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Abstract

In shallow waler with a thermocline, the characteristics of sound propagation strongly depend on the signal frequency.

When only one of the source and lhe receiver is above the thermocline, it is known that the intensity of the reccived signal

changes largely and almost periodically as the signal frequency varies. This is the so-called channel resonance. By using the

ray-mode approach, the formula relating the resonance frequency and the sound speed profilc is obtained, and the reso-

nance phenomenon is analyzed. Also this analysis is verified by numerical calculation.

I. Introduction

In summer, a thermocline oflen occurs in shallow water,
and the water body can be divided into threc layers. In
the upper and Lhe lower layers the sound speed changes
littie as the water depth increases, while it decreases sharp-
ly in the middle layer. In this kind of environment, the
characicristics of sound propagation will not only vary
with the positions of the source and the receiver, they will
also strongly depend on the signal frequency. When only
onc of the source and the receiver is in the upper layer,
the intensily of the received signal will change bargely and
almost periodically as the frequency varics. This is the
so-called channel resonance.

The resonance phenomenon was first discussed by Jensen
{t]. Using a normal mode code and assuming that the sea
waler consisted of two iso-speed layers, he calculated 1he
incoherent sound (ransmission loss al range 30km and
frequency up to 1000Hz. The result showed that the
transmission loss changed up to 15dB, and the resonance
(requency was about 85Hz.

In fact, this kind of phenomenon had been discovered
in the ficld cxperiment cven more earlier by Zhang et al
12). Using the explosive detonatling al depth 7m as the
source, they found thatl the received signal was approx-
imately comb-like structure, which meant that the signal
was of periodic structure in the frcquency domain. Zhu et

al. [3] simulated the wide-band sound propagation in
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shallow water with an idcal thermocline by the ray-mode
approach. They found that lhe resonance frequency of
the transmission loss change was about 128Hz and the
period of the received pulse waveform was about 7.8ms.
These coincided with the experimental results by Zhang ct
al [2).

Although the resonance phcnomenon was discovered
carlier, the reason has not yet been explained clearly, es-
pecially the relation hetween the resonance frequency and
the sound speed profile. By using the ray-mode approach,
these problems are dealt with in this paper. In section [T,
the mode theory and the ray-mode approach are briefly
cxpressed. In section I, assuming the ocean channel con-
sists of two homogeneous water layers overlying a fluid
botlom with half-space. we analyze the sound propa-
galion, explain why resonance occurs, and obtain a for-
mula relating the resonance frequency and the sound
speed profile. In section IV, we consider a more realistic
ocean model, i.c., three water layers overlying a Muid bot-
tom. The upper and the lower water layers are homo-
geneous, and in the middle layer, the squarce of the sound
speed decrcases linearly as the depth increases. The reso-
nance phenomenon in this environment is discussed. In
section V, some numerical resulls are given to support

our analysis. And the summary is given in section V1.
II. Background

The Holmholiz equation describing sound propagation
in & layered medium resplting rom a harmonic point
source of angular frequency «w and unit strength al range

7 =0 and depth 2 =2, is given by
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where 8 15 the Dirac delta function, p is 1he complex pres-
sure (the time-related faclor has been omilted), p s he
medium densily, and % = w/fc— 2a/X is the wavenumber, ¢
ss the sound specd, A is the wavelength.

At long range, the solution of Eq. (1} can be wrilten as
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where 1= v 1, & and ¥, arc respectively the cigenvalues

and eigenfunctions of the depth-separated cquation
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with corresponding boundary conditions,

Following Brekhovskikh |4], we consider a homogencous
thin layer with wavenumber & and thickness £ in the mediwn,
and assume that Lhese are (wo planc waves g7 1ok ke
in this layer (where » orepresents the horizontal coordi-
nale), b, is the reflection coclficient of the upper boundary
for the wave wpward incident, and V3 is the reflection co-
clficient ol the lower boundary for the wave downward

incident. Then, the eigenvalue & should salisfy
| = Pk} Vi) e~ 8k = (4)

In the ray-mode approach, the cigenvalues are oblained
by solving Eq. {4}. In this sense, every mode has ils corre-
sponding ray (eigenray). Eq. (4) serves as a bridge be-
tween the mode and the ray theories, and [orms the basis
ol the ray-mode approach.

11 is often used the incoherenl transmission loss delined

by
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This expresses Lhe transmission loss of the incoherent

sound intensity, i.c., the range-averaged sound intensily.

. Resonance in an idealized shallow water
waveguide
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For simplicily, we assume thal the ocean channel con-
sists of two homogencous wiler layers overlying a fluid
batlom with half-space, as shown in Fig. |. For the upper
layer, the thickness i A, the sound speed is ¢o, and lor
the Jlower one, /n and ¢, respectively. In the botlom,
sound speed is ¢p. allenuation is a, and the densily is pp
(v <eco< e, Fo» A by > A, and the density of the sea water
is lgfem?).

Sound Speed

C1 Co
hO -
hO+h1
Bottom
Depth

Figure 1. Shallow waler waveguide consisling ol two homo-

gencous waler layers overlying a Muid bollon.

We nole ko= wfco, 1 = wfey, R = kol +La), ko, = wfcs,
Vi) = e9% LR = 1Vl #* and &y = 1 18, where,
Vi and ¥y are Lhe reflection caclficients respectively at the
mierface of the (wo waler layers and al the sea bottom,
and gy is the horizonlal wavenumber of (he I'th mode,

and B: is its atlenuation. Then Eq. (4) can be wrillen as
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15 the honzontal distance which the corresponding ray
travels o the lower waler layer between two consecutive

reflection from the bottom,

OS(H) = - J“

an}

is the displacement for the ray reflecting from the inter-

face between the two water layers, and

o) = —%(“) (12)

15 the displacement for the ray reflecting from the bottom.
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Figure 2. The curves of ¢., g5, Val, S, 8./S and /S, at sound

frequency 1000Hz, as functions of the grazing angle 0.
(a) @; and 3,/S:(b) ds and 6s/S;{c} S and |Vs}.
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Figure 3. The curves of g, és. 3/S and 6/S, at sound fre-
quency 2000Hz, as functions of the grazing angle 8.
(a) g, and 3,/8;(b) #s and 64/S.

For ¢o=1528m/s, ¢i=1492m/s, ho=13m, % =25m,
cs=1600m/s, a=0.0183dB/A, and ps=18gfcm?, Fig. 2
shows the curves of d, &, (Vsl, S, &/S, and 5/S, at
sound frequency 1000Hz, as functions of §, where 0=arccos
(u/k) is the grazing angle of the corresponding ray in the
lower water layer. Fig. 3 shows the curves of ds, #s, 85/S,
and 35/8, at sound frequency 2000Hz. In fact, the values
of ds, 1V, and S are frequency-independent.

When only one of the spurce and the receiver is in lhe
upper waler layer, the sound field will be dominated by
the higher-order modes with @<k, and will nol be af-
fected by the lower-order modes wilth p>> &g because the
eigenfunction ¥; almost vanishes in the upper layer. Be-
fore discussing lhe contribution of the higher modes, we
need to analyze the modal altenuation. From Eq. (7), 8
is related to (Vsl, S. d;,and 8. OF all these, 8, varies
largely as gt or m changes, which can be seen from Fig. 2
and Fig. 3. So there will be obvious differences belween
medal attenuation values for differcnt modes and [re-
quencies. For some frequencics, there exists a mode, whose

horizontal wavenumber g is the maximum point of 8.(u)
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and altenuation thus i1s much less than usual. At long
range, 1he sound transmssion losses for those [Tequencics
will be much less than the others. Therefore, he reso-
nance phenomenon occurs.

If both the source and the recciver arce in the lower water
layer, 1he sound leld will be dominated by the lower-or-
der modes. For these modes, &, and thus 8 don’t change
evidently as o changes. So the resonance doesn’t occur.

Below we will discuss the relation between the rcso-
Jance frequency and the sound speed profile. We assume
that the mcoherent sound inlensity reaches an apex al
angular frequency amy, and the horizontal wavenumber i,
{ax) of the m’th mode corresponds to the maximum ol d;

{jt, am). From Egys. (8) and {11), solving

d 84300
die 0.

we pel that

n
it = Fop — S haden (3
and
) = . (14)
Thus, Eq. {6) can be written as

- .
2t JT 7 A n +du(ky) = 2mn, (15}

This gives the lrequency corresponding to an apex of the
incoberent sovnd inlensity, that is, the resonance fre-
quency. Now we increase the sound frequency to an, so
the incoherent sound intensily reaches another apex. Then
the horizontal wavenumber g+ () of the (m FI1)'th
mode corresponds to the maximum of &g, o). Follow-
ing the same procedures as above, we oblain

Yk \/%—7' i o)~ 20m + D, (16)
& 2

By subtracting Fq. (15) from Eq. {16}, it yields

n
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Thus, the resonance frequency

N ———. an
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From Eq. (17). it can be seen that the resonance fre-
quency is mainly related (o the sound speed values of Lhe
lwo waler layees and the thickness of the lower water
luyer. From Eqs. (8} and (11), however, (he thickness of
the upper layer partially determines the maximum value
of 4, thus is related o the resonance magnitude. The in-
coherenl transmission loss changes furthermorc as the

thickness of the upper luyer increases.

V. Resonance in shallow water with a
thermocline

Now we assume the ocean channel consisls ol three
water layers overlying 4 Quid botlom, as shown in Fig. 4.
The upper and lower waler layers are homogeneous. The
sound specd and the thickness are ¢y and iy [or the upper
layer, and ¢, and A, for the lower layer. In the middie
layer with thickness &, (he square of (e sound speed
decreases linearly as the depth increases.

For this occan madel, the cigenvalues are still deter-
mined by Eys. (6) and (7). Here ¢ is the phasc of V.{(z =y
+d), the rellection coelticient «l the interface of the mid-
dle and the tower waler layer. Although (he closed form
cxpression for Fdz=hs +d) can be obtained, il is 100
complicaled and prevenls us from deriving useful resulls.
Here we calculate V{2 = Ay +d) by using the global ma-
trix approach [7].

Taking 4 = Sm and other paramcters be the same as in
Section lll, Fig. 5 and Fig. 6 show curves of ¢; and ,/S
versus Lhe grazing angle, al sound frequency H00Hz and
2000Hz, respectively. The values of g5, [Vl S, and 84/S
are the same as in Fig. 2 and Fig. 3.

From Fig. S and Fig. 6, we see thal d will also change

evidently versus ¢ and @. For some frequencics, there will

Sound Speed
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hO+d+h]L

Bottorn
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Figwe 4. Shallow water waveguide consisting of three water
layers overlying a fluid botlom.
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Figure 5. The curves of ¢, ¢ and 4,/S, al sound frequency
1000Hz, as functions of the grazing angle .
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Figure 6. The curves of ¢, " and 3,/S, at sound frequency

2000Hz, as functions of the grazing angle 0.

again exist a modc with g, < %o and attenuation much fess
than usual, as in the case of the idealized ocean model in
Section lll. Thus the resonance phenomenan oceurs.

Below we calculate the resonance frequency. We wrile

P10 =450 +45) (18}

ad (=)

T . #> ko

2y — 3 k}-k'—'

where, g u) = )
ad (B — p2 P =k — i3 5
3 Rk L sk

is the phase shift for the corresponding ray traveling up
and down in the middle water layer, as given by ray the-
ory I3} Thus Eq. (6) becomes

2 IR — ) 80 +69 ) +ew) = 2Un. (19)

Nolicing that, when the sound frequency changes, the

value of ¢%"(j1) corresponding to the maximum point of &,
(1) changes hitile {as shown in Fig. 5 and Fig. 6), we get,
lollowing the sume procedures as tn Scctlion [ll. the reso-

nance frequency

Af (20)

N 1
2 R
2{hy +— d) — -
( B \/ P
in this case. the resonance frequency is determined mainly
by the sound speed vilues ol the upper and the lower

waler layers, and the (hickness values of the middle and

the lower water layers.
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Figure 7. Incoherent transmission losses versus frequency in an
idealized shaltow water waveguide. (a)Sound speed
profile. (b) Incoherent transmission losses for a range
of 20km, a source of 7m depth, a recetver of 7m depth
(solid line) and a receiver of 25m depth (dolled line}.
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V. Numerical results

In order to verify the analysis above, we calculate 1he
incohcrent transmission losses over frequency range 100~
2000Hz, at the sample space of IHz, by usimg MOATL
code [8]. The source is taken to be al 7m depth, and the
two receivers at 20km range, 7m and 25m depth respect-
ively.

Fig. 7 shows he curves of the incoherent transmission
loss versus frequency in an idealized waveguide of (wo
water layers. 11 can be seen that there is an evident reso-

nance phenomenon, and the resonance frequency is aboul
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Figure 8. Incohcrent transmossion losses versus frequency m a
shallow waler wavegnide with a thermocline, ()
Sound speed profile. {b) Incoherent transmission losses
for a range of 20km, a source of 7m deplh. a receiver
of 7m depth (solid bine} and a receiver of 25m depth
(dotted line).
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141 Hz, agreeing favorably with the resull from Eq. (E7),
which is 138Hz. In addition, for the receiver of 25m
depth, the incoherent transmission foss values are difler-
enl al Iwo consecutive resonance lrequencies, This is doe
lo the change of cigenfunclion value W, (z2=252) of the
least-alicnuation mode as the Irequency chanpges,

Fig. B shows the resulls in a wavegwde ol Lthree water
layers. The resonance (requency gotien from the curves is
about 133Hz. Eq. (20) gives Lhe Trequency value ol 131
tlz. Agiun Lhey agree well

Vl. Summary

By uwsing the ray-mode approach, the resonance phenom-
cnon of sound propagation in shallow water wilh a
thermoctinge has been explained, ils refation (o (he sound
specd profile has been analyzed, and the resonance Ire-
quency has been ohtlained. Although the occan modcis we
use are relatively simple, the results oblained in this paper
provide some insight into (he sound propagation prob-

lems in the real shallow water with o thermoctine.
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