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Ultralow frequency(0.02—2 Hz acoustic ambient noise was monitored from January to April 1991

at six ocean bottom stations off the eastern U.S. coast. The depths of the stations ranged from about
100 m to 2500 m. The measured spectra are in good agreement with predictions made using Cato’s
theory[J. Acoust. Soc. Am89, 1076-10951991)] for noise generation by surface-wave orbital
motion after extending the calculations to incorporate horizontally stratified environments.
Contributions from both the linear, single-frequen¢yirtual monopol¢ and the nonlinear,
double-frequencydipole) mechanisms are clearly recognizable in the data. The predictions make
use of directional wave data obtained from surface buoys deployed during the SWADE experiment
and an ocean bottom model derived from compressional wave speed data measured during the
EDGE deep seismic reflection survey. The results demonstrate conclusively that nonlinear
surface-wave interactions are the dominant mechanism for generating deep-ocean ULF noise in the
band 0.2-0.7 Hz. €2003 Acoustical Society of AmericdDOI: 10.1121/1.1568941

PACS numbers: 43.30.Nb, 43.30.[2LB]

I. INTRODUCTION tion by the sea-surface motions. The single-frequency noise
field is associated with a time-varying mass flux at the sur-

This paper presents results from ECONOMEX, the En-face, which radiates sound as a distribution of virtual mono-
vironmentally Controlled Ocean-floor NOise Monitoring poles. The double-frequency noise field is associated with a
EXperiment. The overall purpose of ECONOMEX was to time-varying momentum flux at the surface, which radiates
study the variability, both with respect to depth and time, ofsound as a distribution of virtual dipoles.
ULF/VLF (0.001-10 HZ ambient noise in a continental Since the mid-1980s, many authdrs’ have provided
margin region. Six ONR Ocean Bottom Seismometersggood experimental evidence in support of the Longuet-
(OBS’s), equipped with differential pressure gaugbe$G'’s) Higgins theory. (See also the recent review article by
and three-component seismometers, were deployed fromMebb® Most of the initial studiesRefs. 4—8 relied on
January to April 1991. The sensors were placed off the Virsurface wave spectra estimated from mean wind speed mea-
ginia coastline in water depths ranging from 95 m to 2600 msurements. Kibblewhite and Ewahsiowever, made simul-

A more specific goal of the experiment was to determineglaneous measurements of seismic waves and surface wave
conclusively whether ULF/VLF noise in the oceguarticu- height spectra in 100 m of water. A study by Caiavolved
larly at deep sites and the associated seismic activity known Simultaneous measurements of noise and surface wave
as microseisms, are generated by nonlinear interactions &ight spectra in a lake. More recently, Babcetlal,'® Nye
ocean surface waves. It has long been understood that @&nd Yamamotd; Herbers and Guzd, and Tindle and
evanescent pressure wave exists under ocean surface wavirphy™ performed simultaneous measurements of mi-
having frequency equal to the surface waves. The seismigfoseisms and surface wave height spectra in the open ocean.
waves generated by these pressure disturbances are referM¥g note that the work described in Refs. 10-12 was part of
to assing|e_frequency microseismBecause of its evanes- the ONR Sources of Ambient Microseismic Ocean Noise
cent nature, however, the single-frequency mechanism catSAMSON) experiment, which was conducted in October to
not be the cause of typical ULF/VLF noise levels observed afNovember 1990 off the coast of North Carolina.
deep ocean sites. Recognizing this fact, Longuet-Higgins =~ ECONOMEX, which followed shortly after SAMSON,
proposed one-half century ago that the primary source gprovided oceanfloor noise measurements in the band 0.02—-2
ULF/VLF noise in the deep ocean is a nonlinear interactiontZ at & wide range of depths over several months. Excellent
between opposing surface wavetrains, which produces a nosupporting environmental data were also available. Surface-
evanescent pressure disturbance in the ocean at a frequer¥gve directional spectra were recorded c_oncurrentl_y as part
twice that of the ocean surface waves. The resulting seismigf the SWADE (Surface WAve Dynamics Experiment

activity is known asdouble-frequency microseisms project!® These data are the essential environmental control
More recently, Cafb® developed a comprehensive needed to test Cato’s theory. SWADE also provided meteo-

theory, based on Lighthill's analogy, for ocean noise genera[ological data such as wind speed and direction. In addition
to the surface-wave directional spectra, accurate modeling of

Y o S cold o Lab c ULF/VLF noise in the ocean requires profiles of compres-
Present address: U.S. Army Cold Regions Research Laboratory, CEERD:; ; )
RC. 72 Lyme Rd., Hanover, NH 03755-1290. Rional and shear wave speeds deep into the Earth’s crust. In

bpresent address: Commander, Submarine Squadron 20, 1050 USS GeorfdS rege}rd, 'ECONOMEX ber_]eﬁtted f'rom the availability of
Avenue, Kings Bay, GA 31547 deep seismic profiles determined during the EDGE sul¥ey.
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ECONOMEX and SWADB instrument locations
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- FIG. 1. Approximate locations of the
ECONOMEX and relevant SWADE
instruments. *” denotes pitch and
roll buoy location, “X” denotes loca-
tion of one ONR ocean bottom seis-
mometer(OBS) and two hydrophone
arrays, and ©” denotes the location
0,63 - of one ONR OBS.
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Using the EDGE data, we are able to estimate the compresk. EXPERIMENT
siona_l and shear wave spe(_ad p_rofiles to _depths Qf _lO km, ar}g_ ECONOMEX deployments
then incorporate these profiles into a noise prediction model.

The format of the paper is as follows. In Sec. Il, we =~ ECONOMEX was designed to provide a long-term,
discuss the ECONOMEX data set and the environmental inhigh-quality, seismo-acoustic data set that could be coupled
puts (the SWADE and EDGE dataused by our noise pre- to the surface wave and meteorological data of the SWADE
diction model. Our predictive model for the ULF/VLF spec- experiment. The instrumentation consisted of six Office of
tra, which is based on Cato’s thedryjis described in Sec. Naval ResearchONR) ocean bottom seismometei@BS’s)

Ill. Last, in Sec. IV, seafloor pressure spectra fromand two(one vertical and one horizonjal5 m, six-element

ECONOMEX are compared to the model, with special attenydrophone arrays. The instruments were deployed off the
tion given to the relationship between changing wave heighV¥irginia coast in January 1991, recovered in February 1991
conditions and the double-frequency noise field. for maintenance, and redeployed from February through

BOONOMEX 2
Surface Pitch & Roll Buoys

FIG. 2. Schematic arrangement of

~2500m ECONOMEX and SWADE deploy-
ments.
OBS 56 0BS 61
Horizontal Arrey
. (75m)
I ~60km -
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TABLE I. Locations of the ECONOMEX instruments. Positions and depths listed are for the second leg of the
experiment; those for the first leg differ only slightly. Also note OBS frames 61 and 62 exchanged positions
between the first and second legs, although the instruments on them were exchanged also such that the instru-
ments remained deployed in the same locations.

Instrument name Lat. Long. Deptim) Deployment date$1991)
Vert. array 37° 24.7TN 73° 26.8 W 2573 25 Jan—6 Feb; 22 Feb-5 Apr
Horz. array 37° 247N 73°26.8 W 2573 25 Jan—6 Feb; 22 Feb-5 Apr
OBS 56 37° 24.7TN 73° 26.8 W 2548 25 Jan—6 Feb; 22 Feb-5 Apr
OBS 58 37°26.4N 73°31.4 W 2417 24 Jan-7 Feb; 22 Feb-5 Apr
OBS 61 37° 23.8N 73° 244 W 2600 25 Jan—6 Feb; 21 Feb—4 Apr
OBS 62 37° 33.2N 74° 14T W 769 11 Jan-6 Feb; 22 Feb-5 Apr
OBS 63 37° 341N 74° 16.8 W 443 10 Jan-6 Feb; 22 Feb-5 Apr
OBS 51 37° 35.9N 74° 213 W 95 10 Jan-6 Feb; 22 Feb-5 Apr

early April 1991. The instrument locations are shown schethe antialiasing filter set to 40 Hz. In the second deployment

matically in Figs. 1 and 2. Precise locations and deploymenthe bottom three hydrophones of the vertical array were not

dates are listed in Table I. included due to a cable malfunction. The array cable jacket
The deployed ONR OBS instruments consisted of ancluded loose ended fiber strands to reduce strumming

three-component geophone for measuring ground motion inoise.

the 0.07 to 80 Hz range, a Cox—Webb differential pressure

gauge(DPG) for measuring long-period pressure signals in

the water column, and in the original deployment, an OASB. ECONOMEX DPG time series and processing

hydrophoné® In the later deployment, these hydrophones g focus of this paper is on the DPG time series. Power
were removed to improve instrument reliability. spectra from these data were computed by partitioning the

_ The sensors were connected via preamplifiers to an agsyera)l time series into records of 4096 samples, each having
quisition package consisting of a prewhitening and antialiasg 5 5(g.5 min) duration. The responses of the prewhitening
ing filter, a gain-ranging amplifier to improve dynamic range, ynq antialiasing filter were then removed from each record.
and an analog-to-digital converter. The combined filter rérpg yegyits, for the entire second observational period of
sponse is shown in Fig. 3. The acquisition package fed ECONOMEX, are shown in the upper panels of Figs. 4—7.
recording unit consisting of a RAM buffer and an optical Thege figures are for OBS 585 m depth, OBS 63(443 m
disc recording system capable of storing 400 meggbytes cHepth, OBS 62(769 m depth, and OBS 612600 m depth
data. Most of the OBS’s were programmed for continuous §ggpectively.(The gaps in these figures are intervals when
Hz recording, with the antialiasing filter set to 2 Hz; how- y4ia were not acquired.
ever, one of the device®©BS 56 was set to record at 128 The spectra are observed to have a strong depth depen-
Hz with its antialiasing filter set to 40 Hz. ~dence. Sound pressure levels at the shallowest s¢OR

The 75 m horizontal and vertical arrays each consste@l) in the frequency band 0.06—0.12 Hz, are in the range

of six OAS hydrophom_eg at15m separa.tion. T.he hydrophong50_170 dBre 1 (MPQZ/HZ- These are the highest levels
signals were preamplified by a low-noise, wide-range préjecorded at any of the sensors. In roughly the same band, the
amplifier and sent to acquisition and recording packageg, ng levels recorded by the sensors at the greater depths
identical to those of the OBS’s, with 128 Hz sampling and,ere all between 70 and 90 dB.

At the next shallowest sens¢®©BS 63, levels in the

-6 o o oo range 120-130 dB are evident below 0.06 Hz. Comparable
-nf . levels are evident at OBS 62, below 0.04 Hz. No such low
frequency energy is evident at the deepest se(@3BS 61,
_ e at least for the frequency range displayed on the spectral
g -af ] plots. The spectral energy below about 0.12 Hz can be con-
fi 26 ) fidently attributed to the single-frequency noise field, for
8 which the spectral energy decays exponentially with increas-
g -3 T ing depth and frequency. As the sensor depth is increased,
E —36t . higher frequencies are unable to penetrate to the bottom.
At the deepest sensgOBS 61, 2600 1 most of the
- | spectral energy lies in the band 0.2—0.5 Hz. The levels ex-
-46} . hibit considerable temporal variability, fluctuating between
L L L about 110 and 145 dB. As will become evident when we
b 1o+ 100 lot examine the surface-buoy data, the variability in the pressure
Frequency (Fiz) field at OBS 61 strongly parallels variations in wave-height

FIG. 3. Amplitude response of the antialiasing and prewhitening filter use OWer spectrum occurring at one-half the acoustic frequency.

in the ECONOMEX instruments with an 8 Hz sampling rate. Response! N€ Spectral energy in 'fhis band mUSt therefore be the
amplitude in dBre 1 V. double-frequency generation mechanism created by nonlin-
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FIG. 4. Differential pressure gaugbPG) power spectral levels for OBS 585 m depth, second deployment. Upper, measurement. Lower, model prediction.

ear interaction of opposing wavetrains, as was first suggestetie pitch-and-roll buoys is the element of the experiment of
by Longuet-Higgins. The double-frequency noise, including direct use in our effort to predict noise generated by surface
as it does a nonevanescent compotrfeet, a component that wave motion. In particular, the buoys were used to determine
does not attenuate with increasing deptis strong at the the surface-wave directional spectra required by our noise
deepest sensor, whereas the single-frequency noise, whichpgediction model. Collection and processing of the SWADE
evanescent, is not observed there. The nonevanescent natdiiga are discussed in this section.
of the double-frequency noise also explains why it is evident  The SWADE instrument locations are shown together
at the other OBS’s with approximately the same strength. Afyith the ECONOMEX instruments in Figs. 1 and 2. Precise
OBS 63 and 62443 and 769 m a spectral gap is evident deployment locations of SWADE instruments are listed in
between the single- and double-frequency noise. The gap igaple I1. The buoys provided one complete set of measure-
not present at OBS 51, since higher frequencies attribumb'ﬁwents(including a spectral estimateach hour, allowing us
to single-frequency pressure disturbances are able to pefy ypdate our estimate of the noise field each hour. The
etrate to its relatively shallow depth of 95 m. We will de- \waADE buoys that were closest to the ECONOMEX instru-
velop a quantitative model for these effects in Sec. lll. ments were Discus C and Discus E. Figure 8 shows wind
speed, time rate-of-change of wind direction, and the wave
height power spectrum from Discus E for the duration of
1. SWADE surface wave spectra ECONOMEX. Periods of elevated activity lasting typically
The SWADE project was an effort to characterize the2—3 days are clearly evident in the spectra. These usually
sea surface using a variety of sensors and, at the same timggrrespond to mid-latitude cyclonic activity in the atmo-
measure other relevant environmental paraméteiBhe  sphere(storms.
project included several pitch and roll surface buoys, satellite =~ The wave-height spectral data from the SWADE buoys
radar backscatter measurements, SWATH ship array deployvere provided for frequencies from 0.03 Hz to 0.34 Hz, in
ments, and aircraft overflights. The long-term deployment 00.01 Hz bins. For predicting the noise at the deep

C. Supporting data
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FIG. 5. DPG power spectral levels for OBS 6813 m depth second deployment. Upper, measurement. Lower, model prediction.

ECONOMEX site, the data from Discus E were used, whileThe case of particular interest is when the wind direction
predictions of noise at the three shallowest ECONOMEXchanges rapidly in time, creating opposing wavetrains on the
instruments were based on data from Discus C. SWADE hadea surface. This situation causes the spreading intégral
also deployed a SPAR budyhich had better angular reso- quired for predictions of the double-frequency noise fietd
lution than the Discus buoysiear the shallow ECONOMEX be large. Among the many methods available we have con-
site, but it sank prior to the ECONOMEX deployments. sidered are empirical estimates, the Longuet-Higginal !’

As is well known, ocean surface waves are dispersivemethod, maximum-likelihood (MLM) estimates, and
with the relationship depending on water depth. We shouldnaximum-entropy(MEM) estimates. The reader is referred
therefore consider the possible effect of using a surface buap the Appendix for a more detailed discussion of our proce-
moored in 95 m of wate(Discus G to predict noise at the dures for making the wave-directional estimates.

443 m and 769 m OBS'’s. First we note from the measured The four methods of wave-directional spectral estima-
wave spectra that there is little energy below 0.1 Hz in thetion are compared in Fig. 9. A simulated bi-directional spec-
wave spectrum. If we calculate takidf (the depth- trum was the input. In Fig. 10 we compare estimates of the
dependent factor of the surface-wave dispersion relpfmm  directional spectra for an actual datum from SWADE: the
the worst case of 0.1 Hz witd=95 m, we find the disper- 0.16 Hz bin from Discus E at 1200 on 27 January 1991. This
sion factor to be less than 1%. Thus any corrections to thelatum was chosen as illustrative because it occurs after a
wave spectra measured at Discus C for the 443 m and 769 shift in wind direction, and one would expect the true spec-
OBS’s are quite small. trum to be bi-directional in this case. One can see from the

Pitch-and-roll buoys, such as the Discus buoys, can protwo figures that MEM is most satisfactory in reproducing a
vide only an estimate of the surface-wave directional specsharply peaked, bi-directional distribution. In fact, a bi-
trum. Because our ULF/VLF noise prediction mod8lec. directional structure is evident only in the MEM estimate in
[11) depends strongly on the directional spectrum, the metho#ig. 10. Hence we decided to use MEM for our estimates of
used to estimate the spectrum takes on critical importanceéhe wave-directional spectrum.
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FIG. 6. DPG power spectral levels for OBS 6269 m depth second deployment. Upper, measurement. Lower, model prediction.

2. EDGE profiles Virginia coast, in the same region as the ECONOMEX and
In this section, we discuss our procedure for determining> VADE experiments. But because EDGE provided only

the vertical profiles of the compressional wave speed, shegPmpressional wave speed data, we were forced to estimate

wave speed, compressional and shear attenuations, and ddi€ shear wave speed, compressioqa(l)lrgttenuation, shear at-
sity, as required for input to our noise propagation model!€nuation, and density profiles. Hamiltotrslata and equa-

Due to the long wavelengths involved at the very low fre-tions were used for this purpose, and we also benefitted from

quencies of the predictions, the environmental model needdiScussions with other investigators working in the area of

to be as accurate as possible deep into the earth’s crust, Je0acoustic modelingf:?! The resulting profiles for each of
As described in the next section, the propagation modein€ four water deptheds, 443, 769, and 2600 nare plotted

is formulated for a horizontally stratified environment. Then Fi9- 11.

environment is partitioned into several layers, each having

constant seismic properties. The uppermost layer, actually a

semi-infinite half space, is the air layer, represented by @ THEORY AND CALCULATIONS

vacuum in our model. The next layer down, the water layer,

is assumed to have a constant sound speed of 1500 m/s and Our method for predicting the pressure field generated

constant density of 1000 kgAnApproximating the water by surface wave motion is summarized in this section. Based

column as an isovelocity, isodensity layer is quite reasonablen Cato’s theory, it includes contributions from virtual

for the very low frequencies relevant to the present study. monopoles and dipoles of all orientations. The surface-
Below the water layer are 10 to 12 earth layers. Datadistributed monopoles, which are the source of the single-

from a deep seismic reflection study of the U.S. mid-Atlanticfrequency noise field, correspond to a time-varying mass flux

continental margin, called EDGE, were used to help deteracross the mean position of the ocean surface. The dipoles,

mine the seismic profiles. The EDGE experimtéimvolved ~ which are the source of the double-frequency noise field,

recording refracted seismic waves of 16 s duration off thecorrespond to a time-varying momentum flux.

3122 J. Acoust. Soc. Am., Vol. 113, No. 6, June 2003 Wilson et al.: ULF ocean ambient noise
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FIG. 7. DPG power spectral levels for OBS 62600 m depth second deployment. Upper, measurement. Lower, model prediction.

Cato’s equation for the double-sided spectral derBjfy  the surface and is oriented downward. The quantity,

from the monopoles is called the monopole coupling factor, includes the effects of
" interference, source directivity, and spreading. Specifically,

PM(w)=p202f Voo @,K) for an infinitely deep, cylindrical ocean of radil& H, is

> given by[Ref. 2, Eq.(72)]:
dk
XHo(w,k,2)Hj (w,k,z , 1 Rexp(—iwr/c U
ol k2)Hs (@ k2) 5 2 @ Ho(w,k,z)=%J p(fw)\lo(kr)rdr, @)
0

wherew=2=f is the angular frequencyg,the sound speed in

the water columnk the horizontal wave number of the sur- \yhere f2=x2+y?2 is the horizontal displacement, and
face gravity wavez the depth, and the superscript asterisk_2 ;2 js the total distance from the source to the receiver.
denotes the complex conjugate. The quantity; is the The dipole contributiong are given by[Ref. 2, Eq.
cross-spectral density between the velocity components Qf48); also Ref. 3, Eqs(1) and (A7)]

the surfacey; and u;, with subscripts 1 and 2 indicating
horizontal axes, and 3 the vertical axis, which originates at %
PD,ij(w):sz [Pisj3(w,K)+ Diz5(w,K)]
TABLE II. Locations of the SWADE Discus buoys. -

dk
Instrument Water depth XHi(w,k,2) Hj* (w,k,2) =, ©)
name Lat. Long. (m) (2m)
Discus E 37° 20.0N 73° 233 W 2670
Discus C 37° 321N 74° 2383 W 102 where
Discus N 38° 22.1N 73°38.9 W 115
Djjym(@,K)=Wi(w,K)* ¥ipn(w,k), (4)
J. Acoust. Soc. Am., Vol. 113, No. 6, June 2003 Wilson et al.: ULF ocean ambient noise 3123
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FIG. 8. Data from SWADE Discus E buoy, during the time period of ECONOMEX second deployment. Upper, windsspieklihe) and rate-of-change of

wind direction(dashed ling Lower, wave height power spectrum.

with the asterisk denoting convolution in both frequency and:gIA(tanth, h,(k,@)=i cosa cothkh),

ho(k, @) =i sina

wave number[No sum over repeated indices is implied in xcothkh), ha(k,@)=1, and

Eq. (3).] The dipole coupling factors are

= dk
Hi(w,k,z)=—i(kc/w)cosaHo(w,k,z), (5) Kij(w,2)=f7 Hi(w,k,z)HT(w,k,z)(zT)g (10
Ho(w,k,z)=—i(kc/w)sinaHy(w,k,2), (6) s called thecoupling integral Working with the definitions
c s of the dipole coupling factors, Eq&)—(7), it is not difficult
Ha(w,k,2)= = —Ho(w.k,2), (7)  toshow that

wherek = (ky,ky) = (k cosa,ksina).
Using the surface-wave dispersion relation, E).can

Ki(@,2) =Ky w,2)

c? fw k3 dk
Ho(w,k,2)HE (w,k,z) , (11

be reduced b " 202 Jo 27
o da - . k dk
Po,ij(w)=~mp?| — — Q%) Ksa(w,2)= . Ha(w k,2)H3 (0.k2) 5 —, (12)
o=|wl2
of2 andK;;=0 if i#]j. Hence only the virtual dipoles havirig
X1jj(|ol2))Kjj(|@l,2), (8)  =j contribute to the pressure field, and the total dipole field
Where |S g'ven byPD: PD,ll+ PD,22+ PD,33'

27
lij(w)= fo G(w,a)G(w, 7+ a)

x|hi(k(w),a)||h[k(w),a]|da (9)

is called the surface-wavepreading integral Q(w) is
the surface-wave-height power spectru@®(w,a) is the

surface-wave directionality functiof(w) is the wave num-

ber satisfying the surface-wave dispersion relatiol

3124 J. Acoust. Soc. Am., Vol. 113, No. 6, June 2003

Accurate calculations of the spreading integral, B,
are difficult to achieve in practice. Recall from Sec. IIC1
that we use a maximum-entropy meth@dEM) to attempt
to improve spreading-integral calculations derived from
pitch-and-roll buoys.

Because the ocean bottom can significantly affect the
propagation of sound waves in the water column, even par-
ticularly at ULF/VLF frequencies, it is worthwhile to extend
Cato’s analysis to the case of a horizontally stratified ocean
and seabed environment. Such an extension is actually quite

Wilson et al.: ULF ocean ambient noise
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o osf o 0sh straightforward when we realize the close relationship be-
B K tween Cato’s coupling factors and the depth-dependent
E;: 04f § 041 Green'’s functions often employed in ocean acoustics. First
g 03 g o3l we make the observation, that, in E@), the factor
exp(—iwr/c)/r is simply the free-space Green'’s function for a
o2} o2t monopole,Gq, which is the solution to
o1} o1f G, )
s o2 +(wlc)*Gog=—4m5(r). (13
o 0

100
Angle (degrecs)

Angle (degrees)

In fact, for an ocean of infinite radius, E@) shows that the
monopole coupling factor is proportional to the Hankel

FIG. 9. Estimates of the directional spectrum 6i(a)=N(cof(/2)  transform of the Green’s function. Hence

+cosYal2+ w/4)), wherea is the azimuthal angle, and is chosen to
normalize the spectrum. The MEM estimate was made using the Lygre—
Krogstad algorithm mentioned in the text. The MLM estimate was made
using an algorithm by Lacos&Ref. 35. The LCS estimate refers to the

Holw,k,2)= zﬂcgo(w,k,z), (14)

weighted average of the first five Fourier coefficients suggested by Longuetyhere gO:ngo(w i Z)Jo(k?)f dt is the depth-dependent

Higginset al. (Ref. 17. The empirical estimate was made by estimating the
parametess from the first five Fourier coefficients and using the empirical

formula G(a)=N coS¥(a/2).

Green'’s function. From Edy7), it is evident thatH5 is pro-
portional to the depth-dependent Green'’s function for a ver-
tical dipole,g3=dgq/9z,

14} Hs(ka,z):%gs(ﬂ)-k,z)- (15
12t Equations(1) and (3) can be interpreted physically as
follows. To find the pressure spectrum in an infinitely deep
1r ocean, one decomposes the Green’s function for the appro-
g priate source type into its horizontal wave number compo-
g 08r nents by calculating the Hankel transform, takes the squared
g: 06k magnitud_e, multiplies by a source power proportional to the
wave height power spectruifor a convolution produgtat
04} each horizontal wave number, and then integrates over the
horizontal wave number space. In fact, this procedure for
02r calculating propagation from a surface distribution of noise
0 sources has been given previously fobitrarily stratified
environments by Kuperman and IngenttoTheir Eq. (20)
Angle (degrees) becomes, in our notation,
FIG. 10. Estimated spectra derived from the 0.16 Hz data bin from the w2 (=
Discus E buoy on January 27, 1991 at 1200 hours. The estimates were made P(w,z)= ? f H(k)|g(w,k,z)|2dk, (16)

using the methods discussed in Fig. 9.
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where P is proportional to the acoustic intensith] is the ring on yeardays 72—74 and 8698The likely causes are
power spectral density of the surface-distributed sources, arttie low angular resolution of the surface-wave measure-
g is the depth-dependent Green’s function. By settlihg ments, and the assumption of uniformity in the horizontal
W43 for the monopoles, andl«®;35+ ¢35 for the di-  source distribution.
poles, it is recognized that Cato’s theory provides the spec- An interesting discrepancy between the predictions and
tral density function for Kuperman and Ingenito’s generalthe measurements occurs at the two intermediate depths
equation for noise generated by surface-distributed sourcd®©BS’s 63 and 6§ in the frequency range of the double-
in a horizontally stratified environment. Alternatively, Cato’s frequency noise field. At these depths the predictions have a
expression for the acoustic fields carries over to the case &ystematic bias not evident at OBS 61, being about 10 dB
arbitrary stratification, so long as the appropriate depthhigher than the measured levels. This could be caused by the
dependent Green'’s function is used. That is, we can continugreater bottom slope at the intermediate depths, which may
to apply Egs.(1) and (3) to arbitrarily stratified environ- reflect some of the energy away from the continental slope
ments, while using Eq$14) and (15) to determine the cou- region.(Recall that OBS 61 was located on the continental
pling factors?® rise, whereas the other sensors were deployed on the steeper
For the predictions in this paper, the ocean and underlyeontinental slopg.A more sophisticated propagation model
ing bottom were allowed to have depth-dependent compresncorporating lateral variability might successfully predict
sional wave speed and attenuation, shear wave speed atfis trend.
attenuation, and density. The vertical profiles were piecewise The model successfully predicts the spectral gap be-
constant. The depth-dependent Green’s functions corréween the single- and double-frequency noise at the interme-
sponding to these profiles were computed using a fast fieldiate depths, when SWADE data are available for sufficiently
program(FFP written by Wilson?* which is based on the low frequencies. Like the double-frequency noise, the levels
global-matrix algorithm developed by Schmidt and predicted for the single-frequency noise are somewhat high.
Tango®>?% The FFP can also accommodate monopoles anéiowever, the relative strengths of the single- and double-
dipoles that are positionedn (as opposed to just below or frequency noise are well predicted. At the shallowest sensor,
above the air/sea interface; this capability is required for OBS 51, the model predicts that a double-frequency noise
predicting the noise from sea-surface motion. with strong temporal variability should be evident above
Once the depth-dependent Green’s functions for thebout 0.2 Hz. This is not borne out by the experimental spec-
monopoles and dipoles have been determined by the FFRa, though, which show little temporal variation on time
they are multiplied by the appropriate forms of the surface-scales associated with storm activity. The model also predicts
wave directional spectrurfSec. 11C 1 in accordance with a narrow spectral gap at slightly below 0.2 Hz, although no
Egs.(1) and(3). The magnitude squared of the Green’s func-such gap is actually observed. During certain perigas.,
tion is multiplied by the source strengtburface-wave spec- yeardays 71-83 the OBS 51 data exhibit harmonics with
trum), and then integrated over the horizontal wave numbespacing of about 0.1 Hz in the band 0.2—-0.6 Hz. Kibblewhite
space. The final result is pressure as a function of frequencgnd W8 have suggested the existencemih-frequency mi-
and depth. croseisms 1h>2), which, like the double-frequency mi-
croseisms, are produced by nonlinear interactions. Although
Kibblewhite and Wu indicate that thenth-frequency mi-
croseisms will generally be negligible, they are perhaps evi-
A. Comparison of the model and measurements dent in our data. Or, as pointed out by reviewers of this
_paper, the harmonics could be caused by shear-wave modes
H’p the sediment or by nonlinear instrument response.

IV. ANALYSIS AND DISCUSSION

Model predictions, made with the methodology de
scribed in the preceding section, are shown in the lower pa
els of Figs. 4—7. The SWADE spectra usually had a low- ) B
frequency cutoff at 0.03 Hz and a high-frequency cutoff ath' Effect of chanfglrllg wave conditions on the double-

0.34 Hz(cf. Fig. 8. This limits the predictions for the single- requency noise field

frequency noise field to the frequency range 0.03—-0.34 Hz, As discussed above, there is good overall agreement be-
whereas the double-frequency predictions are limited tdween the predicted spectral levels at most frequencies in the
0.06-0.68 Hz. Furthermore, the SWADE spectra were oftetband of double-frequency microseisms. In this section we

unavailable at frequencies greater than the 0.03 Hz cutofferform more detailed comparisons for selected times during

(due to difficulties associated with integrating accelerometeECONOMEX with differing wind and wave conditiorf$2°

data to obtain wave heightthus causing a jagged edge on Figure 12 shows an example of a case where there is

the low-frequency end of the spectra and further restrictingoarticularly good agreement between the predictions and the
the frequency range of the predictions. measurements. The data are for OBS 61, the 2600 meter site.

Agreement between the data and the predictions is begtigure 13 shows similar results at OBS 63, the 443 meter
for OBS 61, at 2600 m depth. For the most part, the magnisite. Shown with the spectra are the calculations of both the
tude and spectral shape of the experimental data are accwave-height power spectrufd(w/2) and the spreading inte-
rately predicted. There are cases, however, where the modetal | 33 from the appropriate SWADE data. While the pre-
predicts higher pressures than were measueed., the dicted and observed levels at a given frequency may differ
storms occurring on yeardays 60-6ds well as cases where up to 5 dB, there is generally good correspondence between
the model predicts lower pressurésg., the storms occur- the two. It is interesting that in many of the comparisons
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FIG. 14. (a) Observedsolid line) and predicteddashed lingspectral levels

for 2/23/91 at 0700 hours, in d& 1 uP&/Hz. Observed spectrum is from

the OBS 58 DPG. Predicted spectrum is based on data from the Discus E
buoy. (b) Wave height power spectrum in dB, 10 I8G(w/2), whereQ(w/2)

has units rfHz. (c) Spreading integral in dB, 10 ldgx(w/2).

FIG. 12. (a) Observedsolid line) and predicteddashed lingspectral levels
for 1/27/91 at 1800 hours, in d& 1 uP&/Hz. Observed spectrum is from
the OBS 58 differential pressure gau@@PG). Predicted spectrum is based
on data from the Discus E buogb) Wave height power spectrum in dB,
10 log Q¥ w/2), whereQ(w/2) has units /Hz. (c) Spreading integral in dB,
10 logls3(w/2).

tendency to predict levels that are too high in the band 0.1
small peaks exist in the observed levels which are present iHz to 0.2 Hz. Since this band corresponds to the peak in the
the predictions at the same frequencies but with differenbottom response in the shallow case, errors in the bottom
magnitudes. One can see from the inputs that the spreadingodel may account for this difference.
integral plays a key role in determining the shape and mag- The observations show an increase in noise level with
nitude of the predicted spectra. These two figures represemave height, and good agreement between observations and
particularly good agreement between predicted and observeagtedictions at moderate-1 to 3 m wave heights is evident
spectra. in Figs. 12-15. At very low predicted noise levels, which

More typical of the level of agreement are Figs. 14 andcorrespond to times of low wave height, there is a disparity
15, where we can see close agreement at frequencies aroubétween predictions and observations. An example of this is
the spectral peak, but differences away from the peak of 5 athe developing wave field of the early hours of January 27 at
more dB is sometimes evident. In general, the overall spediscus E, as depicted in Fig. 16. As one can see in Figs. 17
tral shape is correctly predicted, but the peak is broader osind 18, agreement is good at frequencies corresponding to
narrower in the observed spectra, giving rise to large differthe peak in the predictions as the wave field develops, but the
ences in the high-slope region on the low-frequency side ofow levels predicted away from the peak are not confirmed
the peak. In the predictions from the shallow site, there is @y observation. A possible cause of the error in the predic-
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FIG. 13. (a) Observedsolid line) and predicteddashed lingspectral levels
of 2/23/91 at 1400 hours, in dB 1 uP&/Hz. Observed spectrum is from

buoy. (b) Wave height power spectrum in dB, 10 I6§(w/2), whereQ(w/2)

has units /Hz. (c) Spreading integral in dB, 10 ldgs(w/2).
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FIG. 15. (a) Observedsolid line) and predicteddashed lingspectral levels

for 2/27/91 at 1500 hours, in d& 1 uP&/Hz. Observed spectrum is from

the OBS 63 DPG. Predicted spectrum is based on data from the Discus the OBS 63 DPG. Predicted spectrum is based on data from the Discus C
buoy. (b) Wave height power spectrum in dB, 10 I83(w/2), whereQ(w/2)

has units r/Hz. (c) Spreading integral in dB, 10 ldgs(w/2).
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FIG. 16. Meteorological data as measured at Discus E on 1/2(@9Wind
vector. The direction of the arrow indicates the direction of the wind, with a
downward arrow indicating a wind from the west. The magnitude of the
arrow indicates the wind speed with the wind speed scale given on the
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FIG. 17. (a) Observedsolid line) and predicteddashed lingspectral levels  FIG. 19. Meteorological data as measured at Discus E on 3/0@&oWind

for 1/27/91 at 0600 hours, in d& 1 uP&/Hz. Observed spectrum is from vector. The direction of the arrow indicates the direction of the wind, with a
the OBS 58 DPG. Predicted spectrum is based on data from the Discus #ownward arrow indicating a wind from the west. The magnitude of the
buoy. (b) Wave height power spectrum in dB, 10 I6§(w/2), whereQ(w/2) arrow indicates the wind speed with the wind speed scale given on the

has units /Hz. (c) Spreading integral in dB, 10 ldgs(w/2).
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FIG. 20. (a) Observedsolid line) and predicteddashed lingspectral levels  FIG. 22. (a) Observedsolid line) and predicteddashed lingspectral levels

for 3/04/91 at 1000 hours, in d& 1 uP&/Hz. Observed spectrum is from for 2/23/91 at 0300 hours, in d& 1 uP&/Hz. Observed spectrum is from

the OBS 58 DPG. Predicted spectrum is based on data from the Discus fhe OBS 58 DPG. Predicted spectrum is based on data from the Discus E
buoy. (b) Wave height power spectrum in dB, 10 I6§(w/2), whereQ(w/2) buoy. (b) Wave height power spectrum in dB, 10 I8§(w/2), whereQ(w/2)

has units r/Hz. (c) Spreading integral in dB, 10 ldgs(w/2). has units rfHz. (c) Spreading integral in dB, 10 ldgx(w/2).

tions at low wave heights is the assumption of spatial homo-
geneity of the source wave field. Under very low local wave

Wind vector, 1200 2/22/91 - 1200 2/23/91, Discus E height conditions, it is possible for a much stronger wave

10 " " " ' field at some distance to dominate the noise field, thus mak-
ing the predictions made from the local wave field very

@ much in error. Another possible cause of the differences un-

st 1 der low wave height conditions is the existence of an un-

Downward vertical arrow indicates wind from the west

known source mechanism generating acoustic energy, whose
noise is normally dominated by that caused by orbital mo-
tion. Under low source strength conditions for the orbital

\f motion noise, this presumed source may now dominate, giv-
ing rise to the errors noted above. The predictions in general

] are in reasonably close agreement when measured significant
wave height is above about 1 meter. For the period of the

ECONOMEX data, roughly 77% of the wave height mea-
surements are above this threshold.
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FIG. 21. Meteorological data as measured at Discus E on 2/22/91—2/23/9FIG. 23. (a) Observedsolid line) and predicteddashed lingspectral levels

(@) Wind vector. The direction of the arrow indicates the direction of the for 2/23/91 at 0400 hours, in d& 1 uP&/Hz. Observed spectrum is from
wind, with a downward arrow indicating a wind from the west. The magni- the OBS 58 DPG. Predicted spectrum is based on data from the Discus E
tude of the arrow indicates the wind speed with the wind speed scale givehuoy.(b) Wave height power spectrum in dB, 10 1685(w/2), whereQ(w/2)

on the vertical axis(b) Wind speed and wave height. has units r/Hz. (c) Spreading integral in dB, 10 ldgs(w/2).
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, in the region of frequencies above the peak under high wave
® height conditions.

The predictions agree quite well with the observed data
under conditions of changing wind direction. We can con-
sider the wind shift of February 23 at 0200, depicted in Fig.
21, as typical. The observed and predicted noise levels for

[
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145 T T ®

_-
(=2
T
L
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—

(=]
T

1351

¥

20 log Wave Height Pow?r (dB)
=)
.
1

% . ooz o4 06 o8  subsequent times are shown in Figs. 22—24. The observed
B st Acoustic Frequency (Hz) noise spectrum changes with time roughly as the predicted
8 s . : . spectrum does. Of particular note is the broad peak in the
= o © observed spectrum at 0400, and the higher levels seen at the

peak from 0300—0500. Again the spreading integral plays a
major role in determining the spectral shape.

It is also interesting to examine the predictions and ob-

105 i . . . . . servations during a time of highly variable conditions such as

0 02 04 06 P00z 04 06 08 those of the afternoon of January 27, which were depicted in

Frequency (Hz) Acoustic Froquency (Fiz) Fig. 16. Observations and predictions are seen in Figs. 12

FIG. 24. (a) Observedsolid line) and predicteddashed lingspectral levels and 25, for 1800 and 1500, respectively. Again we see rela-

for 2/23/91 at 0500 hours, in dB 1 uP&/Hz. Observed spectrum is from  tively close agreement, with the increased spreading adding
the OBS 58 DPG. Predicted spectrum is based on data from the Discus fp the noise as the wave height diminishes to keep the overall
buoy. (b) Wave height power spectrum in dB, 10 I6§(w/2), whereQ(w/2) noise level fairly constant
has units /Hz. (c) Spreading integral in dB, 10 ldgx(w/2). )

115

110+

Spreading Integral (dB)
&

We can see from the data of Marchwith meteorologi- V. CONCLUSIONS
cal conditions shown in Fig. 19 and observed and predicted
spectra seen in Fig. 2@hat the predictions again deviate at
very high wave height conditions corresponding to stron

ECONOMEX has provided a unigque opportunity to
gcompare ULF noise spectra recorded in different water

winds at relatively constant direction, with the predictionsd€Pths over a 10 week period. The experimental results, and

being higher than the observations. The disagreement at frhe accompanying quel pre_dmtpns, clequy demonstrate
quencies corresponding to the peak is up to 10 dB undetlh"’.‘t sm_Jrface—wave orbital motion is the primary cause of
these conditions. There is, however, the same general tredtPiS€ in the frequency band 0.02-2 Hz. The fact that the
in the observed noise data as exists in the predictions, that §f0de! predictions hold well under conditions of changing
higher levels at higher wave heights and wind speeds. Thi¢ind direction, for which the double-frequency noise is en-
would tend to indicate the wave directional spectral estimatd@nced, demonstrates that wind turbulence acting on the sea
provided by the MEM technique is overestimating thesurface(wmch would depend on the wind speed but not the

spreading at these high wave heights. Alternative empiricafi'€ction is not a significant mechanism of ULF/VLF sound

models, which are based on strong, steady winds, predict leG&neration.

spreading under these conditions than do the MEM estimates The surface-wave motion generates noise via two dis-
(Fig. 9. The observations match the predictions fairly well tinct mechanisms. These are referred to as single-and double-

frequency noise fields. The former is due to linearly gener-
ated pressure fluctuations following a single surface
20 g — wavetrain, while the latter results from nonlinear interaction
ok ] between opposing surface wavetrains. Both mechanisms are
clearly evident in the ECONOMEX data.
The single-frequency noise field is strongest at the shal-
“or ] lowest sensof95 m). Levels as high 160 dBe 1 uP&/Hz
were measured, and there appears to be generation of higher

harmonics by finite amplitude effects. The intensity and peak

145 T T ®
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1351 1
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20 log Wave Height Power (dB)
S
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02 0.4 0.6 0.8

g
‘g 125 Acoustic Frequency (Hz) X i g
& frequency of the single-frequency noise decreases rapidly
£ 1of g s ‘ T Wi'[.h depth,' as would be expe.cteq.. The ;ingle-frequency
‘-g) 10l | noise exhibits little temporal variability, relative to the sur-
usr g face wave spectra.
Lol 2 sl ] The double-frequency noise field is observed at all
f depths and exhibits little depth dependence. Also, unlike the
oz os 0§ ¥——————  single-frequency counterpart, the temporal variations in the
Frequency (Hz) " Acoustic Frequency (Hz) double-frequency noise closely track the surface-wave spec-

tra, except at the shallowest sensor. Because the peak fre-
FIG. 25. (a) Observedsolid line) and predicteddashed lingspectral levels quency of the Sing'e_frequency noise diminishes with depth,

for 1/27/91 at 1500 hours, in d& 1 uP&/Hz. Observed spectrum is from I -
the OBS 58 DPG. Predicted spectrum is based on data from the Discus \e/hereas the peak of the double frequency NoISe 1S relat|vely

buoy. (b) Wave height power spectrum in dB, 10 I85(w/2), whereQ(w/2) ~ CONStant, a spectral gap whose width increases with depth is
has units /Hz. (c) Spreading integral in dB, 10 ldgs(w/2). observed.
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Most features of the data are well predicted by the  The vertical displacement may be represented using the
theory of Catd® which we have extended to accommodate afollowing stochastic integral:
horizontally stratified ocean and seabed. Some of the dis-
crepancies between the data and predictions may be attribut- ¢, = Ref exfi(kx+kyy—wt)]dS. (A1)
able to lateral variability in the environment, particularly S
since the experiment was performed in a continental shelffhen, since Ky .k,) = (k cosa, ksina), we can write our
slope region. More sophisticated modeling efforts, accountepther two time series as
ing for lateral variation in the ocean and seabed as well as the
source functiorii.e., the surface-wave fieldshould improve &= Ref ik cosa ex i (kx+k,y— wt)]dS,
agreement with the data. S
The importance of the wave-directional spectrum in de-
termining the overall noise level is apparent from this study.  &;= Ref ik sina ex i (kx+kyy— wt)]dS.
Any models based on empirical relationships using wind S
speed as their input would have to also include the growtiNext we form co-spectreC;;(w) and quadrature spectra
and decay of the wave field resulting from changing wininj(w) from the time serieg; and&;, finding
direction. Models that predict directional wave spectra from o
a knowledge of wind speed alone are doomed to failure in Cn(w)=f Flw,a)da,
general, due to their assumption of a fully developed wave 0
field, and to the changing nature of the true wave field. o
This work has also demonstrated the key role played by C,(w)= f k?cog aF (w,a)da,
the propagation environment, particularly the geoacoustic 0
bottom model, in determining the overall levels and shape of 27
the acoustic noise spectrum at extremely low frequencies. Cas(w)ZJ’ k?sir? aF (w,a)da,
This observation is consistent with the work of Schmidt and 0

(A2)

Kupermart® Hence it is imperative that the propagation en- (A3)

2
_ 2 H
vironment be taken into account if one wishes to compare ~ C23(®@)= fo k®cosa sinaF(w,a)da,
actual source levels between two different locations. Other-

wise differences in the bottom site characteristics could Qufw)= 27T|(COS F( )d

cloud important correlations or lead to incorrect conclusions. 12@)= 0 arle,e)fa,
2 )

ACKNOWLEDGMENTS le(w):fo ksinaF(w,a)da,

This work was supported by Office of Naval Researchwhere F(w,a)=Q(w)G(w,a) is the frequency-directional

Grant No. N00014-90-J-1452, G. M. Purdy and G. V. Fisk,spectrum of the sea surface elevation. The Fourier coeffi-
Co-Principal Investigators. They gratefully acknowledge thegients of F (w, ) are defined as

assistance of the crew of the R/V Oceanus in the acquisition 1 rom

of the data. D. K. Wilson was also supported by a post- an(w)+ibn(w):_f eNF (w,a)da, (A4)
doctoral scholarship from the WHOI Education Office. The m™Jo

authors thank J. Collins, D. DuBois, and G. M. Purdy for,,
providing the OBS data in SEGY format, and S. Holbrook
for providing the EDGE data. We also thank G. H. Sutton for
many helpful discussions. This paper is WHOI Contribution
No. 10893.

here
n=ow

1 .
F(w,a)= a0+ nzl [a,codna)+b,sin(na)]. (A5)

Now we can see that the right-hand sides of E&B) are
related to these Fourier coefficients as follows:
APPENDIX: DETERMINATION OF THE SURFACE- 1
WAVE DIRECTIONAL SPECTRUM ag(w)= ;Cn(w),

In this Appendix we consider the angular resolution 1 1
available from the SWADE Discus buoys. Longuet-Higgins - -
et all” were the first to investigate the angular response o?l(w) K Q@) bul@)= 7 Qudw), (A6)
such pitch and roll buoys. They pointed out that if the wave- 1 2
lengths of the sea surface motion are large with respect to the,(w) = m[c:zz(w)—c33(w)], by(w)= mc;23(w),
buoy diameter, the buoy tends to have the same motion and
orientation as the surface. Then, if the vertical displacementhe pitch and roll buoy hence provides the first five coeffi-
and the two angles of pitch and roll are measured, one hasents in the Fourier series describing the directional spec-
three time series: the vertical displaceménand its spatial trum of the sea surface elevation, each coefficient being a
derivativesd/dx and dZ/dy. We denote these three quanti- function of frequencyw. We must now use these five Fourier
ties as¢;, &, and&;, respectively, in the following discus- coefficients to find estimates of the wave-height power spec-
sion. trum Q(w) and the directionality functio®(w, a).
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Our estimate of the wave-height power spectrum is obsolves bi-directional wavefields more satisfactoralligx-
vious from inspection of Eq(A5) and our definition of the amples were given in Sec. Il C)1Both of these features of

co-spectra: the MEM technique are important for accurate calculations
o of the spreading integral. Hence MEM should give the best
Q(w):f F(w,a)da=may(w)=Cqy(w). (A7)  results in our application.
0 Our algorithm for producing MEM estimates largely fol-

aéows Lygre and Krogstatf We begin by defining a Fourier
peeries for the directional spectru@(a) (suppressing for
now the dependence an) on the intervall—,7) as

The best estimate for the directional spectrum is not
simple. An obvious choice would be to try the truncated su

1 1 .
G(w,a)= —+ —(a; cosa+b; sina+a, cos 2 1 )
(0,a) 27 wao( ! ! 2 G(oz)=§ > e, co=1, c_,=cCr. (A10)

n=-—w

+b, sin 2a). A8
2SN 2a) (A8) The entropy ofG is defined by

This sum is actually a convolution of the true directional .

spectrum with a weighting function, and considerable H(G)zl/f log(G(a))da. (A11)
smoothing results in the estimated spectrum. Unfortunately, -

calculations of the spreading integrabs [Eq. (9)], made |t has been shown by Buljthat the function maximizing

using this type of directional spectrum estimate can bgy(G) subject to the constraint that the coefficieatsequal
shown to be in error by factors as large as’.10 Other some knowrc, for k<N is

weighted averages of the first five Fourier coefficients can be

. 5 1 92
made, but they also produce an unrealistically smooth esti Gla)= — - e N (A12)
mate. 27 |[1— pre '—- - — ppe G|
Several investigators have fit empirical curves to mea- > .
sured directional spectra. Longuet-Higgiesal. have sug- ghjgﬁjﬁs ¢n and ¢ are obtained from the Yule—Walker
gested the wave directional spectra fit the f&fm q
* DY *
G(w,a)x|cogS(al2)| (A9) 1o CNfl $1 C1
c : . .
where the spreading parameteis a function of frequency .1 ] ) L X =] (A13)
and wind speed. Kibblewhite and Wuused an empirical : oo G : :
relationship to finds based on the wind speed and frequency, Cy—1 ** C; 1 N CN
and then calculateld;; analytically. One could also match the and

measured first five Fourier coefficients to the first five Fou-
rier coefficients of the empirical spectrum éos/2 to esti- 02=1—pict —+--— PpCF . (A14)

mate the parametes, as suggested by Longuet-Higgins In our case we havel=2 with c,=(a,—ib)/a, and c,

et al,}” and hence calculate,;. However, the data used to ) . :

develop the empirical formula are generally taken under con-_ (8;~ibz)/a,. We can now solve this system of equations
- : o ) to find ¢, in terms ofc

ditions of steady wind speed and direction. In our field data, n n

the wind speed and direction can vary significantly, giving d1=(C1—CoCT)/(1—]|c4]?),

rise to wave fields with different directionality, and in gen- (A15)

eral a broader directional spectrum than that predicted by the $2=Co—C1¢1.

empirical formula. Therefore, we would expect predictionsFinally, we can substitute these into E@12) to find our

of I35 calculated from spectra derived from empirical formu- directional spectral estimate

las to be lower than the true value under variable meteoro- . «

logical conditions. In particular, if the true directional spec- G(a) 1= 101 — ¢2C; (A16)

trum is bi-directionaltwo peaks corresponding to two wave 27[1- e e e

fields generated by winds in different directiotisere can be e now have an estimate of the angular distribution of the

significant energy in opposing wave directions which is notyaye energy at each frequency which reproduces the first
predicted by the cosine power curve. Donetrel®” have  fie Fourier coefficients, and uses these coefficients and the

suggested a better fit to the data is found in a $ehdis-  vyje_walker equations to extrapolate the remaining coeffi-
tribution with 8 being the spreading parameter, but estimateggns.

of I 33 based on estimates ¢f are also too small.
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