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ABSTRACT

Data were obtained and substituted into a model to test whether
the distribution of the acoustic variable, propagation loss, is
affected by the correlation between the two oceanographic para-
meters, sea surface roughness and mixed-layer thickness. It was
found that the correlation coefficient is only 0.1 and that the
distribution of propagation loss is not affected by this
correlation.
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1. INTRODUCTION

This report describes some work on the effects of correlation

between environmental parameters on the distribution of acoustic

propagation loss in the ocean surface-duct. It was prepared whil'. .

second author was visiting RANRL during a vacation from his courses at the

University of New South Wales.

An isothermal mixed layer that is generally found near the surface

of the sea has a positive sound-speed gradient (with respect to depth) L

and is therefore an acoustic duct. There are four main parameters in

determining the propagation loss from a source:

a. Horizontal range

b. Frequency [In this paper, two frequencies will be examined:

a medium frequency (1 kHz) at long range (bO km); and a high

frequency (20 kHz) at a short range (4 km)];

c. Sea surface roughness; and

d. Duct thickness.

SS.

4 JN024U
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2. EXPERIMENTAL METHOD AND RESULTS

I A. The first steps involved with this investigation werewto select

the Tasman Sea as the area of interest and then to obtain some data. With

this in mind, we obtained reports of eight CSIRO Oceanographic cruises

(refs 1-8) which passed through the rectangle of consideration, which was

defined as latitudes from 32S to 360S, and longitudes from 151*E to 160 E.

The data obtained from these reports are shown in part (a) of Table 1,

in the form of joint distributions of wind-speed and duct-thickness

J. obtained by analysing 153 observations of temperature profiles. The

results are described by 10 intervals of wind-speed (the "Beaufort Scale")

and by 12 intervals of duct-thickness.

The computer program that produces these data works in the

*. following way:

1. It initializes all variables and files that are used.

2. It then checks whether the latitudes and longitudes are within the

rectangle of consideration, and whether the sonic water depth is

greater than 3000m.

3. The sound speed is checked to determine at what depth the sound

speed is a maximum. Successive values for depth, temperature, and

salinity are fed into the computer until it determines that the

calculated sound speed is less than the previous sound speed.

4. Wind speed (Beaufort Scale), and depth at which sound speed was

greatest, are used to determine which element in the distribution

matrix corresponds to a given temperature profile.

The above process was repeated until the eight available reports

were completed. After this was done, a small computer program was written

which read the data and produced the matrices shown in Table I.
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For wind-speed, the level on the Beaufort Scale is defined Gs

follows:

Beaufort Wind-speed Beaufort Wind-speed
level (kt) level (kt)

0 0 5 17 - 21
1 1 - 3 6 22 - 27
2 4 - 6 7 28 - 33
3 7 - 10 8 34 - 40
4 11 - 16 9 41 - 47

To convert from wind-speed to surface wave-height, we chose

Neumann's expression for the mean square roughness (ref.9):

= 3 x 3.05 x (1/2'3/2 (U/2g)s  (1)

or

() 2.5 x 10- 3 U2'5  (2)
'.

where U is wind-speed in m/s. If W is the wind-speed in knots, then

U = 0.515 W (3)

and eq. 2 becomes

A = 0.475 x 10- W2 "  (4)

Since there is a spread of windspeed within each level of the Beaufort

scale, the average value of A was estimated by calculating the value of

waveheight for the average wind-speed of each Beaufort level. The

resulting RMS waveheights are as follows:

Beaufort A Beaufort
level (m) level (m)

0 0.000 5 0.75
1 0.003 6 1.41
2 0.027 7 2.44
3 0.10 8 3.96
4 0.32 9 6.10
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The next phase of the task was to obtain another set of data for

analysing. The Hydrographic Office at North Sydney has a large collection

of XBT's (Expendable Bathythermograms). An XBT provides a graphical

illustration of the temperature profile in the ocean. With each XBT there &

is a "log" which contains other information such as wind speed (in knots),

* air temperature, etc. The task of looking at hundreds of XBT's was done

manually because computer tapes with the digitized information were not yet

available. Again the criterion for determining the duct-depth was maximum

sound-speed. The depth at which the maximum sound-speed occurred was

* determined by laying a transparent plastic template (over the

. temperature/depth curve) on which were drawn contours of constant

sound-speed. The template was moved horizontally until the

temperature-depth curve touched the nearest contour in a tangential manner

(from the left). The depth at which the two curves were tangential was

taken as the depth of maximum sound-speed. (Salinity was neglected). The

results for the joint distributions of wind-speed and duct-thickness

* |obtained from 544 observations can be seen in part (b) of Table 1.

The basic statistical parameters of the data obtained are the

means and standard deviations of RMS waveheight (in metres) and duct-depth

-(in metres), and the correlation coefficients between these variables. The

*. results for these parameters can be found in Table 2, where we note for

example that the (product-moment) correlation coefficients t between

waveheight and duct-thickness are only 0.1 in both cases.

Propagation losses were calculated from the following formulae,

which are adapted from ref. 10.

PL = 60 + 20 log R + (C + D + E) R , if R < 0.633 BI2 (5)

r ,or

53.5 + 10 log R + 5 log B + (C + D + E) R, if R > 0.633 B1&

--t The relatlon coefficient. whose maximum value is unit,, Is a measure_
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where

R is the horizontal range in km;

B is the duct thickness in m;

C is the coefficient of absorption (due to magnesium sulphate an,'

boric acid in the ocean);

D'is the coefficient of leakage from the duct due to diffraction

(D is large if the frequency is below the "cut-off" frequency of

the duct); and

E is the coefficient of leakage from the duct that is related to

surface roughness.

(The units of C, 0, and E are dB/km).

The only term that includes the surface waveheight is E , for

which the following expression (adapted from ref. 11) has been chosen:

E = 7.1 [ A/(BA) I dB/km (6)

where A is the RMS waveheight (m);

B is the duct-thickness (m); and

X is the acoustic wavelength (m).

The coefficient of absorption (C) is primarily a function of

frequency. At 1 kHz, the absorption is dominated by boric acid and is

sensitive to the pH of the ocean. In the Tasman Sea the surface pH varies

between 8.1 and 8.2 (ref. 12); we select the more common value of 8.1.

For a (summer) water temperature of 23°C, the "relaxation frequency" (fr)

of boric acid is 1.5 kHz (ref.13). Substitution of these values into the

expression (ref. 13):
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p a

C (boron) = 0.11 x 10pH-8 f2fr/(fr2 + f2 ) , (7)

where f is the frequency in kHz,

yields

C(boron, 1 kHz) = 0.064 dB/km.

At the same temperature, the contribution of magnesium sulphate to the

* absorption at 1 kHz is only 0.004 dB/km (ref. 14). The total absorption

* .coefficient at 1 kHz is therefore

C(lkHz) = 0.068 dB/km

At 20 kHz, absorption is dominated by magnesium sulphate and is

sensitive to water temperature. For a temperature of 23*C the coefficient

-. is 1.8 dB/km (ref.14).

The contribution of boron is, from eq 7,

C(boron, 20 kHz) = 0.2 dB/km

. The total absorption coefficient at 20 kHz is therefore

C(20kHz) = 2.0 dB/km

:* Evaluation of the diffraction coefficient (D) is described in ref.15.

Basically, D decreases as the ratio of frequency to the duct's "cut-off"

* frequency (fco) increases (fco B 3/2 and fco = 200 Hz when B 1 100 m).
" f~c o I c °  ,
At the cut-off frequency, D 1/3, and 0 = 0.7 dB/km when

co co co

fco = 200 Hz.

,d
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Since the required parameters have now all been prescribed, the

values of the propagation loss (in dB) for 1 kHz at 50 km Range, and for

20 kHz at 4 km range, were calculated on a computer for each combination of

waveheight and duct-thickness, The results are shown in Table 3.

As well as calculating the propagation losses, the computer

program also calculated the cumulative probability distributions of

propagation loss for the cases of duct-thickness and waveheight being both

dependent and independent. The resulting cumulative distributions are

presented in fig. 1. it can be seen from fig. 1 that the differences

between the "actual" and "independent" cumulative distributions are

negligible. In view of the small correldtions between these two

parameters, this result was to be expected.

-a
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3. DISCUSSION

The main objective of this section is to compare our results with

those presented by Hall (ref.15). In that paper, the surface roughness was

divided into the following three intervals of wind-speed (as measured on

the Beaufort scale): 0 - 2; 3 and 4; and 5 and above. (The average values

of RMS waveheight for these intervals were estimated to be 0.05, 0.3, and

1.5 metres respectively). Th- duct-thickness was divided into the

following four intervals: G - 25m; 25 - 35 m; 35 - 45 m; and greater than

" 45 m. The average values for each of these intervals were estimated to be

10, 30, 40, and 60 m, respectively. Hall presented a joint distribution

(roughness and duct-thickness) for each of 10 ocean areas around Australia.

Of these, Area #3 corresponds closely with the region selected for this

report.

(a) Distributions of Duct-thickness and Sea-State

An interesting fact that can be seen in ref. 15 is that for a

-" "rough" sea (which corresponds to a wind-speed of at least 5 on the

"- Beaufort scale), B = 40 m never occurred in any of the ten areas which were

presented. Also to emerge was that for "slight" seas (corresponding to

. wind-speeds of up to 2 on the Beaufort scale) B = 30 m never occurs (in the

ten areas). Within the CSIRO results, a duct thickness (B) of 35 m +5 m

never occurred. In the HYDRO Results, the combination of B = 40 m and

small wind speed has a very low frequency of occurrence. The combination

of B = 30 m and small wind speed has a frequency of occurrence that is

* consistent with that of the ten areas presented in ref. 15.
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Table 1 also shows the marginal probabilities for the CSIRO an:

HYDRO Results. The likelihood of slight seas is 42% in the CSIRO Results,

and 18% in the HYDRO Results. The latter results are comparable with those

presented by Hall, where the likelihood of slight seas in Area #3 was 22%.

The prevalence of "rough" seas is 21% in the CSIRO Results and 35% in the

HYDRO Results. Again, these results are comparable with those of Hall,

where the likelihood of rough seas in Area #3 is shown as 34%.

The mean and standard deviation for both sets of data are

comparable with the results presented in ref.15. The correlation

coefficient between waveheight and duct-thickness is 0.10 for the CSIRO

Results and 0.09 for the HYDRO Results. These coefficients are about one

half of that presented by Hall, where the correlation coefficient in Area

#3 is shown as 0.24.

(b) Distributions of Acoustic Propagation Loss

The distribution of propagation loss (PL) for the 1 kHz and 50 km

range problem is approximately the same as in ref. 15. Very large values

for PL occur for small duct-thickness and large waveheight, which is as
p.-..

would be expected.

The cumulative probability distributions (CPD) derived in the

present study differ from those presented in ref.15. For the case of

20-kHz frequency and 4-km range, for example, Hall's CPD's had standard

deviations of several decibels, whereas the standard deviations in the

present study are much larger. Given that the variations in the

environmental parameters are comparable, and that the same acoustic model

has been used, the cause of this difference should be that we have used
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10 or 12 values to represent the environmental parameters, whereas Hall

used only 3 or 4. This hypothesis was checked by re-presenting the data in

Table 1 in the same manner as in ref.15, followed by a re-calculation of

*" the probability distributions of propagation loss. The resulting

*(simplified) joint distributions of the wind-speed and duct thickness are

.. shown in Table 4 (together with the distribution for Area #3 from ref.15).

Neither of these distributions is similar to the distribution for Area #3

* in ref.15 (although the distribution of surface-roughness for the

"- Hydrographic Office data is similar to that for Area #3). A comparison of

" the resulting cumulative probabilities of PL (at 1-kHz frequency and 50-km

range) as calculated using (a) 3 x 4 and (b) 10 x 12 values of surface-

roughness and duct-thickness is shown in fig. 3. In this example we see

that, for both the "Hydro" and the CSIRO data, and for most values of PL,

the "coarse" method yields significantly lower cumulative probabilities

than does the "fine" method. For example, for the "Hydro" data, the second

decile occurs at PL = 97 dB for the fine method, whereas the coarse method

predicts that it occurs at PL = 104 dB. A similar comparison of the

predicted results of the coarse and fine methods for the example of 20-kHz

frequency and 4-km range is shown in fig. 4. The differences are again

significant, but in this example both positive and negative values for the

difference between the predictions of the two methods, occur. For the

Hydro data, the second decile occurs at PL = 82 dB for the fine method,

whereas the coarse method predicts that it occurs at PL = 86 dB. (For the

*. 9'th decile, however, the corresponding values of PL are 105 and 100 dB

respectively).
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4. CONCLUSIONS

Surface-roughness and duct-thickness are not quite independent,

since they are observed to have a correlation coefficient of 0.1. This

correlation is sufficiently small, however, that it has no effect on

cumulative probability distributions of functions (such as acoustic

propagation loss) of these two parameters.

Division of environmental parameters into only 3 or 4 levels

causes significant errors in the predicted probability distribution of

dependent parameters such as propagation loss.
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(a) CSIRO data 
1

wind-speed
(Beauforte) MARGINAL

Duct- 0 1 2 3 4 5 6 7 8 9 TOTALS
Thickness m) - '_ _

0 - 9 1 10 20 10 5 4 3 2 0 0 5S

10 19 0 0 0 0 1 0 0 0 00 1

20 - 29 1 11 6 9 7 9 1 2 1 0 47

30 - 39 0 0 0 0 0 0 0 0 0 0 0

40 - 49 0 0 2 3 2 0 2 0 0 0 9

50 - 74 0 2 1 3 2 1 0 1 0 0 10

74 - 99 0 0 2 2 3 3 0 0 0 0 10

100 - 124 1 1 1 1 2 0 0 0 0 0 6

125 - 149 0 0 0 2 0 0 0 1 0 1 4

150 - 199 0 1 1 2 0 0 0 0 0 0 4

200 - 249 0 1 1 2 0 0 0 0 00 4

250 -350 0 0 2 0 0 0 0 1 0 0 3

MARGINAL TOTALS 3 26 36 34 22 17 6 7 1 1 153

(b) Hydrographic Office data

W nd-speed

(Beaufort R
D u ct 5' oe Sc a le ) 

MA R G INA L '

Duct-
Thickness(m) 0 1 2 3 4 5 6 7 8 TOTALS

0 - 1 1 5 7 10 11 4 6 0 0 44

10 - 19 0 4 6 15 15 10 1 1 1 53

20 - 29 1 6 8 11 13 6 7 2 3 57 r

30 - 39 1 3 9 20 22 10 11 6 0 82

40 - 49 2 1 4 15 23 6 5 0 3 59

50 - 74 1 5 12 17 24 14 13 5 b 96

75 - 99 0 2 3 7 5 4 3 2 0 26

100 - 124 0 0 4 3 6 6 3 0 2 24

125 - 149 1 2 3 2 5 4 3 6 0 26

150 - 199 0 0 1 13 2 6 11 3 1 37

200 - 249 0 0 6 8 8 14 0 4 0 40

MARGINAL TOTALS 7 28 63 121 134 84 63 29 lb b44

Table 1: Numbers of joint occurrences of wind-speed and duct-thickness as

obtained from (a) CSIRO oceanographic data, and (b) RAN Hydro-

graphic Office XBT data.
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(a) CSIRO STATISTICS

(A) RMS waveheight: = 0.37 m

= 0.77 m

(B) Duct-thickness: N = 46.41 m

-B = 61.72 m

PAB = 0.10

(b) HYDROGRAPHIC OFFICE STATISTICS

• .- (A) RMS waveheight: A = 0.69 m

OA  = 0.82 m

(B) Duct-thickness: I = 69.94 m

oB  = 62.79 m

PAB = 0.09

Table 2: Summary of the statistics of waveheight and duct-thickness.

r.
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(i) Frequency 1 kHz, Range 50 km

Wave-hei h.

Duct- 0.000 0.003 0.027 0.10 0.32 0.75 1.41 2.44 3.96 6.10

Thickness(m) -

5 1992 2003 2015 2038 2064 2088 2140 2189 2247 2310

15 758 764 771 784 799 813 843 871 905 941

25 255 260 265 275 287 298 321 343 369 397

35 132 136 141 149 159 168 188 2U6 228 252

45 93 97 101 109 117 125 142 159 178 199

63 82 85 88 95 102 109 124 137 154 172

87 83 85 88 94 100 106 118 130 144 159

113 83 86 88 93 98 104 114 125 137 150

138 84 86 88 92 97 102 112 121 132 144

175 84 86 88 92 96 100 109 117 127 130

225 85 86 88 92 96 99 107 114 123 132

300 85 87 88 91 95 98 104 111 118 126

(ii) Frequency 20 kHz, Range 4km

Wave helh

Duct-
0.000 0.003 0.027 0.10 0.32 0.75 1.41 2.44 3.96 6.10

Thickness ()

5 225 229 233 241 251 260 278 295 316 339

15 73 75 78 82 88 93 103 114 126 139

25 74 76 78 81 86 89 98 105 115 125

35 75 76 78 81 85 88 95 101 109 118

45 80 81 82 85 88 91 97 103 110 117

63 80 81 82 84 87 89 94 99 105 112

87 80 80 82 83 8b 88 92 96 101 107

113 80 80 81 83 85 87 91 94 99 103

138 80 80 81 83 84 86 90 93 97 101

175 80 80 81 82 84 85 88 91 95 99

22b 80 80 81 82 83 8b 87 90 93 96

300 80 80 81 82 83 84 86 89 91 94

Table 3: Propagation loss for each of the 120 combinations of a,

• duct-thickness and RMS waveheight based on a
P theoretical model.

I -= = = = m m m m m m m m m m mm-
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dA

0.05 0.3 1.5
SB (m) W

CSIRO

10 20 11 6 37
30 12 11 9 32
40 1 3 1 5
60 9 12 5 26

" 42 37 21 lOU

HYDRO

10 4 9 4 17
30 4 8 6 18
40 3 11 5 19
60 7 19 20 46

a 18 47 35 100

AREA #3

10 11 19 6 36
30 0 1 8 9
40 4 8 0 12
60 7 16 20 43

22 44 34 100

Table 4: Joint probability distribution (%) of surface-rou9hness and

duct-thickness when described by 3 and 4 values of the para-
meters (respectively).

'S

.1

i . . . ...... ...... .. .
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KEY:
98 - Z HYOROGRAPHIC OFFICE DATA - ACTUAL DISTRIBUTION.

97 - A HYDROGRAPHIC OFFICE DATA- DISTRIBUTIONS ASSUMED
96 - TO BE INDEPENDENT.
95 - o C.S.I.R.O. DATA ACTUAL DISTRIBUTION

O C.S.I. R 0. DATA DISTRIBUTIONS ASSUMED
90 - TO BE INDEPENDENT.

HALL (1984) AREA & 3 - ACTUAL DISTRIBUTION.

V HALL (1984) AREA #3 -DISTRIBUTIONS ASSUMED

so TO BE INDEPENDENT.

70

60 ,

CUMULATIVE L
50 PROBABILITY

40

30 *c

20 ,ccc- ~

10 V T 1

5
4
3 0
2 - ~n

PROPAGATION LOSS (dB--a

SO 90 100 110 120 130

Fig. 1. Predicted cumulative probability distributions
of surface -duct propagation toss in the
Tasman Sea for a frequency of 1 kHz and
a range of 50 km.

%a
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99

98

97 -

96 -

90 - CUMULATIVE0-PROBABILITY
(1%1 i

| 80

70

60 D dD d0 coS

* 50

*40 0

KEY:
,: 30 A HYDROGRAPHIC OFFICE DATA- ACTUAL DISTRIBUTION.

20 A HYDROGRAPHIC OFFICE DATA-DISTRIBUTIONS ASSUMED
.2020 TO BE INDEPENDENT.

o Q C.S.I.R.O. DATA ACTUAL DISTRIBUTION

' C .S .I . R .0. DATA - DISTRIBUTIONS ASSUMED
* 10 A TO BE INDEPENDENT I

." HALL (1984) AREA #t 3 - ACTUAL DISTRIBUTION.
5 - HALL (1984) AREA # 3 - DISTRIBUTIONS ASSUMED

4 TO BE INDEPENDENT.

* 3

S2
PROPAGATION LOSS IdB)-,..

1 1 1 1
0 90 100 110 120 130

Fig 2. Predicted cumulative probability distributions
of surface-duct propagation loss in the
Tasman Sea for a frequency of 20 kHz
and a range of 4 km.
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KEY:
98 - ins HYDROGRAPHIC OFFICE DATA 10 x 12 VALUES.-
97 A HYDROGRAPHIC OFFICE DATA 1 x 1 VALUES.-

A HYDROGRAPHIC OFFICE DATA 3 x 4 VALUES.

0 C.S.I.R.O. DATA. 10x 12 VALUES.

0 C.S.I.R.O. DATA. 3x 4 VALUES.

90-

so -d

80 -

60-
CUMULATIVE

so -PROBABILITY5 (%) A A

40 -.

30 -

20 -0 0 0

10 0 0 0

5

3 -

2 -C
PROPAGATION LOSS (dB)-;"

1 I I L I I ,I .

80 90 100 110 120 130
'

Fig. 3. Comparison of the probability distributions
of propagation toss obtained with (a) 3 x 4
and (b) 10 x 12 vaLues of the parameters surface-
roughness and duct-thickness, for the case of
1 kHz frequency and 50 km range.
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99

N h

95 
A

A

CUMULATIVE
PROBABILITY

80

70 A

S 6 0 0 0
50 A

1 so -

40

30 -

20 - KEY: AS FOR FIG. 3.

* 20 A
0

i: 10 0

A

*- 3

2
PROPAGATION LOSS (dB) -l

- 1 1 I I I I 'p

s So 90 100 110 120 130

Fig. 4. Comparison of the probability distributions of
propagation loss obtained with (a) 3 x 4 and :1

(b) 10 x 12 values of the parameters surface-
roughness and duct-thickness, for the case
of 20 kHz frequency and 4 km range.
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