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Underwater ambient noise is known to be wind dependent. Several mechanisms have been

proposed to explain the nature of the transfer of energy from the wind to the acoustic noise field.
Examples include wind and wave turbulence and nonlinear interactions between surface waves.
This study examines these wind-related mechanisms at the low end of the acoustic spectrum. Data
from a long-term investigation of ocean waves and the associated microseism response recorded
ashore have provided evidence helpful in identifying the active processes. It is concluded that the
noise field below 5 Hz is controlled by nonlinear wave—wave interactions and that existing

theories account adequately for the effects observed.

PACS numbers: 43.30.Bp, 43.30.Lz, 43.30.Nb

INTRODUCTION

Studies of ambient sea noise have shown that levels in
certain regions of the noise spectrum are related to local
wind conditions. In his paper, Wenz' presented a general-
ized wind-dependent noise spectrum, which was supported
by data from many experiments at frequencies above 200 Hz.
Below 200 Hz, it was apparent that, in general, the sea noise
level is controlled by nonwind related sources, such as biolo-
gical, shipping, and other manmade industrial activity.
However, later measurements at frequencies below 10 Hz
have indicated that the wind can also have a considerable
effect on noise levels in this part of the spectrum.?

Several mechanisms have been proposed to account for
the transfer of energy from the wind to the ambient noise
field at low frequencies. One of these considers that the noise
source lies in turbulent pressure fluctuations in the atmo-
spheric boundary layer.>’ A second considers the role of
nonlinear interactions between ocean surface waves,>®13
and a third examines the interaction of both surface waves
and turbulence.'® '

Because reported ambient noise data are sparse at fre-
quencies below 10 Hz, it has been difficult to assess the
agreement between theory and experiment. However, a sig-
nificant contribution was made recently when Nichols'” pre-
sented new data and made comparisons with both theory
and other relevant experimental results. While the lack of
detailed environmental data did not permit definite identifi-
cation, his summarized evidence suggests that nonlinear
wave-wave interactions and/or turbulence are the most
likely noise generating mechanisms.

For reasons outlined later, long-term wave recordings
have been carried out on the west coast of New Zealand to
establish the general nature and characteristics of the wave
field in the area. The particular region, however, possesses
certain unique features helpful to the examination of more
specific ocean-wave phenomena, and the general program
was expanded.

The particular supplementary study on which this pa-
per is based has been concerned with the role of wave-wave
interactions in the generation of both wave-induced micro-
seisms and the ocean ambient noise field at very low frequen-
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cies. In spite of the vast literature on the subject,'*'** de-

bate persists as to the precise nature of the mechanism of

microseism generation,'®° and, as discussed earlier, similar

ambiguity exists concerning the source of the noise field in
the infrasonic region. Because nonlinear wave-wave interac-
tions are also invoked to account for the self-stabilization of
the ocean-wave spectrum,?* a parallel investigation has been
concerned with the growth and decay of the ocean-wave
field. A third study has involved an assessment of the extent
to which local sea state can be monitored using land based
sensors, as has been done elsewhere in a less complicated

environment.’
These studies are obviously closely related and it was

considered that all might be profitably addressed in this par-
ticular geographical region through a correlation of sea state
and the seismic response it generates. Existing seismic data
in the 0.1- to 2-Hz range show that a close relationship exists
between the sound pressure at the seafloor and the seismic
ground response.?!~2? Further, while the seismic amplitude
spectrum will depend on both the source spectrum and the
transfer function of the ocean/seabed system,® the restricted
geophysical data available for the region of this study® and
the results of some preliminary measurements suggested
that the transfer function would not unduly distort inter-
comparisons over the frequency range of interest. (In an-
other study to be reported, the ocean-wave and seismic mea-
surements were supplemented by recordings of the ambient
noise field, but, in the present study, no hydrophone was

* available.)

Much of the detail of the analysis carried out will be
more appropriately reported in companion papers. How-
ever, some of the results obtained provide a timely supple-
ment to Nichols’ review'’ and appear to justify presentation
in this forum.

I. BACKGROUND TO THE MEASUREMENT PROGRAM

A. The Maul Development Environmental Program

In 1969, a major natural gas and condensate field was
discovered off the west coast of the North Island of New
Zealand (Fig. 1). Because the Maui field, as it has been
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FIG. 1. Localities and bathymetry of
Cook Strait and the Maui environ-
ment. The Waverider buoy is in-
stalled close to the Maui platform
and the receiving instrumentation
ashore at OQaonui.
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named, is some 30 km from the coast in water depths around
100 m, the commissioning of it has involved a major offshore
engineering operation. Through concern for the environ-
ment, the company responsible for the undertaking commis-
sioned a study of the characteristics of the Maui seas to es-
tablish any impact of the engineering operation on the
region.

The Maui Development Environmental Study?’ in-
volved programs in physical and chemical oceanography,
coastal geology, and marine biology. A major element of the
physical oceanography program has been the wave-climate
investigation referred to earlier. Preliminary reporis on
some of the wave properties established in the early part of
the program have been presented already,?®?® but more ex-
tensive analyses, based on the larger data file which now
exists, are being prepared as a new series, of which this paper
is one.
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The preliminary analysis established that the wave field
can vary significantly throughout the Maui region due to the
orographic influence of Cook Strait. New Zealand is subject
to a regular succession of weather systems which cross the
country from west to east. The mountain chain running
roughly NE/SW and centered on Cook Strait acts as a bar-
rier to the air Aow associated with these systems and pro-
duces funneling effects and strong winds in the Cook Strait
and Maui region. Further, as the weather systems pass
across the country, the Cook Strait area experiences well-
defined changes in the wind field, the wind vector often
swinging quickly through approximately 180° from the
northwest to the southeast.

These regularly occurring southeasterly events were
early recognized as providing ideal conditions for the study
of ocean-wave phenomena. Not only are the wind changes
well defined and repetitive, but the west coast of the North
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Island, just north of Cook Strait, presents an almost orthogo-
nal coastline to the southeast winds, and the overall area
defines a constant fetch of approximately 200 km at the
Maui platform.

B. Instrumentation and procedures

Details of the instrumentation employed are available
elsewhere,>’? and only a brief description is given here.

The wave data were provided by a Datawell Waverider
buoy (known as Maui-A) moored in approximately 110 m of
water, close to the Maui platform. The signal from this unit
was received ashore 30 km away and the analog output rep-
resenting sea-surface displacement was recorded on an in-
strumentation tape recorder. Also recorded was the output
of a Teledyne Geotech SL210 long period seismometer in-
stalled at the receiving site, and a time code signal. Record-
ings of a 20-min duration were initiated automatically every
4 h. In addition to the magnetically recorded data, the raw
analog wave signal was processed to provide a continuous
record of significant wave height and mean zero-crossing
period. Meteorological parameters for the Maui regions
were provided by the NZ Meteorological Service.

Spectral analysis of the magnetic tape recordings of sea-
surface and ground displacement was effected on a Unigon
dual channel FFT processor (model 4520) and a PDP-11
computer in two stages.

In stage 1, the tapes were replayed into the FFT proces-
sor and the processed data transferred to the PDP-11 and
storage. The wave and seismic signals were processed to-
gether. The frequency analysis range and playback tape
speed were such that the effective frequency analysis range
was 0-1 Hz with a spectral resolution of 1.17X 1072 Hz.

The 20-min recordings allowed an average of three con-
secutive maximally overlapped sweeps to be obtained. The
procedure followed was to transfer each of the three average
spectra to the PDP-11, scrutinize for quality, and then com-
pute the final spectrum as the average of these three. The
spectra were then stored on file in daily lots of six spectra for
stage 2 of the analysis procedure.

Stage 2 involved spectrum scaling, parameter computa-
tion, and plotting. The raw spectra stored from stage 1 were
scaled to have units of variance density (m*/Hz) and a num-
ber of basic output parameters were also computed.

The wave and seismic spectra were plotted over the fre-
quency bands 0.03-0.5 and 0.095-1.0 Hz, respectively, and
presented initially according to their GMT recording time.
Various presentations were developed from this format as
required.

C. Nonlinear surface-wave Interactions

The solution of the linearized equations of hydrodyna-
mics produces the well-known expressions for gravitational
and capillary surface waves and the subsurface effects they
produce. The internal disturbances, such as pressure and
water-particle movement, decay rapidly with depth and are
negligible at a depth of the order of a wavelength. If second-
order terms are considered in the hydrodynamic equations,
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other effects appear. In particular, as first reported by
Miche,® the generation of very low-frequency pressure fluc-
tuations due to the nonlinear interaction of opposing waves
on the ocean surface can occur. The distinctive features of
these waves are that the pressure effects they produce do not
decrease with depth, occur at twice the surface wave fre-
quency, and are proportional to the amplitude product of the
interacting waves producing them.

Miche’s theory was developed by Longuet-Higgins® in
providing an explanation for the ocean-induced component
of the microseism field. This analysis, still related to micro-
seisms, was expanded further by Hasselmann,® Nanda,'?
and Darbyshire and Okeke'! in particular. With the recent
interest in the ocean ambient noise field at frequencies below
10 Hz, Miche’s basic theory has also been considered by
Brekhovskikh,'? Harper and Simpkins,’*> Hughes," and
Lloyd" in seeking a theoretical basis for the observed acous-
tical spectrum at low frequencies and its relation to surface-
wind conditions.

Apart from small inconsistencies, which have been
clarified by Lloyd, the theoretical predictions for the pres-
sure field produced by nonlinear interactions are essentially
the same in all treatments—Hasselmann (Ref. 3, Eq. 2.15),
Brekhovskikh (Ref. 13, Eq. 53), Hughes (Ref. 14, Eq. 33), and
Lloyd (Ref. 15, Eq. 35).

When the contribution from capillary waves is ignored,
the expression for the one-dimensional power spectrum of
the pressure field Sp(w) can be written in the form

Splw) = % [Sa(o)]? L "6 6)G(6 +mdb, (1)

where p is the surface density of seawater, ¢ the ocean sound
velocity, o the angular frequency of the surface wave, Sa(g)
the power spectrum level of the surface wave displacement,
and the function of 8 describes the directional properties of
the wave field. Following Lloyd," and using the value for
the integral adopted by Hughes,'* Eq. (1) reduces to

Splfa) =2 p°g* /) fw [Sa(fw)]% (2)
where f, and f,, are the frequency of the components of the
acoustic pressure and gravity wave fields, respectively, and
the integral equals 1.

To obtain the displacement spectrum, Su(w), relevant to
the seismic measurements, the exciting pressure field must
be modified by the transfer function of the layered medium
so that in terms of Eq. (1),

Sulw) =7 (p’g*/c) K, T (w)e®

21
X [Sa(a)]? f G(8)G (0 + m)db, (3)
0
where K, is a factor involving the active area of the nonlinear
interactions and the distance from the sensor, T} {w) is the
transfer function for the vertical displacement of the elastic
half-space, and » is the mode number.

Hasselmann® examines the properties of 72 (w) for a
particular environmental model and gives a curve for the
ratio of the effective transfer function to the transfer function
for the Rayleigh mode alone, T (w)/T Rlw}—his Fig. 3.
T ®(w) is proportional to frequency and the constant of pro-
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portionality is governed by the elastic properties of the half-
space. Thus the frequency dependence of T R has to be taken
into account when considering absolute values. The overall
frequency dependence will depend on the shape of the curve
relating T2 /T X to the nondimensional frequency, wH /2m7c¢
(H = water depth}—see Hasselmann, Figs. 2 and 3. In the
simplest case, the maximum of this ratio curve will be well
above the frequency range of interest here and the simple &
dependence of the Rayleigh transfer function will apply. In
this case, we can write

2 21

Sulw) = ”sz K K0 [Sa(a)]zj G(6)G (6 + md6, (4)
0

where K, is a constant associated with the Rayleigh transfer

function.

For this simplest case, therefore, it follows that: (1) there
should be a two-to-one frequency relationship between the
seismic and ocean-wave spectra; (2) the power spectral levels
of the vertical component of the ground displacement should
be proportional to the square of the power spectral levels of
the ocean-wave field; and (3) the ratio R, = Su(w)/[Sa(o)]>
should display a fourth-power dependence on frequency.

Il. GENERAL RESULTS

A. Basic correlations

Sea-wave/microseism correlations in the Maui region
give clear evidence for the marine generation of microseisms
in the frequency range 0.05-1.0 Hz. Comparison of any sea
spectrum and its seismic equivalent will identify peaks in the
wave spectrum with corresponding peaks in the microseism
spectrum at or very close to twice the frequency. A primary
frequency peak in the seismic spectra at the same frequency
as the sea waves has also been identified in a special measure-
ment program, but, because its level is two orders of magni-
tude below that of the double frequency secondary peak, it is
not routinely observed in the magnetic tape recordings.

The meteorology of the western Tasman Sea controls
the wave climate in the Cook Strait region and, hence, the
microseismic response. If calm weather prevails for some
time, the sea-wave spectrum is then characterized by a single
peak at about 0.07 Hz, produced by a persistent swell arriv-
ing from the southwest out of the Southern Ocean. The mi-
croseism spectrum has a corresponding peak at double this
frequency. If alocal wind then arises, it is first evident as low-
level, broadband energy at the high-frequency end of the
wave spectrum. The microseism spectrum shows compo-

nents at twice these frequencies. If the local sea continues to

grow, the components in the sea spectrum will increase in
amplitude and the associated peaks will shift to lower fre-
quencies. If the wind persists long enough, the frequency of
this peak approaches that of the long period swell and usual-
ly swamps it, the two components merging in a large peak at
low frequencies. The frequency at which this occurs is often
around 0.11-0.12 Hz in the wave spectrum and 0.22-0.25
Hz in the microseism spectrum. However, whereas the wave
spectral levels will increase by several times during this pro-
cess, the microseism levels can increase by several orders of
magnitude.
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A comprehensive review of all aspects of wave/micro-
seism behavior observed in the course of this study is pre-
sented elsewhere.?® In this paper, we restrict discussion to
results relevant to the identification of those effects occur-
ring at the ocean surface, which generate the pressure field
responsible for the acoustic ambient noise levels and micro-
seisms at very low frequencies. This will lead us in particular
to a discussion of periods of activity associated with south-
easterly events.

B. Selected SE events

In the Introduction, reference was made to those fea-
tures of Cook Strait which generate SE meteorological
events and which make this region particularly suitable for
ocean-wave studies. It will be instructive to develop this
analysis in terms of a few such events, selected from those
observed over the 3-year period in which recordings have
been made. While these specific events have been selected
because they tell the story most clearly, the general wave/
microseism behavior described is characteristic of all such
events. Descriptions of others are available elsewhere.*®

1. Event 16-20 October 1981

a. Brief description of the meteorology for the period.
Over the period 13-14 October, a large anticyclone covered
New Zealand. In the Maui region, the winds were dominant-
ly westerlies at around 10-15 m/s (20-30 kn). As the anticy-
clone moved eastward on the 15th, the winds veered slowly
north about to lie in the northerly quarter early on 16 Oc-
tober. During that day, a low-pressure system developing to
the south moved rapidly on to the country. A front associat-
ed with this system crossed the Cook Strait region about
midday. The wind shifted rapidly and stabilized around the
bearing 135 °T(SE) early on 17 October (see Fig. 2). This shift
in bearing was accompanied by an increase in speed to over
30 m/s. The depression continued tomove eastward over the
next two days. The wind remained from the southeast, but
the wind speed decreased steadily to less than 5 m/s on 20
October, by which time another anticyclone covered the
country.

Over the next few days, New Zealand was dominated by
this anticyclone. The winds in the Maui region were more or
less constant from the north and slowly increased to about 15
m/s by 22 October. At this time, another low-pressure sys-
tem moved on to New Zealand, and the pattern of 16 Oc-
tober was essentially repeated. The winds again swung north
about to steady once again in the southeast quarter. This
change was again accompanied by an increase in wind speed
(to over 30 m/s), followed by a drop to less than 5 m/s 24 h
later.

b. Spectral histories of the wave and microseism fields.
The behavior of the ocean-wave and microseism fields is best
discussed in terms of the spéctral contour plots for the period
[Fig. 2(a) and (b)]. .

On 14 October, the ocean-wave field at the Maui plat-
form is characterized by the low-frequency swell (0.07 Hz)
from the southwest and the development of a local westerly
sea under the influence of the increasing westerly winds. The

A. C. Kibblewhite and K. C. Ewans: Ambient noise in the ocean 084

nloaded 28 Jul 2010 to 134.246.166.168. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-homefinfo/term:



FREQUENCY — Hz

AL

-5 710 -1

FREQUENCY — Hz

FIG. 2. Time series plot of wind,
ocean-wave, and microseism param-
eters for the period 16-29 October
1981. From the top: (a) ocean-wave
spectral history; (b) seismic spectral
history; (c) wind speed, m/s; (d) wind
direction O, wave direction -+,
swell direction, X; (e) significant
wave height in m; (f) average wave
and microseism period; (g) signifi-
cant microseism height, in gm; (h)
wave/microseism period ratio; and
(i) ratio of microseism to wave
height, p2/m.
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spectral levels of this local sea begin to decrease early on 16
October as the wind shifts slowly in bearing and decreases in
intensity.

Early in the afternoon of 16 October, the spectral levels
increase sharply in response to the episodic event of that day,
in which the wind swings rapidly to the southeast and in-
creases to nearly 30 m/s. A new low-frequency peak in the
wave spectrum has been established by midday on 17 Oc-
tober, and this is sufficiently strong to mask the low-level
southwesterly swell. Thereafter, this peak increases in fre-

985 J. Acoust. Soc. Am., Vol. 78, No. 3, September 1985

quency, and all spectral components decrease in level as the
winds decrease slowly over the next three days.
Throughout 14—15 October, the microseism noise field
first increases and then decays in response to the changing
local westerly sea. The peak of the activity moves to lower
frequencies throughout 14 October in step with the growth
of the wave field, the activity extending to frequencies be-
yond 1 Hz. The actual 4-hourly spectra for this period are
quite irregular in form, a characteristic invariably found
with growing and decaying wave fields (see Fig. 3). Through-
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out this period, the activity associated with the growing local
sea dominates the microseism signal associated with the low-
frequency swell. The latter is, nevertheless, clearly apparent
in the wave spectra of 15 October, but barely discernible in
the microseism spectra for that time.

The wind change on 16 October produces a major and
characteristic response. The initial decrease in wind speed
results in a decrease in wave spectral levels. However, be-
cause of the shift in wind bearing in this interval, the seismic
spectral levels increase over a broad frequency band, and
then jump dramatically (by 20 dB) with the rapid increase in
wind speed at 2400 h (see Fig. 2). Associated with this in-
crease, the spectral peak moves rapidly to lower frequencies,
roughly in step with the peak in the wave field. As the two
spectra grow to their maximum development, they become
narrower and smoother. The narrower the spectra become,
the closer to an exact 2:1 frequency relationship do the spec-
tral peaks conform. A close 2:1 correspondence exists by
1940Z 17 October and persists throughout the next day.
Gradually, however, both the ocean-wave field and seismic
noise field decay in level, in response to the decreasing wind.
This decay is accompanied by a shift in the spectral peaks to
higher frequencies.
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A

The significance of the shift in wind bearing during a
southeasterly event is brought out clearly in the plot of the
environmental parameters in Fig. 2. In particular, the ratio
of the microseism/wave activity [2(i)] shows a pronounced
peak at this time. Another example occurs with the event on
23 October in the same figure.

The joint behavior of the ocean-wave and seismic spec-
tra can be interpreted in terms of wave—wave interactions.
These occur in two forms, the first involving interaction
between the spectral components of two opposing seas as
originally conceived by Longuet-Higgins®>! and the second
involving interactions between components of a single active
sea. The second form is a consequence of natural spreading
of the wave energy and has already been proposed by Tyler et
al.* as a mechanism for the generation of microseisms.
Here, only an abbreviated interpretation of the effects ob-
served is given, but a detailed analysis is available else-
where.3° ,

Referring first to the event of 17 October, the rapid in-
crease in wind speed (to approximately 30 m/s) and change
in bearing from northwest to southeast (approximately 180°)
bring a rapidly developing southeasterly sea into direct op-
position with the original high-level wave energy from the
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northwest [significant wave height is approximately 3 m; see
Fig. 2(e)]. Moreover, as the generating area for the latter
covered a large part of the north Tasman Sea, it persists for
some time in spite of the strength of the southeasterly winds.
A classic situation therefore exists for the development of
wave-wave interactions of the type envisaged by Brekhovs-
kikh and others, and the generation of the associated pres-
sure field. Microseism spectral power levels reach the order
of 10~° m?/Hz, and the power ratio of the spectral peaks
around 200-300 (2/m)?, during the early part of this and
other comparable events.

At 0800, the high seismic activity at frequencies above
0.25 Hz drops rapidly to lower and steadier levels, even
though the wind reaches its highest speed about this time,
and the southeasterly sea its maximum development. This
decrease in seismic level, which occurs without a compara-
ble change in the spectral levels of the local sea, is believed to
reflect the demise of the initial northwest sea and a sharp
decline in this form of wave-wave interaction. The lower
level of activity which follows is believed to be associated
instead with nonlinear interactions between opposing spec-
tral components in the new southeasterly sea, the existence
of which is a consequence of angular distribution of wave
energy within the active sea. During this phase, the wave and
seismic spectral levels in the region of the peak remain
roughly constant. The levels during this type of interaction
are typically around 10~ "' m*/Hz and the power ratio of the
spectral peaks around 10{u/m)2. Both values are an order to
magnitude lower than those associated with the more ener-

. 23 OCTOBER

getic processes invoked when two distinct wave fields are in
opposition.

As the wind decreases, the spectral levels slowly fall and
the peak frequency shifts to higher frequencies. On the other
hand, during development of a new sea, under a changing
wind regime, the wave spectrum usually lags on the seismic
field. It is now clearer why the seismic spectrum (and general
wind-induced ambient noise field) correlates more closely
with the wind than the sea state. Close correlation with sea
state is only to be expected under steady-state conditions.

The sequence of 21-25 October, also shown in Fig. 2,
can be interpreted similarly.*®

lil. SUPPLEMENTARY EVIDENCE

A. Spectral averlap and wave-wave Interactions of
opposing seas

In most southeasterly events, the switch in wind direc-
tion, increase in wind speed, and growth of the southeasterly
sea, take place so rapidly that the 4-hourly recordings on
which the routine sampling is based, rarely allow the detail
of the spectral development and decay to be resolved. The
events of October 1981, analyzed above, are typical in this
regard (see Fig. 4). In other events, however, the wind
changes take place sufficiently slowly for the essential fea-
tures of the development to be resolved. In such cases, an
examination of the spectra shows that the seismic activity
occurs essentially in the range-of-frequency overlap of the
two spectra. The dominant seismic signal is generated by the
interaction of the two wave trains.*
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B. Microseism level dependence on ocean-wave
amplitude

According to theory [Eq. (4)], there should be a square-
law relation between two corresponding spectral levels when
appropriate account is taken of the frequency term in the
expression. However, while an inspection of the experimen-
tal data clearly indicates some power law dependence
between the seismic response and the ocean-wave field, com-
plexities in the latter and distortions arising when the fre-
quency relationship between the two fields was not exactly
2:1, obscure an examination based on spectral levels. It
proves more informative to consider the relationship
between the ocean waves and their seismic response using
the connection between the two provided by Longuet-Hig-
gins’ original formalism.®

According to Longuet-Higgins, the double frequency
microseism amplitude is proportional to the product of the
amplitudes of the oppositely traveling ocean waves produc-
ing them, and also proportional to the square of their fre-
quency. If the opposing waves are from the same field, such
as in the case of those within an active sea with a cosine
angular distribution, then the microseism amplitude is pro-
portional to the square of the amplitude of the ocean waves
generating them. A convenient and reliable measure of the
amplitudes can be obtained from the significant heights de-
rived from the zeroth moment of the two spectra. In addi-
tion, the ocean-wave mean period can be calculated from the
ocean-wave spectrum. If compensation is made for this peri-
od dependence, the actual amplitude dependence can be
checked.

When various analyses were applied to a two-year data
set, the square-law dependence of the amplitudes was con-
firmed to within the statistical uncertainties involved.*® As
an example, a plot of the logarithm of the microseism signifi-
cant height, compensated by the square of the mean ocean-
wave period versus the logarithm of the ocean-wave signifi-
cant height for all the spectral data for the years 1980 and
1981, is given in Fig. 5. The shape and spread of the data
points follow a broad band with a slope comparable with the
continuous line, which has a slope of 2. A least-square
regression fit actually establishes the slope of the 1586 data
points as 1.6 (correlation coefficient 0.82), but other and
more selective analyses involving bandlimited spectra con-
firm the square-law relationship.™

C. Microseism level dependence on ocean-wave
frequency

The dependence of the microseism level on the ocean-
wave frequency can also be examined through the two for-
malisms. In Longuet-Higgins’ analysis,® the microseism am-
plitude is shown to be dependent on the square of the
ocean-wave frequency, while in the formalism of Eq. 4, the
seismic spectrum level at any frequency is related to the
fourth power of the wave frequency and the square of the
ocean-wave spectrum level.

Attempts to establish the frequency dependence
through Longuet-Higgins’ formalism using significant
heights were not successful because of the limited range of
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FIG. 5. Relationship between the seismic and wave significant heights for
all spectra in the 1980-81 database.

values in the mean zero-crossing period. Through Eq. (4), the
dependence could be tested by plotting the logarithm of the
ratio R, = Su(w)/[Sa(o)]? against the logarithm of the fre-
quency. Alternatively, one can establish the dependence of
the ratio on frequency by measuring the spectral slopes of the
two related spectra in the equilibrium range above the spec-
tral maximum. While both procedures are applicable, it
proved more effective to examine this question through an
approach based on nondimensionalized spectra. This ap-
proach had been applied successfully to the wave spectra in
order to establish properties of the wave field, and it was
extended to the microseismic spectra. For details, the reader
is referred elsewhere,® but, essentially, a nondimensionaliz-
ing procedure based on that of Hidy and Plate®® was used. As
Liu** had found this scheme to give a universal function for
steady(S), growing(G), and decaying(D) wave conditions, it
was considered appropriate to apply the nondimensionaliza-
tion in the present case to spectra grouped according to var-
ious classifications.

The nondimensionalization involves multiplying the
variance spectral density function by the peak frequency £,
and dividing by the variance m,. Each spectrum in a particu-
lar group was nondimensionalized in this way and the group
was then averaged to arrive at the universal spectral function
Y{f /f,,) for the group. This average spectrum was then curve
fitted with the normalized JONSWAP function®*’ to give a
new function S (f). Various parameters were derived from
this best-fit curve for other studies. For the present analysis,
measurements of the spectral slope were made for various
intervals at frequencies above f,, by performing a linear
regression analysis on log,, S (f) as a function of logso f-

A. C. Kibblewhite and K. C. Ewans: Ambient noise in the ocean 988

/nloaded 28 Jul 2010 to 134.246.166.168. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms



These intervals were selected by a visual inspection of the
normalized spectra. As an example, the nondimensional
spectra for the S group (SE winds) are given in Fig. 6.

The first feature apparent in the processed spectra is
that, for local seas, both the ocean-wave and seismic spectra
are apparently well described by a universal function under
the Hidy and Plate nondimensionalization. Moreover, the
spectra for decaying, growing, and steady conditions are all
found to be similar under this nondimensionalization. The
evidence suggests further that the spectra were rather similar
irrespective of the bearing of the exciting sea. This implies
that microseism generation is effected by ocean waves at all
frequencies and that no preferential generation or propaga-
tion frequency prevailed.

The second apparent feature is that the universal func-
tions for the wave spectra suggest the existence of a double
equilibriurn range, with slope values roughly the same in all
groups. For £ /f,, in the 2-3 range, the spectrum level depen-
dence on frequency is about £ —*, while, above f/f,, = 3, the
proportionality is closer to £ ~3. This result, which has its
parallel in work by Forristal,> is discussed further by
Ewans.>® In the present context, this property of the spectra
was recognized in evaluating the slope of the spectral curves
above f,,. On the basis of Eq. (4), it might then be expected
that two regions would exist in the high-frequency region of
the microseism spectra, with frequency dependencies of f —*
and f %, respectively.

In general, most of the microseism spectra also dis-
played two regions with different slopes, although the point
at which this occurred was closer to f/f,, = 2. While the
frequency dependence in the region below this discontinuity
was usually different from the f ~* predicted, the higher fre-

4]

10 ¢ T T T T 1777 T 1 T 171713
- 3
r T - Ml MICROSEISM |
{Var) —— == WAVE ]
10°E 4
N o .
= = ]
a 4
g L
w
2.5
w0k E
z E 3
z E =
P E 3
3 o J
> F +-628
T L .
5 +an
@ <2
ZW0E R,a:fn::
= E =
a C -
z
z N ]
g N 4
103k 3
104 1 1 1 11 Y N B
-1 . 0 >1
10 10 10

NONDIMENSIONAL FREQUENCY

FIG. 6. Nondimensionalized spectral functions for the S group of spectra.
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quency dependence was clearly distributed around the ex-
pected value of £ ~5. Indeed, a weighted average of all mea-
surements led to a final value of — 5.6 + 0.01.

IV. AMBIENT NOISE CHARACTERISTICS

A. Spectral behavior with wind speed

Because the geophysical data required to effectively
evaluate the properties of the transfer function in Eq. (4) are
not available, we can, as a first approximation, assume with
Urick? that the sea bottom is an infinite surface, radiating
and responding to plane waves incident from above or be-
low, and use the observed microseism levels to establish the
associated pressure field in a comparison of the resulis with
other ambient noise measurements.

The results for the event of 16-20 October (see Fig. 2) are
shown in Fig. 7. Included for comparison is a spectrum tak-
en on 24 October during the period of high activity later in
the month. In this and in subsequent figures, spectrum levels
are related to a 1-Hz bandwidth and derived from the equi-
valent form of Eq. (4), with f expressed in hertz.

Figure 7 demonstrates very well the nature of the spec-
tral development in an event of this kind. At 0340Z on 17
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October, the wave and seismic levels are high. As the wind
drops, the spectral peak initially decreases in magnitude
without shifting significantly in frequency, but evidence of
movement in the peak is apparent by 1940Z on 18 October.
Thereafter, the peak continues to decrease and shift to high-
er frequencies.

By 1940Z on 19 October, the seismic activity associated
with the ever present low-frequency wave energy becomes
visible. This component of the wave field has its origin pri-
marily in distant southwesterly swells from the Southern
Ocean,?”*® but energy will also be present from distant
fetches throughout the Tasman Sea.

As the local sea continues to decay, this residual low-
frequency energy becomes more and more dominant. In the
Maui region, wave and seismic activity rarely drops below
the level represented by the spectrum of 1940Z on 20 Oc-
tober (significant wave height approximately 1.2 m). The sta-
tistics of five years of data show indeed that the average sig-
nificant wave height is 2-3 m.?” This background will
therefore generally obscure wind-dependent effects at low
wind speeds. Background levels are much lower on the east
coast of New Zealand,*® but high residual swell levels can be
expected in most open ocean areas.

While the double frequency relationship establishes the

source of the low-frequency component of the residual noise
field as the background swell experienced in the area, evi-
dence such as a much lower spectral peak power ratio indi-
cates that the mechanism leading to the generation of the
seismic pressure field is clearly different. This lower ratio
and the absence of an angular distribution of energy in the
case of swell lead to the conclusion that coastal reflection
sets up the opposing wave field in this case. The high depen-
dence of coastal reflection of ocean waves on coastal geome-
try and the degree of exposure to distant fetches will influ-
ence the level of this background noise component in coastal
regions. These questions are examined in detail elsewhere.3®

B. Comparison with other data

The ambient noise levels of Fig. 7 are compared with
other ambient noise data in Fig. 8. The data selected for
comparison are those considered to be most relevant on the
basis of the review carried out by Nichols.!” Recent data
from Talpey and Worley (not plotted) follow these trends
closely.?”

Within the 0.1- to 2-Hz bandwidth, the Talpey and
Worley and the Eleuthera data fall convincingly within the
range of the New Zealand spectra. Further, the wind depen-
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dence is of the same form. However, the rise in spectral level
below 0.1 Hz is not observed in the seismic results for which
a low-frequency plotting limit of 0.09 Hz is imposed. Above
2 Hz, the seismic data are effected by unrelated effects and
are not included, but it is clear that the trends above 2 Hz are
comparable in all cases.

The Perrone and Bermuda data do not conform so well,
but the authors acknowledge uncertainties in the recording
system below 1.0 Hz.

Results from the east coast of New Zealand, where re-
sidual wave and seismic levels are lower and hydrophone
information is also available, are being processed and will be
reported in due course.

V. COMPARISON WITH THEORETICAL PREDICTIONS

A. Noise level

The two currently favored theories relating wind and
surface waves to ambient noise generation at low frequencies
are represented by the papers of Isakovich and Kuryanov*
and Wilson,” on the one hand, and Brekhovskikh,'?
Hughes," and Lloyd, '’ on the other.

The mechanism proposed by Isakovich and Kuryanov
involves the generation of noise by turbulent pressure fluctu-
ations in the atmosphere near the ocean surface. Wilson’
modified the original theory and used more modern wave-
height spectral information in computing the noise field. The
calculations have been the subject of debate,***° but, for the
present purposes, his predicted levels of noise induced by
atmospheric turbulence for a wind speed of 15 m/s (30 kn)
are shown in Fig. 8 and to higher frequencies are shown in
Fig. 9. In the 20-down to 10-Hz range, predictions agree
reasonably with observations, but, below 10 Hz, fall below
measured values. Wilson concludes that atmospheric turbu-
lence is the dominant source of wind generated noise above 5
Hz and suggests, with others, that surface wave—wave inter-
actions are responsible between 1 and 5 Hz.

160
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Also shown in Figs. 8 and 9 is a noise prediction present-
ed by Nichols!? (his Fig. 16), based on Goncharov’s'® theory
of the interaction of surface waves and ocean turbulence.
This is not markedly different from that based on the nonlin-
ear interaction of surface waves alone, but a distinction
between the two mechanisms can be drawn on the basis of
the frequency characteristics of the noise spectrum (see Sec.
V B).

Early theoretical estimates of ocean noise generated by
nonlinear interactions do not agree closely with measured
values, either. However, recently, Hughes,'* incorporating
modern surface wave data and allowing for surface-bottom
reflections, has produced revised estimates. His predicted
spectrum for a 15-m/s wind (extrapolated below 1 Hz) s also
shown in Figs. 8 and 9. Below 5 Hz, his predicted values
agree closely with the Talpey and Worley spectrum (average
wind speed of 12.4 kn) and the Maui spectrum of 18 October
(1940Z) for which the wind speed was 15 m/s (30 kn) (see
Figs. 7 and 8). Above 10 Hz, the theoretical values fall below
the experimental data. It is to be noted, however, that Lloyd
has shown Hughes’ prediction to be too high by a factor of 2.
Hughes’ original prediction and Lloyd’s amendment are
shown in Fig. 9.

At first, the close agreement between the present experi-
mental levels and the theoretical predictions at frequencies
below 10 Hz might be seen as fortuitous. The bottom ampli-
fication factor included in the theoretical predictions shown
in Figs. 8 and 9 [see Ref. 14, Eq. {42)] depends upon various
parameters, including water depth, and there is uncertainty
in assigning values to these parameters appropriate to the
Maui area. A bottom reflection coefficient of unity is also
assumed, which will not be appropriate to the situation in-

volved.
It is, however, instructive to compare the acoustic pres-

sure levels derived from the ground displacement with those
calculated using the observed values of Sa( f};,) and based on
Eq. (1). For spectra with a close 2:1 frequency relationship,
we find that, at frequencies close to the spectral peak, the two
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values agree to within a few decibels. At higher frequencies
(0.4 < f < 1.0 Hz), the pressure levels derived from the wave
field are typically 10-15 dB below those deduced from the
seismic spectrum.

If we assume a 10- to 15-dB bottom amplification factor
to bring the high-frequency levels into agreement, the values
near the peak become too high by about the same amount (83—
12 dB). Two possible explanations can be considered. The
first is that it is not sufficient to consider only the effect of the
bottom amplification on the incident pressure field generat-
ed by the ocean-wave interactions. With a reflection coeffi-
cient less than unity, the frequency dependence of the bot-
tom transfer function must be considered. In Eq. (4), a simple
linear frequency dependence was assumed, but it is conceiv-
able that an additional frequency dependence is embodied in
K,. A more complex frequency dependence in the transfer
function of a form which would remove the small anomaly
observed between the pressure fields evaluated from Egs. (1)
and (4) is not unexpected, although its precise nature is un-
known. Alternatively, it is conceivable that the two equilibri-
um ranges in the wave spectrum mentioned earlier (see Fig.
6) account for the mismatch between the two frequency re-
gions in the noise spectrum. This would imply that the wave
spectral interactions differ in some way in each frequency
range, leading to a different power dependence in the fre-
quency parameter in Eq. (4). Certainly nonlinear wave—wave
interactions are known to involve primarily frequency com-
ponents near the spectral peak.”® It is even possible that a
combination of such effects is involved. On the evidence
available, it is not possible to resolve the question. It can be
noted, however, that recently Burgess and Kewley*® have
shown that ambient noise levels are sensitive to bottom re-
flectivity, and that an overall frequency dependence of the
form required to remove the anomaly between the pressure
fields as calculated from Eqgs. (1) and (4) is compatible with
what is known of the sedimentary structure in the area. The
inflexion around 0.5 Hz apparent in Fig. 7 is suggestive of a
transfer function with a narrow peak, as would be required.

With the unknowns involved, the quantitative agree-
ment obtained is considered reasonable. It is obvious, how-
ever, that the Hughes-Lloyd prediction in Fig. 9 tends to fall
below the experimental data [and the predictions based on
Eq. (1)], around the spectral peak. It is believed that this
arises because of the nature of the wave field in the Maui
region. The present study has shown, inter alia, that a peak
enhancement factor as first discussed by Hasselmann et al.33
is also necessary for an accurate analytical description of the
seas on the west coast of New Zealand.?>*° The effect of the
peak enhancement factor decreases rapidly away from the
peak but its value of approximately 2 for the Maui seas
means that, at the spectral peak, the pressure field based on
Eq. (1) will be greater by a factor of around 6 dB than the
Hughes prediction shown in Fig. 9.

In spite of the difficulty with absolute levels, we have
additional support for the role of wave-wave interactions
below 5 Hz, in the theoretical dependence of the observed
noise levels on sea state. According to Eq. (1), the acoustic
pressure level should be proportional to the second power of
the surface-wave spectral density {i.e., to [Sa(0]])?}. As dis-
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cussed earlier, this relationship is confirmed by the results of
this study (see Fig. 5). Additional evidence is provided by the
spectral frequency dependence to be discussed below.

We note finally that the bottom amplification referred
to above will have implications for Wilson’s*! theoretical
curve presented in Figs. 8 and 9. This prediction assumes a
seabed of poor reflecting properties and, hence, no bottom
enhancement.*' With allowance for bottom amplification,
Wilson’s theoretical curve will be in closer agreement with
abserved values.

B. Frequency dependence

Equations (1) and (4) imply that, above the peak, the
frequency dependence of the acoustic noise field (seismic or
pressure) depends on the high-frequency slope of the ocean-
wave spectrum. The ratio R, should, however, display a
fourth or third power dependence on frequency for the
ground displacement and acoustic pressure spectra, respec-
tively. This question was considered earlier in an examina-
tion of the ratio R, using nondimensionalized spectra. This
analysis showed that, in the region above the spectral peak,
the frequency dependence of R, supports the nonlinear wave
interaction hypothesis.

Further, the detailed analysis of the nondimensional
ocean-wave spectra in the Maui region® established two in-
tervals in the equilibrium range (with slopes of approximate-
ly —4 and — S}—see Fig. 6. Using a mean value of — 4.5
for the high-frequency slope of the ocean-wave field Sa(a),
one would expect Sp(w) in Eq. (1) to display a frequency de-
pendence of approximately » ~¢, corresponding to a spectral
slope of around 18 dB/oct. Figure 7 shows that, at high wind
speeds, the spectral slope is of this order between 0.3 and 1
Hz.

Finally, Goncharov’s theory of ocean turbulence pre-
dicts a spectral slope of w~—*. The evidence from spectral
slope information therefore provides further support for
Brekhovskikh’s proposal that wave-wave interactions are
the noise generating mechanism at frequencies below 5 Hz.

C. Region above 5 Hz

Between 5-10 Hz, another mechanism is obviously be-
ginning to influence the noise level. As Wilson has pointed
out, the characteristics of atmospheric turbulence appear to
account for the trends observed in this region.

In the absence of any other source, the characteristics of
the two noise mechanisms lead one to expect a minimum in
the noise spectrum between 5 and 10 Hz. Such a minimum is
apparent in Fig. 8. It is, furthermore, a definite feature of
New Zealand hydrophone data currently being processed
and is also strikingly demonstrated in some recent Canadian
results (I. Frazer,*? personal communication).

The nature of the spectrum above 5 Hz will, however,
depend on the relative levels of the two wind-related noise
components, and any shipping and biological activity in the
region. The effect these combined sources might be expected
to produce on a mid-depth midocean noise spectrum at fre-
quencies below 100 Hz is shown in Fig. 9. At these frequen-
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cies, the distortion introduced by volume attenuation will be
minor.

Finally, it is an observational fact that the rise in energy
at very low frequencies becomes apparent only below 4-5
Hz, irrespective of wind speed, but increases rapidly below
this frequency. This is another reason for concluding that
Wilson’s theoretical predictions, without a correction for
bottom enhancement, are at least 10-15 dB too low for most
regions.

VI. SUMMARY

It has been proposed that nonlinear wave-wave interac-
tions and/or atmospheric turbulent pressure fluctuations
provide the most promising explanations for the ocean noise
generated in the region below 10 Hz. However, the experi-
mental data covering this part of the spectrum are limited,
and, although the evidence is supportive, it has not been
possible to provide positive confirmation to date. The main
problems arise through the experimental difficulties in-
volved with conventional hydrophone installations, the fact
that most noise measurements have been of only short dura-
tion, and in limitations in the supporting environmental
data.

An ocean environment possessing particular properties
and long-term recordings so critical to the resolution of com-
plex geophysical phenomena were features of the present
experimerit, and they have provided clarification of the roles
of the two wind-related noise generating mechanisms oper-
ating at very low frequencies.

Specifically, it has been demonstrated that surface
wave-wave interactions are the dominant mechanism of
noise generation from 0.1-5 Hz. The mechanism is also re-
sponsible for the generation of ocean-induced microseisms.

It has been shown further why, as has been often ob-
served,*? the low-frequency noise field correlates better with
the wind than with sea state and why there is effectively no
phase lag. The nonlinear wave interactions, which adjust the
sea state, occur immediately after a change in the wind field,
but the ocean-wave spectrum takes some time to accommo-
date to these processes.

The noise field is, however, not a simple function of
wind speed. A shift in bearing in a moderate wind field has
been shown to have an effect on the sea noise comparable
with that produced by a large change in wind speed on a
constant bearing. Indeed, several distinct interplays between
wind speed and noise level can now be identified.

The greatest wind related noise levels occur when a 180°
shift in a wind of long duration brings a growing sea into
direct opposition with the one already established. (This ef-
fect has been reported before,** but its real significance has
only been demonstrated with the long-term data of the pres-
ent experiment.) While the two wave fields interact, the noise
levels remain very high, but drop quickly to levels some 20
dB lower as the new wave field becomes dominant. This new
level of activity reflects the nonlinear processes active within
the single wave field and the noise is now related more sim-
ply to wind speed.

The processes generating the underwater sound field,
where two opposing seas are interactive, decay as the new
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wave field becomes dominant. As these processes decay,
noise levels reach a lower level set by the same processes
active within the single wave field. This noise field is wind
dependent but, even at low wind speeds, a residual noise field
is observed—see Fig. 7. This background level will vary from
region to region and, in fact, differs by an order of magnitude
from the exposed west coast of New Zealand to the quieter
seas on the east coast.

Between 5-10 Hz, another wind-dependent process in-
fluences the noise field. The present evidence supports ear-
lier claims that, in this frequency region, the effects of atmo-
spheric turbulence begin to be manifest. The induced noise
field is now related on a 1:1 frequency basis with the fluctu-
ations in the exciting turbulence field and displays different
frequency and wind-dependent characteristics.

The combined effects of nonlinear interactions and at-
mospheric turbulence produce 2 minimum in the noise spec-
trum around 10 Hz. The visibility of the effects of atmo-
spheric turbulence depends, however, on the influence of
shipping and other sources on the noise field.

A close equivalence between seismic levels and the
wave-induced acoustic levels at the seabed at frequencies be-
low 10 Hz has implications for the modeling of the ocean
noise field. In the present experiment, the levels of ground
motion recorded by a land-based sensor correlated closely
with the exciting pressure field. Furthermore, on occasions,
components in the seismic spectrum could be correlated
with wave activity on the east coast of New Zealand,?”-3°
confirming many earlier reports that, even in complex geolo-
gical structures, wave induced seismic signals suffer little
attenuation in transmission to long distances. The possibility
exists, therefore, for energetic storms to influence the noise
field at distant regions in the ocean. This possibility is espe-
cially marked if the wave interaction occurs on the continen-
tal shelf. Downslope propagation, as proposed by Wag-
staff,* could, in this case, occur for any energy reradiated
into the water column. The possibility also exists for the
equivalent of 7-phase transmission transferring energy into
the sound channel.

In conclusion, it is of interest to observe that, once again,
the study of a problem in ocean acoustics has been not only
dependent on input from, but also provided a contribution
to, oceanography. In this case, the properties of the ambient
noise field have provided information on mesocale processes
in the ocean-wave field.
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