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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- 
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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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Summary 

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: 

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

2. If 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 effective in reducing array 
requirements. 

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

I.    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 

is known about the stability and lateral coherence of the thermal micro-true 

lure Uyer. in the ocean.    More imporianily.  however, the litll« that U known 

ha. not been fully rxplotled in terma of aynthe«iaing a ay.tem. 

-I- 



1.0   System An dysis 

A preliminary evaluation has h   en 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 noi£,e 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 Jason    is 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 difficult 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 ranRC gating. 
Other model« for the thermocline *"   show that 
tht  principal fe;    ires are a series of thin laminar- 
f'.ow 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 
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in which    L    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. 

2.    The estimates from the backscatter model used in 
Jason l are -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. 

3.    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 
interference level is 

biological,  day       -70    -10     =     -80 dB/m 
night        -90    -10     =     -100 dB/m 

4.    Unless the thermal sheets are less than 10cm 
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 
however,   indicate that the mixing is not that 
all complete. 

2. Suppose,  for example,  after passaue a more 
suitable model is that the thermal sheets are 
dispersed so that the -100 dD backscatter from 
discrete sheets is now a volume hackscattcr. 
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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 U may result that: 

1. 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 fi 

structure of the thermocline has not been fully exploited in designing an 

acoustic monitoring system. 

ne 



2. 0   Physical Phenomena 

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

of the thermocline which affects    ^ 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.  Dcnner 

3 
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 i?     =10 cm 
Temperature Gradient in 

Sheet ^TA* r     /"C/^"- 
Temperature Step ,-f. _    -n.^^C 

Both the density and salinity step changes would be desirable.    The salinity 

change will he neglected.    The density change is calculated from the tempera- 

ture change. 

4J6"    -260xl0"6    4T 

-z   -260xl0-6 (-0. 2) 
~   520xl0-6g/cm3 
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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 Mediterranean data except there is,   in addition to 

temperature steps,   recorded salinity and density step changes. 

Temperature 0   C 
Sheet Thickness ? 10 cm 
Temperature Step 47" 0.02oC 
Salinity Step 4 5 10 ppm 
Density Step ^^ 7. OyVf g/cm 

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 

equation     may be used to calculate this changi   . 

AC =      M, OS   AT •  0. /o  }2 TAT* A ? */  /-^ 
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For the Mediterranean 

C *    ,^?, > -^ V. ^t UO   - O.:JV'^   'I^ 

•   /V7.z-+ i *. r- 5/, <P 

^ c    = -. ^.' ^ aü>\ 

For the Arctic 

^c -     9.0a  f^t**)  -t/.s!/  (0.0 i) 

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

1   '       ft ^V- p Ci 
.0- 

•     f*c%*ftCl 

*9 C 

Since 

AfC    =5:     f AC -*- ^   4J3 
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then 

For the Mediterranean 

^i( V^ V) 

e% ± ( -*—* +  ******   ) 

For the Arctic 

' 

•   /  '*<>*'  -    -^ov/v'   \ 

< 

Thl. I. ,„ .„„„..„. wHh „.,,„„ 1 .,„ „„   ,,   , „ 10.J M #ii   |J       -      , 

value. 

Whil. th« model I. .ulflclenl «. ■ ftr., approalmalio«.  n do«, not 

contain ,he eff.cl. of acou.tic froque^y and i. lb«, only accural. if ft« 

•couatic wavlangth i. large compar.d ,o th. .ho., .hickne...    By Urgo w,|| 

be meant thai lb. acou.Uc wavlenglb I. «i U«., .ighl ,im.. ibo .b.e, «blck. 

ne...    Hence the wavelength mu.t exceed 

>i BO cm 
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«nd ihr frequency mutt b« Us« th«n 

0 ^      HOP m/«»c 
0. S m 

^ <   ItM Hs. 

ro obtain « mor« MMMH frvqwency dvpvndrni model, ihe CKAI»*» 

In   f C    aero«* the 10 cm mierUce «rill be ««eumed llnMr.   Moreover, «lac« 

the reftecilon coefriclei I I« «m«ll. the power lo«« of the locideoi ray «ill bo 

neglected «o thai lb« an^lliod«    A*    of Ibe ioc Ideal ray I« COMUM. 

Tbe Incromentol cbange In    f»C    acroa« a dlaiance  A       a Ibo later- 
* o 

fee« la 

o/f/e)    •    A/fg)   ye 
L * 

Tba ampliiMde of ibe reflecied ray at Ibo polM ^    »tibia ibo IMorfbco la 

la »bleb    * t     la Ibe oaira rovnd irlp duiance of ibe reflected ray lo Ibo 

•r odfo of Ibo interface. 

Th»»* 
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In «h* form 

M       ..^H 

Ik» Mi|Mll«i« It «Mlly MM !• k» 

Hm— Ik« rvfWcuo» CMflktoM« iwtotfu* tr^mmf «UMI« U 

^^)«     T. 
.. 

?r4 
T 

to iku fr^^Ky i^ptaiiM «ijtf«! uwr« «r« MMMAI »ffwi* tor k«ck 

M«li«r oft a »totl» iMvrtMo.   Tk»»« rotOMocot may kr kl«rr«4 krcooM Ik« 

MIMI r^tvt of lb« loivrtM« IN f««tf.    for Iki» romo, IW oovotof« of Ik« 

****/*      fioKiio« »ill br «MC   to o4diiioo. lo IMV» « %%m%tm oomorlcol 

«•too. too «vorof* »«tor of Ik« rafWciloo corftlcirm for llw M«dli«rnuM«o oai 

Arcilc «ill M o«o4. 

•ad 

• 11. 



Th» p«rpo«9 of ihit «Mlyclt u le »how Ihai « •ofwir hAvtng A r»«»ofi- 

abl» r«fig9 r**olttilM «ppMrt capabl« of 4»i»c<tng tlio bAcli«c«il*r off lb« tbo««« 

of b.gb ibvrmol tr«4i»ni.   IMt HIMM iMi ooo u tolinf »lib « coMrosi prob- 

ta*.   THo prooonunoo. boro. It M a »orMnt fMpor. to ibv tftitilt of lb« ttolitt. 

lloo trt giw«. 

1.1 Aotbrtu 

Tb» oyttom cootltit of t ioooooH.looM^ ooMf «M«h moo»«r«« ibo 

bMbtconor off ibt AM tironoro of ibt ibvrmoclioo.   Tbt motfol for ibi« fiM 

tirwiort it ibti tboro oro 10 «in ibut Uftrt toporoi«4 by I inoior« tocb ibti 

ibt ompliiotfo rofWciioo cooftaiool it * 

fi9tO •/öm€ lor > > «rZ 

fi-fO»/**.!- lor >   <   tr/ 

IO obicb     }     it UM tbMr «ttoltoftfi 

i      It IM Ityvr iMckM** 

thm  »ot^r «•  •p*«|(li* «t lotto*« 

Oolpol M • IM »«IU 
Array bit« 4 ■ 4 foot. M t M ftrl 
Pra^wmr ft-Ift KNt 
DifMiWMT IMI»« I14B 

•     Soo IKIIOO 1.0.     Pbfsicot 

•lt< 



!• ih# dffgr«« to which th« oc»4ii will p»rmi cohvrtm pro€«»»tiig.   Th« con 

•tdvraiioni «r«t 

I.   Th# pUiferm movot up «nd down.   Al mMl#r«i« 
br««Mt th« 4««*leptd ••• hat • hviphi &*fo of 
*boui I. II in «nd • ponod down to p»rh«p« 1.6 
•ocood«.   Th« cMftf« in t#« hvigM I» lha* 

^   5    -J./P^/^ 

Tho »«wlvngih 01 iho iffo«imu»ff «pociflod »ooor 
(roqooocy ol If KHt i« 

NOMO. oooo «iihowi 4»«owplin« from Iho ocnoo. 
UM proco**int nmo couM h» I. I tocooi». 

I. Th# hooOwMlih I* Umiivd Of llw ihicMtot« of Iho 
lofor »htch i» lOciff If iho roood-inp nmo ol 
Iho rofWcilM Ihronfh ihi* loyor l* Umiivd lo 

•kHh !• Ilff-llod IO 

%,   Tim »oftUffom itmo hhaioidth protfoci it ih»« 
OhOvl 

ST • f.t^'A^9)«   4*00 

Ihm pfocottiof §olii oopociod of iho tooor U 

• n. 



whcihvr or not lh« ocvan ■iructurv rrni«ini 
•UbU «nough to • .p^n ihit proce..»,,« ^m. 
TW« would r»quir» fur*h»r •kAmiiwiiion. 

».   In •ddiiloo 10 tho procoSS|i)t g«,,,, lh#r# j, Ä 

po«l tfoivctlo« Mtn whicli Is an incohvr»«! «d- 
dliioo.   If « tot«I of t»» ••coodt It «llewMi. 
tli» «dd«d »Ifvct of «boot • »omplot U »loot 
or » «J«. ^ 

r Boooit« 

TW teolc Moor ^ootioo. fnodtflrd for ibo ottoodod to «ot ol loioroo. 

boro» §• 

Mm pa *I>»'*<:L~TL~ BL~NL~t>T 

V 1« UM OtaMU oocooo 
ll «*• procottui« «out 

M> I* ilw p^tl duocMoo tola 
•L It ibo toorco loool 
Tt it ibo irooMiiittioo looo 
•L it UM bMbotoitor loo« 
Ml» lb Ibo Mloo loool 
t'T it <b# o*i»«*ioft iitrvftbaM. 

•oorttUtwl 

n Mlpoi »HI w loboo «i ibo •^tin.^m «pociflod IM »olio. 

for oo o^oMir^tioool rodioMr tbit «orrotpo«*« I« 

M 



Tf mwUfciow Lot» 

The ir«A»mu»ion lot» dtptndt on wh«ih«r or not UM bockscaitcr 1» 

•pocuUr.   TVIt probably d«p*n4*. in |Niri. on ibt »«voUnglh.   Sine« lb« 

•cinal •HMiiMi It not y»i «oil doflMd. bolb «ill b» »vnlMlod    Tbor« It «too 

«n tbtorpiion of lb« »ouad onorgy «bicb If • tunciion of fr^oonc»     Tbit I« 

MtUfiblo, bMbOM «I 1ft KHi tbo «btorplion cootflcivni I» only «boM ft 4»/ 

b moi »r.   for « b—irtil ■motor ftM «Pbyl rnng». tbi* I» only ooo 4B.   Tbo 

•linoiion cbMt»* if iH# fro^nont y of lb« tonbr MM blfbor. 

ioocnlo» Honociion 

Tbo |«wm>iry lor »pocnlor roftocuon to tbonn in n«. I.    Tbo Mt^vo 

ir illmniMiot V* MoHbco Inyor nni ibo ronnHing bncbocnitor of ibo ro- 

flocMtf »norfy illmniMlo« on nrM   A*      in Ibo plono «I Ibo ««Mr nrffbf. 

Ar*   QitA* 
ui •b* b    r    to *§ mat« 

0    io ibo biiinlilb of ibo nrrty. 

If lb» oroo of ibo orroy t«   A+   . ibo fr*«iion of lb» rofloclo« onorgy 

by Ibo orroy I* 

M 



» • 
» I4ü        i 

/ 

/ 

^ **•/'*/ '/ 

flf. i.      Itoi#l l»r iMtslar lt»fWcit«i 
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Th» ft/M of th« array It 

TW bMttmi4ik.   7   . CM b« •«•IIMI«4 Iron* ih» dlracilvily IMIM,   ^1 

•N«fc «• tor» tfvpvndt o« IW array •*#• aad Ira^wficy 

»a «iHck     d     ia UM aumaiar ol UM array 

^     la ttw vi 

ft-   V^«   At^v 

Aft Kite« U«   Ol  «9^atoyMtet»9r 14 

Tli >M».ai<u^ ^   . laralaia^MilM ^X    ky 

.'.      *§Aj9m    —   fit  ~ **J'j **- 

IT. 



Htnc« lh« lMnimi»»lon tos« for a rang« of 200 meirr» 

At an ttpp»r bound on ih» tt»«lol «rrÄf •i»«'. cootldor an «rrny with «       -    of 

nbool ?* dB.   Th» boomwtdtli It thoo i»v»n by 

tJT-   *****   5/*e 

TW MM .llofnintiod by UM tecKtctilor ai lb« tM tttrfltco bntod on tptcottr 

roll»« lion it 

Ar*    *Ur)* 
•    v*rr^)* 

!/•« 

♦ . M •! •» »tr f of radi««    ^    It 

A* ■ »r^af 

N**(o to «optott   II »fco ktcttcoitorod tntrgy 

•f It» «<««i*t^<«m» • ••l«l trftf It ♦* IMIB 

-lb. 



• ■■     »Ifll«     ^ww 

-?,'**' • 

i>r = j-r^. 

Non»SpecuUr RrflrcHon 

Suppo»« intlcad of b«ln« spvcuUr. the backscatter ia non-tpccular 

and followa Umbart'a law.    For a   3>Z    of 35 dB.  the area illuminated at 

100 MOWt ha« a radlua of 1. 6 meiere.    All the anglee from point« on the 

illu* itMied aurface to point» on the array are thua almoat vertical.     The 

•in A   Bimf    law. for     /* * <f • K    la Ihua unity. 

Over a remainder of the hemisphere    4 • 3l        but at the angle 'f 

the iMenaliy I» preporiiofial to «in *,'   . 

The area on the unity aphere 

within the ring at the angle 'J 

U 

o/A a   iWsxy Jf 

Me^e Ike taleaeiiy la      ***mif m**fii  end the loiarpower over the »phe 

JA 

x i*e**mf \s%Y Jf vr*H.*. 
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The fraction of the transmitted energy received by the array of size   A? ou     i C     is 

then 

A A, I 
— • 

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

improves the   T^   by only 6 dB. 

Backscattcr Loss 

The b&ckscatter loss comes directly from the reflection coefficient 

Henc«        \  <   2* L at both 5 and 25 KHz 

>      ■ O.ObOO m at Z5 KHz 

y    > 0. 300m at 5 KHs 

^ir/. 
- 6 

-     40   *'(> -t.  (o.oeol m   g-.y y /o     €> Z? XV} 
0,*lt 
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^ a -fa Jj J: ~ -zoJj^.y * /; -j 

,.   BL        = 104.8 dB at 2: KHz 

BL       = 90. 8 dB at 5 KHz. 

Noise Level 

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

5 KHz /V7      . .55 dB re j dyne/crn2 

25 KHz ^      . .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 
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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 

Reflection Specular Non-Specular 

Frequency 5 25 5 25 

SL 
PG 
PD 

-TL 
-BL 
-NL 
-DT 

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. 

92. 3 92.3 92. 3 92. 3 
38.0 38.0 38.0 38.0 
5.0 5.0 5.0 5.0 

-34.5 -20.5 -55.0 -55.0 
-90.8 -104. 8 -90.8 -104. 8 
55.0 65.0 55.0 65.0 

-10.0 -10.0 -10.0 -10.0 

La! "ge 

Spec •.ular 

5 25 

92. 3 92. 3 
38. 0 38. 0 

5. 0 5. 0 
0. 0 0. 0 

-90. 8 -104. 8 
55. 0 65. 0 

-10. 0 -10. 0 
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