
V AO~ AO75 131 NAVAL OCEAN SYSTEMS CENTER SAN DIEGO CA 

- 

F/S 17/1

I UNCLASSIFIED 

PHASE INTEGRAL ALGORITHMS FOR SIGNAL SPEEDS IN RANGE—DEPENDENT —ETC(U)

A0Th131 - - 
—

I _
I fl i_ _fl~~~flEtfl’



10 
~ 

I~ II~

till 1 1  ~~~liii _ _ _  is

• 1l.25 ~1T~~~~”~’

N*tP~~~~ ~~~~ AU OF STAP~~~~~S
scsc~ ~~~~ •c ~

------J



—

Technic al Report 412

PHASE INTEGRAL ALGORITHMS FOR
SIGNAL SPEEDS IN RANGE-DEPENDENT

SOUND VELOCITY PROFILES
A. C. Shock$ey

10 July 1978

Final Report : Janua ry 1978 — July 1978

P~iepared for
Naval Electronic Systems Command

(PME 124)

D D C

____ 

Approved for public releaie . distribution unlimited

NAVAL OCEAN SYSTEMS CENTER A
SAN DIEGO, CALIFORNIA 92152

- 

79 10



a
NAVAt. OCt AP4 $Y$T(M1 CINTE N. IAN DIEGO CA •21$~

A N  A C T I V I T Y  O F  T H E  N A V A L  M A T E R I A L  C O M M A N D
RR GAVAZZI . CAPT~ IJSN HL BLOOD

Co.,v,i.n~.. T.ciwiscai Dw~~io.

AI)MlNlSTR~ I RE INFOR%IAI k)~
this ~ ~.r k pcf*ains t & ’  ., mcthod it’, est imat ing tn’,n ar~t iisal s~.und s;iced profik

data the c1k~t ise signal speed in rangt -slepcndent ensirunmenis Ihe inetht~d tinplt~s s the
~~i thc phase int~~r.iI htr underwater ‘.t’~ind i~~s s and ullcrs ce rtain

~oniputationai ~tI int ages in the t o ntes t  ~t i inr f t t s td  ~~~~~~~~~~~~~~~~~~~~ performance
• using MuIt, %ryj~ 

(
~orrrLition i MA( i equipment the ~-or k w as done undet NOS(’

II \ \o c 2 2 1 1 4  and ~ is s ,i rcd bs ~‘J5 .iI I k-~ t rs’ni~ S~ s tcins ( ommJn4J IPMI I ~4) .

H clrj se*j Ps I i~1J~i .% iif )~ ~7, t ’. .1

~4 K •~~kc r s . h ead I It I ~t .i !t h ead
S\ sI~ ui ( •in~ cpts  and tn..k ~~ 

)~~ ~si ( )~ ran Sufs c i llan5 e I)epartineni



UNCLASSiFiED
~1c~ *ltY C LS I$I F IC*’,ON OF TMII 0*01 C~~~~ 0 .  Sa... NO 

__________________________________

- Iu~~~iY A e At~~ 11*.
~~~~~~~~~~ . ~~~~~~~~~~~ i ~~~. i~~~’ ~~~~~ OO~~I..IT ~ O Po~~~

I 01PO~~Y NUNOIO J2 i~ovv ACC esSION NO - IN 
- — 

£~

Tschnical R.po 14 12(1R4 12) ,4/ .d~• — T’,
1. T YPL~~ *~~~~RT S OIN OO COVI01D

JHASEJNTEGRA L 4LGORITHMS FOR i~~~ i ~~~~
~K NAL~ PIEDS IN JANGE.PEPENDENT J- J . , L -Iu~~~7 .
SOUND )~ELOCITV PROFILES , _—.~-‘ .~~ ~~~~~~~~ ~~~~~~~

~ AUY~~~~~ga . •. co~ympcv 0~ ~~~aøY

I 0~~SI~~~~~*w5 000ANI **t I ON NIN I AND *oo.ess ID ~OO4A A~ ~~~it  004jJ{T . Yale

Naval (kcssi Systems Center 
01 $ *001 u Nit NVN~~~01

San Dsego. CA ‘I~ ItO 
4

1 COw ’N Oi . s. .us O O P ’tCI  ii ANt AND £000151 
— 

U
Naval Fiecuunx Systems Command 0 3u~~~~7$ J
W lUn$ft*. IX 2O.~60 

, 
‘~~ I) N41*S10 OP PASlI

47
II u.Os~ YO0,N* aDtsCv usA~~( S  LOOSe 55(11 .Ik.an. ~ C lli~.SI~~4 OSNe•) 5 $OCUSitv Cu AU .4 ~~I. ~~~set)

UnciaMsfled

1j~ DIC~ *UePiCA?iOSs~D0SNS0AOSN$
ICsi(Dui I

‘S Os$~~0I Su TlON 5~~*~~1N tii ? ,.l ~~s.

Apprnw’ed fos pubhc release , disinhution unhmuted

I~~ OsI iUtSu ?ION It A Y I 5~~~Ist .1 *• ~~~~~~~ setse.4 I. O*..b JO, II ~~~~~5IS.t f ~~~~~~

I

‘I %uOOi IN$w ’ASv .O ’ t I

tO slY .00*0 (C~~.ser... ,..se.. sI~~ U sse. .~~~~ ~~ 0 Ip 515.5 a~~~Sse)

Adiabatic unvanant ~iu nd speed algontiwno
( ui4led propagation Undeewstet iound
Range dependent prof iks
SOFAK

*0 A*1?OLC’ lC~~ e se ..‘*sS il ~~ it 1 l~~~ ef~~ Sp 51.1 * ~~~~~~ )

The adtahanc invaflanee of the pIia~ integral 3 0 sIn 8 dt/c for ducted sound rays Ui SOl AR
channeb o demonstrated by means of esac t raytracmg solutions In range.dependent channels. FORTRAN
algomluns foe this and for rehtlng Ito the swrage ray speed in .,bItras~y ducts see piesented and d*scu ed
In the contes t of acous t ic ini~edIanu~e.

DO , ~~~ 1473 SOt tION 00 I NOV SI II 01105 ItS UNCLASSIFIED

L 

S ‘Is OtO3.t. 0414.eoQI
SICU.,?, c* dsir ,c*t,oi, O• isis 0*08 (~~~SS lets 0515*0

i
4’ —

, 
/ 

~

- ~~~~—~~~~~~~~~- -
~ .. .- _ _ _



:~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

FOREWORD
‘
~~ This report presents two Fortran raylracing codes and related theory which are

designed to treat underwater sound propagation in the presence of range dependent sound
se lotsi t , profiles (SV Ps). Particular emphasas is placed on the average horizontal ray velocity
and its variat ion as a ray tr averse s dif ferent SVPs. Effi cient calculation of th is variat ion is
ol great importance for imp roved modern mult isensor localizat ion techniques. ‘t he follow.
ing pages discus s the adiab ati c inva riant approximation (MA) and the use of the codes
KM I and KA i 2 in suf ficient depth that the reader may apply them to his own problems
or modi fy t hem I or this purpose flits work was supp orted by the Naval Ekctrnmc

‘ Systems Command PSIl ‘I 24 under the Performance Evaluation and Prediction program
at t he ~ j ’.~ l O~ean Sy st ems (‘cnler Portions of th is work have appeared in the Journal
of the A~oustuca l Society ot America

O lIJ ICU VE

The ohj ecti ’ .r t’I the work ‘* as it~ calculat e eff icie ntly the vanahon of the average
horiio ntal ra~ seIu~ut~ as the ~~ t rave rses differ ent sound sek ~cst~ profiles. Erncient
~akula t on i t t  this v .u i.i t io n is ‘‘ I gr eat smport an~e ii’, improved modern mull isensor
local uatso n t ec h ni t t ises

K ILSI irs

‘the adij bj t i t  invariant approsim.llion agrees well with exact ray tracing results
even iitr st ro ng t % unhomoge-neous sound ~clocity profiles Simpk atgonthms are developed
ti’r demonstrating this and t~ r computing the adiabatic invariant in arFitrary profi les for
a usc r’se kct c d tam ul ’ . •~t r.i~ 5.

RIWWMENI)AT 1ON S

A set of s U T 5 C %  i’t tab les shouki be prepared showing the functional relat ion between
the adiabatic invariant , the aver age sound spctd . and the ra~ ang le. to! areas of high
interest in acoustic surve ill ance I hese would provide a data bane for improved multise nsor
localisation and siould redu~.r the calcu lation of aserage ray speeds 1(1 a tahk ’look -up proce-
dur e once the location t i t  the source is known app roxI mat el)
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L INTRODUCTiON

Several important problems in underwater sound. ionospheric propagation, and
seismic research invo lve the presence of ducts or wavegu~1es whic h effect ively trap the
energy , great ly reducing transmission loss over the corresponding case of an isotropic
medium. Often , however , the duct vanes with range, preclud ing exac t normal mode solu-
lions and affecting signal speeds in a generally complicated fashion The ranje variation
may consist of changes in the physical dimensions of the duct or in the index of refraction
across the duct.

Simple computational methods are desired for estimating the influe nce of such
range-dependence The requirements hasacailt are that the procedure be readily checked
against known exac t so lutions . that it be relati v ely inexpensive to implement using archival
da(~ base s ant i t hat resisions of the dat a should by rcadiI~ incorporated in t he method .
w ithout requiring tii~issitc rei~onIputatson

An attr ac t isc cj nd idat c fo r meeting these needs is the adiabatic invanant appro x i-
mation (A lA) This presupposes that in the cases of interest ans range.depe ndent va riations
ta ke plate ove r distan ces large compared to a sin gle r.i~ ~s~ le In other words, the proper-
ti es of the medium shouki he sensibly constant user a ~sck Under such conditions, which
neatly j lwats apphi for deep sound channels . ~! turn s out that ray paths evolve in range so
is to keep a ¼ ertain quantits J ~tmstj nt , knots n .is the .i~ lion int egral or phase integral. I
Ihis ‘‘

~~ onse rs ,ution l.,ss ~
‘ allows one to t i t i l t i ts  a r.is - in essence withou t ever tr aung it over

i t s  entire path It is unIt necessars- to knots in each local region hots the quantities of
if lt Cf~ st leg. niaximiinl depth of the ra~ . ve rtes ing speed Jserage hori,tintal ve loc it t .  etc I

are related to the Jdiatiat 1¼ invariant 3. something easils done simpls his f ra~ing a few ray

~,s des in each Ios..it region
Although we hate been speaking in terms of ras s . adia hati i nsa ri ants appear in

mode theor~ as well Ia~h mode corresponds to a parti cular se r lexi ng depth and speed for
t he associated famil y ot rj ~ s In retemng onl~ to ras s , as we shall do throughout wha t fol-
lows, we are assuming the du~t supports so many modes that the ’. ~ompnsc a continuum in
eff ec t , their di scre te natur e mas he disregarded without ugn ifi~ant toss of a~~ura~s Since
deep sound channe h are of the order of t en or more wave lengths across at frrquc’n~ics of

interest for time di fference fi x in g . the mode s~ontintiiiiii approxulnation is generally quite
good The low order modes are not st ro ngls ex ci t ed by a~oius t i.. sources, whi ch are usually
far from t he sound channel axi s

When one has only low order modes , the adiabatic inta nants are t he mode numbers
t hemselves This is intuitively plausi ble, for if one considers an artutranly gradual evolution
of one duct into a second one , having , say , a somewhat different index profl le. t hen it is
c lear that the power initially in a part icular mod e must equal the power in that mod e in the
altered duct Only rather strong perturbations will cause mode coupling, in the ir absence.
there is no cause for cnergs to di s tflhut c itse lf amon g ans other discrete modes.

I W,sion .t*. ( ;wtktJ P~’rip ~~.tio.,p, .Sinwli Varwng Med*,m.Pru~ Phys Sue iLundon~v ~~~~~

ii ~~ ~II.4 f Q~~
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Exception s to th is simple picture obv iou s ly exist in cases where one duct evolves
into two in such cases one cannot treat the splitting of acoustic energy acc urately unless
the details of the SVP evo lut ion are considered . l’or tun j tc I~ , such .,ascs are rare . The proce-
du res described in th is report should be apphcabk to all ocean areas of surveillance intcrest

The computer codes descnbs-d here serv e two purpo ses. RAY I allows one to set up
a radically inhomogeneous medium who se SVP has a presc ribed funct ional form and to
determ ine numerica lly by how much the approx imation J constant tails for various hori-
zontal grad ients RAY 2 allows one to input an arb itrary hut range-indep endent SVP and to

trac e a family of r a~ s in order to lind the relation belts een I and other pro perties of interest
for ray s in t hat particular SVP The former code is i t  pri mar il) theoretical inter est , and
serves to establish the a~cu rJcs fur the AlA in a na ly t i  ally tra c t a ble cases , w hile it is our
hope that the latte r will se rve as a model for umpleinentatiun ut AlA method s in acoustit
sur vei llance

In section II w e des~ nbc iii gener a l terms t h e  s~
(
~~e of K AY I and K A\ 2. we rev iew

br ief is t he ad iaha ti 5 i nsa riant theors as applied to .Itousti~ ra’ . s . the analogous prubkni
in lassical mechanics , ar id finally gise the A lA signal peed algorithm Sections l i i  and IV
provide instructions in de ta il on the ~‘ro~edure lot e5e¼ tiling KA ~ I and KAY 2 In st’¼t i on V .
we shall treat the internal logi~aI stni lure of KAY 1 and KA Y 2 in o rd er t o P~~ 

e th~ was
for any change s deemed ncces~~ry or desirable . I istings of the I . ’ r t t an source ‘ode appear
in section VI

II. GENERAL l)iS(’RWflO~ OF RAY I AM) RA ~’2

in th is sc’ i . t R ’ r i  we shall des¼rihe the general le.,fuu’ s of R\ Y )  and RAY2 and the
theor~ behind thc~’ , ndes In 5e¼ tions III and I\ w e sh.ilt present specifi c information
needed to make runs w i t  hi these todes lie te w e  .rr e 0th t’ ned wi th  the pra~ t i.. at need for
su~ h codes, and the underis itig ~onccpt of using an adiahat i~ invj rij uit j s  .i mc.Ins lot follow -
ing the evolution ot r.i’,s in range-dependent SV Ps

A THE At )IABATIC INVA RIANT FOR SOUM) RAY S

The hi;it prohkm of ttn)e’iiiitetencc fusin g prov ides a owle t  t for introducing the
adiabati c invariant concept F or sumplicit ~ . suppose that a.. (fll sti ~ sign als propagaic w ith
the same speed in the oscan regardIe~s of direction In thus Isotropi~ o..ean. a pair of sensors
which receive a given si rr ‘nay determine. hjst ’d on the dittcrcncc ot ar ’v a l times , a lotus
of points on which the c~ must lie 1 he Ins us Is .1 hs ps’rtsola with t h~ ensnrs as foci
II K 1 and R~ represent dis.anccs to sensors 1 and 2 respectis cIt . and c~ t represents the
equivalent delay length . then 1K 1 - R~ ~~~~ determines the hypethola A third sensor.
or some additional data from one of the original t w o , t hen suffi tes to locatc the source

uniquely (Ambiguities arising in particular geometries ire not of interest here, although
they may he important in practice I

The procedure just described w o rks onI) approx umale ls in a.. tual ocean environments
For long-range detections on the order of several hundred kilometers t he signal speed
generally will vary with range Modern ,a..ousti.. surseillan. , e ss stemc are capable of suffi’
cicnt lv precise measurement that this inhomogeneits pose s a major limitati o n on localization
How can one determ ine an appropr iate as er.ige sound speed so .is to construct the needed
locus 1

4
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A natura l solut ion is o use a conserved quan tity for sound rays in range-dependent
environ m ent s Weston 1 has pointed out that the quant ity

J Ø~
”1 sin6 di ( I)

is conserved provided t hat t hanges in the SVP are sufficiently gradual. or “ ad iahati c. ’ Here
.. is the loc al dcpth’dependent sound speed. and is regarded as being range-independent over
the penod of integration (one ray cycle ). 8 is the ray angle measured with respeci to hori-
,ont al. and : is the depth coordinate t usually taken as positive downwards ) More detailed

‘ discussion of the ins anin...e of $ in range-dependent SVPs, Js wi-Il as a short bibl iography on
the top ic , will be found in reference 2 A proo f of the adiabatic invariance of the act ion
integral will be found in reference 3 At this point it ma~ be of interes t It) cons ider the
mec hanical analogue of trapped sound rat s and eq i I 1

I. ( IaWcal Mechanical Analogy

Ra y theor y is of ..our~..- an appros imat iofl to an “ c~a~t ” wase theo ry of propagation
In the ~im..’ sense, cIj ss i~ iI mechanics is an approximation to the more precise quantum
niec hanical theory. In both ..ascs the smallness of the wavelength with respect to th e
ph’. s i . .  al dim ensions of the medium or measuring apparatus involved permits one to pass
over to the geo metrical opti.. s limit , ignoring small was’elength’dcpendent corrections. In

lissi .. al mv~hanics , the motion ot a s~ s tefl i is obtainable I m m  Hamilton’s principle, which
is a variational principle, stating that the actual trajectory followed is suc h as to minimize

the integral ) ‘ ‘ Lli~. q , t i  n t  - (Actually t he statement of Hamilton’s principle permits

maxim izat ion as well, hut we shall not be concern ed with th is in what follows.) Here 1. is
the [.igrangian. a (unction of t he coordinates and velocities , symbolically denoted q and 4.
respeefuvely. and possibly of lime t the ~o.Jrdututes and seloc itics are functions of timc
Ihe ss’stcm moves from some fixed starting point tqt I ~. ~ ~I ~ to a final point (q( t~ I.

q ( i ’ i i . also t i~ed Hamilton ’s principle is wri t ten

~~ 
I sit ~~ 

(I (2 )

where Pt IrLIncates an infinitesimal ‘.ariation of the path Equat ion (21 states that the system

= I. l o w s a minimi z ing tr aj e .. t ots , sin.. e ans infinitesimal variation about the trajectory must
produce no change in (ti e value of the inte gral

In c Iat~si ..al mechanics , t he equations i n t  motion follow ii one uses for the t.agrangian
I I - V . w here I is the kinet ic energy and V the potential energy of the system. Then the
ca lculus of variation s yteId~, as a theorem from eq i2 i. Nets ton’s equation of motion.

.~ Shockks. K(’ . ~~ tdSI ‘ed .Von~i.’tflil Rrv Speedi in Smu.,ge’s Rmge’Oepe,Pifm,V .W) tAR (~.u.’rh.
I Pi~~otii i Sot Ani. v M .p lf 7 I . t l ”ilu’M I
l andau , ID and IAfduli. FM . Mrc~~n~rs. Pergam .n Press Keading. Mass . p l?~4-l~i’. IQf’O
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Variational pnncipks ~w ith different choices for LI also lead to the equations of clectro-

dynamics. hydrodynamics. quantum mechanics. ci.. . in similar fashion

It we consider Fennat ’s principle, the similarity to Hamilton’s principle is clear

Fermat ’s principle s t a tcs that a m.is will follow that t v . . ie ~ t tn  ~ minimizing the time of

flight between a given initial and final point

6 )~~~ dt  * 6 i~~ Is . .  -‘

where ds is an infinilesimal element of length along the v.t~ pitt’. and ¼ the speed ot propa’

gat ion in the medium
I-or concr etene” . w e rest l i . .  t our slis.. uss inili t i c  a slab s~ mmciii.. medium and let s

be the horizontal anti i the ‘.~~t t i c  it ..os’mdmnatc Then eq ( 3 1  hcct’nies

6 H ii ‘ 
~ _ 1

t ; 
~~~ 

i4 i

where ~ ~ dx dx is the sltpe of the v .i’. 1 his result ho ts  s ij eiiti.. ,il to eq i 2 i . Ilantillori s

prtnc ip k. under the tm .II isI .cf I1l . i l Iof l

I • ‘ .

it - F

E ( q . t~~~ t n  t 1  • ;~~i ..li s i  I~~t

t hus range p1_i ’... the mole of t ilue in I he h1ie~ h.,t n i~ .il ~ ‘!‘lc lii an(I Iii..’ ..lept h , is analogous

t o particle displacement Hence ; I ntl i s  anj ln’gi’us I c c  sclu.. i t s  ~so t c  that L does not

resemble a t lU’ iflt1t ~ like I V

It is nat ur al t o ask what i~qii.iiiOIi insols ing (I’ ... ‘ ‘ .i~ ¼ C let .iticin ’ Y is analogous to

Newton s equal ion of flit’! ion 1 he .insw ci pm. is  cu es insight in t o the behavior of V .i s in

deep sound channels .ini hear’ dire~ It s in the i i ’ .  tracing rc ,ut inc e~mploy ed in RAY 1 and

RA ~ The I ukr- L agran ge equation , whi c h iofl c ’w s as ,i ttieorriw from t he ‘.ana(ion al

principle in eq I 2i . .is mentioned .iht’sc . stat es that

il  ~t t i  ~l ~lij (U ~)q II O i l

If the reader applies the transformation go en in eq i ~ I then , al t er  some aIgehm,ii~ manirula-
tion. eq ((II will be seen t o be._ ome

—4% F ” l . .” 1 
‘~l.. ~li 4 ~il ~ i’• l t~~ 4~ ~‘5 , 

(‘ I

a resu lt ohtamed previously bs Milder 2.4 i quat ion I i’ snui%am to Ncw ton’s equation of

moti on. ~~ing t he accekrat ion as a fun t,ofl of displa cement . veloci t ) . and time

RAY I and RAY 2 use a fourth order Runge-P..nitt i hcnie t i c  integrate ..t~ i i and
thus obtain the ray depth a.. a function .‘f range Equati on ( “I describcs t he ray

4 Mildev 1*4 , Ras an! Was’r lnvirwnf i fiw .SOF ,4R (7s rncI Prop~ ’ais.n. I A.. uus t ~so~ Am .

p
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curvature in terms of the local sound speed der ivati ves in depth and range and the ray
slope For prescribed initi al condition s 1(0) and ~(0). and a given function c / . x~, it speci-
ties a unique t rajectory sJtis(yin~f Fermat ’s princip le.

When t he medium is r.snge ’inde pendcnt . t he second term on the right-hand side of
eq i “ ) vanishes. A lurthem si mpl it ication comes about since in range-indep endent media
Snell ’ s law holds in the torn’. c co~i. where ..‘. is the constant ve rte x ing speed (w here
z UI t hus eq C I becomes

.i .n
7 — c ; idc ~~~~ 

_( a a / ) ( —. . ;’2 c )  ($ 1

IIen., e in range~indcpendent SVPs the motion of a r.i~ is precisely ana logous to the trajectory
of a mechanical particle . ‘t unit in ass under the action ..t a potential field given by

~ — ..; 2.. (il)

l’his result allows considerable insight into the tv . i i . .’ .. tom es n i t  i.i~ .. I’or example . if
we oinsider the Ilirs.. h proflie

c l / i  • ¼ i, i t  — ,2 
~

2
~

’

then the j~~tcnt ial is

\ ~~~~~ — 
~~~~ 

,2 — 2 ,2

~~ 
. ..onst

which is a quadratic tunct in’n c i i  i, the sanic as .i simple harmonic osullator. I(as paths
must therefore be sme w ,ases in t his SVP , It is simple t i c  sketch potential funct ions for
.ins reasonable SVP . and range’depcnden..c mis bc included in this analo gy b y al lowing

~ l.’ I t i c  sar s slow I’. with time
When the medium ~s range-dependent. then the analogous c lassical mechani cs

problem in’. oh e-. a tim e-d ependen t ptc t t ’ntc. i l. .i one can see froni the tr ansformation eq I I

Ilen..e the energy • ‘f the .in,ilogncus particle is not .. cnsers ed . nov arc the positions of t he
turning points where i~ 0 or 0. lIthe variations are gradual. however, the action
integral

J • • pdq ( 1 0)

is appro x imatel y con scrxed ~ Here p ~L ‘

~~~~~~
. p i~ ca lled the momentum canonica lly

co njugate to the coordinate q in l.i....ic ,nI met hanics It the reader again applie s eq f ‘~ I and
uses ; tanO . he will flnd

— •~~ 1 .

p =  / - c l I f F ” ) ’  • sin0 .

and thu s eq ( I )  fol lows as the adiabat ic invariant for sound rays. Note th at the integral
..nmers one ~.ycle of the t r.iie..ttc r~ and repres ents t he area of an (a most ) closed loop traced

7
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out in p’q space , known as phase space . th e path is a closed m o p  for range-independent
sVps-

2. AlA Algorithm (or Average Horizontal Ray Veloeitc~
One may use the inv ariance of J to compute the a’. erage horizontal selocits ol a ra~traversing a range-dependent SVP as follows Wc assumni- it is possible to break up the entire

region of interest into local regions hounded t’~ sonic set of contiguous contours inside each
of which c tz I rs  a known function , which ~an he rega rded as range- independent w ithin (he
local region.

First one constru..ts tables showing the relationship between i and . the .i..erage
hori zontal rJ) ‘.(~IO~~ s . for ci.. lv lOcil region I lii.. may require Ira.. ing perhaps 1(1 to ~()

ra~ s liii ci.. Iv SVP 1’ .i..h r .is nCt-t) nu m i l~ be t rj . .ed tom a small number ot \ .. I..’.. I ()fl~ Or Icc u c )
to find J and .. tom the given initial nitlit Inc us I hesu.’ t .~b It’s t hen all. ccc one It’ find how c
vanes f r . .mn region t ic  region for a pa rt it ular J ‘. alue . h) cmp lo) ins ! simple table-look-up
procedures

t his methn~I dot’s not ~ a—Id deta iled inf iur H iat t .  c v ,  Inl the f ra jec t .  urs - su.. h as position ..
.~t ra~ turning points in ma n e .  hut t his is the ost • ‘I obtaining c ..t in v i t es of ~ b r  king-range
path s with simple algorit hms I cv a 1~m es. rihed path . one the it r ivas t imi d the cit ..’.. t i c  e signal
speed to m given initial .. c ivil it ionic t iert h arid r,i~ a i’.glc I U. cm the c alues in eac h region
according tic the Ira.. tion •‘t Inn spent in ..‘.i.. h region If K ilenict..’.. t he t ict .i l rang..’, H the
distance traveled in region i - and ~ lIve cc em.ige ft. ‘n i. ‘ i tta l clii.. it ~ in v.. ’gic cit i . then the
effective signal speed is giv en h

• K ~. ( K
1

t
’.

)

Addit initial algorithms a m ..’ ri~- .. ess a m \ In ’ s~ f ..- ... I a s .ivige cc l  initial c •rhl i t i c c n..  that
characte ri ze ra y s wit,.. h cj r r~ lu ti s t ni t  flit’ a. ‘ust it ..- n c t - r g ~ I )ependinig on the gc ,c m ctr c
these mas r .inge from simple ‘nspcct iiin pm.. . ..-dures In. ..onvpli.. ated r.Ic - t r.Iee routin es
rt-quinng deta iled baths mcli ”. - hai ls Rt ’ lc r cnc. e 2 cli.... ti..scs ;““sihk method s tot ..c’lc.. t ing
appropri ate ranges of J sa Int’s using the output of K \ “i 2 (se c set I ion V I) I’ urther n’n’.arks
on t his arc included in sect ion I l( - w here we mdi.. at c how t’nt.iiii c~! the quant ifies .i nil-
puled by RAY 2 facil i tate las st’le.. t n c ’ n

B. GENERAL I)LS(RIrrION OF RAY I

A listing of the code R,%’t t wi l l  he t .~v cni . l  in set t ic  in V . and instri,.. lions cm i t s  use in
section III Here we chill de’scribe th~ gent-ral teat tires of RAY I

RAY I provide s qua nt i t at i ’ .  e answ ers Itt the q icest ro n nit the s .llidit) of the A IA.
Earl ier we noted that J is cicnsc rxed fo r %u1fl~ ientIs slow c a m  iation s in the SVP Nor-c pre’
t ice ly. J is conserved for nearly so)  pros- ided that any changes in the SVP are fractionally
sma ll over one cycle d istanc e t In  r.inge of the tic this fo l lotss from the fu ndam ent al
law of r.i s the o ry . I-errnat .. princ iple of least t in ic ’~ as di .... tissc d in sett ion 1 1 A m  We refer
t he reader tI e-s iring further discussion n it this t i c  landau and t.ifshit ,3 and the bibliography
of refe rence 2

S
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In real ocean cnvir onmvic i i ts . the adiabatic condition is sj t is f i~d for RR (Ref ract ed
ReIn ., ted I ris ... hut one stilt lvii) ask what degree of ir’homogeneity is required belore the
AlA fa ils badly. RAY I pros-ides s pet i t i . .  answer’ to this by allowing the user to  control the
horizontal gradients ni t parameters itt the SVI’ lv i i i . .  t i c . n v i’hus both the degree of inhonto-
geneit) and the ct f t ’.. t of the fun.. tional form ~t/  P ntia~ he investigated

Presently three sc-It -smii lar S\ Ps are a’.iulahle as subroutines m i  R.~Y I They are
(lie parabolic profile .

B 
~~f / )  

~~
l + .i ( ‘ I  - t l 2 ai

the lIir-....h profi le,

. . ti , ~ ~u U t  ~ — , ,i 1 i ’ t I  
— 

. I 2h

and the bilinear profi le -

.4, , s i  • ..-~~n s I  II , . 1 1 5 1 1  . / ‘
~~ U ’  Ut I2.. t

I igure I show s the se S~c Ps for narigc -mndepenik ivt c\ l’s I a.. Ii c c l  t’~l iia t ions i . t dc’s.. nbc’s .i

slib c ’. n ’c : t r . p ..l.-~’.’n.l ing • c .m r in..’.- c a rid depth /1  cc itinvif • lv. ,nv ,uel w i th  an as ’s at
/ • U, ,i’icl an .~-oal sound speed ~~ Hicili •

~ 
s t and it s c  c v ’ .- linear f i i r v . , l i c ’ v n s  0! s iii f l i t ’

..urrcnt ‘ .v’ rs ic ’ v i  c t  K \~~
‘ I I4s c a v ’ .inig the ir ..t ..- n n c . i t i c . . - s w i t h  cp~c ncpni . i te  input cu t _ c . t he use r

n u n ’. ‘t nil ’. t he .le..n.-c I.. ..‘. hi..h nin’n.icliabati . ~h.cii~ ~v lii..’ S’s I’ if It ’ .. t the a.. tiomi integral.
~~ Iii..’ di.... nt -pan . S betwee n the cc ’ vnv ;’uted acen  cc. - h i t  ,z. inv t .iI u s  c..’l ic .. i t s  atit i the predicted
‘..ilue. ,i..suminc ‘J .i.. B 4 ) i~ ’~~~~j s  .ini (lie program nnj ’ uc ts  wi l l  h~ dcl ..- nr. .-d unti l st’. . t ic c n i  Ill

K i I all. ‘cc.. the c i s c  t c s d . .’.. I t int..’ c i I h~ th ree S’s l’s and • cnit rol (Ia, ing c c l t .is ..
n’c th e ;‘r..- sen... ’ • - !  . .on v s t n i . . t i n i g  t n t  di its - Ui c v ssc.t.. ’nn..g ida i tS ‘ UI sound ,h.innels

. r . i , f L - ’ ~T s  in .
~~ 

,it vd n j n,’ ~u. L-~’c ’nlenI ln~ ,idd , lccn t he i i’ .  t ra . i nug  routine enuup lo~ t’c1 (a

cr, l~~i Kuc ~ugt - I tutti . l ~ •n i t hniv .ippla’tl n Ilic I vi le r I .ign.inge ..‘qu.ini.cn c t nuuicl i c i n
c ’ b tj i ii~ d tr..in I c - m u t t .. privy . iple i has .nnu .. u i t c i n v v , i t n . .  l e s t  j i l t 1  nt - ,I e t c v n l c , c n  n c c v c t n n e  whi.. lv
r c t i nc -s  thç c t . ; ’  SIlL u S  cch..- ’ , there an..- h- cc e n  (han ~I) .nups pe’ lv alt - - s . f . .- . although this
number c v i  Ice c—.isi ls nv.inl ili~ ..t I si -c cc .  ‘to ny ‘s

I- icr .1 cnlIp lett —n..’sc . ccc’ pr..n.-n t m i  t.ihk I liv..- ana l t i . .  I uirmulie I c c i  n.is path.. and the
is t’t agc ’ h ‘iii ‘nt ,ml t n ’. d c  ‘. n~ in  e n s  Ii c c l  the ‘c’s l’s itt K ‘s ~i I l c d  range-in dependent c c  ‘n~

n1iti .~ns I or ( he ;c .mr.ih.i ln. S’s P. u 1 ,mnlcl I i1i~ 1 .11..- (t ie nccmn iial ellipi,. nnt..’gm. nf c of the tirs t
i?).1 ..c..in,ul kind , mespe. f i’.~ I’._ w c n h  .cTgU ni~c l i t  .‘ a nic~ iulus squ.mnv’d t~~— l )_ !2 ( r i 2 +  I)  where

- . ,
~ 

..
~~~

. st u n 1 .  • n  c n~ ,ind cti~ U 1 ire J , . c c hi,i n elliptic lviii, t i , cnc . I ii, I. k t k )  anti ii~a— . ki
arc’ cninv pletc ellipti.. initegra ls c i t  the first . si ’ .. • ‘rid . m d  thud kinict wi th 1.2 to— ,-

~ 
1 2t-i — +2 ,

,intf the paranic ter ~~~
— i I — ‘ ‘sU~ , i 2 ~ is (ti c angle with rc..pt’.. I to honi~onta I ,if which

t he r,ls . . r c  ‘Ssi ’ s the cc cnt utl t t .n ntncl  .is is .i( / * 0 in ,ill I. c mnuui i l . mc

I igur ec 2 mcI show (he .i~necnn.. ’nt found t c •n 
~~~ ~t Ui 3i 1 n~, .ini earlier ..t nil s 2

ct-n pied ic. t ‘ dl ii iicl speed... n- .ci iniuing •I .1 ~)5 ( I , .ttiil t hose .c ’ ni pvitcd Ics K A ‘I’ I in the

c Rs nd . PF antI Friedman . Ml) . FIgv~ib.c.ak c .f 1- Ilqvru - Inuvgln f t w ! ,~ rn ’v’rr a.~I Sc*n,rs:n , Spmingen
VerL~~,’s~~ ) c ’ r k ( I ~’ ’ I)

(1

_ _ _ _ _  _ _ _  ---- - - -- .
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presence of ‘.anous gradients in at s t. (he depth staling tuii~’tion the agreement generall)
i.s good ccc ii when the environment changes rapidls - fur esinliji le t c s 40’ ( m i  ,i( ‘. I P rut a single

s Ic Such agreement , although ii . .Jf l hvnc ( he es ;~..‘ .. t ..’d tot all S’s ’P .. hunt i’s , lends .. cm-

siderable support to the general sat idit s ..( ( he A l ’ s  Qua nt i tat tse answers 1.. . th is c l ut ’ s l i ,cnv

are id in terest sink..’ the A lA nvvetl iod sce ilis (ci nil t en a su it plc’ solution t o some tit ne
dif feren ce t isit ig 11) 1-  t probleiui.. uta ta h,ist - .. ln’r ininpk’nventmng ‘s I ‘s sound sjcccd .rlgcirit hmns
are cisil~ generated, the table-look-up .~\ lA .,oriitcutj tions Is pi.. .mll ’ . are Iii less time -

consuming th an tong’rangc- ray Ira..’rng, anvil the me thod Icc- n units c t - is t ksihle updating of data
in individual S’s I’ regions wit hout requiring lonig-mange n as Ira . inig • omniputatic ins t . i  he repeat ed

In figures .~ and .1 is the • • It ’ di s ta n..e and s the • n h . .  al range at which the
c hannel s oust ri.. Is t o in c -s ~ ri t cv i . .  lu (hat u s  s art’ ru-l ie - I c c !  .m iv ..l ann u l propagate t i m  I!

the notition ‘., s~~ is  ( I i  is the r . m t t c c  n i t t t t . . -  r i t isal r.crv ~’..’ to a ‘.._ l c - i l is tani . .u - . r’ .a liij ft’d if
t he initial range thu. I c c t  t’saniip lc , it ‘~ ~ the n i t , .mi - c v t s l n i  t i . c nn  u~, t ins .ini’.
S \ S I C  j isiantes u ni f y (t ie r .m’. s st ar tmnig p. cut  1 I hi- s . - v n .  .1 a Sic  is n!... nncrnnj liic-d as c- rage
horizontal rac speed i ~ i I c c v a ii’. tcf l  (lii’ hannit ’I ,m ’ uct and I Ia - Ivoni/ontal iS. - is (lii’
niortnj lmic’..t ~hanncI cc uIth ;- .m r an n cc let ca — .1 a~j  cc 1 j i-u t in- s .d.- ft -nigt h inn l i t .  table 1
tn c rcnv i l.u- u , and ,t~ cc  the initial sj lue c c t  ii

‘ii 
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t.i PARASOl IC SVP

‘ 5  CIZ Ic C 0

ibi HIRSC H SVP

I
Z

3 c cz I . c Q

(ci A .  ~.( A U S’ . l ’

‘

~~~~~~~~~~~~~~~~~~~-~~~~~~~~~~~~~~~~~~~~~I~~~~~~~~~~1--
I I 

~
, 20 C(Z)I~ 0

Figure I Ibrer analyt ical (.irmi m r  model imind v~4nci,y profifri (fmiii eq (I ~I) Iv dlisen.onkts form
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SvP
I’ Uflc ticafl

c_ l i )  Kr) IiJic’ c _ i c U %  ani.i Asruige %pc-cni

~~~~~ ~: 1:i • i 2 a ’ ‘ ~~~~ ‘ I f i u ~~I — a ” •

— ( a — f r  uc i
~~ 

..-n U 1 ‘ d n u 1 j

• ct- ..’- 11 i N  i i . . , — k iku  J ( I  $ wc_ 60) Il ~~~ ~~
-k i n . ij

I — z ’ a ’ i  1 ~ uv,!c~1 ~~~~~ ~

• • -~ ..cci(’0
( I •

I ‘ i .m • I I’ • It 4 — i,n!c ”11 1 • SC..

I - L) (  - LI I  — t~ i~ 1~ ic 4 ~~, cc
11 •

Input I c  K V’i I , .‘ n c s i s t s  n i t  ,, • . c y - l r - -~ ct ccc i t . .  f t  c . n.,1’l v i . . 1c  . c t l n ) ’ wh i..h S’s I’ mc I,. he
usc- c t . ,i - uc t  c c l  pa rameter-s cfc - t . ’ c i c i~ l iii ’ i ) d t l t l l l i l  it  i - ic ial  sn’t l t iul ‘pt - c- LI ver ti ca l sc~ k factor ,
anvi l gnadi..-n v t s wi th rt ’s;’..- . I t . c  T . , v t d t  I .n c c !  i nv i t i . i I  1.1 ’. , ‘ i i c l i l i c i i v s  c .1u- p f f v  a n ..! slnipt’ i . anvil
parameters t~~r Itt..’ rang e ste p  si ze ~iiiil masm nmut u v - .. ~ I )ut put is in t i l t - form cit i summars
(able listing the nas .. d H c n , l ! v u m t e s  .11 ~ ,,‘, tt % c i t . . s m v i g  p int  l i ce ’ , art- , ml s cc ..ihl~ul t a  t un ivi ng
points I ci t KR t i ’ . c  ,if f  (uniiing p.cm nlc s i c  f n . m r . c ~ t . . v c ; . . - ,i I’’. ill ds ii iln K.’s \ 2 the stiti ate
te f it’ ., t mm c ii fo r KSR t K cI ra~ tcd ’ Sun Ia....’ Re lic • I.~ut i na ’ .  Ic a.1’ I c c  . m v i is.. n,nvtitiuous slope i
In add iti c ’ nv t - c t he  ,c .,ctd in.,t i-s K .A~~ I .1’.’ t i s t ’  tIm , i tc. , s,jiii(Iiii c t . . l ’U1 te a.  hc-d . live ..s • Ic
nhstj nu c - t in,- phast ’ mnlt ’gr.n l c-’. ,iIui It ’nl c - s e n  e.n.. f t t i - m i t  s Ic. ,.nud the .0 c t  .igt h. cri,on(jf n m ’ .
‘.c-list i t s  I s.i nuvplcc .rc prc _ -s c - v c i e c l  iii sc’.. ( u.~nv ‘ s I

A Ith. ‘nig h K k~ I h.is t c f mbi ic ht - cI that  I t t ,  ‘s I  -\ cc on 1.~ w i ’11 e’ .u’il in sc-s crc -I) nangi—-
dependent S’s P.. • it .. v-nt t in t 1. m utt  mc ih st ic ’uki c c c l  Itt,,I ,inu Is innc .i n ‘. aniat m ncns ‘‘I the depth
sca ling ta.. ton hase been pnmcgranunv c~—cI A nt ~- s n n, - n vc .  Ic i~ t . .- v c — i  vug d i c c u - SI c c cc w hi.. h • citilil he
answere d b’. uvin ci nit, s lit,.. .mt i c ins inn K ‘s ‘i I, in’. ols c-s iii..- 

~Oflse rsation c ’ !  J iv ’  fw 0 r.ingt’-
invi leperideuf SVPs cc hi.. lv arc’ .. nc nvni i’.. ted 1’’. cc ‘ n i t . - nit, c v v c c  ...‘ ..- v c t ’ n ct i s  r u - gm.  ‘ vu cc hen..’ at~~) ‘. aries
snvoo t hls In c.i..h rangc-incl c pcndc’nt r c - ei c c c i  the phase sp,m.n ’ I n  iii t • it i cc arc closc-~J, and
J ns well  dc-lined as t he ,mnea en.. fosed b’. tt ii’ rh..ci- sp . i ~ tirbi A -’ RA V  I is currrntI~ written.
the trajectones .me n..’scr c, k’.st’ul unil..- ss t he nm ’ ..ti inputs da ds 0 as a condition). A set-ond
quest ion mc the et tv.. t c i t  nionss t1uflvt- (fi~ S’s Ps ~ it h mini. c m iii sf c l i ,  .mt ii ‘its K A~ 1 could be
used to sfunls other mont’ realist,.. S’s I’.. thin (host’ pv c - cu n u t  f% ptnig t ,ivnnuc’-ti . -

( .  (,ENFKAL IWS(’RIP’TION OF RA Y 2

K ÀY 2 consists .cf four 1- ,c rtra n routines w Iui~ fu In., ..- a fami ly of ray ’ in a user supplied
SVP , ~omputing lot ea~ ii r i’ .  (he turning point .. ‘nintlina tes i dep h. range. and (mflvc -) lb.

12 
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averag e hor izonta l ray vedn.xdy between turning pOints . the s ert exin g sound speed, and (he
action integra l computed os’cr one-halt c)ck

in discussing the adiabatic invaria nt J •(sint) i di .. (w h i~h is also called the action
intcgial in analogy to classical nvec hani ..-s . ni m t tv e phase un it -g nat ci t v..e it reprcsetv(s an area in
phase space ) we outlined a general sc,’hc-nie for ef ti..ii’iitl •ccu ipulunig i t t  c- tic -n. t tv e signal speed
over long-range paths . I-’s.sentiall) . thc- pros-c-dune w a - u  reduc_ec i t c c  a table-look-up method t o

obtain f rom a data base of prev iousls ~omputed ‘ .s  J t ibkc a particular c value ni cach ‘ 
-

SVP region A weighted average cit these is Uwui computed t c ’  obtai n an a cn.’ rag e sound
speed (or the particular J value t (hat mc , ton t he sele.. ted initial c_ u m nd i t i tcu i s  for the ma)
Ir.iJcc(ors f c c ’ .  er the chosen path

As a lust step in implementing such i nn adgo ri (hm ii - cc..- test ed the h) pnmt hes ms ‘ c i  is

con ncr’c-cd” f c m r  three range--de pendent SVPs of the parabolic , Hirsch. and bilinear types using
RAY I - The results tend f cc  support (he .tssumptn. ~ni that J iS .111 insanant in tangn.’-ulept’niden(
SVPc to art appr osi nv ati o n s um t , i hl e Ion prac ( i ..aI s ng nval pt-cit •akuhatuo ns in t s p i c _  .rl t i c_ c- in

c-ni’ . mro nnvents supporting KR ra~.- u —

RAY 2 provide-s a means liii c_ al.. ul.mtitvg (lie t t - l a ( m n nv s tv i p betw ee n and i for arbitr a ry
S% Ps of the user ’s • hoi..e Ioth KR ,ind KSK m ass ire a llowed and Is pi.. ii output ~arv he
presented as in figure 4 In addition to the s s  J nrc c_ - c . unv..- ,m Isu ’ needs a means ton selecting
an infe rs-al c i t I ‘ .a l vmc s han .. Ic-ri/i ng flue r.ms c ccli i .. di .mr mc ulius t cc l  the a ..oustmc_ sign al energ)-
This nias he done hs eliminating r isc which u’S c-c d .m c _ n i l  - i c f  I depth .ir Is including onls
t hose rays launched t rout the ~~u nc _ e c c i i  iuisinig i t  the Ic.. civet I within a u sed angular
window . RAY 2 pros dc-s a list of vi’ . turning pomu it depths and a summits of the initial
conditions t ic fac ilitate this sc - Ic - . , t i c  ~n n

* 455
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Figure 4 Relati on between ~ and J I - i  a w ’k5lio n of SVPm t nt t  21
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Further discussion o KA ~’2, inc ludin g input dat a requirements and inte rnal logw,
wi ll be sound in sections IV and V. It is worthwhil e to stress here that RAYI treats rays
only in homogeneous t range independent ) SVPs . and traces a fami ly of 40 rays covering
O. ’Y to 2O~ in depression angle at the source out to the f ifth verlcxmg point . (The latter
parameters are simply adjus lcd by it ut ernal cod e changes. ) Rays are traced os’c-r several
half -c y c_ Ics , even thoug h a single halI-c)cle suttices to find c and J. in order to check the
accumu lation of round-oft errors in th e integ ration routine- Since one is free to refine the
mesh -ui ic , the tnij ecto r) uiti~ he made to reproduce itself on each loop to any accuracy
(su h~ec l to machine cnmst naitit sl One should use as dirge a step si ze as us compatible with
the a.. cnn .. s desired in order to minimize computations.

Ill . INSTRUCTIONS FOR USING RAY I

lit’ rc - ccc dc-sc nhc- flue required input data , outpu( lot-nut , anti general in terp retation
of res ults tot KM I

A. INPUT RFQt3IKIMENT S

Input data i-u r~jct I rout cards under the Fortran I ree-lield format This tnnmat sp~
ci (~..ati otu require -u conimas between separate nt i t j  i t e m s  hut allo w s the uems to be- posdioned
artc itnanlc on a data ca r d It a single read statement causes the input of data continued on to
subsequent aRt- , ito nmini ! l iJ is iet~tiired alter flue l.ict item tin c.ac _ hu ,ird In this case , th e
c _ a rd end itself se t-s-cs a-u a legal delim iter betwee-n Sn.. c _ . .’s ’ c_ i ’ . c -  items

On t he firs t c_ itt1 , the intege r sariahlc I(’ASI- must tic’ punched This should be the
nunuhem ci t  ra~s t . c  b~’ ( rat ed

On fh~
- -u.. ‘nit .. ard - ,ind i he rental ning l( ‘AS F• I card s, the ii at a i tems as shown in

table I must he pu nuc_ hc d I spmc _ all) one antI is adequate to enter all items for a ray,

B. OUTPUT

R-~Y l  allow s a nltiin. k t hc- c. k c c l  the input data , his pnn (ing the var iables for c -j c h ~~~
teach nas i .-nsit l t ’red in the for m

(‘AS )- I
OX I 1-1)2 %fl - II KS

- I l M i $ $ K)êo l ~.1

(.KAI) B — 3~ I 0—01 ChfAV~.l- I WlIflhl i~ .RA I) l l  ~~T I
(; RAI) 1 0 (XXX) liz t - \ \ I AL  SPI- II) ( RAI)ll \i I\ RANt ;) I

()  • 1 000044K) %t Sl-(’
AO 2 

~ 000044X) M
/OOT ~ - Of RAOIANS .c r I XXOi-0I 01 ;RI-FS
/fl O 0000 M
PROI-Il I I t  l~ IlIRS(’ hi. I~-PAKABO I R , 3’~HILINI A R i
li the mesh was refined during any cycle , t he nc’% line-Is I cc -ill present thi s information

in the for-rn
M l - S H 2 IAT STF P8l 4

- .
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Table 2.

Fortran
Viriabi,

Cud Namc Defuuuon in RAY I

I K ASF Number of rays to be traced

I OX Range inc ,emeu i fu ci  Runge-kut ia raytracing noutine
I me(era)

XMA X (‘ui-o Il range for ma>trac*ng(me(ers l

(cRAl )l Gradient in vertical sc:ale kngih ~ s

(
~RA1)2 (.radient in axial sound speed c:0~~l(H:)

(0 lniuai axial sound qceed (nu at.. I

A() Initial vertical s~,-ak ii.. r c ’ r t n’,elen)
/IX) 1 Initial mis ilope (1an601
it) Initial n c  depth (ni eten s i

IPKl~ T Control variable t ,ic prin t ing a detailed path
ui no , I yea h

ITYPF ( ontrol vana Ne to, SVP f )-pe
h irsch 2 psrabohc - 

- bilinear)

I)\ i’I’VPI- t)ata tcir  nest ma ’,

indicatin g one-hall the input step si ze w as used past step ~ 14 1t ic s c - lines w ill not appear
ii no st ep Sue adj ustment w a s  ill ic It

RA ~ I i’mploc c a cut- o i l n u t  c i t t l ’ ,  in range, hut a lso in the numbe r of’ steps calculated
t pr rsr nt ly ‘~Q~~? steps arc done t and in the channel w idth parameter The use r may inad-
vertentl y set up .i c_ on stri c_ h u g  sound ch,mnnel st i th that at s he-corny-s zero and then negative
in the allow- ed range Ra)frj ..ing us rne.iniingless t c c i  sui..h a prolik Rather than “ bombing ”
under su..h conditions . RA~ I will fe -st i ts  i , m id  it is nuin pos iti cc . print a me~ agc of the lot-n-i

( ‘)IANNi- l WIDTH I I-SS T I t A N  0 I I I  AT 511 P ‘04 -
te rminate U) t i-acing ci t  the pres ent n y ,  and gut ofl to (t ie ny -St case - , if there is one .

After RA’) ’ I has compktcd t racing a given r.i s to XMAX to n for ~1)Q9 ste ps, or until
a (s )  ~ 0, w hichever oc_~ urs first ), it pnn(s the cti t ui nc , im s - beginning wit h (he number of axis
crossinga (in contrast tin KAV 2 where the ocean surfa ce- is af~ ~ 0. RAY1 always ce-ts r ~ 0
at the channel ax is Then , for each ax is  crossing, the fo llow ing data are pflnted :

STEP RAN II• TIME A~’GtOX ’DT I A :AO MAX F XP/AO I
NO Mi SFU (M- ’SFC) IM) (SEC)

Here AO denote s the initial value n it th e channel width parameter, and A AO the dimen sion-
less k ca. value of a(~~). Thi s is the same funehon a Ix )  appearing in eq (12)ahow . For
constncting channels, the numbers in the A A() column should be monotonicafty decreaung.
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It is worthwhile rioting that the AV( .I I)X DI) c olumn is derived from pairs of ax is
crosai ngs and the first value correspondi~ to (he averag e range rate or hor izontal velocity
between the init ial ray pos ition and t he first turning point . For this reason , it may not represent
an ave -rag e between turning points. For the - same reason , the last value is arbitr arily set to
ze ro , the -re being no point beyond the las t turning point with whi ch to calculate c .  Similar
comments .*pph t in the cntnes in th e- I column , t he dimensi onkss c J e  pen xl column
XP •VJ. and the maximum depth column .

IV . INSTRLJ (’TIONS FOR USIN G RAY2

In this secti on we - present info rmat ion required to understand and run RAY 1.
beginning wit h a bri ef desc ription ci t  the- nccessj r\ input parameters and the appro priat e
form at for (lie-sc , th e- output . and details of’ the program ’s s..ope and internal logica l
st ruc (tir e- -

A. INPUT PARAMET ER LIST

K \ V1 cu i n s i s t s  ci t routines ton (racing ras s in user-provided SVPs A cubic spline-6
is used t o  smooth the input data and to calculate interpolated v alues and dens ati ce s of d i )

required h~ the Runge—k utta routine Output is provided in a sunitnars ton-rn similar to that
of RA’)’ I Oetaikd instruct ions f or using RA’ )’ I are provided in section IV , and sect ion V
contains a listing on Uie- I- o rt ra n so urce code. All input data must he read from cards, Since
fre e-field to rn iat is saved for input wd h one ex ception , an alphanumeri c header card ) on may
simply place data items , in sequence . in an~ f ie lds on the ards ( ommas m ust appear
between su..~~t’ss ist ’ items . exc ept when the- ne-s t card is a continuation c li the came read list
it ems . i lus often o..cur’s finn the SVP data In this ..ase, the end of the card itself a.. t s as a
legal delimit er between (he l.is! item cnn th e gi~en c ard and the first item on the ne -st card .
and no comma is required

KA’) I  requires thu’ inpu t %hc c ~s n in table ~ immediate-Is aft er the usual ° XQT
HA’) lABS statement.

Ihe- v ariable \OSVPS tel ls K - \ \ 2 how - mans SVP functions arc to follow - If this
and is incorrectly punched 1 c m  mis read i, K -%Y2 will either end its computations before

reaching the last data set cnn attempt to n-cad be-~nnd t he last data set provided. If this c ard
is missing. R.~’)l w ill rec ognize Nl’TS as \OSVI’S . and then fail ipruihahl~ with a fatal
esCu ,u ti ~ fl err o r )w hcn attemp t ing t o read ‘ard 3 under he format 2lI O,lA h-

On ca rd I, NPI S is the number c -c t pair-c of dcpth ~ /SVP and sound speed U’SVPI
values comprising the- first SV P If NPIS j s mispunched RA’)’ I may att empt to read pas t
the last card . or ma stop before reading the last card , and proceed to recognize card ;+ I
as SV P data or SVP data as card j+ I  Res ults of su ch inpu t errors could include many forms
of abnormal termination.

Immediatel y following NPTS us It NITS. which indicates the choi ce of units made-
by the use r for SVP data Set II’S ITS equal to I if the u nits arc’ to be meter s and meters
pen second and I if feet and feet per sc ond-

‘-.. Mathp K . I nica.. ( c-cr-p . 5P1 Xl and ~~LN2 are dooimc’n*ed in a num ber of manuals covenng resident
subrounnes )

L - - - - -
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Card Furm an Variable c it Input Format Spec
Numbe, A ,n i~ \j me ( Vanablt Type )

I M)SVPS Free Field (Integer I
1 ~S’PTS, l ( ’XllS . Ms(;~l u ‘ l f u i ,~,ke,

MS(41i
ISVP Ii. CSVP( I i  I- tee I-i~Id t Rcal
/ SV ? t i u .  (‘SVPt u

4 tNVPia~~li (‘SVP(i’h. Free i-acid ike-al)

lS\’Pi \‘F’lSi. F ‘c ’c I ccItt I Real )
( S ~~

’hXPI~~n i

‘f  1)\ /1) /~t ~\ IPl 1)1 c ’r  I teld i kcai , Rczl ,
Re41 . lntcgcn i

i ’ .’ - dat a t. .~ nest SVP.
he~~nnin~n ~ iiti \P1S
lt ’xIPs ‘ntS(.( I i
MM ci .1. and end i n g

k w ith ~~~ /0 . e- L

it ’f , data ( ‘ i  last -i
et c .  XUS% P~n data Sets

MS(~i Ii and MS( ~i Ii pros ide a t i t le for t he s \ P  ~. f c m j t c , w  - consisting of II characters
selec ted from the full rangt- ccl I. \ IV A( ’ 1110 I on ran and entered in columns II -31 of card I

\ cm t c  tha ( har d I is read under a format ted input ~~~ nf l . .  ation-

Beginning with card 3, and .. c -n ntin uu ng on subsequent ..~ards if ne-ce-scars- . is the f i r-c t
set of SVP data. As mans pairs may he entered on one uj Ed as space permits and pairs c i i

I ZSVP. ( SVP values nu~ be ~r~’t . wit h /SVPI i )  ending tine c ar-ti and CSVPo u he-ginning
the nest card ,

Four variables which ..ontrol ra~t racing are entered on the card after the last SVP
dMa card , DX, 10, and Z MAX are- the - range increment Ic - c r the Runge -kutt a algo nthn i . (he
init ial ray depth. and the maximum depth allowed for a r a .  respectively. The-sc’ a’anablec
are- interp.~fed h~ RA V.1 as being erpress d in meters . IPLOT should he set to 0 if one
desires printed output. and I if plots are dc-si red in addit ion. Typical values for 1)5 should
be approximately one-sixteenth of a ray c.yc k period. for coarse results, and less for more
accurate raytracing. If a ray exceed s depth ZN AS. the remaining (steeper ) ra~s are not
t raced and RA’l ’ l att empts to re-ad the nex t SVP data se-t-

B. OUTPUT

RA’l ’ l as designed o allow the u ser an immediate check of all input , The first line
printed after the - - ‘  XQT statemen t should agree with the inp u t var iable NOSVPS, and reads

lii
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‘~~~ tHIS Itt’S (‘OSSISTS 01- n \( )SVI ’S i SVP( S I

The second output lane conssts of the I .~ chalac te n nat-ssage’ siri ng MS( .( I). MS( 21
imbedded as follows

‘ SV P (MS(.i I i . SIS4 , i l uc

This simply identifies the particular SV P being ..cmiii~-cuted It sever al SVPs are to be run, one
such header message appears at the start of the output ton eac h 5% P

The header message- is follow ed immediat e-h by a line that ~hecks the ..hoice of units
for the SVP data. and re-ads

(‘SI R INPUT ( ‘ S l I S 10K Till - SVP i t  or Iiil SI. SI SI( I Fl, FT  Si -C,

IL SITS and the units chcmLc i I or I shou ld agree Nex t (hr SVI ’ iv printed as a pair of

~c-cIumns labeled 1)i - PIH and c There should he \I’IS pairs of va lues
A f te r  the - SV P dat .e. HA ’ ) I prints the . c mn tro l parameters spe.. it ~ ing how rays are (0

be- ( rj cc-d , name- Is 1)5 /0, and tM-S N
Beginning with the line

( ‘551 N( MBI- R I

K-S ’) I prints , .is prese nt I~ structured , 40 ra~ ‘pat la summ aries, for the ra~ s which are launched
t n-cm depth /O at the angles —0 ,5 . — 1 .0 . — l  ~~

°
. - -10 - wit h respec t t i - c  hori zontal Eac h

~.is e is summarized hs ,i s et c l f  initial tmndui ions printed in the form

( \S I \ ( MHI K I
15111 si -sst ;i I = 0 ~ I)i-(.Rl I s
Xli RI S4)U\l) SI~ I-I) 149 ti SI SI-U

PRI- 1)I( 11 I )V F RJ I  XI\ SM i-i ) I~~OO I SI SI (

the first and second lines are redundant since the initial angle assoc.ia ted with a given case is
a lwa y s onc ’haIf the .. as ..’ numbe r Nev ertheless , i t is useful to w e at a g lance the angle of the
ray being cons idered , and it internal ..hanges are- made to produce- a different angular interv al
t c m r  Ta ’, s . these - lw - c - c lines w o u ld serve as checks on the- code changes and would simplify sonic
data anal) sic

The initial sound speed is computed by the splunc curv e fitting routine SPLSI.~ and
u se-ti to compute - a predicted vertex speed according to Snell’ s law ,

Cvertex c iZ~~) coc0 (zcj)

1-ach case is also s ummari zed t-c~ a tabl e’ showing the history of ray turning points..
As preccn lv wr itten RA\ I automatically traces ra~ s through fou r turning points. The
variab le-s printed at each turning point w ,th the exception of J fo r the fir-c t tu rning point
and the avera ge speed for the last turn ing point ) arc

K. XTP. TIP, ZIP. CTP. J ik i , AVGSP -

19
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These stand for the turning point number . K , t he range- to the Kth turning point , the time
elapsed at the Kth turning point , the depth of the Kth turning point, the ray speed at the
Kth turning point , (he action integral J sind d i-~ computed over the las t one-half cycle, and
t he aver age houzont al ra y speed from the Kth to the iK+l)s i turning point .

Figure S illustrate-s the 1-ch s i ..al significance cml these vutiirnar’~ data items- Note-
that the first value printed in the J colum n is re-ails an incomplete integral, evaluated front
(he starting depth ,,~~ o th e first turning point, and should be- ignored, RAi l computes (he
ave-rage horizontal ra~ ‘,elt’.. i t s  between pairs o f turning points The first AV( SP val ue
printed out is associated with the first and ‘cc. .  c ind turning points, and the fourth value is
autornaticalI~ set t o ,Cro

0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Z yp l7t Z yp i4i

icvci,E - n,cvc ir ,1$$ CYCL E - 3’iCYcL ( - 4liCvCLE -
I 1 I
I I I
i I I 1

I I I
I u I

I I I
i I I I f
I 1 0’

o X yp il 5~p~J ’ z1,i31 X~~~i4) X rp tbi x

Fugur~ ‘~ A s kei..h of the ph vi~al meanin g n the summar~ data iiems in RAi l

V. INTFRNAL LOUCAL STRU T1 KI OF RAi l AND RAY 2

In th is section we shall describe the logical stnnckire of the - Fortran rout ines
comprising HA’)’ I and RAil Specia l emphasi s is placed on the areas in which slight modi-
flc ations in thes e- cod es would enhance their usefulness. part ,cu larh in the direction of per-
mitting better output (e,g., plots) and more fle x ibility through user selected input variab les,
bey ond tho se now available .

A. INTERNAL STRUCTURE OF RAil

As i t is present ly written . RAY I contains comment cards defining most of the
variable’s of interest (see section V i i  A flowchart of RAY I appears in figure m . ICASE is

20
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READ CASE ]
~~j ’ READ D TA~~OR
~~~~ NEXT CASE

4
WRiTE DATA FOR

NEXT CASE

CAL L TRAJE C j

CALL UAXZ J

CALL PATH 
]

4
AR v 

j4._

A NY

NOR I
CASES

P40

1- igure ~‘ I i,~~~ h~ ri  - K

the number c c i  ,, ,isc ’s t o he considered. 1-ach ...is c conS ist s  of a particular choice- for an SVP.

— 
initial ra~ depth and slope, and parameters for the- range step, maxinnuam range. and gradients
of the- range-dependent parameters axial s ’ mu n nt l speed and channel width parameter in eq
i llui In addition. HA’) I reads IPRI\T which allows .r  suippres.ses a longer printout of
the tr a~ec(ors

‘Sn es remcI~ valuable addition t c -c  H-S ’) I would be a plotting routine which simply
plot’ the ray paths One could t hen observe immediately (without calling the subroutine
PATH) the cu ed of s4~ue-e’f ing or expanding SVP v on ray paths. A second much needed
imp rovement ~oncistc cml  permitting several ra’. c to  he traced in a given range-dependent S\’P,
without t he requirement of punching all SV P data and other parameters anew for each ray

The subroutine TRA J FC com put e-s a ra path. inc luding the t ime and average hofl-
,ontal vel cs ..its at each turning point, and the action integral over each hal f-cycle , Beginning
at line 26 15cc section Vi i  TRAJE( computes the new ra~ slope (DERIZE These instructions
end at line 40 of I RAil- C, and consist cml the Runge-Kutta algorithm mentioned either .

2 %
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Once- an advanced value ot / i’c found, tRAJI~C finds the new sound speed at this
depth and range, which in turn is used to compute a lime- increment give n by .~ t = ~~s c , and
a new increment of the action integral given by ~~~~ s inO .~~~~.‘ These- steps correspond to
line-s 4 2 through 6~ I w o tes ts  are- made here- to insure- that the uss’r has ni-c t j llovs ed the
channel width Isaratt ieter to  cc ,inni’c h , and f c c  avo id ,ins illegal or rather wv-alitl I r i- f e renci ’ ii)

.ir r a~ elements h~ looking ha.. kv v ,ird’c f rom the ~ • rs t i n s t  step of t h e  ra~ Ira.. Itig.

the remaining portions of TKAJ 1-(’ handle axis rossings ~nd adjust the ste p ccii..’
should there be fewer t han I c~t ste- ps per haIt-c~ Ic %~ e rs’.. onnnnend that ant input variable
he a lded to  permit va r~ing th is particular lic’ i, c at run time

in cc..’.. tn  c mi II we dens ed the I ul..’r - lagrange c.c l uj t ic mmt . eq I —‘ i . in 1-enj iat ’s variation al
principle K-S ’) I al.. ulati’s t he right -hand sid e it t I n  is ec luat .. fl c i t  f i l c h  I i  ‘ii ifl the fun~tion
‘cuhrcm~it in..’ I - w hi.. h is .itI..’d h~ I K Si t  ( I he three ‘cc5 I’-.. in equat ic cns i Ili lt - .id. r..- s~~’.. -
l iv clv , to  the r esu l t s

I - ‘ I • i , t a  • i i  • • 1

—2 ;~ I . ~
- i i / ,aI g 1 i.i • , i  - —

-. . ,

‘ F l  — ~ 
.~ c g ,  ~ i I .~h

— i • ,, 2 .i~~~i g 1 i i  — ,

I~~~’~ 1 • ~~’ t i . i • ‘ i ; i l . i~~~..~
— I $ I / ,~l ,j ~ / I - F ‘— I) c ii • I I ~c I

is oflt’ ..j n ~t’ii t~ eas i l y  by  t~~~- I c l i t ? c ~~ n( t i t i , m n  IIt -n ~ .intcl g’c are Tc ~~~’t’ .. t i c c t ’l~ ~ta dv and
d..1z0 dx

SI -\ \/  and P—S I fl are shor t n c - - w n . . - s I hr n cn ~ ? l . .’s ca.. h h,~Ii It c ’ t  the
tr-alcctor) and returns a kst of the may illitInli ~ t I ,i cc is c t i ~ t.i~~.. tea , lieu hs the u s  I he fat ter
prints 250 points equail~ spa.. e-cl along the t r ,Iic ’c t o n s - icr .is m any pcmi il ts  as a r-c lcmiind be-lore
the maximum range- is re.i.. bed

RAi l should he expanded t i c  handle a wid e r . . l ass c c f  range-dependent .inals tic S\ l’s .
and to permit c - c m - c n- cc ’.. t ing range- incl..’pt’ndent ‘s\ Pcc ccmi - cc - ct l ih . is disc ussed in ccc.. t i e - c i t  I I

B. INTERNAL STRUCTURE OF RAi l

RAY 2 c-c n c istv  - c t i-cnR tw  c m  routines and t w  c - c uhi.. spline nnitines resident on t he-
NOS(’ t’NIVM ii IO~ Unlike RAil, H’S’) I doe-c prov ide a plot subroutine and use-s an~
user-provided SV P We re-commend that the plot routine calls be nnodiIicd t i m allow several
ras s t i -c be plotted on a single graph. -SIco desirable would he a plot c- c t the user-input SV P
as smoo thed by the spiine routines,

‘5 flowchart of RAi l is given in figure —
- Although somewhat complicated in

appearance . the flowchart involves c - c n lv  three basic Ii - cc - c; ’ s The outermost. w-h,ch corresponds
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to the- IX) k-cop with ohjc~ t 9() in n K -Si It  line l .  i, steps t hrough the- ~-c ( ISS I’S sound speed
profiles tim be ..i-cnsidert’d I he Inc xl , ~ ith ohpe..I i-cO line I ~~2 i  .. tint r i d s  the 40 las s to be
Ira.. ed in each SS’ I’ I’he- innermost loop he.. ks the intnii,bt’r c -c f  h alf It ’ s traced and jumpstim a new initial n,i s angle when this cx . .  reds cii 

~~~ 
11 .4 15 f i s t ’ I len.. e ci.. hi m a~ is trac e d over

l iv e turni ng points As in K -5’) I. a , i u i i i t ’cr  c c l  t es ts  ,sn ..- itia de ii t - .i.. h 5k - I - c t o  pit k up the-
turning points , except , ~m t s - c u I  ccc - that .ur l’ i.. C in ’ Ik.. t ic m ns as we- Il as t o ta l  inIe-rn~l reflections ,
may o.. c U t  htc ’re

One should ni~ ‘te that it Itt..’ dept h lint ii is mt -a.. lied h~ amn ~ u s  - K A ’) I w ill autcnnati..-alls
print a nne’cs.igt’ i c c  this ..‘ t t t ’.. I an..i Iomck to n .s niew S5 I’, It will not Ira. . . .’ the n h - s t  1.45 i ()  c
degrees cct t ’..’pe ii iii t h pies..- nil ~s\ 1~

K -S i ~ would be’it’~it m c c i i i  i i s  v lS i  a l lowing a cc aniabli’ spa.. iing b..’ tw ec ’n u s  cc and
a varuble nunnb..’r c c l  t.i~ cc Tf l c ( i’ ,icl - I  (I 

~ ,int l 4 ( 1  nt -s Ic ..- .. t i~t’l~

SI  LlS1I’S(~S (H H’S’) I -t\Ii K’S’ )  2

In this c c . . .  t iUf l  hlS t • pucs. .- T1 i l istin gs i . .  c ! n T i f ’ i i t c ’i ‘ t l f l t , c i t  ( c i i  the I omlian s o u l . .  C
com prising K A ’) I ,ii’d K -Si 2 I he It ’ ,...t..- r stic mid f l ick ’  t f i  .it in some .. .icc..- s paginat ion 1’..’.. omes
aw kward w hen - c i i . .  rt ing prin t o ut  m ’  rep. c rc f . mr u i i  .* t In - c panti.. tilar . .~ parate pages cannot
,ihw a~ s r e t  ..- m to ...c;marats’ rout iii..’’.. lh5 I •iut ran lint’ sc i f  ut -n i.. c ’ minim bc-us w hi.. hi appear in the
f t ’ t t - h t j i i ct .‘iuinin shcmtilj th ..’ r c ’ t c ’ t c  hr iisi’-tI I c  • I s  ‘ t i c  *55 a It.( It iT le m~~s’ ~(‘% t i. ii pages ‘‘ n t i c
distinguish multiple r , c i i t l i u - s T m  ‘ifl c’ J . s i  th~ ! c i i i  .ini..’ r i~’.. In idci ut ic m n. the limit’ sc’c j t i t ’ut..
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