with dissipative effects. The 
overprediction of the grave mode amplification is larger than for 

the less amplified high-frequency band, and overpredictions of 
the grave mode increase when swell and infragravity energy 
(and nonlinear frictional losses) are largest. It is possible to 
heuristically introduce energy losses by setting b-,el in equation 
(2) or to allow incomplete boundary reflection, but there is no a 
priori way to determine the coefficient values. 

A reviewer suggested that the overpredicted amplification at 
resonant modes could also occur because the observations at the 

offshore location include contributions from free waves 

generated at the harbor mouth by the discontinuity of bound 
long waves [Bowers, 1977; Mei and Agnon, 1989; Wu and Liu, 
1990]. This effect is neglected in the linear model. 

5. FORCING OF HARBOR SEICtIE BY SEA AND SWELL 

The energy level in the grave mode frequency band is not in 
general related to swell energy outside the harbor (Figure 3c), 
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Fig. 12. Model-predicted (dotted line and circles) and observed energy 
amplifications (ratios) and phases between the south and west locations in 
the harbor. Observed data are averaged over all data (solid line and 
triangles), calm (EswEL L < 156 cm 2) records (dashed line and diamonds), 
and energetic (EswEL L > 625 cm 2) records (dashed line and pluses). 

Only when the swell energy is nearly maximum is there a 
detectable elevation of grave mode energy above a background 
level (Figure 5) which is apparently forced by atmospheric 
(Figure 4) and other processes. On the other hand, the higher- 
frequency (2.0x10-3-4.0x10 -2 Hz) seiche energy is highly 
correlated with swell energy (Figures 3c and 5). The coupling 
between swell and high-frequency (>10 -3 Hz) long waves 
outside Barbers Point Harbor was investigated in detail by 
Okihiro et al. [ 1992] using a different data set [see Elgar et al., 
1992]. The frequency directional spectra E(f,0) of sea and swell 
(i.e., f>4.0x10 -2 Hz) were estimated using measurements from a 
6 by 6 m array of four pressure sensors at the location of the 
present offshore sensor (Figure 1). The E(f,0) estimates were 
used to predict the bound wave spectra below 4.0x10 -2 Hz, 
using weakly nonlinear theory [Hasselmann, 1962]. When the 
swell energy was low, bound wave model predictions were 
typically less than 10% of the observed infragravity energy 

levels. However, nearly half the total infragravity energy in 
8.5-m depth was estimated to be bound with energetic swell 
(Es•LL>2000 cm2). The accuracy of the bound wave 
predictions was limited by the low directional resolution of the 
small array, but more accurate results obtained with 
high-resolution estimates of E(f,0) from a large-aperture, 
24-element array deployed at Duck, North Carolina [Herbers et 
al., 1992, 1993], are qualitatively similar. 

Predictions of infragravity bound waves at the offshore array 
were made for the small subset (i.e., 26 records) of the present 
data when the four-element offshore array [Okihiro et al., 1992] 
was operational. The offshore swell energy Eswmz for the 
reduced data set spanned the range 100 to 2000 cm 2, nearly the 
same as the present total data set (e.g., Figure 5). Figure 14 
shows predicted bound wave and observed offshore infragravity 
energy for the portion of the swell-driven infragravity frequency 
band for which harbor seiche model predictions are available 
(2.0x10-3-1.2x10 -2 Hz). As with the larger data set used by 
Okihiro et al. [1992], only a small fraction of the observed 
infragravity energy Ezo at the offshore location is bound when 
Esw-F_z• and Ezo are small. Models for harbor seiche which do 
not include forcing by free waves outside the harbor will 
necessarily perform poorly in these cases. However, bound 
waves contribute nearly half of the total infragravity energy 
when the swell is energetic. 

The bound wave model predicted infragravity spectra at the 
offshore location were used as input to the linear harbor seiche 
model (section 3). That is, the predicted bound infragravity 
wave spectrum at the offshore sensor was used instead of the 
observed offshore infragravity spectrum as in Figures 11-!3. 
For low E m (and EswF_z• ), the bound wave model severely 
underpredicts the harbor seiche (Figure 15), probably because 
infragravity energy offshore of the harbor is grossly 
underpredicted (Figure 14). 

The harbor seiche energy levels predicted using the observed 
offshore energy levels (as in Figures 11-13) are also shown in 
Figure 15. As in the entire data set (Figure 13b), prediction s [or 
this reduced data set are biased high by less than a factor fl[ 2 
for all infragravity (and swell) energy levels. For the highest 
Eia (and Esw•LL), both seiche predictions (e.g., using the 
observed E•a(D and the bound wave model predicted Eia(f) ) are 
within a factor of 2 of the observed values, though the errors are 
of different signs. For these few case. s, the harbor seiche can be 
predicted about as accurately from the offshore sea and swell 
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1 o o 
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10 2 
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Fig. 13. Ratios of predicted and observed energy in the south comer versus offshore total swell energy (EswELL). The frequency 
3 2 10 _<f<2.0x10 '3 Hz (asterisks) and (b) 2.0x10' _<f<l.2x10' Hz (squares). ranges spanned by Eio are (a) -4 
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Fig. 15. Predicted versus observed seiche energy for the frequency band 
2.0x10'3<f<l.2x10 '2 Hz in the south comer for the 26 records with 
directional offshore data. Harbor model amplifications (<A(south, 
offshore, f)>; Figure 9) were used to transform offshore infragravity 
spectra. Squares use observed offshore infragravity spectra (as in Figure 
13), and solid circles use the theoretically forced bound infragravity wave 
spectra, at the offshore location. 

spectrum as from the observed offshore infragravity spectrum. 
Additional observations with higher energy swell (and 

presumably increased bound wave dominance offshore; Figure 
14) would empirically determine whether the magnitude of the 
harbor seiche depends primarily on the energy spectrum of 
pressure fluctuations at infragrav•ty frequencies outside the 
harbor independently of whether the offshore fluctuations are 
free or bound. If the sensitivity is low, predictions of harbor 
seiche for extreme (or design) wave-driven events can be 
estimated by coupling the predicted bound wave spectrum with 
the linear seiche model. 
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