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Abstract

A downward-looking, large-area array, active sonar system
has been proposed as a means for monitoring the passage of submerged
objects by measuring the backscatter off the altered thermal micro-
structure. The evaluations here show that the problem is contrast,
with the biological backscatter as the limiting factor, so that a large
array appears necessary. The degree to which the remnants of the
thermocline structure, after passage, would further limit the system
are not yet known. As an experimental plan, other unknowns are the
desired frequency of operation as well as the required sophistications

of the sonar,
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Summarz

A downward-looking, large area array, active sonar system has been
proposed as a means for monitoring the passage of a submarine by measuring
the backscatter off the altered thermal microstructure. The results of the
evaluations here and those in Jason 1 seem to show:

l. The detection problem is not ambient noise but
rather that of contrast,

2. 1If biological backscatter is the limiting factor,
then a large array appears necessary. How-
ever, the frequency of operation is not evident
so that further investigation is required in order
to define the array and other system parameters,

3. However, if the backscatter from the thermo-
cline is off sheets of high thermal gradients,
range gating may be cffective in reducing array
requirements,

4. If after passage of the submarine, the thermo-
cline is not completely homogenized, the liini-
tations may not be biological backscatter but the
remnants of the thermocline.

5. Detection of the horizontally stratified thermo-
cline before passage and the remnants after -
wards may not only require range gating but
more sophisticated techniques.

6. The complete system may thus not comprise a
large array with a pulse compression sonar but
instead resemble a sonic holography system.

This may be particularly true if energy changes
by themselves are not credible, but actual exami-

nation of the thermocline fine structure, before
and after passage, is necessary,

The efficacy of these techniques is difficult to comment upon because little
ie known about the stability and lateral coherence of the thermal microstruc-
ture layers in the ocean. More importantly, however, the little that is known

has not been fully exploited in terms of syntherizing a system,



1.0 System Analysis

A preliminary evaluation has becen made of an active sonar system
designed to monitor the passage of a submarine by measuring the backscatter
off the fine structure of the thermocline. It is shown that even with a modest
array, the effects of ambient noice will be small so that the problem is one
of contrast - i.e., the change in backscatter before and after passage of the
submarine (Section 3. 0).

The evaluation by Jasonlis based on the volume backscatter due to
the gradients of the thermocline being homogenized by the passage so that the
remaining backscatter is of biological origin. With this model, the require-
ment for a large array results from the need to fully exploit the horizontal
coherence of the laminar thermal layers and thus obtain sufficient processing
gain over the biologically scattered energy.

The efficacy of this suggested technique is diffizult to comment upon
because of uncertainties in the applicability of the model used for the fine
structure of the thermocline, before and after passage. Specifically, before
passage,

1. The model is based on a volume backscatter and

thus does not show the advantages of range gating.
Other models for the thermocline '3 show that

the principal fea ares are a series of thin laminar-
flow sheets of high static stability separated in
depth by weakly turbulent layers a few meters
thick having only moderate density gradients.

The analysis of this model (Section 2, 0) shows
that the backscatter per layer is

==Y dd —r0ay int A4t
)
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in which 4 is the layer thickness

A is the sonic wavelength,

Frequency effects result in -91 dB backscatter
at 5 KHz and -105 dB at 25 KHz.

The estimates from the backscatter model used in
Jasonlare -90 to -100 dB/m. This is not incon-
sistent, except that in the model used here the back-
scatter is not per meter but rather the result of a
thermal discontinuity less than 10 cm thick.

If the biological backscatter is accepted at the
values used in Jason

biological, day -70 dB/m
night -90 dB/m

and the sonar range gates to 10 cm, the biological
interfercnce level is

biological, day -70 -10
night -90 -10

-80 dB/m
-100 dB/m

Unless the thermal sheets are less than 10 cm
thick, range gating by itself does not appear
sufficient for detection. However, range gating
does reduce the requirements on the size of the
array,

After passage of the submarine:

1'

The model for the thermocline is based on a

homogenization of the thermal layers leavin

only the biological scatters. Other models 4,
however, indicate that the mixing is not that

all complete.

Suppose, for example, after passage a more
suitable model is that the thermal sheets are
dispersed so that the -100 dB backscatter from
discrete sheets is now a volume backscatter,



3. In this case the large array may not be too
effective against the backscatter after passage
because it comes from extended discontinuities
rather than from small biological scatters.

4. Range gating then becomes a necessity to
determine that the structure of the backscatter
has been distributed,

Indeed i. may result that:

l. A large array is needed to reduce biological
backscatter.

2. Range gating (pulse compression sonar) is
needed to determine that the laminar layer
has been disturbed.

3. A holographic data processing procedure is
required to further examine the fine structure
of the thermocline before and after passage,
Perhaps without a procedure such as this,
monitoring of energy changes will not be
believable,

The preliminary conclusion is that the little that is known about the fine
structure of the thermocline has not been fully exploited in designing an

acoustic monitoring system,



2.0 Physical Phenomena

The physical phenomena which is to be observed is the fine structure

of the thermocline which affects j’ C

and hence the backscatter of sonic
waves.,

The order of magnitude of this effect will be estimated from two
sources, J.D. Woods observations in the Mediterranean °

and W, W, Denner
observations in the Arctic.

2.1 Mediterranean Data

The principal features of a thermocline, observed by photographs of

the tracers, is a series of thin, laminar-flow sheets of high static stability,

separated by weakly turbulent layers a few meters thick having only a mod-
erate density gradient,

Temperature 7 = 20°C

Sheet Thickness 2 =10cm

Temperature Gradient in !
Sheet 47‘/42 = /Y C/.C'UAW

Temperature Step AT = —0g.7%C

Both the density and salinity step changes would be desirable.

The salinity
change will be neglected. The density change is calculated from the tempera-.
ture change.

ap= -260x10"° 4T
-260x 1076 (-0. 2)
520x10°6g/cm?3

TR

-5-



‘ A
f \\“\ 3 "(”1. i Ao
b
/af}h'\— NN ™ - - 4
o 3
.,
| ~.
Y o~
Pc +Ape )
-6
46€ 5 gox 10
Fe
Fig. 1. Model for the Change in C with Depth



2.2 Arctic Data

The features observed in the Arctic arc sheets of high temperature
gradient ranging from a few to a few tens of centimeter thick separated by
layers of small gradient a few to a few tens of meters thick. These data
are consistent with the Mediterranecan data except there is, in addition to

temperature steps, recorded salinity and density step changes.

Temperature ¥ e

Sheet Thickness 2 10 cm
Temperature Step aF 0. P C
Salinity Step 48 10 ppimm
Density Step 2 7.0 g/cm3

2.3 Model for the Reflectivity

The effect of these step changes is, to a first approximation, re-
presentable by a model of the water in which there are layers about 3 meters

thick, each layer having a step change in its acoustic velocity. Wilson's

5 3

equation” may be used to calculate this changd 7,

C= I1YUias U (23T —n.asus T4/ 83/ (S-?f)

AC= Y423 4T - 0./0 72 TAT+/,. 37/ L3

R



For the Mediterranean

C

i

)P R+ 4 52 20) ~ 0088 (20)

"

)YV e+ T2, 5= 2/ 8

I

1519, P am fare

A C = ("--0.2?)( Yoyt o~ o u o))

N

(~0.3y (2o 42)

i

~ ), ‘/ p."":f s .//.‘.f,v;

For the Arctic

C = )Yy o ,nm/,;_,:c

-y

AC = @02 (Y623) * /.39 (0.0/)

= 0072y + 0.0137/
= 0.0 ™ e,

The acoustic reflectivity for a ray at normal incidence is given by

el
0 Ir £G=-87
g

£aC i €

Afpc)
:efc

&

Since

ape 2 P AC+C 4P

-8-



then

g __.c/,’."; :‘)..’.
R+ = [ = - v,
= \ 5?5 /
7
= —'2 (——3'-:.»'599\'7

A

)40 717
For the Arctic

1 ./0(7‘/ - ?:“'\"". )
R 2 — =

,cjui /

pLd

X f(va247) 167"
Aﬂ/h-,/b '70. ")H;,

:\‘: (;r’) yloi' t4 aF° ".u( ."/‘ rﬁl.'g'.,:.

This is in agreement with Denner 3 who calculated 5x 50'5 as an approximate
vajue,

While the model is sufficient as a first approximation, it does not
contain the effects of acoustic frequency and is thus only accurate if the
acoustic wavelength iw large compared 1o the sheet thickness, By large wilf
be meant that the acoustic wavelength is at feast eight times the sheet thick-

ness. Hence the wavelength must exceed

X2 e



and the frequency must be less than

_“ < 1500 .lﬂ,it‘c
0.8 m

£ < 1880 M.

To obtain a more accurate frequency dependent model, the change
in £C acrosas the 10 cin Interface will be assumed lnear, Moreover, since
the reflection coelficiert in amall, the power loss of the incident ray will be
neglected so that the awplitude /q.' of the incident ray iz constant,

The incremental change in rc acrors a distance (0! n the inter-

’5(’. h
- “ 'gﬁ“ s
J’. C) - A = ) J;

The amplitude of the reflected ray at the poimt g ithin the imterface 1o

’ "'.‘f, ?J
A4, = Ay a ©F .
21pe) J

in which ‘.é is the extra round trip distance of the reflected ray 1o Ihe

upper edge of the interlace.

Then ,?}"2
7 J I‘
oA, = Llpc) L. e J
2p¢ A J
and -
vy
JA, w PA e ¢ —)J /
s J



aml

s,

In ke form

the atmplitide is easily seen 1o be

.AI’§ FA, ) P i}__«,’
g A ’

Hence the rellection corfficient, incheding frequency eflscis ie

24l
2[!)1 Vg o TN
el
3

In tMie frequency dependent model there are resonant effects for bach -

scatter off a single inteelace. These resonances tay be Llvered becanse the
actual edgesr of the interface are fussy. For this reason, the envelope of the
maX/X  function will be ssed. In addition, 10 have A single numerical
value, the average value of the reflection cosfficient for the Mediterrancan and

Arctic will be veed.

R = ¢ovig® 2> avl
and
N= jov a“; -
NFL



3.0 Detection of the Per Layer Bicih’uucr in Ambient Nejse

The purpose of this analysie 12 1o show thal a sonar having a reason«
able range resolution appears capsble of detecting the backacatier off the sheets
of high thermal gradient. This means that onc is dealing with a contrast prod -
lem. The presentation, here, (s as 2 working paper, 30 the detaile of the evadua -

lien are given,

L1 Amalyeis

The system consists of o donanard -looding sonar which iveasures the
backacatier off the fime structure aof 1he thermocline, The medel for this fine
structure (o hal there are 10 cm thick layers separated by ) meters such that

the amplitude refllection coeliicien 1o *

Regovso™¢ tor A > exd
)?!((J’M.‘_%.. for ) U 4
vl

Ml ) 1 the serar wavelengih

L s e layer Wnichnese.

The sonat i epecilied as (ollone:

Power Ovipat 50 - 100 watte

Array Sise 4% 4 feet, 30 & 40 (et
Frequency $-2% KMy

Directivity Indes 15 d8

*  See Sectton 2.0, Physical Phersmena,

.’2.
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ie the degree 10 which the ocean will pormnit coherent proceesing. The con-

siderations are;

l. The platform moves up and down. Al moderate
breeses the develojied sea has a helight .?4',-. of
about 1, 12m ardd a period down 10 perhaps 1, 6
secomis, The change in sea height 12 thue

-i—{-.—l,,s'_’ : 7- l P ﬁ"/’é’f.
1C4i5)

The wavelength at the manimum specified conar
trequency of 25 Kits o

)~/
) - -{-{?_i..... - < 0-645".

A v1e?

Hence, even withaul decoupling from the ocean,
the processing time could be 3 } seconds,

e The bandwidih e lmited by the thicknees of the
lager which is 10cm. I the round teip time of
the reflection through this laver e lissited to
ons (Gurth the corresporsding period, the bard-
width is litrited 10

us o)l - Ifé’ﬂ”}
9 (9.3~)

L The msanimum tine -band=idth product Ia thus
about

BT = 3.3(/1s9) n €200

The precescing gain expeciod of the senar is
about I8 dfs,

c. io
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whether or not the ocean structure remaing
stable enough to sapport this processing gain,
This would require further examination,

5. In addition to the processing gain, there is a
post detection gain which is an incolierent ad-
ditlon. I 4 total of ten sccomls is allowed,
the added effect of about & satiples is Slog b
or 5 dW,

florar Kquation

The bazic sonar equation, modificd for the extemied 1a gxt of interea.

here, is

SE* PG +PD) +SL=TL -8 -1.-DT

in which
sx ie the signal encess
"c it the precescing gain
" s the post .detection gain
81, is the souitcs level
TL. is the trasamiseion Ioss
B, ie the backscatlier loes
Kt ie the poise level
DT Iz the detection threshold.

ﬁwii Lirwl.

The power output will be taken at the axitmwn specificd 100 watte,

Far an emsidicectional radiater thie COtresponds 1o

SL® 223+ 10 Ay 120
= )23 3/‘ P /‘g./)ﬁ.;/.’a.s’ o /-v..:?f'g,

..‘c



Transmiasion Loss

The transmission l0ss depends on whether or not the backscaticr is
specular. ThHis probahly deperds, in part, on the wavelepgth. Since the
actusl situation is not yet well aefined, both will be evaluated  There is aleo
an absorption of the sound encrgy which ie a function of frequenc) This i<
neghigible. becauae it 25 Kile the ahsorption ce«fliciant is only about 5 4B/
kmetor, For a hundred -meter (ore way) range, this is only one dit, The

situation changes if the (requend g of the sonar were higher,

Specular Hellection

The geomniry lor specular reflection is shown in Fig 3 Ths acvive
conar illuninates e interface layer and the resulting backecatier of the re-

flected encrgy illuninates an ares Ap 1 the plane 6l the cotar array.

At 0(ze)

inwhich T & the range

€ ie Ve beamnidih of the array.

1 ks area el the areay le A‘ . the traction el \he rellecied eseriy

captured by the areay le

As , Ao

e L

A. 6t.r)"

Thua
Y
ThL =~ )0 -/r?A.t-tl 10’:‘2 : . 0/'3(")

s'ﬁ:t



— P2, . 4 R/LE/ }

et Ry, Py

s ot
’c:s&‘s’ A,
e o Spena '7..‘.? S
b ! :
L
r /
/

¥ Uoass? ot

e 2. Mode! for Specular Kelloction

clgl



The azea of the array is

/0-/’J /{¢’ - /"4/’ ;l‘ W "j- i':q-;-)
¢

The beamwidih, & + €an be evaluated fram the dircectivity 1ntex, 0Z

which in turn depends on the artay sise amd (requescy

L gr?a

OL ¢ 2”'1.“@) r

inwbich D 1s the diameter of the array

2 1% the wavelength

D= *I,‘[ff -
Aw _ITOU o 6.060 4. & .r:’f:v‘.

ST S

ST%9

. ar L ] ;0 ..' :ﬁ!:-)
J .6¢0

MM, the DI drops by W ioes or 14 dhs.
<~ OXT 2 2204 ¢ & r oy
The besomiath, & |, is relatad o the 6T 4y

ﬂ‘ oS f, = A.!‘ *4
0T = 10 fn; - Iazv Y- 1¢ .Je9
qu%ﬁ = - 52 *'"}"J ¥

« =.Ccr1N9 2 =250 JL & 2ruk;

4 j 4} = - /! & - g 0,
/96: 8% =239 0y s <~y S| i’

N

' 29 ¢ £.0a 3€J4 & symm,
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Hence the transmission loss for a range of 200 meters

Tl e -0 =25 Cr Y62 Q7 S F PR

*
l-‘
&
N
3

a g f—= 29 w4y = F
‘ﬂ/ LA ] :, -~ /1"/ 7':;
As an upper bourd on the uselul array sias, consider an array witha < of

about Y% dB. The Loamwidih is then given by

The area illuminated by the backscatter at the sea surface based on specular
reflection ie
Aoz Blar)’
- *I}r'( .'."Hl)a

“‘N

374606
The sees of ar arr-7 of radinse o, 12

3
Aa = Mra
Hence 0 captate It 1he bachacatisred ensriy

AR T T R R L L
r/e0

oe Cc‘ E PN

of the prasitnunem eveful seray te 47 fest,

..s—t



@ NETT W WO

/A

]

-~ ‘/7.////r ¢/ 7/1(~f OAN'CZ'.
DI = S'J’n/K.
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Non-Specular Reflection

Suppose instead of belng specular, the oackscatter is non-specular
and follows Lambert's law, Fora DT of 35 dB, the arca illuminated at
100 micters has a radlus of 3. 6 meters, All the angles from points on the
itluy sinated surface 1o points on the array are thus alimost vertical. The
sin A sing law, for Aef= f is thus unity,

Over a remainder of the hemisphere /4 ¥ % but at the angle ¢f

the intensity is proportional to sin 47 .

5‘ s Q’[z
| J The area on the unity sphere
. = 4
1 ".s);; within the ring at the angle
Is

oA ew ton ¥ ’/f

Hence the intensity e %*“;séf ‘la‘f/:‘ and the total power over the sphere
"4
."l/3

j‘e":m; Yuy ,/f? - ?rs«-’r*) =y
v
o

c'qs



The fraction of the transmitted energy received by the array of size /4@ is

then
Aa L
¥ fPote 7

ok p w

L R = ,/./.t‘ 4 4+ 20 .70V F /(,/j~ g

g A 0 s
w57 b

In the case of non-specular reflection, doubling the diameter of the array

improves the 7°A by only 6 dB.

Backscatter Loss

The backscatter loss comes directly from the reflection coefficient

2wl = 2w (/0u) = 0.528m

Hence A< 2w L at both 5 and 25 KHz

A 20,0600 m at 25 KHz

2 =0.300m at 5 KHz

R! (0’/0-‘..3———
v L

-6
= 60 )!/0—5’1_0_'_0_.6_?2-)—:: S 7 x/0 @25’/{#}
C.lt 2

ed from

Reproduthb‘. o

best avai
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B/ = —20 /7,’ A7 = -—-,30/{ ST /20
cf h 67
A -A

L

104.8 dB at 2” KHz

o]

90.8 dB at 5 KHz,

Noise Level

The noise level will be taken for a modest sea state (about 2)

5 KHz NL
25 KHz AL

-55 dB re 1 dyne/cm?

-65 dB

Detection Threshold

The detection threshold should be somewhat high because the phenomena

itself is not deterministic and comparisons have to be made. Instead of the usual

6 dB, a little more margin is essential - say

DT = /004

-21-



Evaluation of Signal Excess Against Ambient Noise

The Signal Excess can now be evaluated at 5 KHz and 25 KHz for both
a small (4 ft x 4 ft) and a large (50 ft x 50 ft) array. The large array is suf-
ficient to collect almost all of the reflected energy, although this evaluation

should be refined to check on near-field vs far-field effects.

Array Size Small Large
Reflection Specular Non-Specular Specular
Frequency 5 25 5 25 5 25
SL 92.3 92.3 92,3 92.3 92.3 92.3
PG 38,0 38.0 38.0 38.0 38.0 38.0
PD 5.0 5.0 5.0 5.0 5.0 5.0
-TL -34,5 -20.5 -55,0 -55,0 0.0 0.0
-BL -90. 8 -104. 8 -90.8 -104. 8 -90.8 -104, 8
-NL 55.0 65.0 55.0 65.0 55.0 65,0
-DT -10,0 -10,0 -10,0 -10.0 -10,0 -10.0
SE (dB) 55,0 65,0 34,5 30.5 89.5 85.5

Both 5 KHz and 25 KHz sonar frequencies have been considered as well as
models for specular vs non-specular backscatter. In all cases, the Signal

Excess is high, showing that the actual problem is contrast,

-22-
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