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I. Introduction

A two dimensional finite element program applicable to the numerical
solution of a wide variety of geophysical problems has been developed
at the University of Utah. Finite element programs to handle & number of
geophysical problems were originally developed by Rijo (Rijo, 1977).
Linear interpolation of the unknown field over triangular sub-domains
of the region where a sclution s sought was used in conjuction with
the Galerkin technique to derive a system of linear equations which
approximates the governing PDE. The solution of this linear system of
equations gives the approximate field values at the nodés of the discretized
domain,

These programs have been modified and consclidated by the author into
a single program which will handle the two dimensional magnetotelluric
TE and TM mode problems, as well as the infinite line source problem.
In addition, the element equations obtained from the finite element tech-
nique have been re-derived and re-programmed in a sufficiently general
form so that any physical problem governed by the two dimensienal inhomo-
geneous scalar Helmholtz equation may be handled with minor modifications

to the program.



II. Applications

The finite element formalism developed in part IV of this documentation

is applicable to any physical problem governed by the eguation

(=%
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where
k,p = physical property factors which may be functions of position

over the domain where a solution is sought

s = source funcion

f = unknown field for which a solution is sought
In practice, f, k, p, and s may be real or complex. Examples of some
particular physical problems which are governed by this equation are given
in Table 1. In Table 1 we make use of the following parameters:
; = jou

§ = g+ Jwe

il

I current strength
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Table 1. Exampies of physical problems governed by equation 1.



The program for which this documentation is written solves the examples

of Table 1, where f, k, and p are compfex quantities. Any or all of o,

u, and € may be considered piecewise constant functions of position. The
DC resistivity problem, which is also goverened by equation 1 after Fourier
transformation of the strike direction, is not incorporated in the same
program since only real numbers are required for its solution. It is more
efficient computationally to develop a program utilizing only real arithmetic
when dealing with problems involving only real quantities. A program based
on the theory outlined in part IV of this documentation which solves the

DC problem is available at the Department of Géo]oqy and Geophysics of the
University of Utah as a separate program.

In closing this section, it should be pointed out that an effort was
made, through appropriate structuring, to produce a program which could be
easily modified to handie other physical problems governad by equation 1
once the user has gained a rudimentary knowledge of both the program and
the finite element method. Sufficient theory is hopefully provided in
part IV of this documentation, while knowledge of the program itself should
be obtained from part III of this report in conjunction with a study of the

comment statements in the program itself.



I1I1I. Documentation

A. Description of software

A flow diagram of program construction is given in figure 1.

This diagram shows the sequence in which subroutines are cailed to do the
various calculations. Also indicated are calls to the Univac 1108 system
library routines where they are used. A brief description of the function
of the various routines is given in comment.statements in the program
itself and will not be repeated here. As an aid to the programmer trying_
to implement the program on a different system, the write-ups on the 1108
system 1ibrary subroutines are included -in Appendix II.

One Univac 1108 system I/0 device is used which deserves special
mention. The device name is NTRAN and its use is in transferring large
amounts of unformatted data from core to Fastrand drum storage and vice versa
in an efficient manner. This is necessary in imp1eﬁenting this program on the
1108 because of the relatively 1imited amount of core storage available. A
temporary word addressable data file is assigned in which the coefficient
matrix of the Tinear system to be solved is stored. The Greenfield algorithm
(see e.g. Swift, 1967 - Appendix 3) is then used to solve the linear system
of equations, with appropriate size blocks of the coefficient matrix being
transferred into core and reduced one by one during solution. This data
transfer into and out of core is handled by Univac's system device NTRAN., A
write up of NTRAN is included in Appendix II as an aid to the user trying to
adapt the program to a different system. In this case, a suitable substitution
for NTRAN must be found, unless the user's system has a large amount of core

memory (150-200K) available so that execution can proceed entirely in core.



Uses UUCC
Mathpack System

Select Program Subroutine CGJR.
Option
IDX = 2-TE1 « _Calculate Layered . EFIELD EFLD
IDX = 3-TM] Earth B.T.'s IDX = 2 >
DX = 1-LS, 1% = 3 > HFLD
B.C.'S*SET = 0
[P - - L
*\ ) Ty iy,
Calculate
Element Calculate Appropriate > SELECT
Matrices Element Parameters
and Load
Global
System . lLoop
Matrix; - N
Apply B.C.s
J GAUSS
Solve the > SOLVER
Global System < '
of Equations Y ; Loop GAUSS2
€
Calculate Vertical »1 AUXFLD
Field and Field P L
to Strike < ¥
Uses UUCC
Mathpack System
Calculate Routine DERIV1.

OQutput Parameters
and Print Qutput

Figure 1. Flow diagram of program architecture.



B. Explanation of PARAMETERS
There are three parameters which are set during compilation of the
program which must be tailored to the run. A description of these parameters,

with a 1ist of the subroutines in which they occur in PARAMETER statements

follows,
IP1 = number of nodes in the z-direction. Must be greater than or
equal to the actual number of nodes vertically in the mesh.
I1P4 = number of nodes in the x-direction. Must be greater than or
equal to the actual number of nodes horizontally in the mesh.
NLAYR = number of Tayers (including the half-space) of the 1-D earth

model bounding the right and left sides of the mesh, This parameter
is only used when calcuiating the boundary conditions to be applied
to the sides of the mesh for MV modeling. It must be greater than
or equal to the maximum number of layers on either side of the
mesh. The earth models do not have to be the same on both sides
of the mesh.

Subroutines in which these parameters appear:

PARAMETER SUBROUTINE NAME

IP1 - MAIN, SELECT, SOLVER, GAUSS1, GAUSSZ2, AUXFLD
IP4 - MAIN, SELECT, SOLVER, GAUSST, GAUSSZ, AUXFLD
NLAYR - MAIN, EFIELD, EFLD, HFLD
C. Input list
Card 1: FORMAT{2014)
IDX - Option parameter to select appropriate solution.
1 = 2-D 1ine source {TURAM)

2 = TE Magnetotellurics (E-parallel mode)

i
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T™M Magnetotellurics {H-paraliel mode)



NODEX -
NODEZ -

NXX -

NZZ -

NRES -

Ml -

NPRINT -

LINE
LINEZ

F .
Card 3:
NX(I) -

Number of nodes horizontally in the mesh {must be exact)
Number of nodes vertically in the mesh (must be exact)
Number of blocks of equal-sized elements horizontally.
(See figure 2 for the definition of a block which consists
of a given number of elements with equal sized edges
horizontally or vertically)

Number of blocks of equal-sized elements vertically,.

Number of conductivities in the mesh (including the air

layer}

Number of blocks vertically above z = 0 (air layer)

1

T = just print input

0

I

execute program
Number of nodes horizontaily from left edge of mesh to

where the line source(s) fs/are positioned. Default

value = (. For examples, when modeling TURAM, if the effects

of the return current part of the loop are not being con-
sidered, then LINEZ = 0. LINET gives a source current
flowing in the + coordinate strike direction, while LINEZ
gives a current source of equal strength flowing in the
opposite direction.

FORMAT(8F10.0)

Conductivities in the mesh - A, B, C... where

conductivities in the mesh

] L]

T e I
—» D
N des 7

it

. mesh code for model input (see Card 7}
frequency (Hz)
FORMAT(2014)

Number of equal sized intervals DELX(I) in block I



Bl OCK - ol BLOCK

conductivity code number convention.

Association of node

number with position in global matrix, as indicated by
slashes, for element with nodes 1, _2, 5, 6.
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GLOBAL SYSTEM MATRIX
Figure 2. Finite element mesh structure, node numbering convention,



horizontally.
Card 4: FORMAT(2014)
DELX(I) - Size of the intervals in block I in meters
Card 5: FQRMAT(2014)
NZ(I) - Number of equal sized intervals DELZ{I) in block I
vertically.
Card 6: FORMAT(8F10.0)
DELZ(I) - Size of the intervals in block I in meters.
Card 7: FORMAT(80I1)
Model Deck - Input consists of the code numbers outlined under
Card 2, with the ordering convention as illustrated in
figure 2. Each interval in z comprises four data
cards with conductivity code numbers appropriate to
each trianguiar element punched on the cards in the
order-shown in figure 2. There are, therafore, NODEX-]
code numbers on each card. Note:_ The code number for
the conductivity of air is always zero.
Card 8: FORMAT(8F10.0)
H{I), I=1, NLYR (NLYR=NLAYR-1) - depths from z = O
to layer interfaces of 1-D boundary condition at left
edge of mesh in meters.
Card 9: FORMAT(8F10.0)

P{I), I-T, NLAYR - resistivities of the successive Tayers

on the left edge of the mesh.
Cards 10 and 11 - Same as cards 8 and 9 except these cards apply to

the 1-D boundary condition at the right edge of the mesh,




0. Output

Succes

10

1ist

sive columns of output for the MT programs are:

Column

1
2=bh
6-9

10-13
i4
15

Succes

Distance from center of mesh to each mode

Vertical fieid components (he, Im, Magnitude, Phase)
Field components perpendicuiar to strike

Field components parallel to strike

Apparent resistivity

Negative of the phase of the impedance

sive columns of output for the line source program are:

Column

1

2-5

6-9

10

11

12

E. Notes
Proper

output from thi

Horizontal distance from the + Tine source to the nodes

at z = (O

Transverse magnetic field components (Re, Im, Magnitude, Phase)
Vertical magnetic field components

Ratio of magnitude of transverse field to primary field

Ratio of magnitude of vertical field to primary field

Primary field
cn mesh design

mesh design is important in obtaining meaningful {i.e. accurate)

s program. Proper mesh design is an art that the programmer

will gain with experience. The following rules of thumb concerning element

dimensions will

skin depth, def

serve as guidelines. They are based on a unit of distance, the

ined as the distance in which the amplitude of a plane wave

is attenuated by 1/e as it propogates through a homogenecus conducting

medium, The formula is




1

Skin depth = § 500 vp/f meters

where » = resistivity of the medium

il

f = frequency (Hz)
The rules of thumb are:

1} Element dimensions should not change from one element to the next by
more than a facter of 3 to 5.

2} In the vicinity of a change in conductivity of the medium the element

dimensions should be approximately §/6  in the medium where the element
resides.

3) 2 to 38 away from any variation in conductivity the element dimensions
may be increased to the order of & of the medium,

4) VYertical element dimensions may be increased approximately 1oga-.
rithmically (1, 3, 10, 30.,.) from the air-earth interface because of the
exponential decay of the fields. The maximum vertical dimension of an element
should still ideally be held to 1 to 26 however.

5) The air layer for the TE-MT and Tine source problems should consist of
7 or 8 elements Tegarithmically increasing in vertical dimension from the
air-earth interface, staring with about 10-100 m for frequencies <1Hz and 1-10 m
for frequencies >1Hz.

6) A1 or 2 node ajr layer is required computationally in this program
(not theoretically) for the TM-MT case. A 2 m and 10 m layer has given
good results,

7) Vertical mesh boundaries should ideally be extended 3 to 6 skin
depths away from the nearest 2-D structure.

8) The bottom mesh boundary should ideally be 4 to 6 skin depths of the

background conductivity from the air-earth interface.



g} When solving the 1ine source problem, the mesh should be made "fine"
in the region of the sources. A Jittle experience will determine what "fine"
is for a given problem. The mesh boundaries should be extended out to where
the fields due to the source are approximately zero.

These rules of thumb will Tead to inordinately large {(and hence expen-
sive) meshes much of the time. The programmer's task is then to cut corners
where his experience tells him he may do so without too adversely affecting
the accuracy of the results. Accuracy is checked by refining the mesh énd
checking convergence of the solutions. For information on convergence
rates for linear approximation of the field see e.g., Strang and Fix {1973).

F. Notes on execution on the University of Utah Univac 1108 system

The first step in using the program is to compile the appropriate
subroutines with the correct parameters as explained in III, B. The program
then needs to be mapped intoc an absclute element for execution. The UUCC
Mathpack system library (UUCC*MSLIB.) must be made available during this
operation, since this is the system file where subroutines CGJR and DERIVY] re-
side. After compilation, a typical map sequence will be as follows:

@PREP, QUALIFIER*FILENAME,

@MAP, IS...,QUALIFIER*FILENAME.ABSOLUTE

~IN. QUALIFIER*FILENAME.MAIN

~LIB. QUALIFIER*FILENAME, ,UUCC*MSLIB.

In this sequence, QUALIFIER*FILENAME, is the user's file in which the elements

12

of the program reside. The LIB statement is crucial since this is the statement

which makes the system routines in UUCC*MSLIB, available to the program,
ABSOLUTE is the name of the absolute element which is being created and

stored in the file QUALIFIER*FILENAME,
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The program is now ready to execute, given the proper data as described

in III1.C. A temporary word addressable data file must be assigned at

execution for storage of the coefficient matrix while the solution is progressing.
Data are stored on and retrieved from this file during execution through the

use of NTRAN (See Appendix II}.

A typical execution sequence would be:

eASG,T.1., D///FILESIZE

Data Deck
EXNT,0F QUALIFIER=FILENAME.ABSOLUTE

@FIN

The first control card assigns the temporary (T option) data file. The

number 1 is the unit number with which the program has been set up to identify
this file. The D option makes the file word addressable. If there were nc D
option here, the file would be assigned as sector addressable. FILESIZE is the
number of words of storage assigned to the temporary file. The formula for
determining file size is: | |

FILESIZE = 2*(NBAND® + NNODE*NBAND)

where NBAND IPT + 2

I

NNODE = IPT * IP4

We see, for example, that a 30 X 50 node probiem would require the following
storage:

2*(32_2 + 30%50*32) = 98048 words

The F option on the execution statement deserves mention. This option is
used to suppress the counting of underfiows which occur during execution.
Since the program usually generates a Targe number of underflows, this option

can produce a considerable savings in execution time. Overflows and divide

checks will still be flagged. Neither of these should occur during normai
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execution. Re-check the input carefully for proper format and consistency |

should these occur, as this s the usual source of error.




I1¥. Theory

This section will be concerned with a brief description of the applicaticn
of the finite element method to the solution of equation 1. More detailed
analysis may be found in Rijo (1977) and, e.g. Huebner (1975). Incorporation
of boundary conditions and source parameters is aiso discussed as as the
calculation of auxiliary field components which are obtained by appropriate
manipulation of the field values obtained from the finite element solution.

A. Brief description of the finite element method.

The application of the finite element method to the solution of
equation 1 hinges on the derivation of element matrix equaticns from the
governing differential equation. We use the following technique. Re-write
equation 1 in operational form: |
2} Lf =S
where L =z 3/ox(1/k a/ax) + a/8z(1/k 3/3z) + p
Now approximate f by piecewise linear functions defined over triangular sub-

regions e of the domain over which a solution is being sought--see figure 3.

We have ' m = total number of triangular
~ Mmoo~ subdomains
3) f= 1 f@
e=1
where
4) fe = + aZX + u32

Using 4, we obtain an equation for each of the field values at nodes 1, Jj,

k of the triangular region,

P

5) fn = o + ﬂzxn + u3Zn |
When these three equations are solved for the «'s and the results substi-

tuted into equation 4 we obtain

— —

e _ éu éu e
B) 7 = NGy HNSFy H NGF

15°
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ORIGINAL EGUATION:
LF =5 L= i) )+ P
APPROXIMATE F BY SOME F:
THEN LF-s= ¢

SUPPOSE F VARIES LINEARLY OVER

TRIANGULAR REGIONS e, >X
~e , .
THEN F& = 4+ d2%:+=§éz Jk;::::;’i
OR,IN TERMS k
OF NODAL ' M
F= At daX v d3Z Z
VALUES -
N=yyk
FINALLY:
F -NI-Fi+N?Fj+N§FK N;
NE = Zjﬁ(ai+bl-)< + ¢2) 1 k
X~Z PLANE
ai = XJZK“XKZJ e
b; = Zj - 2 £ ; >
CiI Xk—Xj

N? , NE are gbtained through cyclic permutation of
the subscripts 1,Jj,k.

Figure 3. Derivation of linear approximation of an unknown field
over a triangular sub-region e.



where Nﬁ, n=1, 3, k is defined in figure 3.

e
K

the subscripts i, j, k. The NE are a local, linearly independent, complete

N? and N~ are gbtained from the formula for N? by cyclic permutation of

sat of basis functions in which the unknown Tinear variation of the field is
expanded over the triangular sub-domain e. Having defined the form of the
approximation over these sub-domains, we can now substitute 3 into 2 and

obtain an expression for the error of approximation, e.

s

7) Lf - 5 = ¢

We now wish to minimize in some sense this approximation error. One
way to do this is to force the inner product of the error with the basis
functions to be zero over the region where the local basis is defined, i.e.
8)  Q5,> = ﬂgNﬁadxdz = 0 n = s,k
Mathematically, this states that the error of approximation be orthogonal
to the weight functions Nﬁ over the sub-domain e. In our scheme, the basis
functions and weight functions are the same s0 that the norm of the approxi-
mation error e is minimized by this technique (Harrington, 1967). By
carrying out the integrations appropriately (see Rijo, 1977, or Huebuer, 1975)
we obtain the matrix equations in fiqure 4., In evaluating 8 an integration
by parts is performed which results in a line integral term around element
boundaries, This term is associated with the Neumann boundary condition,
Since we apply Dirichlet boundary conditions to all mesh edges for the three
problems which are being considered, we disregard this term.

If the finite element mesh is set up in a requiar fashion so that four
triangular elements combine to form a quadrilateral element, we can reduce
the size of the global system of equations by 20% by eliminating the unknown

field value associated with node five of the quadrilateral element in figure 4.

17
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WE WISH TO MINIMIZE IN SOME
SENSE THE ERROR g,

LET’S

e QRO Needxdz = O

€ n=ijk
CARRYING OUT THE INTEGRATIONS:

1 82,2 BjBj» C|Cj  BiBys €€y 211 ~ S_-
_— B2+ ¢2 BB +CiC LAY | —_ i
4Kﬂ J | J: Jzk +12 1 21 Fj' -— SJ
K+ Cx 112 FK SK
A = Area of triangular element 1 4 )
I TS MORE EFFICIENT TR =~ x
TO DEAL WITH Az [(2) ok (4) l
QUADRILATERAL ELEMENTS l_i L (3) N1 z
' L A ——|
THE COEFFICIENT o ..
MATRIX FOR THIS 1A B O CHDy
I EF OG!
ELEMENT | A
CH 1o S Ky Kz
HAS THE FORM : by K K
'E-___::::T?EJL¥3; 21 22
SRS )% ¢

Figure 4. Matrix equations associated with a triahgu1ar element;
formation of guadrilateral element and associated matrix
equation from combination of four trianguiar elements.
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This 1is done at the element level through a process known as static condensa-
tion (Huebner, 1975). When the triangular element matrix eguations are
combined additively in the appropriate manner a 5 X 5 system of equations
is obtained. The coefficient matrix of this system has the form indicated
symbolically in figure 4, and is written out explicitly in figure 5. The
process of static condensation consists of partitioning the 5 X 5 matrix
associated with the quadralateral element into a 2 X 2 system as shown in
figures 4 and 5, and then eliminating the field variable associated with
the internal node. This is achieved through appropriate manipulation of
the 2 X 2 system as-indicated in figure 5. The resulting 4 X 4 system
involves oniy field values at the external nodes of the guadrilateral element.
The coefficient matrix of this system is written symbolically in figure 5.
This is the matrix which is actually programmed and then loaded additively
into the global system coefficient matrix in the appropriate Tocations, as
illustrated in figure 2. The appropriate iocations in the global matrix are
determined by the node numbering scheme. Our node numbering scheme is also
shown in figure 2. Notice that the flexibility to assign different physicai
property factors k, p in each triangular regﬁon of the quadriiateral element
has been retained, so that the discretization is still over the triangular
regions, not over the quadrilateral regions,
B. Incorporation of sources and boundary conditions

The incorporation of the infinite line source of current strength I
for the Tine source problem is an easy matter with the finite element method.
The term of the source vector associated with the node in the finite element
mesh where the source is located is assigned a number equal to +1 if
current is flowing in the + coordinate direction, and a number egual to -1

if current is flowing in the - coordinate direction. This result is easily
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Figure 5. Explicit form of the 5 x 5 coefficient matrix associated
with the quadrilateral element of figure 4. Process of
static condensation to reduce this matrix to a 4 x 4.
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derived, see Rijo {1977). 1 is arbitrarily assigned a value of 1 in the

program. It is possible to assign a + and a - source, to simulate both long

wires of a TURAM Toop for example. The other terms of the source vector are
zero.

When solving the TE or T™M magnetotelluric problem, the entire source
vector is set to zero, simulating a source at infinity. The source is intro-
duced in the problem by applying & constant field value at the top of the
mesh as a boundary condition,

Birichlet boundary conditions are appiied at all external mesh
boundaries when solving the probiems of Table 1. The method used 1n'the
program to incorporate these conditions once the global system has been
formed is illustrated in figure 6. The following boundary conditions are
applied:

Line Source problem: Homogeneous (zero} boundary conditions are specified
at ail external boundaries, with the assumption that the source{s) is/are
Tocated sufficiently far from the mesh edges so that the fields are
approximately zero there.

TE-MT problem: A homogeneous boundary condition is applied at the bottom
edge of the mesh., At each side of the mesh, fields due to a normaily
incident plane wave over a layered earth structure (one side may
differ from the other) are calculated. The ampiitude of the incident
E-field 1is arbitrarily chosen as unity at the earth's surface, oriented
in the + x (strike) direction. The resultant E-fields from this caicula-
tion are appiied as boundary conditions on the sides of the mesh. The
field values at the upper left and upper right corners of the mesh are

then extended to the center of the mesh to givé the constant field

21




Suppose we want to fix fy,fy; = 8,,8;

-K11X7015 Kiz  Kis3 K1y -¥1- %1k11x1015
k21 koo ka3 Kaw (T2 87
15 - 15
k31 k32 k33X]0 k34 fs 33k33X1O
| Ky g Kyz Ky khkj fy Sy

e.g. kll X ]015f1 + klZfl + k12f2 + k13f3 = g X kll x 1019

or fl = Bl

since ky; x 1015 > klj j=2,3,4

Figure 6. Method of incorporating Dirichlet boundary cenditions
in the global system of equations.
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at the top of the mesh which simulates the source for this problem.
TM-MT problem: The boundary conditions for this mode are applied in the

same manner as for the TE mode, except that H-fields from the layered

earth calculations are used. The source for the layered earth problem

is again a normally incident plane wave with unit amplitude incident

E-field, this time oriented in the + x (dip) direction. MNotice the

change in coordinate convention here. This is documented in the comment

cards in the program. The reason for the change in convention is due

to the manner in which the side boundary fields are calculated (see

Appendix 1).

C. Calculation of auxiliary fields

The only field component we obtain with the finite element solution
directly is the field (E or H depending on the problem) in the strike
direction. Since other field components are required to calculate the
parameters usually desired for interpretation, we must devise a numerical
scheme for obtaining these from the field component in the strike direction.
The auxiliary fields in this program are obtained through direct applica-
tion of Maxwell's equations, as illustrated in figure 7. Note the different
coordinate conventions for the three problems.and the effects they have on
the auxiliary field calculations. The derivatives indicated are evaluated
numerically by fitting a piecewise polynomial to the mesh field values and
then differentiating these analytically. This operation is performed by
Univac 1708 system subroutine DERIV] {see Appendix II).
The auxiliary field calculation for the TM-MT problem is approxi-

mately constant at the earth’s surface, so that the Dirichiet boundary condi-
tion could be applied at the air-earth interface in the finite element

solution. However, system subroutine DERIV? will not calculate a derivative
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TE-MT and LINE SOURCE (e 9¢% time dependence)
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Coordinate System Non-zero field components
X
EX’ Hy’ HZ
y 3/3x = 0
H =0
X
i .- _ )
; From 9xE = -JjwyH get Hy = -1/jwu BEX/BZ
H = +1/jou 3E /3y
rd X
™-MT (%0 time dependence)
Coordinate System Non-zero field components
H,E,E
y> x* "z
- X
33y = 0 E =0
Y Y
Y Ex = =1/(q + juwe) 'aHy/BZ
z FromVv = {0+ jw .
rom ¥ xH ( jwe)E get E, = +1/(g + jue) aHy/ax

Figure 7. Calculation of auxiliary field components
from the strike direction field obtained
with the finite element solution.
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very accurately near the end of a set of interpclated data points., Because
of this, a one or two node air layer is incorporated in this problem, and
the derivatives are calculated one node below the air-earth interface.

For this reason, the first increment in z below the air-earth interface is

made very small, say one to five meters,
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Appendix I - Calculation of the Layered Earth Fields for the Boundary

Condition for the Magnetotelluric Problem

X
Conventions:
e+jmt
Y Z
time dependence coordinate system
»H
Ei,H1‘++Er r kf = wzeouo
* 2 — 2 a
hy EmleIM K5 = wlgeq=Juigoy
h2 -
-l_ Emsz2++ kg = wligeg=Juwlgos
EtHts k& = Wl e =dWipd3
Writing down the solutions in each layer, we have
: K
r = "Jk Z : = _Hl__. .
1) Ej = EgemdKy Hy g Ej
= +jk Z = :&L <
2} Eml = (E2+8"~jk2z + Eg“e+jk22)
0<z3m
iy = £ (£sremdkoz - £petikoz)

3) Em, = (E3Te-Jksz + pyretikaz)
hl < 2 f hz

H, = Eﬁg(53+e'3k3z S PRERNLELY

4) Et = Eq+e-jk42 25 h
2

Assume £y = 1.

Then Ef,=n = 1 + Ej

27



Let

Apply continuity conditions on tangential E, H and then solve for the

“amplitude coefficients £} and €3, 1 = 1, 4,

We obtain:

-y + BT+ BT = £

at z =0
Ey + Zyp[E0" - E271 = K
EoTA=1 + Ep"A - E3*B1 - E3"B = ©
2 2 3 3

at z = h'z
E2+A'? - EZ-A - 223[E3+B'] - E3'B] =0
E5"CT + E37C - E47D = 0

at ran h2
Eg*C-V - E3-C - Z34E4%D = O

where

A = edkohy; 8 = edkahy; ¢ = edksho; p

Re-writing in matrix notation:

~1 1 1 0 0 ¢ |

1 Z1p -Iy2 O 0 0

o At A Bl 8 0

0 A=l A -Zp3B-1 7238 0

0 o o ¢t ¢ -pl

0 0 0 ¢ -0 -Z34D70

= e.jkqhz

28



29

This system of equations is set up and solved in subroutine EFIELD. Any
number of layers may be handled by changing parameter NLAYR. Complex functions
EFLD(Z) and HFLD(Z) implement equations 1 to 4 using the amplitude

coefficients from EFIELD.
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Appendix II - UUCC Unjvac 1108 System Subroutines ]

NTRAN

Ref. Univac 1108 S=ries Fortran ¥ Library-Programmer's Reference,
UP -~ 7896, Univac Division, Sperry Rand Corp., 1971.

Highlights:
1) Drum storage is FASTRAND drum storage at the UUCC.

2) With FASTRAND storage, the D option must be used when assigning a
file {see section IIT.F) to make the file word addressable, as
required by the finite element program. If no D option is used,
the file is automatically assigned as sector addressable; 1 sector
equals 28 words. The D option allows FASTRAND files to be manipulated
in the same manner as drum files.

3) Several operations may be grouped in a single NTRAN call.

4) 1t is important to remember that NTRAN provides for parallel processing.
This means that NTRAN will perform user specified operations on & unit
{file or tape) while at the same time allowing continued execution
of the user's program. Operation 22 provides control over the parailel
processing by stopping execution of the program until all NTRAN
operations specified before operation 22 are complete. This prevents
a pragram from using a file which is not yet ready, for exampie.

5} The CALL statement for NTRAN has the form
CALL NTRAN{UNIT,sequence of operations)

where UNIT is an integer constant or variable specifying the logical
unit, The UNIT number for the program is currentiy set equal to 1,
as described in section III.F. The sequence of operations is any
Tist of I/0 operations to be performed in order on the specified unit.
An operation consists of a group of arguments. The first argument

of an operation identifies the type of operation and is followed by
parameters for the operation; these are fixed in number and order

of occurrence by the type of operation. When referencing a FASTRAND
file which has been assigned as word addressable, the current address
for that file is the starting address only if the file has never been
referenced in the current run. If the file was referenced before,
the current address is the current address before the Tast CALL to
the file plus the number of words transmitted or positioned in

that CALL.

6) In order to check the status of transmission, each block of main storage
in a FORTRAN program which is used for I/0 has a block status word
(an integer variable} associated with it; the name of the status word
being specified in the argument Tist of an operation. When NTRAN is
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called, the status words in the 1ist of operations are set to -1,

which indicates incompliete transmission, and the operations are then
stacted in order for execution. When an interrupt occurs in an

operation, the status word for that operation is set to a value

which indicates the nature of completion, with the following possibilities:

STATUS NATURE OF
WORD COMPLETION
+N normal completion; N equals the number of words
transmitted.
-2 abnormal complietion; attempt to read or write

past an end of file marker,
-3 hardware errors, parity and character count errors
' (tape), or illegal unit specified. Legal units
are all properly identified files and tapes.

-4 " transmission aborted ( previous operation had -2
or -3 status).

Notice that status -2 or -3 disables a unit for further NTRAN operations.

7) The following NTRAN I/0 operations are used in the finite element
progran:

a) Write

The arguement group is: 1,N,B,L

N = integer constant or variable specifying the number of words
to be transmitted.
B = variable name from which data is to be written.
L = status word.
b) Read

The argument group is: 2,N,B,L

N = integer constant or variable which specifies the length of the
main storage block which will recieve the data.

B = varjable into which data is to be read.

L = status word.




c)
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Position Drum
The argument group is: 6,N

N = integer constant or variable, positive or negative, which
is added to the current drum address to form a new current
drum address.

Rewind

The argument group is: 10
Wait and Unstack

The argﬁment group is: 22

This operation causes a wait in NTRAN until all previous oper-
ations for the specified unit are complete before stacking any
further operations or returning to the user's program. It also
removes any operation which has caused an abnormal or error status
and is still stacked against the specified unit, thereby enabling
a fi%e or tape which has been previously disabled, as described

in 6).

The user must not change any argument of an argument group before
the function is compieted; 1. e. before the status word for an
operation has been changed from -1 to another value. ATl NTRAN
operations are executed in sequence; completion of an operation,
whether successful or unsuccessful, implies completicn of all
preceeding operations.




DERIVI

Ref. Large Scale Systems Math-Pack-Programmer's Reference, UP-7542,
Rev. 1, Univac Division, Sperry Rand Corp., 1970.

DERIVT is a function subprogram which approximates the first deriv-
ative of a tabulated single valued function at one of the tabulated
points. A parabolic approximation is used in which the tabulated
function f(x} is approximated by a parabola passing through three
pivotal points. The derivative of the parabela is taken as the
approximate value of the derijvative of f(x). The mathematical basis
for the method is as follows:

Using a Taylor's series expansion of f{x+h) we obtain the following
expressions for f(xi+ah) and f(xi—hJ:
2,2
- ) Mu
f(xi+ah) = fi + ahfi + 5 fi ..

= h_u
f(xi—h) = fi - hfi + 5 fi ~ e

where f = f(xi).

i
An approximate expression for f. is obtained by subtraction of the
bottom equation from the top oné followed by elimination of f? between
the two to get

]

- 3 2
f_]. = a—(mf(x1.+ah) - (1+a

2
)fi - 3 f(xi-h) + e

where e represents the error. The error goes to zero as h2 for any a.
The proceedure for use of DERIVI is as follows:

Calling statement: VAR = DERIVT(X,Y,N,XX,$K)

where

DERIV]. is the name of the functicn and contains the approximation
to the derivative at point XX upon return to the cailing
program. It is a floating point variable, as is XX. XX
must equal an element of the X array, but must not equal
X(1) or X{N}.

X is an array of N independent variable values which may be
unequally spaced, but must be stored monotonically
increasing. X is a floating point array; N is an integer.

Y is an array of N dependent variable values. The elaments
of Y must be stored in correspondence to the elements of
the X array. Y is alsc a floating point array.
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is a statement in the calling program to which control
returns when one of the following conditions holds:

1) XX is not equal to an element of the X array.
(1)
X(N)

It

2) XX

3) XX

4) overflow occurs 1in the computation of the first
derivative approximation.




CGJIR

Ref. Large Scale Systems Math-Pack Programmer's Reference, UP-7542,
Rev. 1, Univac Division, Sprrey Rand Corp., 1970.

CGJR 1is a subroutine which solves simultaneous equations, computes a
determinant, inverts a matrix, or does any combination of these three
operations, by using a Gauss-Jordan elimination technique with column
pivoting,

The proceedure for using CGJR is as folliows:
Calling statement: CALL CGJR{A,NC,NR,N,MC,$K.JC,V)
where

A is the matrix whose inverse or determinant is to be deter-
mined. If simultaneous equations are solved, the last MC-N
columns of the matrix are the constant vectors of the equations
to be solved. On output, if the inverse is computed, it is
stored in the first N columns of A. If simultaneous equations
are solved, the Tast MC-N columns contain the solution vectors.
A is a complex array.

NC 1is an integer representing the maximum number of coiumns of
the array A.

NR is an integer representing the maximum number of rows of
the array A.

N is an integer representing the number of rows of the array
A to be operated on.

MC is the number of columns of the array A, representing the
coefficient matrix if simultaneous equations are being soived;
otherwise it is a dummy variable.

K is a statement number in the calling program to which control
is returned if an overflow or singularity is detected.

1} If an overflow is detected, JC{1) is set to the negative
of the last correctly completed row of the reduction and
control s then returned to statement number K in the
calling program.

2) If a singularity is detected, JC(1) is set to the number
of the last correctly completed row, and ¥ is set to (0.,0.)
if the determinant was to be computed. Control is then
returned to statement number K in the calling program,

35
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JC 1is a one dimensional permutation array of N elements which
is used for permuting the rows and columns of A if an inverse
is being computed. If an inverse is not computed, this array
must have at Teast one cell for the error return identification.
On output, JC(1) is N if control is returned normally.

V  is a complex variablie. On imput REAL(V) is the option
jndicator, set as foliows:

invert matrix

compute determinant

do 1. and 2.

salve system of equations
do 1. and 4.

do 2. and 4.

do 1., 2. and 4.

O s L g
- - L] - L] - L]

Notes on usage of row dimension arguments N and NR:

The arguments N and NR refer to the row dimensions of the A matrix.

N gives the number of rows operated on by the subroutine, while NR
refers to the total number of rows in the matrix as dimensioned by the
calling program. NR {s used only in the dimension statement of the
subroutine. Through proper use of these parametaers, the user may
specify that only a submatrix, instead of the entire matrix, be oper-
ated on by the subroutine.
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Appendix III - Program Listing

STUDT#PWLS1(Ll) ,MAIN

OO0 O0n

OO

29

THIS PROGGRAM SOLVES THE TwO DIMEMSIOMAL LINE SOURCE AND TE AND TM
MAGNETOTELLURIC FROELEM ACCORDING TQ WHETHER THE INPUT PARAMETER
IDX=1,2, OR 3, THE FINITE ELEMENT METHOD 1S USEDQ wITH LINEAR
BASIS FUNCTIOQHS. MKS UNITS AND wXP(+JWT) TIME DEPENDENCE IS
ASSUMED, THE + COORUINATE NIRECTIONS FOR THE L.S, ANO TE PROGLEMS
ARE Xw~NQRTH. Y-~EAST, Z=DOwlM. FOR THE TM PROBLEM THEY ARE X-EAST
Y~50UTH, Z-DOWN, THE STRIKF DIRECTION IS ASSUMED K-S, THE ORIGIN
IS AT ThE LEFT EDGE OF TH MESH AT THE AIR-EARTH INTERFACE,

PARAMETER IP1=27,1Pu=57+1IP6=30

$rIP2TIPL*IPY, IP3zIP{+2 IPS=ExIP3

PARAMETER NLAYR=3

PARAMETER NLYRSNLAYR=L1¢NKZMLAYR+I,MDIMZ2xMLAYR

COMPLEX CKI{4)sCPU4),CKI2,CKIZ,CK14»CKR23,CK24,CK3U2CRL121CP23,CP 3,
SCP14vCPI230 AL 1AL, ALBIALS AR21A23 A2 AB3 A3 v AL, AL, ALS, ASS,
$E11+611,CLIvH1L E22,H22¢C22,E33,G33,E44,BCLIPG},

S8CLOIPY) »SI(IP245) ,S2(1IPS,IP3),S{IP3,IP3),P{IP2),R1{IPS}2ERO
COMPLEX XE(MOIM) XK {NK) rDUMIMCIMyMDIM) »EFLDeHFLD

DIMENSIGH H{NLYR) »PINLAYR)

COMMON/BLK2/DUM» XE ¢ XK

COMMON/BLK3/H W

COMMON/BLKL/S»S2/ReR1ISNTL o NFLINCOLYSNSTINEAL
COMMON/LKE /WU rWE fRHO CK,CP
COMMOLI/BLKS/XX e ZZ 1 BC+BCL NTART » HODEX sy MODEX1 s NODEZ
COMMOM/BLKE/TIDX il s M

INTEGER NPT(IPL 4 IPY) (NX({IPB)NZ{TPG)

REAL DELTAX(IPUY +DELTAZUIPL) +BELX(TPE) 1DELZIIPE) +RHOLIPL 4y IPY)
LeY {10}, XXCIPY) P 22UIFG),RE{IPY) JAIE(IPY) ’

AR L R T Y L T L L I T I T I T

2ZERC=(0.,04)

ELARGES10E+15

READ 1 ICXrNODEX MODEZ,NXX+HNZZ)NRES M1y NPRINT (LINELLINE2
READ 4 (Y(I)sI=1,MRES)F AINPUT MESH CONDUCTIVITIES
READ 1 (NXCD)eIS1eNXX)

READ 4 (DELX{IYrIz1,MXX)

READ 1 (NZ{1)2I=1/MZ2)

HEAD @4 (DELZ{I)eI=1eNZ2)

NOCDEX1=NCDEX-1

NODEZ1=jODEZ~1

DO 29 1=1.NODEZL

O 29 Lzleh

READ 48 (NPT{IsL+d)rJz1eNODEXL)

CUNTIMUE _

PRINT 2¢ I1DX

PRINT 410 NODEXsMODEZ NXX,MZZINRES»M1,MPRIMT)LINEL}LINE2
FRINT 420 )

PRINT 3u0 (Y(I)sI=1,NRES}) F

PRINT 430

PRINT 1 (NX{I}erI=l,NXX)}

PRINT 840

PRINT 300G (DELX(I),I=1eNXX)

PRINT 450

PRINT 1 (N2{I)eI=Z1,N22Z)

PRINT 460




110
11
112
113

QOO0

202

501

aOOaQ

OOOOO00

103

710

711

CErEs Nyl

240
230

38

PRINT 300 (DELZ(I)sIz1MNZ22)
PRINT 470

THIS SECTION PRINTS QUT THE CODED MESH-IF THE MESH IS T0O LARGE
To FIT ACROSS THE PAGEt YUST THe CEMTER 43 ELFEMENTS ARE PRINTED.,

M=zl

L2=NODEX1 :
IFINODEX1.LE.42)160 TO 502

Mz1+ {NOQUEX1=-U42)/2

L2=M+n2

DO 501 I=1,NODEZ1

PRINT 62 (NPT{Irlsd) s dsMiL2)

PRINT &a (MPT{I,2¢d)sMPT{I trd)rJ=M,L2)}
PRINT 62 (NPT(Is30d)»J=M,L2)

THIS SECTION PROPERLY POSITIONS THE AIR-EARTH INTERFACE,

NTART=1
IFCIDXGT.2.AND.ML.EQ,0)G0 TO 220

THEIS PORTION NUMBERS THE NOUES PROPERLY IF THERE 1S AM AIR LAYER.
NOTE~~AT PRESEMT THE TM MODE ALSO REQUIRES AN AIR LAYER Tg AVQID
PRODLEMS ASSOCTATED WITH TH. CALCULATION OF THE E~PERPENDICULAR
FIELD THROUGH NUMERICAL DIFFERENTIATION OF THE MESH VALUES .

IN THE Z-DIRECTION,

f310 103 I=1:M1
HTART=NTART+NZ (1}
L=NTART

ZZ(L):U.

DO 710 I=Mi,l.-1
INI=NZ{1)

D0 710 u=1+:INI
2Z{iL=-1)=22{L)=-DELZ(I)
L=lL=}

L=NTART

M1isM1l+]

DC 711 I=M11.,NZZ
IHI=NZ{1)

DO 711 J=irINI
2Z(L+1Y=2Z{L}+DELZ (I}
L=l+}

GO TO 230

THIS PORTION WILL NUMRER THE NOUES PROPERLY FOR MO AIR LAYER,

L=HTARY

ZZ(L):OQ

DO 240 I=1eN22
INi=mz1)

00 240 u=1/INMI

22U+ )=22(L)+DELZ(T)
LzL+1

COMTINUE
XEO0=8,854333*1.,0E~-12
AMUO=Z, 1041592654 ,0E-07




iy
115
116
117
118
119
120
121
122
123
124
123
126
127
128
129
130
131
132
133
154
135
136
137
138
139
140
141
142
143
lyy
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
lel
162
163
1o4
165
-léé
167
168
la9
170

zEs eyl

232

OO ODOOaOaO NN

-
-

700

250
704

703
804
8G3

702
701

GO0 ON

39

W=6.,283185*F
IFCIOX.NEL1)GO TC 231

THIS SECTION SETS THE MESH BOUMDARY COMNDITIONS FOR THE L.S.
PRCBLEM, THE SOURCE(S)lIS ASSUMEDR INCLUDED IN THE MESH,

0O 232 uz=1+.NODREX
BC{J)=ZERQ
BCLl{JI=ZERO

CONT INUE

PRINT 610

60 TO 233

THIS SECTION CALCULATES THE MESH ROUMDARY COMPITIONS FOR THE

TE AND 1M PROBLEMS, A LAYERED EARTH BoOUIIDARY OF UP T0 9 LAYERS

+ A HMALF-SPACE (PARAMETER MLAYR=1D) CAN BE ACCOMOLATED, THE
BOUNDARY FIELDS ARE CALCULATED FOR AN INCIDENT E-FIELD AMPLITUDE
OF 1 AT THE EARTHS SURFACE (MOT AT THE TOP QF THE MESH)

POLARIZED IM THE + X ODIRECTION. THIS IS THE RFASON FOR THE CHANGE
I COORULINATE CONVENTION 'IM CALCULATIMG THE TE AMD TM MODES. THE
LEFT BQUNDARY 1S CALCULATED FIRST AMD MAY DIFFER FROM THE RIGHT.

Do 701 J=1.2

READ 4 (H{I),IS1eNLYR) WINPUT INTFRFACE DFPTHS FROM. Z=0,
READC 4 (P(I}sI=1,KLAYR) - AINPUT BOUMDARY RESISTIVITIES,
IF(J.EG.l)PRINT 480

IF(J.EQ.2)PRINT 430

FRINT 300 (H(I)»IZ1sNLYR)

PRINT 360 (P{I)e¢I=1,+NLAYR)

XK (1} =CHMPLX (W*SART (XEQ*XMLO) » .0}

DC 700 Ll=2rhK

AK T =CSGRTICMPLX (0. r ~WHXHUOYP (1=11))

CONTINULE '

CALL EFIELD

0C 702 1=1.NODEZ

Z=ZZ (11}
IF{IDX.EG.3)G0 TO 259
IF{U=11703,704,703
IF(U=134803,804,803
BCIII=EFLD(Z)

GO TO 702
BCL{I)=EFLD(Z)

GO TO 702
RC{II=HFLD{(Z}

GO TO 762
BCL{IY=HFLD(2}
CONTIMUL

CONTINUE
IF{NPRINT.GE.L1) GO TO 1009
PRINT 495

L T e L P L P L O T g P T L T ]

THIS SECTION DETERMINES ELEMENT DIMENSTONS AND PARAMETERS MEEDED
I SOLVING THE GLODAL SYSTEM OF CRUATIONS FROM THE INPUT,.




171

S1ve

173
174
175
176
177
178
179
160
lal
182
183
184
185
186
187
ls8
189
199
191
192
193
19y
185
g
197
198
199
200
201
202
203
204
205
206
207
208
209
210
all
212
213
214
215
210
217
2148

233

OO0

OO0 O0N

28

38

27

16

40

NEAND=NODEZ+2
MHODE=NCODEX «NODEZ
NDBZNNOUE=NBAND
NGANLISMpAND=1

K=1
DO 28 1=1#NXX
NXIZMX{L)

0O 28 L=1»MNXI
CELTAX(K)=DELX(I)

KzK+1

K=1

DG 38 1=1+N2Z
NZISNZ(I)

DG 38 L=1:NZ2I
DELTAZ(KI=DELZ(L}
KoK+1

ASSOCIATE CONDUCTIVITIES WITH THE MESH INMPUT CODE,

DO 27 J=1/sNODEZY
DO 27 L=1sNODEXL
DO 27 Mzl 4
KZNPT(JstmsL}
RHO LUy My LY ZY (K+L)

ZERC OUY THE SOLUTION VECTOR AND THE GLOBAL MATRIX,

CO 16 I=1.NHNODE
R{1)=2ZERO

CC 1o Kz1.5
51(1sK)=ZERQ

THIS SECTION CALCULATES A 4 X 4 ELFMEMT MATRIX FOR A RECTANGULAR
ELEMENT MADE UP OF 4 TRIANGULAR ELEMEMTS. THE S X 5 MATRIX
COTAINEL FROM PROPER COMBINATION OF THE FOUR 3 X 3 TRIANGULAR
ELEMENT MATRICIES IS REDUCED TO A 4 X 4 MATRIY THROUGH A PROCESS
CALLED STATIC COMDENSATION. THIS ELIMINATES THE DEGREE OF FREEDOM
ASSOCIATED WITH THE INTERwAL NQUE OF THE RECTAMGLE, THUS RFDUCING
THE SIZE oF THE GLOBAL SYSTEM MATRIX,

Liz0.

WUSWAXMUO

WESW*XEQ

00 13 L=1+NODEX1

Liz=iLi+t

0o 13 M=1.MNODEZL
CELZX=BELTAZ(MIZ L2, +0ELTAXILY)
DELXZ=DELTAX{LYZ (2, x0ELTAZ{MY)
A== (DELZX+DELXZ) /2,
B={DELZX~DELXZ)/2.
C=DELTAX{L)»DELTAZ (M} /48,

CALL SELECT

CKIZT(CRIL)+CKIZ2)FZ{CK (L) ACK(2))
CRLIB=(CR{LI+CK I3 IZICK{L)2CK{3))




228
229
230
231
232
233
234
235
236
237
238
239
240
241

242,

243
244
245
2U6
247
248
2u9
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
213
274
275
276
277
278
279
. 280
281
282
283
284

[sXaRa}

lsNgRn!

OO

13

41

CRIGZ(CKILI+CK U} /{CK{L1)xCK{B))
CK235(CAI2)I+CRIB) )/ ICK(2)4CK(3))
CR2U=(CK(2)+CK 4} ) /(CK{2)4CKI{Yg))
CKIA={CKIII+CRIUI I ZICK(3)2CK L))
CPLZ=CP{1)+CP(2)
CP23=CP(2)+CP(3)
CPIY=CP(3)+CP(4)
CPI4ZCP(L)+CP M)
CP1234=CPL2+CP3Y

THESE ARE THE ELEMENTS GF THE & X 5 MATRIX.

ALLIZA#CRIZ2+2 . xCxCP12
AL2=-B/CK(2)+C*CP (2]
AlBzB/CR{1)+C+CP(1)
AlSzDELAZ/CK (LI +DELZX/CK{2Y +CxCPL2
AZ2ZA*CR23I+2 . xCxCP23
A2ISB/CR{3)+CxCP 3}
ARSZDELXZ/CK{ZY4+BELZX/CK(2)+C*LP23
AJISAXCKIU+2,xCxCP3Y
AJU==-B/UK (U4 Y+CxCP )

AZBCDELRZ/CK (3Y+0ELZX/CK L4 +CxCP3Y
AQUzAXCKI4+2 . xCxCF LY
AYBZOELAZ/CK L) +DLLZX/CR L) 4CxCP1LY
ADSZ2, 2 (CxCP1230~DELXZ2CK13-DELZX*CK2Y )

THESE AME THE ELEMENTS OF Trif 4 X 4 CONGENSED MATRIX.

E22ZA11-A15%A15/A55
Gl11=A12-A15+A25/A55
H2Z2==A15«A35/A55

CR2=A1~A15%AL45/A55
E11=A22-A25%A25/A55
ClizA23-A25xA35/A55
HLL=-A25*ABG/ABS

E33=A33~A35+A35/A55
GIBZA34-A35+A4S5/AS5
E4LsALy~AS4xALS/ASS

THIS SECTION LOADS THE ELEMEINT MATRICIES INTO THE GLOBAL MATRIX.

S1lL1,1)=51t(L1rl)+ELL
S10L1,2)=51(L1s2)4G82
S1ILY,4)=S1(LYsu)+CLY
S1(LL,5)=S1(L1s5)+H1)
La=l1+1
S1(L2,1)=51(L2+1)+E22
SLIL2,3)=S51(L2,334H22
S1iL2,4)=51(Lar)2C22
L3=L1+NODEZ
S1(L3,1)=S1(L3ar1}+E33
S1IL3,2)=81(L3:2)4G33
Ly=l3+)
S1OLu,1)=S1(Lyr1)+EYY
LizlL1+1

IFIIDX NELLIGO TO 14




285
286
287
288
289
290
291
292
293
294
295
298
297
298
299
300
301
3oe
303
30%
305
306
307
308
309
319
311
3t2
313
314
315
316
317
318
319
320
321
322
323
Jay
325
326
327
Jaa
329
330
331
332
333
334
335
336
- 337
338
339
3490
341

¢
C
c
14
c
C
o
C
C
12
C
<
C
1212
c
o
C
11
c
C
c
1111
C
C
c
9
C
C
C
¢
C
C
¢

HERE THE SOURCE TERM{S}) IS APPLIED AT THE APPROPRI;\TE_ NODE‘S] FOR

THE L.5. PRUBLEM., A CURRENT AMPLITUDE OF 1 IS ASSUMED,

LINELI=HODEZ= {LINE 1 =1} +NTART
LINEZ2zNODEZ® (LINE2=1) +NTART
R{LINEL L) =SCMPLX{1.,0,)

IF(LINEZ JNELOIRILINE22)==RILINELL)
HJIZHNOGE~NODEZL

MNJLZMNJI~]1

LY=NOREX/2

L2=L.4xNGDEZ

Lizl2+}

THIS SECTION APPLIES THE BOUNDARY CONDTITIONS TO THE MESH EDGES.

e AR K KB R R S K KK R 3 o KK K g s o A o K K ok ok oKk ok ok o R K o o
TOP LEFT HALF OF MESH GETS VALUE AT TOP LEFT CORMNER.

0O 12 I=i,L1,NODEZ
SI{I+13251{1+1)+ELARGE
RETIZBC(1)Y+S1(I.1)
L3=L1+NQLEZ

TOP RIGHT HALF OF MESH GETS VALUE AT TOP RIGHT CORNER,

00 1212 1=L3/NJI+KNODE2
S101+1)=51(1+1)*%ELARGE
ROIIZpCL (1 xS51(1,1)

BOTTOM LEFT HALF OF MESH GETS VALUE AT 80TTOM LEFT CORMER,

DO 11 I=NODEZ,L2,NCDEZ2
S1CIr1)=S1(Ir1)+ELARGE
R{II=BC(NCDREZ)*S1(I,1)
La=L2+NODEZ

BOTTOM RIGHT HALF OF MESH GETS VALUE AT BOTTOM RIGHT CORMER.

DO 1111 I=L2,NNODL,NQDEZ
SI(Ir1)=S1(I,1)*ELARGE
RIIJ=BCL{NCDEZ}*S1(I+1)

LEFT ANG RIGHT SIDES GET LEFT AND RIGHT BOUNDARY VALUES,

00 & Iz2/NCDEZL
S1(1+1)=51(141)*ELARGE
RILISS1(I1)*pC(1}
ENJL+]
SE{Jr1)=810de 1Y «ELARGE
HAJ)ZS1(J Ly »BCLIT)

THIS SECTION LOADS THE APPRUPRIATE SI2F DLOCKS OF THE 6LORAL

MATRIX ORTO FASTRAMOD CRUM THRQUGH THE USE OF THE UNIVAC 1108 I=0
CEVICE NTRAN. OMLY A SMALL FPIECE OF THE GLOBAL SYSTEM WHICH IS

UEING wuRKED GM AT ANY Ol TIME DURING THE SOLUTION QF THE
SYSTEM UF EQUATIONS IS STORED IN CORE,

L=t




342
343
344
s
346
347
348
349
350
351
352
353
3sy
355
156
357
358
359
360
361
362
363
3ok
365
366
387
368
369
370
371
372
373
374
375
376
377
378
379
380
364
3g2
383
384
385
386
387
388
369
390
391
392
393
. 394
398
396
397
398

2NN NaNg] (g

OoOOOOO00Nn0 O

aNeEeRelel

Gu1
900

500

505

101

43

L3I=NBAND
L2=1+MNGGE/LS
Ly=2+«IP34IP3

00 900 u=lrLl2.

Co 901 I=1.L3
S(Isl)=sitlal)
S{l:2)=51(L,2}
S{IsNopELZ)I=S1(Ls3)
S{I,NBANL)ZSLI{L 4]
S{IrNBANDISSLIL S}
L={+1

CaALL NTRAMN(L»1/LL,S,IERRD,22)

CALL SOLVER (NODEZsNODEX rNLARD)

THIS SECTION RECRDERS THE ARRAY LABELIMNG FOR THE X AND 2
COORDINATES OF THE NORES SO THAT THE LUCC MATHPACK NUMERICAL
DERIVATIVE ROUTINES CAN pE JSED IN SUBROUTINE AUXFLD.

L=2

XX{1}t=,0

DO 500 I=1»NXX
INI=NX L)

Do 500 wz=l.INI

XX (LT=xx{L=-1}+DELX(I)
L=t+1

L=2

Z20(1¥=0.

00 508 1=1leMN2Z
INI=NZ{1)

DO 505 U=1.1INI
ZZ(L1zozztL=114DELZ{ 1)
L=t+1

CaLlL AUXFLD

THIS SECTION CHANGES THE LOCATIGH OF ¥=0 FROM THE LEFT ECGE OF
THE MESH TO ITS CEMTER FOR PRINTOUT. THE UMIT OF GISTAMNCE IS KM
IF THE LISTANCE FROM THE EDGE OF THE MESH TO THE CENTER Is
GREATER THAN 9 KM, IF THE L.5. PPORLEM IS REING SOLVED» Xz0 IS
LOCATED AT THE HOLE WHERE THE SCURCE CURREMT IS FLOWING IN

THE + DIRECTION,

JENTART+NODEZ

MTART= (nODEX+L) /2

Fa=1.,

XNART=XX {NTART)
IF{XNART.GT.2000.)FAZ1G00,
IF{IDXEG L) XNARTEXX (LINEL)
PO 101 1l=2,NODEX1

XXCI = (XX {I)=XMART}/FA
IF(IDX,eq.t160 To 80

CALCULATE MAGMNITUDES:, PHASES OF FIFLND COMPONEMTS AND APPARENT
RESISTIVITY AND PHASE OF THE IMPEDANCE FOR PRIMTQUT WHEN SOLVING
FOR THE TE OR TM PROBLEM,




3u9
4oL
401
L4
Hgd
Hio
4L5
4.6
BCV
498
409
410
43l
4l
Gld

79

(el o N N o N Al )

44

Lo 79 Iz2hiGULEXY

g11zgci{1)

Mil=BCl(l)

AVZCABSIIELL)

AHZCABS (H1L)

AZAV/AH

AFSATANZ (AIMAGIHLL) s EAL (HL1) )
IFIIDX.EQ.2)65¢ 10 77

ARHOzRHO (25,1} 7AH

KOTE Thid 18 THE MEGATIVE OF THE pPHASE OF THE IMPEDANCE.
PRASEZDT 295 78% (MO (2,45 1 )=AF)

Ly TG To

MRHO=AR/HnG(2,3,1)

LUTE TS 1% THE MEGATIVE OF THE pPHASE OF THE IMPEDANCE.
Piifiob =B . 2927 Ex {AF~THO(2 4,1 )
ARHOZ ARFGxARNO/ WU

REX1=-REAL(ELL)
IF(ABS{RELL).LT.IGE-BO}HEIl:lGE—ao
AFcH7.295978x AF

FAZLT. avo;L*ATAmdtﬁlnnb(tll)pF&li;
RE(I joHEAL{{JI)Y
AIECLI=ALAAGIRIYG) )

SJouFNCDLL L
RHODG=REC (2,4, 1)%57,.9578

B=REAL {nil]}

G=ALMAG L]}

DELTZ4zHe sl (E11l)

DELTA4Y= AL AGIELL)

FIcTIST 40 XX (D) OELTEG Q8L TLU, AVIFAIR G, AH;A#;PE(I},AI[{I};
SRHO(2,3,1) +RNODG» ARHO, PHASE

GO To 10429

CALCULATE MAONITUDES aAliu FHASES OF H=-FIELD COMPONENTS, MORMALIZED
MAGHLTUOES AND PRIMARY n=FItLD FCR PRINTOUT WHEN SOLVING THE
Leoe PAULLE,

FCTR=1.,/Fa

U oY l:&.HODEX1

LFEOAUSTAATTL) ) WJLTLI0E-CY) XX(IV=FCTR/6.283185¢10E-20
HERTZFCTR/ (=0, 2531056XX{I))

HPRIMSALS (HPiI)

E11zRC(I}

Bii=gci I

AVEUALS{ELL)

AH=CHES{HLL)

DELTZY4=zREAL (£1 1)

DELTGY=AIMAG(ELY)

B=loal (k1)

G:.-'\l.";f-.(j {rmll)

A# ?.2‘J?ﬁnﬂThhu(DﬁlT4“|DELTZQJ

FAzLT 25U 0xnThiue (Grig)

AVNORzAV/HPRIM

AHNOR=AH/HPRIM

PRING 40 XX\ T)r8rGrAHPFRLELTZUQELTHE LAV AF » AHNOR, AVNOR »HPRT

B W W T B g P S e AL I Il I TV T ST T LY




456
457
454
459
460
4ol
L6
wed
ekt
G55
436G
u4g?
Lo
ue9
4706
471
LT
§79
LT
47o
AT
Wi
wie
479
o
uel
hec
Yl
FoH
[ )
oLt
4ot
Gieb
Hu?
49w

Cxn)

by

el

10¢9

45

*#**#nt&J#t*x##**xt***;***ttt*#m**k*******#***********#*#**

FORNAT(R0IY)

FoRlbaT (el 3F510,0)

FORMAETLEFLE, G :

FORISATOLH v 0X2] IMRLIES INF. LINE SOURCE' /! [GX=2 IMPLIES TE M
LRGHETUTELLURICS /! 10X=3 1FPLIES TM MAGHETOTELLURLICS /¢ ' PARAME
LYER IoX='s1lG)

ruRMATtlAnFc.3r12E8.$|2Fa.3}

FORMAT(LAIFG 412 (LX,E8,3))

FORB,, TIBLIL1)

FORISAT{e3(24111)

FORMaTELIUA1E, 8)

¢ OFe TE e 2 1 QCEDS HORTZONTALLY = Tl MODES VERTICALLYZ' e llUe /)
SULOCRS nORiZuNTaLLY= v l4,r BLOURS VERTICALLY=',i%s/s* NRES IN MES
Szt lds b BLUCKRS UF L IR= e I0! LPRIMT=t e [4e /' PYS, OF 1RST L.5.=
5‘[1“;' PL}S. OF &.r-D L|S':'jlq}

FOPRAT UL s "0 E5H CON_LCTIVITIES AnD FREQUEHKCY ")

FORIAT(Ln »13JMBERS LR LUbLAL S1Zoly ILCREMENMTS HoR 1 ZGiNTALLY ")

CORBAT LT ptS1ZE OF JHE INCRENERTS LT EACH HORIZUMTAL BLOCK (M) Y)

FORIAT ULt , HaMRBERS yF ELUAL S1Z480 THCREMEMTS VERTICALLYY)

L ORMAT (Lin s tS12E OF THE INCREMEMTS I EACH VERTICAL BLOCK{M)')

FOGRELT LA P il TE ELEMENT MESH CompDUCTIVITY COLE"?

PGROAT LA ' EFT EDGe IHVERFACE DEPTIS (M) AMD RESISTIVITIES')

FGPFAT (s 5 1o LGHT ECGE 1nTERFACE CEPTHSIM) AND RESISTIVITIES')

FOREAT Il slae®  CELA RE(FZ) 1i(F2)} IFZI PHZ RE(FTRY IM{
+r TF] IFTRI PHE RE(FPL)Y IM(FFL) IFPLI PHZ AP RES, =PHZ
wiZit)

PoHEAT I L Lae? GELX RE(HTR) IM(HTR) IHTRL PHZ RE{HZ
%} 1M {HZ) 1Mzl PHZ IHTR/HPRT IHZ/HPRI HPR ')

CCHT INVE

STOP

L
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STODT#+PwlS1(1},SELECT

k%D

c

C
c
C

10

lgo0

20

200
4Go

THIS SUBROUTIMNE CALCULATES THE APPROPRIATE COFFFICIENTS OF THE
RELMHOLIZ EGUATIOH FOR INSEKTION INTO THE FLEMENT MATRICIES
ACCORDING TOQ WHICH PROBLEM 1S5 RBEING SOLVED,

SUBROLTINE SELECT '
PARAMETER IP1=27+1Pu=257,1P6=30
COMPLEX CK(4).,CP(4)

REAL RHQUIPL14¢1P4)
COMMON/BLKG /%l WE ¢+ RHO+CK,CP
COMMON/GLEKA/IDX L M
IF{IDX.L@.1,0R.IDX.EQ,2)G0Q TO 10
IF{IDX.EG.3)G0O TO 2¢

CO 100 1=try
CRKITI=CMPLX {0, WU}
CPIII==~CMPLX (RHO (M IrL} rWE)
CONTINUE

GO TO 400

DO 200 Iz=1r4
CKIII=CrPLX(RHO (M T s} P WE)
CPR1)==CMPLX (0. WU}

COMT INUE

RETURN

END
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STODT+PwL51(1} .SOLVER

MO0

OO

auoa

8003

5o0H

a0g2

THIS SUBKROUTIMNE SOLVES THE GLOBAL SYSTEM OF EQUATIOMS USING
GAUSSTAN ELIMIMATION AND QACK SURSTITUTIOM, THE GLOWAL MATRIX IS
DELT wlTH IN NBANL X NOAhU PIECES, THE SOLUTIOMN IS RETURNED TO
MAIN IN ARRAY R{J),

SUBROUTINE SOLVER({NM/NDB)

PARAMETER IP1=27,1P4=57
3eIP2SIP12IPL,IPIzTIPL42+IPS=2%IP3

COMPLEX S1/S+R'RI

COMMON/BLKL/S (TIP3 IP3) »S1(IPS,y IP3) yRIIP2I,RI{IIPS) JNTL1,MF1,NCOLL NS
B1sNEQ]

CALL NTRAN(L1,10,22)

NONB2=2xIP3xIP3

NBK=NpNE2 :
CALL NTHAN{L,2:NBK)SsIERRO+22} !
LG 8000 I=1,48 :
RL(II=R(I) i
DO 8000 Jz1,NB -
S1({Ird)i=SeI, U}
NM1zN-1

NFiz1

NCOL1=NB
MNEGQLENG

HNT l=NB .
HWR2=2%NRK ;
NTOTAL = NxM :
NHC3ZINTOTAL/NG |
NC2=2%NB

L=N3

NREST = NTOTAL-NNC3%NR
IF(NREST EQ, 0} NNC3I=NMC3-1

LR R R O L T e L P AT I T LITTLIY

D¢ 8002 K=2,NNC3

CALL NTRANCL2/NEK, S TERRG22)
DO 8003 I=1.,NB

IT=I+NB

L=L+!t

RI{IIN=R({L)}

DO 8003 'J=1,NB
SI(II,J1=5(1.4)

CALL 6AULSSL

CALL NTRAN{1/6¢=NWR2,22}
LNC2=L=aNnC2

00 800y I=L,NB

IIZI+NB

LL=bNC2+1

RILLIzZRILTI)

RI{IY=RLI(TIIY

00 8004 J=1:+NB
SiIsJ)=01(124)
Sltlray=514{I1,. )

CALL NTwAN(L+1NBKeSrIERRQ22)
CALL NTRAN{LI6+NRK r22)
IFINREST «EG@, 0) MREST=NR




kD

Qa0

8005

8008

asog

48

NBKZ2xNREST+IP3

CALL NTRAN{1,2rMBKSy IERRQ22)
£O 8005 I=1.NREST

II=I+NB

L=b.+1

R1(II)y=ri{L}

00 8005 J=L1l,ND

S1I(II, =811}

NF1=0

NTL=NB+NREST

Calb GAUSS)
HEKT=2+#nBNR2+NBK

NOK=NPNp2

HSLI=NTOTAL/NB=-1

IFIMREST +EG. NB) NSI=NS1-1
NRESToNRESTHNG

e L e P L R E L d s R L P T T Ve LTI TE L

Cal.LL gausse2

NT1=NB

NS1ZHS1-1

NF1=}

CAlL. MTRAN(Ls6r~MBKT»22)
IL=NS1+NB

CALL NTKAN{1,2/NBKsSsIERRQ»22)
DO 8009 I=z1i,NB

IL=IL+1

RI(I)=R(ILY

DO 8009 J=1,NB

S ¥2StI,d)

Calll GauUuSsSZ

H5lzMSi=-t

IF{ NS1 .EG., =1] KETURN
CALLL NTRAN(L»&r=NWR2r22)
B0 TO AQ09

END
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STODT+PwLS1 (1) .GAUSGL

Cexd

[FalR e R+ LRN ¥ B B SR |\ Y o]

10

12
13
14
15

17
18
19
29
21
2z
23
24
25
26
27
28

C
C
c

250

275
300

THIS SUpROUTINE PERFORMS THE FORWARD REDUCTION PART CF
GAUSSIAN ELIMIMATION,

SUBROUTINE GAUSSL
PARAMETER IP1z=27:IPu=57
S IP2ZIP 12 IPYy IPIZIP1I+2,IPE=2%[P3
COMPLEX B:S+A+S0LUC
COMMOM/LLK L /SUIP3 ¢ IP3Y rALIPSIP3) s SOLULIP2) sBCIPS) s NN NF i NCOL s NS
LHEQ

MT=NCOL.

IF (NF,EQ.0} MT=NN

OO 300 MH=1HN
BIN)ZRIN)ZA (NS L)
MMZMT {1 =~NF Y *(M=1)

IF(MM JeG. 1) GO TO 300

IF (MM .GT. MNECOL ;7 MM=NCOL
I=N

00 275 L=2rMM
CA(MyLYIZALNPL)

I=1+1

Jz=0

00 250 Kz=L MM

NENES]
A{LedI=Aa (Lo d)=Cra(NiK)
BIY=pl{Iy=A(N/L)*B{H)
AltlsLY=C

CONTIMUE

RETURN

END
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STUDT#PuWl.51{1).6AUSS2

1 ¢ THIS SUBROUTINE PERFORMS THE UACKWARD SUBSTITUTION PART OF

2 C GAUSSTAN ELIMINATION,

3 C )

4 SUBROUTINE GAUSS2

5 PARAMETEK IPL=27,1PY4=57

& S ¢ IPZTIPL*IPY s IP3ZIPYI+2,IPS=2%IP3

7 COMPLEY BrSsArSOLULD

8 COMMON/BLKL/S{IP3 IP3) rACLIPS, IP3) »SOLULIP2) s BIIPS) fNNMNF s NCOL /NSy

G SNEG

10 N=NN+1

11 DC 450 M=1rNN ;
12 NzN=1 ;
13 MM=NCOL :
14 LLSN+NS®NEQ :
15 L=LL i
16 D=B{N) i
17 IF {NF .EQ., 0) MM=M ;
18 IF ( MM EQ, 1) GO TQ 450 :
19 IF (MM ,6T. NCOL ) MM=NCOL

20 DU 425 K=2 MM

21 f=l+t

22 425 D=D=A(N,K) *SOLUL{L)

23 450 SglulLL)=D
24 RETURN
25 END

x>
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STODT*PWLSL{Ll) JAUXFLD

OOOOO0 000

IO OG0

e e ReEnE 4

70
75
20

THIS SUBROUTINE CALCULATES THE VERTICAL FIFLD AND THE FIELD
PERPEMDICULAR TQ STRIKE. THLESE FIELDS ARE PELATED TO THE
APPROPRIATE DERIVATIVES OF THE FIELD PARALLEL TO STRIKE WHICH
WAS SCLVED FOR WITH THE FIMITE ELEMEMT METHOD. THE PROPER
RELATIOWS AKRE OBTAIMED FROM MAXRELLS EQUATIONS IMN THE PROPER
COQORDIMATE SYSTEM. THE AUXILIARY FIELD VALUES ARE RETURNED TO
MAIN IN ARRAYS BC(I) (VERTICAL FIELD) AND RC1(I) (FIELD
PERPEMDICULAR TO STRIKE!, :

SUBROUTINE AUXFLD
PARAMETER IP1227,IP4=57+1P6=30
$rIP2SIPL*IPU IP3ZIP1+2IPG24IP3
COMPLEX UC:HC{IPL) ,BCLIIPY) RIIP2)
COMPLEX OUML(IPI,IP3),QUMZILIPS, 1P ,DUMIITIPE),DUNMIL4),DUMLO(Y)
REAL RHGL{IPL L IPU) s XX{IPLY»Z2ZUIPAY »RELIPL) s ATEC(IPY)
COMMON/pLK1/DUML:CUM2, Ry DUMI 2 DUMY r DUMS » UUME » DUMT , DUMS
COMMOM/ULKE /WU rWE » RHO» DUMG ,BUMLD
COMMON/BLKS/ZXX Z22B8CrBCLyWTART/NODEX +NODEX 1 NODEZ
COMMOM/LLKSE/IDX r LDUM s MOUM
IF(IDX,Lu.%)60 TO 100
NTARZMTART

THIS STATEMENT PROVIDES FOR E PERPENDICULAR TO BE CALCULATED

1 NODE LELOw THE AIR-EARTH INTERFACE IN THE TM PROBLEM TO AVQID
NUMERICAL INSTABILITIES IN CALCULATIOM OF THE APPROFPRIATE
DERIVATIVE. PUTTING THE NODE {M BELOW THE SURFACE APPEARS TQ
WORK AT THE MIGHER FREGUENCIES: THIS MUST BE DEEPENED AS
FREGQUENCY DECREASES.,

IF{IDX £G3)NTARZNTART+]
JEZNTART
DG 10 Iz1sNODEX
RE({II=RgAL(R(J})
AIECTIY=aIMAGIR{J))
RHO(2+3,1)=CABS(R(J}}
RHO(2,4, 1) =ATAN2(AIE{I)RE(]))
J=JHNODEZ

CONTINUE
00 20 J=2 1 NODEXL

DERIV1 IS A UUCC MATHPACK SYSTEM RPOUTIME WHICH CALCULATES
DERIVATIVES FROM THE COEFFICIENTS OF A SPLINE FIT TO THE SET
OF DATA POINTS,

AHZDERIVI (XX REMNODEX» XX {J} 310009}
AVSUERIVIIXX ) ATE s MODEX » XX () » 51009}
IF{ID¥%,tQ.3)G0 TO 70
UC=CMPLX (0 s bd)

GO TO 75

UCZCHMPLX (RHOINTART p1rJd=1) s WE)
BCIJI=CMPLX (AHPAV) FUC

CONTINUE

L1=1+NODEZ

GO 30 JsZ:NODEX1

Lz=L1

DO 40 I=i+NOCEZ




57
58
59
60
61

63
64
65
66
6v
68
69
70
71
T2

LE T

&0

80
as

30
1049
100

RE{I)J=REAL{R(L)}

ATECL)=sIMAGIR{L))

L=bL+1

CONTINUE
AHTDERIVI(ZZREJNODEZ+ZZ{NTAR) »21009}
AVEDERIVI(ZZ AIE ¢ KODEZ e 22 (NTAR} ¢ 510091}
IF(IDX..ta3)G0O TC &0
UC==CMPLX (0, 1Wl)

GO YO BS
UC=~CMPLX{RHO(NTART r1rd—1) + WE)
Belid)=CMPLX(AH AV ) /UC

Liz=L1+NODREZ

COMNTINUE

CONTINUE

RETURN

END

52
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STODT#+PwLS1(1)JEFIELD

OO0 0

OO0

THIS SULROUTINME CALCULATES THE AMPLITUNE COEFFICIENTS FOR THE
DUWN AMD UPGOING WAVES IN EACH LAYER, THE COEFFICIFENTS ARE MADE
AVAILABLE TQ FURCTIONS EFLD AND !FLLD THROUGH ARRAY E{L), AN
INCIDENT E~FIELD AMPLITUDE OF 1 IN THE + X DIRECTION AT THE
AIR=EARTHh INTERFACE IS ASSUMED,

SUBRCUTINE EFIELD

PARAMETER NLAYRz=3

PARAMETER NLYPSNLAYR=1 MODIMI2aNLAYRNDIMZMOIM+1 P NK=NLAYR+1
COMPLEX XEAMOIMMNDIMI pEIMUTIE) o XKINKY yEXPN{NKY r Z{NLATYR} »
SDUMMD Iy MOTM) s TEM TEML  SUURCE P VAR OPT

GIMEMSION HINLYR) » JCINDIM)

COMMOM/BLK2/0UMPE s XK

COMMON/BLK3/HeW

EQUIVALENCE (ErXE(1,NOIMY)

OATA TEMeTEMLIZ(0,20,1 01,40}/

THIS IS THE UNIT AMPLITUDE INCIDENT E~FIELD SOURCE TERM, IT IS
EASILY CHANGED SO THAT SCALING MAY BE DONE FOR COMPARISOMN WITH
OTHER SOLUTIONS.

DATA SOQURCE/(1.20.}/
OPTZCMPLX {641 04)

SN=1 -
L=1
Li=2
I1=1
IJz3
Jazg

00 10 I=1/NLYR

GO 20 J=1:2

JIDXZz%1l+d=2
VARSCMPLA({C, r=1,. ) XK{I+J)xH{T)
EXPNIJIGX)=CEXP(VAR)

CONTINUE

CONTINUE

0Q 30 J=1+NLAYR
ZIJI=XKA{J+1)I 7KK D)
CONTINUE

No 40 I=1.MDIM
DO 4O Jz1,NDIM
X2{I )=TEM
CONTINUE

XKE(lr1}=~TEML
XE{l+2)=TEML
AE(L¢3)=TEML
XE{2+1)=TEM]
XE{2e2y=21(1)
XE(2:3)z==2(1)
XE(IrMDLM)ZSOURCE
AEL2+NDIM) =SOURCE
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00 100 M=1 NLYR

DO 70 I=I11+¢1ds2
VARZEXPN{L)

0o 80 JziJdsJ2

U0 890 K=1.2
XE{JrI+R)=VARSSN
VARZ1,/VAR

JJd=J

KK=K

CONTINUE

CONT INUE

XE(JSp IT+KK ) Z=XE (JJdr T+KK)
SHIZ=~5N

L=b+1]

CONTIMNUE
XE(J2pJ2)=XE(J29d2)=Z2 (L1}
XELJ2yd2+1t=XElJd2 241 2Z(L1)
Li=Li+1

I1=I1+2

IJzIJ+2

J2oJ2+2

CONTINUE

XE(MOIM=3 NDIM)=TEM

XE(MOIM,NOIMIZTEM

WRITE(6,300)

FORMAT(1HO+ *SYSTEM OF EQUATIONS FROM THE BOUNDARY CONDITIGMSY)
WRITE(6,400) (IXE(IrdYsd=ls7)rIz1e6)

FORMAT (& {1X»7{1P2C9.2}¢//))

CGJR IS A UUCC MATHPACK SYSTEM ROUTIME FOR APPLYING GAUSS=JORDAN
REDUCTIUN TO COMPLEX MATRICIES, OPT=6 SOQOLVES THE SYSTEM OF
EGUATIONS AKD EVALUATES TAE DETERMINAT OF THE COEFFICIENT MATRIX,.

CALL CGURIXE,MNDIMeMOIM MDIMsNDIM,S1000,rJC0PTY

WRITE(&,200)0PT

FORMAT (LhG» "DETERMINAT OF SYSTEM MATRIX=t,1P2£10,2)

GO TO 99y

WRITE{&,500)JC{1}),0PT

FORMAT (1% TOVERFLGYW OR SIHGULARITY FROM SYSTEM SUBRQUTINE CGJR'»

S/+1X0"LAST CORRECTLY REDUCEL ROW=',I13,5Xs tLN(DET)==PARTIALSY,
¥1P2E10.2}

RETURM
END



55

STOOT#PWLSL1(1) ,RFLD

CHEAD

s eEes NN el

15
20

30

10

40

EFLD IS A COMPLEX FUNCTIOW WHICH GIVES THE YALUE GF € AT UFPTH 2
USIMG ThE AMPLITULE COEFFICIENTS GFHERATED IN SUUKROUTIME EFIELD.
THIS FUNCTION REQUIRES DERPTH TO LAYER INTERFACEYS FROM THE
SURFACE 2=0 (MOT LAYER THICKNESSES) FOR 1TS PROPER OPERATION,

COMPLEX FUNCTION EFLD(Z)

PARAMETER NLAYR=3

PARAMETER NLYR=MLAYR=1¢MDIMZ2xMLAYR ) MNKINLAYR+]
COMPLEX E(MDIM) » XK (NK] dLUMIMDIM,MDIM) tEXPN
OIMEMNSION H(NLYR)

COMMOM/LLK2/DUMPE ¢ XK

COMMON/LLK3/H W

IFIZWLT.0.2G60 TO 10

00 20 J=1:.NLYR
IF(Z-H{J)1L15,15,20

Yz

GQ TO 30

CONTIMNUE
EXPHRCMPLX {0 r=L o) *XK(NK) %2
EXProCEXP (EXPN)
EFLEZE (ML IM)Y*EXPN

GO TO 4P
EXENZCMPLE (O e r=10 ) XK {JJI+1) %7
EXPN=CEXP {EXPN)

EFLOZE (2*JJ) =EXPN+E (2% Jd+ 1) /EXPN
GO TO 4o
EXPNICMPLX 0 r~1,) XK (1) %2
EXPH=CEXF (EXPN}
EFLOZEXPN+E (L) JEXPN

RETURN

END
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STOOT#PwLS1 {1} .HFLD

1 ¢ HELD IS A COMPLEX FUNCTION WHICH GIVES THE VALUE OF H AT DEPTH Z
2 ¢ USING ThE AMPLITULE COEFFICIENTS GFNERATED IN SURKOUTIME EFIELD.
3 C THIS FULCTION REGQUIRES DEPTH TO LAYER INTERFACES FROM THE
4 < SURFACE 220 (NOT LAYER THICKNESSES) FOR ITS PROPEK OPERATION,
5 C
6 COMPLEX FUNCTION hFLD(Z)
7 PARAMETER NLAYR=3
8 PARAMETLK NLYRZNLAYR=1+MDIMZ2¢NLAYR,NKINLAYR+1
9 COMPLEX E (MDLM) ¢ XK (NK} rOUM (MDIM,MDIM) , EXPN
10 DIMENSIGN H{NLYR)
11 COMNOM/BLK2/DUM P E » XK
12 COMMOM/LK3/H W
13 ¢
14 XMUQ=3,14159  *0.0000004
15 1F(Z,LY,0.,)G0 TO 10
16 00 20 J=1/NLYR
17 IF{Z~H{J)) 15,1520
18 15 JUzJ
19 GO TO 30 |
20 20 CONT INUE :
21 EXPNZCMPLX (04 r=1 o) *XK (NK) %2
22 EXPNZCEXF (EXPN) |
23 . HELDZXK (WK ) # (E(MDIM)*EXPN) / (W XMUQ}
24 GO TO 40
25 3C EXPNICMPLX (04 r=14) XK (JJ+1) *2Z
26 EXPN=CEXF (EXPN)
27 RFLDZXK (JuJ+ 1) % (E(24JJ) #EXPN=E (2xJJ+1) /EXPNY / (W*XMUO}
28 GO TO 40
29 10 EXPN2CMPLX (042 =1. ) #XK (1) #2
30 EXPN=CEXP (EXPN)
31 HFLDZXK (L) * (EXPN=E (1) ZEXPN) / (W*XMUC) :
32 40 RETURN j
33 END

<had>




Note:

Appendix IV - Sample Runs

FORTRAN library function ATAN2, which is used in this program,
returns a vaiue for the inverse tangent in the range -180,+189.
Therefore, a suitable addative adjustment to the phase as printed
by the program may have to be made to obtain the correct phase
values for the convention the user happens to be using.
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DASGIT 1. vus/795000 EARTH MODEL:

X
LEUT-0F STwDT#PwlSl,AG%]
ILX=1 I1wFilES INF. LINE SOURCE 1000Hz
ILX=2 IvrLIES TE MAGRETOTELLUKICS LINE SOURCE ~ 250m 3
IUX=3 I¥PLIES 1M MAGLETOTELLURICS | >Y
PLEAYMETER IDAT 1 d=2%m
WOLES rOKIZUNTELLYZ 57 nCCES VERTICALLY= 27
BLOCKS HUWLZOHTALLYS 18 BLOCKS WLRTICALLY= 17T
LEES 1M MLSHS 3 BLAOCKYG OF AIRS ¢ NPRIMNT= [
PUS. GF 1RST Lu5.2 17 bCS. OF Zll LeS.= D . -
MESH COLLLCTIVITIES ANG FrEQUENCY 18-M 180m 1000 M
OO0 L1000=-p4 L1000+01 1000404
HUMBERDG oF EAUAL SIZED IL,CREMENTS HORIZOMTALLY z
3 ¢ 1 1 0 3 7 2 3 2 1 13 3 2 & {1 1 3
SIZE GF TrZ INCREMZHTS 1w EACH MORIZONTAL LLUCK (M) ~hsmie-
C2LOLYOY .1000+0s L3000+03 .1o00403 L2500+02 J5000+01 .2500+01 .S000+0¢1 .2500+02 +500N+02
L2hguenz Z586+01 L 2500+02 .5000402 L10060+03 L2000+03 .1000+04 L3000404
NUMLERS oF EGUAL SIZEC ILCREMENTS VERTICALLY
11 1 1 1 1 1 1 1 585 2 & 2z 1 1 1 i
SIZE CF IpE INCPEMEUTS Il EACH VEHTICAL BLOCK (M)
L300U+as 1000405 3000404 L1030+06 .3000+403 L1000+03 .3000+02 .1600402 .3000+01 .300Nn+01
W EuOLsal LE50040% .5000+402 L20G0+403 L1000+04 L3000+40% .1500+05

FILITS, SLEVENT MEst COMDUCTIVITY COQE
NGBS/ 0 0 008 0 0 4 0 0D B g O op D O O 0 O H O O 0 0 O B O O O 0O O o 0o O 0 0
DRI PR PN X U0 00 0D 60 00 60 DO GU U0 00 06 00 00 60 RO B¢ 0O 00 00 @D UO 00 ON UO OO N0 GO 00 00 00 GP G0 DD 00 Q0 N0 O
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0 G0 o0 GO Ou 00 00 G0 0O 00 OU 00 0O 0G QU UD 00 DN A0 DG 00 NO OU 00 00 OC 0D 00 Ng O¢ OO0 00 00 0d 00 af no 00 00 00 0O 00 NGB O
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0 00 CO LU WO GO 00 00 DU DO DO OO GO DO 0O UD 60 U0 00 QO HD 0A 0O 0G 00 oP g6 OO AD 04 GO 00 PO 00 00 0o 0O 40 DO QD €O OO ne O
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0o 0 o 9 U 0 ¢ ¢ 0 0O D D o 9 ¢ 0 6 8 0 @ 0 © 0 6 0 YV 0O 0O ¢ 0 0 0 0 0 O 0 b g0 O ]
“ 0 0 0 ¢ G D Q0 u L B 0D O B 0 O M QO Q0 D O 0 6 0 0 0 ¢ o O ¢ 0 0O O £ 0O ¢ OO 0 0O O
0 00 00 UL Gu 00 DO U 0u 00 6D OU OF OO 00 40 00 OG 00 OO0 Q0 0 ou 40 N0 Qo0 og on 00 QN 00 00 N0 0D 00 VO DO On a0 00 Q0 Of MO D
600 9 6 v oo o0 o0©® 0 00 0 0 0O M g 0 0 8 0D O O O O O D D 0 O G 0 O 0 0 0 0o 0 0 0
0 ¢ o o b 0 @ o ¢ o 0o 0 0O O 0 @ & 0 0 0 0O G O 0 0 ¢ 0o O &6 0 0 0 0 0 0 0 0 g 0 0O O
0 0C ©O UG 00 0D 00 00 Ou B0 QO 0O OO 0Q 00 4O 00 G4 0N 00 AD 00 00 oD 0G 4O 0D UG Og OO GO 0o no 00 DO QU 00 00 AG A0 UG 00 PO ©
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DELYX RE[HTRY  IM{HIK) IMTH] Prig PL{H7) IM{Z} IHz1 12 IHNTR/ZHPKT Lo Z /HPRI HPIR
=T.500U - 1U3~05 L 406-u6  ,111-05 159403 -,943-07 -,77R=00 ,943-07 =,160403 .572-01 .444-02 .212~04
=4,.500y0 =.171-66  L1£9-05% .170-05 958402 .2&67-06 .179-~05 .181-05 .R1S+0Z SBLI-01  L51P2-01  LIS4-04
=1.5090u —.2%9~06  L1uB-04 L3I33-04  L154+03 —.40A=0% .341=04 LB3Z-08 140403 .314+400 LS502+00 L106-03

=2S000 =, 121-03 =, 411-G4  ,128-03 -,161+03 =,28R-03 ,U46-N4% L292-03 L171+03 2401+00  L216A+00 L 31E-03
=, 2000 «,159-03 =,108-03  ,1590=U3 =,147+04 ~.B17-03 .233-04 L&17-03% ,178+03 w239%U0 L10%+01 L796~D3
L300V~ ]179-03 =, 130-03 ,L222-03 =,L144403 -.155-02 -.225-05 L155-02 -, 180+03 130400 .ST5+00 .159~D2
=+ 0754 =, J74=03 ~,126-03 ,221-C3 ~, 1424038 ~,203-D2 -,129-04 .203-02 —,160+03 .i04+00 .959+00 .212-02
= 0500 = 17E-Ud =, 1G4=03  L227-U3 -, 191408 —.323-02 —.272~04 LJA23-02 ~, 180403 4715-~01 .10P+01 L31a-02
=+025u -, ¢UB-03 ~.}50-03 ,L255~03 ~,1l44403 -,686-02 ~,846-08 .646-02 —.160+03 .400-01 107401 L&637-02
=:0200 -.209-03 ~.151~(3 (29703 ~,184408 =, 79002 - 4B7-04 ,790-02 -.140+403 .324-0%} .993+00 .796-02

=+ 0150 -.2062-03 =,152-03 ,303-03 ~,150+03 ~,107-01 ~,534=04 ,3107-01 —.180+03 .285-U1 .100+0! .106-01

—eGlOw —.483-03 -, 1L53-03 L4B87-03 ~.162+N3 —-.159=01 —.586-04 .159-01 —,180+03 .306-U1 .S9R+00 .1359-01

= 0075 =, 554=U3 -, 153-03 L574-U3 —-,165+03 ~.210-01 —.Blo=04 .2104-01 =~.180403 .271~01 .991+00 ,212-01

=2 005U =y 238~03 —,15U-03 .284-03 ~,147+03 —.3%34=01 -,645=08 ,334-01 -.180+03 .891=02 .10%:0% ,3[8-01

=-0025% L154-02 =,154~03 ,154-02 =,572+401 ~,803=01 =,68M~04 .B03-0) = 180403 24201 .124+01 .637-01

0000 22502 -, 153-p3 L226-0G2 =,389+401  L226-03 —,72L-084 .237-03 -.172+02 .226-21 .237-22 -,100+20

20025 L 153=02 -.152-u3  L,154=02 ~,568+0L L50A-01 -.T6P-08 .B08~0l —,545-01 .242-01 .i127+01 =.637-01

20050 —.246-063 -.151-03 ,289-03 -~ 148403 L2U0-01 =,804~04 ,340-01 -,136+00 .906-02 .107+01 —.318-01

<0075 ~.5504-03 -, 149=03 .605-03 ~,166+403 ,220-01 =-,834=04 ,220-01 =,P17+00 .2845-01 .1068+01 =,212-01

«0120 ~0562-03 -,146-u3  L290-03 =,158+n03 .135-01 —.RAC-05 L135-081 —.377+00 .3046~01 .l0A+0OL -.127-01

D17y =.220-03 =, 142-03 269703 ~,14B+03 L101-01 -.936-064 .101-01 =.S33400 .296~01 .111+01 -.909-02

<0425 =,2148=03 -,124-043  L24E-03 ~.150+035 ,422-02 =,112-03 .422-02 —,153401 +661-01 11340} =.374-02

+067h =,224-03 «,104-03 L247=03 ~.155+03 ,254-02 =.127-03 .255=02 -.286+01 .]05+00 .10%+01 ~.236-~02

40525 ~.25(=03 =,B21-04 .269-0G3 -,162+4D03 ,198-02 — . 137=03 .194-02 =, 406401 .196+00 .11%+01 -.172-02

Al42h - 332-03 =, 320-09  .333-03 =,174403  L13B-02 -, 144=03 .139-02 =,597+61 .298+00 L124+01 =~,112-02
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