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Observations of the directional spectra of seabed motion in shallow water were conducted off 
the New Jersey coast during the summer of 1987. Using a six-point ocean-bottom seismometer 
array, each instrument supporting a pressure transducer, and two horizontal and vertical 
accelerometers, measurements of gravity and seismic waves across the ULF/VLF band were 
collected in 12.5 m of water. Array dimensions were tuned particularly for directional spectra 
observations of short-period seafloor microseisms. Directional spectra analysis indicates that in 
the short-period microseismic band, 1.5-2.5 s, motion of the seafloor is primarily a result of 
slow seismic waves traveling at apparent velocities near 200 m/s. These propagation velocities 
for the microseismic band in shallow water are an order of magnitude less than microseismic 
velocities from similar studies on land. Contemporaneous measurements of the directional 
spectra of long-period ocean gravity waves, 15-85 s, show an eastern direction of origin; short- 
period ocean gravitv wave.q_ •i-0 .q_ moaqnrod nqin• narti(,lo mntinn analytic, aro frnm the south. ....... ß • '' ß • -ß c• 1--' .... 

The direction of propagation of the microseisms, found from the maximum response of the 
array, is shown to be approximately N 150E•a direction midway between long- and short- 
period ocean-wave propagation directions. Correlation of particle motion and directional 
spectra analysis indicates that microseisms have retrograde motion. These results suggest that 
the microseisms are most likely Scholte interface waves. 

PACS numbers: 43.30. Nb, 43.30.Ma, 43.40. Ph 

INTRODUCTION 

Our understanding of the generation of seafloor micro- 
seisms has been advanced by several early classical works on 
the subject. Longuet-Higgins's I theoretical treatment sug- 
gests that microseisms develop as a result of ocean gravity 
waves of similar period traveling in opposite directions. The 
interference of these waves creates a seafloor pressure fluctu- 
ation that is twice the frequency of the dominant gravity 
wave. Hasselmann 2 provides a statistical treatment for the 
generation of microseisms using spectral transfer functions. 
The earliest studies of background noise attribute micro- 
seisms to breaking waves, particularly in coastal regions or a 
result of atmospheric waves and storms (Goerke and Wood- 
ward3; Sorrells 4'•. Gutenberg 6 and Ewing and Press, 7 how- 
ever, found no correlation between microbaroms and micro- 

seismic spectra. Considerable effort by Haubrich et al. 8 to 
measure microseisms on land have shown some results con- 

sistent with the "frequency doubling effect" described by 
Longuet-Higgins. • Kibblewhite and Ewans 9 have observed 
microseisms, at ocean depths of 100 m, to have twice the 
frequency of the dominant ocean wave. A recent paper by 
Webb and Cox lø suggests that some of the seismic noise at 
periods between 10 and 40 s is a result of pressure distur- 
bances above the sea surface. Their study also indicates that 
gravity-wave-induced seabed motion dominates seafloor 
noise above 40-s wave periods. Seafloor noise can also be 
quite large in the vicinity of ocean-bottom hydrothermal 
vents as was found by Bibee and Jacobson. • This result also 

raises the question whether microseisms, at least in part, 
may be a result of subocean processes. 

Several early seismic array studies on land have had a 
great deal of success in measuring the propagation charac- 
teristics of microseisms. The propagation velocities of mi- 
croseisms found by LaCoss et al. •2 and Capon, •3 using data 
from the large-aperture LASA array in Montana, show mi- 
croseismic velocities of about 3.5 km/s above 3 s, and a very 
fast phase velocity of 13.5 km/s at shorter periods. At the 
longer wave periods, LaCoss et al. •2 found the dominant 
wave energy to be primarily first-mode Rayleigh waves and 
Love waves. Body waves and higher mode Rayleigh waves 
were found to be significant at shorter wave periods. 

Of current interest in the study of ambient seismic back- 
ground noise is to understand the propagation characteris- 
tics of these signals in the ocean environment. This type of 
study would require a small-aperture seismic array tuned 
particularly for short-period microseisms, 1-3 s. This infor- 
mation can help to shed light on the proper generation mech- 
anism (s) for microseisms. One limiting factor in performing 
array studies in the ocean, however, is the quality of naviga- 
tion used in determining the geometry of the instruments. 
Currently available radio-wave navigation systems 
(LORAN C) are insutficient for array studies requiring po- 
sitions accurate to within several meters, which is a necessity 
in order to study the directional spectra of background noise 
in the ocean. For this reason, along with the fact that many 
instruments recording contemporaneously are required to 
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resolve the propagation direction of seismoacoustic energy, 
experimental data from small-aperture seismic arrays de- 
ployed in the ocean are hard to collect. 

I. EXPERIMENT 

During the summer of 1987, the Geo-Acoustics Labora- 
tory of the University of Miami conducted an ocean-bottom 
seismometer (OBS) array experiment on the shallow conti- 
nental shelf, east of New Jersey. The experiment was de- 
signed to measure the directional spectra from seabed mo- 
tion in the ULF/VLF range, to quantify gravity-wave- 
coupled seabed motion, and to determine the propagation 
velocity and spectral characteristics of microseismic noise. 

The site location for the directional spectra array study 
is the Atlantic Generating Site (Fig. 1 ). This site (39ø28'N, 
74ø15'W, water depth = 12.5 m) is chosen since the upper 
geologic structure from standard penetration tests of the 
area to 50-m depth and previous geophysical studies are well 
known (Dames and Moore'4; Hathaway et al. •5; Miller and 
DillS6; Stahll7; Trevorrow et a1.•8-2ø). A total of six OBSs 
were successfully deployed; four were plate mounted and 
two were buried to 0.5-m depths using a water jet burying 
system. Seismic and pressure channels were tuned to ULF/ 
¾LF band, 0.5-100 s. In addition to the standard OBS data 

channels, the instruments also supported two inclinometer 
channels to interrogate OBS attitude and an electronic com- 
pass. To meet the constraint for shipboard real-time record- 
ing, the R/V ATLANTIC TWIN maintained a three-point 
mooring throughout the experiment. 

To determine array geometry, a series of airgun shots 
were fired from a small launch during calm seas off the star- 
board and stern of the ship. Distances to the zodiak were 
measured from a tethered graduated line. A total of 11 star- 
board shots at 23-m spacings and a gun depth of 9 m, and six 
stern shots with a gun depth of 11 m were successfully fired. 
During this phase of the experiment, seismic and pressure 
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FIG. 1. Atlantic generating site for the directional spectra study [ after Ew- 
ing and Rabinowitz (Ref. 36) ]. 

TABLE I. Location of instruments determined from nonlinear inversion of 
refracted sediment arrival times. 

Instrument X Y 

rms error in 

predicted 
range (m) 

301 299.60 q- 5.6 -- 14.21 q-4.7 3.8 
302 64.92 q-_ 2.6 101.82 q- 1.3 3.0 
303 103.52 q- 5.4 329.65 q- 3.3 4.1 
304 14.71 q- 1.6 -- 170.98 q- 1.7 4.3 
305 --4.95 q- 2.8 -- 281.85 q- 2.6 5.2 
307 139.89 q- 2.3 -- 37.95 q- 2.1 5.7 

channels were switched to high-frequency band settings that 
provide measurable response to 1 kHz. Using the travel time 
information from these airgun shots having known location, 
the instrument locations can be found. The method is well 
known (e.g., Creager and Dorman 2•) and involves nonlin- 
ear inversion of travel time data. 

An inherent assumption in using travel times to deter- 
mine locations for close in shots is that the travel path of the 
first arrival is known. Sediment velocities for the study area 
average 1700 m/s (Trevorrow et a/.2ø). Using this informa- 
tion, along with the fact that shot depths were close to the 
seafloor, suggests that the first arrivals are refracted sedi- 
ment arrivals and not direct water waves. Before implemen- 
tation of the inversion method, the data were first corrected 
to the seafloor using the delay time through a homogenous 
layer (Purdy22; Raitt 23) for the travel path through the wa- 
ter. The results of applying nonlinear seismic inversion to 
determine the OBS locations are summarized in Table I and 
in a map view in Fig. 2. Coordinate uncertainties determined 
from the covariance of model parameters range from 1.3-5.6 
m; rms errors in predicted range are from 3.0-5.7 m. 
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FIG. 2. OBS locations determined from nonlinear seismic inversion of seis- 
mic travel times. OBSs 301 and 303 are buried; the rest are deployed on a 
plate and are unburied 

2310 J. Acoust. Soc. Am., Vol. 86, No. 6, December 1989 Goodman etal.: Seafloor microseisms 2310 

Downloaded 08 Jul 2012 to 134.246.166.168. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



II. DIRECTIONAL SPECTRA ANALYSIS 

The directional spectral response D(k) for a plane wave 
propagating in two dimensions with wavenumber vector k is 
given by 

D(k) = • Rij (exp-'[k•,(x, --xj) q- ky(y, --yj)]), (1) 
•j 

where (xi,yi) and (x•,yi) are the station coordinates of the 
/th andjth elements in the array. Here, Rij is the cross spec- 
trum between the/th and jth stations: 

Rij= S•S?, (2) 
with S denoting the complex spectrum. The overbar refers to 
ensemble averaging of the cross spectrum in time and fre- 
quency. It is also common in directional spectra analysis to 
calculate Eq. ( 1 ) using norrr•alized cross spectra rather than 
unnormalized cross spectra, as well as to apply weighting 
coefficients in the summation (Haubrich 24). For our partic- 
ular analysis, however, we choose equal weights for simpli- 
city and unnormalized cross spectra to indicate the true co- 
herent power in the array. 

To compute cross spectra, we examine 2.84 h of record- 
ed data beginning on 29 August 1987 at 3:45 p.m. (EST). 
FFTs are computed using 512 s of data sampled at 4 Hz with 
a 10% cosine taper. The data are then response corrected. 
Cross spectra representing a total of 41 ensemble averages 
for a moving window with 50% overlap are then calculated 
for both vertical and pressure channels. The data chosen for 
the analysis are taken during a time when the local ocean- 
wave state and atmospheric conditions were most statistical- 
ly stationary. 

The application of Eq. ( 1 ) to calculate the directional 
spectra also requires a relation between wavenumber k, and 
frequency co. We apply both the water wave dispersion rela- 
tionship: 

w 2 = gk tanh (kd), (3) 

where g is the gravitional constant, d is water depth; and the 
linear relation 

w= kc, (4) 

where c is the apparent velocityß 
A useful measure for determining the applicability of 

directional spectra analysis is the normalized cross spectrum 
function, known as coherence: 

r = I sis? I (5) ß 

I s,s s,.s? I 

The coherence function y2 is a real-valued quantity between 
the values of 0 and 1, 0 signifying that there is no statistical 
correlation, and 1 signifying a perfect statistical correlation 
between signals. The statistical basis for application of direc- 
tional spectra analysis is that ihere is spatial coherence of 
wave energy measured across the array. Figures 3-5 are ver- 
tical seismometer spatial coherence plots for OBSs 301-307 
(range -- 161 m), 301-302 (range = 262 m), and 301-304 
(range = 325 rn) comparisons. At short range (OBS 301- 
307) and intermediate range (OBS 301-304), two distinct 
bands of high coherence With relatively stable phase are 
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FIG. 3. Coherence and phase between OBS 301 and 307 vertical seismo- 
meters (range = 161 m). 

identifiable. The band of high coherence centered near 10 s is 
due to ocean gravity waves. The coherence in this band is 
highest at short ranges and decreases as the range between 
spatial comparisons increases. At the longest range (OBS 
301-304), the coherence at ocean-wave periods near 10 s is 
very low. The other well-defined wave-energy band showing 
high coherence is centered at a period of 2 s and has a 2-s 
bandwidth. The coherent energy in this band is due to sea- 
floor microseisms propagating across the array. 

The microseism and gravity-wave bands are also clearly 
identified on individual spectra, as in Fig. 6. The seismo- 
meters indicate that there are large seafloor motions between 
1 and 3 s. All the sensors registered gravity waves for periods 
above 7 s. A seismoacoustic window appearing between the 
microseisms and gravity waves, and centered at 4 s, is also 
shown. This window normally occurs below the cutoff peri- 
od of gravity-wave pressure disturbances propagating to the 
seafloor and is thus primarily a function of the water depth. 

Spatial coherence plots between pressure sensors for 

6789 
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FIG. 4. Coherence and phase between OBS 301 and 302 vertical seismo- 
meters (range -- 262 m). 
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Period (s) Period (s) 

FIG. 5. Coherence and phase between OBS 301 and 304 vertical seismo- 
meters (range = 325 m). 

FIG, 7. Coherence and phase between OBS 301 and 307 pressure signals 
(range = 161 m). 

OBS 301-302 and 301-307 comparisons are shown in Figs. 7 
and 8. High coherence above 7 s out to long ocean-wave 
periods of 100 s is present. Vertical seismometer spatial plots 
show little or no coherence at very long ocean-wave periods. 

The directional resolving power of the array is also im- 
portant to identify for the study undertaken. The beam re- 
sponse for an array of m elements is 

RRDIRL SEISMOMETER TRANSVERSE SEISMOMETER 

m 

B (k, 0, 0o) = 1 + 2 • cos [ k (xi -- xi ) (cos 0 -- cos 0o) 
n•- 1 

4- k(yi -- Yi ) (sin 0 -- sin 0o) ], (6) 
where 0o is the array looking angle. Shown in Fig. 9 is B for 
wavelengths A -- 200, 500, and 1000 m for the NJ87 array. 
The array beam response shows good resolution as well as 
sidelobe suppression at these wavelengths. 

The coherence function is a time-averaged quantity and 
can be used to represent the statistical significance of data 
collected for array processing. Because there are shown to be 
strong spatial correlations for long-period ocean waves 
measured by the pressure array, and for microseismic noise 
measured by the vertical seismometer array, in addition to 
an array beam response with little sidelobes, directional 
spectra analysis is appropriate for the seismoacoustic data 
collected during the New Jersey 1987 OBS array study. 

Period (s) Period (s) 

VERTICAL SEISMOMETER PAESSURE IRANSOUCER 

/ ........ 

Period (s) Period (s) Period (s) 

FIG. 6. Averaged power spectrum for pressure and seismic motions mea- 
sured by buried OBS 301. 

FIG. 8. Coherence and phase between OBS 301 and 302 pressure signals 
(range = 262 m). 
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FIG. 9. Beam response of the N J87 array for various wavelengths. Note that 
sidelobe responses are very low compared to the primary lobe. 

III. PRESSURE ARRAY RESULTS 

Using the water-wave dispersion relation, we compute 
directional spectra over the period range of 15-85 s using the 
pressure channel for each OBS. Shown in Figs. 10 and 11 are 
power (dB) contours representing the response of the array 
for a particular direction and wave period. The significant 
wave periods are shown to be wave bands centered at 16 and 
24 s (Fig. 10) and 40 and 62 s (Fig. 11 ). Directionality is less 
resolved at the shorter periods. The wave direction is much 
better resolved at larger wavelengths. In Fig. 11, the long- 
period ocean gravity waves are traveling mostly from the 
east-southeast (approximately N 115E). The peak contours 
from 15-20 s indicate that gravity waves are traveling almost 
directly out of the east ( approximately N 100E). The resolv- 
ing power of the OBS array below periods of 15-s ocean 
waves is degraded since the array interelement dimensions 

360 

• ].so 

270 

90 ' '•'•"-"•'-"• c•, 0 /S 

•__•.8•8 4•••jO 6••% • /• 0 ß ß i ß 
i i ß ß 

35 45 55 65 75 85 

Period (s) 

FIG. 11. Directional spectra of long-period ocean gravity waves measured 
with the pressure array. Contour interval = 2 dB (pa2/Hz). 

are larger than the wavelengths of propagating gravity 
waves. As will be discussed later, particle motion analysis is 
used to measure propagation directions below 15 s. 

IV. VERTICAL SEISMOMETER ARRAY RESULTS 

Applying Eq. ( 1 ) to the vertical seismometer data, the 
directional spectral response of the array in the microseismic 
band 1.5-2.5 s is calculated. Shown in Fig. 12 are dB con- 
tours of integrated array power interrogated for propagation 
azimuth and phase velocity. The peak response of the array 
is found at phase velocities near 200 m/s and at an azimuth 
of N 150E. Directional spectral response for phase velocities 
greater than those shown in Fig. 12 have also been calculated 
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FIG. 10. Directional spectra of intermediate-period ocean waves measured 
with the pressure array. Contour interval = 3 dB (pae/Hz). 
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FIG. 12. Directional spectra of microseisms in the period band 1.5-2.5 s 
measured by the vertical seismometer array. Contours represent relative 
acceleration squared power (m:/s4/Hz). Contour interval = 2.5 dB. (Ad- 
ditional contour at 4 dB is added to emphasize peak array response. ) 
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and found to be low. There is a small bimodal response of the 
array as measured by a secondary peak near 330 ø and for a 
phase velocity of 200 m/s. 

The uncertainty in the directional spectra shown can be 
estimated from the uncertainty in the coherence function. 
The coherence error resulting from finite sampling is 

e= x/•(1 -- •2)/yx•a (7) 
(Bendat and Piersol•5), where na is the number of ensemble 
averages times the number of coarray elements. For an aver- 
age coherence of 0.7 measured in the microseismic band, 41 
ensemble averages, and 15 coatray elements, the error e is 
less than 4%. The 95% confidence interval f•'coherence 
lies between 0.66 and 0.74. The errors in directional spectra 
due to finite sampling are thus very small. The total error for 
directional spectra also contains the uncertainty in instru- 
ment location. However, for the wavelengths of interest, 
ß &hich are shown to be approximately 400 m (Fig. 12), a 
maximum location error of 5 m (Table I) introduces very 
little additional error. 

.. 

V. PARTICLE MOTION ANALYSIS 

The direction of seismoacoustic wave energy can also be 
determined from particle motion studies for a single OBS. If 
Xw and Yw •represent the horizontal east-west and north- 
south complex amplitude displacement spectra for a given 
wavenumber, then an estimate of the direction of wave ener- 
gy A w in the first •eometric quadrant is given by 

Aw = tan-l(I Yw I/I Xw (8) 

To find whether motion is in the second and fourth quad- 
rants, we examine the phase of the cross spectrum between 
the horizohtal components: 

0xv =tan-'[Im( XwY•)/Re( XwY*•)]. (9) 
For 10xr[ equal to 0, motion is in the first and third quad- 
rants; for [Ox•.l equal to u, motion i• constrained to the sec- 
ond and fourth quadrants. Assuming the wave direction is in 
the first or fourth quadrants, then the type of particle mo- 
tion, either retrograde or prograde, can be found by examin- 
ing the phase of the cross spectrum between the combined 
horizontal motion and vertical displacement. Letting Q• 
represent the combined horizontal motion in the complex 
plane, 

Qw =X., + Y•,, (10) 

and letting coZ represent the cross spectrum between com- 
bined horizontal and vertical motion Z•, 

Coz= Q,,Z*•. (11) 
Then, if the phase angle of Cez is between 0 and -- rr, parti- 
cle motion is prograde in the direction oirAw. Alternatively, 
the motion is retrograde (assuming wave is the same direc- 
tion as A w ) if the phase angle of Cez is between 0 and + rr. 

To 'apply particle motion analysis to determine direc- 
tional spectra requires a relatively noise-free data set in addi- 
tion to good coupling between the ihstrument and the 
seabed. Directional spectra/particle motion calculations are 
done for OBS 301, which is a buried instrument. Coupling of 
this OBS to the seafloor is enhanced and seafloor noise due to 

FIG. 13. Noise comparison of horizontal admittance and coherence for 
buried versus unburied OBSs. Coherence is lower and horizontal admit- 

tance is much noisier for the unburied seismometer. 

ocean bottom currents is reduced by burying the seismo- 
meter housing. Displayed in Fig. 13 is the coherence param- 
eter between pressure and combined horizontal motion for 
OBS 301 and a plate-mounted OBS, 302. The horizontal 
coherence parameter defined by 

= + + rwr* ), 
(12) 

where 

- I XwP*wlVI Xw II Pw l (13) 
and 

= I rwP: Ivl rwll Pw I, 
with Pw representing the pressure spectrum, has values 
between 1 and 0, and relates the degree to which the pressure 
and combined horizontal signal are correlated. The coher- 
ence parameter between pressure and horizontal (Fig. 13 ) is 
shown to be higher and less noisy for the buried instrument 
as compared to the unburied instrument. In addition, the 
admittance between pressure and horizontal components, 
given by 

,, 

Pg (IX14 + IYw14) e(w) = w• cosh(kd) IP•I 2 (15) 
(Trevorrow et al.•9), where p is water density, is much noi- 
sier for the unburied unit. An important comparison 
between the two admittance curves shows the buried unit to 

have an admittance value that is approximately 14 dB less 
than the unburied unit in the region of high coherence. Ad- 
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FIG. 14. Directional spectra determined from buried OBS 301 using parti- 
cle motion analysis. Azimuths shown assume motion is prograde in the di- 
rection of propagation. 

mittance, which is essentially the transfer function between 
pressure and horizontal seafloor motion, should show better 
coherence forlarger horizontal signal amplitude. This, how- 
ever, is not what is observed and indicates that a buried in- 

strument has better coupling to gravity surface waves, in 
addition to having a lower noise amplitude. 

Using particle motion data for buried OBS 301, the azi- 
muth ,'/w is calculated ( Fig. 14). A three-frequency bin aver- 
age was applied below 10 s. Two distinct azimuths in the 
gravity-wave band are apparent between long-period ( 12-30 
s) and short-period gravity waves ( 5-9 ) s. If one reexamines 
the pressure coherence plot for the close-range spatial com- 
parison (Fig. 7), two distinct regions of high coherence 
between short- and long-period gravity waves are apparent 
above and below 10 s. This is also evidenced by a small dou- 
ble peak in the combined horizontal and pressure coherence 
(Fig. 13). The short-range vertical seismometer coherence 
(Fig. 3 ) also shows two distinct regions of coupling to ocean 
gravity waves. These observations are consistent with the 
two azimuth calculation for gravity waves found from parti- 
cle motion. 

In the microseismic band, if we assume prograde parti- 
cle motion, Fig. 14 indicates a direction of wave travel out of 
the west, and an easterly direction of travel assuming retro- 
grade particle motion. 

Vl. DISCUSSIONS OF RESULTS 

Directional spectra analysis for both pressure and verti- 
cal accelerometer data indicate that there are two primary 
sources contributing to seabed motion: gravity-wave cou- 
pling and slow-moving seismic waves. Gravity-wave cou- 
pling is the dominant source ofseabed motion at 7-30 s wave 
periods. Alternatively, at short periods below the cutoff peri- 
od for ocean-wave seafloor pressure disturbances, slow- 
moving seismic waves are dominant. Rauch 26 has also found 
low phase velocities for Scholte modes generated via active 
sources. 

From particle motion studies it is determined that short- 
period, 1-.5-2.5 s microseisms have either prograde motion 

out of the northwest or retrograde motion for a wave travel- 
ing from the southeast. Because a northwestern origin for 
these waves is unlikely, as is indicated by the vertical seismo- 
meter array study (Fig. 12), the microseisms in this band 
most likely have retrograde particle motion. Subseismic 
phase velocities for waves exhibiting retrograde particle mo- 
tion at the seafloor would be indicative of Scholte-type inter- 
face waves (Rauch26). Given that the microseisms have re- 
trograde motion, then the directions predicted by the 
vertical seismometer array (Fig. 12) and the independent 
measurerfient from particle motion (Fig. 14) agree to within 
about 20 deg of each other. Since the orientation of the indi- 
vidual sensors for a single instrument are measured using an 
internal magnetic compass, any changes in the local magnet- 
ic declination could account for the small difference in pre- 
dicted direction from particle motion analysis. 

In comparing the direction of travel of long-period grav- 
ity waves from particle motion analysis (Fig. 14) and the 
pressure array directional spectra (Fig. 11 ), we find a good 
correspondence in the measured propagation direction. The 
measured propagation directions between long-period gravi- 
ty waves ( 15-85 s) and short-period gravity waves (5-9 s) 
are shown to be perpendicular to one another. The direction 
of travel of the short-period waves is consistent with the local 
wind direction which was out of the south. The long-period 
waves, which are less inclined to respond to local wind con- 
ditions, are from the east and are due to storms at sea. 

An inherent assumption in our interpretation of particle 
motion data is that the microseisms are principally vertically 
polarized interface waves (Stacey 27). The existence of Love 
waves would significantly alter the directional spectra calcu, 
lated and would negate the simplified particle motion study 
undertaken. However, azimuths determined in the micro- 
seismic (as well as gravity wave) band are relatively stable 
and are a good indication that vertically polarized seafloor 
motion dominates horizontally polarized seafloor motions 
for our particular data set. 

The measured phase velocities for the microseisms are 
appropriate, given the available geophysical data for the 
study area. Shown in Fig. 15 is the seismic profile measured 
down to 50 m at AGS using the bottom shear modulus pro- 
filer (BSMP) method of Yamamoto and Torii. 28 The aver- 
age shear-wave velocity over the profile is 340 m/s. The 
Scholte wave would be slower than a free-surface Rayleigh 
wave, which, in turn, would be slower than a shear wave. 
The seismic profile measured to 50 m would only correspond 
to about a quarter-wavelength for those wavelengths mea- 
sured by the OBS array. The Scholte-wave phase velocities 
measured are probably close to the "natural" phase velocity 
that would be measured if this interface wave mode were 

excited through the observed seismic structure. Future re- 
search plans will include modeling of the Scholte-wave mode 
through an extended version of the seismic structure cur- 
rently known for the Atlantic Generating Site, using nor- 
mal-mode propagation techniques (e.g., Badiey and Yama- 
moto29). 

Previous investigators (Munk et a/.3ø; Bowen and 
Guza3•; Guza and Thornton 32) have found long shore prop- 
agation at periods of 20-200 s to be a dominant type of wave 
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FIG. 15. Shallow seismic structure for the Atlantic generating site. The 
average shear velocity through the first 50 m is 340 m/s. 

propagation in the near coastal region. Long shore waves, 
commonly referred to as the infragravity edge waves (Shay 
and Guza33), are thought to be shallow-water gravity waves 
that are trapped in the nearshore (Gallagher 34). Most of the 
experiments up to date, however, have clearly identified the 
existence of edge waves within 500 m of the shoreline. The 
array study from our experiment conducted at the Atlantic 
Generating Site, 6 km offshore, indicates cross-shore propa- 
gation of infragravity waves. The existence of edge waves at 
these offshore ranges has not been clearly quantified. Gal- 
lagher 34 suggests the edge-wave energy falls off as e-2kx 
away from the shore. At a 6-km distance compared to a 
measurement made 0.5 km offshore, a 22-dB decrease in 
edge-wave power would result. Furthermore, the New Jer- 
sey coastline in the vicinity of the experiment site (see Fig. 1 ) 
has numerous inlets which may impede and disperse near 
coastal edge waves, and thereby make them undetectable by 
an array of sensors. 

Alternatively, in the paradigm of Longuet-Higgins and 
Stewart, 35 waves of infragravity wave periods are generated 
by nonlinear waves having the same wavelength and period 
of the first-order wave group. These long-period gravity 
waves can travel from the seaward direction as they are gen- 
erated by the wind in the coastal zone ( Gallagher 34) and can 
be reflected seaward as a free wave known as a "leaky"-wave 
mode (Longuet-Higgins35). Our array study conducted 6 
km offshore confirms onshore propagation of infragravity 
waves. The leaky-wave mode, which would be indicative of a 
reflected onshore infragravity wave, is definitely not regis- 
tered by the array. Again, this may be a result of the offshore 
distance to the array, as well as the complicated coastal 
structure at the closest point of approach to the array that 
might diminish reflected wave energy. 

An interesting observation is that the microseisms are 
traveling in a direction midway between long- and short- 
period gravity waves. Longuet-Higgins I suggests that mi- 
croseisms can be generated by waves of similar period travel- 
ing in opposite directions. Directional spectra analysis from 

our study shows no bimodal array response to either long- or 
short-period ocean gravity waves. 

VII. CONCLUSIONS 

The conclusions based on analysis of the New Jersey 
1987 OBS array data are the following: (1) Gravity-wave- 
coupled seabed motion in shallow coastal waters is dominant 
at long periods, 5-100 s. (2) Seabed motion at short periods, 
1-3 s, is primarily a result of seismic waves traveling at ap- 
parent velocities close to 200 m/s. Microseismic propaga- 
tion velocities in the ocean are an order of magnitude less 
than for microseisms found on land at similar wave periods. 
(3) Particle motion at 1-3 s is retrograde. This suggests that 
seafloor microseisms are due to Scholte interface waves at 

these short periods. 
Additional seismoacoustic measurements at nearer and 

at larger offshore ranges, as well as for different array spac- 
ings, are required to substantiate the findings in this study. 
Measurements at various array sizes will help to identify the 
continuity of spatial coherence of microseisms. Array mea- 
surements over varying sea states will also help to correlate 
microseism propagation and excitation dependence on grav- 
ity-wave directional spectra. 
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