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ANITIRA(;T

AM;JOIiIPFION' COFFTICIFIT."

During the period I) Februairy to 21, Mitrch [938p the hMS 5M?2
and S-20 opertut~ec irn tho jouth AtlI.,.atic and (2nribbeiti Set'. They
Ilade some 4) appro, ch r'unt-, durintg which tht' biteri.~ilty of Uh
receitved signal wt,ý- rionsured on 17.6, 23.6 !mnl 30C k-es. for ringes
between 500 yards arind Thout 10.,00.0 ynirdc,-;. Aft(,-,- each run tht:
temperature of the wrttor w.measured f'rom~ the~ surftcc to 1201 fect
with an accuracy of" O.Qi" or better.

Thirty five platc3 of range -in tanozit. a~nd temperatutuc-dc-pth
curves are included showing wide dtevic-r~ols from Ctr. tthooret~ic, 1.
4"rmlabut r. 4' irly dc.finit~e correlah-ion bxtvi,.en +.hk- form of'
the rsAintensity ea-vc<- and thc tomtxm;- ture g rA its

An .adequa.tc& expi.anation U; t-ivt.n f'(,, Ct-w "'ft r'i"effie,-t
phenomenb.

The loss coofficiernt, a, which incl~udes c.1 tht. 17.ctora wh-.ch
reduco the inten.ity of t'lc -icund sg-iLl. In water., r:.ý.y be simply
expressedl in dccibcls per kiio-ynrd for normali. curvc3 vihert& L-he
t~ttan'tuiie gradit-niL ia small a~nd uniform aind rreqpitniw-y is ux-
px'ised in Xc.

I~r~b ,av I r .age vailue of a for norms). curi nrw'e with h

~ 6crdngto the empiLric,-1 forrmul

~ .004.0o f 2  4- .161. f.

S 34or conclusion is t~hat the rx-th o~f -!týi 'xiutcl.

do lrgely by thc temper,,tux'e jsr~idit~ri b~ut ionpiic~tý.~d by
rcet3f; rcf* action and seat t.-.rJng, is t~he doran,-.o't fnctor) Ir.

_________e doriing the ihntnsit~y of' the rtucaivod sigtv-l.
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For sound waves prop .tted inL an 1nfinite,, hoomogeneoul medium,
tht rclattion betw'en the. injtnrlty und the range is 'iveri by the
formula -

S1 0  (R - Ro)

I0
(R,!foronce (1))

whore I0 rn4 Ir arc tht, intcnsitics nt tho rrirnges R0 trnd R respectively,
a is the absorption coefficient, and n is an exponent determined by
the type of propag:'ation. For spherical waves, or for planc wnves in
a conical bean, n is equal to 2 from simple geometry. It is -1so
possible to calculate a for a given medium from the numerical values
of the velocity of sound, the coefficient of viscosity, the density

and the frequency, (Reference (2)), but this value is about 0.1%
of the experimental values.

If a series bf moaeuroments of the intensity at known ranges
ard made, it is possible to evaluate the constants cf this equation.
Intensities are commonly measured in decibels above " specified
level. By definition' "~db 1 0 log j ,

S10 Io

therefore

dbl - db 2 = 10 log 12

Staking tho lognrithms of both sides of equation (1) and eliminating
I, sk fkrenx turv simulta.neous equntions, we may write -

log R
-n + , (2)

= II +

ION -R1 R2 - R,
A SI *.Imeport 3-1.204 of 16 October 1935.

b1~e~.(2) *A fextb~o* we &im' ty wood, PP. 317-335.



This is the form of the simple linear equation y : ax + b for which
a is the slope of the line and b the intercept on the y axis. By
plotting decibel differences against the logarithms of the range
ratio the values of n and a may be found (Reference (3)).

2. f~ractc

When measurements are made between two surface ships in open
water, the assumption of an infirits homogeneous medium in which the
above formulae are valid no longer meeta the actual conditions.

(a) Reflection.

Due to the shallow submergence of the transmitting and receiving
rmite, the uppor portion of a conical beam soon suffers reflection
at the air-water surface. This reflection is with change of phase.
Similarly, the lower portion of the beam may, be reflected from the
bottom, or from any surface where therL is a rapid change in the Pc
product. This reflection i without change of phase. Multiple
reflections are possible at the longer ranges or in shallow water.

(b) Refraction.

(o The temperature of the water is seldom uniform over any con-
siderable range of dLpths, generally, though not always, being
higher at the surface and decreasing with depth.. Since thc velocity
of sound increases nearly 2 yards per second per degree Fahrenheit,
the berding due to the tomperature gradient may be considerable and
"even cause the sound beam to pass below the detector on the receiving
ship.

The velocity of sound increases with the depth due to the
increase in pressure and salinity, and this tends to bond the ray
upeard. The net refraction effect will be the algebraic sum of the
tmperature gradient and the depth and salinity effects, (Reference (4)).

(c) Scattering.

Neither the air-water surface, the water-earth surface, nor a
thermocline boundary surface, is smooth or level for supersonic waves
so the reflected beam will always be somewhat scattered. Also tur-
bulence absorbsp reflects, and scatters sound as may be noted in
the diffuse echo from the wake of a ship. Turbulence may also be
caem d br the wind as shown by anm (Reference (5)). He shows

- - - - - - - ------------------------------------------------ - - ----- - - -- -- -- --------

ReferenO" (3) - "Underwater Sound Investgations In Northern Waters,"
August 1937, BuEng. file M8 (1-28-W6).

fe~oreao. (4) - "VelooLty of Sound in Sea Water," U.S. Coast & Geodetic
t urvyt Sp.Pub. go. 108.
I (r -e aa Abtton of ster WIndced by Wind," Sciene;,,
Vol. 07t No. 2250, Februuar 11, 1938.



signL1 intensities cn the S-20's receiver at a definite senoitivity
expressed as microvolts Liput for standard output. This sensitivity
was maintained constnt by frequent checks with a standard signal
generator. However, absorption coefficients are based on the slopes
of the curves and not the c•bsolute values of the intensities so the
results of this report are not, dependent on the accuracy of the zero
levels.

After each range run eleven temperature readings were made between
the surface rnd 120 foet. A platinum resistance thormomcter and a
high grade bridge were used to measure temperaturao in terms of
resistance. The accuracy of the temperature readings was limited by
the galvanometer. The low sensitivity galvancmoter used prior to
February 18 was good to + 0.10 C. Afterwerds a better galv=nomct(er
was used which was sensitive to 0.0010 C., but the accuracy was
usually limited tv + 0.0050 C. due to the roll of the ship making the
exact balance point uncertain. The the.rmcmeter was calibrated at the
ice point and by comparison with three f'ood Laboratory thermometers
over the temperature rnege from 20 to 250 C. and over a period of days.
The absolute values of the temperatures are considered good to +0.loC.
and the variations with depth to + 0.0050 C.

Temperature Gradients.

Plate 34 shows a series of curves of temperhtures vs. depths
taken at approximately 2-hour intervals for some 36 hours. The pre-
viously observed "afternoon effect" is shown in curves 10 to 13 and is
correlated with the wind, sea and sun conditions. The outstanxding
points are: On a calm day with a bright sun there is u rapid heating
of the water at the surface nnd a gradual but lees carkod heating at
greater depths reaching c maximum about 1700. During the oe.rly
evening, with increasing wind, the surface layers cools and c, small
inverse gradient appears at 1700. Between 2000 and 0600 with winds
up to 28 knots the temperrture is uniforn within .010. C. down to 120
feet and the lowest temperatures of the series are found. The next
morning the cycle starts to repeat.

The explanation of this cycle is as follows: The sun light fal-
ling on the water is largely absorbed and transformed into heat.
Ninety per cent of the visible light will be absorbed in the first
125 feet and ninety-nine per cent will be absorbel nt a depth of 250
feet for a logarithmic absorption coufficient of 0.008 (Reference (6

- which is a probable value for this arer. The infra-red light, con-
tainine about one-third cf the total onercy of tho sunlight, will be
completely absorbed in the first few inches. This explains the

Srolatively high temperature of the shallow surface layer when the
sea is calm as therc is then little stirring action by the wind and
convection or diffusion effects are small.

- -- -- - --t----- --- --- ---------- , - -, - -------.------

bftrenc (6) - Stuphenson JOBA, Autpast 1934, Val. 24p pp. 220-1.



( If the weather continues calm, the warm layer will cool slowly
at night due to radiation to the atmosphere at the surface and to a
small convection to the colder water below. If a strong wind arises
vertical currents are set up (Reference (5)) which thoroughly mix
the water as shown bP, curves 5, 6 and 7, where the temperature is
uniform with 0.010 C. for 120 feet. The mixing evidently extended
to depths greater than 120 feet since the minimum temperatures were
obtained at 0800 at the end of the periol of high wind indicating
that the warm surface water was mixed with the colder water from
considerably below 120 feet.

In Plate 35 the sea was not so calm in the afternoon nor was
the wind so strong at night so the warn layer did not get so hot nor
was the mixing so thorough at night.

The temperature vs. depth curves throughout this report are
plotted to a large temperature scale, one small division equals 0.Ol°C.,
to show the differences actually measured. Without precise temperature
measuring equipment, no gradient would have been found in a majority
of cases in the Guantanaao area.

I. Experimontal Results on Absorption Coefficients

Some 38 range-intensity runs were made altogether. The data are
plotted in Plates 1 to 33 showing the effects of range, frequency,
temperature gradients, wind, sea, and sunlight on the sound trans-
mission.

The curves may be arranged in three general groups where there
is a definite correlation between the type of transnission curve and
the temperature gradient.

In Group I where the tempercture gradient is zero or slightly
negative, a single straight line comes the nearest going through all
the points beyond 1000 yards, though there may be irregular but
somewhat cyclical v-mriations impressed on this line. The loss co-
efficient is given in db/yd. for each frequency. Obviously, for this
type of curve the loss factor is numerically so much more important
than the t" factor that n = 0 after the first 1000 yards. The

genoral method was not designed for accurate measurements at ranges
under 500 yards as the longer ranges were considered more important
for practical service. The irregular variations from the straight
line are due to minor reflection, refraction or scattering effects.

Group II shows three runs, Plates 1, 19 and 33, that have fairly
definite breaks in the curves with high absorption in the first 3500
yards and half to a third this value at the loiger ranges. ThU
occurs where there is a small positive gradient in both upper and
lower layers of water.

( roup Ill, Plates 27 to 30, shows the effect of a large gradient



I* the first 20 feet &nd u smaller but ccn3Jd,_-'ib1 Cradi'z'rt '
j to 120 teat. The s.;a i:1 always calm vith iittlk. w;ind and the sun is,

bdiat. The Type III range-i~ntensity curves *,x- chanracterized by
largo positive values of a that are 10 tiucs the no-rmal for tufirst~
3,W0 yars, then become zero atnd negz-tive and f~inally po~iitivc nca-n.JA
Seare is definite evidenca o-f' reinforcoer.nt in. the 4 to 6 kiloy;-rd

~~ ~ rvam as this point is 10 to 15 db highc~r thr.n fr. raun iit ormL.

There is a transition from Types 1 tQ II to III t~nd &_-finit~e
oemealtiofl with the temperr.ture grnclicnt.

Mwe loss coefficionts, for all tht, runs w'ncr.ý an± nvc-rý,g0 v ,.-Iaý
Was obtainable were aver,-led for ench freqcur~cy and fire shcown in thu
following table. Comparribic runsi from February '937 at 24.5 kilecycyde

'.,aft also shown,

?requcncy a in db Averr~rc Devir~tion Nlumber of

Jk4zc kioY ar/f from Mean Runs

17.6 4.o6 .231 + 20% 26
23.6 6.0 .2 5 5 +2%26

30.0 8.44 .281 + 10% 13

24.5 5.6 .229 Feb. 1937 7

It the quantity a/f is plotted. a~ainst frcquency, P1 L, 36,
-strai~ht line is obtained rX the form ci/f =mf + b whc.~rc mi ancý b zc
OwNstAts which ma±y be evalun ted from the datsi, to 01vo t~he empiric-.i

~ a.00 4 0 f2 + .161 f
4~.where cz Is the decibul loss per 1000 yards and f is the freque~ncy in

kilocycles, This means that in addition to thL classical absorptiýcn
tMw based on'the viscosity of the mtedium and proportionr2. to the

qiseof the frequency, there is another tern proporticnal to the
tin~t Power of the frequency. This first power term is 80% of tl._
tota loss at 10 kilocycles, 66% at 20 kilocyc les and 57% at 30

.........

CalculatinC~ from the form~ula the n for 24.5 kilocycl,ýs used in
Pbbrunry 1937j, the value is 6.3 compared v~ith 5.b )bserved, :- liffvrc~nce
of M2% that Is within the moan 'rxrictielon.

~J



Some 38 range-intensity runs at 17.6, A23.6 and 30 kilocy'les wore
made in the South Atlantic and Carriboan area auring rebruary crad
March 1938, and accurate temperature measurements from the strfacc to
120 feet depth were mide after each run, P totI of 48 thermol
stations.

A brief theoretical discussion and a description of the experi-
mental technique are given.

The data and derived results are presented ir the form of
curves on a total of 36 plates.

An Empirical formula is derived for the decibel loss per thousand
yards as a function of frequency. An adequate explFnation is given
for the occurrence of the "afternoon effect" on a bright, calm after-
noon and for its complcte disrppearance on a windy night.

The path of the sound beam, determined l-rgcly by temperature
gradients, is showy. to be the major factor in dctermining the inten-
sity of the direct signc.t.

Definite conclusions are drawn on numerous b-hases of the problem
on absorption coefficients.

a CONCLUIONS

(a) The theoretical formula, based on the aLsumption of an
irfinite homogeneous medium, does not adequatcly express the law for
the propagation of the sound beamr in watcr under normal service condi-
tions because the beam is subject to refraction, reflection and
scattering effects.

(b) Beyond the first thousand yards and when the terpcra-ture
gradient is small, a straight line gives the bt.st averagc fit for
the points on a normal range-intensity curve. Therefore, the loss
coefficient, at, which includes all Lhe factors which reduce the
signal intensity in the water, nay beI siLmply cxpressed in dec;ibels
per yard.

(e.) The rangc-irntensity data consistently and conclusively show
that the decibel loss in intensity per yard in rtnge increases with
the frequency. For the conditions in the area studied the averrge
Values may be expressed by the empirical formula -

.0040 f 2 + .161f

Sigle determination.- of ct under different coniitions may very + %
"fro the average value, and the mean deviation is + 20%.

.7
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UNITED STATES GOVERNMENT

memorandum
7103/141

DATE: 21 November 1996

FROM: Burton G. Hurdle (Code 7103)

SUBJECT: REVIEW OF REF. (a) FOR DECLASSIFICATION

TO: Code 1221.1

"VIA: Code 7100

REF: (a) NRL Report #S-1466 by E.B. Stephenson, 12 Aug 1938

1. Reference (a) reports a series of measurements of acoustic absorption in the
ocean at frequencies of 17.6, 23.6, and 30 kcs in the South Atlantic and Caribbean
Sea between 5 February and 24 March 1938.

2. The technology and equipment of reference (a) have long been superseded. The
current value of this report is historical.

3. Based on the above, it is recommended that reference (a) be released with no
restrictions.

BURTON G. HURDLE
Acoustics Division

CONCUR:

EDWARD R. FRANCHI Date
Superintendent
Acoustics Division

OPTIONAL FORM NO. 19
(REV). 1 -80)
GSA FPMR(41 CFR) 101-11.6
5010-114
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by E.B. Stephem". 12 Aug 38. 7p, illus. (Rpt No. S-1466)
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