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ABSTRACT

\VSeveral new and improved shallow-water normal-rode models have
been developed to represent the shallow-weter ares encountered on
the FASOR I end II cruises. These models include & linesr"
gredient velocity profile, an Epstein velocity profile, and a
profile with three ™linear" gradient segments, In all cases a
layered viscoelastic bottom is used. Generally good agreement is
shown between the calculsted and experimental measurements of propa-
gation loss on the FASOR stations.; This merorendum has teen prepared
because it is believed that the inforration nay be useful in this
form to others at NUVWC &nd to a few persons outside NUWC. This
merorandum should not be construed as a report since its functicn
is to present informztion that later will be suppiemented and ex-

panded in a report.
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INTROLUCTION®*

For shtllow weter propagation at moderate sea states the nost
irportert environments]l fwctors ere the nature of tre tottom &nd the
sound velecity profile. At KUWC, 3an Liego, we huve worked to develop
models thet accurately represent the profile and the bottom sedimernts.
We will use these models for calculeaticns of propaugation in certain
areas of interest, as checks for approxir: te shallow weter nmodels, and
to study specicl aspécts of propegation such &s the effect of the thermo-
cline.

We will present two models. In cne rodel there are either one or
three water layers where the square of the index of refraction is &
linear function of depth. 3ince the velocity is alrost a linear
function with depth we will call this a linear gredient model. This
type of profile has been used bty Marshi; Tolstoyz, Pedersenj, and others
in other nornzl nmode czlculations. The seccnd model is & one layer
Epstein profile. 3ince general norual rode theory is in the literature

we will only touch on the unique features of the present models.

*This technical note includes part of the information presented as
Paper G-8, 25th U. S. Navy Symposiﬁm on Underwater Acoustics,
Orlando, Florida, November 7-9, 1967. This work was accomplished

under NAVSHIPS Sub-project SF 101 03 15 Task 8105.
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LINEAR GRALDIENT MNOLEL

Figure 1 shows the potentisl functions for & single lineur gredient
model.

The functions h) e&nd hp are rodified Hankel functions of order
one-third.4 The bottom is m.de up of an arbitrary number of viscoelastic
layers. In crder to use an old computer sutroutine that calculates the
reflection coefficient for this type of bottom, @ pseudo constent-velocity
water layer is set in between the depths designsted zy and zpe After the
usual interface conditions are set, we let zp’approuch zp so that the
iso-velocity layer diszppesrs from the problem.

The argurent of the nodified Henkel function,n , is & functicn cf
the rode wave nunter k arnd z. The parameters a and R zre functions of k.

Finding the moces is the nathemuticzl problem determining thet set
of k's which sztisfy &all toundery conditions. Fer exarple, we can use
the toundery conditions et z = zy to fix 4 and B.  The zode cenditicn,
also cuzlled the dispersion.equation, cen tren te written as the condition
that the potential te zero at the surfece, z = C, The dispersicn
equation is stated in Figure 2.

The asyrptotic form of the range dependert part of tke potential
function contains the term erXTe Thus the real part of k determines
the horizontal phase velocity of a rode and the iraginary part of k
fixes the ettenusztion, n denotes the mode nurter. If we equate the resl
part of .k with U/Cé, where c; is the horizontul phase velocity of a ray
ir. the channel, we cen meke a connection between ray and node theory

that will prove helpful in the soluticn &nd in the interpretation of
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the results. The vualue of cj is set by requiring the ray to satisfy

a constructive interference relation” &s it travels down the channel.
As shown in Figure 2, X is the horizcntal cycle distance, T is the time
to cormplete & cycle, w is the &nguler frequency, €p is the phase shift
on tottom feflection, €5 is the -#/2 for a turn-over, or =7 if the
ray reflects from the surface, and n is the mode nurber. The &pproxi-
mate value of the imaginary part of the phase velocity is celculated

by noting the loss per tottom reflection then distrituting this loss

as ah exponentiel function of r.6

The soluticns of the exact and approximute dispersion ecustion
are shown in Figure 3. We heve ploited velues of node velocity cp=w/kn
rether then the kp so tret the rezl part of cp can te associcted with
the horizontal phuse velocities of the associated rays as shown in
Figure 2, For exanple, if the rezl part of c, is close tc the velocity
at the bottom of the chiurnel the node will te confined to cdepths
where the scund velocity is less than the real part of c,. When the
real pcrt of ¢, is equal to the surfuce velocity the noce begirns to
reflect frcm the surface unc the attenuaticn goes up because the cycle
distaence X begins to diminish in length.

The open circles in Figure 3 are the approximate values of phase
velocity end the crosses are exact values. The two sets of c, are
essentially identical except for three of the rodes. Note that the
first 15 noces, those which don't reflect from the surfece, have stout
the same attenuation, This is because as the rcde nurber goes up the

bottom loss goes up tut the distunce between reflections wlso becomes
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greater. This effect of loss independent of grazing angle wzs used by

Urick’

in his shallow water ray theory rodel., Later, results will be
discussed for & 3 layer linear gradient case. The theory is essentially
the szeme as for the single layer rodel.

EPSTEIN MOLEL

The secord model concerns & one layer Epstein profile as showr in
Figure 4. The case here is & transition lsyer with the scme surface
and tottom velocities «s in the lineur gridient nmodel. The profile
may elso contuin & hypertolic secant term, however this case will not
be discussed.

The solution is similar tc the linear gradient model except the
potential function is rcw a product of &an exponentisl term times a
hypergeoretric function. The exact form of these terms can te fcind in
& peper bty Deavenports.

Values of phase velocity for this profile are shown in Figure 5.

In this case the moce &ttenuvation increzses as the toiton loss in-
creases but then has a sharp decrease as the phase velocity approaches
the sound velocity in the upper part of the chennel. The result is two
sets of low attenuztion rodes. The first group strorg below the therno-
cline and the second set strong stove. Thus propagution across the
therrocline suffers. For the present values of surface and tottom
velocity eanc the cese of &n extrerely éharp theriocline (two iso-velocity
leyers) the loss across the thermocline is 5 to 10 db. This is &t
1.5kH,;, t~: loss would be greater &t higher frequencies. The rule

is: don't cross your moces in the rdicdle of & propagation run.
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MODE SUNMMATION

To calculete the scund field the modes are summed as shown in
Figure 6. The second form of the normalizing term N, can generally be
calculated with better accuracy because it is dependent upon ¢ calcu-
lated throughout the chennel, rather than only &t the surface. To
facilitete the integration of ¢? over the sediment layers we use a trick
as shown in Figure 7.

Taeking the nodes ore at & time, we pick an absorbing liquid
helf-space thaet hes the same density as the water and will give the
seme reflecticn coefficient. That is, the layecred-viscoelastic bottom
is used to find the modes but we switch to an absorbing~liquid helf-
spzce for the normzlizztion., The intezrel from 2, to cocun be
completed by inspection since there is only an exponentizl weve in the
absorting liquid,

RESULT3 - 3 LAYIR LIN:LR GRALIENT }MOLEL

There were three shtllow water stutions cn the last Fi3CR cruise
in the Pacific by LUWC, On one of these the two isc-velocity layer
rodel provided & gocé fit to the velocity profile. On the other tw§
stations, OAk and TECRN, we hitve rade intensity calculesticns using a
three layer lineur gracient rodel, In Figure 8 are ET's taken at the
time of the tests for stztion CiK, The tests extended over 17 hours.
The troader, heavier line is our fit to the profile.

Measured &nd csleculuted vélues of propagsticn loss for ranges
up to 5C kyd are shcwn in Figure 9, Thorpe's value of volume attenuz-

tion and Aros vilues of surfece loss for se: stete 1 were &dded.
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That is, we calculated propagation loss from Marsh and Shulkin'39

equations for sea state 1 and sea state O. The difference was taken
as the surface loss. The agreerent between calculated and experimental
results is sorewhat better than we reported last year usirg a two layer
iso-velocity rodel. However, the experimental losses are about 6 db
greater over the section of the range interval from 2C to 4C kyd.

The BT's and the three layer nocel for THORN are shown in Figure 10.
The prcfile is interesting because of the well developed surface duct.
The rodes separate naturelly into three groups. A set that corres-
ponds tc rays thut heve only bottom reflecticns, two noces in the
surface duct, and & group of higher order rmodes that reflect alterrately
from the surfece and totton.. The rode phase velocities are shown in
Figure 11, Again the approximute rcots are an accuraie estircte of the
real perts of the set of c,'s for &all rodes &nd of the iraginery parts

for &ll rodes but one. The celcultted and observed values of propege-

CONCLUSION
VWith the present mcdels we feel thet a satisfactory first order
theory has been developed for shallow wuter prepagation. On this
framework additicns cun be added to account for beundary rcughriess,

horizontzl verilations, end other second order effects. ]

b=




REFERENCES

l. H. W, Marsh, "Theory of Anomalous Propegation of icoustic Waves
in the Ocean", USNUSL Report Ko. 111 (1950).

2 . Ivan Tolstoy, "Guided Waves in a Fluid with Continuslly Variatle
Velocity Overlying en Elastic 30lid: Theory snd Experiment", JA3h,
32, 81-87, (19¢60).

3. M. A, Pedersen &nd D. F, Gordon, "Norrzl Moce Theory hLpplied to
Short Renge Propagetion in an Underwzter icoustic Surfaece Luct", .
JA3A 37, 105-118 (1965). ]

4Le. Tables of the Modified Hankel Functicns of Order Cne-thiré ené of
Their Lerivuties. Harvarc University Press, Carbricze Mass. (1945).

5. H. P. Bucker, "Norral Mode Propagation in 3hallow Water", JA34,
36, 251-258 (1964).

6. E. T. Kornhauser and W. P. Raney, "Attenuztion in 3hallow water
Propagetion due to &n Absorbing Bottom", JA3A, 27, 689-692 (1955).

7. R. J. Urick, "A Prediction Mocel for 3hellcw Water 3ound Trens- ;
mittion", Navel Ordinence Latoratory. TR 67-12 (Februsry 1967).

8. R. L. Leavenport, Radio 3cience, Vol. 1, 709-724 (1966).

9. .H. W. Farsh &nc ¥, 3chulkin, "Shallow-wWater Transrissiorn, (L)",

Jh3k, 34, 863-864 (1962).

10. William H. Thorpe, "Analytic Description of the Low-Frequency
Attenuation Cozfficient, (L)", JASA, 42, 270 (1967).




| 34Nol4 (zq +1) N.mim-?.:, :9]1304d A4190]9A
,,\ (9z:2)
(zox1-)dxa (zoyiz)dxay + (2D31)dxa ume\\
s T4 - == (92.2)
Z
(Lyeyg + (k) 'yv = lp
SA

e T T T Y 7 T e et




EXACT DISPERSION EQ-:
® (z=0,k=ky)=0, n=1,2,3, ---

APPROXIMATE DISPERSION EQ.:
kn= w/cp=w/(ch-ic, )

w(T-X/Cr',)+eb+ e =(n-1)2=w

cn =(ca)? - BL/(x-w-8.686)

l X b

v(z)/cos y(z)=cp, (Snell's Law)  FiGURE 2
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