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ABSTRACT

Reflection pﬂmﬂiﬂﬂpupﬂ'ﬁﬂnfamhﬂuuﬁwm the basic step in understanding and

lﬂfrﬁtmymbhuqrm“mmm

mulrilayered media. The computational procedure of

these coafficlents is an mmmﬁmmwmm

to the solution of the seismie wave equations. mmmmmmmfwﬂuw
and shear waves constitute the unkmowrs of the smulfanecis linear equatione.

Wuﬂrﬁ:m demonstrate mmnﬁﬂumﬁmaﬂﬂ#m

L INTRODUCTION

Reflectivity functions are valuable diagnostic
parameters in seismic gtudies. The physical propertics
of the subsurface rocks can be inferred from the re-
flectivity calculations. For example, porous zones -
hibit significantly stromger compressional reflection
functions than do non-porous zooes. Within the po-
rous interval more reflection gvents are generated than
in the tight zomnes.

Transmitivity also contain valuable informa-
tion, particularly information describing the seismic
wave ottenuation and dispersion occuring in the sedi-
mentary layers.

Thus, information on the seismic reflection
and transmission properties of the subsurface rocks
can be used for exploration as well as production pur-
poses. A numerical modeling or gimulation system is
usually helpful to understand these properties.

It is essential for the numerical modeling, simu-
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lation purposes that the physics of the seismic reflec-
tion and transmission cocfficients be understood, from
which a correct mathematical formula can be derived.

In this prp:r.nmmpummupimfnrmm-
puting reflection/transmission coelficients of & single
interface is prosented. These coelficients are functions
of the wave incident angle and elastic propertics of
the layers. An incident compressional wive as well as
shear wave can be handled. The mode convershons are
glso taken into account.

L REFLECTION AND TRANSMISSION CO-
EFFICIENTS OF A SINGLE INTERFACE

The reflection and transmission properties of
a single interface is o fundamental concept in seismo-
logy. Tt forms the basic siep in understanding and
solving many problems of ssismic waves propagation
in heterogeneous medla.

The reflection/transmission coefficienis af &
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ﬂihm in severil different forms (for example Knott,

- [892; Zoeppritz, 1919; Muskat und Meres, 1940;
Guttenberg, 1944; Ewing ctal., 1957; Brekhovskhikh,
1960; Koefoed, 1962; Tooley etal., 1965; Cerveny
and Ravindra, 1976; Pilant, 1979; Aki and Richsrds,
1980; Ben Menahem snd Singh, 193] ),

In this paper we resiate Filant’s matrix formu-
Tation and owdline briefty the basic concept from which
this formulation can be dérived. We choose 8 matrix
formulation rather than sn explicit expression (soe for
‘example Ewing etal, 1957; Cerveny and Ravindra,
1971 Cerveny et.al.,, 1977) since a matrix formulation
“gnshles us to express several simultaneous phenomenn
n & clear and compact form. The matrices have been

in terms of the engle of the incldeni wave (ci. Frasiet,
1970; Aki and Richards, !1980; Ben Menachem and
Singh, 1981). This formulation facilitstes the compu-
tational effort and allows generalisstion to the more
complex multitayered problam. A crucis! typographi-
eal arror in Pilants formulefion for en incident 5 wove
I8 corrected in equations (17}

The model assumed consists of two halFspaces
separated by a horizontal interface. The elastic proper-
‘e (expressed in terms of P and 5 wave velocities and
densities) ubove and below this Interface are different.,
plane wave is travelling upward from the lower me-
ﬁm.'nmmpmm i stress grudient in the su-
mounding media which causes particle displacement
from the initisl/equilibrium position. Considering the
ezimnl stress-striin relationship in an homogen-
, Isotropic and perfectly alastic medium, the equa-
describing the motion of particles can be written
& gompact vector notation (see for example Kolsky,
1963; Achenbach, 1973).

pgtm A+ p)gRl= pu (1)
1 e

A and 4 are elsstic constants

Vi3 the Laplace aperator

T is the particle displacement,
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arranged in such 3 way that all clements are expressed ]

Equation(1 )describes purticle motion in term
of vector displacement. Tt cofresponds (o two types
of wave which propagste simultansousty through the
mediom. It can bé decomposed into bwo ivpes of wave
equation in terms of P and § wave displacement po-
tentinls.

3 _l e

i T

vy “F'H'

whare

2)
(3)

¢ Is the P wave displacement potential
i is the 5 wave displacement potential
a is the P wave velocity = V(A + 2u)/ p
g s the S wave velocity = N

The displacement potentisls are related to the
vecior displacement by the equation
7+ T xy 4

This decomposition explains that we can treat Pand 5

waves a5 heing decoupled, ulthough once they impinge
oni un interfuce, there will be conversion to the other

wave type in both reflection and transmission.

—
“:

Our intorest is not with the wave egquation it-
self, but rather with its soluton. So far we are sill
dealing with an homogeneosus equation since we have
imored the soarce of the wavefield, The general solu-
tion of this type of wave equation {z well known as
' Alembert’s solution and can be simplified in the form
{after considering radistion conditionz).

P AT (X -wh)
Y= Ay (K X wi)

(5}
(3]
wherg

4

!‘n is the wavenumber for the P wave

¥y is the wavenumber for the § wave

i the distance

Another assumption imposed in the model Is
that both half spaces are in welded contact st the in-

terface. This guaraniges the continuliy of the normal

and tangential stress and displacement across that in-
terface. In Carteslan coordinates, the normal and tan-
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gential stress can be expressed in terms of the displace-
ment potentials as

(7)

t. o= A9 + 2|28 Pe
= h‘[a:'*kana:

wpla e 2y _ 2%
= "[Ea;az”aﬂ e =

where

z is the depth and I3 taken to be positive if Is
downwardand M, p, @, ¢ .Xare defined
ahove.

The normal and tangentisl displscement in
Cartesian coordinates can be written as

== d
woelt, B ®)

B4

il -
-2

= (10)

. INCIDENT P WAVE

Suppose 3 plane compresional wave impinges
an an interface with an incidence angle g (Fig. 1)
In rotated coordinates the o' Alembert’s solution can
be writien in the form -
For the incident wave

where

h’t is the horizontal wave number of the P wave in
the first medium, The harmonic factor, &', has been
omitted for convenience.

For Reflection/Transmission we have solutions of the
form :

RS ol e e
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= e e (xsind, +zcosd, )
Y =rpge ' i a2
¢y = twn;kuzixﬁnsp'—tmﬂpil
ﬂl:!. = tm.]kﬂlflﬂnﬂ‘!—lmlﬂjzl

—
“l‘lr'

Figure |
Reflection and transmission st a single interface due

10 an incident plane compressional wave

whete

is the horzontal wave number of the §
medium = w /g,

= @/ § », ibid second medium

was previously defined

=:.|,|JI'|1
o5 2

Note that rpp, fpg. lpp mdtpsulﬁuﬂmdwlthu-
spect to displacement potentials.

The wavefields given by equation (11)and (12)
must satisfy the boundary condition viz. continuity
of both normal and tangential stress {equations 7 and
&) and displacements {equations 9 and 10) across the
interface, This leads to the following simultaneous lin-
ear equations which can be writteén in matrix formsas :
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The solution of equations (13) yields the re-
~ flection and trensmission coefficients as a function of
mngle of incidence due to an incident Pwave at a single
interface. In this model the elastic properties of the
layers are represanted by P wave velocity, § wave vel-
oclty and density. For the normal incidence case
{ EPI-[}}.aquHmu[ll'jmdmmﬂrwﬂkmwn
formmula.
e e S|
Pyt + 5,2
t (14)
Ipm
pyay + g

The increase of 8 may cause (c” -a”sin”
ipl]""‘md[hz-am 8 )" in equation (13) to
become imaginary, vdliuhymlhthnmnphmnm
tion snd transmisslon coefficients. This signifies a
phase shift between the reflected and the transmitted
waves relative 1o the incident wave. The limit where
the coafficient changes from a real number 10 3 com-
plex number is the critical angle.

Iv. [INCIDENT 5V WAVE

For an incident SV wave having an incidence
angle of gg {Fig. 2) the d'Alembert’s solution in 2
;uutndmu:diuat:n’ﬂtmhﬂﬂmﬁlﬂn

¥y = L,ikh {3 sin 8y - Ecos 5,1} (15)

Again, the harmonic factor o/ s been omitted for
COnvEnEnce.
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Figure 2
Reflection and transmission at a single interface dus
to an incident plane 5% wave

Upon reflection and transmission we have the
solution of the form

*1 r. rﬂ&‘kﬂlﬁﬂn" H:mlﬂ‘ )
ﬁl i Jk {:l::hl +:+:nﬂil j

(16)
‘5,2 = Lssbjkﬂ:[xm!l!-zmlﬁjj]

#2 i _Iﬂujklzﬂinﬂpi—lmlipi}

The application of the boundsry conditions
(equations 7 to 10) leads to the following simultan-
eous lingar equations which can be writien In matrix
form (see equations 17). This result is taken from Pi-
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lant {1979, p137) but it should be noted thst thereis  column of Pilant’s matrix. The correct formula s given
a typographical error in the fourth row of the third below :

— y : I Y Sy e
ung ond iy (b2 gin ';1.# el | 41
- I'IF}H sng | (52 - sim lﬂ'ﬁ"‘ ain 8 e [
(17
2unls +8f  3min  p-wnfe P
FUTY SR - 1l al | i ::hl Rl
oo e % % 59 0
2eind (closmls P 2minds -bf .
- ¥ W | 5l sl 1 1 e L
ng, (o -’ ) ' . 55 s |

Equations (17} give the reflection and trans-
mission coefficients a8 & function of the angls of mci-
dence due to &n incident 5V wave at & single interfoce,
A phase shift between the incident wave and the re-
flected /transmitted waves will pocur if one of the &l-
ements of the 4 x 4 matrix becomes imaginary = #
[ncreases.

¥, COMPUTATIONAL ASPECT

A computer program {or computing reflection
end transmission coefficients as 8 function of the angle
of incidence due to an incident P or S wave at a hon-
zontal interface has heen published by Young and
Braile (1976} This program is hased on an explict
expression given by Cerveny and Ravindra (1971,
p. 63).

We have developed ulternative computer pro-
grams for the same purpose hased on the matrix for-
mulation given by equations (13) end (17).

For on tneident P wive the coefficients Tpp-
tpg, tpp and tpg (equations 13} are the unknowns of

3 4 x 4 system of simultaneous equations with ¢om=
plex varlables. The solution of ihese equations can be
found directly using the Gauss - Jordsn elimination
technique. For any angle of incidence from 0% up ta
90 this procedure can be repested.

A similar procedure i3 wed to compute rep,
Tgg. tgp and tge (equation 17) for an incident 5V
wive,

The accuracy of the programs has been con-
firmed by the energy relstionships given in equations
(18)and (19) (Pilant, 1979, pp. 131, 137},

As g further check, results have been compared with
published examples {e.g. Dobrin, 1976, p. 44).

Fig. 3 lllusirates the result for the specified
model, for the case of mn incident P wave. Diagram
{a) comesponds to the P wave Incident from above
(in the high velocity layer) The cocfficients rpp.
Ipg. tpp and tpg are expressed in terms of the energy
ratio (s equotion 18}, We obsarve that all curves are
smoothly varying, signifying the sitvation of no criti-
cal angle. Diagram (b) Is for the case of a P wave ncl-
dent from below (the lower velocity layer). The criti-

NI S SR . Sy s o o
tan § 8 tan §

IIEE * llﬂﬂ:: rﬂ?[z +§7rl.m:|t +':f't7:?:;|tﬁ'12 = ] {19)
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cal angle is indicated by the sharp discontinujty in the tude decresses. The decrease of the reflected P wave
curves. For angles of incidence beyond the critical beyond the critical angle sesms to be compensated by
walue, no P wave is tranemitted. The reflected P wave  the increase of the reflected and transmitted 5 wave
first decreases in amplitude in a smoothly varying which pass through & maximum beyond the critical
manner, then it incresses suddenly at the critical angle,
point. AL the same time the reflected 5§ wave ampli- Model :

o =43 7y - 16 P, =240 (velocity in kmjsec., density in kg/m® )
Incldent P - Wave Incident P - Wave
1\
o Lo 5 LH_.__"!:;-___‘_-_HI
-] \ E
2 1 2
i | :
it ; osb
. /
Teg
i = &0
Angle of Incidence

{a)

45
Angle of Incidence (b) Angle of Incidence
Figure 3
hmmmm-:mdmﬂmmuumimm
on top). In diagram (a) P wave Incident from above. In disgram (b) P wave incident from below
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Fig. 4 displays the reflection 2nd (ransmistion
coefficiants a5 a ﬁmdlﬂnuim:tdm#angi:fmﬂm
case of sn incident SV wave, The muodel purameciers
are equivalent to those used in the example by Pilant
{1979, pp- 132 and 134). Diagram {2) shows Tgp. Tgg:
tgp and lge when the wave is incident from sbove
(downgoing wavel Again the coefficients are EXpIess-

ed in terms of the square root of the encrgy ratio
{equation 19). An interesting feature to observe is the
disappearance of rgp after the firsi eritical angle,
followed by o significant Increase In top- This increase
also affects tgg. As lgp diszppears, tgg retums to its
energy Jevel but decreases again rapidly dus to the in-
Moaded ;

=4.6 §, =23 =24
:; R F: = 1.6 l::.: =10 { velocity in kamifsec., density in i:gfmj i
Tncident SV - Wave Incident SV - Wave
_:g-‘ 10p ﬂ_‘ 1.0 . : i
E R S
o 1 e : i 5
E . 2 . i E W
= A =
= st i asp i
PG // 5 f
0 13 1) o 3 %0
Angle of Incidence (@) Angle of Incidence
£ L ; T L
= 2
37 - : "\_/\ :
E L é’ sk
!'IF .|"|+i
E \n s i} e b i Jﬂ
Angle of Incidence b) Angle of Incidence
Figure 4

mwwmﬁm“lfmﬁmﬂmHMﬂld#WMuﬂﬁm
on top ) hﬁmb}ﬂmmmm.hmm]ﬂmlﬂmmuﬂ
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=i n&'TEB.thm[h}ﬂlmmﬂucmnrm
5V wave incident from below (upgoing wave). The
two discontinuities in t.ssd.plf}"ﬂ!lﬂnmmuftm
critical angles for this model. The first critical angle
corresponds to the dismppearance of tgp, compensated
:h-dlnlﬂuntwmrgpmnmnﬂmﬁml
‘angle represents total reflection of 1gq accompanied
by the disappearance of tge.

VL  CONCLUSION
An ulternative compuier program For Coms

puting reflaction and transmisslon coefficients as a
Nunction of the anple of incidence due {0 an incident

P or 8§ wave at an horizontal interface has been effec-
tively carried out using matrix formulation. The re-
flection and transmisslon coefficients for P wave a5
well as § wave which form the unknownsof s d x 4
systems of simultaneons equations with complex wari-
ables can be found directly using the Gouss-Jordan
elimination technique. The precision of this method
witd very high.

The matrix formulation enables us to express
several simultancous phenomena in a cléar and com-
puct form. The matrices have been arranged in such &
way that all elements sre expressed in terms of the
ungle of the incidents wave. This formulation facili-
tates the computational effort and allows generaliz-
ation to the more complex multilayered media.
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ENAMFLE OF TESTIMG FAODGRAM FOR COMPUTING: APFP_RPS,TPF.TPS

DIMENSION RELIIEET REZLEEN), TUECLER), THEILER)  SUHL1EE]
EOMPLEX AFMP RPE,.TFF,TFs

COMPLEX SINTF1,COSTFI

COMPLEK SIMT51,COSTSL,SINTSR, COSTSE2 SINTPZ . COSTRD
EFE"]1.FE-BY

WRI=FlaER.

VFL=l2BHH.

VEIw]l AR,

Vil=BEEg,

RHO2=2 , 56

EHOL=Z. 48

Do Isl, 1HE

EUNL L= .0

oo L f=|,jmn

CAM=FLOATII 1=3. Ll 1G990 . /L 1OF."18H8. 1
STrRi=SImICAMT

CTFI=COS1EAM}

SINTFi=CHPLEISTRILEFED

COSTF I=CHPLNICTFL . EFS)

WRITECLL 2@} SINTRL . COSTF]

FORMATIALINE16-61)

CALL AMGLEPIVPI, VP2 NSL.WS2,RHOL. RUGE, GAH EINTFL.COSTPL,
ISINTS1.COSTS!, SINTS2, COETE2, SINTPZ, COSTRE)
Iﬁ-‘Fl “"E[H‘Fl WPZVEL WEE, !HI:II H.lH]I SINTFL  COSTP L RFF . RPFS,

TFE]

Rl1=RFF=CONJGEIRFF]

RIZ1=ABSIRL)

Ri1iI ) =sSQATIR1EZL]

RI=EFE*CONJGIRFE }

TlaTEF=CONIGITFF I

Ti=TFS="CONIGITPS]

SUMZeS INTFI*COSTSI*RES(COSTPI*SINTSL |
FUMI=RHOZSSINTPI*COSTEE=T|/{RHII=COSTPI "SINTFE]
EUMImRHOZ =S IATF ] *COSTEE=TE/IRHO I ~COSTF ] *SINTEZ )
EUHIT jaSUALL b+ iR ] s SUNTESUAMT«SUML ]

SUMZ | = ARS [ SUHE |

RIZ{1r=S0RTISUME1}

EDORTINUE

L3 = SQUARE OF THE EMERCY FROM RPP

Eil = SOURRE ROOT OF THE ENERGY RATIO #mOM APF
Ri2 = SOUARE ROOT GOF THE ENENGY RATIO FROM RPS
SUH2 = SQUARE OF THE EWERCY RATIO FROM EPS
SUM3 = SQURRE DF THE EWERGY RATIO FROM TRF

SEM4 = SOUARE OF THE EWERGY RATIO SADM TPS

EOM = TOTAL SQUARE OF THE ERERGY RATID

WEED TD CHECKE THE CONSEEVATION ©F EMERGY

WRITEL ], 2000 [RL{CT 4, B1200),1=1, 180
ntfll‘ll EBd1 TSUMILIY,1s] LEF}
rﬂlMT{EIE L]

FORMATLZEIG-E)

STor
Enb
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SUBROUTINE ANCLEFEVFY,WPE,VEL. V52, ANOL  AHOZ CAM,SINTF1,COSTFL
NTS1,COETEL S 1lﬁi.'|:ﬁ‘l'h'!.51 RTFE ,COETR]

S5 1
:EHFLH EINTPL,.COSTPL . SINTSI.COSTS] . SINTSZ . COSTSR. SINTrL,
BETFI

EFS=] . FE=0
A=VEL VP
ErVEl WGP
C=iEl/WPE
b=RHOL /RHOEZ

TETAF | =GAM
STRI=SINITETARLD
SINTPL=CHMPLEISTPI EFSD
CTFi=COSITETARLD
COSTRI=CMFLEICTP L. EFS)

STSImA=ETPY
SIMTS L =CHFLELETEL EPE]
CTSLl=1 . F-STE1="p
IFLCTELL.LT.B.8) &G0 TO §
CTSI2=S0RTICTS1L)
COSTEI=CMPLETCTSL2, EPFS)
Lo TO &
ETR12=SDETUABSICTELL k)
COSTSIwCHMPLELERE ETS121

STEE=5TE] /B
SINTSZ=CHPLN{STEZ . EPEY
CTSZ1w] . F-ETHE#+]
IFICTEZLN 1,10, 010
CTSZ=SORTICTEZ] )
COSTSF=CHPLEICTSZ EPED
&0 To r :
COETSE=CHPLEIEFS IFS
BT TGO ¥

CTS2=SQRAT LARGICTEZL ) b
COSTSZwCHPLNIEPS  CTERF

ETPE=STELSC
SINTFR=CHPLUIETFE.EPSY
CTPRI=1.P-5TR2=s]
[FicTPZI) 3.30,31
CTP2=S0RTICTFEL)
EOSTFZ=CHPLEICTFZ EFS)
w0 TO 4
COETPZ=CHPLUTEFS.EPES
GG TO i
ETFE=SORTIAESICTEEE Y
COSTFE=CHPLUIEFE .CTPZ)

RETURH
END
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SUBROUTINE CRTESIVEY  ¥P2,vS]1, VS RRD] RHDZ SINTPL , COSTFL . RFF RPS,
TPF,TES]

SEEROUTINE FOR COMPUTIMC REFLECTION AND TRANSMISSION
COEFF. FOB A& SIWGLE W= ]1ZONTAL IMYERFACE DUE 1D AN
INCIBERT P-wavE

WRITTEN BY SUPRAJITHND, SEOFHYSICS-LEMICAS.

DIMEMSION AMiL, B1, Xi4)
COMPLEX AM_ N AFF RFS,TFP.TPS
COMFLEX SIMTF] ,COSTF]

A=NE1SVFP]
EsWSLIVET
C=wEl/vPE
D=RHOLSRHOZ

EFS=1.BE-5

AMUY, | I =AYETKTF ]

AMIZI=L, B~ [A*A*5IHTFI*CONIGLSINTRL NI
AM] Pe-SOATIAMLEL}

AM{Ll, 2 I=CHFLEIAM]Z EFS]
AMIL, 3 e-APEINTPL
AHI&L=B*Br A& EINTF1*COMIGLELRTRT 1)
TFLAMLALT 1,108,181
AMds~EORTIAMI4L )

AMCL . 4 y=CHPLE(AHLL EPSD

AMER, A w2, *AnSIMTPI"AHL] A ) FEE=R=D)
)

AME], 4 1=CHPLNAEFS .EFE]

AM{3, 4 INCHPLELEPS (EFS )

&R TO ¥

AL =A=A*E INTP L *CONIGESINTP L )= LE"E )
AMLar-SORTLAMIAL

AMLL, 4V nOMFLELEPS AWML |

AWMLl b g, *ASSINTPI®AMEL 41 ER*BoD)
AMCZ . 1y =A=COSTF L

AMIZ, BIwASSTHTR )

AMER | mC*En | A=ASE INTF ISCORIGISINTR LY
IF{AMZRL) 3,300 ,30]

AMZINSORTIAMZII |
AM{E,3)CHPLXIAMZT EFS |

AL, D pmn "AYETHTPI*AMEE  BISLBRE*D)
GO TO &

AHIZ, 3} s CMFLELEPS EPET

AMLS, 3 )=CMPLECERE EPE}

G0 TO 4
ANZE1«A*ASETHTFI*CONIGIETHTII )= (6% )
AHI J=5ORT I AMEILT

AMLTZ, 21=CHPLE{EFS  AHE3)

AN 3w, SARSIHTE =AML 30 (R0
AMAE, 4 1w-ASE[HTF]

AHILwE, *A*ARELRTP 1 OONSGESINTRY 1=] 8
ARED, 1 I =CHPLY LAMIL, EFS

AMIEZE=] , B=fATATEIHTFI*CONIGLEINTFLI )
AMLE Z)m-2,"ASINTP I =S0ETLAMIZ] b
AHIZn [ -2, SASASSINTP [*CONIGESINTR T b am=R) /LB E*0)

AATT A =CHFLELANMI] , EPE]

AHLA L ye-2 "E=A"SINTP | =COSTHI

AHIA 2)=-2. aspsS INTPL*CONJGCEINTF] 101 P
AHdd=(F *A*asR TP I=CONJCISINTFLI-B B}/ IB=D D]
AMOA 4 )eCHPLE ] AMEL EFS)

AME] S T=-A*EINTP]

AML2, 5 =ACOETR]

AMIGs -2, *AFA*SINTP1"COHIGISINTF] 1o . B

AHML] ,S}=CHFLELAHMIS  EPS

ARTd N} =A=A"S[NTPL*COETFI

CALL CAUEIRE{AM.4.5.K)
REFF=NL]}
APSeN{Z}
TPRak{3}
TPE=XE{d]

RETURK
EHD






EXAMPLE OF TESTINC PROGAAM FOR COMPUTING: KSF . LES. TEP AND TSE

DIMENSION N110Za®) R1Z02EE) , TLL{ZEN) , TI21280)
DIMENS [ON SUM{ZEW)
COMPLEX I'B‘-F+Iﬂ TSP TES
COMPLEL S1NTEL, EOSTFL S1NTS1 JCOSTS] SINFER .COSTEL SINTPE CORTRE
WP1=13055.
WPE=BESE.
YEI=EHRP.
WEI=40EE.
RHOL= 2, 48
AHOZ=]1,B9E
L IH=| B9
ECALE=00. /10T,
D0 T I=1,MLIH
I SUMILEi=H:B
00 | f=1,NLIN
GAM=SCALE®TLOATELI=PI 180,
EALL ANGLERINEL VP E,VE1 VSZ.ANO1 ANOE UM SINTHI (COSTFL,
ISINTE} ,COSTE], SINTS2, CORTER SINTEZ , COSTPD )
- |%LTE“"'WJ'"I'“.' RG] TR 0T LB INTSL, COSTES (R5F NS5,
Ei=RSF="CONJGLRSE ]
RI=EASE*IOMICIRES §
RZ=ARS{RZ]
REETT j=SOATIRT )
TinTSF*EOHICTITEF
T2 TES*CONIEITES |
EUHZ=SINTSI=COSTPI*R1/(COSTSI"SINTRL)
E'UH'-I'I'..IHJI"HIHTE]'IMﬂI*TI{lIWI‘Em{i*ﬁ:_ TSZ)
SURISRHOZ-E INTEL “COSTF2=11/ [AWO1 *CORTRI=2INTR L)
SUMLT ) =5UME] )= TRZ4SUME+SUMI=SUNL )
EUMZ=ABS | EUME I
EUMI=ABSISUMY
DUMi=aRS | EUML)
Ril011=5ORTISUME]
THII11=SQRTIS UM |
TLELT 1=SORTIEUME |
CONTINUL

[lalls]

Ko Ll i el ) B L Pl P el Pl Pl P P R e e i i s
Eu.ump*ﬁnﬂﬂﬂdﬂﬁ HLHH-=- Sl TR B Pl el T O s L P e

ay 1

ir WRITERIF,Z@LY (RIICE0 RUZT] 1. 0wl AL M)
iy ZF! FORMATEZELIG.E

£g STOF

&5 END




Filir= W el A P

11

GUBROUTIHE ANGLES(WFI . ¥PZ,¥WE1,VSZ . RHO] , NLADT CAH. SINTFE . COSTRL
L.5INTE],COSTS],5INTS2,COSTEZ, SINTFZ, COBTRE)

COMPLEY SINTPL.COSTPL .S1NTS1,COSTS1,SINT

EFS=1 .9E-FF
AnVELSVFL

DeRHDL FRHOE

TETAS] =5As
ETEL=SINITETASL]

SINTE I=CHPLELETSL.EPE}
CTEI=COfI TETAR]
COSTEl=CHPLKICTSL.EFSD

STPI=STS1/A

SINTF ] =CHFLEIETPL  EFS}
CTPLLlel.F-ETFI=""2
IFICTPLLY 1,00, 010
ETFI=SQRTICTFLL]
COSTPIwCHPLEAICTrL.EFSS

& To ¥
Co5TFi=CHFLELERS EFS]
ED TD 2

CTPI=SORTEABSICTFLILY)
COSTPI=CMPLECERS CTPL)

I'Fli- TEL/B
=CHELNISTSE ERED
m:1-1.:—h‘nunt
IF{CTS211 3.10,31
ETE2=KOMTICTER])
COSTSZ=CMPLEICTST.EPS
&0 TD 4
COSTS2=CHPLEIEPE.EFE)
B0 To d
CTSZ=SORTIARS(CTS2L0)
COSTEZ=CHFLKIERS.CTSE)

STPI=STS1/C
SINTFE=CHPLEISTPZ EFS]
CTP21=]1.F=5TPZ""2
IFICTPZ1) &.50F.5F]

ETRE=S0RTICTRELN
COSTRE=CMFLE(CTRE.EFE)

&0 TO &
COSTFZCHPLNIEPS,EPE)
B0 TO &
CTPZ=S0ATIABGICTPELY]
COSTPEZ=CMPLMIEPS.CTFT]

CONTINLL

RETURN
END

5. .COSTSE EIATPZ.COETRE
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i SUBROUT IME CATSPUIVPL, VFZ, ¥EL,¥5E . RHOL _NHOZ ,SINTEL ,COSTEL REF.RES,
z ™ 1TSF . TES
3 [ SUBROUTINE FoN COMPUTING REFLECTION AND TRARSH|EEI0N COOFF.
] c FOR A SIMGLE MORITONTAL INTERFACE DOE To AM INCIDENT Sv-WAVE
11 C WRITTER BY SUFRAJITHOD, CEOPHY¥SICI-LEMICAE.
o
7 DIMENSION l:.1|1.l'l1.IIIHHIJIIlll‘ll.letllll.Mll.'l-h:lh
| COHFLEX R%P  RSS5.TSF,TES. 4K,
1] COMPLEX BIMTSL.CRETSI
ir
11 EP5S=1.0E~-F%
1% A=WELFVF]
13 B=WS1/VER
1d CavEE/VFE
1E D=RHOLFRBDE
18 EMiL, 0 =R RTEI
17 AMIL ,Z)=-COETH]
18 AMLL, 3 Is-SENTE]
14 AHIA =B =B=(SINTEI"CONIECSINTEL N
8 TFEAMEALY 1,000, 08
21 jF2  AM]i=-SORTIAM]1L1]
T AML1,d)=CHPLE I AM1L EFS)
3 AMLI, 41=2 . =SIRTSI =AMLY ddup=BaD)
z4 S0 TR 2
5 101 MMl A p=CHMPLECEFI.EPS)
ZE AMi3, 41 =CHPLNLEPS EPS)
27 &G TO ¥
fd ] i AMLIA1=51MTS I “CONJGISINTEL - ER=RE
29 AM)d=-EOETIAMIEN ]
IF AM{ ], d)=CHPLE{EFS  AH1A )
3 AMi3,4)=2 *STATE1=AHIL A3 FiRBoD)
az : | AWI|1=A=A-(SINTS1"CONIGEEINTSL H)
33 IFiaMz11) 3,301,388
EL B AMPIeSORTIAMINLN
35 AMlE, by =EMPLELAMEL JEPSS
3L AMIE, 1)e=2, *STNTSI=AH(E. 1}
a7 GO TO &
38 0] AMLZ. L V=CMPLECEPS,EFS)
an AMEL, L i=CHPLEIEPS EFS]
iy &0 TO 4
dl 3 AMZ]1=S INTS1®COMIG IS INTSL h=TA=A]
4z AMZ1=50AT LAHZUL Y
i3 . AMLIZ,.1}=CHFLELEPS  AMEL)D
& AMid, Tie—2 "EINTSI=AMIZ, 1]
45 4 AHEE.TI=R1NTS]
(1] AMZII=CoC-|SINTEI=CONIEISINTEI Y
¥ [FLAMZERL) E.501, 582
4 | BT AWEI=SORTIAHIFL!
i AHLE, T i=CHELELARZD, EFE]
i AMU4,Jb==2 . *SINTEL=AMIZ, 317 BB D1
E] &0 TD B
3 SFl  AMIZ,3)=CMPLRLEFS.EFS)
53 AMIE 3 T=CHFLNTEPS .EPS)
54 B0 TD &
55 5 AHZII=51MTSI“CORIGISINTEII-TC CY
5§ AMEI=SORTIAMED] )
ET MM, WI=CHPLETERS  AMID}
B AMi L, Rimad SEINTSISARMLZ . ID/TRSR=ED
ES [ AMLZ, 8)=-SINTE]
(1 AHY| =3 *TIEHTSI"COHJGISINTEL)-1.F
(1] AMLT, | V=CHPLEIAMIL EFS]
BT AML3, 2h==3 , "SINTS]*COSTEI
63 AMIFs (-7, "SIHTEI=CONICISINTS] I=R=R |}/ ER=B D}
Gd AMI 3, 3 =CHPLET AN TFED
[ 1] = AN i={AHYL | *SORTIABS(AMIAL )P IR=E®D]
EE AMAPe-2 "5 |NTS] *COMICLEINTS] bel .
E7 AMLA, BIsCHPLE BT, EFE)
(1] EMAdn= i, *EINTEI*SIHTS1=8=R1SIE*E=D]
52 AMLE 4 )=CMPLEIAHIL EFE]
TE &HI],.5)=-COSTSI
T AHLZ, B r==5]HTE]
T AMIE Ejs-2,*5INTSI=COSTEL
73 AMiS=? *TINTEI"CONIGISIATEL b=-1.0
H 3 - AMLd L, B =CHPLELAMAS ,EPED
75 EALL CAUSIR(AM.4.E.X]
F5.1 [ 4 &
Tk REF=N{]]
T ESE=MIZ)
7B TEEwXL[T )
Ty TES=EL 4}
L1 BITURM
g END
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