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T:IE INFLUENCE OF SURFACE ROUGHNESS AND BUBBLES
O SEA SURFACE ACOUSIIC BACKSCAT1ERING

1.0 INiRODUCIION

In the fall of 1985, a cooperative experiment was conducted for a
5-week period in the shallow water area of the North Sea known as the German
Bight. Participants in the exDeriment were the Forschungsanstalt der
Bundeswehr fuer Wasserschall-unA ,ophysik (FWG), kiel, Federal Republic of
Germany; the Naval Underwact-, Systems Center (NUSC), New London,
Connecticut; and the Naval Oceanographic Research and Development Activity
(NORDA), Bay St. Louis, Mississippi.

The objectives of the experiment were (1) to determine the dependence
of acoustic scattering from the sea surface on environmental conditions at
audio frequencies and (2) to investigate the regimes ever which large-scale
sea surface roughness, small-scale roughness, and subsurface bu.bble
population are the predominant scattering mechanisms.

The acoustic measurements were made with a parametric source and a
conventional receiver in the frequency range of 3 to 18 kHz. Acoustic sea
surface backscatter data were obtained from normal incidence (90 deg) to
grazing angles of 15 deg. During the data collection periods, wind speeds
ranged from 1 to 49 knots and significant waveheights varied from 0.4 to
4.5 m. Thus, a unique acoustic data set was obtained. This set was
supported with a broad range of environmental measurements, such as wind
velocity, precipitation, significant waveheight, sound speed profiles,
subsurface bubble densities, radar backscatter, and sea surface directional
and nondirectional spectra.

This report describes the data acquisition and analysis techniques, sea
surface backscatter results, and the correlation of these results with
environmental parameters.

2.0 EXPERIMENlAL SElUP

2.1 GEOGRAPHIC LOCA1ION

The experiment site was the Federal Republic of Germany's research
platform NORDSLE (Forschungsplattform NORDSEE(FPN)), which is approximately
40 nautical miles west of the West German and Danishi coasts at 54*42' N -

P710' E (see figure 2-1).

In most cases the fall weather in the German Bight is driven by rapidly
moving low pressure systems coming from the Atlantic. Therefore, the sea
state is normally duration and not fetch limited because the wind velocity

1
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decorrelation time in the North Sea is only a few hours. In the vicinity of
the platform there are tidal currents of up to 2 knots in northwesterly and
southeasterly directions. From October to April the water temperature is
constant in depth; hence, a nearly isovelocity condition exists in the
winter and straight line acoustic propagation can be assumed.

2.2 SENSOR LOCAIIONS

The research platform is located in approximately 30 m of water and is
fixed to the sea floor. It is equipped to make standard oceanographic
measurements of wind velocity, waveheight, tide, and temperature.

Other measurements in support of the underwiter acoustic experiment
were also tiade. These measurements consisted of sound speed profiles, wave
characteristics, subsurface bubbles, and electromagnetic scattering
(radar). The location of these measuring devices can be seen in figure 2-2.

Ocean wave characteristics were obtained with several different
apparatus. A wave rider buoy, located approximately 500 m west of the
platform, was utilized to oatain real-time significant waveheight (H1 / 3 )
and ocean wave nondirectional spectra from 0 to 0.3 Hz. A wave array was
suspended from crane A (figure 2-3), which consisted of seven wave sensors
in a hexagonal arrangement with a nominal spacing of about 1 m. Each wave
sensor had a frequency response from 0 to 1.5 Hz, and the entire wave array
was capable of providing directional wave spectra from 0 to 0.5 Hz.

High frequency directional wave measurements in the range of
approximately 1.5 to 4 Hz were made using photographs of the sea surface and -'
Stilwell's processing technique as modified by Baur.1 In addition to
quantitative measurements, a qualitative description of the sea surface was
obtained with a video cassette recorder (VCR).

Subsurface bubble measurements were obtained with a light-scattering
technique. 2  The bubble data acquisition system was suspended from either
crane A or B (see figure 2-3), depending on wave direction, currents, and
tide. The data were taken at depths between 2 and 21 m below the trough of
the prevailing sea condition. This system was capable of measuring
individual bubbles with diameters ranging from 10 to 400 microns.

Throughout the entire 5-week period of the experiment, electromagnetic
(radar) backscatter measurements of the sea surface were taken. The
frequency of the radar was in the Ku band at 14 GHz, and the measurements
were taken at a fixed grazing angle of 45 deg with the sea surface. The
processed radar data produced relative sea surface backscatter as a function
of environmental parameters.

Underwater acoustic measurements were made using a circula, transducer
as a parametric source and a conventional receiver. The transducer wa
located 160 m west of the southwest leg of the platform and was mounted
7.75 m above the sea floor on a tower, as shown in figure 2-4.

2 b
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2.3 ACOUSTIC SENSOR

The major objective of the NOREX-85 experiment was to obtain sea
surface backscatter data. Achieving this objective in shallow water is
hindered by acoustic multipaths due to source side lobe structure and large
insonified areas. To alleviate these difficulties, a parametric source was
used because of its inherent narrow beamwidths, broad bandwidths, and low
side lobe levels. 3

The parametric array was operated at a center frequency (fo) of
39 kHz. The conventional transmitting voltage response for the sensor can
be seen in figure 2-5.

Prior to the experiment, frequency-dependen'. source level and beam

pattern predictions were made with the Moffett-Mellen model for parametric
acoustic sources. 4  A summary of the model results car be found in
table 2-1. It should be noted that during the experiment at sea, source
level measurements were taken for one range as a function of frequency and
drive voltage; the agreement with model predictions was excellent. All
calculations Involving source level and beamwidth in the computation of
scattering strength use the values given in the table.

Table 2-1. Model Results of Source Level and Beamwidth
for NOREX-85 Data*

fDV 18 kHz, 2300 Vpp 10 kHz, 2300 Vpp 5 kHz, 2400 Vpp 3 kHz, 2500 Vpp

6 SL BW SL BW SL BW SL BW

900 202.5 ?.6 204.5 3.1 196.5 3.5 190.1 3.8

75" 202.7 2.6 204.7 3.1 196.8 3.5 190.3 3.8

600 203.2 2.6 205.2 3.0 197.3 3.5 190.9 3.8

504 203.7 2.5 205.7 3.0 197.8 3.4 191.4 3.7

400 204.5 2.5 206.4 3.0 198.6 3.4 192.2 3.7

300 205.4 2.5 207.3 2.9 199.6 3.3 193.2 3.6

230 206.8 2.4 208.6 2.8 200.7 3.2 194.6 3.5

15" 207.6 2.4 209.4 2.8 201.8 3.1 195.5 3.4

10 208.7 2.4 210.4 2.7 202.8 3.1 196.6 3.3

Symbols: e = grazing angle (deg), SL = source level (dR//luPa - m),

FW 3-dB beamwidth (deg), fD parametric difference frequency (kHz), and
V drive voltage (Vpp).

3
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The sea surface area from which backscattered energy contributes to
reverberation is an important factor in obtaining scattering strength
values. This area (figure 2-6) may be limited by the beamwidth of the
acoustic projector (equation (2-1)) or by the length of the transmitted
pulse (equation (2-2)):

Beanwidth Limited

A - 1h-2 . sinta/2) * tan(*2L) 1 1 (2-1)
2 sin2 (e) sin(e + •) sin(e )

2 2

Pulse Length Limited

h [tan(e + ) tan(e -

A w C1 tan(e) 2 (2-2)

where

C - sound speed (m/s),

I - pulse length (s),

h - depth of transducer (m),

e - grazing angle, and

a- 3-dB beamwidth.

The areas of insonification were beamwidth limited for grazing angles

of 90 to 40 deg and pulse length limited for grazing angles lower than
40 deg.

During the NOREX-85 experiment, the circular array was used as both a
parametric source and a conventional receiver (see section 2.2). The
receiving sensitivity was between -192 dB//IV/1IPa at 3 kHz and
-188 dB//IV/pPa at 18 kHz. The beampatterns at four selected frequencies
are presented in figure 2-7.

2.4 DATA ACQUISITION AND PROCESSING

The signal generation and data acquisition are described in
reference 5. The following section contains only a brief overview.

A flow diagram of the signal generation for the parametric array is
shown in figure 2-8. To avoid problems during data analysis (which could be
caused by the frequency drift of synthesizers or the flutter and wow of
analog tape recorders), all frequencies are referenced (locked) to a 1O-MHz
signal generated by synthesizer 1. This synthesizer also produces one-half

4
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of the difference frequency fD/2. The fo/2 is gated by an analog
switch, which js controlled by a trigger box. The length of the gate is
equal to the pulse length. The .r;gger box also generates a longer gate,
which is required for the transmit/receive switch of the parametric array.
lhe half-diffetenc! frequency and the center frequency fo (which is
generated by synthesizer 2) are fed to a mixer, which produces two primary
frequencies (fl and f 2 ):

f 0flI = fo0 +2- (2-3)

and

f = f - -( 2 - 4 )"2 o 2 •

The mixer has high linearity so that the carrier suppression is greater than
60 dB. To eliminate all other frequencies, especially a dc-contribution,
the signal is bandpass filtered before it goes into the power amplifiers for
the transducer.

Figure 2-9 is a flow dl'gram of the receiver analog acquisition
system. For short propagation ranges, the energy at the primary
frequencies is significantly higher than the energy at the difference
frequency. Consequently, the received signal must be bandpass filtered and
then amplified so that its dynamic range fits the input range of the
following compressor. Basically, a compressor is a logarithmic amplifier
that reduces the dynamic range of the input signal. The •:mpressed signal
and a controlling signal are recorded on analog tape. The advantage of this
technique is that the dynamic range of the received signal is no longer
limited by the dynamic range of the analog tape recorder.

For analog-to-digital (A/D) conversion, a clock signal, transmit gate,
and sampling frequency are also recorded. The analog signals were converted
to digital form for analysis. An expander (which has the inverse function
of the compressor) reproduced the received signals. The transmit gate was
used to begin the O/D conversion of each individual transmission so that the
time series started with the outgoing ping. The sampling frequency (4f0 )
was also taken from analog tape to avoid a drift between the difference and
sample frequency. 6  This was necessary because the signal envelope had
been obtained using a complex demodulation technique. 7

5
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3.0 SUPPORTING MEASUREMENTS

The results from previous sea surface acoustic scattering experiments

indicate a strong dependence on the environment, particularly at low grazing
angles. These studies conclude that this dependence is due to either high
frequency ocean wavenumber spectra or subsurface bubbles. During NOREX-85,
several diverse supporting measurements were made to correlate the acoustic
scattering with specific environmental parameters.

3.1 METEOROLOGICAL

3.1.1 Precipitation

The platform Is equipped with sensors to continuously measure
rainfall. All types of precipitation are noted every hour by the FPN watch
personnel in the platform log. During the experiment, periods of rain,
snow, sleet, and hail were noted.

3.1.2 Wind Velocity

Anemometers are mounted at different locations on the platform to
measure wind speed and direction. The wind data used for experimental
analysis were obtained from an anemometer mounted to the mast of the
platform 47 m above the sea surface (see figure 2-2). Wind velocity data
(U4 7 ) were averaged for 10 minutes. During the 5-week experiment, the
10-minute average wind speed varied from 0 to 49 knots. The maximum wind
speed during gusts was 74 knots. The wind speed during measurement sets
ranged from 1 to 49 knots so that a wide variety of environmental conditions
was encountered.

3.2 OCEANOGRAPHIC

3.2.1 Tides

The average water depth in the measurement area is 30 m. The normal
tidal variation is +1 m. The water depth is also influenced by wind speed
and direction. For example, a persistently strong wind from the northwest
forced water to move toward the coast. During this time, the water height
was about 33 m at high tide and 31 m at low tide, as shown in figure 3-1.

Because water height influences propagation range and geometry,
acoustic source level and transmission loss are tide dependent. To allow
in-situ decisions concerning tidal effects, the analog voltage of a pressure
sensor, mounted to a platform leg, was monitored in the laboratory. Further
analysis showed that tidal effects had a significant influence on acoustic
results because the propagation range could be changed about 10 to 15
percent owing to varying water height.
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3.2.2 sound Speed

During the time of year the experiment was conducted, the water in the
area is well mixed, which results in a nearly constant sound speed as a
function of depth, as shown in figure 3-2. Sound speed was calculated from
periodic measures of temperature, salinity, and pressure so that accurate
ranges based on propagation time could be obtained. The sound speed changed
from 1495 m/s near the beginning of the experiment to 1482.7 m/s at the end
of the measurement period.

3.2.3 Sea Surface Characteristics

The broad spectrt'm of wind velocity caused a wide range of sea state
conditions durinq the experiment. The significant waveheight, Hi/ 3 ,
varied during the 5-week period from 0.3 to 7.5 m. The waveheight during
measurement periods was between 0.4 and 4.8 m. An experiment similar to
NOREX-85 was done in the vicinity of FPRI in 1983.8 The data analysis
showed that a detailed knowledge of the sea surface characteristics is
necessary to correlate acoustic results and environmental effects. To
provide surface characteristics over a wide range of ocean wave spectra,
several different measurement systems and techniques were used.

3.2.3.1 Wave Rider Buoy. Nondirectional sea surface characteristics
from the lowest range of tne frequency spectrum to about 0.3 Hz are
continuously provided by a wave rider buoy. This buoy is 0.7 m i.- diameter
end is located S0O m from FPN. It is secured to the sea floor and the data
are telemetered to the platform. These data provide

9 analog voltage that is proportional to the waveheight,

e a lO-minute average ci the s'.gn,,ficant waveheight H1/3
(longer average times arn seicctable),

* a plot of the power spectral density averaged over 0.5 hour- or
4 hours (selLctable), and

e additional statistical information.

Significant waveheight 0i 1 ,/ 3 ) is tnh average of the highest. one third of
the waves.

Figure 3-3 presents significant waveheight versus wind speed for
acoustic measurement sets taken during NOREX-85. As can be seen, there is a
broad range of wind speeds for a given significant waveheight. Also shown
are three curves representing different simplified wind speed-waveheight
models. Curve A represents waveheight as derived from th, e sea surface
spectrum riodel developed by Pierson and Moskowitz. 9  This model can be
used to predAct HI/3 for a fully developed sea with the following equation:

Hl/3(m) O.00565[Wind Speed (knots)] 2  (3-1)

14
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Curves B and C are alternative empirical fits to the data to illustrate the
inappropriateness of the Pierson-Moskowit. model. Curve B is represented by

H1 ! 3 (m) - O.00368[Wind Speed (knots)] 2  (3-2)

and curve C is represented as

Hl/3(m) = O.00164[Wind Speed (knots)) 2 
. (3-3)

The wide range of coefficients makes it apparent that the correlation
between significant waveheight and wind speed in the shallow waters of the
North Sea is relatively poor. This result is due to intense, rapidly moving
low pressure systems coming in from the Atlantic Ocean. The sea state is,
therefore, normally duration and not fetch limited.

3.2.3.2 Stilwell Photography. To investigate the effects of high
frequency ocean waves on acoustic scattering at the sea surface, the
directional ocean wave spectra were to be measured down to wavelengths of
about 10 cm. To accomplish this. a photograph of the sea surface was taken
and analyzed using Stilwell's technique.' 0  In principle, the variations
of density of the photographic emulsion are in a first order approximation
related to the sea surface slopes. Performance of a two-dimensional Fourier
transform of the optical density can obtain a functional relationship to the
directional spectra of the inclination of the sea surface slopes. With the
assumption of gravity wave theory, this technique, in turn, allows a
calculation of the directional energy spectrum of the sea surface. The
photographs were analyzed using a digital technique modified by Baur,l as
shown in figure 3-4. The minimum analyzed frequency is about 1.2 Hz, which
is a result of the limited-area coverage of the photograph. The maximum
analyzed frequency in this case is 3.8 Hz. Lines of constant wavenumber (or
frequency) are concentric circles with the center in the middle of the
plot. The contour interval, depicted by the intersection of a black and
white stripe, is 6.5 dB.

3.2.3.3 VCR. When acoustic measurements were made during daylight
hours, the sea surface was recorded with a VCR. This instrument was
equipped with a zoom lens so that the acoustically insonified area on the
surface could be recorded.

Relative measurement time was included in the recording. This
permitted the sea surface conditions to be related to individual
transmissions. From these recordings, qualitative information regarding the
occurrence of breaking waves, spindrift, and general surface roughness was
obtained.

15
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3.3 BUBBLE MFASUREMENTS

During the experiment an attempt was made to measure microbubbles in
the 10- to 400-pm-diameter range. The measurements were done using a light
scattering instrument, which is described in reference 2. The sensor was
deployed bj a platform crane so that its distance to the ýIatfrrm leg was
30 m or less.

Because it is possible that the data were contaminated by wave
interactions with the platform legs and cooling water effluents, the
quantitative data obtained from the bubble measuring system were not used.

For the interested reader, results of the bubble measurements are being
documented separately. 11

3.4 ELECTROMAGNETIC (RADAR) MEASUREMENTS

In addition to the acoustic measurements, electromagnetic (radar)
measurements of the backscattering strength of the sea surface were made.
The antenna was mounted 22.5 m above mean sea level at the position shown in
figure 2-2. The radar data were not calibrated so that only relative data
of the electromagnetic backscattering strength of the sea surface are
available.

L'
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4.0 ACOUS1IC SURFACE AND SUBSURFACE SCATTERING

4.1 THEORY

4.1.1 Background

Numerous theoretical studies and experimental programs have been
conducted to investigate acoustic reverberation originating at or near the
sea surface. The results of these programs indicate surface roughness and
air bubbles must be considered to explain the environmental dependence of
acoustic scattering on sonar engineering parameters such as frequency,
grazing angle, and system design characteristics.

4.1.2 Incoherent Scattering

The intensity of a scattered acoustic wave is equal to the incident
intensity times a scattering function. When the incident and scattered
intensities are each modified by a transmission loss coefficient (TLC), we
may express the reverberation intensity at a receiver, Ir, arising from an
elemental scatterer, i, in terms of intensity at the source, 10, as
follows:

I = 011 (4-1)ri TLC TLCsr

where

TLCosi = transmission loss coefficient from source, o, to ith
scatterer, s,

TLCsri = transmission loss coefficient from ith scatterer, s, to
receiver, r, and

*i = elemental scattering cross section.

lhe total reverberation can thus be represenLed ds a sum over the
contributing scattering elements:

N N I (4-2)
r i TLC os LCs
i =li = ri

The extent or number of scattering elements may be determined by realizing
that the reverberation at any instant of time is a convolution of the
spatial impulse response of the scatterurs and the transmitted signal. 1 2

19



TR 7955

When the scattering mechanisms are distributed or located such that their
tehmporal extent is greater than the pu Ilse length, the contributing
scatterers are determined by pulse length. When the pulse length is longer
than the temporal extent of the scatterers, all elemental scatterers may
contribute. Instantaneous values of acoustic intensity obtained using the
procedure in section 2.4 represent steady state measurements. Furthermore,
if we assume that the source intensity is constant over the scattering cross
section, we may write

N
1i (4-3)

Ir = o TLC TLCsri
i=l s sr

Scattering cross sections are not usually presented in sonar
literature. Instead, the decibel measure of a scattering function related
to target strength is commonly used. I-or scattering from a surface, the
elemental scattering cross section is related to the scatter function by

i = iOiAi (4-4)

where Oi is the scattering function for the ith area and Ai is the
elemental area. The elemental surface scattering strength, Ss, is
defined to be i

S 1i = l0 log 0. log 1i0 (4-5)

The active sonar equations for hackscatter from the sea surface may now

be obtained by substituting equation (4-4) into (4-3):

1l = Ii r1  (4-6)Ir iý TLC osTLC sri 46

For the cases when (1) the transmitter and receiver are co-located, (2) the
transmission loss to all contributing scatters is the same, and (3) the
scattering function over the insonified area is constant, the above equation
may be written as

I rTLC
2

I = iA (4-7)
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or, in terms of the active sonar equation, as

10 log 0 = Ss = RL i 2TL - SL - 10 log A , (4-8)

where

SL = source level (dB),

RL = reverberation level (dB), and

TL = transmission loss = 10 log TLC

Based on the theoretical work of Bass and Fuks, 1 3 a two-scale description
of the sea surface i needed to characterize the acoustic surface
scattering. In this description, the scattering surface is represented as a
superposition of small ripples on large waves. The surface backscatter is
produced by Bragg diffraction from small wavelets satisfying
K = 2k cos eg, where K is the ocean wavenumber, k is the acoustic
wavenumber, and eg is the local grazing angle. Wavelength is related to
wavenumber by x = 21/K (figure 4-1). The large waves cause the Bragg
diffraction grating to tilt, thus modifying the average grazing angle, S.

For an admixture of air bubbles and water, the elemental scattering
cross section is related to the scattering function by 1 4

N
*i =si RV oVi Nijlij (4-9)

j=l

where

svi= backscattering coefficient of volume Vi,

oij scattering cross section, J-type bubbles in Vi,

Ni.j number of j-type bubbles in Vi,

Ro = reference distance, and

Vi = elemental volume in which bubble admixture is located.

The volume scattering strength is defined to be

Sv = 10 log svRo . (4-10)

A combination of equations (4-9) and (4-3) obtains the following sonar
equation for backscatter from bubbles:
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N RVENii . (4-11)
1r =0 I TLCos TLCsr

This equation may be reduced to simpler form only under certain conditions,
which may not even be met over short periods in the open ocean. When the
bubble layer is relatively thin, the insonified volume small, and the
acoustic frequency low, we can expect the transmission loss to each bubble
to be constant. Then, we may write the active sonar equation as

10 log jRoNjcj = Sv = RL + 21L - SL - 10 log V (4-12)

We note that the volume scattering strength is dependent on all bubble sizes
and depending on the distribution may not be principally controlled by
resonant bubbles. In addition, 0 is strongly dependent on acoustic
frequency near resonance.

Based on the work by Thorpe and others,15,16 bubble density in the
ocean is not always horizontally stratified. When the wind is strong enough
to form whitecaps, bubble clouds or plumes are generated. These plumes

penetrate surprisingly far into the water column, exhibit many different
characteristics (similar to cloud formations in the atmosphere), and have
fluctuation periods from I to 10 minutes. 17  It thus seems appropriate to
hypothesize two types of near-surface bubble formations (figure 4-1). One
formation consists of uniform layers of microbubbles, which form a
background bubble density. The other consists of bubble plumes containing
much larger bubbles with very high densities; this formation will exhibit
long time variations as the plumes disperse and deray. We would expect
acoustic scattering from the uniform layer to appear as a random stationary
process. Scattering from plumes using high resolution sonars would exhibit
the temporal characteristics of the plumes and would appear as a
nonstationary process. These fluctuations decrease for higher wind speeds
and higher frequencies. One should note that the contribution of the total
backscattering caused by bubbles of larger diameter than the bubble
resonance can have a more significant impact on scattering than the resonant
bubbles alone (figure 4-2).

4.1.3 Coherent Scattering

The solution of the image reflection problem for the reflection at a
plane interface is

I T LCs + TLC (4-13)%
0 coh 0 Io sr( 3

where, as before, TLCos and ILCsr correspond to transmission loss
coefficients from the source to surface reflection point and from the
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surface point to the receiver. The active sonar equation for specular
reflections is

10 109 Ocoh = Sscoh = RL - SL + TLor ,(4-14)

where the transmission loss, TLor, is from the source to the receiver.

For a homogeneous nonabsorbing medium, 1Lor is simply related to range r,
and at normal incidence when the source and receiver are ro-located, theequation is

TLor = 20 log(2ros) . (4-15)

4.2 MEASUREMENT

4.2.1 Data Set

During the experiment, more than 250 data sets were taken. Scattering
measurements were made at the four selected frequencies (3, 5, 10, and
18 kHz) for grazing angles from normal incidence to 15 deg. At 30 and 15
deg, backscattering strength was measured for different sea state conditions
in up, down, and crosswave directions. At 60 and 30 deg, backscattering
strength was measured at 20-deg azimuthal increments over a 280-deg sector.

Table 4-1 shows the acoustic frequency and the range of significant
waveheights, H1 / 3 , and wind velocities related to each data set. In
addition, the last three rows indicate (1) when recordings of the surface
were made with the VCR, (2) when photographs were taken for later Stilwell
analysis, and (3) when the scalar (S) or directional (D) spectrum of the sea
surface was measured. Each measurement set or event consisted of 750 or 500transmissions of 4-ms pulses at a repetition rate of 400 ms.

4.2.2 Data Analysis

Even though the number of sonar parameters was reduced to a minimum,
different analysis techniques and algorithms were required to process and
analyze the data. The methods used were dictated by the grazing angle, the
scattering process, and the need for individual or ensemble-averaged results.

When the area contributing to backscattered energy is limited by the
projector beamwidth, as is the case for grazing angles between 90 and
40 deg, the time shift of the received surface echo due to waveheight can be
larger than the pulse length. For these grazing angles, each return is time
shifted so that the leading slope of the surface echo always appears at the
same time. The time-shifted pulses are then summed to obtain
ensemble-averaged results. At lower grazing angles, when the contributing
area is pulse length limited, the peak reverberation level within a time
window related to the grazing angle is used to compute scattering strength.

Equation (4-8) was used to compute backscatterlng strength from
reverberation level at all grazing angles except 90 deg. Equation (4-14)

23



TR 7955

Table 4-1. NOREX-85 Data Set

Event No. Frequency Wind Speed Wind Direction Waveheight VCR Photo Waves

(kHz) (knots) (deg) H!/ 3 (N)

1400-1408 18 27-37 320 3.7-4.8 1/ 1/
1409-1418 18 17-27 320 2.4-3.6
1419-1428 18 40-43 220 3.5-4.8 S S
1429-1437 10 32-40 220 3.6-4.5 i t
1438-1446 5 32-36 230 3.8-4.2 1/
1447-1455 3 29-39 230 3.5-4.1
1456-1464 2 16-29 240 3.0-3.2
1465-1473 18 1-9 changing 1.2-1.4 1/ VO 0
1474-1475 10 B-9 150 1 %f I/
1476-1485 18 7-9 150 0.5-0.6 9 9 S
1486-1490 10 6-7 170 0.5 € 9 S
1491-1495 5 6 175 0.5 V I S
1496-1500 3 5-7 170 0.5 € € S
1501-1509 10 17-24 135 1 .3-1.5 1 / D
1510-1518 5 15-19 150 1.2-1.4 1 / 0
1519-1527 3 14-16 ISO 1.1-1.3 D
1528-1534 10 23-26 80 1.4-1.6 1/ 9 0
1535-1541 5 24-34 73 1.4-1.8 V 9 D
1542-1548 3 32-33 75 1.7-2.0 € 9 D
1549-1555 18 42-44 83 2.7--3.2 1 / D
1556-1562 10 41-49 83 2.8-3.0 1/ D
1563-1569 5 41-43 80 2.6-3.2 1/ 1/ 0
1570-1576 3 39-41 80 2.8-3.4 9 € D
1577-1585 10 30-45 80 2.2-3.2 D
1588-'596 3 12-15 90 1.1-1.3 1/ 1/ D
1598-1606 5 13-19 s1o-12 D
1609-1617 10 12-17 90 1.0-1.1 D
1621-1629 3 2-5 240 0.4 9 9 D
1632-1633 5 15 260 0.5-0.6 D
1634-1635 10 16 270 0.6-0.7 D
1639-1647 18 11-20 300 1.6-1.9 1/ 1/ D
1648-1656 3 13-23 300 1.6-1.8 9 9 D
1661-1665 18 30-34 0 1.9-2.4 1 / 0
1666-1670 10 34-38 0 2.2-2.4 D 9 0
1671-1677 5 34-43 0 2.5-3.1 9 9 0
1678-1688 3 28-37 0 3.2-3.3 0 9 O
1701-1711 3 30-31 140 2.0-2.5 0 9 D
1718-1733 3 20-21 240 1.5-1.9 1 / . 0
1734-1748 3 34-36 220 2.4-2.9 9 9 D r
1749-1764 3 34-36 220 2.4-2.9 D. M.
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was used to compute coherent scattering strength or reflection loss from
backscattered energy at the 90-deg grazing angle. 1 8

4.3 BACKSCATTER RESULTS

4.3.1 Saturation

Figure 4-3 shows the measured backscatter strength as a function of
grazing angle for two frequencies at relatively high wind speed conditions.
These data illustrate that, for a given acoustic frequency, there appears to
be a wind speed or waveheight above which the backscattered energy no
longer increases; that is, saturation occurs. From this figure, we can see
that saturation occurs at all grazing angles and that the saturation value
of the backscatterlng strength is higher at lower frequencies.

To investigate the onset of saturation, the backscattering strength is
shown as a function of wind speed for 3 and 18 kHz at grazing angles of 30
and 15 deg in figures 4-4 and 4-5. Although the backscattering strength
shows a strong temporal variability, as will be described in a later
section, the general trend is related to the wind speed or the waveheight.
As expected, the backscattering strength increases with increasing wind
speed. As can be seen from both figures, there is a frequency and grazing
angle dependence for the saturation onset. At a grazing angle of 30 deg,
the saturation begins at about 40 knots of wind for the 3-kHz data and at
about 18 knots for the 18-kHz data. For a grazing angle of 15 deg, the
saturation onset for 3 kHz is at about 35 knots and for 18 kHz it is ac
15 knots. Thus, the saturation onset is at lower wind speeds for higher
frequencies and lower grazing angles. Garrison, Murphy and Potter 19

measured a saturation onset at 14 knots of wind for an acoustic frequency of
60 kHz, which is the same trend shown by the present data.

There are two possible explanations for the saLuration effect:

0 Surface slopes increase with wind speed until a transition to
breaking waves occurs; the steepness of the waves is then
independent of wind speed.

0 The backscattering is caused by bubbles that have their origin in
breaking waves; the number of bubbles increases until a uniform
maximum density (which masks the surface) is reached.

The authors of this report expect the second scattering mechanism to
cause the saturation at the lewer grazing angles. Saturation at high
grazing angles is due to surface roughness.

We also note in figures 4-4 and 4-5 that the backscattering strength
decreases for very high wind speeds at 18-kHz acoustic frequency. We
assumed in the data reduction process that the transmission loss is only
range dependent. Previous measurements at the same location show a sudden
very strong increase in transmission loss with increasing wind speed, which

is assumed to be caused by bubbly layers. 20  An increase in transmission
loss would result in a smaller receiving signal, which would translate to a
lower backscattering strength. Thus, we believe that this effect could be
caused by the processing technique.
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4.3.2 Grazing Angle Dependence

Shown in figure 4-6 are measured values of acoustic backscatter
strength (as defined by the incoherent scattering equation near the top of
the figure) versus grazing angle for 3, 5, 10 and 18 kHz. Each data point
is an ensemble average of about 750 pings obtained during a 5-minute
period. A measurement set was obtained at all angles for a given frequency,
then the frequency was changed, and the process was repeated. There is only
about a 10-minute time lapse between data points connected by straight
lines. These data represent backscatter strength at relatively high wind
speeds, specifically the 30- to 40-knot range. We can see that there is a
dependence on frequency, with higher values of backscatter obtained at the
lower frequencies.

Another objective of the experiment was to obtain backscattering
strength data over a wide variety of environmental conditions. Shown in
figure 4-7 are some of the data that illustrate what we believe comes close
to ohlcing upper and lower bounds on backscatter strength at 10 kHz. The
wind 'peed in knots associated with each data point is indicated by the
adjacent number. We can easily see that the absolute level and slope of the
curvet' with the highest wind speeds represent saturation values that will
not be exceeded unless additional phenomena become important. The curve for
the lowest values of wind speed is not quite as definitive because of the
limited number of data points, and although the wind speed was almost zero,
the significant waveheight during the measurement set was 1.2 m. Thus, we
would exp.-t even lower values for a perfectly flat surface.

An Important factor in characterizing backscattering as a function of
grazii, gle is sea surface roughness. The surface roughness is usually
conside. as composed of (1) a large scale component (the significant
waveheig ' and (2) a small scale component (ripples and capillary waves).
It is usully assumed that the large scale waves are the dominant factor at
high grazing angles. As lower grazing angles are approached, the effect of
the small scle roughness increases significantly.

Durinq one measurement set at 3 kHz, the wind speed increased from 2 to
5 knots. is increase changed the sea surface from glossy to one covered
with small ripples. The significant waveheight was constant at 0.4 m. The
upper curves show backscattering strength as a function of grazing angle for
these two conditions. At normal incidence the backscatter strength for the
glossy surface is about 6 dB higher than for the case where ripples are
present. For lower grazing angles, the ripples cause higher backscattering,
such that at 60 deg the difference is about 8 dB. During these
measurements, photographs of the sea surface were taken and analyzed using
Stilwell's technique. The results of this analysis (lower part of
figure 4-B) show the associated directional wave spectra. The analysis
bandwidth presented is from 1 to 3 Hz. The contour interval, depicted by
the intersection of a black and white stripe, is 6.5 dB. The vector U shows
the wind direction and * indicates the azimuthal orientation of the
acoustic axis. The inner circle is drawn for a surface wavelength of
0.25 m, which corresponds to one-half the acoustic wavelength at 3 kHz (see
section 4.1.2). The energy of the waves at this frequency in the direction
of the acoustic axis is about 10 dB higher when ripples are present. It is
expected that the difference between the backscatter values would become
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greiter for lower grazing angles, as indicated by the different slopes of
the two backscatter curves.

4.3.3 Frequency Dependence

Figure 4-9 illustrates the dependence of backscatter strength on
frequency at high wind speeds. We can see for the prevailing sea conditions
a notable decrease in backscattering strength as frequency increases for the
higher angles. This dependence becomes almost nonexistent at the lower
grazing angles. A set of similar curves for lower wind conditions is shown
for two grazing angles by the dashed lines. 8  Upon comparing the data near
30 deg, we can see that there is little dependence on frequency in both wind
categories. However, at 75 deg there is a considerable difference in the
frequency dependence for the two wind conditions. Note the backscattering
strength at 75 deg and near 18 kHz is approximately the same for wind speeds
of 18 and 40 knots.

4.3.4 Specular Point

Figure 4-10 illustrates normal incidence sea surface backscatter as a
function of significant waveheight and wind speed at four frequencies.
Backscattering at normal incidence is considered here to be a coherent
process.

At 18 kHz it can be seen that backscatter strength decreases as wind
speed increases up to about 30 knots. Beyond this wind speed, it appears
that saturation is reached and there is no longer any significant
correlation between backscatter and wind speed. The difference in the data
at 3 kHz is due to a strong dependence on very low wind speeds. This
dependence is to be expected because the Rayleigh roughness parameter is
small for small areas at low frequencies. Had the experimental data at
18 kHz extended to comparable low wind speeds, we would expect the same
trend. For high wind speeds, the scattering strengths at 3 and 18 kHz are
similar until the wind speeds are above 28 knots; then the scattering
strength again shows a dependence on wind speed, attaining saturation in the
38-knot region. The data at intermediate frequencies exhibit the same
trend. It appears that other phenomena must be playing a significant role
in the backscattering mechanism.

During the experiment, some periods of rain coincided with the acoustic
measurements. Figure 4-11 illustrates the backscattering strength of the
sea surface when rain is present for an acoustic frequency of 3 kHz. We

immediately notice that for a similar wind speed (32 knots), the backscatter
strength increases by 6-B dB when rain is present.

4.3.5 Temporal Variability

A major objective of the experiment was to determine the environmental
and frequency regimes over which acoustic scattering near the sea surface is
principally dependent on air bubbles or the roughness of the air/sea

interface. Figure 4-12 shows the envelope of two different returns at
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normal incidence. The transmitted frequency was 18 k~z with a pulse width
of 4 ins. The significant waveheight was 3.3 in and the wind speed was
27 knots. During this time period, many breaking waves occurred. The upper
figure shows a single ping return 49 s after the measurement set started.
As seen from the steep slope at the beginning of the echo, there is no
obvious bubble reverberation. The lower plot, which shows the return from
another ping 80 s later, indicates the presence of bubbles down to about 2 m
below the surface. To investigate the influence of bubbles on the sea
surface backscatter for normal incidence, the reverberation levels received
from the surface and from the bubbles were evaluated for each individual
ping. The time history of the reverberation level is shown in figure 4-13.
The surface reverberation levels are the average over the 4 ms past the very
steep slope. The bubble reverberation level is the average over the 1 ms
starting 1.6 ins before this slope.

The circles in this figure indicate the levels that correspond to the
two pulses in figure 4-12. The time series is 300 s and is a result of 150
pings at a repetition rato of 0.4 s. It can be seen that there is no
correlation between surface reverberation and bubble reverberation levels at
normal incidence. The reverberation from the surface has a relatively
stationary mean. The reverberation level from the bubbles is considerably
lower in amplitude and exhibits slowly varying characteristics of much
longer time duration than those associated with any wave components. This
reverberation level indicates the generation of bubble patches (probably
caused by breaking waves) that remain below the surface for an extended
period of time.16

The envelopes of two time series averaged over 750 pings are shown in
figure 4-14 for different wind and wave conditions. In both cases the
transmit frequency was 18 kHz. The arrival time difference of the
individual echoes caused by differing waveheights was removed using a
thresholding technique. The upper curve shows the average return for a wind
speed of 9 knots and a significant waveheight of 0.5 m. The nearly constant
steep slope of the leading edge indicates that there is no apparent
scattered energy from a subsurface bubble layer. The lower curve is the
average from a high sea state condition. The onset of scattered energy
corresponds to a depth of about 3.5 in below the surface. The reverberation
level increases until the difference between surface and subsurface
scattered energy is about 28 dB. We may thus conclude that at normal
incidence and 18 k~z, bubbles are not a dominant scattering mechanism for
winds up to at least 27 knots. They do, however, contribute to the total
reverberation level at the receiver.

An at-tempt was made during the experiment to investigate the azimuthal
dependence of backscattering relative to wave direction. Three measurements
were taken at grazing angles of 30 and 60 deg at 3 k~tz. During each
measurement, the environmental conditions did not change. For each event,
only the azimuthal angle was changed in steps of 20 deg. The time gap
between the beginning of two events was about 5 minutes.

The results for these measurements are shown in figure 4-15. All three
curves show strong fluctuations in the backscattering strength. The highest
difference is 16 dB for the two events marked by crosses in 4-15(c).
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Backscatter fluctuations are expected to be caused by

* low frequency waves,

* high frequency waves, and

* bubbles.

Recently developed models, 2 1 based on a two-composite roughtiess theory,
assume that backscattering for high grazing angles is caused by low
frequency waves and for low grazing angles by high frequency waves. The
measurements for 30-- and 60-deg grazing angles represent these two different
regions. To investigate the high degree of variability from one event to
another, the time history for two contiguous events was investigated on a
ping-to-ping basis. The backscattered energy from 500 individual pings was
evaluated at a fixed time when the maximum echo from the sea surface
occurred. The relative backscattered levels (which are not corrected for
source level, transmission loss. and insonified area) are shown in figure
4-16. The upper and lower curves correspond to the backscattering strength
values marked with a cross in figure 4-15. Curves obtained using this
technique for other frequencies at a 30-deg grazing angle all show the same
trend when the significant waveheight is 1 m or higher. The backscattered
energy suddenly increases by 20 dB or more and stays high for some seconds
or minutes. It is obvious that the backscattering strength is affected by
the fluctuations, i.e., the value and the duration of high backscatter
periods. Until now we assumed that backscattering is a stationary process,
but, as can be seen from figure 4-16, mean and standard deviations of the
backscattered energy show strong fluctuations when the time series is split
into segments of equal length. To increase the integration time, the time
series of three events taken in temporal sequence were analyzed, assuming
that the sea state conditions did not change significantly over this
15-minute period. From these data, the coefficient of variation cr, also
known as the normalized standard error, is estimated as 2 2

6

where 6 is the standard deviation and V is the mean.

The coefficients of variation as a function of wind speed are shown in

figure 4-17 for three frequencies. For very low wind speeds, the
coefficient of variation approaches the theoretical value for a Rayleigh
distribution of 0.52. The Rayleigh distribution is obtained after squaring
data that are Gaussian distributed. The squaring process is accomplished
when the envelope of the signals is computed. The coefficient of variation
then increases with wind speed for an intermediate region and decreases
somewhat again for high wind speeds. It is noteworthy that the intermediate
region shows a strong frequency dependence. It continues up to 40 knots at
3 kHz, to 35 knots at 10 kHz, and to 18 knots at 18 kHz. For even higher
wind speeds - above the intermediate region -the coefficient of variation

stays constant. This is analogous to the saturation curves discussed in an
earlier section.
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To understand more about the physical process causing the backscatter
fluctuations, figure 4-18 shows a sequence of time histories of the 3-kHz
data used in computing the coefficient of variation for increasing wind
speed. As can be seen, there are almost no fluctuations at the lowest wind
speed. At higher wind speeds, which represent the intermediate region from
figure 4-17, high backscatter periods are present. The high levels during
these periods do not change much with increasing wind speed, but the higher
the wind speed is, the longer they stay. A comparison of the curve for wind
speeds at 14 and 41 knots shows an almost inverse behavior. At the lower
wind speed, there are short high backscatter periods while at the higher
wind speed, the backscatter strength drops down only for short periods.

At high wind speeds especially, the backscatter strength remains high

for times that are too long to be correlated with the long ocean
wavelengths. A correlation with bubbles includes some problems. The curves
are shown for an acoustic frequency of 3 kHz, The corresponding bubble
radius for resonant scattering is approximately 1.1 mm. These bubbles are
too big to be measured with the optical bubble sensor. On the other hand,
bubbles of this diameter can only be caused by breaking waves and this
information should be available on VCR tape. The qualitative correlation
could be done for each individual ping because the actual measuring time was
also displayed on tape. The result is that, in most cases, breaking waves
occurred at the acoustically insonified area when the backscattering was
high. In almost each case, when the time history of the backscattering
strength shows a very sharp onset of high backscatter periods, a breaking
wave could be seen in the small measuring area. As discussed in an earlier
section, it was expected that bubbles would contribute to the reverberationfor these high sea state conditions. However, an additional effect seems to
influence the backscattering strength. As illustrated in the upper left
curve of figure 4-18, there exists a period of high backscatter when the
significant waveheight was only 0.5 m. The VCR tape showed that there were
no breaking waves present when the data were taken. A possible explanation
is given by Middleton and Mellen, 2 3 who propose that wind-generated
solitons, moving nondispersively on the wind-driven drift layer of
wind-excited w--v. surfaces, are a plausible mechanism for large backscatter
returns in the absence of near-surface bubble layers. To prove this, the
wind stress at the acoustically insonified surface (which could not be
measured during the experiment) has to be known.

We may thus conclude that for a grazing angle of 30 deg and an acoustic
frequency of 3 kHz, there is a transition from one scattering phenomena to
another. All indications lead us Lo the conclusion that the principal
mechanism at low wind speeds is Bragg scattering from the sea surface and
the principal mechanism at very high wind speeds is volume scattering from
localized bubble concentrations in the form of plumes or clouds and not
necessarily from resonance-size bubbles.

To determine the frequency and environmental regimes over which one or
the other mechanism is dominant, a subjective analysis of each time series
was made to determine the relative period of time each mechanism appeared to
be dominating the total scattering strength (figure 4-19). In this figure,
region III corresponds to frequencies and winds in which volume scattering
from near surface bubbles is the dominant mechanism at least 80 percent of
the time. Region I corresponds to frequencies and wind speeds in which
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surface scattering is the dominant mechanism at least 80 percent of the
time. Region 11 is a transition region, with the dashed line corresponding
to equal time periods of surface and bubble scattering. Because the method
used to determine relative time periods is subjective, a sample of each
region at 10 kHz is shown in figure 4-20. Figure 4-20(c) is a time series
where high values of scattered energy corresponding to volume reverberation
are present about 80 percent of the time. Figure 4-20(a) is nearly the
opposite case. Here the wind speed is only 7 knots and we can note only two
periods of high backscatter near the beginning and end of the record. In
this case, an estimate was made that reverberation was the result of surface
scattering 90 percent of the time.

4.4 COMPARISON WI1H THEORY AND OTHER MEASUREMENTS

As discussed in previous sections, the backscattering is assumed to be
caused by bubbles for the high sea state conditions at low grazing angles.
Comparable measurements are mostly in higher frequency regions. However,
some general trends can be compared as was done for the saturation of
backscattering strength. Figure 4-21 shows a comparison between the current
data and a combined semiempirical Chapman-Harris 24 and Eckart algorithm
for a backscattering strength model as a function of grazing angle at a
frequency of 10 kHz. Both indicate increasing backscattering strength with
wind speed, although differences up to 10 dB are seen.

A theoretical model based on the composite-roughness theory was
developed by McCammon and McDaniel 21 and a comparison with the same data
set is shown in figure 4-22. As can be seen, the model underestimates the
measured values for all grazing angles. The difference between the measured
and predicted data is about 5 dB for a wind speed of 17 knots. For the high
wind speed case of 42 knots, the model underestimates the measured data
about 15 dB. Obviously, the comparison with this model is not valid if the
dominating backscattering mechanism is due to bubbles. Thus, these data are
compared with a model from McDaniel and Gorman, which predicts the
reverberation from a near-surface homogeneous bubble layer, 2 5  as
illustrated in figure 4-23. In addition, this figure contains measured
backscattering strength data 2 5 for an acoustic frequency of 20 to 25 kHz.
Our data are shown for a frequency of 18 kHz. The different wind speeds are
not important because for all wind speeds the data are in the saturation
region. 26  The model shows general agreement with the data; the two
measurements show excellent agreement. The model supports the assumption
that the bubbles cause the backscattering for the given frequency and wind
speed regime.

Further comparison of NOREX-85 data to other experimental data or
theoretical models is difficult because of the lack of published information
that is applicable to our data set.
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5.0 CONCLUSIONS

0 There are three regions where different physical processes
significantly contribute to acoustic scattering near the sea surface. These
areas are dependent on wind speed, frequency, and grazing angle.

Region I (no subsurface bubbles present): The dominant
scattering mechanism is closely related to the high
frequency wavenumber spectrum of the sea surface. These
short wavelengths influence the acoustic backscattering
strength at all grazing angles. In this region
backscattering is a stationary process except in atransition regime where a glossy sea surface contains highfrequency patches that are caused by wind gusts.

Region II (onset of subsurface bubbles): The typical
feature in this region is that the time history of
backscattering strength shows strong fluctuations in mean
level and standard deviation. The scattering is caused by
two different mechanisms: (1) high frequency sea surface
waves and (2) subsurface bubble populations induced by sea
surface wave action and breaking. The increase in
backscatterlng strength, which occurs for short periods of
time, can be caused by bubble plumes. The bubbles within
these plumes have a large distribution of diameters, and
thus the total volume of bubbles present is responsible for
the increase in backscattering strength, not bubble
resonance only. Backscattering in this region is a non-
statisaary process.

Region III (high subsurface bubble concentrations): In this
region backscattering again approaches a stationary process
because, at high wind speeds, sea surface wave action
produces a large number of breaking waves. These breaking
waves produce high density subsurface bubble populations
that acoustically mask the surface. Therefore, the
backscattering in this region is due to the total volumetric
bubble population and not to the sea surface.

At a 30-degree grazing angle, scattering covers all three regions.

* Acoustic backscattering strength reaches saturation at high wind speeds
and at all grazing angles. The scattering mechanism causing saturation at
high grazing angles is sea surface roughness; at low grazing angles, the
cause is subsurface bubbles. The saturation onset occurs at lower sea
states for higher frequencies and lower grazing angles. There is a strong
frequency dependence in the saturation region; i.e., as frequency increases,
backscattering strength decreases.

* There is a frequency dependence for backscattering at high wind speeds
and high grazing angles. This dependence decreases at low grazing angles.
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* At normal incidence, acoustic backscattering strength increases when
rain is present at 3 kHz.

* Good correlation is seen between sonar and radar backscatter data.
Both exhibit increased backscatter strengths as wind speed increases.

* Comparison with a theoretical backscattering model that includes
bubbles as a scattering mechanism shows good agreement with experimental
data at high wind speeds and low grazing angles.
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6.0 RECOMMENDATIONS

The significant influence of bubbles on the temporal variability of
acoustic backscatter was not expected prior to the experiment. Thus, when
pulse length, pulse repetition rate, number of pings per event, etc., were
scheduled before the experiment, it was assumed that all effects caused by
ocean waves were covered. The subsequent data analysis showed some
surprising results; that is, bubble plumes become an important scattering
mechanism even

* at low frequencies,

* at relatively low wind speeds,

* at high grazing angles, and

* at small insonified volumes.

It should again be mentioned that the transmitter has a very small
beamwidth, which made it possible to discover bubble effects. Conventional
sonars, which have a broader beamwidth and work with longer pulse lengths,
would probably not see tLe effects due to single bubble plumes, and, thus,
the time history would not show strong variability even in the intermediate
wind speed region. To derive a sufficiently exact statistical estimation of
backscattering strength for the intermediate wind speed region, the
measuring time for one event should be on the order of I to 2 hours. On the
other hand, there is a limitation in measuring time because of the
relatively rapid change in weather conditions in the area where the data
were taken.

Future measurements could be made with a transmitter that has a broader
beamwidth. This would increase the amount of bubble plumes measured at the
same time and thus would decrease measuring time. Unfortunately, the broad
beamwidth could cause multipath problems when the experiment is conducted in
shallow water.

Another possibility is the use of the NOREX-85 transmitter. The data
analysis could concentrate on the determination of acoustic effects caused
by single bubble plumes or by small areas of the sea surface. The analysis
would require an exact measurement of the environment. The experiment
described in this report showed that the measurement of the directional high
frequency ocean wavenumber spectra using Stilwell's technique only yields
qualitative information. Short-term effects, like "cat-paws," could only be
seen if the photographs were taken at the right spot at the right time.
This is only possible for certain geometries of the sun's position and the
insonified area of the sea surface that produces the correct amount of light
at the insonified spot. Effects like foam on the sea surface further limit
use of this technique. Environmental measurements, which do not interfere
with the acoustic measurements but give continuous results parallel to the
acoustic results, might include electromagnetic backscatter or measures of
wind stress. Radar measurements would give information about the slope of
the sea surface wave while the wind stress measurement provides information
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about the production of solitons or cat paws. When bubbles become the
important scattering mechanism, not only the knowledge of the bubble
spectrum bu't in~formation about the larger bubbles in plumes is significant.
As long as bubbles are measured optically, there is no obvious means of
measuring them in parallel to the acoustic measurements at the same spots
without interfering with the acoustics. Future environmental measurements
should include the measurement of bubbles, even very large bubbles in plumes
close to the surface, to achieve a better understanding of their effects on
acoustic scattering phenomena.
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