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ABSTRACT

Underweter sound-transmission data have been analyzed to deter-
mine the relstive effects of varicus environmental parameters such as the
depth of the surface iscthermzl layer, wind force, and thermal structure.
Results are given for the effect of wind for a range on transmission loss
in an isothermal layer for 8, 16, and 25 kc. The probable errors are 2,
5, and L db, respectively. Transmission-loss data vs. range for various
combinations of proujector and receiver depths expressed as multiples of
half the layer depth are given. The principle of reciprocity has been
found to be applicable in tie analysis of the data. Correlation coefli-
cents have been computed to determine the relative effects on transmission
loss of factors such as wind force, bottom depth, and the thermal gra-
dient below the layer. Wwuhen analiyzing data where a NAN thermal pattern
is present, it has been found that a range unit related tc the distance
tetween the source and Liie shadow boundsry Zecreases the spread of the
data. In the analysis of shallow-water data from Woods Hole Oceano-
graphic Institution it has hocn found that a range unit based on the
bottom "skip" distance likewise reduces the spread of the data. Thecre-
tical studies have been carried out which indicate that some informaticn
on the reflectiorn coefficient of the sea surface may be obtained from an
analysis of surface reflected pulse shapes. No data have been svailatle
to check this work as yet. Theoretical studies on the possible scatter-
ing caused by varlations in the index of refraction cf the medium are
reported. The effect seems to be tov small tc be important, however.

A theoretical expression is derived frr computing values of scattering
coefficients from transmission-loss data obtained in the shadow zone.
They have been found to vary from 35 to 75 db.
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NOTICE: TRIS DOCUMENT CONTAINS INFORMATION AFFECTING TﬁE ;
NATIONAL DEFENSE'OF THE UNITED STATES WITHIN THE MEANING
OF THE ESPIONAGE LAWS, TITLE 18, U.S.C., SECTIONS 763 and 794.
THE TRANSMISSION OR THE REVELATION OF ‘ITS CONTENTS IN

ANY MANNER TO AN UNAUTHORIZED PERSOCN IS PROHIBITED RY LAW,
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INTERIM TECHNICAL REPORT

AN ANALYSIS O UNDERWATER SOUND-TRANSMISSTION DATA

I. INTRCDUCTION

In the first six months of the present contract period various
aspects of the underwater sound-transmissicn problem have been treated by
the analysis of data obtained by other labcratories. In general the em-
phasis has been to find the eftect of anvironmental factcrs on sound-
transmission loss. The data used were from Project AMOS, UCDWR, WHOIL,
and NRT,., 'I'he techniques of anaiysis that have been used include those
develgped in previous work under this contract.

The work has been divided into varicus tasks and some of the
results obtained thus far are presented in this report.

II. CALCULATION OF THE PROBABLE ERRORS IN THE EMPIRICAL
" EQUATIONS FOR THE TRANSMISSION LOSS IN THE TOP HALF
OF AN ISOTHERMAL LAYER

It has been foundl that an empirical equation of the form,

LA = AdJusted lcss = A + B log RA + CRA =+ DRAW

b

glves a good fit to transmission-loss data from Project AMOS and NRL. A,
B, C; and D are constants that are devermined bty the method of least
squares. Table I gives the equations previously reported. In the last
column calculations were macde only for the case of the projector and

*+J. R. Frederick, and J. C. Jchnson, "Study of Application of Environmental
Information to the Detection Phase of Undersea Warfare"; p.5-6, Engineer-
ing Research Ins.itute Project M93%6, University of Michigan, Ann Arbor,
December, 1955 (Confidential).

R R -

CONF DEN AL

: -
- - ’ . - - S
- v S




——

D ol o 4

CORNEIDENTIAL
\.f(:>P4|'!l:)EE?q i |iﬁ\1.

ENGINEERING RESEARCH INSTITUTE -« UNIVERSITY OF MICHIGAN —
receiver in the top half of the surface isothermal layer. These egquatiocns
were determined by the method o1 least squares over the sdjusted range in~
terval O to 1.5 skip distances, The NRL data are from references 2 and 3.

TASIE T

TABULATION OF THE EQUATION Lj - A + B log Ry + CRy + DRpW AS
CALCULATED FROM THE ADJUSTED TRANSMiSSION-LOSS DATA FOR 25, 16, AND 8 ke

Pr 2
Eedneasys Data Source Line N i_ObabIC
ke . _ ) Error, db
25 AMOS Cruises Lp = 43.3 + 12.3 log Rp + 181 4.1
S o K 15.2Rp + 3.1RpW
16 AMOS Cruises Lp = 19.8 + 15.6 log Ry + 327 3l
7 G
5:7,8,9,11,12, 4.5R) + 2.1RpW
alnd ol
8 AMOS Cruises Ly = 51.7 + 16.2 log Ry + 345 2.2
5:1,8,9,11,12, 0.9R, + 1.1RyW
and NRL }

.

ITTI, TRANSMISSION LOSS FCR VARIOUS COMBINATIONS OF
TRANSMITTER AND RECEIVER DEPTHS

Figures 1. 2, 3, and bk arc curves showing the unadjusted and
adjusted transmission iuss at & and 25 ke for verious combinations of
projector and receiver depths. Only conditions where a surface isothermal
layer was present have been considered. The prcjector or receiver depths
were grouped according to whether they were in the upper half of the iso-
thermal layer, the lower half of the layer, a distance below the layer
equal to one-half the layer depth, or at all depths greater than these.
The regions are designated as 1,2,3, and 4 and transmission from one re-
gion to another is indicated by 1-1, 1-2, 2-4, etc.

r. J. Urick, "Sound Transmission Measurements et 8 and 16 ke in Caribbesan
Waters, Spring 1949", NRL Re-ort 3556 (Confidential).

2. J. Urick, "Sound Transmission to Long Ranges in the Ocean", NRL Report
3729 (L949) (Confidential).
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Below the isothermzl layer the only reascn to expect tThe zdjust-
ment to work is that most of the energy arriving at a point below the layer
arrives therc after having travelled most cf the distance in the layer, par-
ticularly at the longer veanges. IL Is Lo be expected that the adjustment
wiil become progressively worse as the depth of the receiver and/or the
projector below the layer is increased. Table II shows the probable errors
for transmission between verious regions.

TABLE IT

PROBABLE ERRORS FOR TRANSMISSICII-LCST "URVES
SHOWN IN FIGS. 1, 2, 3, AND &4

Probable Errors

Transmission 8 ke 25 ke

Path Unad justed Adjusted Unad justed Adjusted
Data Data Data Data==

1-1 5 3 8 b

i-2 5 3 8 5

i-3 L L 8 6

1-4 L 4 8 7

2-2 6 6 8 6

2=3 8 5 10 8

2-4 5 5 e} 7

3-3 6 6 12 9

3.4 6 6 8 10

bals 6 5 & 9

In the plot of the transmission-loss data best lines were calcu-
lated only for the receiver and projector in the top half of the layer.
In the other cases the lines were drawn to give the bezt fit to the plotted
points. The data on which the curves are based are from Froject AMOS,
UCTCWR and NRL.
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Figure 5 shows a bar graph of the various ranges that are possible
in the presencz of an lsothermal layer for different combinations of projec-
tor and target deptins with respect to the layer depth. bitrary values

of one-way transmissisn lcoocc at 8 and 25 ke were assumed.

IV. LAW OF RECIPROCITY

It the law of reciprocity can be applied to the transmission of
souni in the ocean, then interchanging the po¢sitions of the projector and
receiver should have no effect on the observed trsnsmission loss. An in=-
vestigation of the extent to which it holds was made by comparing the
results for the projector in the tcp balf layer and the receiver in the
first half-layer depth below the layer with the reciprocal situation where
the receiver is in the top half of the layer and the proJjector in the first
half-layer depth below the layzr. AdJusted data from Cruises 5,7,8,9,
end 11 in the range iInterval 0.3 to 1.5 skip distances were considered.
The equations for the straight lines determined by the method cf least
squares over this interval are given in Table III. These lines were cal-
culated over the adjusted range interval of 0.3 to 1.5 skip distances.

Rp is the adjusted range.

TABLE III
EQUATIONS OF THE STRAICHT LINES DETERMINED BY THE METHOD

OF LEAST SQUARES FOR RECIPROCAU POSITIONS OF THE
PROJECTOR AND THE RECEIVER

Ad justed A Justed Ad Justed
Frequency, Projector Receliver Transmission No. cf
ke Depths Depths Loss, db Measurements
25 0 - 10.5 1.0 - 1.5 k2.3 + 34.6Ry 99
25 1.8 - 1.5 0 -0.5 Lh.0 + 35.2R, L7
8 0 - 0.5 1.0 - 1.5  BL.3 + 21.1R, 98
8 1.0 - 1.5 0 - 0.5 142.8 + 25.2R, L7

The sgreement between the reciprocal cases is goond and hence it
appears that the law of reciprocity can be applied tu tramsmission under
these conditions.

0
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Fig. 5 Bar Graphs Showing Various Ranges that are Possible in the
Presence of a Surface Isothermal Layer for Different Combinations
of Projector and Target Depths with Respect to the Layer Depth.
Arbitrary Values c¢f Allowed One-way Transmission Loss at 8 and T
25 ke are Assumwed, famecly 75 and 95 db, Respectively. ‘
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V. COKRELATION CF UNDERWATER SOUND-TRANSMISSION
LOSS WITH VARIOUS ENVIRONMENTAL CONDITIONS

In order to dctcormine the relative importance of some of the fac-
tci's affectinz underwater sound transmissicn, = study has been made of the
transmissiorn-loss data obtained by project AMOS, UCDWR and NRL. The pro-
cedure has been to calculate the ccrrelsaticn coefficients between transmis-
sion loss and the magnitude of various environmental factors which are known.

Only transmission-loss data with an isothermal layer present have
been considered. The quantitative effects of layer depth and temperature
of the layer have already been shown in a previous report.' When the data
are adjusted for variaticns in layer depth and temperature the spread be-
comes much less and a measure of the effects of the other factors such as
wind force, the gradient below the layer, traunsducer depth, etc., are more
easily obtained.

As is shown in reference 1 the adjusted transmission loss is
obtained from the cohserved loss by means of tne following formmlas

Ly = Ly - @Ry - 10 log D ,

whare
Ly, = adjusted transmission loss, db,
L, = observed transmission loss, db,
Af £2 ,
Qp = —————— ,; the relaxation absorption coefficient, db/kyd,
£2 + £2
m
with i
£y = 2.19 x 107 exp 0300 ),
t + 460
~ /
A = 0.60,
t = temperature °F ,

by, c. Meecham, J. C. Johnson, J. R. Frederick, "An Analysis of Project

AMOS Da*z to Determine the Effects of Oceancgraphic Conditions cn 8 and
25 ke Sound Transmission", Engineering Research Institute Project MS36,
University cf Michigan, Ann Arbor, March, 1957 (Confidential).
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1]

Ry unadjusted range in kiloyards, and

D layer depth in feet.

The resulting adjusted transmission loss Lp can be expressed empirically
by an equation of the form

LA = A-z-BlogRA+CR+DRAW,

where A, B, C, and D are constants determined by the method of least squares
fit, W, is the wind force in Beaufort units, and Rp is the adjusted range.
RpA is obtained by means of the following equation

Ry

Ry, = —
492 D
The adjusted proJjector ard receiver depths are obtained by dividing the
unad justed depths by the layer depth.

At adjusted ranges greater than 0.2 or 0.3 the dependence of
tra smission loss on range is approximately linear, and hence, to reduce
the amount of calculations most of the correlation coefficients presented
in this report have been computed using a siraight line to represent the
average loss in this region. The principal range dependence of the adJjusted
loss is removed by subtracting the average loss from the observed loss at
a given range. This difference is referred to as the deviation of adjusted
loss from the best line. It is this deviation that is correlated with the
various anvirormental factors.

Standard statistical methods and concepts were used in the
determination of the correlations.”

Data at 25, 16, and 8 ke from project AMOS Cruises 5, 7, 8, 9,
10, 11, end 12 and from UCDWR® are used. However, most of the calculations
only make use of AMCS data. Table IV lists the AMOS stations that were -
used and the wind forces, layer depths, and surface temperatures of those
stations. i}

Only projector depths in the upper half of the isothermal layer
were used. Hydrophone depths are grouped according to whether they are

5C. H. Gouiden, Methods of Statistical Analysis, 2nd Ed., Jchn Wiley and
Sons, New York, 1952.

€n

Transfer of UCDWR Underwater Sound Propagation Data to IBM Punched Cards
by USNUSL", USNUSL Tech. Memc. NP24/21A1, 5 November 1951.
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TABLE IV

PROJECT AMOS CRUISES AND STATIONS USED IN THE
CAICULATION OF CORRELATION BETWEEN TRANSMISSION
LOSS AND VARIOUS ENVIRONMENTAL FPARAMETERS

e Layer Surface
Cruise Station Be;;;:;r:ccézés Die.,:th > ’l’-empf:;n ture
p— —— —— ——— ——— ————
2 4 55 132 79
5 b k.0 132 79
5 5 4.0 154 79
5 6 5.0 269 78
) 6 545 265 78
2 T 4.0 255 76
5 20 4.5 121 gl
5 21 L.5 97 69
2 25 2.5 4o )
5 29 549 42 70
5] 25 b.5 97 69
5 25 6.0 o7 69
T 5 2.5 125 81
T 8 ) 225 76
£ 8 5.0 225 76
8 1 1.6 450 €8
8 1 {5 450 68
8 1 3.0 450 68
8 1 4.0 450 68
8 3 3.0 390 69
8 3 k.o 390 69
8 3 4.5 390 69
8 4 0:.5 360 69
8 4 1.0 360 69
8 b 2.0 360 69
8 T 3.0 490 69
8 T 35 490 8
8 7 35 620 68
8 9 670 63
8 g 0.5 670 63
8 10 0.5 640 63
8 10 1.0 640 63
8 23 Rs 25 65

R
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TABLE 1v (Continued)

Layer Surface
Cruise Station Beziﬁgrzogiits D:ith: Temps;ature,
8 23 3.0 125 65
8 22 Dia) 125 65
9 p f.0 95 pil
9 5 6.5 35 oL
9 & 2.0 60 49
9 6 51 109 49
9 6 4.0 109 49
9 6 L.,0 60 49
9 T 3.5 5k 50
9 T 4,0 54 50
9 8 k.0 55 51
9 10 1.0 85 58
9 10 2.0 85 " 58
9 10 4,0 65 58
9 11 2.5 65 65
9 12 4.0 75 67
S 12 P50 75 67
9 5 o N 65 67
9 16 6.0 95 6L
9 17 3.0 125 62
9 17 4.0 125 62
9 18 MO 85 60
9 18 M) 85 60
1l 2 b5 65 57
11 2 5.0 €5 b1
1 2 ) 65 L7
11 3 4.5 45 )
il 3 5.0 75 Lh
1) 3 B T Lk
1l L 2.5 45 46
g I 4 20 65 46
gl 4 oo 65 )
11 5 B 45 4o
11 17 2.0 65 51
il 18 3.0 55 5%
13
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in the upper or lower half of the layer or below the laver. The transmis-
sion lcsses usged are averages of the transmission losses takern in a hydro-
phone depth interval at a given range.

Considering that the data studled represent a random ssample of
the etfects present in the ocean, the results presented here can be regarded
as valid. Occasionally there are instances where even though there were
many measurements this condition of randomness is probably not sufficiemtly
fulfilled becauwse the number cof stations considered was not large enough.
In these cases anomalousresults may be expected. In general, however,
the correlation coefficients obtained are in agreement with the mechanisms

involved in transmission loss that have been postulated.

A. The Effect of Wind Force on Transmission Loss

When there is transmission in a channel produced by a surface
isothermal layer one of the contributing causes to the loss is scattering
from the layer by the surface and by oceancgraphic phenomena related to
the surface. This means that the loss would be expected to increase with
an increase in the surface roughness or sea state. Since sea state is Just
an estimate by an observer and hence not too reliable, it was felt that
the wind force, a measureable quantity, would be & better description of
the sea surface. A finite and positive correlation between the wind force
and the deviations of the adjusted transmission loss would be expected from
the best stiraight line fitting the data. It is found that this correlation
coefficient at 25 ke for the projector and recelver in the top hisll of the
layer is + 0.50, which is significant at the 1 percent level for the 118
measurements taken from AMOS Cruises 5, 7, 8, 9, 10, and 11 in the adjusted
range interval O.lL to 1.1 skip distsnres (the linear portion of the curve).

In a report by Munk! it is stated that certain phencmena noted at
sea show a "discontinuity" at a wind speed of about 7 meters per second,
which corresponds to a Beaufort 4 wind force. Among these phenomena men-
tioned are the number of whiie caps, wind stress, rate of evaporation, se&
return on a radar screen, etc. In an earlier report by this grouph it was
mentioned that the deviations of the adJusted trensmission loss from the
line of least sgueres could be grouped around two different ordinates with
o transition occurring at about wind force 3, e.g., a curve of the form
shown in Fig. 6 could be fitted to the data.

Since the calculation of the correlation coefficients used in this
study assumes & llucar dependence between the variables, it might be expected

w. m. Munk, "A Critical Wind Speed for Air-Sea Boundary Processes", New
Series, No. 349, Seripps Institute of Cceanography.
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@t ///Vbruises 5,9,10,11
S ~——
45—5 1 " i SR - 4 A i
o0 < 2 [/ 3 L <] 6
v
A
. J
i
Cruises 7,8
Fig. 6

Deviations of Adjusted Transmission Loss from
the Line of Least Squares vs. Wind Force

that the presence of the above effect could be emphasized by grouping the
data into smaller groups according to wind force and determining the cor-
relation coefficients. In general, it was found that the wind forces for
the ststions used from AMOS Cruises 7 and 8 were low and were spread over
both regions of the curve shown in Fig. 6. The wind forces from Cruises
5. 9, 10, and 11 on the other hand, were mainly over the upper part of the
curve, If there is a wind force effect on transmission loss, then because
of the distribution of wind forces the correlation of the deviations of the
adjusted loss vs. wind force, fg,, , would be higher for Cruises T and 8
than that for Cruises 5, 8, 10, anrd 11. 7Thus the coefficient for all the
data would intermediate between these two groups. This turns out to be

the case a3 can be seen in Table V.

To check on the rellablility of the AMOS data calculaticns were
made for the wind-force effect using UCDWR data cbtalned in the Tacific
Ocean from 154k to 1945. It was found that the two groups of dsta gave
consistent results for the wind-force correlations. For 24 ke data in
the range laterval 0.20 to 1.10 with the receiver in the top half of the
layer, 352 UICDWR messurements gave a ccrrelation coefficient between trans-
mission loss and wind force of C.47. This is cignificant at the 1 percent
level for this asmount of data. This is to be compared with a correlation
of 0.52 which was significant at the 1 percent level for 150 AMOS pcints
in the same range and depth intervals,

Since the sound at the longer ranges has been reflected from the
surface more times than that at shorter ranges, it would be expected thsat
the inclusion cf the range 1.10 to 1.50 in Table V for Cruilses 5; 9, 10,

and 1) weuld tend to make the correlation higher than it would otherwise.
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TABLE V
CORRELATION COEFFICIENT FOR DEVIATIONS OF THE 25 ke ADJUSTED
TRANSMISSION LOSS FROM THE STRAIGHT LINE OF LEAST SQUARES
FITTING THE DATA vs. WIND FORCE

Both the projector ard receiver were in tne top hail oi tue layer

Correlation between

Cruises funige iRnteivel, Transizission Loss N Significance
SIS e and Wind Force Level, %
7,8 0.L4o - 1.10 0.64 S 1
By 040, 11 0.40 - 1.50 0.23 88 5
54 75859,30,11. 0,40 = 1.10 QL5E B3 L

The fact that this correlation coefficient is small probably results from
the poor distribution of the wind forces.

The distribution of the data is poor {rom another standpoint.
The high wind-force data, in general, has shallower layers than the low
wind-force data. How much of the avove mentioned effect is due tc wind
force and how much of it is actually due to layer depth cannot be completely
ansvered by the use of AMOS data. It is significant, therefore, that the
UCDWR data gave similar correlations.

B. The Influcnce of Range on the Effect of Wind Force on Transmission Loss

As mentioned above, o larger rercentage of the energy at the
longer rangcs has been reflected from the surface, and hence the influence
of range on the wind-force effect will be larger at the longer ranges. It

has been shown8;9 that thic effect on intensily is approximatzly exponential

8W. C. Meecham, "Propagation of Radiation in an Inhcmogeneous Medium Near
an Irregular Surface”, JASA 25, 10.2 (1953).

9W. C. Meecham, "Memorandum on the Attenuation of Sound in the Ocean at
Lerge Ranges due to Surfaece Reflec'ion", Memorandum zubmitted to ONR, .
December, 1953.
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with ranges snd so the deviations in db were divided by the correspanding
adjusted ranges in order to reduce the bias of the longer ranges. The
correlation coefficients, rdAw/RA s were then recalculated for this ratio
and wind force and found not to bz significently diffezrent.

As a further attempt to study the influence of ranse on the wind-
force effect the range depoendence was partialled out.* The result was
that the correlation coefficient again was not significantiy changed. The
fact that the calculation of these coefficients sssumes that all the depend-~
ences are lineer. coupied with the fact that nc significant changes were
noted after partialling out the range, leads tu the inference that this :
influence, tc & first approximation, is not linear.

C. The Freguency Dependence of the Effect of Wind Ferce

In general, as the wavelength is increased it is expected that
the surface and surface connected effects will become less and less impor-
tant, i.e., the scattering cross scction decreases. However, as may be
seen in Table VI the correlation at 8 ke is almost as large as that at
25 ke, The data are for both the projector and receiver in the top half
of the layer. The apparent ancmaly at 16 ke can be asscciated with the
general tendency of the AMOS data at that frequency to give spurious results
in other respects. Results for.the receiver in other positicns are given
in Table VII.

TABLE VI

CORRELATION COEFFICIENTS FOR DEVIATIONS OF THE ADJUSTED TRANSMISSION
LOSS FROM THE STRAIGHT LINE OF LEAST SQUARSIS vs. WIND FORCE

Frequency, Gritges Range r4 Significance
ke AV Level, %
e
25 8 0.4 - 1.1 0.6 1
25 S 2 50595 10,11 0.k - 1.1 0.5 g
16 e 1 o 0 Wl 0.4 - 1.1 045 1
1..6 8 04)4‘ - lal 0-05 =
8 5,7,8:9,11 o4 - 1.1 0.k 31
8 8 0.4 - 1.1 0.5 i

*Partialling cut range dependence means that an assumed linear dependence
of the deviations on range is removed by the calculation of the partial
correlation coefficient.

17
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D. Effect of Wind Fcrce cu Transmission Loss to the Region 3elow

Iscthermal Layer

In the model. used the energy radiated from a proJjector in an
isothermal liayer to a recelver below the lay~r travels fo that point mostly
by the way of the layer,., subsequently arriv.ng there after having been scat-
tered by the surface and surface connected effects. The effect of the wind
force on the deviations would, therefore, be approximately the same as that
shown in Table VI for transmission in an isothermal layer. Table VII shows
this to be the case, particularly at 25 kec. The meons were calculated feor
adjusted transmission loss in the range interval of 0.1 skip distance.

The proJector was in the top half layer, the receiver in the first half-
leyer depth below the layer.

TABLE VII
CORRELATTION COEFFICIENTS FOR THE AMOS CRUISES 8 AND 9 DEVTATIONS

OF THE ADJUSTED TRANSMISSION LOSS FROM THE MEANS OF AMOS
CRUISES 5,7,8,9, AND 11 vs. WIND FORCE

Frequency, R Significance
e r N
ke ang e Level, %
25 G4 - 1,1 0.66 41 1
16 Oa,"l' S lcl 0015 38 ==
8 0.4 ~ 1,1 0,34 b1 5

1 _E'.c

The reason for the usc of the deviations of Cruises 8 and 2 from
the means of Cruises 5,7,8,5, and 11 is that at the time these were ¢

other Cruises were not available.
needed to determine the effect of the gradient be-
lov the layer. shich is discussed

culated the BTs for the
nhtained whren they were

al-
They were later

The Effect of the Gradient Below the Layer on the Wind-Force Fffect

The general shape of the thermal pattern of the cases considered
The slope of the initial break, i, was

on this study is shown in Fig. 7.
chosen as one simple measure of the thermal gradient beneath the layer.

This is defined as the slope of the thermal pattern immediately beneath the
léyer in units c¢f degrees per hundred feet,

-

Two othe: measures were alsc

18
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used: ATs5p = average slope in first 50 feet below the layer and ATy =
average slope in firct 100 feet below the layer. 1t was found that the use
of these different measures gave about the same results for each case be-
cause of' the high correlation between ithese three meanures.

Temperature
] L

|
4

|~r—— Depth
i

Fig. 7

Typical Bathythermogram {or
an Isothermal Surface Layer

The general technique used in this section was to partisl cubt the
effect cf the thermal gradient, assuming strictly linear dependences. The

results obtsined are given in Table VIII, where rgpw and rdpw.i are the
coefficients before and after partialling cut the slope of the initial

break. The data used were in the adjusted range interval 0.4k to 1.1 skip
distances.

Using tne thermal information from all the cruises, the results
in Table IX were ohtained vsing AT;n4 as the measure of the gradient be-
neath the leyer. The projector was in the top half of the layer while the
receiver was in the first 150 feet below the layer. The calculations were
made over the adjusted range interval 0.3 to 1.5 skip distances. Data
from AMOS Cruises 5,7,8,9, and 1l were used.

Since the correlation coefficients are not significantly changed
wher the gradient below the layer is tuken into account by parilalling
it out, the conclusion may be drawn that it has little effect on the
magnitude of the wind-force effect for both the projector and receiver
in the top half layer., It is a slightly larger effect for the receiver
beneath the layer, as might be expected.

19
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TABLT VIII

THE CORRELATION COEFFICLENTS OF THE DEVIATIONS OF CRUISES 8
AND 9 ADJUSTED TRANSMISSION-LOSS DATA FROM THE MEANS OF
" CRUISES 5,7,8,9, AND 11 vs. WIND FORCE

Frequency, Receiver Depih W Signiricance .. i Significance N

ke " _Level, ¢ N il Level,

25 top balf of layer 0.63 3 0e55 1 78
25 Jirst half-layer
de ~th below the 0.60b 1 0.57 1 41
1.8 o0
16 first haif-layer
depth below the 0.13 - 0.13 - 38
layer
8 top half of layer 0,39 1 055 i 79
8 first half-layer
depth below the G.3h 5 0.15 - L1
layer
TABLE IX

CORRELATION COEFFICIENTS OF THE DEVIATION OF THE ADJUSTED TRANS-
MISSION LOSS FROM THE STRAIGHT LINE OF LEAST SQUARES .vs. WIND

FORCE BEFORE, rq ., AND AFTER PARTIALLING OUT AT100 Tdw-

A ATy00

Fregzency, Laye§tDepth, T TG N Sissiiicagce
25 D £ 130 0.51 0.37 Ly 1 5
25 D> 130 BT C.69 70 1 1
8 D> 1% -0.28 -0.39 70 -1
8 p< 1%0 0.60 0.47 I3 1 1

20
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F. Effect of Layer Temperature, Bottom Decpth, and Layer Depth on the

Wind-Force Effect,

In order tc show that the effect of wind force on the transmis-
sion loss was not ceused by variations in surface temperature, bottom depth,
or layer depth, correlation coefficients were computed with these quantities
partialled sut. The results were not significantly different:. There were
slight increases in the correlation coefficient when the effects of sur-
tace teuaperature and bottom depth were removed and a slight decrease when
variations in layer depth were taken into consideration.

G. Correlation of Devistions of Adjusted Loss with Range

Because of the many effects entering into the transmission of .
sound that tend to increase the spread of the measured loss with range
it is expected that there would be a strong correlation between the
deviations of the adjusted loss with rasnge. This is borne out by the
calzulations. This correlation coeffTicient was calculated at 25 ke for
stations from Cruise 8 with both projector and receiver in the tep half
of the layer. The range interval considered was .4 to 1.1 skip distances.
The value found was 0.76, which for the 46 points used is signilicant at
the 1 percent level. It was also found that the partialling cut of the
wind ['0orce increased this coefficient to 0.8l4, also significant: at the
1 percent level.

H. Correlation of the Deviations of the Adjusted Loss vs. Bottom Depth

No significant correlation was found to exist between transmission
loss and bottom depth over the ranges of 0.2 to L.H skip distances consid-
ered in this investigation. Only transmission from a projector in the top
half of the layer to a receiver in the first half-layer depth below the

layer were considered in making this analysis.

I. Correlations of the Deviations of the Adjusted Loss vs. the Gradient
Below the Layer

Since the sound that 1s measured in the layer at a given range
travels almost entirely to that point by way of the isothermal layer, it
might be expected that the tranmsmission ioss in the layer would not be
dependent on the gradient telow the layer. Wher the wind force was par-
tialled out, it was found in most czases that the correlstion coefficient
was decreased almost to zero. Tsble X gives thc results obtained for the
various correlation coefficients. The coefficients were calculated over
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the adjusted range interval 0.4 to 1.1 skip distances. The projector and
recelver were in the top half of the layer. Ip general, the agreement and
congistency is good.

TABLE X
THE CORRELATION COEFFICIENTS OF THE DEVIATIONS OF THE ADJUSTED

10SS FROM THE STRAIGHET LINE OF LIAST SQUARES vs. THE SLOPE OF
THE INITIAL BREAK BEFCRE AND AFTER PARTIALLING OUT WIND FORCE

Freizency, Cruises Tapi Partial ?EE N Si:?iiic;nce
25 8 0.06 58 -
25 8 801 wind force 58 =
25 8,9 C.h1 78 1
25 8,9 007 wind force 78 -
8 8 0.55 58 i
8 8 C.u46 wind force 58 1
8 8,9 0.19 79 =
8 8,9 0.05 wind force 79 -

Teble X was calculated using the slope of the initial bresk as the
measure of the gradient belcw the layer. It was found, as has been men~
tioned before, that the other two measures of the gradient helow the lsayer
(AT5O and AToo) lead to essentially the same results.

For transmission from a projector .n the layer to a receiver below
the layer a positive correlation between the deviations and the gradient
below the layer might be expected. This is partially because for a sharper
gradient the stronger the refraction, and hence, a smaller region in the
layer 1is scattering energy from the layer into the region bhelow, therefore
a larger loss would be noted. Table ¥XI celculated from data from AMOS
Cruises 8 and 9 in the adjusted range interval O.4 to 1.1 skip distances
shows this to be the case. These correlation coefficlients are &ll signif-
icant 2t the 1 percent level, The projector was in the top half ci the
layer and the recelver was in the first half-layer depth below the layer.

.
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TABLE XI

CORRELATION COEFFICIENT OF THE DEVIATICWS OF THE ADJUSTED TRANSMISSION
LOSS FROM THE STRAIGHT LINE OF LEAST SQUARES vs. THE SILOPE OF THE
INITIAL BREAK BEFORE AND AFTER PARTIALLING OUT WIND FORCE

) Fre&geney, rdpi N Partial Jut
25 0.72 b1 |
25 0.66 41 wind force |
16 0.52 38
16 0.52 28 wind force
8 Gl 41
8 Gz L1 wind force

Table XII gives similar results for the AMOS Cruises 5,7,8,9,
and 11 with the receiver in the first 150 feet below the isothermal layer
and the proJjector in the top half of the surface isothermal layer. These
are calculaited over the range interval 0.3 to 1.5 skip distances. It is
to te noted that the partialling out of the wind force decreases the cor-
relation between the deviations and the gradient beneath the layer.

The correletion is, in most cases, significantly smaller for the
deep layers than that for the shallow layers. This difference in correla-
tion coefficients for the different groupings of layer depths might be at-
tributed in part to the fact that for the deeper layers the gradients tend
to be less sharp. Hence, the distributicn is such that these gradients
do not vary as much as those for the shallow layers. This could therefore

P

result in a smaller correlation coefficicnt fcr the decper loyers,

23
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TABLE XII

CORRELATION COEFFICIENTS OF DEVIATICNS OF THE ADJUSTED LOSS
vs. A MEASURE OF THE THERMAL GRADIENT BELOW THE LAYER BEFORE
AND AFTER PARTIALLING OUT WIND FORCE

Frequency, Layer Tasi rdAATlOO Partial Out N Significauce
ke Depth . Level, %
25 D <« 130 0.54 0.57 Ll I
25 D ¢ 130 0.38 0.47 wind force L4 1 1
25 D > 130 0.29 0.47 70 S
25 D . 130 0.26 0.26 wind force 70 5 5
16 D € 130 0.41 O.u7 41 I
16 D >13%0 0.18 0.18 : 66 - -

8 D 4 130 B=56 C.52 L3 S
8 D < 130 0.3k 0.3k wind force 43 5 5
8 D > 130 0.50 0.16 (o) 1

8 D 7 130 0.58 0.32 wind force 70 S

VI. ANALYSIS OF TRANSMISSION LOSS DATA
" WHEN A NEGATIVE GRADIENT IS PRESENT

The analysis of transmission loss in water with negative gradients
extending down firom the surface was undertaken using data cbtained from the
05 Cruises. The useable amount of the data limits the analysis to a
qualitative explanation of +the phenomena ohserved. The effects of the
environmental conditione such as wind force, sea state, and small variations
in the thermal gradient were not considered.

Six stations, listed in Table XIII, with definite negative grad-
ients were selected Trom AMOS Cruises for analysis.

P2

CONFIDENTIAL

»
-

b ®



SRRy N AN A Y

——

CONFIDENTIA

ENGINEERING RESEARCH INSTITUTE -« UNIVERSITY OF MiCHIGAN

TABLE XIII

USED TN NRGATTVE GRADIENT ANATYSTS

Fouiee Station Depth Interval, Temperatgre Gradient,
) . ft = °F/L06 T
5 22, surface downward 1
8 22 surface dcwnward .5
9 S surface to 155 0.7
155 to 200 11:6
200 downward 0.85
11 8 surface to 150 3
150 downward 0.7
11 11 surface to 85 o
85 to 120 10
120 downward D)
11 13 surface ic 110 1.k
110 tc 145 9
145 downward 0.5

Projectocr depths of 20, 50, 100, 150, 200, and 250 feet were
Then the data were grouped according to whether the receiver deptlis

A

)

used,
were shallow (20 and 50 feet) or deep 200 and 250 feet

To reduce the spread of the data, the observed range was expres-
sed in Rp units; Ro being defined in Fig. 8 fz. an arbitrary ray diagram,
whicn is the hr -lzontal range petween the projectcr and the positios of the
surface limited ray at an arbitrary depth of 10C feet. t ie prcbahie
that some other depth more closely related to the receiver <depth would give
better adjustment of the dats, but this adds to the complexity of the
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Water, R, is the Range Unit in which to Express the Obscrved Ranges

analysls,
wes made

from the
over the

33 show plots of the unadjusted and adjusted data.

be drawn:

1.

S

effects of wind force and ovilier environmental data. It would also be pos-
Bible with more data to obtain an empirical expression for the transmission
loss in terms of the projector and receiver depths and the average temper-
ature gradient over the region of lunterest.

CONFIDENTIAL
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Limiting Ray
Fig. 8

Limiting Ray for Transmission in Negative Gradient

Projector deptbks were not averaged, but a separate ray dlagram
for each one.

The usual temperature dependent relaxation loss Ofp was subtracted
measured loss. The temperature used was an approximate average
ray path between the projector and receiver. Figures 9 through

By examination of the plotted data the followlng conclusions mey

Ad justment, of 25 kc data results in a noticeable decrease in the
spread of the data.

There appears to k2 no abrupt incresse in the rate at which the
attenuation is increasing on going from the direct field into
the shadow zone. It should be noted, though, that the range
unit chosen is only an approximation of the range to the shadow
boundary.

Backrround noise appears to limit the measurable intensity, and
henc:, the measurable loss at distances greater than 1.5 to

2.0 units.

A larger amount of dsta would allow future analyses to consider
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In order o find out more ahout the mechanism by which sound is
propagated into the shadow zone 5t would be of interest to (1) use pulse
data, {2) study the effect of various parameters on the shape of the pulse
received ir the shadow zcne, (3) study the rate of attenuation in the shad-
ow zcne for different conditions, and (4) determiue the effect of frequency
on the observed attentuation as a function of range.

VII. ANALYSI5S OF SHALIOW WATER ‘MRANSMTSSTON-LOSS DATA

In the pericd 1944 to 1945 the Woods Hole Ceeanographic Institution
made a number of shallow water sound transmission-loss measurecments along
the Atlantic coast ard in the Gulf of Mexico with frequencies of 12 and
2} ke. The data were extensively analyzed and the results published in a
WHOT memorandum.lo A summary of part of the results appears in an NIRC

Summsry Technical Report.

The most sbundant data exist for propagation over sand bottoms
with NAN and MI¥E thermal conditions. Heuce, to get results of statistical
significance these were the categories on which most effort was spent.
Table XIV shows the distribution of the tramsmission runs made by WHOI.
Arniyses of other types of bottoms are difficult because there is insuf-~
ficient information as tc the properties of various types with regard to
reflection and absorption of sound.

In treating the data three adjustments were made to account for
the following factors: (1) attenuation due to temperature-dependent
relaxation effects, (2) bottom depth, and (3) the BT pattern.

The attenuation due to temperature-dependent relaxation effects
was computed using the relationship

a A 1 'm
ab/xyd T = . .2 2
R
where
f = frequency of scund wovs,

h¥al
*Y&. P. Woollard, "Sound Transmission Measuwicmcatc st 12 ke and 24 ke in

Shallow Water", WHOI, 1 May 19L6 (Restricted).

ll b} Kf\

Summary Technical Report, Div. 6, vel. 8, 13%9-54, NIRC.
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TABLE XIV

SUMMARY AND CLASSIKFICATION OF WHOI OBSERVATIONS

Sand Mud < 5 Deep

Sand Mud Sto Total
Mud Sand Y 200 fms ora

24 ke
NAN L7 20 141 25 16 - 119
CHARLIE 2k 1 17 11 g8 - 5k
MIKE 33 L 1) 28 18 - 89
PETER 3 13 2 Ll - 6 12

Steeply Sloping Bottoms

UP SIOPE - 6 - - - - 6
DOWN SLOPE L = = 12 - = 16
LTS Ll 36 120 55 6 356

i2 ke

NAN 36 12 T 16 15 3
CHARLIE 9 1 1 1 L - 16
MIKE 32 2 - 19 2 - 55
FETER 9 12 5 L5 - 7 78
Steeply Sloping Bottoms

UP SLOFE - 6 - 6 - - 12
DOWN SLOEE 1 -~ = 12 - = 13
o7 23 13 39 21 8 261
GRAND TOTAL 617
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fm = 2.19 x 10! exp ,:éégg_
L60 + t

t = tomperature. "F, ond

A = Oo6lo

This 1s subtracted from the measured trarsmissicn loss at each range. The
temperature used was cn estimated average cver the sound path.

For NAN patterns the adjustment for water depth was accompiished
in two ways (1) by subtracting a term 10 log D frcm the measured transmis-
siou loss, and (2; by expressing the observed ranges in terms of the bot-
tom skin distance. This is defined as the horizontal distance that a sur-
fece limited ray will travel between the point where it grazes the surface
end the point that it strikes the bottom (Fig. 1ih).

\ Limiting Ray

e s

-

Source g4

!
I
!
I
i
|

FPig. 14

Ray biagram for Negative-Gradient Thermal Structure

The extent to which these adjustments have reduced the spread of
the data mey be seen Trom Figs. 15 and 16. These are plots of 24 ke trans-
mission-1lcss data taken over saand cotteris under NAN-thermal conditions.
Data are from 30 runs in 11 different areas. The average standard devi-
ation has been reduced from 7 o 5 db. In selecting the 30 runs to be
analyzed only those with no variations in the BT pattern with range were
used.,

Considereble effort was put inte trying tc find specific things
that would sccount for the wide spread of the data that ‘s found ip trens-
mission over the various types of bottoms, but with 1little success. More
infermation is needed about svch things as the reflective properties of the
bcttom, the horizontal thermal structure, thermal microstructure, snd bot-
tom contour. The amount of the Woollard data is insdeguate tc even arrive
at any statistical conclusions.
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VIII. A METIOD OF OBTATNING REFLECTION COEFFICIENTS
OF THE SEA SURFACE FROM PULSE DATA

W. C. Meecham

The reflection coefficients of the surface can easily be deter-
mined from a study of pulse data, providing the transmitted pulse is short
enough so that the direct and reflected components are separated and that
only e small annular region of the surface is irradiasted at any instant.
Thesz conditions will give = characteristic structure to the pulse which
will enable tke reflecticnn coefficient of the surface to be calculated by
the following method. Assume that:

{a) all contributions to the intensity measured have random phase,

(b) there is no volume scattering, and

{c) there lis no true specular reflection.

For the purposes of simplicity only the cases where no refraction is pres=-
ent and the projector znd the receiver are at the same depth will be coun-

sidered. ith a simple modificatior of the treatment it is possible to
inciude these cases also.

If the sea surface 1is disregardcd, then the contributions of the
acoustic energy srriving at the receiver at any given instant after the
direct vulse will be reflected fram e surface of an ellipsoid of revolution
with the projector and receiver gt the two foci. If the sea surface is
added, the points reflecting to the receiver form an ellipse on this sur-
face, providing the projector and receiver are at the same depth z, as
shown in Fig. 17« The energy arriving in the time Interval, At, wiil Dbe
reflected from the zone between the ellipsoidal surfaces Sl and Sp. This

will begin to arrive at the receiver at a time t after the pulse was filrst
traasmitied,

b rotry 4
[ b
e c
ry = range of scattering element from projector,
ry = range of scattering element from receliver,

(¢}
i

velocity of sound propagation.
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A
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Projector

Fig

Elliptical Zone on the Sea Ui

An instant later a new ~one
larger S3 {(not shown). Since random

successive zone adds an increment AX

AT =

where
ale,d:00,8")

6,0;0',8

]

At =

tion are a(Z) and b(Z).

crement in intensity can be expressed analytically as

The semimsjor and semimincr axes, respectively, of the ellipsocid of revolu-
The coordinates of a point on the ellipse formed
by the intersection of the sea surface and the ellipsoid of revolution

are
2
. = ( -
(L) el2)\J1 6) ( £)>
and r""““"if“
w2 = { a Ve,
blf) b‘z)\/l \b(zf))

. 17

s

urface Irradiated iln a Time AL

will be irradiated between S, and
phasing between zones is assumed, each
to the sveruge intensity. The in-

. &t & (8,8;8,8')

ticn coefficient,

polar angles of the reflected and
incident radiation, respectively, axd

arbitrarily chosen increment of time.
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wkere
a() = £,
2
e SRS
v(fd) = 1/4 VE° - re 5
N
£ = 1] +ry ,
r = range between the projector and the receiver.

Therefore, solving for the reflection coefficient and differentiating obtains

o= AT 1
A(e,p:8',0" =
( J¢. ,¢ ) CAt F(,Z) )
where
¥( = 47+ = ’
163t re 5L Ve ——

end r = range between projector and receiver,

An effort is being made to obtain suitable pulse data to test
the method.

IX. VOLUME SCATTERING OF SCUND DUE TO SMALL RANDCM
VARTATIONS IN THE INDEX oF REFRACTION

It is known that sound propagated in the sea undergoes veclume
scattering.le Liebermann has suggested that a pessible source of the
scattering is the small variations in the thermal structure of the sea,*’

]
enppysics of Sound inm the Sea Part I Transmission®, Div, 6, vol. 8, NIRC,

23, 563 (1951).

e

J'BLiebezmrm, L.y J. of the Acous. Soc. of Amer.
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Here the case of a plane wave passing through a medium containing
rendom veriations in the index of refraction is treated. It is assumed
that the variations are caused by small inhomogeneities in the thermal
structure.l5 Then an e>pression for the volume scattering coefficient m
is obtained. By using certain experimentally messured quantities i% is
possitle to calculate a 7alue for m and compare it with the values reported
in references 12 and 13.

First, consider a medium whose index of refracticn is given by

AT = L+,

o,
l.—l
e

where

a1

and

———

a(?#) = ¢

H
[
-

n(?) n(F)

1
=
—~

4]
]
-

N(0)

1
(o]

i gives the rms variation of the retractlve index; N(¥ - 3') is the autn-
correlation functlon for variations in n, and n(¥) indicates an average of
n(?) over the medium. In order to simplify the discussion, assume that
n(?') = 0 outaide of = reglon of volume V.

The arguments and derivations are similar to those of b".:i.n‘t,zer.l]+
In the present wocrk, pilane instead of sphericsl waves are considered for

simplicity and the scattering coefficient itsell is derived.

Asesvming an Ineciient plane wave of unit intensity, the istegral
equation fcr the excess pressure is

p() - ofKoT .

W ~ iko ?—?‘i
s ‘4 n(?) & \‘ o(@ @ . (2)
T -2

Ly

ll.
“Mintzer s D., "Wove Propagation in a Randomly Inhomcgenecus Medium I",
Research Anslysis {roup, Brown University, 15 May 1953.
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Since o is presumed small the Born aprrceximation can be used ard written
for p(T), the first term in the iteration expansion,

S 2 ~ N e A-21 oy
p(‘?) i cik{:“I/ B ?koa ' ll(?') elK'O|r | c1 1{:"0? ;:_—. ) /z\
b, |7 - 79 2
If it is sssumed that n(?) = 0 for }?j)R, then for l?|>}R it can be
written
- _'-—), 1 G
REN b L £ R
NEEET r ° ’
where K = ko T Therefore, for ir\ ?7 R,
r
= Sy ~>\ L7 ikor
p(?.?) = pikoY . 2_k0a ‘-)v n(?x) el(Yo-k)'r" dr' € ko . (1)
by r

The scattering cross section !s Jjust the square of the absolute vaiue of
ikor
the coefficient of €90 .

r
[ 27\2 5
o (0,8) = |5 f n(T) eHIRE) T d?’\
¥ (5)
L2V o e
= /i"g\ ,l [ a2' a®* n(P) n(®") SRR - @)
‘\ezf/ "'V JV T

Here r" is the distance from the source to some other point in the scat-
tering region. Nc'v average over an ensemble of scatters to get the wean
cross section and assume the ensemble average of n(F') n(F") is equal to
the space average. The autocorrelation function is then

(n(?’) nF)> = a) (@) = XF -7 .

L1
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Therefore,

Lo (6,0)> : (..ki_.\' lp aw Iﬁ & N(F ") i(k>o-k) - (PP . (6)

Assume N(F'-?") "% ¢ for |F' - 3"l > p, where p is small compared with
the linear dimenssimias of the fOluIIic V and if variabiles are changed

—_
=2 > ~
k) =
r' -7 €,
—. -,
EY = &

—->
then the 7! integrmt—v1 v3ill Jjust inuvroduce s factor of V and the § in-
tegration will be ici:pendent of the volume,

K‘d - Ly ™ = 5,
<O (Eﬁ,j / \ (\ d pl(kO'k) ® g H(g) (7)

-
Here the § integr—stiicn zay be taken over all space.

If writiza

C I R N

)

—~
(00]
-~

where l --E,l, the scat.tering coefficient m(6,8), i.e.; the fraction
cof tbe energy in e~ m rov beam which is scattered into the direction 6,

per yard of travel_,nuy te defined by

mis,p) = ‘; L0 (e,8)> ©)
then
2\2
. x“a "
(e = \-2—"- NE, - %) . (10)
ird
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Liebermann has measured <“he thermal microstructure in the ocean
and states that the autocorrelation function for variations in the index

of rzfraction dus to these thermal fluctuations is approximated by the
funetion

NG = K8 g - ||, (11)

with l/K % 60 cm; he alsc quotes a value of a? = 5 % 10'9.

Using kquation 11 it is found that

MT) = 8 L - (12)
(K2 + ¢2)2
and thereforc;
2 L .
m(e,f) = ZEdxg S (13)
& (K2 + iﬁg'kl‘)

bvt,‘ia:i\e = 2kg (1 - cos 8) so

~ ' b -2
m(6,8) = 2 ;kg [l + i_% (1 - cos 9;1 5 (1ka)
7 K> K-
10 log m(w,8) = 10 log 2a2 %0 - 20 log |1 + —2 (l-cos 6)| . (1bb)
T xo L ke

For 24 ke sound Xk, = 90 yd-l. Using Liebermenn's values of

K = 1.50 ya™%, end & = 5 x 1077,

then

B~
2P ¥ 6.2 x 102 yat,
b4

R
45 =

'CONFIDENTIAL
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L

and

.

10 log S o™ =2 ¥ 212, @b .
X2
I'nerstore,
-
iC log ={e,%) =  =iZ = 20 lcg Ll + 7200 (l-cos Oﬂ
for 6 =, i.e., oack scattering and
10 log m(w) & -95 &b .
From reverpberation measurements as repcrted in reference 12
+ 10 log nm(x) = - 60 + 10 db.

Clearly the cobserved thermal microstructure cannct account for the large

reverheration in the ocean.

Mintzer's znalysls puts definite limits on az/K, namely,

Ll = 1077 yd(—(’;‘? Z 1.7 = 108 yd .

Using on/K =3 x 1077 yd it is found that if 10 log m(m) is 4o be -6C db,
then ko/K Y1, and l/K =1 em. This 1s an order of magnitude smaller than
Liebermann's value of K.

It #s reported in rcference 12 that the scattering coefficlent
for sound at angles between 10 and 120° is not more than about 10 db
greater *than back scattering, This is de=finitely not in agreement with
the strong forward scattering that is predicted for therisal fiuctuations.

Hence, thc zctual scattering due ©o the thermal structure must be extremely
small.
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X. DERIVATIOUN OF AN EQUATION FOR THE SCATTERING COEFFICIENT
AND A CAlCUIAmION'EL_g;_I“OM TRANSMISOION-LOSS DATA

Wnen both a sound scurce and a receilver are omnidirectional. in
a horizontal plane in = sea vhich has a negative velocity gradient, it is
possible to messure the vclume scattering co=fficient at a regicn of the
ocean by placing the receiver in the shadow zone (see Fig. 16). In this
paper s simple geometrical model is constructed snd an expression for the
scattering coefficient, m, is derivea. Then suiteble data are used to
eveluate m.

A. Derivation of a Scattering Coefficient

First it is necessary to construct a simple geometric model for
the ray patterns of the source and receiver. From Fig. 18 it is clear
that only the 3ound scattered from the shaded region can reach the receiver.
It is also evident trat the maximuim and minimum scatlering angles for the
sound resching the receiver are those indicated.

Surface of Ocean

e T

®min ::
Receiver

Pig. 18

Ray Diagram for Negative Thermal Gradients
{The shaded area is the region fiom which scattered
energy will be picked tp on the receiving hydrophone.
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t is pocccible to approximate the reci situvation by imagining the
source and recelver to be in isovelocity water, but directed to make their
rays meet at an angle 65, where 6p is the "average"™ angle for the sctual
case (see Fig. 13).

Fig. 19 7

Ray Diagram for Tcsovelocity Water

A sound peam from the scurce can be ldealized lying bhetween the
two conics) surfaces whose centers are at the scurce end which subtend an
axgle AXP, determined by the vertical directavity of the transducer. The
reglcn from which the receiver can detect signals can similarly be consid-
ered as two intersecting planes making an angie AXH with respect tc each
other. The two sets of planes will intersect and enciose & common volume.
The scattered energy reaching the receiver 1s assumed to come from this
volume.

It i3 necessary at this pcint to introduce a iist of definitions
(see Fig. 12).

R = shortest distance between IL' and P,

Ri = shortest distance between LL' and i,

dya = shortest distance between ray PLY and X,
L&
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8c = angle between rays PLA and LH,

@ = angle beiween ray PLA and an arbitrary ray FB,
R~ = distance from P to L' along ray B,
Ry} = disiance [rom L' to K

©® = sangie BL'H, and

d = shortest distance between ray PB and H.

If J is the energy flow per unit s0lid angle per second in the
! beam emitted by the source, then JAXpd¢ is the total energy in a narrow
sclid angle AXpd¢. The irtensity of the scund scattered from the beam
at an angle © so it will reach the receiver while the sound traverses dR
is

JA {_4¢ m(6) dr
aT = ...._..§.R—¢-—————- 9 (15)

(R;)?

where m(8) is the scattering ccefficient for the angle ©.

It can be seen from Fig. 19 that

R = Rg +dcotd ,
differentiating
dR = d csc® @ de .
and since R3 = d esc 8, Equation 15 cen now be written in the form
S JAXpd;zS m{e) de
a
(18)
Ja § A ¥y m(e) ag
= *d s
since
/ 2
Ry + R{ cosé
- \ / 1 1 [*) 1n2
d dO ",l + : \) sin ¢ . (l'{)
e
!
b7

e i B ATERY s

-
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Equsation 16 can pe integraled and put in the form

JAK AKH (‘-Ht'/z m(g\ d¢
I = do — L end ’
-5/2 \/1 R (’Rl + R] cos 62 A2
d, /

Now if m(®©) is assumed indcpendent of § an

+n/2
J = res,
-%/2 7R+ Ry cos 8%
A ’

-
1]
Al

-

then

(18)

(19)

(20)

rﬁis a geometrinral factor which depend: o2 the anreading of

(21

the beam. [T = 1 corresponds to the "narrow” beam which moves along vay

{
PLA in Fig, 12.%

B. Determimation of tbe Valusz of m from Deep Water Negative~Gradient

Transmiscicn Dats

It 1s now vossikle to writie Fauaiion 20 in the form

Y,
-10 logm = measur=d loss + 10 log _Sé + 10 log =4

A
=

+ 1 log( + 30 log s - 10lozd, - GR ,

~

. e
For ['= 1, Eguation 20 corresponds to Equation 18 on page 127 of "Pt
of Sound iu the Sea”, Part 1 NuRC-STR, Div. 6, vol. B.
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where "measured loss" is -10 log I/J. ar is the temperature-dependent

attenuation coefficient.

Using Equation 21 and data with definite negative-velocity gradi-
ents from six stations of AMOS Cruises 5,8,9, and 11, values of -10 log
x were found. The resulis vsrizd from 35 to 75 db. The geometric values
Ri1.d,, 9,, and R were obtained Irom the actual rey diagrams. These values
are a fair approximation of the values in the geometric model, since log("
is insensitive to chimnges in Rl, dg, 8o, and Ri. The!“‘s were evaluated

graphically.

C. Discussicn

The large variation found in <he scettering co=sfficicui could
be duec to one or more of several things {1) the model, (2) unknown causes
of seattering (i.e., organic material), or (3) temperature variations in

the sesa.

From the model used m might be expected to be too large, but it
is oot obvious that it would cause such drastic variations. The tendency,
therefore, would be to conclude that the model is satisfactory. A better
medel; however, was attempted using two sets of intersecting cones instead
of disks. The integral cver the volume iancluded in the region of inter-
section of the cores is very difficult and was not solved.

It is koown that biclogical layers exist in the nceans and can
cause appreciable scattering.l5 This was consldered as a possible source
of the varilation in m. If a scattering layer is present in the allowed
wuine Tor the recelver (see Fig, 11), then = large value of m might be
founsd. The scattering lavers orc lnown to migrate diurnally,l which
world giv: wise to veriaticns in m. For tnis reason an attempt was made
+5 find a day-night variation iz tk2 Asta., It appeared that this vari-
aticn was pressnt, although thes amount of data was not large cnough to
be definite. More investigation of this explaration is intended. A
definite correlation could be attersted on the variation of m wiih the
presence of a scattering layer if loss measurements were teken simultane-
ouely witu direct reverberation measurements. In this way the presence and
depth of the scattering iayer would be known for all loss measurements.

Termperature varistioas were studied in section IX of this report
and 1t was seen that smsll local varistions could not account for a value
of m > 10-8,

R~ 8
““NEL Report 334, 8 January 1953 (Unclassified).

1 4
&

~S"principles of Underwater Sound", Div. 6, vol. T)Ch. 5, NIRC.
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