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ABSTRACT

A computer program has been constructed which calculates a
model for geomagnetitally trapped particle shells and the
associated kinematic parameters. Included is the calculation
of longitude~dependent drift velocities and/bounce paths,
This document explains the methods used in constructing the

program as well as the input and output of the code.
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SECTION I

INTRODUCTION

The detailed study of time and longitude dependence of energetic particle
fluxes injected at low altitudes into geomagnetically trapped orbits requires an
accurate description of the geometry of the magnetic shells populated by these
particles, as well as the determination of the longitude dependence of all

intervening kinetic variables, such as drift velocities and bounce periods.

For particles mirroring at low altitudes in the South American Anomaly,
where interactions with the atmosphere are the dominant processes governing
particle diffusion and loss, changes of a few kilometers in altitude of magnetic
shells may induce quite appreciable changes in the numerical results of theoreti-
cal diffusion and loss calculations. Considerable accuracy is therefore required.
Of course, there will always be a "matural" limitation imposed by the degree of
accuracy in the geomagnétic field description. However, there are other more or
less controllable sourées of errors, both systematic and random, which are
inherent to the numerical methods used in shell geometry and particle kinematics

computations, and which must be reduced to a minimum.

Particle shell calculations require lengthy computations, consisting mainly
of field line tracings, calculations of the second adiabatic invariant, and
search for B-L points. This last procedure, 1in particular, is the most critical
one for the geometric determination of a particle shell, and is where the problem
of precision is most acute. Furthermore, exact determination of drift velocities
and bounce periods, and their longitude dependence, also implies lengthy compu-

tations. All this makes the problem of speed a most critical one.

In the present paper, a computer code is described which meets to some
degree all these requirements of accuracy and speed, furnishing complete infor-
mation about particle shells, drift velocities, and bounce periods, and which is
flexible enough to be easily used under varying initial conditions or output

requirements.
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SECTION II .

PARTICLE SHELL GEOMETRY

A charged particle moves in a time independent, trapping magnetic field con-
serving two invariants (references 1 and 2): the mirror point field intensity

Bps and the value of the integral I between conjugate mirror points; i.e.,
B, = const. (1a)

I =J~ 1 - B ds = const. (1b)
B

To each point in space, a pair of values, B, and I, can be attached, such that
a particle mirroring there has the value I for the integral (equation 1b), B .
being the field intensity at that point. In a, trapping field configuration,
like the geomagnetic field, we can tragé~constant I and constant B surfaces
(see sketch in figure 1). A given parficle will therefore always spiral along
the field lines passing through the ring-shaped intersections of such a pair of

Bps I surfaces, mirroring on the intersection and drifting in azimuth.

CONSTANT B SURFACE
CONSTANT I SURFACE

SHELL OF FIELD LINES

CONSTANT I SURFACE

Figure 1. Geometric Definition of a Particle Shell. .
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McIlwain (reference 2) has shown that, in the real geomagnetic field,
azimuthal asymmetry is small enough so that, to a fair approximation, particles
initially mirroring on a common field line will always spiral along the same
field lines at other longitudes, irrespective of their initial mirror points (or
equatorial pitch angles). In other words, they will populate one and the same
shell. McIlwain has found a relation L = L(I,Bm) such that it has nearly the
same value for all points along a given field line, and, therefore, for all field
lines belonging to the shell generated by particles mirroring on the initial line.
This parameter identifies this shell, and is taken as its proper geometric label.
Physically, it gives the average distance in earth radii of the equatorial (mini-
mum B) points of the shell to the geomagnetic center.

When there is a strong azimuthal asymmetry, as in the outer magnetosphere

(reference 3), this shell "degeneracy"

is removed (references 4 and 5), and
particles initially mirroring on the same field line will populate different
shells (shell splitting) according to their different mirror points or equatorial
pitch angles. This shell splitting, of course, also does occur in the inner
magnetosphere; however, it amounts to only a few kilometers at the equator, for
L-shells of the order of 1.2. Nevertheless, following the discussion above,

such a difference of a few kilometers may be of importance to mechanisms of
atmospheric interactions, where it may compete with the scale height of atmospheric
density. Special care must be taken, therefore, when a particle shell is to be
defined for atmospheric scatter studies. For instance, 1f one is interested in
the evolution of a group of particles mirroring far away from the equator, i.e.,
at high B-values or low altitudes in the Anomaly, the field lines on which these
particles will mirror must be defined by the proper Bp, L (or By, I) ring, and
not, for example, by the equatorial ring of the corresponding L-shell. The dif-
ferences which result from picking shells by thelr equatorial points instead of
some higher B-value points may be as much as 10-20 kilometers in the region of

the Anomaly. The corresponding differences in the longitude dependence of drift
velocities and bounce periods are, percentage wise, even higher (6 to 10 percent
for L = 1.25); finally, the equatorial B value of a shell picked at a high B value
becomes quite appreciably longitude-dependent (up to 6 to 7 percent for L = 1.25),
as does the equatorial pitch angle of a given particle (although this is constant
on a dipole shell).
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Most of the longitude variations occur in the South American Anomaly
(reference 6), where most of the atmospheric interactions also take place.
Unfortunately, this is the region where the higher multipoles of the field expan-
sion are felt most intensely, being therefore more exposed to the systematic errors

in the particular field description used.
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SECTION III

DETERMINATION OF PARTICLE SHELLS AND KINEMATIC PARAMETERS

The following procedure was adopted in the computer code to determine a
given L-shell. First, a convenient B-value was chosen, which was centered in
the B region to be explored. In general, for the study of atmospheric interactions
of trapped particles, it is recommended to take a B value such that the correspond-
iﬁg southern B-L ring dips to about 250 to 300 kilometers in the Anomaly (for
L = 1.25, choose B = 0.22). /

The main numerical problem then is to find a point of prefixed B and L
values, at any given longitude. An iteration method must be used, for in the
case of a nondipole expansion there is no known analytical expression of L as a
function of space (nor as an expansion in terms of the Gauss coefficients). The
determination of L (or, really, I) always implies an integration along the field
line; therefore, this is the critical part of the entire program with regard to

speed and accuracy.

Once a B-L point is determined at a given longitude, information about the
field line going through it must be provided. For particular atmospheric scat-
tering problems, this field line must be traced to the intersection with a prefixed
altitude level, say 100 kilometers, below which no trapping is possible.
Coordinates of points of this field line may be needed either at a prefixed mesh
of B-values, or at prefixed altitudes on the lower end of the field line (and
their conjugate points on the other side). All this is usually wanted at many
different longitudes until a grid of field lines of the shell is completed around

the world. The present code was designed to provide this information.

As to the drift velocity and bounce period calculations, the following
procedures were adopted. The most general expression for the average equatorial
drift velocity u, was given by Northrop and Teller (reference 7). Using a slightly

/
different notation, we have
VOI
u, = e (2)
o b

where m is the particle's mass, e its electric charge, and v its velocity. Bo is

the field intensity at the equatorial point of the shell, and VOI is the gradient



AFWL-TR-66-78

of I (equation 1b) calculated for a fixed mirror point field Bm. Sb is the
rectified path of the particle between mirror points:
ds
Sb ijp 1- B
B
m
For the angular equatorial drift velocity éo’ we have
i =20,
¢o 9x Yo (3)

where 9¢/3x is computed along the equatorial ring (dx is the element of arc of

this ring). In the real geomagnetic field, all quantities Bo’ VOI, and S, are

b
longitude dependent. Though Sb is defined by an integration (with an integrand
which diverges at the limits of integration), one can easily show, by taking the

derivative of equation (1b) with respect to Bm, that

S, =1 +2B = (4)

The derivative is to be taken along a given field line. This relation is far

more convenient for computational purposes than the integral expression for Sb.

For particles mirroring on a given field line, drift velocities and bounce
paths depend on their mirror points. It was found that, within the degree of

accuracy wanted, this dependence can always be_expresseg in the form

B

d(L,9) + 0 (L,)|1 ~45> (5)
u

L m

/
u
/ O

- i B, L
b = P(L,8) + 0 (L)1 'an—l

L -

wn
]

-

provided that Bo/Bm is greater than about 0.5. The coefficients d, p: ou, and 9
are all longitude-dependent. However, their longitude averages are remarkably
close to the corresponding dipole values (reference 8). Care must be taken in
interpreting d and_P as drift and bounce path values for particles mirroring close
to the equator. If the field lines of the shell for which the quantities in
equation (5) are computed are picked at a point with a high B value, d and p would
not represent exactly the drift and bounce parameters of equatorial particles,
because these, even for the same L value, would be drifting along a slightly dif-
ferent shell. This slight difference in altitude may result in quite considerable

longitude variations of u and Sb.
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SECTION IV

EXPLANATION OF THE PROGRAM

In what follows, the computer code will be briefly described in a logical
order, starting with the key subroutine, rather than with the main program.

A listing is given in the appendix.
1. SEARCH

Subroutine SEARCH provides the foundation for the entire program. It consists
of an iteration process which finds a point P with a prefixed B and L value at a
specified longitude. In addition, this subroutine gives detailed information
about the field line which passes through the point P. Input for the subroutine
are the geodetic coordinates of the starting point for the iteration process, the
specified B and L values, and the prefixed tolerances for each of B and L. Outputs
are the geodetic coordinates of the desired B-L point, and the geocentric coordi-
nates of a series of points along the field line between the point P and its

conjugate. The entire calculation is done in geocentric coordinates.

There are two basic processes in this subroutine: one varies altitude
searching along a constant latitude and longitude line for a point of given B;
the other searches along a nearly constant B line in a given meridian plane for
a point of prefixed L. The first of these processes is very fast; it involves
only calling the subroutine NEWMAG which computes the intensity of the magnetic
field at each point. The second process is much more complicated and involves
the use of subroutine INVAR, which traces a field line through each point at
which it is called. The program was constructed in such a manner as to minimize

the number of times INVAR is used.

Figure 2 shows a simplified flow chart for subroutine SEARCH. Geometrically,
the procedure used is as follows (see figure 3): starting at the input point,P,
the program iterates the altitude to a point S where the prefixed B-value (célled
SB) is reached within a prefixed, gross tolerance designated by ERRB. The L value
is then determined for this point S. If it is not equal to the prefixed L-value
(called SL) within the tolerance designated by ERRL, the latitude is changed by
a small, prefixed amount DV in the correct direction. At this new latitude, a

point T is found with the prefixed B-value; L is calculated at the point T.
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SL CONSTANT

ALTITUDE

P': LINEARLY EXTRAPOLATED
i
P:INITIAL
POINT
SB CONSTANT
90°
< LATITUDE

Figure 3. Iteration Procedure Followed in Subroutine SEARCH.
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Points S and T lie, approximately, on a constant B line in the meridian plane.

A linear extrapolation is then used to find the point on this line which would

have the specified value SL. This extrapolation is made as though the L-dependence
were linear along the constant B line. This extrapolated point‘f‘ is now taken as

a second approximation and is used as the starting point of the next iteration
cycle. If the new point'P' is close enoughto the points S and T, the step size

in latitude is reduced by one-tenth. The iteration is continued until a point

is found which lies in the interval SB+ERRB and SL+ERRL. When this is accomplished,
all tolerances are reduced two orders of magnitude and the entire procedure is
repeated until a point is found whose B and L values agree with the prefixed ones

within the new, reduced tolerance intervals.

To avoid the possibility of infinite cycling in case the tolerances were
too small, a cutoff is introduced and a diagnostic is printed. The process is

begun again at a slightly different value of SB (see section IV,11).

It should be noted that the input coordinates of the starting point P
determine the longitude of the desired B-L point as well as the hemisphere in
which it will lie. Indeed, the value of the longitude is never changed in this
subroutine. It is recommended, in general, that the initial guess or starting
point for the iteration process should not differ in latitude by more than 10 or
15 degrees from the real B-L point. This may be accomplished by consulting the

usual B-L maps (references 9 and 10).

2. INVAR, START, LINES, INTEG, CARMEL, AND NEWMAG

This group of subroutines is slightly modified and implemented versions of
McIlwain's program INVAR (reference 11). Their purpose is to trace a field line
(START, LINES, and NEWMAG) and to determine the second invariant (equation (1b))
(INTEG) and the associated L-value (CARMEL). Input for INVAR is a point P in
space given by geocentric coordinates; output are the B and L values at P and
the geocentric coordinates of a sequence of points along the field line beginning

at P and progressing to its conjugate.

INVAR controls the rest of the above-listed programs. When called from INVAR,
subroutine START picks the first three points of a sequence along the field line
which are such that the second point is P and the B-value of the three are in
decreasing order. LINES is a tracing routine which continues the sequence of
points along the field line in the direction defined by START. This sequence

progresses to the first point for which the B-value equals or exceeds that at P.

10
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The arc length between consecutive points in the sequence is, in general, a linear
function of the geocentric altitude of the two points, initially being directly
controlled by the prefixed value of the parameter called ERR. During the tracing,
the arc length keeps doubling until an error control (dependent on ERR) levels it
off at a value which is usually eight or ten times greater than the initial value.
The result is speed and accuracy at the expense of a nonconstant and sometimes

unpredictable cell size.

INTEG and CARMEL are straightforward programs which were left intact from
McIlwain's code. NEWMAG is also practically unchanged; it contains the latest
Cain et al. (reference 12) field coefficients (truncated to 48) with an option for

January 1960 or November 1966.

3. EQUAT

This subroutine traces a field line from a given point to the geomagnetic
equator, i.e., to the point on the field line with minimum B-value. Usually,
the starting point is one defined in a previous INVAR call and is already close
to the equator. This starting point is called VNEAR in the program. EQUAT is
always used for a more accurate determination of the equatorial point and is
called with a much smaller value of ERR than the one used in the original field
tracing. When called from EQUAT, the cell-doubling mechanism in LINES is by-

passed to ensure highest precision.
4, BESECT

This subroutine operates similarly to EQUAT, but traces a field line downwards,
i.e., in the direction opposite to the direction of the equatorial point, until

a prefixed B-value is reached.
5. INSECT

This subroutine traces a field line from a given point downwards to the inter-
section with a geodetic altitude. It should be noted that this subroutine can be

used for the determination of geomagnetically conjugate points.

All operations mentioned in connection with subroutines EQUAT, BESECT, and
INSECT are actually‘executed by START, LINES, and NEWMAG. Information about the
particular type of tracing wanted is transferred by a parameter called MMM which
is defined to be 0 in INVAR, 1 in EQUAT, 2 in BESECT, and 3 in INSECT.

11
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6. BLRING

This subroutine finds the B-L point for a given longitude, gives the geocentric
coordinates of a sequence of points along the field line between this point and
its conjugate, and computes all geometric factors required for the determination
of the longitude and B dependence of the particle drift velocity and the bounce

period.

To accomplish this, the subroutine actually determines four field lines m, n,
0, and p going through the points M, N, 0, and P labeled M(B',L + SL), N(B',L),
O(B,L + 8L), and P(B,L), where B' < B and 8L << L (see figure 4). The last point
P is the true B-L ring point; the other three are needed in the calculation of
the driff<ahd bounce factors given in equations (2), (4), and (SX; 'The'p}ocedure
is as follows: for a given longitude, the field line through the point M is
determined by calling SEARCH and EQUAT. Then the field line through the point N
is determined, as well as the value of 3I/3B, by calling INVAR at a point of the
field line very close to N. Exactly the same procedure is repeated for the pair
of points O and P. (Of course, the field line pairs/a,é and n,p will be almost
superposed.) The gradient of the second invariant ié then computed for the pairs
of field lines m,n and o,p. A correction for the longitude displacement of the
equatorial point at the two different L shells is made to obtain a better estimate
of the perpendicular distance between the equatorial rings of the two shells L
and L + 6L. Finally, the geomagnetic quantities appearing in equations (2) and

(4) are calculated for the B-values B and B', and the factors d, ﬁj o, and Ogs

/ /

giving the mirror dependence (5), from these.
7. TRACE

This subroutine completes the field line tracing done in BLRING down to point
R at a prefixed geodetic altitude level called ALTO/in one hemisphere (see figure

5). In the other hemisphere, it continues the tracing to the point C which is

conjugate to R (i.e., which has the same B-value).

After calling BLRING, the first operation in TRACE is to insert the equatorial
point which has been accurately determined in EQUAT. If P and Q are the end points
of the field line traced in BLRING, TRACE chooses the one, say P, with the lowest
altitude and traces the field line from there on downwards by calling INSECT.
Special provision is made for the case that the lower of P and Q should fall below
ALTO. Subroutine BESECT is then called at the point Q at the other end of the

field line. The field line is then traced to a point C where the field intensity

12
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M(B\L+3L)

Figure 4. Pairs of Field Lines Traced for the Computation
of Drift Velocity ‘and Bounce Path.

BL RING

BESECT

ALTO (100 km LEVEL)

Figure 5. Portions of the Field Line Assembled by Subroutine Trace.

13
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is the same as at R. In some cases, the point C may fall below ALTO; in that
case, the points from which INSECT and BESECT trace are reversed, and the entire

procedure is repeated.

In TRACE, all field line point coordinates are converted into geodetic

coordinates. A flow chart for this subroutine is given in figure 6.

This subroutine can be modified conveniently to obtainm tracing of the field
line to the ALTO level in both the northern and the southern hemisphere

(reference 14).
8. SHELL

SHELL is the first subroutine in the program and has five primary purposes:
(1) read data and initialize the necessary parameters, (2) serialize the three
portions of the field line data obtained in TRACE, (3) define the sequence in B
(called the X-mesh) at which the field line data is desired, (4) interpolate the
field line data onto this X-mesh, and (5) after editing the results, advance in
longitude to the next field line until the shell is completed.

Data which are read into the program are the B-L coordinates (called SB and
SL, respectively) of the point through which the field lines of the shell are to
be traced, the altitude, latitude, and longitude of the point used as the starting
point in the iteration technique of subroutine SEARCH, the step in longitude
between successive field lines, the frequency of printing a detailed edit, and
the controls for the B-mesh to be used. A full expianation of the input data may
be found in section IV, 10.

Subroutine TRACE is called and the field line geometry is computed. Included
in this geometry are the three sequences of points along three distinct portions
of the field line (see figure 5). These three sequences do not advance in the
same direction along the field line. Subroutine SHELL rearranges these three

sequences of points into one monotonic sequence from point R to point C.

Two options for the X-mesh are provided. One defines a mesh of prefixed
B-values, equally spaced. The other, though more complicated in conception, is
specifically designéd for studies of longitude dependence of trapped particles
interacting with the atmosphere. In this option, the X-mesh is defined in such
a way as to give B-values which correspond to points of prefixed altitudes,
roughly proportional to the scale height, on the lower portion of the field line

(portion E-P-R in figure 5). However, due to the longitude dependence of the

14
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CALL
BLRING

DEFINE SECTION1 OF THE
FIELD FROM THE POINT VSAVE TO
THE POINT VLAST

INITIAL VALUES (SEE FiG.3)

VSAVE:COORDINATES OF P

VLAST: COORDINATES OF Q

ALTO: GEODETIC ALTITUDE OF
FIXED LEVEL (=100 km)

IS

ﬂ—no VLAST LOWER THAN D—YES -)l
- + VSAVE ? + )
KASE:1 KASE=2
VCONJ:=VSAVE VCONJ:=VLAST
RUM:=VLAST RUM:=VSAVE
L I
ES 1 NO
—Y VCONJ BELOW
: ALTO? T
CALL INSECT
TRACING FROM
VCONJ TO ALTO
80:B-VALUE AT co ,
VSAVE [F KASE:z1 AND
AT ALTO A
H|
B-VALUE OF
YES RUM > BO ? NO
CALL BESECT TRACING
FROM RUM TO A POINT
WITH B:BO
NO YES—‘
NO YES

Figure 6.

Flowchart for TRACE.
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shell geometry, not all points of the mesh can be fixed in this way. Some mesh
points have to be defined in a different manner. In the present code, this is
done as follows: the first mesh point is always the equatorial point.* The third -
through twelfth points have prefixed, longitudinally independent B-values which

are conveniently arranged as a function of the shell parameter L; the second point .
is inserted according to the actual value of the equatorial point. For the

section of the X-mesh with prefixed altitudes, the user can select the number of

points and the maximum and minimum altitudes between which these points should be

placed. All remaining mesh points will be filled in between the twelfth point

and the highest of the prefixed altitude points (see figure 7). This latter

section of the mesh varies with longitude; its points have an accordion-like

behavior, expanding and contracting as a function of longitude. The total number

of mesh points is constant for the entire shell. Special care should be taken

to avoid too big, sudden changes in step size. It should be noted that, for

atmospheric scattering.problems, a change in step size is less harmful if it

occurs at higher altitudes.

9. SPLINE and YSPLN ”

These subroutines provide a very fast and accurate interpolation scheme

(reference 13).

Let (Xi’yi)’ i=1,2,...,n be a sequence of number pairs having the property
that x; < x, < ... < X . Subroutines SPLINE and YSPLN determine a function £
defined on the number interval [xl,xn] such that f(xi) =y, and, on the interval
[Xi—l’xi]’ the function f is a cubic polynomial. Moreover, each of the deriva-
tives f' and f'" exists and is continuous on [xl,xn]. Input for SPLINE is the
sequence X, the sequence y, and the number of points in these sequences. SPLINE
returns the sequence Y2DOT which is f'" evaluated at each value of x,. If z is
a number, subroutine YSPLN evaluates f(z). Input for YSPLN is the sequence x, the
sequence y, the number of points, the sequence Y2DOT, and the number z. Subroutine
YSPLN finds an integer j such that xj_1 < z j_xj and then determines f(z) by using

the cubic equation defining f on the interval [xj—l’xj]'

*
Remember that in the real field, the B-value at the equator of a shell defined
by a B-L ring off the equator depends on the longitude.
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INSERT 2nd POINT
MIDWAY

CONJUGATE POINTS TO
MESH ON THE LEFT SIDE

INSERTED LINEARLY

INT 2

PREFIXED ALTITUDE
N SECTION

INT1 —[

Figure 7. Definition of the X-mesh When Altitudes are Prefixed.

10. DATA

Below is a 1list of the input data together with a brief explanation of their

functions and limitations:

SB, SL The field line which is to be traced shall go through a point whose
field intensity is SB and shall belong to the shell for which the
McIlwain parameter has the value SL. The units for SB are gauss and
the units for SL are Earth radii. In principle there are no restric-
tions for the values of SB and SL, except that the SB-SL point should
lie above the altitude of ALTO. Of course, beyond a value of about
5 for SL, external sources of the field must be taken into considera-
tion, and shell splitting invalidates the entire program (see section
I1).

ALT, FLAT,

FLONG These are the geodetic coordinates of a point, in kilometers and
degrees, respectively. The positive direction for longitude is east
of Greenwich. Subroutine SEARCH will use this point as the initial
value in the iteration technique to find a point in the meridian FLONG

for which B = SB and L = SL. The value of FLAT determines the
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SLONG1,
SLONG2,
SLONG3,
SLONG4

DLONG1,
DLONG2,
DLONG3

NPR

MESHB

BIN,DELB

INT1,INT2
ALT1,ALT2

hemisphere in which the B-L point shall lie. It was found that, in
view of the considerable field distortions in the South American
Anomaly, it is convenient to define the L-shells by the B-L ring points
in the Northern hemisphere. TFLAT should have absolute value different
from 90 degrees; 2t should also be more than 5 to 10 degrees away from
the geomagnetic equator. In general, it should not differ by more
than 10 to 15 degrees from the real SB-SL point. Standard B-L maps
(reference 9 and 10) can aid the user of the programer in selecting

the initial value of ALT and FLAT.

These are the longitudes at which the longitude step size is changed.

These are the increments for the longitude step in degrees. After the
geometry for a field line is calculated, the new field line is deter-
mined by changing the value of FLONG. The increment for FLONG is
DLONG1 between SLONG2 and SLONG3, DLONG2 in the region between SLONG1
and SLONG2 and between SLONG3 and SLONG4, and DLONG3 elsewhere.

NPR is a positive integer which controls the frequency of printing.

Detailed edit is given every NPR field lines of the shell.

MESHB is used as a control for the choice of mesh of B-values to be
used. If MESHB = 1, the mesh at which the field line data are to be
interpolated is given as B-values of prefixed altitude points at one
end of the field line. If MESHB = O, then the mesh is prefixed with

a constant step size in B.

If MESHB = 0, then the mesh of prefixed B-values begins at BIN, i.e.,
X(1) = BIN. Furthermore, the step size for this mesh is DELB. Of
course, BIN must not be so large that the point on the field line
with B-value equal to BIN is below ALTO, nor so small that BIN + 99%
DELB is less than the equatorial value. Care must be taken to ensure

that these latter restrictions are true for all longitudes.

If MESHB = 1, then the altitudes of the points whose field intensities
are X(INT1l) and X(INT2) on the lower end of the field line are ALT1

and ALT2 kilometers, respectively. INTl must not be greater than
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100, which is the dimension of X, H, etc. INT2 should not be less

than 12 for X(j), j = 3,4,...,12 is prefixed in B. ALT1 is the alti-
tude of the lowest point on the field line. It can be equal to, but
never less than, ALTO. ALT2 should be chosen so that the variations

N of the X-mesh size should be as small as possible (see figure 7).
11. DIAGNOSTICS

Below is a list of the possible diagnostics followed by an explanation of

why they were printed:
SORRY, BUT I CANNOT FIND THAT POINT IN ICHECK

If this diagnostic is given, then subroutine SEARCH has completed 15 itera-
tions trying to find the point at longitude FLONG with L value SL and B value SB.
In the printout, the diagnostic is followed by the number of iterations performed
to find the correct value of L, the number of iterations performed to find the
- correct value of B, the altitude, latitude, and longitude of the point at which
the iteration process began, and the desired B,L value. The program chooses a
- new value for B; namely, SB becomes SB + .005, and the search process begins

again.

There are three primary reasons why this diagnostic can be given. The first
is that an error was made by the user: the initial value for the altitude, lati-
tude, and longitude (ALT, FLAT, FLONG) of the desired B,L point (SB,SL) was too
far from the correct value. The usual B,L maps can be consulted to prevent this

problem.

The second reason that this diagnostic can occur appears to be caused by an

inherent error in INVAR. Take a point P whose conjugate point P' lies below

the surface of the earth. To calculate the value of L at P, INVAR uses subroutine

LINES to trace the field line from P to the point P'. As has been described in

section IV, b, LINES begins at P and determines a sequence of points along the

field line through P until some point of the sequence has a B-value at least as

large as that of P. However, the geometric field expansion used in LINES is
. strictly valid only. for points above the surface of the earth, and a peculiar
behavior must be expected in a forced tracing well below sea level. A region for
which such peculiar behavior was found to affect the calculated value of L is
shown in figure 8. When field lines are traced from this European region, one
finds a B-dependence along the field line as sketched in figure 9. It is quickly
realized, then, that whenever I (or L) is computed in INVAR for this field line,
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B- GAUSS

~EQUATORIAL POINT

ARC LENGTH

Figure 9. Sketch of B-dependence Along Field Lines
Traced from the Area Shown in Figure 8.

only the section between M and N yields correct values of L. The value of L at
M may differ by as much as 3.5 percent from that of a point on the same field
line, but at a slightly higher B value. It is easily seen that the points
iterated by the technique used in SEARCH may fail to converge to a point with

the correct value of L because of the discontinuity. There, an inherently incor-

rect value of L may be computed.

The third reason why it is possible for this diagnostic to occur is that the
tolerance ERRL may be changed to a value too small with respect to ERR (or ERR
may be increased to a value too big). In this case, the iterated points may

never fall in the interval SL+ERRL.
SORRY, BUT I CANNOT FIND THAT POINT IN MCHECK

If this diagnostic is given in the output, then subroutine SEARCH has completed
15 iterations trying to find the point at longitude FLONG with B-value SB. It is
not expected that this diagnostic will ever occur for the geomagnetic field within
the magnetosphere; it is programmed into the subroutine to prevent any possibility
of an infinite iteration. The printout which follows the diagnostic, as well as
the action taken by the program after printing the diagnostic, is exactly the

same as that described in the discussion above.
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INCREASE OF ERR IN EQUAT, or
INCREASE OF ERR IN BESECT, or
INCREASE OF ERR IN INSECT, or
INCREASE OF ERR IN INVAR

This diagnostic is given if, after calling LINES for the subroutine indicated
in the diagnostic, more than 200 points are found in the tracing of the field line.
The diagnostic is followed by the increased value of ERR which will be used in the
recall of LINES. 1If, after increasing ERR and recalling LINES, it is found that
less than 200 points were required to complete the section of the field line trace
in question, the program will reset ERR to its original small value and proceed.
This check on the number of points permitted in the trace is‘necessary to prevent
an overflow of the dimension of B, VN1, VN2, VN3, BX, etc. Since ERR controls
the maximum step size of the arc length along the field line, then an increase
of ERR will allow a larger step size and, consequently, a smaller number of

points in the determination of the field line.
X SHOULD BE INCREASING IN SPLINE

If this diagnostic is given, then the independent variable sequence with
which the interpolation subroutine SPLINE is called is not an increasing sequence.
Following the diagnostic is a list of the pair of sequences X and Y--the inde-
pendent variable and the dependent variable. The subroutine continues its calcu-
lation but the results in the neighborhood of the section where the values of X
are not increasing will likely not be correct. It is very unlikely that this
diagnostic will ever be given when SPLINE is used as a subroutine to SHELL. The

check is included mostly for users of SPLINE in other interpolation problems.
INCREASE THE DIMENSION OF ALL DIMENSIONED VARIABLES IN SPLINE AND YSPLN

This diagnostic occurs if the number of points in the sequence X is greater
than the maximum dimension of the dimensioned variables in these two subroutines.
The program will stop and the user must increase the dimension of X, Y, D, P, E,
A, B, and Y2DOT in subroutines SPLINE and YSPLN. They are presented in this

document as dimensioned 400 places merely to save on storage requirements.
AT LEAST FOUR POINTS ARE NEEDED IN THIS ROUTINE

The technique used in SPLINE requires at least four points. If there are
not four values of the independent variable, the program stops. Should this
diagnostic occur, the user can either decrease the value of ALTO or decrease the
value of ERR. 1In either case, the number of points along the field line will
increase.
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PROGRAM HALT IN SUBROUTINE YSPLN----SEARCH LIST CONTAINS LESS THAN TWO POINTS

The technique used in YSPLN requires at least two points. Since a call of
this subroutine logically follows a call of SPLINE, the diagnostic should never

occur and is included only for logical completeness.
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SECTION V

RESULTS

Tables I and IIshow typical printouts for the L = 1.25 shell. 1In the first
table, the X-mesh was one of prefixed B-value; in the second table, the X-mesh was

defined according to prefixed altitudes (see section IV,8).

Computer time for a complete run around the world, defining 72 field lines
on the shell, was 2.56 minutes on a Control Data Corporation 6600 computer, and
roughly-fauf times more on an IBM 7094, for L = 1.25. The same run, without the
calculation of drift velocity and bounce period takes 0.73 minute on the CDC 6600.
Tracing of a given B-L ring, without any additional information other than giving
the coordinates of the B-L point on 72 different longitudes around the world,
requires only 20 seconds on the 6600, for L = 1.25. All these computer times

increase with increasing L.

In figures 10 and 11 the longitude dependence of angular drift velocities
and bounce paths, respectively, is shown, for L = 1.25 and B = 0.18 and 0.22.
Notice that the bounce path (and, therefore, the bounce period) varies consider-
ably less with longitude than does the drift velocity. This is to be expected
according to expression (4), in which I and Bm are invariant, and should vary

only a little with longitude.

When the curves in figures 10 and 11 are to be compared with those previously
calculated, one has to bear in mind that longitude dependence of drift velocities
and bounce paths depends very critically on how the shell was originally defined.
The correct calculation requires picking the L-shell at precisely the Bm points

for which these quantities are to be determined.
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APPENDIX I

PROGRAM DICTIONARY

In this appendix, some of the most important variables are defined for the

principal subroutines.
‘Variable DICTIONARY FOR SHELL «+ Units

ABX arc length to the preceding point in the mesh along earth radii
the field line.

ALT initial altitude value for the iteration process km
used by subroutine SEARCH. After TRACE is called, ALT
is the altitude of the B-L point through which the
field line has been traced and will be used as the
initial value for the iteration at the next field
line.

ALTO minimum altitude level to which the field line will km
be traced.

ALT1 altitude of the lowest point in the prefixed alti- km
tude section of the field line. This is used only
in case MESHB = 1.

ALT2 altitude of the highest point in the prefixed alti- km
tude section of the field line. This is used only
in case MESHB = 1.

BIN . B-value of the first point of the sequence of pre- gauss
fixed B's. This is used only in case MESHB = 0.

BX B-value of the sequence of points along the field gauss

line.
CLONG longitude of the point on the field line at ALTO km. degrees
DARC arc length between successive points along the earth radii

field line. DARC(j,l) is computed in BLRING,
DARC(j,2) in INSECT, and DARC(j,3) in BESECT.
DB B-value of points along the field line. DB(j,1), gauss
DB(j,2), and DB(j,3) are calculated in BLRING,
INSECT, and BESECT, respectively.
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DELB

DEQ

DH

DLAT

DLONG

DLONG1

DLONG2

DLONG3

DPHIDX

DRIFT
EALT
ELAT
ELONG
ENC

ERR
ERRB
ERRL
EVN
FLAT

increment in B-value for the sequence of prefixed
B's. This is used only in case MESHB = 0.
distance between the equatorial points of succes-
sive field lines.

altitude of points along the field line. The
calculation is done in the same order as that of
DARC and DB.

latitude of points along the field line. The calcu-
lation is done in the same order as that of DARC
and DB.

longitude of points along the field line. The
calculation is done in the same order as that of
DARC and DB.

increment in longitude in the reglon containing
the anomaly for the SB-SL point through which the
field line is to be traced.

same as DLONGl except the region is outside the
anomaly, but still not far from it.

same as DLONGl except the region is away from the
anomaly.

change of equatorial longitude per unit equatorial
distance.

see dictionary for BLRING.

altitude of the equatorial point.

latitude of the equatorial point.

longitude of the equatorial point.

increment for the X mesh for the small region of
prefixed B (approximately X(3) through X(12)).
This is used only in case MESHB = 1.

see dictionary for SEARCH.

see dictionary for SEARCH.

see dictionary for SEARCH.

geocentric coordinates of the equatorial point.
initial value of latitude for the iteration

used by SEARCH. See definition of ALT.
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FLAX

FLONG

FLOX'

HXN

INT1
INT2

JLAST

Cy
C

KASE
KEQ
LATN

LINE
LONGN

MESHB

NPR

SB

latitude of the sequence of points along the field
line.

longitude of the B-L point through which the field
is to be traced.

longitude of the sequence of points along the field
line.

prefixed altitude sequence.

altitude of points in the final X-mesh for which the
arc length to the equator has been defined to be
negative. |

altitude of points in the final X-mesh for which the
arc length to the equator has been defined to be
positive.

number of points in the X-mesh if MESHB = 1.
subscript for the highest point in the section of
prefixed altitude section of the X-mesh.

number of points in the sequences BX, HBX, FLAT,
FLOX, ABX, and S.

(JUP(1) - 1) is the number of points calculated by
BLRING; (JUP(2) - 1) is the number of points calcu-
lated by INSECT; and (JUP(3) - 1) is the number of
points calculated by BESECT.

see dictionary for TRACE.

subscript for the equatorial point.

latitude of points in the final X-mesh for which the
the arc length to the equ;tor has been defined to be
positive.

number of field line calculations completed.
longitude of the points indicated in the definition
of LATP.

control for the type of X-mesh to be used (see
section 1IV,8).

edit control. Detailed printing occurs every NPR
cycles.

arc length from the equatorial point to a point in
the sequence along the field line.

B-value of the point through which the field line
will be traced.
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SFLONG

SL

SLONG1,
SLONG2,
etc.

SLOPE
SXN

SXP

BALT

BO
BCONJ
CLONG
DARC
DB

DH
DLONG
DLAT
DRIFT
EALT
EB
ERR
EVN
FLAT
FLONG
JNEAR
JUp
KASE

KEQ
PATH

longtitude of the point through which the initial
field line was traced.

L value of the shell to be determined.

longitude at which the longitude step size changes.
see dictionary for BLRING.
arc length to the equator of points in the X-mesh
as indicated in the definition of LATN.
arc length to the equator of points in the X-mesh
as indicated in the definition of LATP.
B-value of points in the final mesh.
DICTIONARY FOR TRACE
see dictionary for SHELL.
altitude of the last point calculated in BESECT.
The B—valuevon the field line at this altitude will
equal or be slightly higher than BO.
B-value on the field line at the ALTO km level.
B-value to which BESECT must trace.
longitude of the lowest point in the final X-mesh.
see dictionary for SHELL.
see dictionary for SHELL.
see dictionary for SHELL.
see dictionary for SHELL.
see dictionary for SHELL.
see dictionary for BLRING.
altitude of the equatorial point.
B-value of the equatorial point.
see dictionary for SEARCH.
geodetic coordinates of the equatorial point.
see dictionary for SEARCH.
see dictionary for SEARCH.
see dictionary for BLRING.
see dictionary for SHELL.
this has value 1 or 2 depending on which end of
the field line is lower in the tracing of BLRING.
see dictionary for SHELL.
see dictionary for BLRING.
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RUM

SB

SL

S1L.OPE

VCONJ

VLAST

VNEAR

VN2

VN3

VSAVE

ARC

BB
BZERO

CORR

DRIFT
EB
ERR
EALT
FLAT
FLONG
JU

geodetic coordinates of the peoint at which BESECT
begins to trace the field line.

see dictionary for SEARCH.

see dictionary for SEARCH.

see dictionary for BLRING.

after the call of INSECT, this is the geodetic
coordinates of the intersection of the field

line with ALTO.

geodetic coordinates of the last point in the
section of the field line traced in SEARCH.

see dictionary for BLRING.

geodetic altitude of points in the section of
field line traced in the last call of LINES.
geodetic latitude of points in the section of the
field line traced in the last call of LINES,
geodetic longitude of points in the section of the
field line traced in the last call of LINES.
geodetic coordinates of the first point in the

cm et e Al s
STLLLILULL UL L

DICTIONARY FOR BLRING
see dictionary for SEARCH.
arc length between consecutive points of the
field line.
see dictionary for SEARCH.
equatorial field intensity for a pure dipole at the
given L-shell,
longitude correction for a parallel displacement
of field lines.
drift factor--see SLOPE.
equatorial B-value.
see dictionary for SEARCH.
altitude of the equatorial point.
see dictionary for SEARCH.
see dictionary for SEARCH.
(JU - 1) is the total number of points in the field
as traced by BLRING.
see VNEAR.
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PATH

PSLOPE

SB
SL
SLOPE

VINEAR

VSAVE

ALT

BB
BP
BR
BT
Bl
B2
DV
ERR

ERRE

ERRL

rectified trajectory of a particle from one mirror
point to its conjugate.

factor which gives the B-dependence of PATH in the
expression (5).

see dictionary for SEARCH.

see dictionary for SEARCH.

factor which gives the B-dependence of the drift
velocity in the expression (5). To obtain the
drift velocity in cm/sec, see comment cards.

when determined in SEARCH, VNEAR is the geodetic
coordinates of the first point in the field line
tracing for which B increases again, i.e., VNEAR
is the geodetic coordinates of the first point
after the equatorial point. JNEAR - 1 is the
number of points between the origin of the

tracing and VNEAR. When determined in EQUAT,
VNEAR is the geocentric coordinates of the equa-
torial point.

see dictionary for SEARCH.

see dictionary for SEARCH.

DICTIONARY FOR SEARCH
geodetic altitude of the initial point in the
iteration process--becomes the geodetic altitude
of the SB-SL point.
magnitude of the geomagnetic field intensity.
east component of the geomagnetic field.
radial component of the geomagnetic field.
south component of the geomagnetic field.
field intensity at point T (see figure 3).
field intensity at point S (see figure 3).
initial increment in latitude.
control parameter for the step size in line
tracing.
relative gross tolerance in B; final tolerance
is 1/20 of the initial value.
relative gross tolerance in L; final tolerance

is 1/100 of the initial value.
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FLAT geodetic latitude of the initial starting point in
the iteration process--becomes the geodetic lati-
tude of the SB~SL point.
FLONG geodetic longitude of the initial point in the
iteration process.
JUP (JUP - 1) is the total number of points in the
field line tracing.
SB prefixed B-Value of the point sought in SEARCH. gauss
SL prefixed L-value of the point sought in SEARCH. earth radii
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RISt
SBL2T0Y e WNI(200) S UNZI2C0) ¢ AR (200) e WM 5 0 3) o VEONJ (E )Y a VLATT O
SET(3) ¢ VECI3) W VEAVE (3) ¢ bCONJ o VO et g L T e b sl INT Ll grdd D Al g in 2 AV E

O o0

o0

OO0 00

Yy (O

{

@]

OO0 GO0 0N0N

OO0 00

TADPOAVITVETSAVE « VN3 (200) « JETOR

DIMENSGION ALX(670Y s BY{600) s HAXIOOD Yy H1TO) o S(HD) s SHEICE00)
) e SXMNOIQOY e SHPLICH)Y e HAMNCIOY Y e HXFIQD)y SRN(I00)

IC(ACC L)y DBI20043) s UHI20 043 ) e JUT{3) s VERDT(HOO)

DIMENSION X (1¢
DIMENSION i
DIMENSTON DLONG(200+2) s DLAT(200.3), FLAX(HO0) . FLOX(E20)
DIVMENSION LATN(100O) s LOMNGN(IGC)s LATR (10T s LOMGR(I00)
DIMENSION EVN(3) ¢ VNI (3)

REAL LATNILONGNILATP LONGP

ERR=407

ERMS= 0 1

ERRL=4M1

LINE=C

DEG=0.

ALTO I8 THE MINIMUM ALTITUDE IN KM TC WHICH FIELD LINES SHOULD

b TRACED

ALTO=100.

FLONG IS THE PREFIXED LONGITULRE OF THE G-L POINT wHICH DS TERMINES

THE FISLD LINE

ALT AMD FLAT ARE APPRCXIMATE CCCRLINATES CF THE L-L POINT

SL IS THE L-VALUEZ OF THE SHELL

50 (GAUZE)Y IS THE B=VALUE OF THE POINT WHICH DZTURMINES ZACH
FIELD LINE OF THAT SHECLL

ALTITUDF IN KM ABQVE SEA LEVFL

ZAST LONGTTUDE 1S POSITIVE

READ (5492) ALT«FLATFLONC

SFLONG=FLONG

READ (5,52) 53450

WIKTTE (AeS6) ALT W FLAT WFLOMGWERR JEPRE ¢ERRL ¢ 38,510

DLONGT - = LONGITUDE STED DETWEEN TLONG2 ANMD QLONG3

DLONGZ2 - = LONGITULD TEp EETWEEN SLONGL AND S| _ONGZ2 AND
DETWEEN SLOMG3 AND SLONGS

DLONG3 - — LONGITUCE STEP ELSEWHERS

(PNff=1) = = NUMRENR OF LINES SKIPPED SPETWELN DETAILEID PRINTING

READ (5453) SLONGL +SLONG2+SLONG34SLONGA
WRITE (6+453) SLONGlI s SLONGZ22sSLONG3 SLONGS
RECALD (%5432) DLONGIDLONGZ2sCLONG2NPR
WRITE (6¢52) DLONG! «DLONG2+DLCHG3 W NPR

MEAHES CONTROLS THE MESH FOR THE MAGNETIC FIFLD ALONG THE L INED
CET OMEeHTY CQUAL TO ONE IF THCD MESH SHOULT R2Z TEF INSD AT

FIXED ALTITUDESe IN THAT CASE. ALT1 AND ALTZ ARE END POINTS
OF THE PREFIXED ALTITUDES, SET MIESHE ZQUAL TO ZERD IF THE

MESH SHOULD B3F DEFINED AT PREFIXED 2=VALUES. IN THAT CATHE, FIN
[£ THT MINIMUNM B-VvALUE OF THE MESH, OFL® 14 THT ITNCEIAINT. FITLC

MESH POINTS ART CALLED X(J)e
INTZ2 SHOULD 838 LFSZ THAN 12
INT1 MUST ALWAYS EE NOT GREATER THAN 100
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(e e]

NO OO

£ OO0 W

OO0 0

OO0

DEFINE P

READ (S,
IF (MESH
X(1)=BIN
Do 1 Ju=2
X(Jy=X(J
GO TO 4

DEF INE

READ (5,
READ (5,
ENTI=INT
ENT2=INT
WRITE (6
WRITE (6
JMIN=1

JMAX=INT

REFIXED X-MESH

54) MESHB«BINWDELB
BeEQel) GO TO 2

2100
~1)+DELB

PREFIXED ALTITUDE MESH

55) INTL1sINT2
52) ALT1.,ALT2
1
2
e52) ENTI1 ENT2

+52) ALTLJALT2

1

E=ALOG(ALTLI/ALTZ) /ALOG(ENTI/ENT2)

EN=-E

AZALTZ2HENTZ2%#*EN
DO 3 1I=INT24INTI1

Fi=1
HOD) =A%F

DEFINE F

CALL TRA

I ¥#E

IELD LINE GEOMETRY

CE (DB +DARCDHWKEGQIALT sFLAT 4FLONGERR+ERRBIERRL 4 SBySL «KASE

14 JUP+DRIFT+CLONGs SLOPE+EVNyDLONGDLATPATH+PSLOPE)

IF (LINE

¢eEQe0) GO TO 5

DR=ABS(EVNI(1)=-EVYN(1))

DTHE=ABS
DPHI=ABS
RO=(EVN1

(EVN1(2)=-EVN(2))
(EVNL (3)=EVN(3))
(1)Y+EVN(1)) %045

SIT=ABS(SIN((EVNLI(2)+EVN(2))%05))
SSQ=SIT*SIT

DEQ=SORT (DR*¥DR+RO*RO# (DTHE*DTHE+DPHI*DPH1 #55Q))

DPHIDX=DPHI/DEQ

CONT INUE

SIT=ABS(SIN(EVN(2)))
SSQ=SIT*SIT

OER=(6356e¢9124SSQ*(213677+108%55Q) ) /63712

AER=EVN(

1)~-0ER

EALT=AER%*¥6371.2
ELAT=90,=EVN(2)%#572957795
ELONG=EVN(3)%57.2957795

IF (ELONG«GT«1804)
IF (ELONGeLTe~180s)

EQUATORIAL DRIFT VELOCITY

ELONG=ELONG=-360.
ELONG=ELONG+360,

IN DEGREES PER SECOND

DRIFT VELOCITY (IN CM/SEC) % DPHIDX

WRITE (6

+57) FLONGsSL +SBsALTFLATWEALTELAT+ELONG«DB(KEQ41)sDRIFT,

1SLOPE +PATH«PSLOPE «DPHIDX

ARRANGE

IN ORDER AtLL PORTIONS

OF FIELD LINE
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P PEPPPLDPLDPEDPPRPPEPPRPRPEPRPPEPPRPPIPPLLERRPDRPDERPRDERPEDRDERPERD DR DD PR > PD

(0,300 0 B0 ¢, N0 RO | B
P Wh—-20 0D

o
(o)

PQOVOOOVOVIOV VI IDRODPODPROONNNNANdNNINIOO O
VT NdONPUN—O0BIRNPUN—~O00T NSO PLOUN-O 00O

100
101
102
103
104
105
106

107 .

lo8
109
110
111
11z
113
114
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11

ABX(1)=040

IF (JUP(2)eEQe0) GO TO 10
JEND=JUP(2) =1

DO 6 J=22JEND
Jd=2=-J+JUP(2)

JMl=J-1
BX(JIM1)=DB(JJe2)
FLOX(JM1)=DLONG(JJ+2)
FLAX(JIM1)=DLAT(JJ+2)
HBX (UM1)=DH({JJ4v2)
ABX(J)=DARC(JJ2)

IF (KASE+EQe2) GO TC 8
JEND=JUP (1) =1

DO 7 J=24+JEND
JPJ=JUP(2)-3+J
BX(JPU)I=DB(Je 1)
FLAX(JPJ)Y=DLAT(J+ 1)
FLOX(JPJU)=DLONG(J41)
HBX (JPJ)=DH(Js1)

ABX (JPJ+1)=DARC(J+141)
KEQ=JUR (2)-3+KEQ

GO TO 14

JEND=UUP(1)~1

DO 9 J=2+.JEND
JRU=JUP(2)-3+J
JJd=2=-J+JUP (1)
BX(JPU)I=DB(JJW 1)
FLAX(JPJU)I=DLAT(JJs 1)
FLOX(JPU)I=DLONG(JJs 1)
HBX (JPJ)=DH(JJW 1)
ABX(JPJ+11=DARC(JIW 1)
KEQ=JUPRP(1)+JUP(2)-1-KEQ
GO TO 14

IF (KASE+EQe2) GO TO 12
JEND=JUP (1) =1

DO 11 JU=24JEND

M1 aJ-1
BX(JM1)=DB(Js1)
FLAX(JM1)I=DLAT (Js1)
FLOX(JM1)=DLONG(Je 1)
HBX(JUM1)=DH(JW 1)
ABX(J)=DARC(J+141)
KEQ=KEQ-1

GO TO 14

JEND=JUP (1) =1

DO 13 JU=24+JEND
JI=JUR (1) ~J+2

JM1=J-1
BX(JM1)=DB(JJa 1)
FLAX(JM1)=DLAT(JJs1)
FLOX(JM1)=DLCNG(JJ41)
HEX (JM1Yy=DH({JJ.1)
ABX(J)=DARC(JJ1)
KEQ=JURP (1) +1-KEQ

IF (JUP(3)eEQe0) GO TO 16
JEND=JUP(3) -1
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118
116
117
118
119
120
121

122
123
124
125
126
127
128
129
130
131

132
133
134
135
136
137
138
139
140
141

142
143
144
14
146
147
148
149
120
151

152
183
154
152
156
157
158
159
160
161

162
163
164
165
166
167
168
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171




16

18

OO0~

20

21

22

23

24

DO 15 JU=24+JEND
JRJU=JUP (1Y +HJIUP(2)-5+J

IF (JUP(2)eEQeQ) JPU=UPI+2
BX(JPJI=DB(Js3)
FLOX(JPJ)=DLONG(J4+3)
FLAX(JPJ)=DLAT(J43)
HBX(JPJU)=DH(J¢3)

ABX (JRPJ+1)=DARC(J+143)
JLAST=UUP (1 )Y+JUP(2)+JUP(3)~5
IF (JUP(2)eEQe0) JLAST=JLAST+2Z2
JU=JUR (3)
BX(JLAST)Y=DB(JU+3)
FLOX(JLAST) =DLONG(JU3)
FLAXCJILAST)I=DLAT (JU+3)

HBX (JLAST)=DH(JU+3)

GO TO 17

JLAST=UUR(1)=1

IF (JUP(2)eNEeQ) JLAST=JLASTH+IUP(Z2)=-2
Ju=2

IF (KASESEQel) JU=JUP(1)
BX(JLAST)I=DB(JUs 1)
FLOX(JLAST)=DLONG(JU+1)
HBX (JLAST)=DH(JU+1)

FLAX (JLAST)=DLAT(JUW1)
CONT INUE ’
S(KEQ)Y=040

IEND=KEQ-1

DO 18 1=141END

11=KEQ~1
S(II)=8(T11+1)=ABX(114+1)
IEND=JLAST-1

DO 19 1=KEQ+IEND
S(I+1)=S(1)+ABX(I+1)

DEFINE X~MESH IN CASE OF PREFIXED ALTITUDES (MESHB.EQs1)

IF (MESHB.EQe0O) GO TO 28

ISTAR=3

FSTAR=ISTAR

ENC=¢002*#SL#SL*¥SL/(1+25%1+25%125)

IF (BX(KEQ)eLTe(e311653/(SLAXSLASLI+FSTAR*ENC)) GO TO 21
ISTAR=ISTAR+1

FSTAR=FSTAR+1 e

GO 7O 20
X(1)=BX(KEQ)

DO 22 I=ISTARs12
El=1l

X(1)=e311653/(SL*¥SL*SLI+ETI*ENC
ISMI=1STAR-1

FIS=15M1

DEL=(X(ISTAR)=X(1}))/FIS

DO 23 1=2,18M1

X(I)=x(1-1)+DEL

CALL SPLINE (HBX«BXsY2DOTKEQ)

DO 24 JU=INT24,100

CALL YSPLN (HBX+BX+KEQesY2DOTsH(J) ¢ X(J))
ISTAR=12
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IF (X(ISTAR)&LTeX(INT2)) GO TO 26
ISTAR=ISTAR~1 ’
IF (ISTAR.GT«0) GO TO 25

STOP

N=INT2-1STAR

EN=N

DEL=(X(INT2)=-X(ISTAR))/EN
LIMIT=INT2-2

DO 27 I=ISTARWLIMIT
XCI+1)=x(1)+DEL

GO TO 33

DETERMINE THE BOUNDS OF THE X-MESH COMPATIBLE WITH AVAILABLE
POINTS ON THE FIELD LINES+IN CASE OF PREFIXED X-MESH (MESHB.EQ.0)

DO 29 U=1,100

IF (BX(KEQ)sLTeX(J)) GO TO 30
CONT INUE

WRITE (6458)

STOP

JMIN=U

DO 31 U=JUMINs 100

IF (BX(JLAST)Y«LTeX(J)) GO TO 32
CONT INUE

JMAX=101

JMAX=U~1

CONT INUE

INTERPOLATE ALTITUDES AND ARC LENGTHS ONTO X MESH

IF (((FLOX(1)eLEe100e) eANDs (FLOX(JLAST} ¢GTe2500)) ¢ORs( (FLOX(1)sGTa
2504 e AND o (FLOX(JLAST) eLE«100+3)) GO TO 34
GO TO 36

DO 35 I=1,JLAST

IF (FLOX(1)eGTe180s) FLOX(I)=FLOX(I)=360
CONT INUE

CONT INUE

KEQl=KEQ~-1

DO 37 121,.KEQI

11=KEQ~-1

SKN(1)=5(11)

BKN(T)=BX(I1)

CALL SPLINE (BKN.SKN.Y2DOTKEQL)

JJ=IMIN ‘

1F (MESHB.GT.0) ) JJ=2

DO 3B JzuUsIMAX

CALL YSPLN (BKNsSKNKEQL o Y2DOT ¢+ X(J) 4 SXN(J))
CONT INUE

NPTS=1END+1~KEQ

DO 39 JUz1.NPTS

JK1=J+KEQ

SKN(J) =28 (JK1)

BKN(J) =BX(JK1)

CALL SPLINE (BKN4SKN.Y2DOT +NPTS)

DO 40 J=JJ,JMAX

CALL YSPLN (BKNySKNNPTS.Y2D0T o X(J) ¢ SXP(J) )
NPTS= [END+1
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CALL SPLINE (S+HBX.YZ2DOT4NPTS)

DO 41 JU=JUMIN.JIMAX

CALL YSPLN (S+HBXsNPTSeYZ2D0T 4 SXN(J) ¢HXN(J)Y)
CALL YSPLN (S+HBX«NPTSsY2DOT«SXP{J) sHXP(J))
CALL SPLINE (S,FLAX+YZ2DOT«NPTS)

DO 42 JU=JUMIN, JMAX

CALL YSPLN (SsFLAX NPTSsY2DOT «SXN(J) ¢LATN(J))
CALL YSPLN (S+sFLAXINPTSsYZ2D0T4SXP(J)sLATP(J))
CALL SPLINE (S+FLOXsYZDOTNPTS)

DO 43 JU=JUMINs UMAX

CALL YSPLN (S+FLOXINPTSsY2D0T+SXN(J) LONGN(U))
CALL YSPLN (S+FLOXsNPTSsY2DOT+SXP(J) «LONGP(U))

OUTPUT = -~ COORDINATES OF X~MESH POINTS ALONG THE NORTH AND THE
SOUTH PORTIONS OF THE FIELD LINE

DO 44 JU=UMINsIMAX

IF (LONGN(J)eGT«+180e) LONGN(J)I=LONGN(J)I=-360.

IF (LONGP(J)eGTe180e) LONGP(J)=LONGP(J)=-360.

IF (LONGN(J)eLTe—180e) LONGN{J)=LONGN(JI)+36E0.

IF (LONGP(J)elLTe=180e¢) LONGP(J)=LONGP(J)+360.
SXN(J)=ABS(SXN(J) ) #6371 2

SXP(J)=8SXP(J)*6371.2

IF (LATN(JMAX ) «LTLATP(JMAX)) GO TO 45

IF (MOD(LINEsNPR)«EQe0) WRITE (6459) (TaX(I)eHXNCI) ¢HXP{I)aSXN(I)
ISXP (I oLLATNCI ) WLATP (I ) sLONGN( 1) +LONGP(I) s 1=UMINsIMAX)

GO TO 48

IF (MOD(LINE«NPR) ¢EQe0) WRITE (6459) (T oeX(I)sHXP{I)eHXN{I)sSXP(I)»
ISXNCOTI)oLATP (I ) oLATN(I)2LONGP (1) sLONGN(I) s I=UMIN,IMAX)

CONTINUE

DRIFT=DRIFT*PATH

PHI=EVN(3)

BACKSPACE 10

WRITE (10) SL+FLONG'LINE+SLOPEWDRIFT+CLONGsDPHIDX +PHI ¢ (X (1) eHXNCI)
LaHXPCT )« SXN(T ) 9SXP (1) 4 I=JMIN¢ IMAX)

END FILE 10

INITIALIZE FOR THE NEXT LINE

DO 47 I=143

EVNL(I)=EVNC(I])

IF ((FLONGeLT+SLONG2)eORe (FLONGeGT«SLONG3)) GO TO 48
FLONG=FLONG+DLONG!

IF (ABS(FLONG-SFLONG) LT« (DLONG1#499)) GO TO 51

GO TO S0

IF ((FLONGeLTeSLONG!] ) eORe(FLONGeGT«SLONG4)) GO TO 49
FLONG=FL ONG+DLONG2

IF (ABS(FLONG=SFLONG)+LTe(DLONG2#+.99)) GO TO 51

GO TO 50

FLONG=FLONG+DLONG3

IF (ABS(FLONG=SFLONG) +LT«(DLONG3#e99)) GO TO 851
LINE=LINE+1]

GO TO 4

CONT INUE

FORMAT (3F10e44110)
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FORMAT (4F10e2)

FORMAT (1170 42F1Ce3)

FORMAT (211N0)

FORMAT (3F10e245F1068)

FORMAT (//1X8BHAT LONG=¢F8e241X+34HTHE COORDINATES OF THE POINT AT
IL=ZaF6e2¢ 1Xg7HAND B = ¢F 7044 Il Xe9HARE ALT =eF 10624 1XeIFHAND LAT =4F6e.2
2/1X+B1IHTHE EQUATORTIAL POINT OF THE FIELD LINE IS AT EALT =4F10e241
BX O6HELAT =eF6e2+ IXe7THELONG =4F8e2¢ I X1 15HAND HAS B VALUEW7.4/1X.32
4HTHE DRIFT PARAMETERS ARE DRIFT =¢F7e342Xs7HSLOPE =4F 743 42X 6HPATH
S5 =4FB8e3¢2X¢BHPSLOPE =4F 74342X+8HDPHIDX =4E12¢34///)

FCRMAT (20H CHOOSE ANOTHER MESH)

FORMAT (5Xsl1HMESH POINTSs 11X e 13HALTITUDES(KM) s 7X ¢ 27HARC LENGTH FR
10M EQUATOR(KM) ¢ 7X1SHLATITUDES ¢ 15X e 1OHLONGITUDES//7X e 7H(GAUSS ) « 10Xy
25HNORTH s 7X s SHSOUTH s 12X ¢ SHNORTH s 7X ¢ SHSOUTH 49X« SHNORTH ¢ SXSHSOUTH s 9X s
3EHNORTH s 6X s SHSOUTH/ /(14 4F 10654 48Xe2F 1241 44X e2F 1Z2e1 ¢4Xs2F10e244X2F 1
41e2))

END

SUBROUTINE TRACE (DB DARCDHKEGsALT +FLAT FLONGIERRERRBERRL'SBWS
L KASE s JUPWDRIFTsCLONG ¢ SLOPE+EVN+DLONG+DLAT 4PATH,PSLOPE)

COMMON B (200)+WNIL(200) ¢ VN2(200) ARC(200)+VNEAR(3) +VCONJ(3) «VLAST (3
1) s VPLAST(3) 4 VEBO(3) s VSAVE(3) +BCONJ « VO BOJALTO ¢ MMM ¢ INEAR 4 BNEAR 48SAVE
22BRSAVE ¢ BRPSAVE BTSAVEWWN3(200) + JSTOP

THIS SUBROUTINE COMPLETES TRACING COF THE FIELD LINE DEFINED

IN BLRINGs TO THE ALTITUDE LEVEL GIVEN BY ALTOs AND TO ITS
CONJUGATE POINT (WHERE THE SAME B-VALUE IS ATTAINED IN THE
OPPOSITE HEMISPHERE ). THE HEMISPHERE IN WHICH TRACING TO ALTO IS
PERFORMED, 1S SELECTED SO THAT THE ALTITUDE OF THE CONJUGATE
POINT 1S GREATER THAN ALTO

DIMENSION V(3)s DB(20043)s DARC(20043)s DH(20043) s JURP(3)s EVN(3)
DIMENSION DLONG(20043)s DLAT(200+3)
ERR1=2¢S5E-04*ERR

ERRZ2=2.5E-05S%ERR

KK =0

CALL BLRING (ALTsFLAT«FLONG+ERR+ERRB+ERRL +SB+SL+JUP (1) +DRIFT,ZSLORPE
WAEQERWEALTWPATHWPSLOPE)

JU=JUP (1)

DO 1 J=1.+JU

DB(Js1)=B(J)

DARC(Js1)=ABS(ARC(J))
DLAT(Js1)=90e=VN2(J)#*#57 2957795

DLONG(Js 1)SVUN3(J) #*57429577935
SIT=ABS(SIN(VN2(J)))

SEQ=SIT*SI1T
OER=(6356¢912+SSQ* (21 3677+e108%55Q)1/6371e2
AER=VNI1 (J)=0ER

DH(Js 1 )= AER*¥637142

VSAVE (1)=VN1(2)

VSAVE (2)=VNZ2(2)

VSAVE (3)=VN3(2)

VLAST (1)=VN1(JU)

VLAST (2)=VNZ2{(JU)

VLAST(3)=VN3(JU)

DO 2 I=143

FVYN(IT)=VvNEAR(I])
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INSERT FQUATORIAL POINT

IF (ABQ(ER-DB(INEARS 1)) eLEe2eE~6)

IF (AEQeGE«DARC(JINEARS1))Y GO TO
JU=JUR (1)

OC 4 JU=JUNFAR.JU
JI=JUP (1) ~J+INFAR+]
DB(JJs1)=DB(JJ=1,41)
DLAT(JJs 1)=DLAT(JJ=-141)
DLONG(JJ+1)=DLONG(JI=141)
DH(JJa1)=DH(JJI=141)
DARC(JU, 1) =DARC(JJ=141)
JUP(1)Y=UuUP (1) +1

KEQ=JNEAP

DB(JINEAR 1) =EB

DLAT (UNEARW 1) =90« =VNEAR(2)¥57 2957795
DLONG(UNEAR+ 1 )=VNEAR (3 ) #57.2957735

DHOJINEAR 1) =EALT
DARC(JUNEAR+1 2 1)Y=AEC
DARC(JUNEFARLW 1 I1=DARC(JINEAR L1 )Y-AEQ
GO TO 8

5

IF (AEQeEQ«DARC(JINEARL1)) GO TO 7

AEQ=AFQ=-DARC(JINEAR 1)
INFEAR=UNEAR-1

GO TO 3

KEQ=JNEAR

GO TO 8

KEQ=JUNEAR-=1

CONT INUE

COMPLETF THE TRACING OF THE FIELD LINF TO ALTO
AND TO THE CONJUGATE OF THIS POINT

ATTAINED)

IF (VLAST(1)eLT«VSAVE(1})) GO TO
KASE=1

RUM1 =VLAST (1)

PUM2=VLAST(2)

RUM3I=VLAST(3)

DO 10 TI=143

VCONJ(T)=VSAVE (1)

GO TO 13

DO 12 1=1,3
VCONJ(T)Yy=VLAST (1)
KASE=2

RUM1 =VSAVFE (1)

RUM2=VSAVE(Z2)

RUM3=VSAVE (3)

CONT INUE

CALL INSFCT (CLONG«ERR24JUP(2))
IF (JUP(2)e«EQeC) GO TO 15
JU=JUP(?2)

DO 14 JU=34JU

DB(J+v2)=8(J)
DLAT(J42)1=90e~VN2(J)I%572957725
DLONG(Js2)=VN3(J)#D7 42987795
DARC(Je2)=ABS(ARC(J}))

11
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SIT=ABS(SIN(VNZ(J)))

SSQ=SIT#SIT
OER=(6356+912+5S0% (21 43677++108#55Q)) /63712
AER=VN1 (J)-0ER

DH(Js2)=AFR¥*6371 42

BO=BCONJ

JU=JURP (1)

IF (JUP(2)eEQe0) BO=DB(JUWL)

IF ((JUP(2)+EQe0) e ANDe (KASE«EQel)) BO=DB(Z2,1)
CALL BESECT (RUMI1 +PUM2,RUM3+BALTIERRZ4JUP(3))
IF ((JUP(2) eEQe0) sORe (BALTeGTe100e) «ORe (KKeEGa1)) GO TO 16
KK=1

GO TO (1149)e KASE

IF (JUP(3)eEQeQ) GO TO 18

JUu=JuR (3)

DO 17 J=2.JU

DB(J+3)=B(J)

DLAT(Js3)=90e=VN2(J)#572957795
DLONG(Je3)=VNI(J)#57.2957795
DARC(Jsy3)=ABRS(ARC(J))

SIT=ABS(SIN(VN2(JI))

SSQ=S1T*S1T

OER= (635649 12+5SQ* (21 +3677+.108%55Q)) /637142
AER=VNI1 (J)—-0OER

DH(Js3)=AER*¥6371.2

CONT INUE

RETURN

END

48

R

o0 OoUoTmEd

= o

Zi

cuoomooeo

LT wm

28

29
100
101
102
103
104
105
106
107
lo&
109

11

12

13
la
15
16
17
18
19
120
121
122
125
124
122~

—




O0O0O00

SUBROUTINE BLRING (ALT«FLATFLONGIERRWERRBERRL +SBeSL e JUWDRIFTLSLO
IPEJAEQEBIWEALT +PATHPSLOPE)

COMMON B(ZOO)OVNl(200)'VNZ(ZOO)vARC(EOO)0VNEAR(3)0VC0NJ(3)0VLAST(3
1) VPLAST(3) s VBO(3) s VSAVE (31 +BCONJ 1 VO'BOALTO « MMM 4y JNEAR ¢BNEAR+BSAVE
2+BRSAVE ¢ BPSAVEBTSAVE «WN3(200) ¢+ JSTOP

DIMENSION SVB(200)e SV1(200), SVZ2(200)s SV3(200)

DIMENSION V(3)s SARC(200)

THIS SUBROUTINE DEFINES THE FIELD LINE THROUGH AN SB=SL POINT.«THE
GRADIENT OF THE SECOND INVARIANT. AND THE VARIATION OF THE DRIFT
FACTOR ALONG THE FIELD LINE

ERR1=2+5E-04%ERR

1TEST=1

sSB=58

BZERO=+311653/ (SL*SL*SL)

SB= (SB+BZERO) #0.5

sSL=sL

SL=SL*1,.,03

CALL SEARCH (ALT FLATJFLONGsSB4SLeVBBFLFI1ERRERRB¢ERRLJU)
FI1=F1

VS12=VSAVE(2)

CALL EQUAT (VNEAR(1)sVNEAR(2)+WNEAR(3) EB4SL4EALTERRL JAEQ)
st.=ssL

VN11=VNEAR(1)

VN12=VNEAR(2)

VN13=VNEAR( 3)

CALL SEARCH (ALT.FLATIFLONGsSB4SLsVeBBFLF1ERRERRBERRL +JU)
Cl1=VSAVE(1)

C12=VSAVE(2)

C13=VSAVE (3)

C21=VN1(4)

C22=VN2(4)

C23=VN3(4)

VS22=VSAVE(2)

SIT1=ABS(SIN(VSAVE(2)))
FACT=BPSAVE/(BTSAVE#SIT1)

IF (ITEST.EQel) GO TO 3

IF (USTOP«GT+0) JU=JSTOP

JS=UNEAR

DO 2 JU=1+Ju

SARC(J)2ARC (J)

SVB(JU)=B(J)

SV1(J)=VN1(J)

SV2(J)=VN2(J)

SV3(J)=VN3 ()

CALL EQUAT (VNEAR(1) VNEAR(2)sVNEAR(3)EB+SLIEALT1ERR1 4 AEQ)
VN21=VNEAR(1)

VN22=VNEAR(2)

VN23=VNEAR( 3)

CALL INVAR (C214C224C23+ERR1 ¢BIN2+sDUMsFI124NO)
CALL INVAR (C114C12+C13¢ERRIBINI+DUMsFII14NO)
CORR=FACT#(VS12-V522)

DPH1=ABS (VN13=VN23+CORR)

DTHE=ABS (VN22-VN12)

DR=ABS (VN21~VN11)

SSQ=SIT1#SITI
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DIST=SQRT(DR*¥DR+VN21*#YN2 1% (DTHE*DTHE+DPHI#DPHI*55Q) )
QQQ=BZERO/SB

QQ=BZERO/EB

IF (ITEST.EQ«2) GO TO 4

PATHI=F I 1142.#BINI®(FI1I1=-F112)/(BIN1=~BIN2)
DRIFTI=(FI1-F1)*QQ/(DIST*PATH1)
ROOT1=8SQRT(QQQ) .

SB=SSR ’

ITEST=2

GO TO 1
PATH=FI1142.%BINI*(FII11=-F112)/(BIN1=BIN2)
DRIFT=(FI1-F1)*¥QQ/(DIST*PATH)
ROOT=SQRT{({QQQ)
SLOPE=(DRIFT-DRIFT1)/(ROOT1-RCOT)
DRIFT=DRIFT~SLOPE*(14=-R0O0T)
PSLOPE=(PATH~PATH1) / (ROOT1-ROOT)
PATH=PATH-PSLOPE*{14+~RO0T)

DRIFT IS THE GEOMETRIC FACTOR IN THE EQUATORIAL DRIFT VELOCITY
OF PARTICLES MIRRORING AT THE EQUATOR. DRIFT FOR PARTICLES
MIRRCRING AT ANY OTHER POINT OF FIELD STRENGTH X IS OBTAINED

BY THE EXPRESSION DRIFT+SLOPE*(1e-SQRT(BZERO/X) ) e

TO OBTAIN THE REAL EQUATORIAL DRIFT VELOCITY IN CM/SEC, MULTIPRLY
DRIFT BY 25766 £ 05 * (SL¥%#3) % (MASS) ¥ (BETA¥%2) * (GAMMA)
MASS IN ELECTRON MASSESs BETA AND GAMMA USUAL RELATIVISTIC FACTOR
THE RECTIFIED LENGTH OF THE PARTICLES TRAJECTORY BETWEEN TWwO
CONJUGATE MIRROR POINTS AT X IS GIVEN BY

PATH + PSLOPE%*(1e-SQRT(BZERO/X))e TO OBTAIN REAL PATH IN CM,
MULTIPLY PATH BY 643712E 08

JNEAR=US
VNEAR(1)=VN21
VNEAR(2)=VN22
VNEAR(3)=VN23
DC 5 J=14JU
ARC(J)=SARC(J)
B(Jy=svR(J)
VN1 (J)=5V1(J)
VN2(J)=5va2(J)
VN3 (JY=5V3(J)
RETURN

END
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SUBROUTINE STARCH (ALTFLATFLONG+SB¢SL VB3 +FLIFIT1+ERRIWERRBIERRL ¢ J
1uP)

COMMON B(200) +VN1(200)+VN2(200) +ARC(200)+VNEAR(3)WCONJ(3) 9 VLAST (3
1) 4 VPLASGT(3) s VBO(3) s VSAVE (3)4BCONJ VO BOJALTO MMM, UNEAR BNEAR +BSAVE
2+BRSAVE «BPSAVE BTSAVE «VWN3(200)+yJSTOP

THIS SUBROUTINE FIMDSE A FIELD LINE THROUGH A POINT WITH A PREFIXED
B AND L VALUE FOR A GIVEN LONGITUDE,

SUBROUTINE IS CALLED WITH ALTWFLAT«FLONG = APPROXIMATE STARTING
COORDINATES WHICH SHOULD NOT BE TOO FAR AWAY FROM REAL B=L POINT
(Ee«eGe NOT MORE THAN 20 DEGREES LATITUDE)

FLAT DETERMINES THE HEMISPHERE OF THE B-L POINT

FLCONG PEMAINS CONSTANT

DIMENSION V(3), VI(3)s v2(3)
SERR=ERR

SERRB=ERRB

SERRL=FERRL

ssB=8B

CONT INUE

VO=O.

DV=0402

MCHECK =0

I1CHECK=0

V(1)=ALT/6371.2

V(212 (90e=FLATI /572957795
V(3)=FLONG/S57.2957795
DCLT=1e5708=~0:2007%#COS(V(3)14+1¢239)
SIT=ABS(SIN(V(2)))

SSQ=SIT*SIT
OER=(6356+9124+SSQ* (21 3677+ 108#55Q))1 /637142
V(1)=V(1)+0ER

VO=ALTO/6371 «240ER

I1CON=1

ILIT=1

DELV2=Dy

ICHECK=]CHECK+1

1IF (ICHECKGT+15) GO TO 12
SIT=ABS(SIN(V(2)))

CALL NEWMAG (V(1)4SITIWV(31BRBPBTBBWV(2))
FAC=1.-(SB-BB)/(3.%5S8)

IF (FAC4GTeleS) FAC=1,5

IF (FACWLTeQes666) FAC=04666

V1)Y=V (1)#FAC

VIicly=v(l)

V1(2)=v(2)

MCHECK=MCHECK+1

IF (MCHECK«GT+15) GO TO 13

CALL NEWMAG (V(1)4SITIVI(3)1+BRIBP«BT«BBsV(2))
IF (ABS((BB-SB)/SB)+GT«ERRB) GO TO 4
MCHECK=0

IF (ILIT«NEsl) GO TO 8

ILIT=2

CALL INVAR (V(1)sV(2)11VI3)+ERRBBFLWF14JUP)
V2(1)=v(1)

V2(2)=v(2)

B2=8B8
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FL2=FL

IF (ABS((FL=SL)/SL)+LEERRL) GO TO 9

IF (ABS(V(2)=DCLT)sLT.0s1) GO TO 7
SGN=SIGN(1es (FL=SL))

IF (V(2)+LTeDCLT) GO TO &

DELV2==-SGN#*DELV2

GO TO 6

DELV2=SGN#DELV2

V(2)=V(2)+DELV2

GO TO 3

V(2)=V(2)+DELV2

CALL INVAR (V(1)sV(2)sVI(3)+ERRIBBIFLIFI+JUP)
IF ((FL=SL)#(FL-FL2)sLE«Os) GO TO 3
V(2)=V(2)~2+*¥DELV2

GO TO 3

B1=883

CALL INVAR (V(1)sV(2)sV(3)ERRIBBIFLIFIyIUP)
IF (ABS((FL=-SL)/SL)eLE+ERRL) GO TO 9
FACT=(sL-FL)/ (FL2-FL)

IF (ADS(FACT)eGTe34) FACT=34%#SIGN(144FACT)
VI1)=VI(1)+(V2(1)=V1(1))*FACT
VI2)=V1(2)+(V2(2)=V1(2))*FACT

Y=AMINI (ABS(V(2)=V1(2))sABS(V(2)=V2(2)))
IF (YeGTeABS(VI(2)=-V2(2))) GO TO 2

Dv=vY

GO TO 7

CONT INUE

IF (1CON.EQe2) GO TO 10

1CON=2

DV=DV#*0., 1

ERR=ERR#04+025

ERRB=ERRB*0,05

ERRL=EROL*0,401

GO TC 2

SIT=ABS(SIN(V(2)))

SSQ=SIT*SIT

OER= (6356451 2+5SQ% (21 ¢3677+4+108%55Q)) /63712
AER=V(1)=-0ER

WHEN THE CALCULATION IS COMPLETED. ALT AND FLAT BECOME FINAL
COORNDINATES OF THE B-L POINT. VSAVE ARE COORDINATES OF SAME
POINT IN GEOCENTRIC SYSTEM

ALT=AER*#6371.2

FLAT=90.=V(2) %#57,2957795

FLONG=V({3)#57 2957795

IF (FLONG«GT«180s) FLONG=FLONG-360.

IF (FLONGeLTe(~1804)) FLONG=FLONG+360.

DO 11 1=1.3

VSAVE(1)y=Vv(I)

GO TO 15

WRITE (6416) ICHECK MCHECK ALTFLAT FLONG,SB,5SL
GO TO 14

WRITE (6417) ICHECK MCHECK AL T FLATFLONGsSBsSL
SB=5SB+.005

ERR=SEPR

FRRR=SFRRR
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ERRL=SERRPL
GO TO 1
ERR=SERR
ERRB=SERRB
ERRL=SERRL
sSB=SsB
RETURN

FORMAT (S1H
104SE1S5)
FORMAT (51H
10.5E15.5)
END

SORRY +BUT

SORRY «BUT

1

1

CANNOT FIND THAT DAMN POINT

CANNOT FIND THAT DAMN POINT
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SUBROUTINE FQUAT (DUMI+DUM2,DUM3EBSLEALTERRJAEQ)

COMMON B(200) s UN1(200) s VN2(200)+ARC(200) « VNEAR(3) ¢ VCONJ(3) 4 VLAST(3
1) s VPLAST(3) 4w VBO(3) +WSAVE (3) yBCONJ 4 VO RO WAL TO MMMy INEAR 4yBNEAR BSAVE
2+BRSAVE s BPSAVE «BTSAVE VN3 (200) 4+ JSTOP

THIS SUBRQUTINE TRACES THE FIELD LINE FROM AN INITIAL POINT
TO THE POINT OF MINIMUM INTENSITY.

DIMENSION V(3+43)s VN(3)s VP(3)s R1(3)s R2(3)s R3(3)
ERRI=ERD

MMM = |

Vls2)=DUMI

V(242)=DUM2

V(342)=DUM3

ARC(1)=0o
DCLT=1e5708=0e2007%¥COS(V(3+42)+14239)
ARC(2)=V(142)%¥SQRT(ERR)I*0De3

IF (V(242)=DCLT) 24343
ARC(2)==ARC(2)

CALL START (R14R2+R3+BsARCIERR V)

DO 4 1=1,43

VRP(I)=v(1+2)

VNETI)=V(T143)

CALL LINES (R1WR2+R3+B¢ARC+ERRsJVP+VN)
IF (JelLTe200) GO TO S

ERP =4  *FPP

WRITE (647) ERR

GO TO 1

ERR=ERR1

JUP=J

AEQ=Ce0

DO 6 J=3.JUP

AEQ=AEQ+ABS (ARC(J))

EB=BNEAR

SIT=ABS(SIN(VNEAR(2)))

SSQA=SIT*S1T
OER=(63564312+5SQ*(21¢3677+4108#55Q)) /63712
AER=VNEAR(1)=0ER

EALT=AER*6371e2

RETURN

FORMAT (28H INCREASE OF ERR IN EQUAT TOWE16.44)
END
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SUBRQUTINE INSECT (CLONGERRyJUP)

COMMON B(200) s VN1 (200) +VN2(200) +sARC(200) s VNEAR(3) s VCONJ(3) yVLAST (3
1) s VPLAST(3) 4+ VBO(3) s VSAVE (3)4BCONJsVOIBO WAL TO MMM 4 UNEAR +BNEARBSAVE
2+ BRSAVE + BPSAVE +BTSAVE s VN3(200) +JSTOP

THIS SUBROUTINE TRACES THE FIELD LINE FROM AN INITIAL PCINT
DOWNWARDS TO A PREFIXED (LOWER) ALTITUDE

DIMENSION V(3s3)s VYN(3)s VP({3)y RI1(3)s R2(3)s R3(3)
ERR1=ERR

J=0

SIT=ABR<S(SIN(VCONJ(2)))

SE0=SIT*SIT
OER=(6356¢912+SSAX (21 43677+6108B%#55Q)) /637142
AER=VCONJ(1)~=0ER

HR=63714.2%AER

IF (HR+LESALTO) GO TO 5

MMM =2

V{142)=vVCONJ (1)}

V(2+2)=VCONJ(2)

V(3+42)=vCONJ(3)

ARC(1)=0.,
DCLT=1485708=062007#CO0S(V(342)+1.239)
ARC(2)1=V(142)%SQRT(ERR)*#0«3

IF (V(2,2)=DCLT) 343,2

ARC(2)==ARC(2)

CALL START (R1+R2+R3+B+ARCIERR V)

DO 4 1=1.3

VP(I)=v(142)

VNCI)=Vv(143)

CALL LINES (R1+R2+R34BIARCIERRJ VP VN)
IF (Jel.Te200) GO TO S

ERR=4 . *ERR

WRITE (646) ERR

GO TO 1

ERR=ERRI1

JUP=J

CLONG=VCONJ (31 ¥57,2957735

IF (CLONGeGTe180s) CLONG=CLONG=-360+

IF (CLONG+LTe(=180e)) CLONG=CLONG+360s
RETURN

FORMAT (29H INCREASE OF ERR IN INSECT TOWE1644)
END
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SUBROUTINE BESECT (RUMI sRUMZ2 yRUM3BALTERRJUP)

COMMON 8(200)+UN1(200)+VNZ2(200)+ARC(2C0) « VNEAR(3) + VCONJ(3) +VLAST (3
1) s VRPLAST(3) 4« VBO(3) s VSAVE (3) +BCONJ VO I1BOWALTO MMM s UNEAR 4BNEARBSAVE
24BRSAVE {BPSAVE BTSAVE s VN2 (200) + JSTOP

THIS SUBROUTINE TRACES THE FIELD LINE DOWNWARDS FROM AN INITIAL
POINT T A PREFIXED (HIGHER) B-VALUE

DIMENSTION V(343)s VN(3)s VP(3), RI(3)s R2(3)s R3(3)
ERRI1=ERR

J=0

MMM=3

V(ls2)=RUMI

V(242)=RUM2

V(3+:2)=RUM3

ARC(1)=0.
DCLT=1e5708=0e2007%#COS(V(342)+1239)
ARCI(Z2) =V (1+42)*SQRTI(ERR)I*¥0 43

IF (V(2,2)~-DCLT) 3342
ARC(2)==ARC(2)

CALL START (R1+R2+R3B+ARCIERR,ZV)

IF (B3(2)«GT«BO) GO TO 5

DO 4 1=14+3

VPLIY=V(I«2)

VN(TI)=Vv(143)

CALL LINES (R1+R24+R34B+ARCIERRJ1VP4VN)
IF (Jel.Te200) GO TO 6

ERR =4, *ERR

WRITE (64+7) ERR

GO TO 1

vBO(2)=RUM2

vBO(1)=RUMI

EPR=ERR

Jup=J

SIT=ABS(SIN(VBO(2)))

SSQ=SIT*SIT
OER=(63SE6¢F12+SSQ* (21 6367 T+ 108%55Q) ) /637162
AER=VBO(1)~0ER

BALT=AER*6371+2

RETURN

FORMAT (29H INCREASE OF ERR IN BESECT TO+El6.4)
END
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SUBROUTINE INVAR (DUM1 «DUM2,DUM3ERR BB FL«F14JUP)

COMMON B(200) s UN1({200)+WN2(200) +ARC(200) +YNEAR(3) s VCONJ(3) ¢ VLAST (3
1) s VPLAST (3) +VBO(3) s VSAVE(3) BCONJIVO+BOALTC MMM 4 UNEAR +BNEAR ¢BSAVE
2+BRSAVE +BPSAVE «BTSAVE«VN3(200) +JSTOPR

SUBROUTINES INVARSTART, INTEGER.CARMEL s+ AND ~ NEWMAG ARE BASED ON
ON MCILWAINS 1965 CODE.,

INVAR MUST BE CALLED wITH GEOCENTRIC COORDINATES,

MMM IS A TRACING CONTROL PARAMETER DETERMINED IN EQUAT,INSECT,
BESECT AND INVARe

DIMENSION V(3+3)e VN(3)y VP(3)s BEG(200)s BEND(200)s BLOG(200)s EC
10(200)+s R1(3)se R2(3)y R3(3)

V(le2)=DUM1

V(2+2)=DUM2

V(3+2)=DUM3

ERR1=ERR

MMM =0

ARC(1)=0Do
DCLT=1e5708=0e2007#COS(V(342)+1239)
ARC(2)=DUMI*¥SORT(ERR)¥*0,,3

IF (V(242)=DCLT) 24343

ARC(2)==ARC(2)

CALL START (R1+R2+R3+B(ARCERR V)

DO 4 1=1,43

VP(I)Y=VI(l«2)

VN(T)Y=V(I43)

CALL LINES (R1+R2sR3+BARCIERRJ+VPIVN)
IF (JelLT«200) GO TO 5

ERR=ERR%*4,

WRITE (6+8) ERR

GO TO 1

ERR=ERR1

JUP=J

DO 6 J=1.+JUP

ARC(UJ)Y=ABS(ARC(J)})

BLOG(J)=ALOG(B(J))

JEP=JUPRP=-1

DO 7 J=24+JEP

ASUM=ARC(J)+ARC(J+1)

DX=BLOG(J=-1)-BLOG(J)

DN=ASUM*ARC (J)#ARC(J+1)
BCO=((BLLOG(J=1)=BLOG(J+1))*ARC (J) ¥ *¥2=DX*¥ASUM%%2) /DN
CCO=(DX#ARC (J+1)=~(BLOG(L)=~BLOG(J+1))*ARC(J))/DN
SAz= e 7TS*ARC(J)

SC=SA+ 25%ASUM

DCO=BLOG(J=1)=CCO*SA*SC
ECO(J)=BCO+CCO*(SA+SC)
BEG(J)=EXP(DCO+ECO(J)*,S*¥ARC(J))
BEND(J)=2EXP(DCO+ECO(J) #4S*¥(ASUM+ARC(J) ) )
BEG(JUP) =BEND( JEP)

BEND(JUP)Y =B (JUP)

ECO(JUP)I=(2:0/ARC(JUP) I®ALOG(BEND(JUP) /BEG(IJUP) )
CALL INTEG (ARC+BEGBENDIBWJEPECOWFLINT)
CALL CARMEL (B (2)+FLINTFL)

FI=FLINT

BB=8B(2)

RETURN

FORMAT (28H INCREASE OF ERR IN INVAR TOWE16.4)

END
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SUBROUTINE START (R14R2+R34B+ARCERR V)

COMMON B(200) +UN1(200) s VN2(200) ARC({200) s VNEAR(3) ¢ VCONJ(3) 3y VLAST (3
1) 4 VPLAST(R) ¢VBO(3) s VSEAVE (3) ¢ BCONJ s VOIROGALTO MMM,y UNEAR BNEARBSAVE
24BRSAVE  BPSAVEBTSAVE«VN3(20C) + JSTOP

DIMENSION V(343)s R1(2)s R2(3)s R3(3)

M=MMM
SIT=ABS(SINIV(2¢2)))
1 IF (V(3+42)) 23343
2 V(342)Y=V(342)46283185307
GO TO 1
3 CALL NEWMAG (VI(142)4SITeV(342)+4BRIBTBPIB(2)sV(242))

BSAVE=RB(2)
BRSAVF =38R
BPSAVE=BP
BTSAVE=8T
R2(1)=BR/B(2)
DN=B(2)%V(142)
R2(2)=BT/DN
R2(3)=RP/(DN*¥SIT)
1s=0
DO 5 I=1+3
VIIal)=v(142)=ARC(2)*¥R2( 1)
SIT=ABS(SIN(V(241)))
6 CALL NEWMAG (V4 SITaVI(311)sBR«BTBP4B(1)V(241))
IF (MelLTe2) GO TO 7
IF (B8(1)=B(2)) 9¢3.8
7 IF (B(1)=R(2)) B84+49.2

(SIS

a2 ARC(2)==A4RC (2)
GO TO 4
Q R1(1)=BR/B(1)

ARC(3)=aRC(2)
DN=B(1)*Vv(1la.l)
R1(2)=8T/DN
R1(3)=RBP/(DN#*¥SIT)
DO 10 I=143

10 VI3 1)=Vv(142)-ARC(2)*(R1(II+R2(1)) /2
SIT=ARS(SIN(VI(2,1)))
1S=15+1
GO TO (6411)4 1S

11 DO 12 I=143

12 VII43)=VI(T42)+ARC(3)1#((1e5)¥R2(1)=e5*¥R1 (1))
RETURN
END
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SUBROUTINE LINES (R1+R24R34B4ARCERRJ VP 4VN) J 1
COMMON R I(2C0) «VN1(200)+VN2(200) +ARC(200) +WNEAR(3) yWCONJ(3) s VLAST (3 U 2
1) VPLASTI(3) «VBO(3) 4y VSAVE (3) +BCONJIVOIBOWALTO MMM 4 INEAR «BNEARWBSAVE J 3
2 BRSAVE ,BPSAVE «BTSAVE 4 WN3(200) yJSTOP J 4
INTEGER FLAGlFLAG2 J )
DIMENSION R1(3)e R2(3)s R3(3)+ VUN(3), J )
JSTOP=0 J 7
M=MMM J 8
FLAG1=0 J Q
FLAG2=0 J 10
DEL=0,01 J 11
CRE=0.25 J 12
IF (ERR=0«15625) 14242 J 13
CRE=(ERR*¥%¥0,333333333) J 14
A3=zARC(3) J 15
AAB=ABS (A3) J le
SNA=A3/AAB J 17
Al=ARC(1) J 18
A2=ARC(2) J 19
AC6=A3%#A3/64,0 J 20
YN1(2)=vP (1) J 21
VN2(2)=vP(2) J 22
VN3 (2)=vP(3) J 23
J=3 J 24
ILP=1 J 25
I1s=1 J 26
GO TO 8 J 27
Is=1 J 28
J=J+1 J 29
AQC6=A3*¥A3/6.0 J 30
ARCJU=A1+A2+A3 J 31
AD=( ASUM+A1)/AA J 32
BD=ASUM/BB J 33
CD=Al1/CC J 34
DO 7 1=143 J 35
DD=R1(1)/AA=-R2(1)/BB+R3(1)/CC J 36
GO TO (546)s IS J 37
RT=R1(1)—(AD¥*R]1(1)~-BD¥R2(1)+CD*#R3(1)~DD*ARCJ) *#ARCJ J 38
RA(I)=R1(1]) J 39
R1(1)Y=R2(1) J 40
R2(I)=R3(1) J al
R3(1)=RT J 42
VP(1)=VN(I) J 43
RBAR=(R2(I1)1+R3(1))/2.-DD*A06 J a4
VN(1)=VvP(I)+A3%RBAR J 45
IF (VN(2)) 9410410 J 46
VN(2)=~VN(2) . J a7
IF (VN(2)=3.141592653) 12,12.11 J 48
UN(2)=6,283185307-VYN(2) J 49
GO TO 1n J S0
IF (VN(3)) 13414,.14 J 51
VN(3)=VN(3)+6,283185307 J 52
GO TO 12 J 53
IF (VN(3)-6.283185307) 16416415 J Sa
VN(3)=VNI(3)=6,283185307 J 55
GO TO 14 J 56
GO TO (17+18), 1S J 57
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SIT=ABS(SIN(VN(2)))
PREL1=VN(1)

PREZ2=PRE1#VN(2)
PRE3=PRE1¥SIT*VN(3)

CALL NEWMAG (VNsSITeVN(3)1BR«BTsBP«B{J)sVN(2))
R3(1)=8R/B(J)

DN=B(J)®*VYNC(1)

R3(2)=RT/DN
R3(3)=BR/(DN*¥SIT)
ASUM=A3+4+A2

AA=ASUM* A2

BB=A3%A2

CC=ASUM% AT

15=2

GO TO 4

SIT=ABS(SIN(VN(Z2) ))
BEII=BJII*((PREI/VUN(1))#*3)

WHEN CALLED FROM EQUAT,ARC LENGTH IS MAINTAINED CONSTANT

IF (MeEQsl) GO TO 22
ORT=eS#ABS(R3(1))/(« 1+ABS(R3(2)%VN(11}))

X= (ABRS(UN(1)=PRE1I+QRTH*#ABS(VN(1)I#*¥VN(2)-PRE2)+ABS(VN(1)*¥SIT*#YN(3)-pP

IREZ) I/ (AABHERR®SQRT (1« +QRT¥*QRT))
GO TO (22419422)4 ILP

IF (X=343) 22.20,420
AB=A3%04,2%(Be0+X) /(0 e8+X)
J=J=-1

ILP=3

ASUM=A2+A1

AA=ASUMH#AL

BB=A2%A}

CC=ASUMRA2

DO 21 I=143

VN(T)=VP(1)
R3(1)Y=R2(1)
R2(I1H)=R1 (1)
R1(I)y=RA(I)
GO TO 38

VNI (J)=yN(1)

VN2 (J)=VYN(2)

VN3 (J)Y=VN(3)

IF (MeEQe2) GO TO 28

IF (MeEQe3) GO TO 30

[F (B(J=1)eGTeB(J)) GO TO 32
IF (MeEQel) GO TO 24

IF (FLAGLl+«FQel) GO TO 26
FLAG1=1

DO 23 1=1,43
VNEAR(CT)=VN(I)
BNEAR=R(J)

JNEAR=U

GO TO 26

BNEAR=B(J-1)

DO 25 1=1,3
VNEAR(TYy=VRP(I)

GO TO 42
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IF (FLAG2sEQel) GO TO 32

IF ((VO+DEL)eLTeVN(1)) GO TO 32
DO 27 =143

VCONJC1)Y=VR ()

JETCOO= U=

FLAGZ=1

GO TC 32

SIT=A3S(SIN(VNIZ)))
SSA=SITHSIT
OER=(6356e912+55Q%*(2143677+108%55Q))1 /637142
AER=VNI(1)=0ER

[1HR=E371 ¢ 2#AER

IFf (HRGTSALTO) GO TO 32
SIT=ABS(SIN(VP(2)))
SSQ=S1T#SIT .
OER=(6356e¢912+5SQ*%(2143677+6108%#35Q) ) /63712
AER=VP(1)=-0ER

HRP=6371«2%AER

FAC=(ALTO=HRP) /(HR=HRP)

DO 29 I=1+3
VCONJCTY=VR (T 1+ (VUN(T)Y=VP(]))*FAC
ARC(J)=APC(J} ¥FAC

VN1 (J)y=vCONJ(1)

VN2 (J)=vCONUJU(2)

VN3 (J)=vCONJ( 3)
SIT=ABS(SIN(VCONJ(2))}

CALL NEWMAG (VCONJsSIT«VCONJ(3) BRBT 48P BB VCONJ(2))
BCONJ=8R

B(J)=RAR

GO TO 42

IF (B3(J)eLLT«BO)Y GO TO 32
FAC=(B0O=B(J=-1))/(B(J)=BfJ=1))
DO 31 1=143
VHEHOCT)=VP (T )+(UN(I)Y=VP (1)) ¥FAC
ARC(J)=APC(J)*FAC

D0J)y=080

VNI (J)Y=VRO(1)

VN2 (J)Y=VRO(2)

VN3 (J)=vBO(3)

GO TO 42

IF (JeGE«200) GO TO 42

Al=A2

IF (MeNFEe0) GO TO 33

IF (B(J)y=B(2)) 33433439

ILP=2

A2=A3

IF (MeEQel}) GO TO 38
AB=A3#e2% (B e+X)/(«8+X)
AM=(Z2e~R3(2)%¥VN(1))*#VN(1)%¥CRE
¥ (A3S(A3)=-AM) 35435434
AZ=SNA*AM

IF (SNA#R3(1)+e5) 36436438
AM=— ¢ S#SNAXVN( 1) /R3(1)

IF (AFRS(A3)=AM) 38428437
A3=SNAXAM

APC(JU+1)Y=AT3

ANAB=AES(A3)

GO TO =

BHLAST=3(J)

DO 40 TLAST=1,3
VPLAST(TILLAST)Y=VRP(TLASTY
VLASTCILASTY=VN(ILAST)

IF (FLAGZeNFW0)Y GO TO 42

DO 41 =143

VCONJCT) =VLAST (1)

PETURN
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SUBROUTINE INTFG (ARCIBEGBENDB+JERPECOWFI)

COMMON B(200) WUNI1(2C0)+VN2(200) +sARC(20C) + VNEAR(3) +VCONJ(3) s VLAST (S
1) o VPLAST(3) ¢ VBO(3) s VSAVE (3) +BCONJ VO IR0 4 ALTO MMMy INEAR 4BNEARESAVE

22+1BRSAVE 4 BPSAVEWBTSAVE «VN3(200) « JSTOP

DIMENSION BEG(200)s REND(200)s ECO(200)

KK=JEP -

IF (KK=4) 34244

KIC =K<~ 1

A=B(KK=1)/3(2)

X2=B(KK) /B(2)

X3=B(KK+1)/B(2)

ASUM=AR( (KKK ) +ARC (KK+1)

DN=ARC (KI)¥ARC(KIK+1) #ASUM
BE=(~A#*ARC(KK+1)# (ARC (KKK )+ASUM) +X2¥ ASUMH* ¥ 2-X3*#ARC (KK ) *#2) /DN
Cz (AXARC (KK+1 ) =X23*#ASUM+X3I#ARC (KK ) ) /DN
FI=14S70796326%(1+~A+RB3%BB/(4+%*C))/SQRT(ABS(C))

RETURN

T=SQRT (1 «=BEND(2)/B(2))

FIz(2e%T=ALOG((la+T)/(1e=T)))/ECO(2)

IF (8(2)-BEND(KK)) 64645

KK =KIK+ 1

T=SQRT(ABS (1 s 0-REG(KK)Y/B(2)))
FI=Fl=(2e#T=ALOG((1le+T)/(1e~=T)))/ECO(KK)

KK =K =1

DO 15 1=34kK

ARGl =14=BEND(I)Y/B(2)

IF (ARG1)Y 74748

TE=1eE=5

GO 76 ©
TE=SQORT (ARG!
ARGI=1 e =REG(
IF (ARG!)Y 11
TR=SORT(ARG]
GO TO 12
TB=1.E-5

IF (ABS(ECO(I))=2eE=5S) 13415414
FI=FI4+((TE+TO)*(ARC({II+ARC(I+1))) /4.
GO TO 15

y/B(2)
11410

— & o

FIzFI+(2e#(TE-TB)-~ALOG((1e+TE)*(1e=-TB)/((1e=TEI*¥(1e+TB))))I/ECO(]:

CONTINUE
RETURN
END
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SUBROUTINE CARMEL (B+XTsvLl)

COMMON B(200) o UNLIZ22D) 4 VNHZITCOY s "RTIZ00) ¢ UNEAR(3) s VCONJ(3) ¢ VLAST (3
1) e VPLAZTI(2) o VEC (T s VEAYE (2) 4 2CONJ e VO s RO VAL TO Y MMM 4 UNEAR + SNEAR +BSAVE
2aPREAVI 4 BPSAVE W BETSAVE s N3 (200 ) ¢ JSTOR

IF (XI~1e0E=268) lele2

VL=({0e311653/B)%%(1e/3,)

NETUPH

XX=3e OXALOG(X])

XX=XX+AL.0OG(B/0+311653)

IF (XX+22e) 74743

IF (XX+3e) TeRe4

IF (XX=3e) P49,8

IF (¥X=11e7) 1Cesl0eE

IT (X¥=23¢) 1l,4lle12

GG« 233338#XX+¢30062102

GO TO 13

CO=({(((((((~2e1537735E~14%#XX+BeZ232831E~131#¥¥Y+1e2266362E~9)%*XX+8.
11C43€03E-B) #XX+3e 201 6T LE-E) A XY+E 4771 1204 T -5 ) #XX+1e3714667E=3) # XX+
CeN1B01 7245 AXX+ed4B30B2647 ) #¥YX+ 4723237691
G2 T2 13
GG={ ({1 {7 eCLAT023E~10%#XX+2e¢ 2028 T6TE=-S ) # X =24 10072835 =8 ) ¥XX~5 ¢ 3G
17T CEZ =TI XX =3.3408822E=6)4#XX+3eC379017F -5 18¥¥41,1784234E=3)%XX+14
2449244 |E=2 ) #X X+ 43352783 ) #X X+ 510014

G TO 13 .

GCO= ({((({{ (%« 271 H6BE~10%#XX~3e¢958306E~0 ) MX+QeO76A14BE~07)%¥XX~1 425
1P IR -BI XX+ T eF451 21 3E =G ) kXX~ e 207702 2F =4 ) ¥XX+2 ¢ 1 680398E=3 ) #XX+1,
2281 70S6E=2 ) ¥XX+e435]1 0529 ) %X X+« 222385
GO TO 13
SO (({((2s22]12095E-8%¥XX~3¢B049276E~6)%XX4+2e170224E~4 ) #XX~667310339
IE=3)%¥XX+e¢ 12038224 ) #XX=e 18461 7GE) *XX+2:0007187

GO TO 13
GG=XX-340460€E1

VL= (1eC+EXP(GG) I *0e311653)/B)%¥%(1a/30)

SETURN
END
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SUBROUTINE NEWMAG (ReSTePHI ¢+BRBT4BPIETHET) Mo
COMMON B(200) sVN1(200) +VN2(200) +ARC(200) ¢ VNEAR(3) ¢ VCONJ(3) 4 VLAST(3 ™M 2
1) s VPLAST (3) 4 VBO(3) 2 VSAVE (3) +BCONJ VO +BOWALTO 1 MMM 4 UNEAR «BNEARBSAVE ™M 3
2 BRSAVE + EPSAVE BTSAVE + VN3(200) ¢+ JSTOP M a4
DIMENSION G(7+7) _ : M5
CAIN COEF ¢ (SEE HENDRICKS+CAINIJGRI714JAN 1966,P346¢ EPOCH 1560 M6
GSFC(9=65)= TRUNCATED M7
DATAG/C4e0 M8
C  34042500E+064s  2+304000E+03s =3,252500E+03s =-4,191250E+03, M 9
C  14795500E+031 =T7+218750E402s =5.77S000E+03s  24162000E+03, Mo 10
C -5,196152E+03s 64083920E+03+ =44443791E+034 =3,659969E+03, M1
C =14153091E+03s  3,377499E+03¢ =1.766692E+02s =1¢372650E+03, Moo12
C -2.498074E+03s =1.968299E+03, =14775284E+03s —T74472116E+01, Moo13
C  1.319663E+C3s =~44473296E+02, 1¢027740E+02s -6.885860E402, Mo 14
C  Bs241101E+02s '14458926E402, 24411003E+03y =~84411659E+02, M 15
C  1.048716E+03, =6.274950E400, 1.856170E+02s -2,004072E+02, Moole
C  3.483092E+02s 5.456862E400, =-0,149923E+01, =9.299108E+02, Moo17
C  5.459207E+02s  24440383E+02, =5.612486E+01s  4e560145E+01 Moo18
C O v 2e26837SE+02. ~-1¢539256E+03, -64077321E402, M 19
C  1.473353E+02y 2e792177E+01s  8.060319E+00. 7¢321457E401 M 20
C/ 0 J/0/ «NMAX/ T/ M 21
GSFC(9-65) FOR NOVes1965 M 22
C  3.030346E+04y 2.561535E403, =3.,292325E+03+ =-4¢168019E+03, Mmoo23
C 1.674658E+03s. ~6.622481E402, -5,751990E+03, 24126600E+03, M 24
C -5.208415E403v  6.264570E+03¢ -4.505827E+034 =34653971E+03, Mo 25
C ~1.264619E+03s 3.517501E+403,y =0.593829E+01, =1¢369074E+03, v 26
C =2.516355E+03s =1,940594E+03+ =1,843298E+03, ~—1+452579E+02, Moo27
C  14202240E+03: =4,804629E402, 1 e456861E+02+ -6¢825223E+02, Mo 28
C  84302805E+02. 1 ¢ 569993E+02s  24287563E403, ~74823940E+02. Mo 29
C  1.083347E403¢ =44576530E+01s 2.096141E+402, =—1¢820821E+02, Mo 30
C 34374717E+02+ =~064605592E+01s =24714477E402s =14061405E+03, Mo31
C  5.986773E+02y 2.283311E+02s =5.943623E+01s  3.897872E+01, Mo 32
C  143728B20E+00s  34829773E+02¢ =1.54B073E+03s ~6¢959031E+02, Mo 33
C  1.698721E+02y 24929459E+01, 6e875123E+00,  7e281827E+01 M 34
C/0d/0/ WNMAX/ T/ M 35
p22=ST. Mo 36
P21=SQRT(1+-P22%P22) M 37
AR=R M 38
IF (THET=14570796327) 3432 M 39
P21==-p21 M 40
IF (J) 5¢5.4 Mo 41
S5Q=P22#P22 M a2
AR=AR+ (14 ¢288=S5Q%(2143677+¢108%55Q) ) /637142 M 43
AR=14/AR M 44
N= 2 ) M 45
DP22=P21 M 46
SP2=SIN(PHI) M 47
CP2=COS(PHI) M 48
DP21==p22 M 49
AOR=AR*AR¥AR M S0
C2=G(2,2)%CP2+G(142) #SP2 M 51
BR==(AOR+AOR) %#(G(241)#P214+C24P22) M s2
BT=AOR¥(G(2+1)%#DP21+C2%DP22) M 53
BP=AORX(G(1+2)#CP2=G(2+2) #5P2) #P22 M oS4
IF (NMAX=3) 114646 M 85
SP3=(SP2+SP2) #CP2 M s6
CP3=(CP2+SP2) * (CP2-5P2) M 57




P31=P21%P21-0333333333

pl32=P21%P22

pP33=p22*Pz2

DP31=-P32-P32

DP32=P21#P21=-P33

DP33=-DP31

AOR=AOR*AR

C2=G(3+2)#CP2+G(143)#35P2
C3=G(3+3)*CP3+G(243)#5P3
BR=BR-3,0%A0R* (G (3,1 )#P31+C2#P32+C3%#P33)
BT=BT+AOR*¥(G(3,1)*¥DP31+C2%¥DP32+C3%DP33)

BP=BP~AORX( (G (34+2)#SP2=G(143)%CP2)¥P32+240%¥ (G(3¢3)1¥SP3-G(243)*CP3)

1%P33)

N= 4

IF (NMAX=4) 114747
SP4=SP2%CP3+CP2*SP3
CR4=CP2#CP3~-SP2%*SP3
P41=P21%P31~026666666%P21
DP41=P21%DPI314DP21#*#P31~0.26666666%#DP21
P42=P21#P32-0.20000000%P22
DP42=P21#DP32+DP21%¥P32~0.20000000#DP22
P43=pP21#P33

DP43=P21 *¥DP33+DP21%P33

P44=P22#P33

DP44=3,0%P43

AOR=AOR*AR

C2=G(442)%CP24+G(1+4)#5P2
C3=G(4+3)%#CP3+G (244 ) *¥SP3
Ca4=G(44+4)%*CPA4+G(3+44) %SP4

BR=BR=4,0%AORX (G (441 )%¥P41+C2%¥P42+C3%P43+C4#P44)
BT=BT+AOR®*(G(4,1)%DP41+C2%¥DP42+C3%DP43+C4%DP44)
BPzBP-AOR*( (G(442)%SP2~G(1 44)#CP2)¥P42+20% (G(443)%¥SP3=G(2+4)%*CP3)

1%P4343,0%(G(444)*3PA=G(3.4)%CP4)*¥P44)
IF (NMAX-5) 11:8,8

SPS= (SP3+5P3) #CP3
CPS5=(CP3+SP3)#(CP3=5P3)
PS1=P21#P41=0.25714285%P31
DRS1=P21%#DP41+DP21#P41-0.25714285%DP31
PS2=P21%P42~0.22857142%P32

DPS2=P21 ¥DP42+DP21#P42—-022857142%DP32
PS3=P21%P43=0.14285714%P33
DPS3=P21#DP43+DP21 #P43~0. 1426571 4%DP33
P54=P21%P44

DP54=P21 *DP44+DP21%P44

PS5=P22#P44

DPS5=440%P54

AOR=AOR®AR :
C2=G(S542)¥CP2+G(1:5)*¥SP2
C3=G(S543)%CP3+G(245) *SP3
Ca4=G(S544)%CP4+G(345) *SP4
C5:G(5¢5)¥CP5+G{445) *SPS

BR=BR=S,0*A0RX (G(S,4 1) #PE1+C2%PS2+C3#PS5S3+C4%XPS4+CSXPSH)
BT=BT+AOR*¥(G(S4¢1)%#DP51+C2#DPS52+C3*#DPS3+C4%xDPZ4+CES*¥DPSS)

BP=BP-AOR¥ ((G(S42)%#SP2=G(14S)%CP2)*¥PS2+2.0% (G(S543)*¥SP3-G(2+5)%CP3)
1%¥PS343¢0%(G(544)%SP4=G(3,S5)#CP4IXPS4L4+4 0% (G(5,5S)*SP5-G(4¢5)*CP5) *P

25%)
N= 6
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IF (NMAX=6) 114949

SP6=SP2%CP5+CP2%*SPS
CPRE6=CP2¥CPS-SP2%SPS
P61=P21%¥P5S1~025396825%P41

DP61=P21 ¥DPS1+DP21%P51-0.25396825%#DP41
P62=P21#P52~0.23809523#P42

DP62=P21 #¥DPS2+DP21%¥P52-0.23809523#DP42
P63=P21#P53~0,19047619#P43

DP63=P21 *¥DPS3+DP21%¥P53-0+19047613%DP43
P64=P21%P54~0s11111111%P44

DPE4=P21 ¥DPS4+DP21%#P54-0,11111111%DP44
P6S=P21#P55

DP65=P21 *DPSS+DP21 ¥PES

P66=P22%#P55

DP66=5.0%P65

AOR=AOR®*AR

C2=G(642)#CP2+G( 146) #5P2
C3=G(643)#CP3+G(246) *¥5P3
Ca4=G(644)#CP4+G(346) #5P4

CS=G (55 ) #CPS+G(446) *¥5PS
CE=G(6+6)#CPE+G(S46) #5P6

BR=BR=6,0%A0R¥ (G (641 ) #PHE1 +C2#PE2+CIRPOEI+CARPE4+CEXPESH+COERPES)
BT=BT+AOR¥ (G (641 )%¥DP61+C2%#DP 62+ C3*¥DPE3+CA4XDPC4+CSRDPES+CERDPES)
BP=BP-AOR*( (G(6+2)%#SP2-G(14+6)*¥CP2)#POE2+2s 0N (G(H43INSPI-G(246)*CPL3)
1#PE3+3.0%(G(6414) HSPU=G(3416)#CPU)IXPEL+4 0% (C(H4S)ASPS-G(446)*xTPS )y *P

2654+5s0%(G(H+6)RSPE~G(5+6)%CP6H ) #¥PESL)
IF (NMAX=7) 11410410
SP7=(SP4+SP4) *CP4
CP7=(CPR4+SP4)*#(CP4~-SP4)
P71=P21#P61~-025252525%P51
DP71=P21 #DP61+DP21 #¥P61~025252525%DP51
P72=P21#P62-0424242424%P52
DP72=P21#DP62+DP21 #P62~0+24242424%DPS2
P73=P21%#P63=0,21212121%P53
DP73=P21%DP63+DP21%P63-0.21212121%DPS53
P74=P21#P64~-0,16161616%P54
DP74=P21 #DP64+DP21 ¥PEA-0,16161616%DP54
P75=P21%P65-0.09090909#PSS
DP75=pP21 #DP65+DP21#P65-0.09090903#DP5S
P76=P21%P66
DP76=P21*%DP66+DP21%P66
P77=P22%P66
DP77=6+0%P76
AOR=AOR#AR
C2=G(T7+2)%CP2+G(147)%5P2
C3=G(T7e3)%CP3+G(2,47)%5P3
Ca=G({T744)2CP4+G(3+7)RSPY4
CS=G(T7+¢S5)#CPS+G(447) %5PS
CHE=G(T746)%CPE+G(S547) #5P6E
C7=CG(T747)RCPT+G(6ET)X5P7

BR=BR=7,0%A0R®(G( T4 1) *¥P714C2%¥PT72+C3#P734+CA4RP T4+ SAPTISH+IORPTE+C 7X*PT

17)

BT=BT+AORX(G( 741 )%¥DP71+C2%¥DP72+C3*¥DPT73+C4#DP744+CS*DP75+CEXDPT7E6E4+CT7H

10P77)

BP=BP—-AOR#*( (G(7+2)%SP2-G(1+7)%CP2)*PT72+2+0% (G(7¢3)%*¥SP3-G(24+47)%*CP3)
1%#P7343¢0*(G(T44)%SPR-G(347)%¥CP4)%¥PT74+4¢0%* (G(T45)XSPS=G(4,47)%*CP5) *P
275+5-O*(G(796)*SP6-G(597)f£E§)§RZ§$§cO*(6(797)*597—6(6-7)*CD7)*D77

3) .
BP=BP/P22#%#1.E~5

BT=BT#*1 ,F=-5

BR=BR#1 ,E~5

B=SQRT (BR*BR+BT*ET+3P*¥BP)
RETURN

END 66
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SUBROUTINE SPLINE (XaYsY2DOT M) N

DIMENSION X(400)s Y(400)s D(400)s P(400)s E(400)s A(400+3)s B(400) N

le Y2DOT(400) N
N

THIS SUBROUTINE GENERATES COEFFICIENTS NEEDED FOR A SPLINE N

INTERPOLATION. GIVEN M VALUES OF X (INDEPENDENT VARIABLE) N

AND THE CORRESPONDING Y VALUES (DEPENDENT VARIABLE)s, THE ROUTINE N

CALCULATES THE VALUES OF THE 2ND DERIVATIVE (Y2DOT) AT CACH VALUE N

Xe M IS THE NUMBER OF DATA POINTS, N

N

DO 1 [=2M N

IF (X(l)eLEeX(I=-1)) GO TO 2 N

CONT INUE N

GO TO 3 N

WRITE (648) N

WRITE (6+49) (1eX(IVaY(I)sl=14M) N

CONT INUE N

IF (MeGTe400) WRITE (6410) N

IF (MeGT4400) STOP N

IF (MeLTe4) WRITE (6411) N

IF (MeLTe4) STOP N

MM=M=1 N

DO 4 K=1 MM N

DIKY=X(K+1)=X(K) N

P(K)=D(K) /6 N

E(K)=(Y(K+1)=Y(K))/D(K) N

DO 5 K=24+MM ' N

B(K)=E(K)=E(K=1) N
A(142)==1e=-D(1)/D(2) N

A(143)=D(1)/D(2) : N

A(2+3)=P(2)=P(1)*A(]43) N

B(2:2)=2e%(P{1)+P(2))=P(1)%*A(1,2) N
A(2¢3)=A(2:3)/78(242) N
B(2)=B(2)1/A(24+2) N
DO 6 K=3¢MM _ N

A(K42)z2 ¢ # (P(K=1)+P(K))=P(K=1)%#A(K=~143) N

B(K)=B(K)=P(K—-1)%B(K~1) N
A(K+3)=P(K)/A(K2) N

B(K)=B(K)/A(Ks2) N
Q=D(M=2)/D(M=1) N
A(Myl1)=1e+Q+A(M=243) N
A(My2)==Q=A(My1)*¥A(M=1,3) N
B(M)=B(M=2)=A(Ms1)*¥B(M=1) N
Y2DOT(M)=B (M) /A(Ms2) N

MN=M=2 . N
DO 7 1=1+MN N
K=M=1 N
Y2DOT(K)=B(K)I=A(Ks3)#Y2DOT(K+1) N

Y2DOT(1)==~A(142)%Y2DOT(2)=A(1+3)%*Y2DOT(3) ’ N

RETURN N
N

FORMAT (33H X SHOULD BE INCREASING IN SPLINE.) N
FORMAT (110+.2E2046) N
FORMAT (73H INCREASE THE DIMENSION OF ALL DIMENSIONED VARIAELES IN N
1 SPLINE AND YSPLNe) N
FORMAT (46H AT LEAST 4 POINTS ARE NEECED IN THIS ROUTINE.) N
N

END
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SUBROUTINE YSPLN (X sY I NPTS,Y2DOT ¢ UNKX ¢ UNKY )

SPLINE INTERPOLATION ROUTINE USING Y2DOT VALUES CALCULATED IN
SUBROUTINE SPLINE.

GIVEN NPTS VALUES OF X (INDEPENDENT VARIABLE) AND THEIR CORRESPON=-
DING Y VALUES (DEPENDENT VARITABLE) AND VALUES OF THE 2ND DERIV-
ATIVE (Y2DOT) AT EACH POINT,s ROUTINE INTERPOLATES FOR Y (UNKY)

AT X=UNKXse

DIMENSION X(40C)s Y(400)s Y2DOT(400)
INTERPOLATION INTEPVAL SEARCH

NBG=1

NND=NPTS

MPL =NPTE/2+1

IF (NPTS=2) 14242
WRITE (64.18)

STOP

IF (UNKX=X({MDL)) 3+648
IF (MDL-NBG=1) 44447
IF (UNKX=X(NEG)}? S45+6
NK=NBG-1

GO TO 13

NK=MDL -1

GO TO 13

NND=MD{.

MDL =NBG+ (NND-NBG) /2

GO TO 2

IF (NND=MDL-1) 9,9,12
IF (UNKX=X{NND)) 10411411
NK=MDL

GO TO 13

NK =NND

GO TO 13

NBG=MDL

MDL =NBG+ (NND-MDL ) /2

GO TO 2

IF (NK) 15414415

NK=1

GO TO 17

IF (NK=NPTS) 17416417
NK=NPTS~1

INTERPOLATION FOR UNKY

VRX1I=X(NK+1)=-UNKX
VRX2=UNK X=X (NK)

VRY 1 =Y (NK)

VRYZ2=Y (NK+1)

DNK =X (NK+1) =X (NK)
TRM1=Y2DOT(NK)#VRX1#%3
TRM2=Y2DOT (NK+1 ) #¥VRX2%*3
TRM3=(TRMI1+TRM2) /(6 ¢ O*DNK)
UNKY=TRM3

TRM1=VRY 1/DNK
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TRM2=Y2DOT (NK) *DNK/6 40
TRM3=VRX 1*(TRM1-TRM2)
UNKY=z=UNKY+TRM3

TRM1 =vRY2/DNK
TRM2=Y2DOT(NK+1 ) #DNK/6+0
TRM3=VRX2* (TRM1~-TRM2)
UNKY=UNKY+TRM3

THE COMPLETE EXPRESSION FOR UNKY

UNKY=(Y2DOT (NK) #VRX1%#*¥3+Y2DOT(NK+1 ) #VRX2*%#3) /(6 0*¥DNK ) +VRX1*# (VRY 1/
IDNK=-Y2DOT (NK) #DNK/6 ¢ 0) +VRX2# ( VRY2/DNK=Y2DOT (NK+ 1) *#DNK/640)

RETURN

FORMAT (79H1PROGRAM HALT IN SUBROUTINE YSPLN----SEARCH LIST CONTAI

INS LESS THAN TwWO POINTSe.)
END

IS GIVEN BY
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