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The waveguide nature of a shallow water environment bounded below by a viscoelastic 
medium permits noise to couple into seismic waves. Geophone and hydrophone measurements 
have shown that below a threshold frequency of about 10 Hz in 100 m of water, there is a large 
increase in the measured noise levels, with a peak at approximately 0.25 Hz. A previously 
developed wave theory of distributed noise in a waveguide has been combined with a full wave 
solution technique for stratified elastic media and used for numerical modeling and analysis of 
this phenomenon. It is demonstrated that this low-frequency increase in noise level is only 
partly due to an increase in the source spectral level. At these frequencies, seismic interface 
waves become important propagation paths for the ambient noise, leading to a significant 
magnification of the observed noise levels. This strongly suggests that propagation effects have 
to be accounted for when evaluating source theories by comparison to experimental data. 

PACS numbers: 43.30.Nb, 43.30.Bp 

INTRODUCTION 

The spatial structure of low-frequency noise from dis- 
tributed sources such as those causing surface-generated 
noise in deep or shallow water is governed by the waveguide 
defined by the water column bounded above by a pressure 
release surface and below by a stratified viscoelastic medi- 
um. Therefore, in determining the actual source spectrum 
level of the noise-generating sources from measured data, it 
is necessary to account for or "subtract out" the ocean wave- 
guide environment. Only after this procedure is followed can 
source levels be derived from noise measurements per- 
formed in arbitrary ocean environments and, consequently, 
be compared between experiments performed in different 
environments and seasons. 

In this article we apply a wave theory of surface-distrib- 
uted noise in a stratified ocean to data collected in a low- 

frequency shallow water experiment. The results explain the 
waterborne and seismic partitioning of low-frequency dis- 
tributed noise in shallow water. This same analysis applies to 
the wavelength-scaled deep water distribution of surface- 
generated noise. By accounting for the ocean environment in 
a set of diverse experiments previously summarized by 
Kibblewhite and Ewans, • we find that the spread of the re- 
ported noise source levels as a function of frequency and 
parametrized by the wind/sea state is considerably reduced 
over the levels originally reported, which took the noise mea- 
surements as the noise source levels. Not only does this dem- 
onstrate the importance of including propagation factors in 
processing noise data for estimating source levels, but the 
results indicate a consistency in the frequency dependence of 
the noise source levels, which suggests that there is only one 
(or possibly two) dominant natural noise source mechanism 
that contributes to ambient noise below 10 Hz. 

At intermediate frequencies and above, the acoustic 

2153 

waveguide nature of the noise field has been reported pre- 
viously. 2-4 Recently, Ingenito and Wolf 5 have studied the 
site dependence of shallow water noise data in terms of wave- 
guide theory. 2 At lower frequencies, the stratified ocean en- 
vironment supports not only body waves, but also surface 
waves associated with the interfaces of the layers. Whether 
or not discrete modes exist in the environment, there exist 
interface waves in a vi. scoelastic environment which are nev- 

er cut off. 6 The amplitude distribution of a surface wave de- 
cays exponentially away from the guiding interface, which 
implies that interface waves can only be excited by sources 
close (in terms of wavelength) to the interface, a condition 
normally satisfied for ocean bottom interfaces at acoustic 
frequencies below cutoff. Hence, at frequencies below water- 
borne propagation cutoff, these interface waves provide a 
mechanism for sound, including ambient noise, to be propa- 
gated and sensed in the water column and on the seabed in 
particular. This partitioning between body and interface 
waves provides an explanation for the spectral distribution 
of noise observed experimentally in shallow water •'7 and also 
reported elsewhere for deep water environments, 8-•ø where 
it is believed that some sort of activity at the air/sea interface 
is the source of low-frequency noise often referred to as mi- 
croseisms. 11 

In Sec. I of this article the theory that describes the dis- 
tribution of surface-generated noise is summarized and 
modified to include expressions for the vector quantities that 
a seismic sensor with three geophones would measure. It is 
shown that this theory predicts with decreasing frequency 
below cutoff a large increase in the vertical and radial com- 
ponents of the outputs of the geophone as compared to a 
much smaller increase from the pressure output of an adja- 
cent hydrophone. Above cutoff, the noise spectrum level os- 
cillates in amplitude as a function of frequency, correspond- 
ing to the cutoffs of the individual modes, as seen 
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experimentally, for example, in deep water data. 12 
We next describe a shallow water experiment with an 

ocean bottom seismometer (OBS) and present its results, 
which are consistent with the theoretical predictions. Since 
the theory predicts only relative levels because the spectral 
level of the noise sources is an unknown input, the experi- 
ment combined with theory can be used to derive the spec- 
tral distribution of the noise sources. Then, the same proce- 
dure is applied to other shallow water data as summarized in 
Ref. 1, and, finally, the water depth dependence of the spec- 
tral distribution is investigated. 

It is demonstrated that the excitation of seismic waves 

below waterborne mode cutoff accounts for a significant fre- 
quency-dependent "magnification" in observed noise levels 
as compared to the actual source levels. Accounting for the 
propagation in the spectral distribution of noise is therefore 
crucial at low frequencies, resulting in a significantly lower 
spread in the derived source levels as opposed to the spread 
of the directly measured noise levels. Further, this procedure 
will separate propagation from sea state effects. 

It should be stressed that the present article is not in- 
tended as a contribution to the ongoing discussion concern- 
ing the nature of the source mechanisms, 13 but rather as a 
theoretically derived statement based on existing data of the 
importance of properly accounting for propagation effects 
when evaluating different theories by comparison to experi- 
mental data. 

I. THEORY 

In this section we summarize and extend the results of a 

previous article 2 to include the description of the velocity 
components of the seismic field expected to be measured by 
geophones. 

The theory is based on the environmental geometry 
model shown in Fig. 1. The environment is assumed to be 
horizontally stratified, with a water column with sound- 
speed profile c(z) overlying a stratified, elastic bottom with 
the compressional velocity cv and shear velocity Cs constant 
within each layer. The sources of the surface-generated noise 

z) 

• ++++++++++ ..... Z' p 

OBS ! Hydrophone 

FIG. 1. Modeling of surface-generated ambient noise in a range-indepen- 
dent ocean environment. The sources are assumed to be a horizontally uni- 
form distribution of acoustic monopoles at depth z', with a horizontal corre- 
lation N(p). The ocean environment is described by a water column of 
thickness H, with the sound-speed profile c(z). The bottom is assumed to be 
a horizontally stratified elastic half-space. 

are simulated by a distribution ofmonopo!e sources at depth 
z'. The source distribution is assumed to be horizontally ho- 
mogeneous and isotropic with correlation N(p), where p is 
the horizontal distance between two sources. 

In such a stratified medium an exact integral representa- 
tion for the seismoacoustic field is obtained by separation of 
variables. In a Cartesian coordinate system, Fourier trans- 
formation of the wave equation leads to the following expres- 
sion for the acoustic velocity (or displacement) potential at 
the angular frequency 

1 f 2k G(r,r';z,z') = • d g(k;z,z')exp[ll•(r-- r')], 
(1) 

where the primes denote the source coordinates. The inte- 
gral in Eq. ( 1 ) is performed over all horizontal wave vectors 
k, and the kernel g(k;z,z') is the depth-dependent Green's 
function satisfying the differential equation 

d2g -•- [g2(z)--k2]g -- ---•1 tS(z--z'), (2) 
dz 2 2•r 

where K(z) = •o/c(z). In the case of elastic media the field 
can be expressed in terms of three displacement potentials: 
one for compressional waves (P), one for vertically polar- 
ized shear waves (SV), and one for horizontally polarized 
shear waves (SH). TM The SH waves are not excited by the 
compressional monopole sources treated here and the asso- 
ciated potential can therefore be discarded. The P and SV 
potentials both have integral representations of the form giv- 
en in Eq. (1), with the kernels satisfying depth-separated 
wave equations similar to Eq. (2). The method applied here 
for solving the depth-separated wave equations is the global 
matrix approach described in detail in Refs. 15 and 16 and 
implemented in the SAFARI code. 17 

Once solved for the depth-dependent Green's functions, 
the expectation value of acoustic pressure intensity due to a 
distribution of monopole sources is obtained as 2 

(]p2(g) ]) = 2•.6o2q2f d2kP(k)lg(k;z,z,)]2, (3) 
where q is the spectral source level for the acoustic mono- 
poles generating the noise [ see Eqs. (10) and ( 11 ) of Ref. 2 ] 
and P(k) is the spatial wave vector spectrum of the distribut- 
ed noise sources, i.e., the Fourier transform of the correla- 
tion function. As shown by Kuperman and Ingenito, 2 the 
correlation function of surface sources, which produce a far- 
field radiation (of multipole order rn) pattern cos m 0 with 
respect to vertical, is given by 

26(K(z')p)/[K2(z')p], m = 1, m(p) = 2mml(j m [K(z,)p]/[K(g,)p]m) ' rn > 1. 
(4) 

The components of the particle velocity are obtained by dif- 
ferentiating the wave field potentials with respect to the spa- 
tial coordinates, •6 leading to expressions similar to Eq. (3) 
for these components. 

Since the environment, as well as the source distribu- 
tion, is horizontally isotropic, the integration is conveniently 
carried out in cylindrical geometry. Then, for all rn of Eq. 
(4), we obtain from Eq. (3) after some mathematical ma- 
nipulation and integration over the azimuthal coordinate 2'3• 
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the expectation I of the square of the pressure and velocity 
components' 

I= 8½rmq2 Ig, o,w,u(k;z,z')12[K2(z')-k2]m-•kdk, 
K2m(z ') 

(5) 

where gp is the depth-dependent Green's function for the 
pressure and gw and gu are those for the vertical and horizon- 
tal components of the particle velocity, respectively. 

In order to eliminate the dependence on the unknown 
source depth z', the monopole source strength q is normal- 
ized to yield the pressure level Q in an infinitely deep ocean, 
independent of the actual value ofz'. This is accomplished to 
first order in z' if q2 is assigned the value 

q2(z') = Q2/16•r(z')2. (6) 

Provided z' is chosen small compared to the vertical wave- 
lengths involved in the integral, evaluation of Eq. (5) will be 
approximately independent of z'. 

When stating source strengths in the following, we will 
therefore not refer to the depth-dependent value of q, but 
rather to the value of Q, corresponding to the pressure pro- 
duced by the same source distribution in an infinitely deep 
ocean. For example, when we state a noise source level of 50 
dB, this value corresponds to Q, resulting in a uniform 50-dB 
pressure level in a homogeneous semi-infinite half-space. 
This particular normalization is identical to the one used in 
Refs. 3 and 4 for m = 1. For m > 1, however, there is a factor 
m difference in the expression for the monopole strength, 
Eq. (6). For the same "source level," Ref. 3 therefore ob- 
tains different pressure levels in a half-space for different 
values of m, in contrast to the present formulation. 

Plotting of the depth-dependent Green's functions, i.e., 
the kernels g(k;z,z') of Eq. (5) as a function of horizontal 
wavenumber k, is very instructive and useful for the analysis 
of the important propagation mechanisms in different fre- 
quency regimes. To illustrate this, we choose the scenario of 
the experiment to be discussed in Sec. II. A simplified model 
for the actual environmental parameters is given in Fig. 2. 
Characteristic values for silt and coarse sand were used for 

the 10-rn-thick sediment layer and the subbottom, respec- 
tively. 18 The Green's functions are plotted in Fig. 3 for 10, 5, 
and 1 Hz. The narrow, discrete (modal) spectrum interval is 
indicated in the figures; the region to the left is the contin- 
uous portion of the spectrum corresponding to more vertical 
propagation (k = 0 corresponds to vertical propagation) 
and bottom interface waves will appear to the right of the 
discrete spectrum since these evanescent waves have phase 
speeds slower than the speed of sound in the water column 
(large k). At 10 Hz, we see that the Green's functions for all 
three motions have a peak in the discrete region correspond- 
ing to the normal mode propagation regime. At 5 Hz all 
normal modes have been cut off, and the Green's functions 
are dominated by the continuous part of the spectrum. At 
this frequency, peaks appear to the right of the discrete re- 
gion, corresponding to the existence of interface waves. 6 Fi- 
nally, at 1 Hz, Fig. 3 (c), the Green's functions are dominat- 
ed by high amplitude peaks corresponding to the 
fundamental interface (or Scholte) mode. 

It is important to note the difference in interpreting the 

50 

tO0 ....... • 

150 
0 5oo 1 o'oo 15'oo 

Velocity (m/s) 
2000 

FIG. 2. Environmental model used for modeling surface-generated ambient 
noise on the Ligurian shelf. The water depth is 100 m, and the sound speed is 
assumed to be constant, 1500 m/s. The bottom is represented by a silt layer 
of thickness 10 m overlying a homogeneous sand half-space, with the 
compressional and shear speeds indicated by the solid and dashed lines, 
respectively. The density of the silt layer is 1.8 g/cm 3 and the attenuations 
are 0.5 dB/A for compressional waves and 1.0 dB/A for shear waves. The 
corresponding values for the subbottom are 2.0 g/cm 3, 0.1 dB/A, and 0.2 
dB/A. The acoustic pressure and particle velocities are simulated as record- 
ed by a hydrophone and a three-component geophone station on the seabed. 

Green's functions of Fig. 3 in the case of signal propagation 
from discrete sources and in the present case of propagation 
from horizontally distributed sources. In the case of a dis- 
crete signal, the complex values ofg(k;z,z') are multiplied by 
an oscillating exponential function exp( - ikr) •5 or a Bessel 
function Jm (kr) .16 As a result of cancellation, this has the 
effect that, for long ranges r, a wide peak in the kernel will 
contribute less than a narrow peak, or in other words, the 
width of a peak is a measure of the range attenuation of the 
corresponding mode. As is well known, the Scholte mode of 
Fig. 3 (c), although highly excited, will attenuate rapidly in 
range. 19'2ø The same is the case for the continuous spectrum. 
On the other hand, the sharpness of the modal peak in Fig. 
3 (a) indicates that this mode will propagate over long dis- 
tances. 

In the present case, however, the integration over the 
horizontal source plane eliminates the oscillating exponen- 
tial or Bessel functions. Thus, as seen in Eq. (5), the wave- 
number integration is performed directly on the kernel am- 
plitudes (except f•or the smooth wavenumber factor). A 
wide peak will therefore contribute not only according to its 
peak level, but also as a result of its width. The noise field 
obtained by integrating the Green's functions in Fig. 3(c) 
will therefore be dominated by the highly excited and wide 
peak corresponding to the Scholte mode. In contrast, the 
highly excited normal mode in Fig. 3 (a) will not alone domi- 
nate the noise field since the continuous spectrum is signifi- 
cantly wider. As also demonstrated by Hamson, 3 the contri- 
butions from the discrete and continuous spectra are 
therefore comparable in significance in the modal propaga- 
tion regime. 

Since the width of the peaks in Fig. 3 is a measure of the 
propagation attenuation of the corresponding modes, it can 
be concluded from Fig. 3(b) and (c) that below the cutoff 
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FIG. 3. Kernels ]gp.w,, (k;z,z')12 at the seabed of the wavenumber integrals, 
Eq. (5), for the frequencies: (a) 10 Hz, (b) 5 Hz, and (c) 1Hz. The kernel 
gp for acoustic pressure is indicated by a solid curve, whereas the dashed and 
dotted curves represent the horizontal and vertical velocity kernels g, and 
gw, respectively. For graphical purposes the kernels are given in dB, al- 
though the integration in Eq. (5) is obviously done using the linear values. 
The continuous, discrete, and evanescent parts of the wavenumber spectrum 
are indicated. 

frequency for the normal modes, the noise field will be domi- 
nated by sources at relatively short ranges: in the present 
case a few kilometers. This, in turn, justifies the use of a 
range-independent propagation model for predicting the 
ambient noise levels in this frequeny regime, a statement 
supported by the excellent aggreement with experimental 
data presented in the following. 

Figure 4 schematically summarizes the significance of 
the different spectral regimes for the Green's functions. For 
10 az, discrete modal propagation at shallow grazing angles 

H Evanescent 
Spectrum 

Continuous 

Spectrum 

Discrete Spectrum 

FIG. 4. Schematic representation of the three spectral regimes. The contin- 
uous spectrum corresponds to plane waves propagating at grazing angles 
larger than critical, thus undergoing significant bottom loss. The discrete 
part of the spectrum contains the normal modes, which, as a result of their 
low bottom loss, contribute significantly to the detected noise field above 
cutoff, as illustrated in Fig. 3 (a). In the evanescent regime the wave field 
consists of inhomogeneous plane waves traveling horizontally, with ampli- 
tudes exponentially decaying away from the seabed. This spectral regime 
contains the seismic interface waves, which become the most important 
propagation mechanism below the modal cutoff frequency, as illustrated in 
Fig. 3(c). 

contributes significantly to the structure of the noise. As the 
wavelength increases, the discrete modes are cut off [5 Hz, 
Fig. 3 (b) ], leaving mainly contributions from the steeply 
propagating continuous spectrum. Figure 4 also indicates 
the depth dependence of the evanescent Scholte wave at two 
different frequencies, illustrating how an increase in wave- 
length moves the surface noise sources into the nearfield of 
the interface wave (or vice versa) and explaining the domi- 
nant excitation of the seismic interface waves in Fig. 3 (c). 

Figure 5 shows the result of evaluating the wavenumber 
integrals of Eq. (5) for m -- 1 and frequencies in the 0- to 
100-Hz range, assuming a "white" source spectrum level of 
Q -- 70 dB. Figure 5 (a) indicates the predicted hydrophone 
pressure (solid curve), horizontal geophone level (dashed 
curve), and vertical geophone level (dotted curve). The 

spectral dB levels for the pressure are relative to 1/•Pa/x/Hz, 
whereas the levels for the particle velocities are relative to 

10 -6/•m/s/x/Hz. Figure 5(b) indicates the corresponding 
results for a fluid bottom not supporting shear. 

In Fig. 5 (a), a r•/pid rise in the noise level appears at the 
cutoff frequency of 8 Hz for the first normal mode. The local 
maximum at approximately 10 Hz corresponds to the opti- 
mal combination of the excitation and attenuation of the first 

mode. Similarly, the "local" increases in the spectral level at 
higher frequencies are associated with the cutoff process for 
the higher-order modes. At lower frequencies, the predicted 
noise levels decrease because there are no discrete contribu- 

tions from distant noise sources, leaving mainly the contri- 
butions from the continuous spectrum [Fig. 3 (b) ]. Finally, 
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FIG. 5. Simulated frequency spectrum of ambient noise below 100 Hz, ob- 
tained by evaluating the wavenumber integrals in Eq. (5) with rn = 1 and a 
value of q2 that in an infinitely deep ocean would yield a uniform pressure 
amplitude of Q 2 corresponding to 70 dB. The pressure spectrum is indicated 
by a solid line, whereas the dashed and dotted lines correspond to the hori- 
zontal and vertical particle velocities, respectively. Figure 5(a) shows the 
result for an elastic bottom, whereas Fig. 5(b) shows the result if bottom 
shear properties are ignored. The effect of correctly treating the elastic bot- 
tom is particularly evident below the modal cutoff frequency of 8 Hz. 

FIG. 6. Experimental setup used by Akal et aL7 for recording ambient noise 
on the Ligurian shelf. At a position with a water depth of 100m, an OBS and 
a hydrophone were placed on and just above the seabed, respectively. The 
seismoacoustic data were transmitted to a shore station via a radio link, 
together with surface wave data recorded by a wave rider buoy. 

wave rider and the data were continuously transferred to a 
shore station via radio link. Data were recorded during a 
period of 105 days, with acquisition in daily 5-min periods. 

Figure 7 shows a characteristic example of the noise 
spectrum obtained during a period having a prevalent sea 
state 2 ( 30- to 60-cm significant waveheight) with little ship- 
ping. The solid line indicates the power spectrum in dB/( 1 
/•Pa) 2/Hz for the hydrophone, whereas the dashed and dot- 
ted curves represent the power spectra for a horizontal and 
vertical geophone, respectively, given in dB/( 10 '-6/•m/s) 2/ 
Hz. Only one horizontal component is shown, but it was a 
general feature in periods of no nearby shipping that the two 
horizontal components registered almost identical spectra, 
indicating an isotropic noise field under these conditions. 

at very low frequencies, there is a significant increase in the 
noise due to the fact that the surface noise sources are in the 

nearfield of the bottom and highly excite interface waves, as 
demonstrated in Fig. 3 (c). As a result of the surface pressure 
release effect, the increase is greater for the particle motion 
detected by geophones than for the hydrophone pressure. 
This low-frequency excitation would not occur for a purely 
fluid bottom that cannot support seismic interface waves, as 
illustrated in Fig. 5 (b). 

II. EXPERIMENT 

A recent experiment by Akal et al. ? motivated this study 
ofseismoacoustic noise in the context of the waveguide inter- 
pretation of the spectral partitioning of noise. 

A. Description of experiment and results 

The setup for the experiment is illustrated in Fig. 6. The 
ambient noise was recorded by means of a three-component 
geophone station (OBS) and a hydrophone close to the 
seabed in a relatively fiat area of the Italian Ligurian shelf 
with 100-m water depth. The sea state was measured with a 

B. Comparison with theory for the extraction of noise 
source levels 

From the theory discussed in Sec. I, it is clear that we 
can extract the noise source level from the experimental data 

IlO 

• 90-• 
'J 130- 
E •. 

•, 7o- 

50 ' I I I I 
0 20 40 60 80 I00 

/ Frequency (Hz) 

FIG. ?. C•aracteristic example of •oise data recorded u•der sea state 2 
conditions i• a period wit• low •earby s•ippi• density. T•e 
spectrum for t•e •ydrop•o•e data is i•dicated by a solid curve, w•ere•s t•e 
•ofizo•tal a•d vertical particle velocity spectra are represemed by t•e 
dashed a•d dotted curves, respectivdy. 
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FIG. 8. Source levels for surface generated ambient noise on the Ligurian 
shelf at sea state 2 obtained by subtracting the model predictions of Fig. 
5 (a) from the experimental data shown in Fig. 7. The solid curve indicates 
the source spectrum so obtained from the hydrophone data, whereas the 
dashed and dotted curves shows the spectra obtained from the two geo- 
phone components. At frequencies below 20 Hz, the source levels obtained 
from the hydrophone data drop off as a result of the low-frequency cutoff of 
the hydrophones. 

represented in Fig. 7 by simply taking the difference (in 
dB's) between Eq. ( 5 ) and the data for each frequency. Fig- 
ure 8 is the noise source level as obtained by this procedure 

using sea state j• data. That we obtain the same noise source 
level from the geophones and hydrophone (with the excep- 
tion of the hydrophone's low-frequency cutoff below 20 Hz) 
is a strong indication of the ability of the theoretical model to 
accurately predict the noise field with correct relative levels 
recorded by the three different sensors. The effect of propa- 
gation is quite clear when comparing Figs. 5, 7, and 8. Below 
20 Hz, the data show a rise in level below 20 Hz of 40-50 dB. 
Figure 5 indicates that much of this increase in level is a 
propagation effect so that, in Fig. 8, the increase in source 
level is only 20-30 dB. Hence, we have the strong indication 
that it is necessary to account for propagation effects when 
extracting noise source levels from measured noise data. 

For completeness in demonstrating this procedure for 
determining the noise source level, Fig. 9 shows the noise 
source levels derived from data taken for different sea states. 

As expected, the noise source level increases with increasing 
sea state in the region below 60-70 Hz, possibly indicating 
man-made noise dominating in the adjacent higher frequen- 
cy regime. 21 

III. COMPARISON WITH OTHER SHALLOW WATER 
SEISMIC NOISE RESULTS 

Kibblewhite and Ewans' have reported extensively on a 
series of experiments to measure seismic noise; their goal was 
to investigate the origin of this noise. Geophones were placed 
at the shore close to a relatively flat area of the continental 
shelf, with an average water depth of 100 m. In Ref. 1 the 
geophone data were converted to source strength at the sea 
surface based on the assumption that the seismic field at the 
receiver was representative of the seismic field on the sea- 
bed. The measured particle displacements were translated 
into source levels by means of a simple impedance relation 
assuming the bottom to be a fluid half-space. 1 

FIG. 9. Source levels on the Ligurian shelf derived from horizontal geo- 
phone data at sea states 0 (solid curve), 2 (dashed curve), and 6 (dotted 
curve). 

The above analysis for the very similar Ligurian shelf 
environment suggests that these two assumptions are in fact 
inconsistent. A fluid bottom provides no mechanism for the 
very low-frequency sound in a significant amount to propa- 
gate from the sources at sea to the receiver on land. Propaga- 
tion modeling based on the fluid environmental model 
would therefore indicate significant differences in the parti- 
cle displacements on the seabed and on land. If, however, the 
bottom is treated as a realistic stratified elastic medium, the 
shear waves provide a significant propagation mechanism at 
the low frequencies considered, which justifies the first as- 
sumption concerning the extrapolation of the shore data to 
seabed displacements. 

Adopting this assumption, we will here repeat the pro- 
cedure described above to analyze the propagation effects 
embedded in the New Zealand data and subsequently derive 
the source spectrum. The results indicate that correcting for 
environmental propagation conditions yields consistent 
noise source levels independent of the location from which 
the data were obtained. 

The limitations of the simple fluid bottom impedance 
approach were acknowledged in Ref. 1, and Kibblewhite has 
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FIG. 10. Geophysic, al model for the New Zealand continental shelf used for 
modeling the propagation effect imbedded in the low-frequency ambient 
noise data obtained by Kibblewhite and Evans.' The water depth is 100 m 
and the bottom is represented by a series of elastic layers overlying a homo- 
geneous subbottom starting at a depth of 4800 m. The compressional and 

/ 23 
shear speeds are indicated by the solid and dashed curves, respectively. 
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later performed a more-detailed analysis of the effect of 
shear on the noise propagation. 22 In contrast to the present 
full stratification treatment, however, the analysis was done 
on an interface by interface basis, believed to underestimate 
the shear wave effect. 

The geophysical model for the area of the New Zealand 
experiments • is shown in Fig. 10. 23 The bottom is represent- 
ed by a series of elastic layers overlying a homogeneous sub- 
bottom starting at a depth of 4800 m. 

As discussed in Sec. I, an analysis of the Green's func- 
tion g(k;z,z') provides insight into the spectral partitioning 
of noise. Rather than plotting the Green's functions for each 
frequency, they can conveniently be "stacked" and con- 
toured. For this purpose, rather than using the horizontal 

wavenumber as the abcissa of the contour plot, it is conven- 
ient to use the frequency-independent horizontal slowness 
s = 1/c = k/w, with c the horizontal phase velocity. Figure 
11 shows the contours of the horizontal and vertical compo- 
nent Green's functions. Note that horizontal slices yield the 
type of plots shown in Fig. 3 and hence the contribution to 
the noise level at any frequency is obtained by integrating 
along a horizontal slice. The structure of the Green's func- 
tions can be related to representative velocities of the seismic 
structure. Thus, for example, at higher frequencies we see a 
slowness cutoff of about 5.6 s/km for the "fundamental 

mode" corresponding to the Sholte wave's asymptotic veloc- 
ity of about 0.9 times the shear speed in the uppermost sedi- 
mentary layer: 0.9 X 200 m/s • 1/5.6 s/km. The other seis- 
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FIG. 11. Contours of the kernels of Eq. (5) for: (a) horizontal particle velocity and (b) vertical particle velocity as a function of frequency and horizontal 
slowness. The evanescent spectrum in the water column covers slownesses in excess of 0.67 s/km, and the dominance of this part of the propagation 
spectrum is evident. 
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FIG. 12. Simulated noise spectra for New Zealand environment at frequen- 
cies below 2 Hz for hydrophone (solid line), horizontal geophone (dashed 
line), and vertical geophone (dotted line). The source level is 0 dB at all 
frequencies and the magnification due to the seismic propagation is evident, 
with up to 25-dB gain for the hydrophone component. When compared to 
the high-frequency level above 2 Hz, the magnification of the geophone 
components is even larger, with up to 50-dB magnification on the vertical 
geophone at 0.2 Hz. 

mic "modes" or branches of these contour plots have 
transition regions associated with the shear speeds of the 
deeper.layers. 

The continuous and discrete parts of the spectrum corre- 
spond to slownesses of less than 0.67 s/km [ 1/( 1500 m/s) ] 
so that Fig. 11 clearly indicates virtually no contribution 
from this plan•-wave portion of the spectrum below 1 Hz. 
Only this part of the spectrum will contribute to the field if 
the bottom is fluid. The evanescent spectrum in the water 
column corresponds to slowness of greater than 0.67 s/km 
and obviously is the dominant contribution to the noise. This 
clearly shows that a simplistic interpretation of the distribu- 
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FIG. 13. Comparison of low to high sea state source level envelopes ob- 
tained from Ligurian shelf data ( solid lines) and New Zealand data ( dashed 
line) with ambient noise data presented by Kibblewhite and Evans, I as indi- 
cated by the hatched area. The consistency of the source levels obtained in 
the two different geographical areas is evident. 

tion of seismic noise in terms of plane-wave concepts for 
fluid media is misleading at low frequencies. 

Figure 12 shows simulated noise spectra for the New 
Zealand environment for a source level of 0 dB at all frequen- 
cies and therefore directly displays the propagation "magni- 
fication" for the hydrophone. The magnification due to the 
guided seismic propagation is as much as 25 dB for the hy- 
drophone component. When compared to the levels above 2 
Hz, the "magnification" of the geophone components is even 
larger--up to 50 dB, for the vertical geophone at 0.2 Hz. 
Figure 13 indicates Kibblewhite's and Ewans• derived 
source level results as the hatched area. The dashed lines 
indicate the low to high sea state source spectrum envelope 
obtained by converting these "source levels" to particle ve- 
locity by the impedance relation used by Kibblewhite and 
Ewans, followed by subtraction of the vertical particle veloc- 
ity spectrum of Fig. 12. • 

In Fig. 13, we have included the higher frequency source 
levels derived in Sec. II for the Ligurian shelf data, as indi- 
cated by the solid lines. The consistency of the extracted 
source levels for the two different geographical areas and 
adjacent frequency regimes is evident. It is interesting to 
note that the "noise floor" at low sea states has been leveled 
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FIG. 14. Propagation "magnification" of ambient noise as a function of 
water depth and frequency, illustrated in the form of contours of the levels 
obtained for source level • 2 corresponding to 0 dB on: (a) a hydrophone 
and (b) a vertical geophone on the seabed, in water depths ranging from 50 
to •4• m. The bottom is represented by the environmental model shown in 
Fig. 10. 
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out significantly compared to the measured data. The same 
is the case for the high sea state source levels, except for a 
narrow band around 0.3 Hz, where a 20-dB rise in source 
level appears. This behavior suggests that at low sea states 
the noise is dominated by a single source mechanism with a 
relatively flat frequency spectrum, whereas a second, more 
narrow-banded mechanism becomes important at higher sea 
states. 

It should be pointed out that the small + 5 dB varia- 
tions in the derived source levels are probably due to smooth- 
ing of the hatched area envelope and mismatches in the en- 
vironmental model. They should therefore at this point not 
be associated with any physical phenomenon. 

IV. EFFECT OF WATER DEP:I'H ON NOISE LEVEL 

Kibblewhite and Ewans I compared the New Zealand 
data with other seismic experiments in an assortment of lo- 
cations and water depths. However, as shown above, a com- 
parison of associated source levels requires that the propaga- 
tion effects be removed. Since geophysical models were not 
readily available for the other data sets, a quantitative analy- 
sis of these data, similar to the ones described above, has not 
been performed. 

A qualitative estimate of the propagation "magnifica- 
tion" imbedded in these data sets can be obtained, however, 
by investigating the effect of the water depth alone. The re- 
sult of such a study is shown•in Fig. 14(a) in the form of 
contours of the "magnification" of the hydrophone levels 
due to propagation effects as a function of frequency and 
water depth. The New Zealand geophysical model (Fig. 10) 
was assumed to be representative and was therefore used for 
all water depths. Although the "magnification" is not easily 
defined for the geophone components, Fig. 14(b) indicates 
the associated levels predicted for a vertical geophone on the 
bottom and clearly demonstrates the even higher propaga- 
tion effect on this component, with a difference in spectral 
level of 40 dB between the low-frequency/shallow water and 
the high-frequency/deep water values as opposed to approx- 
imately 20 dB for the hydrophone levels of Fig. 14(a). 

Although a generic environmental model was used for 
calculating the "magnification" as a function of water depth 
in Fig. 14(a), at least a rough estimate of source levels in 
other areas can be obtained by subtraction of the predicted 
values from available data sets. In fact, when doing this for 
the deep water data presented for comparison purposes by 
Kibblewhite and Ewans, 1 the derived source levels all over- 
lap with the source levels obtained from the New Zealand 
and Ligurian shelf data in Fig. 13, significantly reducing the 
spread observed in the original data. 

V. CONCLUSION 

A previously developed theory for surface-generated 
noise in a stratified medium has been combined with a full 

wave solution technique yielding exact field representations 
for a stratified seismoacoustic environment. The resulting 
numerical model has been applied to investigate the basic 
propagation features of low-frequency surface-generated 
ambient noise. 

It has been demonstrated that the propagation effects 

manifest themselves in an effective "magnification" result- 
ing from guided wave effects, clearly indicating the impor- 
tance of including propagation effects when determining 
seismic noise source levels from data obtained from hydro- 
phones and geophones. 

The model has been used to analyze data from two shal- 
low water, seismoacoustic experiments in different geo- 
graphical areas and adjacent frequency regimes, with consis- 
tent estimates of source levels as a result. 

The significant variation of the propagation "magnifica- 
tion" as a function of water depth has been demonstrated. 
When removing the propagation effects from different deep 
water data presented in the literature, the derived source 
levels turn out to be consistent with those obtained in shal- 

low water, in contrast to the original data. 
Across the frequency band of 0.1-10 Hz the consistency 

in derived source level for both shallow and deep water data 
suggests that a single source mechanism may account for 
most of the seismoacoustic noise at low sea states, whereas a 
second mechanism appears about 0.25 Hz above some 
threshold sea state (Fig. 13 ). This particular sea state depen- 
dence of the spectral level of the noise becomes apparent only 
after we account for propagation mechanisms. In fact, Fig. 
13 is a perfect example of how the double-logarithmic repre- 
sentation over a large dynamic range may lead to false con- 
clusions: The low sea state envelope appears as having the 
same qualitative behavior as the high sea state envelope, 
where, in fact, the frequency dependence at low sea state is 
essentially all accounted for by the propagation. 

In general, the results make it clear that measured noise 
level should not be mistaken for noise source level. 
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