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Analyses of. the statistical characteristics of bottom backscatter, measured in shallow water off 
San Diego, California, are presen .ted. (The initial results of the experiment were presented by T. G. 
Goldsberry, S. P. Pitt, and R. A. Lamb at the 104th Meeting of the Acoustical Society of America, 
Orlando, FL, 8-12 November 1983.) The experimental sonar, mounted on the sea bottom, was 
operated at 30 kHz to gather data over a wide sector of the bottom. The bottom was patches of 
coarse and fine sand. The distribution function and probability of false alarm function of the 
detected envelope of widebeam and narrowbeam signals were measured. Some spatial and 
temporal correlation functions of the signal amplitudes were measured. A limited attempt was 
made to compare the results with existing theoretical models. 

PACS numbers: 43.30.Bp, 43.30.Gv, 92.10.Vz, 91.50.Ey 

INTRODUCTION - 

Underwater acoustic bottom backscattering at audio 
and ultrasonic frequencies has been measured and reported 
by McKinney and Anderson, • Wong and Chesterman, 2 
Urick, 3 and Muir et aL 4 The main objective of these mea- 
surements was to estimate the level of the backscattering 
strength. Estimates of the statistical characteristics, such as 
distribution functions and correlation functions, were limit- 
ed. These functions received more attention in surface back- 

scatter, however? -? Recently, the probability density of bot- 
tom backscatter in a freshwater lake has .b9en reported by 
Wilson and Powell. s Thescattered pressure density function 
was estimated, and it was concluded that the density func- 
tion differed significanfiy from a Gaussian function, partieu- 
laxly in its heavy tails. 

In this paper, temporal and spatial correlation func- 
tions, distribution functions, and the probability of false 
alarm functions of the backscattering strength at a site on the 
West Coast were estimated for grazing angles less than 10 ø. 
Their dependence on beamwidth, azimuth, range, and mo- 
tion was examined. At this stage no attempt has been made 
to fit a theoretical model to the results. The correlation func- 

tion of the signal power at the output of an ideal square law 
detector, rather than the signal pressure, was computed. The 
distribution function of the detected signal power was com- 
puted rather than the pressure statistics. A sufficiently large 
number of data samples were taken to allow sensitive esti- 
mates of the distribution function to be made. The distribu- 

tion functions were compared using the Kolmogorov-Smir- 
nov (K-S} test to check for stationarity. Of particular interest 
was the probability of false alarm (PFA) functions, defined as 
one minus the distribution function. The measured PFA 

curves were compared with the Rayleigh model and a log- 
normal model with a standard deviation of 5.57 dB. The 

functions were plotted as a function of the log of the signal 
power in decibel units rather than in linear values. This has 
the advantage that a change in amplifier gain, results in a 
simple shift of the curve without distortion, and allows ran- 

dom processes of different scales but of the same distribution 
to be identified. More generally, the results were presented in 
this form because it is more appropriate for signal processing 
applications. 

The data used are a subset of bottom backscatter data 

recorded off Mission Beach, San Diego, California, in May 
1982. 9 Although data were recorded at a number of carrier 
frequencies, only the 30-kHz data were sufficiently abun- 
dant for detailed analysis. The results presented here were 
obtained with a 0.25,ms cw pulse at a.carrier frequency of 30 
kHz. The data sets used came from two recording sessions; 
one was a recording of bottom reverberation from a fixed 
position, and the other was a recording taken while the sonar 
was slowly and uniformly rotated about a vertical axis. The 
former will be referred to as the "fixed azimuth data" and 
the. latter as the "scan" data. In each case, the maximum 
response axis {MRA} was directed downward at a depression 
angle of 5 ø and both wide {21 ø} and narrow (2.8'} receive 
beams were used simultaneously. The vertical beamwidth 
was 10' in both cases. The signal was a 0.25-ms ew pulse. Due 
to surface backscatter contamination, the scan data were 
valid out to a range of only 70 m. The fixed azimuth data, 
which were taken on a calmer day, were valid for ranges up 
to 100 m. A more detailed description of the site and experi- 
mental conditions is given in Part I of this two-part series. 

The flexibility of the system was somewhat limited by 
the fact that the sonar was mounted on a fixed platform at a 
height of 4.5 m above the bottom. Consequently some oper- 
ating parameters, such as range and grazing angle and bot- 
tom patch and azimuth angle, were not separable. However, 
the fixed platform contributed to the repeatability of operat- 
ing parameters and the high degree of stability that increased 
the accuracy of the statistical an,alyses. 

Two bottom types were represented by the data. The 
fixed azimuth data were taken over a fine sand bottom. The 

scan data spanned a large azimuth sector which included 
both fine sand and coarse sand. A summary of the bottom 
characteristics is shown in Table I. 
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TABLE I. Measured properflea of the two types of sand bottom'at the San 
Diego site? 

Fine sand Coarse sand Units 

Pressure velocity ratio 1.10 1.15 
Acoustic attenuation 0.47 0.29 dB/m-kHz 

Specific density 1.9 2.2 
Mean grain size 8.8 X 10 -• 54X 10 -• m 
rms height fiuctu•ttion 9 X 10 -• 22 X 10 -• m 

[O- 

x(i) 

I. THE CORRELATION FUNCTION 

The correlation functions were computed as functions 
of the signal power. The instantaneous signal amplitude 
was estimated by taking the Hilbert transform of the record- i.o- 
ed data samples, and then taking the modulus of the result- 
ing complex time series. The instantaneous signal Power is 
directly proportional to the square of the amplitude x z (i). 

The normalized power crosscorrelation estimate ½p (•') •= 0.s- 
between two sets of time series power samples x 2 (i) andy 2 (Q 
was defined as follows: 

l•+,v \ /l•+•v M+,v \•/2 

(1) 

where Nis the sampling window, Mis the sample number of 
the first sample within the window, the time shift •- is equal to 
rzlt, r is an integer, and zlt is the data sampling period. This 
definition of the crosscorrelation function is particularly rel- 
evant to signal detection analysis since it is directly applica- 
ble to the output signal of an ideal square law detector. 

In the special case where x 2 (i) and y= (•3 are samples of 
stationary random processes (X = and Y= ), and if the first and 
second moments of the two random processes are equal, then 
the following relationship applies. •o 

E [c.{oo)] = (2) 
where m• is the square of the first moment, and m= is the 
second moment. E [...] denotes the expectation value. Fur- 
thermore, for Rayleigh random processes, •ø 

Of course, if the two processes were also completely 
correlated, then o 

C. (0) = 1. (4) 
In all of the following crosseorrelation results, the num- 

ber of points N was 250. 

A. The autocorrelation function 

The autocorrelation function was measured over sever- 

al sections of the reverberation data. Estimates of the auto- 

c•rrelation functions were computed using Eq. (1) with 
x ----.v. Typical examples of the widebeam sample function 
x(t• and its power autocorrelation function are shown in Fig. 
1. Note that Cp (•-) for large values of ½ varies about arecan 
value of 0.5, which suggests that it may be a Rayleigh pro- 
cess• 

However, the narrowbeam data shown in Fig. 2, re- 
corded simultaneously with the data in Fig. 1, produced a 

1170 1215 

-4 -2 0 *2 +4 

FIG. 1. A typical section of bottom reverberation time series samplea x(t) 
and its autocorrelation Ca(c) from a 0.25-ms cw pulse, at 30 kHz and an 
azimuth beamwidth of 21'. 

1'0 t x(i) 

14dO 1485 15•0 16•7*i 

POINTS 

FIG. 2. A typical section of bottom reverberation time series samples x(t) 
and its autocorrelation C•(½) from a 0.25-ms cw pulse, at 30 kHz and an 
azimuth beamwidth of 2.8 ø. 
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FIG. 3. Ping-to-ping crosscorrelation measurements at 30 kHz, with fixed 
azimuth data showing the effects of medium fluctuations at three ranges. 
Measurements wet'e made with an azimuth beamwidth of 21'. 

markedly different result. For the narrowbeam data, C 
for large values of r varied about a mean value less than 0.5. 
This suggests that the narrowbeam process was non-Ray- 
leigh. These results support the results of the probability of 
false alarm measurements, which also indicated that the pro- 
cess was significantly non-Rayleigh. 

B. Temporal correlation function 

The ping-to-ping power crosscorrelation was measured 
to determine the temporal stability of the reverberation. Fig- 
ure 3 shows the power crosscorrelation functions of the 
widebeam data at a fixed azimuth, from three range intervals 
centered at 35, 50, and 83 m. 

The results suggest that changes within the medium 
were occurring significantly faster than the ping repetition 
rate, thus producing a component of random variation 
between adjacent pings. This component as a proportion of 
the total variations appeared to increase with range. The 
results show that correlation between pings was small but 
not totally destroyed at the ranges of 50 and 83 m, since the 
values of C r (•-} were still significantly higher than 0.5. It is 
interesting to note that random changes in the medium can 
significandy decorrelate the reverberation power between 
adjacent pings. 

The corresponding results for the narrowbeam data, 
gathered simultaneously, are shown in Fig. 4. Both Figs. 3 
and 4 show a similar degree of decorrelation •nd the same 
trend of increasing decorrelation with range, but the transi- 
tion from higher to lower levels of correlation occurred at a 
longer range in Fig. 4. This seems to suggest that random 
changes in the medium do not affect widebeam and narrow- 
beam signals in exactly the same way. This is a reasonable 
assumption from the point of view of weak scattering theory. 
The perturbing influences within the medium may come in a 
very wide range of sizes: the acoustic signal is generally most 
sensitive to scatterers of a certain size, determined mainly by 

0.6- 
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FIG. 4. Ping-to-ping crosscorrelation measurements at 30 kHz, with fixed 
azimuth data showing the effects of medium fluctuations at three ranges. 
Measurements were made with an azimuth beamwidth of 2.8 ø. 

range and beamwidth. • Therefore, the widebeam and nar- 
rowbeam signals may be influenced by inhomogencities in 
the medium of two distinct size ranges whose intensity and 
rate of change may be quite different. 

C. Horizontal spatial correlation 

An estimate of the horizontal correlation function of 

the backscattered signal field was obtained by measuring the 
crosscorrelation between signals from individual staves. 
However, it was found that, even between adjacent staves, no 
significant correlation was measurable. Consequently, it 
must be concll•ded that the horizontal correlation distances 
were much shorter than the stave center-to-center separa- 
tion of 7.6 cm. 

D. Azimuthal correlation 

The ping-to-ping correlation was measured for the case 
where the sonar platform was slowly rotating about a verti- 
cal axis over a large azimuth sector. Assuming that the rota- 
tional axis passed through the acoustic center of the projec- 
tor and receiver, the ping-to-ping correlation should simply 
be proportional to the degree of overlap of the insonified 
areas. After taking into account the decorrelation caused by 
medium effects, the results were found to support this hy- 
pothesis. 

The results from the widebeam data, centered about 
two ranges, 35 and 50 m, are shown in Fig. 5. At a rotational 
speed of 0.8ø/s and with an azimuth beamwidth of 21 ø, it 
would take 26 s to completely traverse one beamwidth and 
thus for the backscattered signals to originate from nonover- 
lapping areas. After accounting for the reduction in correla- 
tion due to medium effects from Fig. 3, the results show a 
steady decline in correlation in the interval 0-26 s at both 
ranges. The results from the narrowbeam data, measured 
simultaneously, are shown in Fig. 6. 
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FIG. 5. Ping-to-ping crosscorrelation measurements at 30 kHz, with a slow- 
ly rotating platform. The a•imuth beamwidth O o was 21'. The angular ve- 
locity dO/dr was 0.8'/s. 

The asymptotic value of C o (•') was generally not equal 
to 0.5, being sometimes larger and at other times smaller. 
This is not surprising because the bottom reverberation 
strength was nonstationary; its mean value was found to 
vary with azimuth as described in Part I of this two-part 
series. The nonstationarity was also evident from the distri- 
bution function comparisons. Distribution function estima- 
tion and comparisons are described in the following sections. 
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FIG. 6. Ping-to-ping crosscorrelation measurements at 30 kHz, with a slow- 
ly rotating platform. The szlmuth beamwidth 0 o was 2.8'. The angular ve- 
locity dO/dr was 0.8'/s. 

II. THE DISTRIBUTION FUNCTION 

Each data sample was converted to the equivalent in- 
stantaneous bottom backscattering strength by adjusting for 
the transmit and receive sensitivities, the propagation losses, 
and the insonified patch area. The backscattering strength 
B, was defined as the perceived target strength per square 
meter of the insonified area. The values orB, obtained were 
found to follow Lambert's rule, i.e., they varied as the square 
of the sine of the grazing angle. Therefore a normalized 
backscattering strength B o could be obtained by removing 
the grazing angle dependence, 

Bo = B, -- 10 logto (sin • 0,), (5) 
where Og = grazing angle. 

The distribution function of Bo, which is a logarithmic 
quantity, was computed. Using a logarithmic variable has 
the advantage that a change or error in a multiplicative pro- 
cess, such as in signal amplification, would only result in a 
shift of the distribution curve without any change in shape, 
and thus it is more tolerant of experimental inaccuracies of 
this nature. The logarithmic variable is also a logical choice 
of units to represent a random variable whose value may 
span several orders of magnitude. 

A. Statlonarity 

By comparing the distribution function of B o, mea• 
sured under different conditions, an attempt was made to 
assess the stationarity of the bottom backscatter as a random 
process. 

The K-S two-tailed test •2'•3 was used to compare the 
measured distribution functions of B o by pairs. Any two 
distributions were deemed to be indistinguishable if they 
passed the K-S test at a confidence level of 5% or higher. 
The K-S test simply examines the maximum deviation 
between two distribution functions. If the maximum devi- 

ation exceeds the predetermined threshold for the number of 
independent samples and required confidence level, then the 
distributions are deemed to be different. 

Using the scan data set, tests were carried out to deter- 
mine if the statistics of B o were stationary with respect to 
changes in beamwidth, azimuth, range, and motion. The 
number of samples in each data set was approximately 3000. 
The results obtained are as follows. 

B. Beamwidth dependence 

The distribution function of a set of widebeam (21 ø) 
fixed azimuth data was compared to that of the correspond - 
ing set of narrowbeam (2.8 ø) data. Both sets of data were 
recorded simultaneously. The distribution functions passed 
the K-S test at the 5% level, indicating that they are indistin- 
guishable. The curves are shown in Fig. 7. However, there 
are discernible differences, as will be shown later when ex- 
amining the PFA curves. 

C. Azimuth dependence 

It was found that the distribution functions of Bo from 
different azimuth angles consistently failed the K-S test. 
This indicated that the statistics ofB o change as a function of 
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FIO. 7. Comparison ofdistribution functions from fixed a•muth widebeam 
{21'} and narrowbeam {2.8'} reverberation, over the range interval 80 to 101 
m. 

azimuth angle, and in this respect it was nonstationary. It 
has already been observed that the mean value of Bo was 
dependent on _a•imuth angle; therefore this was not a sur- 
prising result. 

Next, an attempt was made to determine whether the 
mean level of Bo was the only statistic that was dependent on 
azimuth, or if the actual shape of the distribution function 
also changed. To compare the shapes of the distribution 
functions from different n•imuth angles, it was decided that 
the mean level should be adjusted to 0 dB. The mean adjust- 
ed, normalized backscattering strength Boo was defined as 

Boo = Bo -- 101og•o((10sø/•ø)), (6) 
where ( ) denotes the ensemble average. 

It was found that, over the homogeneous parts of the 
bottom, the distribution functions of Boo from different azi- 
muth angles passed the K-S test at the 5% level. Therefore 
the ditference in backscattering strength may be expressed in 
terms of a single gain factor which varied as a function of 
azimuth angle, 

Fo(x ) = F(x + a), (7) 
where x is the backscattering strength level in dB-m-a and a 
is the offset in dB; the value of a is dependent on the _• •irquth 
angle. 

From the scan data results, the value of a was found to 
vary smoothly from -- 33 to -- 26 dB, over a sector of 113 ø 
looking out over an area of coarse sand. This remarkable 
variation in level must have been caused by a highly clirec,- 
tional scattering mechanism such as sand ripples. 

D. Range dependence 

Range dependence studies were hnmpered by StLrfage 
backscattering contnmirmtion, which entered the mainlobe 
of the sonar directivity pattern via a bottom bounce path. At 
low grazing angles, the bottom was a highly reflective sur- 

face. As a consequence, uncontaminated scan data of bottom 
backscattering were available for ranges less than about 70 
m. The fixed azimuth data had been taken on a calmer day 
and were uncontaminated out to about 100 m. Within these 

limitations, the distribution functions of B o from different 
range intervals were compared. As with the azimuth alepen= 
dence study, there were no detectable differences in the 
shape of the distribution functions. Small relative shifts in 
level of the order of I or 2 dB were required in some cases in 
order to pass the K-S test. This would indicate either a weak 
range dependence or small deviations from Lainbert's rule. 
Since data were collected from a sonar on a fixed platform, at 
a constant height above the bottom, range and grazing angle 
dependences were not separable. 

It is also possible that the change in mean level was only 
apparent, caused by inaccuracies in the measured sound- 
speed profile, which led to ray tracing errors and grazing 
angle estimation errors, and hence errors in the normaliza- 
tion process. Another possible cause would be changes in the 
bottom slope as a function of range. The bottom may not 
have been • perfectly planar as it was assumed to be. At a 
range of 80 m, the corresponding grazing angle was approxi- 
mately 4 ø. At this value of grazing angle, a change in the 
bottom inclination of 0nly 0.7' would produce a 1.3-dB error 
in the 10 log(sin 2 O s) normali .•ing factor. 

E. Motion dependence 

It had been noted that the mean level ofbackscatter was 

azimuth dependent, and also weakly range dependent. 
Therefore the statistics of the data taken over a wide range of 
azimuth angles would be expected to be different from that 
taken from a fixed azimuth, and indeed they are. The distri- 
bution functions of narrowbeam (2.8 •) data from the fixed 
azimuth data set and the scan data set were compared and 
they failed the K-S test at the 5% level. No amount of level 
adjustment could make them pass the test. Therefore the 
differences were not just due to level differences, but due to 
differences in the shapes of the curves. The results are shown 
in Fig. 8. However, since the two data sets were collected on 
different days, it was also possible that the differences may be 
due to changes as a function of time. Unfortunately, insuffi- 
cient data exist to resolve this ambiguity. 

IlL THE PROBABIUTY OF FALSE ALARM 

For sonar performance analysis, the overall shape of the 
distribution function was relatively unimportant. The prob- 
ability of small values of the PFA of 10-•-10 -4 or even 
smaller are of direct interest. Therefore a logarithmic scale of 
PFA will be used. Up to this point, only distribution func- 
tions have been shown, and they all appear to be very similar 
to each other and to the Rayleigh distribution function. For 
the purposes of this study, the PFA is defined as one minus 
the distribution function, 

PFAso(x} = 1 -- Fso(X). 
On a logarithmic scale, the PFA function magnifies any 
anomalies which may exist in the upper-right.hand extrem- 
ity of the distribution function. The PFA of the measured 
bottom backscatter data were analyzed as follows. 
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FIG. 8. Comparison of distribution functiona from scan and fixed azimuth 
reverberation. The data were taken with a beamwidth of 2.8*. 

The PFA of several data sets were compared by pairs. 
The predicted PFA of a.Rayleigh model and that of a log- 
normal model t4 with a standard deviation of 5.57 dB will 
also be shown below for comparison. The immediate objec- 
tives were to identify dependence on beamwidth, range, and 
azimuth. 

Ao Breamwidth del•ndeno• 

The same pair of data sets used in the distribution func- 
tion comparison were used in the PFA comparison. Al- 
though the distribution functions passed the K-S test and 
were therefore deemed to be indistinguishable, the PFA 
curves appear to be significantly different below a PFA of 
10 -2 . The results are shown in Fig. 9. They show an interest- 

-I- 
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: •, 
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NOR ALIZED BACKSCATTE RING STRENGTH. BOO - dB 

FIG. 9. Comparison of PFA from fLxed azimuth widebeam (21') and nar- 
rowbeam (2.8') data at 30 kHz, over the range interval 80 to 101 m. 
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MEAN ADJUSTED BACKSCATTERING STRENGTH, Bt• - dB 

FIG. 10. Comparison of the probability of false alarms of reverberation 
from two sectors, centered about 42' and 210' bearing, respectively. In both 
cases, a narrowbeam (2.8'• was scanned over a sector 54ø wide, and the range 
interval was 27 to 42 m. 

ing deviation at low values of PFA which thus far has not 
been properly accounted for. Since the two sets of data were 
taken simultaneously over the same range intervals, the devi- 
ation must be entirely due to beamwidth differences or dif- 
ferences in the insonitied areas. Interestingly, the widebeam 
data appeared to fit the Rayleigh model but the narrowbeam 
data tended to be log-normal. Shnilar results have been re- 
ported in radar backscattering studies.•s 

B. Azimuthal dependence 

After adjusting for mean level differences, as had been 
done in the distribution function study, the PFA curves from 
different azimuths appeared to be very similar. An example 
is shown in Fig. 10. The data are a subset of the narrowbeam 
(2.8') scan data. They have log-normal tendencies, which is 
consistent with the PFA curve of the fixed azimuth narrow- 

beam data in Fig. 9. 

C. Range dependence 

After adjusting for small differences in mean level, the 
PFA curves from different ranges, within the limits of the 
available data, appeared to be indistinguishable. As an ex- 
ample, the PFA curves of a pair of data sets are shown in Fig. 
11. The data used are subsets of the widebeam (21') fixed 
azimuth data, and they consistently appear to be more Ray- 
leigh than log-normal. 

O. Motion dependence 

It has already been seen that the distribution functions 
from the fixed azimuth and scan data sets failed the K--S test 

and were considered different. It is therefore expected that 
their PFA curves would also be different. In the widebeam 

case, the PFA curves were significantly different. However, 
in the case of the narrowbeam data, the differences in the 
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FIG. 11. Comparison of PFA of fixed n•uth data from two range inter- 
vals, 47 to 68 m and 80 to 101 m, respectively. The data were taken from a 
fixed platform, with a beamwidth of 21', at 30 kHz. 
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FIG. 13. Comparison of widebeam ( 16.5 ø) and narrowbeam (2.8') data at 30 
kHz, scanned over an azimuth sector approximately 150' wide, ove• a range 
/nterval of 27 to 48 m. 

PFA curves appeared to be small in that both have log-nor- 
mal tendencies, as shown in Fig. 12, in spite of the differences 
in their distribution functions, as shown in Fig. 8. 

Finally, the PFA curves of widebeam and narrowbeam 
scan data were compared to see the beamwidth dependence 
of data gathered from a wide azimuth sector. Both curves 
had log-normal tendencies, as shown in Fig. 13, unlike fixed 
azimuth data which showed a clear distinction between 

widebeam and narrowbeam. This result suggests that mo- 
tion, in this case the scanning of the sonar over a wide sector, 
introduces nonstationarity to such a degree that it over- 
whelms the beamwidth dependence of the PFA function. 

-i 
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FIG. 12. Comparison of probabilities of false alarm from scan and fixed 
azimuth mverberallon. The data were taken with a beamwidth of 2.8'. 

IV. CONCLUSIONS 

From autocorrelation function and probability distri- 
bution function measurements, it was found that the rever- 
beration of a widebeam sonar (21') from a oniform bottom 
area and at a fixed azimuth was consistent with the Rayleigh 
model. The agreement was good even at values of PFA as 
low as 10 -3 . Reverberation measured simultaneously, but 
with a narrowbeam receiver (2.8ø), showed a significant devi- 
ation from the Rayleigh model, particularly at low values of 
PFA, but the K-S test at the 5% level did not detect this 

Fluctuations from ping to ping were attributed to medi- 
um fluctuations. The component of medium induced fluctu- 
ations increased with range. The rate of increase with range 
was dependent on the sonar beamwidth, as well as on the 
medium characteristics. For this particular data set, fluctu- 
ations become the dominant component of the reverberation 
beyond a range of about 50 m. This suggests that ping-to- 
ping averaging may be used to remove a significant propor- 
tion of bottom reverberation even when the sonar position 
and attitude relative to the bottom is fixed. 

From one bottom area to another, the distribution func- 
tions of the normalized backscattering strength remained 
constant in shape, but the mean level of the backscattering 
strength may shift depending on nzimuth and position, as 
well as bottom type. The backscatter may be considered as 
originating from a common random process whose output is 
multiplied by a scaling factor which is position and azimuth 
dependent. 

The distribution function of the norms!i7ed back- 

scattering strength collected over a wide range of azimuth 
angles was characterized by nonstationarity. The distribu- 
tion function of the ensemble, as well as the PFA function, 
appeared to be independent of beamwidth and definitely 
non-Rayleigh. They showed a log-normal tendency. 
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