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We present a methodology to determine the nonlinear relationship between an observed dynamic pressure time series
at a fixed point below the surface and the surface elevation. This method extends the formalism of previous studies
where the analytical relationship between surface elevation and potential in both unidirectional and directional ir­
regular wave trains has been derived up to second order in wave steepness. Laboratory wave tank tests show that
the predicted wave elevation from the nonlinear model is more accurate than the predicted linear surface elevation
of a transient irregular wave train, especially for deep troughs and high wave crests.

We apply the nonlinear theory of estimate wave elevation of a unique pressure time series recorded at a site 20 km
south of Terrebonne Bay, Louisiana, during Hurricane Andrew and compare that result to the wave elevation esti­
mated from the same time series using linear wave theory. The site was within 30 km of the storm's eye at closest
approach. The maximum significant wave height using nonlinear wave theory is reduced by 8.4% to 7.69 m. The
nonlinear interaction is seen to be strongest during the six-hour period that hurricane force winds were present at
the site.

ADDITIONAL INDEX WORDS: Gulf of Mexico, time-series analysis, wave observations, wave tank, pressure gauges.

INTRODUCTION

We apply a nonlinear hybrid methodology to a bottom pres­
sure time series. The nonlinear methodology was used origi­
nally to provide accurate predictions of irregular wave kine­
matics and short-distance wave evolution based on a surface
elevation time series measured at a fixed point (ZHANG et al.,
1993; ZHANG et al., 1996; SPELL et al., 1996; ZHANG et al.,
1999a; ZHANG et al., 1999b). In these previous studies, the
analytical relationship between surface elevation and poten­
tial in both unidirectional and directional irregular wave
train has been derived up to second order in wave steepness.
For this study, we extend the formalism to determine the
nonlinear relation between an observed dynamic pressure at
a fixed point below the surface and the surface elevation.
Strong evidence of this relationship has also been investigat­
ed by HERBERS and GUZA (1991, 1994) for pressure mea­
surements at the ocean bottom. They used second-order sta­
tistics (HERBERS and GUZA, 1991 and 1994) and bispectral
analysis (HERBERS and GUZA, 1992) to confirm their obser-
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vations. This formalism does not consider far-field, weak,
third-order nonlinear interactions (PHILLIPS, 1960; HASSEL­
MANN, 1962; YUEN and LAKE, 1982).

Because linear and nonlinear surface components are at­
tenuated differently at depth, a surface wave spectrum esti­
mated from a near-bottom recorded pressure time series con­
taining nonlinear energy components will be overestimated
when using linear theory alone to adjust for the effects of
hydrodynamic attenuation. The magnitude of overestimation
is related to the amount of nonlinear interaction in the orig­
inal pressure time series. The pressure measurements, which
include all orders of interaction, must be separated into lin­
ear (first-order) and nonlinear (second-order) components to
prevent the second-order components from being treated as
first-order components and thereby artificially increase the
estimated wave height. An accurate estimation of a wave
field during extreme events is of immense importance to the
offshore drilling industry and is considered crucial for the
survival conditions of offshore structure design.

In Section 2, we present the mathematical formalism of the
nonlinear wave theory. The formalism is then tested in Sec­
tion 3 by comparing the measured wave elevation (using
wave staffs) of an experimentally generated irregular wave
train with the predicted linear and nonlinear wave eleva-

digitstaff
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and

The total potential in the spectral range of interest is ob­
tained using the conventional perturbation method. The so­
lutions for the first- and second-order potential are:

The pressure solution can also be written as a combination
of the linear and nonlinear contributions as above. Substi­
tuting the nonlinear potential of Eq. 3 into Eq. 4 yields the
total dynamic pressure:

(1)

(4)

(2)

P 1 a<t>- + gz + _(V<t»2 + - = O.
p 2 at

where N, and N; represent low and high frequency limits of
the interacting components, respectively. In Eq. 3, the first
term is the linear contribution to the potential; the second
term corresponds to the second-order second-harmonic terms;
and the last summation (a double summation) provides the
contribution of the sum- and difference-frequency terms. The
sum- and difference-frequency amplitudes, A+ and A_ in Eq.
3 are given in the Appendix. The nonlinear dynamic pressure
is obtained by solving Bernoulli's Equation within the fluid

Solutions for the potential function and surface elevation
up to second order for two interactive waves in intermediate
water depth, using a conventional perturbation approach,
were first presented by LONGUET-HIGGINS and STEWART
(1960). These solutions assumed incompressible and irrota­
tional flow and constant pressure at the free surface and are
known to converge rapidly when modeling the interaction of
waves of comparable wave lengths.

The potential function, cf> and surface elevation, YJ are ex­
pressed as a linear combination of the first- (linear) and sec­
ond-order (nonlinear) motions of a series of progressive waves
as:

~ {aj g cosh(kj(z + h)) .
<t> = L..J SIn(ej )

j=Nz (Jjcosh(kjh)

+ 3aj2(Jjcosh(2kj(z + h)) . }
. h (k h) sIn(2ej )8 SIn 4 j

~ ~ { cosh((kj + k)(z + h)) .
+ L..J L..J -A·· SInCe· + e·)

j=Nz+l i=Nz J+l cosh((kj + k)h) J t

cosh((kj - k)(z + h)) . }
+ A); coshCCk) _ k)h) smCe) - e) ,

(3)

METHODOLOGY

tions. Section 4 provides a brief description of observational
data measured during a hurricane. Finally in Section 5, the
nonlinear model is applied to hurricane data to obtain a more
accurate estimate for the significant wave height and wave
spectrum.

An irregular wave train composed of many free-wave (lin­
ear) components may generate bound-wave components by
interacting with each other. The newly generated bound­
wave components do not satisfy the usual linear dispersion
relation. When analyzing wave dynamics using linear theory
alone, therefore, the contribution of bound-wave components
is wrongly treated as free-wave energy. In certain cases, the
description of wave kinematics near steep wave crests and
dynamic pressure under a deep trough using linear wave the­
ory is known to be inaccurate (RODENBUSCH and FORRI­
STALL, 1986; ZHANG et al., 1991). Therefore, to accurately
predict wave characteristics based on measured wave eleva­
tion, the contributions from free-wave and bound-wave com­
ponents should be computed separately using the different
relationships between their elevation and potential. To do
this, the wave field is decomposed into free- and bound-wave
components. The nonlinear decomposition is performed by
subtracting the contribution of bound-wave components from
the measured wave elevation and then decomposing the ir­
regular wave train into free-wave components.

Because the computation of the bound-wave components
requires information about the free-wave components, the de­
composition is iterative. The amplitude and phase spectra of
the dynamic pressure observations are initially considered to
be a free-wave spectra. Interaction spectra are then estimat­
ed from the initial spectra. The spectral interaction compo­
nents are then subtracted from the free-wave components.
This process is iterated until the interaction terms converge
to preset tolerances. It has been shown that the prediction of
wave kinematics and surface elevation using nonlinear wave
theory provides better agreement with direct measurements
than do the predictions using linear wave theory (SPELL et
a!., 1996).

Using the formulation of the wave elevation and potential
derived in the nonlinear hybrid wave model (ZHANG et al.,
1996), the nonlinear dynamic pressure solution is obtained
by substituting the nonlinear potential into the Bernoulli
Equation. In the nonlinear wave model, the conventional per­
turbation and phase modulation methods are used to describe
the interactions between wave components with close and
disparate frequencies, respectively (ZHANG et al., 1993). In
this study, the pressure transducer was deployed below the
free surface. Because dynamic pressure exponentially decays
with distance from the surface, the signal-to-noise ratio of
measurements at high frequencies is small; therefore, a rel­
atively low cut-off frequency (0.200 Hz) is set for the surface
elevation analysis in Section 5. Because the frequencies of the
interacting wave components are relatively close, we use only
the conventional perturbation method for the description of
the nonlinear interaction among wave components (PRISLIN
et al., 1997).
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APPLICATION TO lABORATORY WAVE
MEASUREMENTS

smaller than those described by the corresponding linear dis­
persion relation.

Figure 1 provides an illustration of the different dynamics
associated with free and bound waves and shows the ampli­
tude ratio between the surface elevation and the related dy­
namic pressure head (in meters) as a function of frequency
at a depth of 19.5 m. For comparison to the observational
parameters presented in Section 5, the depth parameters
during Hurricane Andrew are h = 20.5 m and Z = -19.5 m.
The curve corresponding to the free-wave components is con­
structed from the ratio of the amplitudes of the first terms of
Eqs. 5 and 6 and describes the hydrodynamic attenuation of
free-wave (linear) components with depth. For the bound­
wave components, the curve is constructed from the ratios of
second-order terms corresponding to the sum- and difference­
frequency components and the second harmonic terms. For
this figure, we have taken 'AiJ = w/w2 = 0.8. It should be
noted that the ratios for the second harmonics and sum-fre­
quency bound-wave components of 'AiJ = 0.70 to 0.95 are sim­
ilar to the ratio found for 'Ai,j = 0.80. We see that for fre­
quencies greater than 0.10 Hz, the second-order components
are attenuated less than the free-wave components and,
therefore, have a smaller ratio. For a given frequency, there­
fore, the wavenumbers of bound-wave components are small­
er than those of free-wave components and, therefore, the
exponential decay for the corresponding pressure is smaller.
For frequencies less than 0.10 Hz, the attenuation of bound
and free waves are essentially the same.

To validate the nonlinear wave methodology of Section 2
and the corresponding numerical scheme, a steep transient
wave train was generated in a two-dimensional wave flume.
This section describes the experiment and presents the re­
sults of applying the above model to a dynamic pressure time
series recorded at an intermediate depth as the transient
wave propagated past the pressure sensor. Similar to Hur­
ricane Andrew, the waves generated in this experiment were
steep, and pressure measurements were taken relatively far
below the free surface (see Section 5).

The experiment was performed at the two-dimensional
glass-walled wave flume at the Hydrodynamics Laboratory of
Texas A&M University. The flume is 36.1 min overall length,
0.91 m in width, and 1.22 m in depth. The mean water depth
during the experiment was 0.90 m. A downstream absorbing
beach, located 31.5 m from the wavemaker, is constructed of
fibrous mats 5 em thick, supported by a perforated metallic
sheet on a 1:3.3 slope. Wave generation is provided by a dry­
back, hinge-flap wavemaker powered by a brushless synchro­
nous AC-servo motor. Two SENSOTEC Model GW-100 pres­
sure transducers and three resistant-type surface-piercing
wave gauges were used to measure pressure and elevation of
the transient wave train.

The steep transient wave train was formed by sequentially
generating a series of waves from high to low frequencies and
superposing at a downstream location. The wave train be­
came very steep and eventually broke. The experiment was

(6)

(7)
{

i-I Nh }
a i

2 = gkitanh(kih) 1 + a i
2S i + .L aj 2Qij +.L aj 2Qji .

J=Nz J=l+1

x eDs(S} - SJl
Finally, the nonlinear dispersion relation for each wave com­
ponent in the wave field is

~ { cosh(kj(z + h)) 1 - cosh(2kj(z + h))
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Similar to the potential, the first term in the single summa­
tion term is the linear contribution to the total pressure. The
second and third terms in the single summation are of second
order in wave steepness and represent the second-harmonic
hydrostatic (time-independent) and dynamic pressures, re­
spectively. The last term is the contribution from the sum­
and difference-frequency interactions.

Similarly, the total wave elevation is

X cosu), + Si)

(
k .(1 - 'A .. ) a.ah . )+ J l,J A . .+~('A .. 2 - 'A .. (1 + a.a.) + 1)

ajaj J-l 2aj I.,J l,J t J

x cos(Sj + S)

(
k .(1 - 'A .. ) a.ah .'A. . )+ J l,J A ..K ..C- _ l J J l,J K ..8+

2ajaj .i :» l,J 2aj l,J

Other parameters in the nonlinear potential, elevation, and
dynamic pressure of Eqs. 1-7 are: a., ki' a., and (Ji = k i X ­

a"/ + f3i (i = 1 or 2) and are the wave amplitude, wave num­
ber, angular frequency and the linear phase function with
initial phase f3 of two waves traveling at finite depth h, re­
spectively. The Appendix describes further the second-order
contributions, S, and Qij' to the nonlinear dispersion relation
of Eq. 7. Due to the nonlinear dispersion relation, wave­
numbers in a unidirectional irregular wave train are slightly
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Figure 1. Transfer function of surface elevation to dynamic pressure ratio at a depth of 19.5 m below the surface for free-wave components (dashed)
and bound-wave components (solid). Pressure sensor is 1.0 m off bottom and 'Ai,) = 0.8.

designed for studying wave energy loss due to wave breaking
(ZHANG et al., 1997). For validating the nonlinear wave mod­
el, only the measurements before the wave breaking (two el­
evation records and two pressure records) were used. The po­
sitions of the two pressure transducers and two wave gauges
in the wave flume are sketched in Figure 2. Plunging type
wave-breaking occurred approximately 2.5 m downstream of
gauge 1.

Pressure and wave elevation were sampled at a rate of 50
Hz. The pressure transducer was located about 35 em below
the mean water level. The pressure signals were used as the
input for decomposing the transient wave train into a series
of free-wave components. In the decomposition, the free-wave

components were truncated at 1.75 Hz to avoid spurious
high-frequency noise contaminating the signal. Pressure as a
function of time at the transducer was recovered using the
nonlinear wave model and based on the information of de­
composed free-wave components. We confirmed that the en­
ergy associated with frequencies above 1.75 Hz contributes
little to the total variance of the measured time series.

Based on the pressure measurements, the free-wave com­
ponents of the pressure spectrum were derived using the non­
linear wave theory and then used to predict the resultant
elevations of the free- and bound-wave components at gauges
1 and 2, which were located at the surface above the pressure
transducers. The predicted and corresponding measured

Wave
Gauge 2

Pressure
Transducer 2

Wave
Gauge 1

Pressure
Transducer 1

z=-35.0 em

h=90.0 em

i////////i/////////~/////;/////171/ll;777117~/11/177
Figure 2. Schematic diagram of wave flume showing locations of wave maker, wave gauges, and pressure transducers (1 and 2).

Journal of Coastal Research, Vol. 17, No.3, 2001



662

20

10

S
~
Q
0

•.;:l
cd 0>
l1)

~
l1)

>
cd

~

-10

DiMarco, Meza and Zhang

5
Time(s)

10

Figure 3. Observed (dashed) and predicted wave elevation at gauge 1 using linear (dotted) and nonlinear (solid) theory.

wave elevations at gauges 1 and 2 are shown in Figures 3
and 4. For comparison, the predicted wave elevations for both
the nonlinear and linear wave theories are plotted in these
two figures. Overall, Figures 3 and 4 show that the predic­
tions obtained using nonlinear theory are very close to the
corresponding measurements, and the discrepancies between
them at the steep wave crests and troughs are small. How­
ever, the discrepancies between the predictions of linear wave
theory and the measurements are relatively large. At the
crests and troughs of waves of large wave heights, linear
wave theory greatly underpredicts and overpredicts the wave
elevation. The greatest over-prediction of a trough in the sur­
face elevation at gauge 1 is about 6 em (Figure 3), which is
more than 50% of the measured trough depth. The greatest
under-prediction at the crest is about 0.8 em, which is about
6% of the measured crest height. Similarly for location 2 in
Figure 4, we see an over-prediction of the trough of 4 em and
an under-prediction of the crest of 2.3 em, which correspond
to 34% and 15% of the measured trough depth and crest
height, respectively.

The measured and predicted energy spectra at gauges 1
and 2 are presented in Figures 5 and 6. At the spectral peak,
the surface elevation estimates based on both linear and non­
linear wave theory tend to overpredict the surface elevation
spectrum estimated from the surface-piercing wave gauge;
however, the nonlinear spectral estimates provide better
agreement. At lower (0.07 to 0.20 Hz) and higher (1.0 to 2.0
Hz) frequencies, the predictions given by the nonlinear wave
model agree better with the observed surface measurements
than the spectra estimated using linear wave theory. The lat­
ter tends to overpredict the energies at high frequencies that

are coincident with the sum-frequency range of the compo­
nents near the spectral peak.

The under-/over- predictions by linear wave theory are a
result of neglecting the combined effects of wave-wave inter­
action in the irregular wave field and the effects of short
waves riding along longer waves. A qualitative explanation
for the discrepancies between linear wave theory and the
nonlinear model is given below.

In a transient or irregular wave train, wave components
with different frequencies may interact. Large crests and
troughs can be produced when wave components of different
frequencies constructively interfere. Short (or high-frequen­
cy) waves superposed on a surface of long (or low-frequency)
waves behave differently than short waves traveling on a
calm sea. The wavelength of the short waves decreases at the
crests of the long waves and increases in the troughs (LON­
GUET-HIGGINS and STEWART, 1960). Further, the distance
between the short-wave components and the pressure trans­
ducer becomes greater or smaller relative to the mean water
level, depending upon whether the short wave is at a crest
or trough of the long wave. It is well known that wave-in­
duced dynamic pressure decays exponentially with increased
depth. Thus, the measured dynamic pressure at a fixed depth
induced by the short-wave components will be greater under
the long-wave trough than under its crest.

Linear wave theory ignores this interaction among wave
components by evaluating the surface elevation from the dy­
namic pressure of each individual wave component relative
to the mean water depth. Therefore, linear wave theory in­
terprets larger dynamic pressure under troughs as larger
trough heights and smaller dynamic pressure under crests as

Journal of Coastal Research, Vol. 17, No.3, 2001
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Figure 6. Observed (dashed) and predicted wave elevation spectra at gauge 2 using linear (dotted) and nonlinear (solid) theory.

smaller crest heights. The corresponding over- and under­
predictions can be significant for waves with large wave
heights where the crest and trough heights of long-wave com­
ponents are relatively large. Such conditions existed south of
Louisiana during Hurricane Andrew.

DESCRIPTION OF HURRICANE DATA

The instrument deployed south of Terrebonne Bay was a
Coastal Leasing, Inc., MiniSpec directional wave gauge. The
gauge was housed in a metal frame and measured dynamic
pressure with an ICS solid state pressure transducer (0.84
hPa = 0.012 psia resolution) and horizontal current velocity
with a Marsh-McBirney two-axis electromagnetic current
meter. The pressure transducer was approximately 1 m off
bottom and the current meter was approximately 1.3 m off
bottom. The mean water depth at this location was approxi­
mately 20 m. The instrument was configured to measure
2048 pressure and current velocity samples at 2 Hz every two
hours. The 2048 samples constituted a burst that lasted
roughly 17 minutes. At the time the hurricane made its clos­
est approach, between 2100 UTC and 2300 UTC 25 August
1992, the bottom-mounted frame and instrument were
turned onto their sides due to strong bottom currents in ex­
cess of 1 m S-l. Because the current sensor was no longer
horizontal, the velocity data recorded after this time were
discarded. The pressure sensor, however, continued to record
at 0.2 m above bottom throughout the duration of the hur­
ricane.

Because wave current velocity information was lost when
the instrument was turned onto its side, we assume the wave

field to be unidimensional, i.e., all components traveling in
the same direction. This is consistent with HERBERS and
GUZA (1994) who showed that in strong and steady winds,
colinear interactions are expected to dominate the pressure
field below about 0.3 Hz. Assuming a one-dimensional wave
field, we decomposed the measured wave field of 24 wave
bursts recorded during the hurricane into a series of free­
wave components using the nonlinear wave model described
in Section 2. The free-wave components were truncated at
0.20 Hz. The sea surface was then estimated using the pre­
diction scheme described in Section 2. Significant wave
height, Hmo, was estimated from the linear sea surface spec­
trum of the 2048 samples of each burst and from the total
variance of the nonlinear sea surface time series.

All spectra in the following section were constructed by av­
eraging the spectral energy density of eight subsamples of
each 2048-point wave elevation time series. Each subsample
is 256 points and a Hanning filter was applied in the time
domain to reduce spectral leakage. This procedure yields 16
degrees of freedom for each spectral component.

WAVE ELEVATION DURING HURRICANE ANDREW

Hurricane Andrew was a compact but intense hurricane
that crossed the southern tip of Florida and entered the east­
ern Gulf of Mexico on 24 August 1992. STONE and FINKL
(1995) review the key meteorological and hydrological aspects
of this storm. DIMARCO et al. (1995) present the directional
wave environment along the Texas-Louisiana shelf as mea­
sured by four bottom-mounted wave gauges. As the storm
crossed the eastern limb of the Texas-Louisiana shelf, it at-

Journal of Coastal Research, Vol. 17, No.3, 2001
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Figure 7. Map of the eastern Texas-Louisiana shelf region showing local bathymetry (m), wave gauge location, and Hurricane Andrew storm track. All
times are UTC.

tained Category 4 status (SIMPSON and RIEHL, 1981) with
sustained wind speeds of 63 m s-1. The eye passed within 30
km of a near-bottom mounted wave gauge located 20 km
south of Terrebonne Bay, Louisiana, 28.8671°N, 90.4908°W
(Figure 7). Observational wave data on a continental shelf
during extreme storm events are rare and the proximity of
this site to the storm center make it of particular importance.
Maximum wind speeds associated with the storm as it ap­
proached this location at 2100 UTC 25 August 1992 were 74
m S-l (63 m S-l sustained) (STONE et al., 1993). The peak
significant wave height at this site, estimated using linear
wave theory and a high-frequency cutoff of 0.222 Hz, was 9.09
m and occurred at 0100 UTC 26 August 1992 with a peak
spectral period between 10 and 12 s (DIMARCO et al., 1995).
The full linear wave spectrum at this time, however, con­
tained a secondary peak around 6 s. The secondary spectral
peak was initially believed to be the combined result of local
wind forcing and nonlinear sum-frequency wave generation
of interacting spectral components of the primary peak. The
primary peak was thought to be mostly swell generated by
the storm as it crossed the deep part of the eastern Gulf. The
wave spectrum estimated at 2300 UTC 25 August 1992 was
previously identified (DIMARCO et al., 1995) to be a candidate
where particularly strong nonlinear interaction may have oc­
curred. We now focus on this spectrum to quantify its nonlin­
ear properties and estimate the significant wave height using
the nonlinear theory described in Section 2.

Figure 8 shows the spectral energy density estimated at
the pressure sensor and at the surface using linear wave the­
ory. The pressure transducer was about 19.5 m below the

mean sea surface; therefore, the free-wave components at rel­
atively high wave frequencies were expected to be greatly at­
tenuated near bottom. The pressure amplitudes of periods
between 5 and 7 seconds were small compared with the am­
plitude at the spectral peak, but are significantly greater
than those of the background noise floor. The peak pressure
spectral component occurs at 0.0859 Hz (period = 11.6 s).

After correlating the pressure spectrum for hydrodynamic
attenuation using linear theory, the surface spectrum is seen
to be doubly peaked, with the primary spectral peak occur­
ring at 0.0859 Hz (period = 11.6 s) and a secondary peak in
the range between 0.14 and 0.19 Hz (period 5 to 7 s), The
secondary energy peak is at approximately twice the funda­
mental frequency, 0.1719 Hz (period 5.8 s). The significant
wave height estimated from the sea surface spectrum shown
in Figure 8 is 8.43 m.

Because the surface waves during the peak of the hurri­
cane were steep, we surmise that the pressure energy near
the period of 5 - 7 s in Figure 8 was partially the result of
sum-frequency interactions of the wave components near the
principal spectral peak. Figure 9 shows the predicted surface
spectral energy density based on nonlinear and linear theory.
The energy in the high-frequency band is substantially re­
duced, while the energy in the low-frequency band remains
unchanged.

Portions of the predicted wave elevations as a function of
time using the nonlinear and linear wave theory are plotted
in Figure 10. We see that the predicted trough depths using
linear wave theory are consistently deeper than those esti­
mated using the nonlinear wave model, especially for deep

Journal of Coastal Research, Vol. 17, No.3, 2001
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4

Figure 10. Sea surface time series estimated from linear (dashed) and
nonlinear wave model (solid) spectra using pressure time series recorded
at 2300 UTC 25 August 1992. Time is in seconds from beginning of burst.

troughs. For the eleven wave troughs in Figure 10 that are
less than - 3 m (based on linear theory), the estimated
troughs are an average of 24% shallower than the troughs
estimated using nonlinear theory. However, for the seven
wave crests in Figure 10 that are greater than 4 m (estimated
from linear theory), the crests are on average 3% smaller
than the nonlinear wave crests.

The differences in the predicted crest and trough heights
by linear and nonlinear wave theory are consistent with those
observed in the case of the transient wave train produced in
the wave flume (Section 3). The smaller differences in the
crest heights compared to the differences in trough depth for
the case of Hurricane Andrew is also consistent with the lab­
oratory results. However, further testing has shown that a
pressure transducer closer to the surface yielded trough and
crest differences of the same order.

As expected, linear wave theory over-predicts the ampli­
tudes of frequencies which match the sum-frequencies re­
sulting from the interactions among wave components near
the major peak. The predicted spectrum from nonlinear the­
ory has energy beyond the cut-off frequency of 0.20 Hz that
results from the sum-frequency interactions among the free­
wave components of frequencies below the cut-off frequency.

Figure 11 shows the linear and nonlinear estimated sig­
nificant wave height time series for the 24 hours prior to and
following the hurricane's closest approach to the wave gauge.
The significant wave heights prior to Andrew are less than
1.5 m with peak spectral periods of 5-6 seconds. As the long
period swell arrives the wave height increases and the peak
spectral periods increase to 10-12 seconds. During the time
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Figure 11. Significant wave height, H m Ol estimated using linear (dashed) and nonlinear (solid) wave theory from near-bottom pressure data recorded
south of Terrebonne Bay, Louisiana, during Hurricane Andrew. Times are UTC.
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Table 1. Significant wave height (m) during Hurricane Andrew south of
Terrebonne Bay, LA, based on linear (L) and nonlinear theory (NL) (0.20
Hz cutoff)

Date Time (UTe) HL lP!:L % changemo mo

08/25 01:00 0.74 0.74 0.53
08/25 03:00 1.00 0.99 0.94
08/25 05:00 0.77 0.76 0.50
08/25 07:00 0.89 0.88 0.58
08/25 09:00 1.06 1.05 0.82
08/25 11:00 1.29 1.28 1.00
08/25 13:00 1.65 1.63 1.22
08/25 15:00 2.04 2.02 1.02
08/25 17:00 3.33 3.26 1.96
08/25 19:00 4.65 4.56 1.98
08/25 21:00 5.60 5.49 1.93
08/25 23:00 8.40 7.69 8.43
08/26 01:00 8.31 7.71 7.12
08/26 03:00 6.55 6.22 5.02
08/26 05:00 4.44 4.31 2.85
08/26 07:00 3.69 3.61 2.17
08/26 09:00 3.35 3.28 2.29
08/26 11:00 2.98 2.91 2.33
08/26 13:00 2.96 2.88 2.68
08/26 15:00 2.46 2.42 1.82
08/26 17:00 2.09 2.07 1.24
08/26 19:00 1.83 1.81 1.10
08/26 21:00 1.57 1.55 0.96
08/26 23:00 1.34 1.32 0.97

period 2100 UTC 25 August to 0400 UTC 26 August 1992,
the ocean currents and waves were driven by hurricane force
winds. It is during this period that the linear energy spectra
had strong spectral peaks with periods in excess of 10 s, and
the nonlinear effects were the largest. The largest significant
wave height during Andrew was estimated at 0100 UTC 26
August 1992. After the storm made landfall and continued
inland (0830 UTC 26 August), the significant wave height
and peak spectral period gradually decreased.

The effects of the nonlinear interaction change the signifi­
cant wave height from 0-2% before and after the storm. Dur­
ing the approximately six-hour period of the storm's passage
over the gauge, the significant wave height is reduced from 5­
8% when using the nonlinear model. After the storm, the low­
frequency swell continued to pass for several hours, which is
important to the estimation of relatively high-frequency wave
elevations. As a result, we see a 2-3% difference between the
estimated significant wave heights by linear and nonlinear
methods. As the wave height decreases and the peak spectral
frequency increases, the nonlinear interaction begins to weak­
en. Table 1 summarizes the linear and nonlinear significant
wave height estimates during Hurricane Andrew.

An analysis of current meter records in a line across the
Texas-Louisiana shelf along 900 W shows that after the hur­
ricane made landfall the response of the waters on the shelf
was to oscillate inertially, i.e., in an anticyclonic (clockwise)
manner and with local inertial period. The surface velocity re­
cord at the wave gauge location was lost, but it can be inferred
from other nearby velocity records that the currents at the
wave gauge were strong and northeasterly. The surface wave
propagation direction was probably westerly, although the pre­
cise direction is not known. The slight increase in wave height

at around 1300 UTC 26 August 1992 may be related to a wave­
current interaction as the waves propagated in the opposite
direction from the prevailing current. However, a direct esti­
mation of the wave-current interaction is not possible because
of the lack of current velocity data at this location.

Figure 12 shows contours of the spectral energy density
based on nonlinear (right) and linear (left) theory as a func­
tion of time centered at the time of the storm's closest ap­
proach. We see that the energy associated with low frequency
waves is unchanged when considering the nonlinear inter­
action, but energy associated with high-frequency waves is
substantially reduced, particularly when the storm passes
closest to this location.

As was seen above, the sea surface trough depths were
over-predicted by linear theory. Therefore, the mean water
depth during the burst estimated using linear theory will be
slightly different than that estimated from the nonlinear
wave model. Figure 13 shows the mean water depth for each
burst during the passage of the hurricane as estimated from
the nonlinear wave model. The storm surge range is approx­
imately 1.5 m with the largest rate of change occurring si­
multaneously with the largest nonlinear interaction begin­
ning 2100 UTC 25 August 1992. The peak surge occurs at
0500 UTC 26 August 1992, when the eye was approximately
60 km west of the site. The water level gradually recedes to
pre-storm levels 15-20 hours after the peak high water. Be­
cause the mean water level changed by only a small amount,
the nonlinear result should only be regarded as a perturba­
tion. The change in mean water height is consistent with
storm surge measurements of 1.0 to 1.5 m taken during Hur­
ricane Andrew at tide stations in the vicinity of Terrebonne
Bay, Louisiana (BREAKER et al., 1994).

CONCLUSIONS

We have shown that nonlinear wave theory more accurate­
ly predicts the surface elevation from a pressure time series
than does linear wave theory. Laboratory flume tests confirm
that the nonlinear theory more accurately predicts the sea
surface elevation of an irregular wave train especially for
deep troughs and high crests. We applied the nonlinear model
to a unique near-bottom dynamic pressure data set recorded
within 30 km of the eye of Hurricane Andrew. The significant
wave height estimated at this site was reduced by as much
as 8.4% when using the nonlinear model. The largest differ­
ences in significant wave heights occurred when the storm
was directly overhead. An analysis of the average sea surface
elevation shows that storm surge associated with Hurricane
Andrew was approximately 1.5 m and in agreement with tide
stations in the vicinity of Terrebonne Bay, Louisiana.
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APPENDIX
COEFFICIENTS IN NONLINEAR POTENTIAL,

ELEVATION, AND DISPERSION REIATION

The following coefficients are the nonlinear sum- and dif­
ference-frequency amplitudes shown in Eq. 3.

A . . = a iaj aj (1 - (Yi(Yj)

J-l 2

[

(1 - (y.2)A. .. 3 - 2(1 + (Y.(Y .)(A. .. 2 - A. .. ) + (Y.2 - 1]X l l,J l J l,J l,J J

(A.i,j(Yi - (Yj)2 - (A.i,j - 1)2 '

(8)

where (Xi = cothte, h), (i = 1 or 2) and A.i j = a/aj where i <
j and a, < «.

The nonlinear hydrodynamic attenuation coefficients in
Eq. 5 are:

K ..S~
l,J

K .. C:': = cosh((k j ± k)(z + h»
l,J cosh((k j ± k)h) ,

cosh((k j ± k)(z + h»

sinh(kih)sinh(kjh) .
(9)
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Figure 13. Average sea surface height above bottom estimated using nonlinear theory (squares) and average pressure converted to meters of water
(triangles) showing storm surge south of Terrebonne Bay, Louisiana, during Hurricane Andrew.

We note that the deep water solutions for the nonlinear po-

The following coefficients are used in the calculation of the
nonlinear dispersion relation shown in Eq. 7.

Si = ki2[~(a/ - 1)2 + ai+ (10)

1 u·+ -[((Xi - l)SXij - (o, + l)RXij + 2(X)-!:..kikj, (11)
2~ ~

1 u·
Qij = --22[((Xj~S - l)SXij - ((Xj~r - 1)RXi)~kj2

(Xj a,
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