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SUMMARY

A general purpose ionospheric ray tracing procedure is developed. The procedure
is based on a numerical solution to the Haselgrove ray tracing equations and
includes calculations of ionospherically induced Doppler shift. The procedure
can handle a wide variety of ionospheric descriptions and includes the effect of
the Earth’s magnetic field.

© COMMONWEALTH OF AUSTRALIA 1993

AUG93

APPROVED FOR PUBLIC RELEASE

POSTAL ADDRESS: Director, Surveillance Research Laboratory, PO Box 1500, Salisbury, South Australia, 5108

UNCLASSIFIED

e ———— C i —— ———




B e ok O 2 |

SRL-0131-TR UNCLASSIFIED

This work is copyright. Apart from any fair dealing for the purpose of study, research,
criticism or review, as permitted under the Copyright Act 1968, no part may be
reproduced by any process without written permission. Copyright is the responsibility
of the Director Publishing and Marketing, AGPS. Inguiries should be direcied to the
Manager, AGPS Press. GPO Box 84, Canberra ACT 2601.

UNCLASSIFIED

N ——




UNCLASSIFIED SRL-0131-TR
CONTENTS
Page No
L INTRODUCTION | .. e e e e i i
2 THEORY .ot e e e e 1
3 IMPLEMENTATION .. .ot et e e 3
4 THE PROCEDURE . ... ... ittt e ettt 5
5 CONCLUSIONS ... e e e e e e 7
REFERENCES . .. e e 9
APPENDICES
A The Ray Tracing Software . .. ... ...ttt it et e e e 18
UNCLASSIFIED jii




SRL-0131-TR

UNCLASSIFIED

THIS IS A BLANK PAGE

UNCLASSIFIED

e

S e e e




UNCLASSIFIED SRL-0131-TR

1 INTRODUCTION

Radiowave systems that rely on the ionosphere have a need for reliable predictions of propagaton
performance. Unfortunately. the ionosphere has an exuremely compiex morphology that is
:ontinually changing and so these predictions are by no means easy. The ionosphernic structure can
te derived from soundings and models, but the effect on propagation can only be gauged from
sclutons to the appropriate clectromagnetic ficld equations. For HF radiowaves, however, a
gemetric optics approximation is often adequate and so the propagativn can be studied through a
suitable ray tracing procedure. Such a procedure needs to take account of the Earth's magnetic field
and 10 accept a variety of ionospheric descriptions. In addition, it will need to calculale quantities
such as phase path, group path and ionospheric Doppler shift. It is the purpose of the current report
to describe a computer procedure that can meet these demands.

Sectior: 2 of this report presents the theoretical results upon which the procedure is based, Section 3

outlines the numerical techniques that are employed and Section 4 discusses the use of the
procedurz. The computer impiementation is contained in Appendix A.

2 THEORY !

The core of the procedure is based on a numerical solution to the Haselgrove ray tracing equations
(Haselgrove, 1955, 1960 and 1963). These ordinary differential equations (ODE’s) are given by

dx
— = Ju-KYv %))
dt i +
and
ay, axX ao(Yv)
e _§Z+}’:(Ku,+MYv/)T;'.L (2)

where X=8.06x10=N/f2, f is the wave frequency (MH2z), N is the electron density {electrons
cm2), Y=£f/f and f, is the gyrofrequency (MH2). Variable T paramelerises the trajectory, X is a
position vector, u is a vector that is normal to the wavefront and ¥ is a unit vector in the direction
of the magnetic field. Guantities J, K, L and M are defined by

J T 22(1-X-Y)p+Y(1+(v.u)?), K= -2Xuw(pY-1) 3
L = ¥(1-Y)p?-2(1-X~Y)p-Y, M - 2Xp(pY-1) (4

where p satisfies the quadrasic

1-X-Y)p2+ V(1 (v ) p-(v.4? = 0 (5)

and the different roots correspund to the ordinary and extraordinary rays.
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In the current work, the Eaith’s magnetic field is represented by a tilied dipole
M.(x-x
8= -v(ﬂ] (6)

- 3
|x~x, |

where M is the magnetic moment (Davies, 1990) and X, is the position of the dipole.
The phase path P satisfies

- ucosa = )
the group path P’
daP’ ds (8)

= | cosa —2
TH adl:

and the ionospheric doppler shift Af (Bennett, 1967)

daf fon ds

= -2 cosa —> (9
& cot ot

where s is the distance along the ray (ds=|dx|) and a is the angle between the wave normal and
the ray directicn. The refractive index | is derived from the Appleton-Hartree equation (Davies,
1990)

2X(1 - X)

— (10)
2(1 - X) - Y2 sin?B £ { Y* sin*B + 4 Y2(1-X)? cos?B

where B s the angle between the wave normal and the magnetic field of Earth. The expression for

the group refractive index W' is derived from W’ =.%( fu).

In the case that the magnetic field can be ignored, the trajectories are calculated according to

dx
= (1)
x® Y
and
dul - _1 ax 12
& 2ox (2)

where the new t can be mcipreted as the group path.
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3 IMPLEMENTATION

The two most important issues in the implementation of the above scheme are the choice of
ionospheric representation and the technique for solving the ODE’s. In the present work, the ODE's
are solved by a Runge-Kutta-Fehiberg (RKF) scheme that can be described as follows. Consider the
vector system

dz
= = {2zt (13)
= " {2
with z=2 _at time t,. Form, in order, the vectors
k = hf(t.2) (14)
k=h(t+1h z+‘k) (15)
-2 -1 % z =k g
- 3 3,.9
o ("*E" 2k ?2‘5*] o
12 1932, 7200, . 7296
k =hft+12h K - 1299 k a7
S [*"13 & 3reT 2197-9“2197-%}
) 439 3680 , _ 845
&= ("‘*h RO T L A 56"3‘1"‘5‘) e
1 8 3544, 1859, 11
k =hflt+=h,z-_"k+2k - k k -—k (19)
s -(* 3 S 3T % B (4704 4 -6)
These will yield fourth order
) 25 1048, 2197, 1
272 o5kt ok T 5k (@)
and fifth order
16 6656 , _ 28561 9 2
A L I L LI @0

Runge-Kutta approximations to the solution Z=z, . at time ¢ =t +h. An estimate of the error
incurred in the fourth order scheme is given by the difference between the fourth and fifth order
approximations. [n the RKF method, the steplength is adjusted such that this error remains below a
preassigned value. The fifth order solution is used, however, for improved accuracy. The resulting
scheme is extremely flexible and can adjust to the demands of a highly varving ionosphere. It the
present application, the vector Z has nine components. These consist of the position and wave
normal components together with the phase path, the group path and the Doppler shift. The
corresponding ODE’s are given by equations (1), (2), (7), (8) and (9).
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Three options for the representation of ionospheric electron density have been incorporated into the
current computer procedure, The simplest of these allows the electron density to be defined through
the function subroutine ELDEN. This is an extremely general facility that can accept mostC'
functions. (Since numerical derivatives are vsed in this option, it might experience difficulties if the
tonosphere has extremely rapid variations.)

The second option provides for a description in terms of layer parameters. These are defined on a
regular geographic grid (fixed increments in longitude and latitude) for two time slices. There are
three layers (E, F1 and F2) which are defined through their heights (hmE, hmF1 and hmF2), the
plasma frequencies at these heights (foE, foF1 and foF2) and the layer thicknesses (ymE, ymF ! and
ymF2). The electron density profile is composed of Chapman layers, that is

- 1 2(h-hmE)), 1 2(h-hmF1)), V2(h-hmF2 | (22)
N - N'C"('z"—m—) Nzc”[‘z"‘wr—) NeCh Y — }

where

CHC,x) = exp(C(1 -x-exp(-x))) (23)

and the coefficients N, are chosen such the electron density has the correct values at the layer
heights (a plasma frequency of f, MHz corresponds to electron density of 12407f2 electrons per

em?®). In order to estimate the density values between the grid points, some sort of interpolation
scheme is required. Although sophisticated approaches such as cubic splines are desirable, these are
too inefficient for a general purpose procedure. Instead, the muiti-dimensional interpolation is built
out of a series of localised one dimensional cubic interpolations. Consider the meridian that passes
through the point of interest and calculate its intersection with the four closest parallels that pass
through grid points. Derive values at the points of intersection by use of one dimensional
interpolations along each of the parallels. The value at the point of interest is obtained by means of
a one dimensional interpolation between the points of intersection.

There are several possibilities for the one dimensional interpolation and (wo options are included in
the current procedure. The first provides an approximation with C' continvity. Let the grid points
be located a unit distance apart and the desired point lie between the middle points a distance u
from the second point. If the data has values e,, e,, €, and e, at the interpolation points, the
value at the desired point is approximately

5u? 3u®

+

2 2

3 3 3 2
e(,(uz-;-“?) ve,(1- ) +e5(g +2 u2—3_g_..)+e2(f'§. -2 (24)

If the data points are sparse, it has been found advisable to sacrifice the C' continuity and to use
Lugrange interpolation instead. In this case, the value at the desired point is approximately

—%’.u(u—1)(u—2)+.eé?.(u+1)(u-1)(u—2)-%(uﬂ)u(u~2)+_661(u+1)u(u-1) (25)

The third option for ionospheric representation replaces the Chapman layers with a set of samples
above each geographical grid point. Sampling is uniform and so the above geographic interpolation
scheme can be extended to include the extra dimension. This option is by far the most efficient and
is recommended when a large number of rays are to be traced.
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4 THE PROCEDURE

The ray tracing procedure has been implemented as the FORTRAN subroutine HASEL. Each call

to this subroutine will trace rays that are launched at a given elevation, in a given direction, from a

given starting point and with a given wave frequency. The rays can be traced for up to three hops

when the effect of Earth’s magnetic field is included and for up to ten hops when not. A typical call
3 to the subroutine is of the form

CALL HASEL(Long,Lat,Elav,Bear,Freq,Cha,Nos,Out, Type,Tol,M,L)

where the input parameters are defined as follows:

) b Long is a real*8 variable that specifies the geographic longitude of the start point (in
degrees).
2) Lat is a real*8 variable that specifies the geographic latitude of the start point (in degrees).
» Elav is a real*$ variable that specifies the initial elevation of the ray (in degrees).
4) Bear is a reai*8 variable that specifies the initial bearing of the ray (degrees East from
North).
’ 5 Freq is a real*8 variable that specifies the wave frequency (in MHz).
6) Tol is a real*8 variable that specifies the tolerance for the RKF method at cach step (in
kilometres).
7 Cha is a character variable that has the value 'y’ if the effect of Earth’s magnetic field is o
be included and 'n’ if not.
A Nos is an integer variable that specifies the number of hops that are required (this
) parameter is altered on exit from the subroutine).
9) M is an integer variable that specifies the type of ionospheric representation. The analytic

representation using subroutine ELDEN is chosen when M=7, the layer model defined on a
geographic grid when M=6 or -6 and the representation in terms of height samples on a
geographic grid when M=10 or -10. (Negative values of M invoke the Lagrange
interpolation option.)

» h L is an integer variable that specifies the channel number on which details concerning the
ray trajectories are (o be output (if L < 1 this information will be omitted). For each step of
the RKF scheme, this option outputs the height above the ground, the longitude and the
latitude. In addition, the angle between the ray and Earth’s magnetic field is output.

The function option (M=7) defines the ionosphere through the real*8 function subroutine ELDEN.
This subroutine bas four real*$ arguments consisting of time elapsed (measured in seconds from the
start of ray tracing), longitude (in degrees), lati*ude (in degrees) and distance from Earth’s centre (in
kilometres). A rypical example of ELDEN is as follows:

REAL*R ELDEN(t,long,latr)
implicit real*8 (a-1,n-z)

common /dat/foE,imE,ymE, foF [ ,hmF [, ymF1,foF2,hmF2,ymF2,re,model
H=100.0d0

hmF2=350.0d0

foF2=12.0d0

i vel=.04
x={r-6378.1d0-hmF2-vel*t)/H
NF2=12407*foF2**2
ELDEN=NF2*exp(1.0d0-x-exp(-x}}
return

end

; This represents a Chapman layer ionosphere with peak height that rises at a constant speed.
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The common block is optional, but can be used t0 pass back information concerning ithe layer
heights and hence allow a meaningful labelling of rays.

The grid options (M = 6,-6,10 or -10) require further information to be passed from the calling
program through a common block. The following statement will need to be placed in the calling

program

COMMON /grid/MinLaMinLo,MinR,DLa,DLo,DR,DT,Grid, NR.NLa,NLo

with the parameters defined as follows:

a)
b)
<)
d)
¢)
N
g)

h)

i)
7
k)

Minla is a real*8 variable that specifies the minimum latitude on the grid (iu
degrees).

MinLo is a real*8 variable that specifies the minimum longitude on the grid (in
degrees).

MinR is a real*8 variable that specifies the minimum distance (in kilometres) of
the grid from Earth’s centre {options 10 or -10).

DLa is a real*8 variable that specifies the increment in latitude on the gnd (in
degrees).

DLo is a real*8 variable that specifies the increment in longitude on the grid (in
degrees).

DR is a real*8 variable that specifies the increment in height on the grid (in
kilometres).

DT is a real*8 variable that specifies the increment in time between the time slices
(in seconds).

GRID is a three argument real*4 array that contains grid values of either the layer
paramelters or the electron density. The third argument of the array fixes the time
slice and can only have the values 1 or 2. Geographical location is specified by the
second argument. As this argument increases, it runs castwards along rows of
constant latitude in tum. The rows start ar the minimum latitude and move
upwards. The meaning of the first argument d2pends on the value of M. For M=6
or -6, the argument values 1 to 9 label the layer parameters foE, hmE, ymE, foFi,
hmF1, ymFl, foF2, hmF2, ymF2 in order (frequencies in MHz and lengths in
kilometres). In the case that M=10 or -10, tte first argument labels the height

samples of electron density (electrons cm =) starting at the lowest beight and
moving upwards. The dimensions of the first ard second arguments should be set
to the largest values that will be required. (For ootions M=6,-6,10 or -10, the armay
GRID must be defined in the calling program.)

NR is an integer variable that specifies the number sample heights.

NLa is an integer variable that specifies the number of sample latitudes.

NLo is an integer variable that specifies the number of sample longitudes.

The output from HASEL is contained in the variables Out, Type and Nos. These are defined as

follows:
1) Nos s an integer variable that specifies the total number of rays traced.
2) Out is a two argument real*8 array (dimensions 11 and 14 respectively) that contains

inform.ation about the rays. Each ray is labelled by the secord argument (values from 1 to
Nos). The first argument labels the ray attributes as follows:

Oud 1,*Y = Doppler shift (Hz)

Out(2,*) = ground range (kilometres)
Out(3,*) = group path (kilometres)
Out(4,*) = phase path (kilometres)
Ouy(5,*) = maximum height (kilometres)

UNCLASSIFIED
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Out(6,*) = iniual elevation (degrees)

Out(7,*) = final elevation {(degrees)

Out(8,*) = final longitude (degrees)

Out(9,*) = final latitude (degrees)

Out(10,*) = bearing (degrees East from North)
Out(11,*) = wave frequency (MHz).

kY Type is a character*21 array (dimension 14) that contains information concerning the mode
of the ray that corresponds to the argument.

There is an additional facility for situations where the ionosphere is periodic in longitude. If the
value of variabie nos is negated, the geographic mesh (options m= 10, -10, 6 or -6 only) wili be
treated as one period of a periodic structure. This facility is extremely useful for an ionosphere that
does not vary with longitude (set nlo=1 in this case).

5 CONCLUSIONS

The present report has described a ray tracing procedure that can analyse the propagation of
radiowaves through a variety of ionospheres and includes the effect of the Earth’s magnetic field.
There are numerous uses for the procedure, mainly in the areas of propagation prediction and
ionospheric research. in particular, two recent applications are the simulation of backscater
ionograms and some investigations of the Doppler characteristics of radiowaves that propagate
through travelling ionospheric disturbances. A version that estimates irregularity induced Doppler
spreading has also been developed and this has been used to investigate the phenomenon of Doppler
spread clutter.
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APPENDIX A The Ray Tracing Software

t"".ﬁ.".'..t.'.ittQ.ti"".tittt..tt"tlt"ﬁ'.'..."OQ‘."..C"'Q'."
L2 3A X2 RASBL (Verﬂion 2.2) LA A A X AT 22222222222 RY 22 A AR 2 2 4
LA A AR 242 2 242 2222222222 2 2 ¥ I e Y Y R R e 232322222223
* The following routine performs icnosheric ray tracing. It can accept *
* a variety of ionospheres and uses a Runge-Kutta-Pehlberg scheme to -
* solve the Haselgrove eguations. .
LA A AR A2 R A A a2 L I R 2 Y Y Y Y Y P Y Y R X 2 2 2 2 2 R I
* Unless otherwise stated, all distances are in kilometres, angles in *

* degrees, frequencies in MegaHertz and time in seconds. hd
(22222422222 222 22222 2222222 2 ¥ 2 2 2 I R R P Y R R R Y R R R R R R R 22}

L2222 1nput LA A A2 T2 R RS2 A R X2 a2 A X2 2 2RI 22 2 F I R SR R F SRS TR T 2 Y
* REAL*S
* along = longitude of the start point (degrees E of W)

alat = latitude of start point (degrees, -ve for § of EgQuator)
elav = initial elevation {(degrees from horizontal)

bear = initial bearing (degrees east from north)

£ = wave frequency

tol = tolerance (Kms) at each step of raytracing (a value of

1.4-6 is sufficient 1in most casges)
CHARACTER
cha = 'y’ if magnetic flelds are to be included, 'n’ otherwise
INTEGER
nos = number of hops (changed on ocutput to total number of rays)
1 = channel number for ray trajectory information (0 if no
information required)
= 7 for an analytic model that 18 described Ly REAL*S
function ELDEN
6 for a dascription in terms :
of layer parameters on a 2D : information passed

8

grid at two time slices via the common
10 for a description in terms block GRID

of electron density values

on a 3D grid at two time

slices
LA MR A A2 2R L 22222222 R2 22222 X FE 22 R TETRI RS XSRS PRI LSRR 2

RN ES Qutput LAAAAL AL Rl RS2 A2 22 A 222222 X2 X222 X2 2232 X222 X222 X222 22 )

LR R BN BN BN BN IR AN 2N IR BN N BN NEE N NN Y
% % % % ¢ % 4 0 8 0 % BN E LSS eSS

o sy e

* REAL*%S hd
* out(i,*) = doppler shift (Hz) : bl
* out{2,*) = ground range : -
* out(3,*} = group path H b
* out(4,*) = phase path, : A
* out(5,*) = maximum height : d
* out(6,*) = initial elevation : * refers to the ray number .
* out(7,*) = final elevation : .
* out(8,*) = final longitude H .
* out{9,*) = final latitude : *
* out(10,*) = bearing s .
* out(1l,*) = fregquency : -
* CHARACTER*21 : *
*  typo(*) = mode H hd
* INTEGER *
* nos = number of rays traced ol
* Note: *
- Ttre program outputs the ray trajectory and values of the i
* angle between the ray and Earth’s magnetic fiaeld. Each A
d line of cutput will consist of a height, a longitude, a A
» L ]

latitude and an angle.
LA AR AR 4222222 X222 222222222222 22222 22222222222 22222 XX 2SR RSS2 22 2 2 2

TV EN gUBTOULINGS TEQUITAA TR TE AT AN CE NP AR C AN R AR LR N RN PRI RPN IR RN AN
* LAYERHT, RRP, FUNC, LAYERX, TERP, DTERP, ELDEN, ELECTRONR, ELDENX *
* ELECTRON, MAGNETIC *

LA A Z2 R 222X 2222 AR 2R 222 2 2 22T T XY R R YRR R R R TR AR RSS2 R X EY ST YRR R )
t¢esd common block ( to be set by user under certain options) *eeseeesess

* The parametsrs of the common block GRID ara, in order, *
* REAL*8 *
* blhla = lowsst value of latitude *
* blhlo = lowest value of longitude *
*  rmg = height of icnosphere above the Earth centre hd
* dla = latitude increment .
*  4lo = longitude increment -
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LA AL AR R A N R R R I IR I NN NN S ey

dr
dat

g = height increment (for m = 10 only)
z = time between temporal slices

INTEGER

nr
nl
nl

= number of height samples for m = 10 or 9 for m = 6
a = number of latitude samples
° = numhber of longitude samples

REAL*4

yp

for

for
12
and
i3

Not

{(11,12,43) = electron density samples if m = 10
or layer parameter samples if m = 6

m=§ Yp contains the il1‘th layer parameter in the list
toE, hmE, ymE, foF1, kmFl, ymPl, foF2, hnF2, ymP2 (frequencies
in MHz and heights in XKm)

m=10 yp contains electron density (electrons per cubic cm)
samples at height rmg+(11-1)*drg

= (1-1)*nlo+j for the samples at latitude blhla+(1-1)*dla
longitude blhlo+(j-1)*dlo

labels the time slice (1 or 2)

es:

1) Maximum values of il and 12 have been set at 61 and 961. If

these limits are to be changed, remember to alter for all
occurencas of yp.

2) A maximum value of 10Km is adviased for drg , 5 degrees for dla

and 5 degrees for dlo.

R R R R EE LSRR SSE PSS EE e

(24 A2 RS2 2 a2 2 2 A2 A2 22 R 222222 2R 22 22 2 AR 2 22 IR ROy ey
L 2843 -1 BRAAAEAS AL A LA A LA A A AL R A AR A A A A A A A s a2 i sy,

L2
*

L3R 2N 3N BN )

wew

1)

2)
3)
4)

If tol = -tolerence the program will execute faster, but the
doppler will be based on a stationary lonosphere.

If 1«1 no ray path data will be output.

If m«<0 Lagrange interpolation is used.

If nos<0 the loncsphere will be given a periodic extension in
longitude.

*

LK 3 BN J

LA A A A AL A a2 222 2 a2 222 22 X2 X222 2222 2222 X222 2R 22222 R2 2222 RS2 220}
*RERE common blocks that are int@tnal (ZAZAA R AL L2 22222222 X2 2222222

*

LN BN B N I B N N R AN

L AARA AL AR A A2 A A R A A A A ARl A2 A2 222 R 22 A2 2222 X 2R 2222222 FY YT 2]

DAT
fok
par
mod
APP

for Lagrange interpolaticr and ‘S’ for smooth jointed interpolation.

MAG
rea

holds (in order) current values (real*8) of layer parameters

, hmE, ymE, foFl, hmPFl, ymPl, foF2, hmF2 and ymP2. The final two
ameters are the Earths radius (real*8 in Kms) and the current

el {(an integer).

ROX consists of a single character variable that has value ‘L’

has eight real*8 variablesa followed by an integer variable. The
1 variables are the current gyrofrequency (MHz), the wave

frequency (MHz), the Cartesian coordinates (Earth centred) of the

the
ord
are

magnetic dipole and the dipole moments. The integer variable has

value 0 when the magnetic is to be ignored, a value 1 when
inary rays are to be traced and value -1 when extraordinary rays
to be traced.

L2 2 BN BN R BN NN N NN NN NN NN BN

subroutine HASEL(along,alat,elav,bear,f,cha, nos,out,typo,tol,m,1)

implicit real*8 (a-h,o-2)
real*4 yp(61,961,2)
character type*2l,typo*2l,chl,cli*21,cl2*21,cha,app
dimension x(11),ytmp(1ll),xx(11),xtmp(11),0ut(11,14),typo(14)
&,v{3),ryx(3,3)
cormon /dat/foE, mE, ymE, foFl, hmFl, ymPl, foF2, mP2, ymF2, re,model
common /grid/blhla,blhlo, rmg,dla,dlo,drg,dtz,yp.nr,nla,nlo
COMMON /approx/app
comnon /mag/Lhs,fr,xm,ym, zm, pX,pY,pZ.irx
re=6378.13%
scale=45./atan(l.)
n=9
noz=nos
fr=f
1f(m.1t.0) then
apps=’'S’
else
app='L*
endit
nmodel=abs (m)
{f(model.eq.7) Adtz=l.

12
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i1f(tol.1t.0.0) then
dtwadtz
dtz=0.0
endif
tolx=abs(tol)
t+4+4 dipole moment = (pxt,pyt,pzt) and dipole location = (xm,ym,zm) ***
Alat=77.175
dlong=295.7%
pxt=cos (dlat/scale)*cos (dlong/scale)
pyt=cos(dlat/scale)*sin(dlong/scale)
pzt=gin(dlat/scale)
xme-434.66
ym:199.47
zm=80.25
fha=2.8% 31*re**3
px=fhs*pxt/fr
py=ths*pyt/fr
pz=fhs*pzt/fr
if(cha.ne.’'y’) £fhs=0.0
(T2 22X X223 2322222222222 2222 A2 222X 2222222222222 R AXR X2 2
trhla=blhla+real(nla-1)*dla
trhlo=blhlo+real(nlo-1)*dlo
nhop=abs (nos)
if(cha.eq.’n’) then
ira=0
1rb=0
else
ira=1
1irb=2
if(abs{nos).eq.2) nhop=3
if(abs(nos).ge.3) nhop=7
endif
nog=0
I ZZZZZ X2 X222 AR XS R A AR AR 2222202222l 2 2R dR X222 XR Rzl il 2l

do 909 irr=1ira,irdb
L2222 ] ray cYpe loop (2222222222222 22222222 X2 R R 2 RAXR R 2222 X R 212Xt R QR

if(irr.eq.0) then

chl='N’

ir=0

elgse if(irr.eq.l) then

chl='0’

ir=1

else 1f({irr.eq.2) then

chl="X"’

ir=-1

endif
dr=8in(elav/scale)
dt=-cos(alav/scale)*cos (bear/scale)
dp=cos{elav/ascale)*sin(bear/gscale)
phi=atan(1l.)*along/45.
theta=2.*atan(1l.)-atan(l.)*alat/45.
x{(l)=re*sin(thata)*cos(phi)
x(2)=re*sin(theta)*asin(phi)
x(3)=re*cos(theta)
x1=x(1)

X2=x(2)
x3=x{3}
x(4)=dr*sin(theta)*cos(phi)+dt*cos(theta)*cos({phi)-Aap*sin(phi)
x(5)=dr*sin(theta)*sin(phi) +dt*cos(theta)*sin(phi)+dp*cos (phi)
x(6)=dr*cos(thata)-dt*sin(theta)

t=0.0
ita=2
istep=1
type=’
x{7)=0.0
x(8)=0.0
x(9)=0.0

(222222 R X2 222222 A2 dR2 2222222222222 2223 X22 222222 RAZ2 2222222 R2dRd)

do 979 ihop=1l,nhop
L X2 X2 ] hop IOOD (2222282222222 22 R XXX RA X222 XA X2 XX 22 X222 X2 2R 22222 3X 2]
zmax=0.0
BCxaqrt (X(4)"*2+x(5)**2+x(6)**2)
x(4)=x(4)/8c
x(5)=x(5) /8¢

UNCLASSIFIED 13
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x(6)=x(6) /8c
: if (cha.eq. ‘Y’ .and.ihop.gt.1) then
4 if(ihop.eq.2) then
do k=1,n
xtmp (k) =x(k)
enddo
ir=1
chl=‘0’
else
if(ihop.eq.3.0or.ihop.eqg.4.0r.lhop.eq.6) ir=-1
if(ihop.eqg.5.0r.1hop.eq.7) iral
if(inop.eq.3) then
do k=1,n
ytmp (k) =x(k)
x(k)=xtmp (k)
enddo
cllstype
ital=itb+1
endif
if(ihop.eqg.4) then
do k=1,n
xtmp (k) =x(k)
enddo
cl2stype
ita2=itb+1l
endif
1f(ir.eq.1l) chi='0O’
if(ir.eq.-1) chl='X’
1f(ihop.eq.4.0r.lhop.eqg.5) then
dno k=1,n
x(k)=ytmp(k)
anddo
typeacll
ita=ital
endif
1f(ihop.eq.6.0r.lhop.eq.7) then

typa=cl2
ita=ita2
endif
endlif
endif
zad=0.0
zed=0.0
itb=1ita+l
type(ita:itb+1)='8’//chl//’ '
1ex=2
if(chl.eqg.’N’) then
type(itb:itb)=" *
itb=ith-1
itx=itx-1
endif
*e*s¢ gtart of calculations for an individual hop *ewwtsdssanddtddsanstn
999 istep=istep+l
do 1=1,6
xx(1)=x(1)
enddo
pl=x(7)
Aopx=x(8)
pp=x(%)
i zbd=zad
zad=zed
xlong=rlong
xlatsrlat
L2 2 21 ng .olv.r' (222X L2222 A2 222222222222 222X 2222 X2 222222 22X X222 )
hmax=50.
hmins=.01
| h=hmax
! call rkf(t,x,n,h,tolx, hmin, hmax)
* x/1) to x(3} = Carteslan coordinates of current ray position
* x'7) to x(9) = group path, doppler shift and phase path at this
¢ location
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LA A A R A R A 2 A Y P T I X Y R Y 2 2 R 2222 2 X R P T s Iy
red=sqrt (x(1)**2+x{2)**2+x{3.**2)
zedl=zed
zed=red-re
rlat=90.-acos (x(3)/red)*scale
if (aba(x(1)).1t.1.04-10) the:
rlong=atan2(x(2),1.04~-10)*scale
else
rlong=atan2 (x(2),x(1))*scale
endif
{f(rlong.lt.0.0) rlong=rlong+360.0
1£(1.gt.0) then
call magnetic{x,v,ryx, ha,dip.dcl, n)
vu=x(4)*v(1)+x(5)*v(2)+x(6)*r(3)
Xt=8Qrt (abs (X(4)**2+X(5)**2+x(6)**2))
angle=acos(.9999999*vu/ (ha*x.))*scale
1f£(zed.gt.0.0) write(l,fmt=":4£15.7)') zed,rlong,rlat, angle
endif
if((rlat.gt.trhla.,or.rlat.lt.blala).and.model.ne.7) go to 909
1if({(rlong.gt.trhlo.or.rlong.1t.nlhlo)
&.and.model.ne.7.and.noz.gt.0; gc to 909
(2 Z 2 X2 X X2 X2 2 X222 22222 222 2R AR R R 2 R A2 REZZ AT S ARSI RIS R N TR TN TR
*4e%* At the current stage of solution
#ws+t 2ed= altitude of the ray
#evet rlong = longitude of ray
w+a++ rlat = latitude of ray
(22222221 R 2222222 2222 X2 a2 Al At A X 222222 R222 2221222222222 )
swes+s label for highest reflection layer of current hop t#**tsssssannsnne
if(zad.gt .max(zbd, zed, zmax)) ther
if (model.eq.10) then
call layerparm(xloang,xlat, hl,b2,h3, £1,£2,£3)
hmE=hl
hmPl=h2
bhmF2=h3
endif
if{(zad.le.hmE) then
{tb=ita+l
type(lta:itb+1)=‘B’'//chl//s’
itx=2
else if(zad.le.hmPl) then
itb=ita+2
type(ita:itb)="Fl1l'//chi
itx=3
else if(zad.le.hmF2) then
itbaita+2
type({ita:itb)='F2'//chl
itx=3
else
itb=ita+l
type{ita:itb+1)='8’//chl/z’ *
itx=2
endif
if(chl.eq.’N’) then
type(itb:itb)=' ’
itb=ith-1
itx=itx-1
endift
endif
L2 2222 X2 2222222222222 2222222222 222X 222228 ARSI 22222222 22 R X R R Y 4
Zmax=max{zad, zmax)
1£(zed.ge.600.) go to 909
1f(zed.gt .0.) go to 999
if(ihop.eq.l.0or.cha.ne.’'y’) ita=ita+ity
sxsve interpolation for values at ground level P**rsrentassssasatrnnnes
popszedl/ (zedl-zed)
do 1=1,6
x(i)=xx(i)+pop*(x(1)-xx(1))
enddo
x1=0.0
xxl-O .O
cogas0.0
do 1i=1,3
xlaxlex(i)**2
xx]le=xxlex(1+3)**2
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cosascosa+x(1)*x(1+3)
enddo
elavf=abs (90.-45.%acos(cosa/sqrt (x1*xxl)) /atan(l.))
8d=aqQrt ((x(1)-Xx1)**2+(x(2)-x2)%*2+({xX(3)~-x3)**2)
8d=2.*re*asin{.5*sd/re)
pl=pl+pop*(x(7)-pl)
DPP=DpP+bOP* (x(9) -pp)
dopx=dopx+pop* (x(8) ~dopx)
x{7)=pl
x{8)=dopx
x(9)=pp
dopx=1.046*dopx
xlong=xlong+pop®* (rlong-xlong)
xlat=xlat+pop*(rlat-xlat)
nos=nos+l
out (1,nos8)=dopx
out (2,nos8)=s8d
out (3,nos)=pl
out {(4,208)=pp
out {5,ncs)=zmax
out (6,nos)=elav
out (7,nos)=alavt
out {8,nos)=xlong
out (9,nos)=xlat
out {10, nos) =bear
out (11, nos)=fr
typo{nos)=type
88=X(1)**2+x(2)**2+x(3)**2
Xr=xX({4)*x(1)+x(5)*x(2)+x(6)*x(3)
x(4)=x(4)-2.*xr*x(1) /88
x(5)=x(5)-2.*xr*x(2)/ss
x(6)=x(6)-2.*xr*x(3) /88
1f(1.gt.0) then
zod=0.0
write(l,fmt="(4£15.7)') zod,xlong,xlat,angle
endif

979 continue

909 continue
1£(tol.1t.0.0) dtz=d4dtw
return
end

LA XX L ] LAYERPARM XA XIS SRS RS2 R R R RS Al 22l Rt il sd ]
(2222 22X 222222222222 2222222 222X 22220 ARd iRt d il sl i il ol il ld ]
' 22 2 2 1ayer parametera at a glven 1°cati°n EPREERCANNE RSN ENOINNNDREORENETEN
2222222222222 R R 2R R R AR R R RS S XA A AL R A2 2222l Rl ] )]
L2222 ) input (22 X2 X222 TR XI YRS YRS A A LA RR 2R 2222 Rd2 2l ad il Rl )dsd ]

* real*s .
* elong = longitude (deg) of sample point -
* elat = latitude (deg) of sample point d
L2222 ) output ' 2 2222222322232 22227222222223 2322222322222 2222222222222 222221
* real?s .
* hl = height of E layer *
* h2 = height of Fl1 layer hd
* h3 = height of F2 layer *
* £1 = critical frequency of E layer .
* £2 = critical freqQuency of Fl1 layer .

* £3 = critical frequency ¢f F2 layer .

X 22 23 222X 2222 X RS NSRS Y22 A A0SR RZ 2222222222222 XXX 22222 X
L2222 subroutin.l roquirod (ISR 222222221222 222222 XX22 222222 3
* ELDENX »
'S 222X XYXZE S22 2SRS SRS AR AL R A AR ARSI 22222222 2 2 )
L2 2 X 23 commen block Y X 2 X2 R 2R X3 X2XX2X2 222222222222 22 X2 2222 X222 XYY 2 Q]
* GRID (defined in HASEL) *
Xy Y22 R X X I N R Y X T R R X X R AR XN XYY R LA AL AR 2R 2222222 2222222 2 )

subroutine layerparm{elong,elat,hl,h2,h3,£1,£2,£3)

implicit real*8 (a-h,o-~2)

real®4 yp(61,961,2)

common /grid/blhla,blhlo,rmg,dla,dlo,drg,dtz,yp,nr,nla,nlo

re=6378.135

rQ=rmg

al0=eldenx (elong,elat, r0,d10,4thet ,ApPhi, 1)

rl=r0+drg

elseldenx(elong,elat,rl,d11,dthet,dphi 1)
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hO=rmg-re
hi=0.0
h2s0.0
h3=0.0
ea=0.0
eb=0.0
ec=0.0
do i=3,nr
r2=rmg+drg*(i-1)
e2=eldenx(elong,elat,r2,d12,dthet,dphi, 1)
a21=(412-410)/(r2-r0)
hh=0.0
aa=0.0
hz=0.0
1£(411*310.1e.1.4-33.and.abs(d11-410).gt.1.4-33) then
L2 32 2] check for m&ximum L2322 222223 X2 2222222 22222222222 2222222222222 2 )
hh= (d11*r0-d10*rl)/(d11-410)-re
ee=(dll*el-d10%el)/(d11-410)
if(hh.gt.100.0) then
if£(hh.1t.140.) then
hi=hh
ea=ee
else
if(hh.1t.230.) then
h2=hh
ebz=ae
algse
hi=hh
eczae
endif
endif
endif
elaa
TANRN check for point Of 1nflecti°n (2222222222222 X222 22222 X222 2 22 2222 )
i£f(1.gt.3) then
if(ri-re.1t.230.) then
i£(d21*d20.1le.1.4-33.and.abs({d21-d20).gt.1.d4-33) then
hz=(d321*r0-d20%rl)/(d21-320)-re
az=(d21*e0-d20%el)/(d21-420)
if(hz.gt.100.0.and.hz.1%.230.) then
if(hz.ge.140.) then
if(h2.1t.1.) then

h2=hz
eb=ez
endit
alse
if(hl1.1t.1.) then
hi=hz
ea=ez
endlf
endif
endif
endif
endif
endif
endifr
410=411
dl1=412
d20a421
al=al
el=e2
rO=rl
rl=r2
enddo

1if(hl.1t.h0) hiaho
if(h2.1t.h0) h2=hl
{£(h3.1t.h0) hishl
if(ec.lt.1.) then

ac=el

h3=r2-re

endif

fl=aqrt (abs(ea*80.64-6))
f2=sqrt (abs (eb*80.64-6))
f£l=sqrt (abs {(0c*80.64-6))
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return
end

L2 2 2 2] ELECTRON X X2 XTI ISR R ZA S22 AR SRR 22222 222 R X222 L 2 4
X222 222 X222 X222 R XTSRS 2222 AR AR RS RS RXXR R 2 X2 222 2 222 2222 )
(2 XX 24 GIGCtron denslty and its gradient AXETEXA 2RI AR ARRAS 2 2 4 2 )
I 22 X222 SRR I 2IST R R RS RS 22 AR 2222202 RS2 X2 a2 X2 2 2 2 X 2 2 2 4
12222 input P2 22X 2X222 AR I 22 2R RS2 22 X222 RAARR R 2222 2SR 2R X2 2 2 22 2 )
* real*8 -
* x{(*) = Cartesian coordinates (Earth centred) of sample point -
(X222 X} output Y 2 222 R 2R XXX Y2222 XXX 22222 X222 2 2R 22 X2 R2 2 X X2 4
* real*s *
* en = electron density (electrons per cubic cm) *

* dnx(*) = Cartesian derivatives of electron density *
222322022332 3222 22 23 3222 22323212 X 222222 22 222222222222 RXXX2 2 X2 2}

(2 2 2 2] gubtoutines required 2222322222222 22222 2222222 L2222 2 2 2aZX 2222
* ELDENX, ELDEN, LAYERX and ELECTRONR *
'Y 2 2322 22X 2322322 X232 X232 222222232222 XXX 223222 X2 R2 222222 X2 X222 2 2 2 X 2
X2z X 84 common blocks (T I I X2 IETIZ I AR RS2 22222 X222 22 22 X222 X2 22 X222 2 2 2/
* GRID and DAT (defined in HASEL) *
' 22222223222 P*XXXYX2 22222 22X XYL AR 222 A X 2R R2aRd X222 2 X2 X222 2Rl
subroutine eslectron(x,en,dnx)
implicit real*8 (a-h,o-2)
dimension x(3),dnx(4)
real*4 yp(61,961,2)
common /grid/blhla,blhlo,rmg,dla,dlec,drg,dtz,yp,nr,nla,nlo
common /dat/foE, hmE, ymE, £oF1, hmFl, ymF1, foF2, bnF2, ymF2, re,nodel
r=aQ@rt(x{1)**2+xX(2)**2+x(3) **2)
scale=45./atan(l.)
theta=acos(x(3)/r)
phiz=atan2(x(2),x(1))
elat=90.-scale*theta
elong=scale*phi
if(elong.1t.0.0) elong=elong+360.
va+e* Darameter da should be less than 20% of the smallest geographic **
sew+es gcale (in degrees). e
da=.002
if (model.eq.10) then
en=eldenx(elong,elat,r,diffr,dthet,dphi, 1)
dthet=scale*dthet
dphi=scale*dphi
if(dtz.gt.1.4-20) then
enp=eldenx(elong, elat,r,d1,d42,43,-2)
enm=en
endif
else
1f (model.eq.7) then
#2%v¢ Darameter dr should be less than 20% of the smallest height *****+*
*esex gcale (in kilometers). bl
dr=.2
t=0.0
enpp=elden(t, elong+da,elat,r)
enpm=elden{t, elong-da,elat,r)
entp=elden(t, elong,elat+da,r)
entm=elden(t,elong,elat-da,r)
it(dtz.gt.1.d4-20) then
enp=elden{t+.5d0*datz, elong, elat,r)
enm=elden(t-.540*dtz,elong, elat,r)
endif
diffra.5*(elden(t,elong,elat,r+dr)-elden(t,elong,elat, r-dr)) /dr
else
call layerx{elong+da,elat,l)}
call electronr(r,enpp,dpp)
call layerx(elong-da,elat,1)
call electronr(r,enpm,dpm)
call layerx(elong,elat+da,l)
call electronr(r,entp,datp)
call layerx(elong,elat-da,l)
call electronr(r,entm,dtm)}
if(atz.gt.1.4-20) then
call layerx(elong,elat,-2)
call electronr(r,enp,dq)
erm=.25* (enpp+enpr+entp+entm)
endif
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diffr=,25*(dpp+ pm+dtp+dtm)
endif
en=.25*(enpp+enpm+entp+entm)
dphi=.5%*3cale* (enpp-enpm) /da
dthet=-.5%scale* (entp-entm)/da
endift
if(dtz.1lt.1.4-20) then
dtime=dphi/ (240.*scale)
else
dtime= (enp-enm) /dtz
endif
dnx{(1)=(A1ffr*x{1)+dthet*cos{theta)*cos{phi)
&-dphi*sin(phi)/ain(theta))/r
dnx{2)=(Q1ffr*x(2)+dthet*cos(theta)*ain(phi)
&£+dphi*coa(phi)/sin(theta))/r
dnx(3)=(diffr*x(3)-dthet*ain(theta))/r
dnx{4)=4time
return
end

whhd® LAYBRX I FTERZZEZ SR RRA IS A2 AR AR ARl 22222 R AR R 2Rl d ]
T XTXIZEYYIETEEZZES RS R A2 222 R 2R 22 2222 2222222222 X2 R 2l XXX XX QX )
L2 2 2 2 layer parameters trem qrid values (22X 2 EX X222 22222222222 22X 22 )
Y YR I XS RNERE 2222223222 2 22 R R AR RS AR AR Rl Al)
L2232 input I 2  E XX 2222222222 SRR A 2222 X2 XXX 2222223223 X2 2 d 222222224

* real*8 .
* elong = longitude (deg) of sample point »
* glat = latitude (deg) of sample point .
* integer .
* juu = time slice label (1 or 2) .

X232 X2 2XXXEXEAXEXI AR RR 222 R2 AR 220 AR 2R 222l R 2222222222 2R 2 3
L2 X2 2 ) aubrcutine required (22X 22222222222 R2R 222X X2 2 2 2 a2l ddld )
* TERP .
P2 222222222222 X7X 2227222223222 222222222222 X2 2222222 2 R 22222222 2RR R
L2222 common blcckﬂ (222223223222 222 X222 22X 222 AR XZX AR XA ZZZE 22 R 22 22 X2 22
* GRID and DAT (defined in HASEL) *
P Y Y R A 2 2122222222222 X222 XA 222 R R RS RS 222 X2 A R X2 QX
thEAw note XXX ZA RS RSZ AR A2 202222 AR N R R 2R A2t dRdldd )
* The output is placed in the common block DAT *
X 222 2 XY X2 X XSS X2 RIS EZ ISR 22 R SRR AR 22 AR 222 A2 R 2R R2 2 X2 R R 222 22 2]
subroutine layerx(elong,elat,iuu)
implicit real*8 (a-h,o-~2z)
real*4 yp(61,961,2)
dimension yz(4),yy(9)
common /grid/blhla,blhlo,rmg,dla,dlo,drg,dtz,yp,nr,nla,nlo
common /dat/yy,re,model
lip=abs (iuu)
dlong=elong-blhle
if(dlong.gt.360.) dlong=dlong~360.
la=min(max(2, int((elat-bihla)/dlaj+1),nla-2)
lo=int (dlong/dlo) +1
lo=lo-int{(lo-1)/nlo) *nlo
if(lo.1t.1) lo=lo+nle
dax=(elat-blhla)/dla-real(la-1)
dox=dlong/dlo-real{lo-1)
nl=(la-2)*nlo
nl=nl+nlo
n2=nl+nlo
n3=n2+nlo
do 1=1,9
do k=0,3
kk=lo-1+k
ift{kk.1lt.1) kk=kk+nlo
if(kk.gt.nlo) kk=kk-nlo
x0=yp(1i,n0+kk,11ip)
xlayp{(i,nle+kk,1ip)
x2=yp{(i,n2+kk,11ip)
x3=yp(i,nd+kk,1ip)
yz(k+l)=terp(dax, x0,x1,x2,x3)
enddo
yy{i)=terp(dox,yz(1),yz(2),vz(3),¥z2(4))
anddo
return
snd
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L 2 2 2 24 ELDng (2 X222 X2 RAXISIRIREREZ 222222222 RSS2SR 2222 X2 2 2 4R J
I 22X E2 2222 X2 R 222X 2222 R 2222222222222 222 2282222222 X222 X222 X222 22X
#*#e+ glectron density and gradients from grid values *wwewessesvaveaved
232222322 22222222 XX R X222 22X 22 XA RX 222223 RIS 2220 R 222 222 X2 2 J
E 2 2 X2 ) 1nput P22 2222 2222222332222 22222222 222222322 X222 2222 X222 2%
* real*s -
elong = longitude (deg) of sample point
elat = latitude (deg) of sample point

r = distance from Earth centre (Kms)
integer

iuu = time slice label (1 or 2)

[ZI XX ZRR 22322222222 2222 X222 R 22222222 222222222222 2222222 22222 RRRR2R)
L2 22 2 output IZ2 2222222 XL A 222222t X222 2 XX X2 R 2R 2R )

L2 2N BN BN
* ¢ % * 8

* real+g *
* eldenx = electron density (electrons per cubic cm) -
* diffr = derivative in vertical directlion *
* dthet = derivative in counter latitudinal direction *
* dphi = derivative in longitudinal direction L

22 2ZZ 3SR XTI IR ARZAZ S AR SRR A2 AA 2RSSR 22222222 X R 2 0 2 X J
L2 X2 2] subroutines required (222 A2 22222222 AXX222 23X R 2R R 22222 2Rl X 4Rl
* TERP, DTERP .
X 2 2 X2 32 XXX X222 2222222 X222 222 ARSI SRR YYERS2RSARRSR R R 2 2 3
L 22X 2] common block 122 222222222222 AR 2 2ZX22 2222233222232 X232 22222 R 22 2R 2R 2}
* GRID (defined in HASEL) -
2322 XXX RYRXTE 2R EL RS RR 222222 RS2 2222 SR XSS RXR 222222 RSS2 R X 2 2 2
real*8 function eldenx{elong,elat,r,diffr,dthet,dphi, iuu)
implicit real*s (a-h,o0-2)
real*4 yp(61,961,2)
dimension yz(4),yzt(4),e(4),dt(4) . dp(4)
common /grid/blhla,blhloe,rmg,dla,dlo,drg,dtz,yp,nr,.nla,nlo
lip=abs{iuu)
if(r.lt.mg.or.r.gt.rmg+(nr-1)*drg) then
aldenx=0.0
diffr=0.0
dthet=0.0
dphi=0.0
else
dlong=elong-blhlo
1f(dlong.gt.360.) dlong=Adlong-360.
lazmin(max(2, int{(elat-blhla)/dla)+1),nla-2)
lo=1int (dlong/dlo) +1
lo=zlo-int((le-1)/nlo)*nlo
if(lo.1lt.1) lo=lo+nlo
lr=min(max(1l, int{{r-rmg)/drg)+1),nr-2)
daxx(elat-blhla)/dla~-real(la-1)
dox=dlong/dlo~-real(lo-1)
drx=(r-rmg) /drg-real(lir-1)
n0=(la-2)*nle
nl=nl+nlo
n2=nl+nlo
n3=n2+nlo
if(1r.1t.2) then
nstart=0
else
nstart=-1
endif
do i=netart,2
do k=0,3
kk=lo-1+k
if(kk.1lt.1l) kk=kkenlo
if(kk.gt.nlo} kkskk-nlo
x0=yp(lred,n0+kk, 1ip)
xl=yp(lr+i,nl+kk,11ip)
x2eyp(irei,n2+kk, 11ip)
x3syp(lr+i,nl+kk, 11ip)
{if(iuu.gt.0) yzt(k+1l)=dterp(dax, x0,x1,x2,x3)
yz(k+1l)=terp(dax, x0,x1,x2,x3)
enddo
yy=terp(dox,yz{1l),yz(2),yz(3),yz(4))
if(iuu.gt.0) then
yyt=terp(dox,yzt(1l),yzt(2),yzt(3),yzt (4))
yypedterp(dox,yz(1l),vz(2),yz(3),yz(4))
else
yyt=0.
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Yyp=0.
endif
a(l+2)=yy
dt(i+2)=yyt
ap(1+2)ayyp
enddo
1£(1r.1t.2) then
e(l1)=0.0
dt(1)=0.0
dp(1)=0.0
endif
eldenx=terp(drx,e(l),e(2),e(3),e(4))
if(eldenx.1t.0.0) then
eldenx=0.0
diffr=0.0
dthet=0.0
dphi=0.0
aelse
if(ivu.gt.0) then
diffr=dterp(drx,e(l),e(2),e{3),e(4))
dthet=-terp(drx,dt(1),dt(2),4t(3),dt(4))
dphi=terp(drx,dp(l),dp(2).dp(3),4p(4))
alse
diffr=0.0
dthet=0.0
dphl=0.0
endif
endif
endlif
dthet=dthet/dla
dphi=dphi/dle
diffr=Aaiffr/Aarg
return
end

sxeas TERP (22 X2 XXX 22 RSS2 220222222222 22222222 222 2222222222 RdZdddd
NEREANRRRARE AR A RN RN AN RN R R AR R AN RS A OR NIRRT NN RN E RS TANER RN TERARREANRT I DD
sevae ~cubic 1ntarpolation (XX 222222222222 22222222 2XX2 222222222202 2d s
I Z2 X222 X2 RS R22 222 4R R 222222 X 22X 22222222 d 222 2addddsd
*RAEN 1nput (222322222 X322 2222 R RR2ZX223 2222222222322 X2 222222222 RAZk2Z2]

* real®*g b
* p0, pl, p2 and p3 = samples (in order) at points spaced a unit hd
- distance apart. *
* 42 = distance of test point from second sample point. .

I e 22 R R AR 2SS 22 R RIS Z A2 2R 2222 R 222X N2 222 Xl laslds]
b ew output (222222222222 R2 222222 2 222222 222 R dd iR it iltlas il d)
* real*s .
* terp = value at test point -
IR E 2222222 2R 222222222 22222 Rl 222222 2222222220 Rt RlAldld)
wEREE ocommon block (2 AL 2212222222222 2222 22222 222222222t al il d)

* APPROX consists of a single character variable that has value ‘L’ hd
* for Lagrange interpolation and ‘S’ for smooth jointed interpolation. *
I 22222 RS2 2222 R 222220222222 X 222222222222 22222222222 X222 a2 )2l
real*8 function terp(d2,p0,pl,p2,p3)
implicit real*8 (a-h,o-2)
character app
common /approx/app
if (app.eq.’'L’) thaen
dl=Aa2+1.
d43=d42-1.
dé=A42-2.
terp=(p3*ad1*dA2+*4A3-p0*d2+*d3*d4) /6. +(pl*Al*d3*qd-p2*dl*d2+*dd) /2.
else
terp=pl+.5* (p2-p0)*A2+ (p0-2.5*pl+2.*p2-.5%p3)*dA2**2
&+{.5*p3-1.5"p2+1.5"pl-.5*"p0)*A2**3
endif
return
end
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Cneer DTERP 20000ttt e st st AN SR A G R e E A N R AN AN NN ARG R RS R AR TN U R A NN A G SO OO O
PX I AR E I AR A A A A A AL AR 2 A A2 222 A2 XXX RXYRRRRR R0 2 X2
wassn darivative of cubic interpolation **sewecetertessssssnssonsravreow
P R s R Y R R R R T R )
HRREE NDUE IR S R R N S N U NN I AN NN NS AR AR RSN P IR SR E TSR CI IR RN SRS ENRER O

* real®s b
* p0, pl, p2 and p3 = samples (in order} at points spaced a unit .
hd distance apart. . »
* 42 = distance of test point from second sample point. .

22232222222 A 022222 2220222222l 2 2R 122X RXXZZSER SRR 2220 22 2% X ]
122 2 X output (12222222 RS2SR 22Z2 22 R2 2222222 EXRR R A2ZXREX 2 X X 2 2
* real*8 .

* dterp = derivative at test noint v
2222222222022 3222222222222 X222 2222 X222 22222232 R2a 22 R XZR R X 2

LA R 224 common blcck (22222222 22 X222 X222 2 X222 X X222 2R R A2 22202 22 X )
* APPROX consists of single character variable that has value ‘L’ .
* for Lagrange interpclation and 'S’ for smooth jointed interpolation. *
22 X222 XXX X222 R 2222222222224l dRdd X222 R R YR X2 R R R XD X
real*8 function dterp(d2,pd,pl,p2,.p3)
implicit real*8 (a-h,o-z)
character app
common /approx/app
{if(app.eq.‘L’) than
dl=d2+1.
d3=d2-1.
d4=a2-2.
dterp=(p3*{(d2*d3+d1*A3+d1+*d2)~p0*(d3*d4+d2*dd+d2%4A3)) /6.
&+ (pl¥(d3*dd+d1*d4+d1*d3)-p2*(d2*dd+a1*d4+d1*ad2))s2.
else
dterp=.5*(p2-p0)+{(2.°p0-5.*pl+4.*p2-p3)*d2
&+{1.5%*p3-4.5%p2+4.5*p1-1.5*p0)*dza**2
endif
raturn
end

LA L2 2] DET 2222222232232 3 232222222 R2A X2 RX2XXR 22222 A2 XRR2 22 X2 X2 2 X224
222222 XX2X22ZX2Z32XXFXXX2 XXX 2ZR222 X202 222X 22322222222l i Azt ltlad
LA 2 2 2] 3D determinant I X NI XT 2R AL RL SRR ISR 2222 E2 SRR RS2 222 R2 2 XX XX J
2 2R 22 R 2 R s X 2 2 X2 X2 XX 22222 A2 S22 22X PR AR N2 R 2R 2R 222222 RS R0 2 2 4
L2222 input X222 Z22X2XXX2XZ22 22X X222 AR RRSR A2 23RS R R A X222
* real*s8 hd
* al(*) = 18t column of matrix
* a2(*) = 2nd column of matrix

* a3(*) = 3rd column of matrix
XXX X X 2 X XXX EZZR RS 222222222 222322222222 R XA 2R AR RS2 R R R 22 Q)

aREOE Output Y22 X2 222X AR A AR AR RS2 222222 RE 2R X2 R A2 SRl Rl
* real*s .
* det = determinant .
P2 Y2222 X2 X 2RSSR A2 2222222232222 2 RS2SRRSR E222 R 2222222 AR 2
real*8 function det(al,a2,al)
implicit real*s8 (a-h,o-z)
dimension al{3),a2(3),a3(3)
daet=al(l)*(a2(2)*a3(3)-a3(2)*a2(3))-a2(1)*{al(2)*a3(3)
&-al({3)*ald(2))+a3(1)*{a1(2)*a2(3)-a1(3)*a2(2))
return
end

-
»
L]
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LA 22 2] ELECTRONR LA AR AR AR R 2 A AR XA A2 A2 A2 A2 222 RS RRIRS R 24
A A A A d A Y Y R R R R R R Y s I ™
*e2ét alactron density and gradient for Chapman layer model *esesavecsse
LAAAAR AR AR 2 sl 2 a2 2 A R R e I R T I T T R R T YR R S 2 2]
v dw 1Bput REA AN AN R CNC A AR IR C R R T O ER NN A AR TN RO AR NN ACE N TR BN S AV ONETIENS S
* real*s d
* r = distance from Earth centre b
LAAAE AL R A R A A A L e R e e T I R T TR R Y T
L2222 output AAAR S AR AL ARl XA R A A A AR A a2 22222222222 X2 222222

* real*s *
* en = electron density (elactrons per cubic cm) b
* diffr = derivative in vertical direction .

(22 A2 22222222222 P2 R R 2 2 R R R R R Y Y P P R Y 2 2 R R R R AR X1
X 22 2] ﬂubroutinﬁ‘ required [ 2 2 2 a2 A Al R 2 A2 1 A L R R Y A S X RS RXZ2Z XY
* CHAP, DCHAP and DET *
(R A 2222222222222 X222 XXX R 2R A2 A2 2R 2 R 22 R E 2 RS RR AN ]
X2 2 2] common leCk [ 2 22 X R PR RS2 22 2 A 22222 X2 2 2 F PR EE Y X R TR S 2 AR 222K
* DAT {(defiped in HASEL) *
(123 2 222 XX X2 2 2 2 YRR R R R R R R TR TR IR AL AR E R X R R RN R R YR T R R R YRR XS RSN 2]
subroutine electronr(r,en,diffr)
implicit real*s8 (a-h,o0-2)
dimension al1(3),a2(3),a3(3),b(3)
common /dat/foE,hmE, ymE, foFl, hmPl,ymF1l, foF2, hmF2, ymF2, re,model
if(r.lt.re) then
eN=0.0
diffr=0.0
else
i1f (max(foB,foFl) .1t .1.4-7) then
XN=foF2**2/80.64-6
eNaxN*chap(1.40,1.414240* (r-re-hmP2)/ymF2)
Aiffr=1.4142*xN*dchap(1.40,1.4142d0*(r-re-hmF2) /ymF2) /ymF2
else
al(l)=1.
a2(1)=chap(.540,2.40* (hmE-hmF1) /ymP1)
a3{l)=chap(1.40,1.414240* (hmE-hmF2) /ymF2)
al(2)=chap(.5d40,2.40* (hmFl-hmE) /ymE)
a2(2)=1,
a3 (2)=chap(1.40,1.414240* (hmP1-hmF2) /ymPF2)
al(3)=chap(.5d40,2.40* (hmF2-hmB) /ymE)
a2(3)=chap(.5d40,2.40* (hmF2-hmPl) /ymPl)
al(3)=1,
b(1)=focE**2/80.64-6
b(2)=foFPl1**2/80.64-6
b(3)=foF2**2/80.64-§
de=det (al, a2, ald)
cl=det(b,a2,ald)/de
c2=dat (al,b,al3) /de
c3zdet{al,az2,b)/de
eN=cl*chap(.540,2.40* (r-re-hnk)/ymE)
&+c2*chap(.540,2.40*(r-re-mFl) /ymF1)
&+c3*chap(1.40,1.414240% (r-re-hmF2)/ymP2)
diffr=2.*cl*dchap(.540,2.40*(r-re~-hmR)/ymE) /ymBE
&+2.%*c2*dchap(.5d40,2.40* (r-re-hmPFl) /ymF1) /ymPF1
&+1.4142%c3%dchap(1.40,1.414240* (r-re-hmPF2)/ymF2)/ymPF2
endif
endif
return
and

LR e V- L L R L P T s
L A e I R T T P e R e T L)
swesy chapman layer function ¥eesteeetecrenccsterasercttsrenranantecnady
X2 T T Ty P T T P P Y S 2 X T X
LA L Yy L L R A g

* real*g *
* C = 1 in F2 layer L4
b = 1/2'1in B and P1 layers hd
* x = height above peak in units of scale height .

(222222 X222 A R A2 X2 22222 2 2222 242X XYY RIS RTINS Y YRR A2 0 2 2 )
deRad output (AAZE AR AR 2222 R 222X ASTYYR IS SRS A2 22 4
* real*d =
* chap = value of Chapman function .

(2 X2 2T 2 2 X2 R 12 I 22 R R 2 2 I X Y 2 2 2 2 X R X Y R R X R X222 X222 XX%X22222222 22 ]
real*8 function chap(cC,x)
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implicit real*s (a-h,o-2%)
xx=exp(-x)
if(abs(xx).gt.1.430) then
chap=0.0

else
chap=exp{(C*(1.40-x-xx))
endif

return

end

ek y DCHAP LA AR A AR AR 2 2 R X222 2 A A AR A R R XX E R L Y R R R X RS XY S RS AR Y )
WA AR AN R AR O A I TN N RN R SRR G T T RN T PN SN A A NI R ONANAE AN IOV OIGRANN S C NSO R RI RPN
L2 22 2 deriv‘tive ot cba:nmn 1ayer tunction LA R AL A AR 2222222222222 X2 4
LAA R A Ad A2 22 X222 22 a2 23 222 2 2222 222 R XTSI R X R R XY R RPN )
LR 2 A2 input L2 2 a2 A2 R 2 2R3 22222l Iz el X R RS 2 RS R T

* real*s hd
* C =1 in F2 layer *
hd = 172 in E and F1 layers b
* x = height above peak in units of scale height hd

L2 22 R AA RS R 22222222222 R R R R R 22 2SRRI IR IR YRR SRR R R YT R R S
thERE output (232312 2 2 XX 222 A X223 2 2RI A 2 2 Y R R Y N Y R R 22 A3
* real*s .
* dchap = derivative of Chapman functicn o
(2222 A2 22 2R S 2222 A 22 R YR 22 2 AR AR 222 R 2 2 2R 22222 R R 2R SR RS RS RRR R 2 X

real*8 function dchap(C,x)

implicit real*s8 (a-h,o0-2z)

xx=exp(-x)

if{(abs(xx).gt.1.430) then

dchap=0. 0

alse

dchap=C*{exp(-x)-1.40)*exp(C*(1.30-x~-xx))

endif

return

end

LA 2 2 A MAGNETIC A A AR AR AR A2 A2 AR a2 a2 222 22 XX 222 22 X2 222 XXX 222222
(A2 AR A AR X2 2 R 222222 AR R R 2222222 22X 222222 R R 2232222222 22 2
“wee* magnetic fields and derivatives for an offset dipole model *¥*****
AL AR ARl AR A Al A d i Al Al st 2l A 2R 2R TR 2222222222222
LR A R 2 1nput LA AAA AL A A AR AR AR Rl AR R 2 222X 222220 2 R 2R

* real*s .
* x(*) = Cartesian ccoordinates (x(3) axis in the Earths axis of *
b rotation and x(1) axis in the plane of zero longitude). *
123 X 2] output (2221 222222222222 2122 T2 22X 2RSSR R TR XL R S
* real*s *
* v(*) = magnetic field components in Cartesian system *
* ryx(*,*) = derivatives of manetic field components *
* ha = magnitude of magnetic field b
* *

dip = magnetic dip angle
* dcl = declination of magnetic fileld *

I A X A2 2222 2222222 X 22 R 22 YRR 22222222 YR R TR TR TR 2R AT 2 2
LA 2 X R ) common block LA 22X 22222222222 2RI A YT SYSRAZI RS RS X X X
* MAG (defined in HASEL) *
LA AR X R AT 22 A 22 22 2222222 2222222 23X 23X R RS RARR AL LR R R 2 2 2

subroutine magnetic(x,v,ryx,ha,dip,dcl)

implicit real*8 (a-h,o-z)

dimension x(3),v(3),ryx(3,3)

common /mag/fhs, fr,xm,ym, zm, px,pY.pz, ir

xmt=x(1)-xm

ymt=x(2)-ym

Zmt=x(3)-zm

Po=xmt*pX+YyMt*PY+ ML D2

rr=xmt*xmt+ymt *ymet + zmt * zmt

rugqgrt{rr)

rp=1l./{(rxr*r)

v{l)=(px-3.*pm*xmt/rr)*rp

v(2)=(py-3.*pm*ymt/rx)*rp

Vv{3)=(pz-3.*pm*zmt/xr)*Ip

ra=sqrt (x(1)*x{1)+x(2)*x(2)+x(3)*x(3))

ha=eqrt (v(1)*v (1) +v{2)*v(2)+v(3)*v(3))

vesv(1)*x(1)+v(2)*x(2)+v(3)*x{3)

dip=-45.%asin(vr/(ha*ra))/atan(1.)

del=45.%atan((v(2)*x(1)~v(1)*%x(2))/(v(3)*ra-vr*x(3)))/atan(l.)

ryx{1,1)=(-3.*pm/rr+6.*pm*xmtexmt / (xrr*rr)-3.*px¥xmt/rr)*rp
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&-3.*xmt*(px-3.*pm*xmt/rr) *rp/rr
Tyx(1,2)=(-3.*py*xmt/rr+6.*pm*ymt*xmt/(rr*rr) ) *xp
&-3.*ymt*(px-3.*pm*xmt /rr)*rp/rr
Tyx(1,3)=(~3.*pzetxmt/rr+6.*pmrzmt*xmt/ (rr*rxr))*rp
&-3.%zZmt* (px-3.*pm*xmt /rr) *rp/rr
ryx(2,2)=(-3.%pm/rr+6.*pm*ymt*ymt/ (rrorxr)-3.*py*ymt /rr) *rp
&-3.*ymt*(py-3.*pm*ymt/rr)*rp/rr
ryx{(2,3)=(-3.*pz*ymt/rr+6.*pm*zmt*ymt/ (rr*rr))*cp
&-3.*zmt*(py-3.*pm*ymt/rr)*rp/rr
TY%x(3,3)=(~-3.*pm/rr+6.*pm zmt*zmt/ (rr*rr)-3.*pzozmt /rr) *rp
&-3.%zmt*(pz-3.*pm*zmt/rr)*rp/rr

ryx(2,1)=ryx(1,2)

ryx(3,2)=ryx(2,3)

ryx(3,1)=ryx(1,3)

return

end

Rtk dd BUNC "Nt d st oA A e AN U N AV R R R R R NS R IR AN A NN ARG RSN NNV R TR INNIAIETIE IS
LA L2222 2R 22 A A 2 RS R 22 R 22 Rl L2 R Y R R Y R 2 2 2 2222222222
LR 22 2 right hand side Df Haselgrove equatlon. LA ARZ Il I 2 22 P22 2 2T XY 3
LA A2 AL R AR a2l 2 RIS 2222 222 il 2l RS S P RS R R 222222 )
LA X 2 input (2222 A2 22 X2 X2 2222 X2 RSl 2l i 2 2 T e e R R R R R Y XY R ]

* real*s .
* vec(*) = value of solution vactor at which right hand required *
* integer .
* n = number of components in vectors vec and £ .
L2 2 XX output (222 R X222 2222222222 2R Rl 2 i 2l Y Y R Y RS R S R X R 22322 ]
* real®*s *
* £(*) = right hand side of Haselgrove equations *

AR E XL AT L AL R RS A X 222222 R 2R R 2222222222 i T2 2Rl R R TR
thakn subroutines req“ired (2 A AR AR S22 AR ddd A2 2222 22RO 22
* ELECTRON, MAGNETIC .
LA A2 22 222 2 A2 222 2 X R A R R A R a2 2 R R R R Y P Y R N S R ]
LA X2 2] common block AAAL A A AR A2 R A2 AR SRR X2 2222222 REL R TR
* MAG (defined in HASEL) ”
LAL A2 LA R AR a2 22 22 2 a2 2122 2222 X R R Y I R Y R TR
L2 k2 2] notes L a2 A A AR A A AR A2 2R R R 2SR A2 R 22222 2R RS 20

* In the current code (HASEL), y has nine components. In order, these *
* are: *
d the Cartesian coordinates at the current point, .
* the components of the wive vector, -
* the group path, hd
. the Doppler shift, .
* and the phase path. *
LA EZ 222 XS A2 R 2222 R e F R Y R A E A R R Y R 2 A A T Y R R P R T R T R T T T R P T Y |

subroutine func(vec,f,n)
implicit real*s8 (a-h,o0-z)
dimension f(n),vec{(n),v(3),ryx(3,3),dnx(4)
conmon /mag/fhs, fr, xm, ym, zm, px, Dy, Pz, ir
call electron({vec,an,dnx)
rxt=8.064-5*dnx(4)/ (fr*fr)
rx=8.064-5%en/(fr*fr)
vvavec(4)**2+vec(5)**2+vec(6)**2
if(abs(fhs).gt.1.0e-20) then
call magnetic(vec,v,ryx, ha,dip,dcl)
vu= (vec(4)*v(l)+vec(5)*v(2)+vec(6)*v(3))/ha
ry=ha
ry2=xy*ry
ga=-vu**Q
gg=-ga/vv
al=1l,~-rx-ry2
be= . 5*ry*(l1.-ga)
fac=sqrt(abs{(be**2-al*ga))
if(ir.eg.1) then
rp=-ga/(be+fac)
ri=4.*fac
else
rp=-(be+fac)/al
ri=-4.*fac
endif
rP2=rp**3
rks=-2.%rx*vu®* (rp*ry-1.)
rlezy*(1l.-ry2)*rp2-2.*(1.~-rx-ry2)*rp-ry
rms2.*rx*rp* (rp*ry-1.)
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do 1i=1,3
£{1)=rj*vec(i+3)-rk*v (1)
Axx=8.06e-5*dnx(i)/(fr*fr)
f(1+3)=rlvdxx+(rk*vec(4)+rm*v(1))*ryx(1,1)
g+ (rX*vec(S)+rm*v(2))*ryx{2,1i)+(rk*vec(6)+rm*v(3))*ryx(3,1)
enddo
rxl=1l.-rx
a=al+rx*ry2 *gg
barxl*al-.5%rx*ry2+*(1.-gg}
carxl®(rxl**2-.ry2)
emu={b+ir*agrt (abs(b**2-a*c)))/a
eml=emu*a-b
ems=8qQrt (abs (emu))
if/abg(eml).gt.1.04-9) then
as=l.-1.5%rx-1.5%ry2+2.%rx*ry2%gg
bb=rx1*(1.-3.%rx)~2.%ry2+1.5%rx*ry2*(1.+gqg)
co=-1.5%rx*rx1**2-ry2*(.5-rx)
emu= (aa*emu*ems-bb*amas+cc,/ems) /eml
ax=-1.+gg*ry2
bx==-2.%*rxl+.5%ry2*(1.+ggQ)
CX=-3.%rx1**2+ry2
emx=,25%(-ax*ems**4+2.*bx*ems**2-cx)/ (a*ems**3-b*ems)
else
emu=1./sqgrt(abs(l.-rx))
emx=- . 5*emu
endif
else
ems=sqrt(abs(1l.-rx))
do 1i=1,3
£(1i)=vec(i+3)
dxx=8.06e-5%dnx(1)/(fxr*fr)
f(1+3)=-.5%Axx
enddo
emu=1./ems
emx=-.5%amu
endif
cosa={vec(4)*f(l)+vec(5)*L(2)+vec(6)*L(3))/sqrt{vy)
£(7)=emu*cosa
£(8)=-cosa*fr*rxt*emx/3.e5
£f{9)=ems*cosa
if{abs({fhs).gt.1.0e-20) then
do i=1,n
f({i)=real{ir)*£(1)
enddo
endif
return
end

LA AL 8. ¢ (2222222322232 22 A 22 2222222222 A2 22 2222222222222 22222
22 XXX RIS R SRS 222 R A2 R 2 2222222222222 R 22202t Rdsd))
#eees Runge-Kutta-Fehlberg schame to sclve dy/dta f *evsttssnseastrstnin
(2222 2ZXXYXZXXZYZRALASIEZ S S22 2222022222222 22222l il ad il llldd
bbb input (2222222222222 R 2R 22 AR A AT A AR 22222 2R Radditil ]l

* real*s .

* £t = initial value of solution parameter (changed on exit) *
* y(*) = initial value of solution vector (changed on exit) *
* n = initial estimate of change in t *
* tol = maxim error that can be tolerated in this step hd
* hmins minimum h that can be tolerated -
* hmax= maximum h that can be tolerated *
* integer »
* n = number of components in vector y hd
L2222 Outp“t XXX I RSS2 A2 AL RRRAAAZSRER S22 2 2222222 X2 R 2 B2 2 2 2 )
* real®*s *
* t = axit value of solution parameter .
* y(*) = estimate of solution vector at exit t .
* h » estimate of h for next step *

222X 2SS XXX 2R ZANZA RS R22 SRR AASRZZ AR S22 222222 RS2 22 2 X))
(2 442 .ubrautin. r.quircd (2222222222 Z 22 222X 2222 222233222222 222222 X222 %)

* PUNC .
* This calculates the value of £ corresponding to y. There are three *
* arguments. The first is y (real®*8), the second is f (real*s) and »

* the third is the number of components in arrays y and £ (integer). .

X X T Y R S 22X 223X XX X222 222 20 R A XL 22 X222 22220223 2 312222 R 222222 X
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subroutine rkf(t,y.,n,h,tol,hmin, hmax)
inmplicit real®*s (a-h,o0-z}
dimension a1(11),a2(11),a3(11),a4(11),a5(11),a6(11),y(n),yt(11)
{end=0
99 iend=iend+1
call func(y,al,n)
alp=0.0
do i=1,n
alp=alp+al(i)+**2
yt{i)=y(1)+.25%*ai(i)*h
enddo
alp=max(sqrt(abs(alp)),1.04-32)
call func(yt,a2.n)
do i=1,n
yt(L)=y (L) +(.09375%a1(4)+.28125%a2(1i))*h
enddo
call func(yt,a3,n)
do i=1,n
ye{l)=y(1)+(.8793809740640%a1(1)-3.277196176640%a2(1)
&+3.3208921256330%a3(1))*h
enddo
call func(yt,ad,n)
do i=1,n
ye(1)=y(1)+(2.0324074074A0%a1(1)-8.%a2(1)+7 1734892787540%a3 (1)
&-.2058966861640%a4(1))*h
enddo
call func(yt,a5,n)
do i=1l,n
yt(1)=y(1)+(-.29629629629d0%a1(1)+2.%a2(1)-1.3816764132640%a3(1)
&+.45297270955d0%a4(1)-.275%a5(1))*h
enddo
call func(yt,a6,n)
erx=0.0
do 1=1,3
erz=.277777177777778A4-2%a1(1)-.2994152046783€63D-1%ad (1)
k-.291998936735779D-1%ad4(1)+.2D-1*aS5(1)+.363635363636364D-1*%a6(1)
@rx=erx+erz**2
enddo
arx=s8qrt (erx)
hold=h
if(erx.gt.0.001*tol) then
8=.B84%*sqrt(sqgrt{abs(tol/erx)))
h=za*h
else
h=2.*h
endif
if{h.lt.hmin/alp) h=hmin/alp
if(h.gt.hmax/alp) h=hmax/alp
if(erx.gt.tol.and.iend.lt.8) then
go to 99
else
do i=1,n
Y(1)=y(1)+(.11851851852*a1(1)+.5189863547840%*a3 (1)
&+.5061314903440%a4(1)-.18*a5(1)+.03636363636%a6(1})*holad
enado
t=t:+hold
return
endif
end
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i 22122 SLDEN L2221 2 22132222222 R 2222 2R A TR YR I R XTI L 22 R A Y R R TR L 0 )
(XXX T X222 a3 2122222222212 2 A2 212 222 AT R R R A T 22 2 R P R R S T R R R Ry
L3 22 2] qeneral electron density L1 X222 XA YRR RN 2R L 21 X2 TR TR X R R ey
X 2 2T ER XX 2 2222 22 R 2 2 22 2R R 22222 R 222 A R R R R R R S R R R X R R R S R R X R SR 2R N
L2 22X 1nput (22 2222222222222 A2 22 R a2 s R IR YRy ey py
real*8 L
t = time from start (sec)

elong = longitude (deg) of sample point
elat = latitude (deg) of sample point

r = height above Earth centre (Kms)

LA N 2 BN BN AN

Note that hmE,hmFl and hmF2 should be set to suitable values to
* allow the labelling of rays

L2 222 Output (222X XXX 2 X222 R2 2222 2R 222222 AR ISR RSRSS S RZ 3
* real*€ .

* elden = electron density (electrons per cubic cm) .
(22222222 R 222 X3 X2 A2 X2 2223 R 2224222222222 Rl RS2 R R R R S R S R X R AR 2}

(2 2 821 common block (Opticnﬂl) X222 X222 222X YA 22 X X 2 Y R R 2 22 222222 2)
* DAT (defined in HASEL) .
(2222222221 X222 R RS2 2 A2 X2 2222212 2R A T R IR R R Y PR R R R R R RS R ]
real*8 function elden{t,elong,elat,r)
implicit real*s (a-h,o-2)
common /dat/foE,hmE,ymE, foFl, hmF1,ymFl, £oF2, hmF2, ymF2, re,model
foF2=12.
hmF2=350.
ymF2=110.
vel=.04
x={r-re-hmfF2-vel*t) /ymF2
elden=(foP2**2/80.64-6)*chap(1.40,1.4142d40%*x)+0.%*elongvelat
return
end

* % % % 5 %W

LAAAZ R AL R 22 X X 2222 X2 22 A R 22222 R s 2 R R 223323222223 2132211y
\AAS S AL AL AL A2 22 A AR A4 il il iRy Y Y Y R T TR YRy
LA A A AR A 22 A2 22 a2 2 2 2 22222 R 222222222 2 Y R Dy P 2 2 R R R AR ]
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