APPENDIX 5. MODELS OF THE EARTH'S MAGNETIC FIELD
WITH INPUT PARAMETER FORMS
The following models of the earth's magnetic field are available.
The input parameter forms, which describe the model, and the sub-

routine listings are given on the pages shown.

a. Constant dip and gyrofrequency (CONSTY) 142
b. Earth-centered dipole (DIPOLY) 143
c. Constant dip. Gyrofrequency varies as the

inverse cube of the distance from the center

of the earth (CUBEY) 144
d. Spherical harmonic expansion (HARMONY) 145

To add other models of the earth's magnetic field the user must
write a subroutine that will calculate the normalized strength and direc-

tion of the earth's magnetic field (Y, Y., Y ch) and their gradients

(3Y/3r, 3Y/38, 3Y/3w, 2Y /ar, 3Y /38, anr,’aca, 3Y ,/3r, 3Y /38,
aY e/acp , BYQD/B 1 BYQO/‘BB, BYCD/BLO) as a function of position in spheri-
cal polar coordinates (r, 6, ). (Y = fH/f, where fH is the electron
gyrofrequency and f is the wave frequency.)

The restrictions on electron density models also apply to models of
the earth's magnetic field. The coordinates r , 8, 0 refer to
the computational coordinate system, which is not necessarily the same
as geographic coordinates. W24 and W25 give the geographic latitude
and longitude of the north pole of the computational coordinate sys tem.

The input to the subroutine (r, 8§, ¢) is through blank common. (See
Table 3,) The output is through common block /YY/. (See Table9.) It
is useful if the name of the subroutine suggests the model to which it cor-
responds. It should have an entry point MAGY so that other subroutines
in the program can call it. Any parameters needed by the subroutine
should be input into W201 through W249 of the W array. (See Table 2.)
If the subroutine needs massive amounts of data, these should be read in

by the subroutine following the example of subroutine HARMONY.
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INPUT PARAMETER FORM FOR SUBROUTINE CONSTY

An ionospheric model of the earth's magnetic field consisting of constant
dip and gyrofrequency

Specify:
gyrofrequency, fH = MHz (W201)
dip, I = degrees (W202)

radians

The magnetic meridian is defined by the geographic coordinates

of the north magnetic pole:

radians
latitude = degrees north (W24)
radians
longitude = degrees east (W25)
SUBROUTINE CONSTY CONYO0O01
CONSTANT DIP AND GYROFREQUENCY CONYO0O02
COMMON /YY/ MODYsYsPYPRsPYPTHsPYPPHsYRsPYRPRsPYRPT sPYRPPsYTHPYTPRCONYQO3
1sPYTPT sPYTPPsYPHsPYPPRsPYPPTsPYPPP CONYQO4
COMMON /WW/ ID(10)sWOsW(400) CONYO0O0s
EQUIVALENCE (FsW(E) )1 s (FHsW(201))s (DIPsW(202)) CONYQ06
DATA (MODY=6HCONSTY CONYOQOT
ENTRY MAGY CONYOOB
Y=FH/F CONYOO9
YR=Y*SIN(DIP! CONYO10
YTH=Y*COS(DIP) CONYO11
RETURN CONYO12
END CONYO13-
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INPUT PARAMETER FORM FOR SUBROUTINE DIPOLY

An ionospheric model of the earth's magnetic field consisting of an earth

centered dipole
The gyrofrequency is given by:

_ Roth's T
=f ( 0 1+ 3 cos®X
TR TG-S BN J

The magnetic dip angle, I, is given by
tanI = 2 cot A

h is the height above the ground

R, is the radius of the earth

XA is the geomagnetic colatitude

Specify:

the gyrofrequency at the equator on the ground, fHo = MHz (W201)

the geographic coordinates of the north magnetic pole

radians
latitude = degrees north (W24)
radians

longitude = degrees east (W25
SUBROUTINE DIPOLY DIPQCO1
COMMON /CONST/ PIsPIT2+PID2sDUMI(5) DIPQOQO2
COMMON /YY/ MODYsY;PYPR,PYPTH-PYPPH;YR:PYRPR‘PYRPT;PYRPP,YTH.PYTPRDIPOOOB
1sPYTPTsPYTPPsYPHsPYPPRsPYPPT s PYPPP DIPO0O04
COMMON R(6) /WW/ ID(10)sWOsW(400) DIPQOOS
EQUIVALENCE (EARTHRsW(2))s(FsW(p)) s (FHsW(201)) DIPQO0s
DATA (MODY=6HDIPOLY) DIPOOO7
ENTRY MAGY DIPQOOOS8
SINTH=SIN(R(2])] DIPOQO9
COSTH=SIN(PID2-R(2)} DIPDO10Q
TERMI=SQRT(1le+3 e *COSTH*#2 ) DIPOO11
T1=FH*(EARTHR/R(1))%%3/F DIPOO12
Y=T1*#TERM9 DIPOO13
YR= 2.%T1#COSTH DIPOO14
YTH= T1%SINTH DIPOO1S
PYRPR=-3,%YR/R(1) DIPQOO16
PYRPT==2¢%YTH DIPQO17
PYTPR==3,,#YTH/R(1) DIPCO18
PYTPT=45%YR DIPOO19
PYPR==3¢%Y/R(1) DIPOO20
PYPTH:—Bo*Y*SINTH*COSTH/TERMQ**Z DIPOO21
RETURN DIPQOO22

END DIPQ023~
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INPUT PARAMETER FORM FOR SUBROUTINE CUBEY

A model of the earth's magnetic field consisting of a constant dip and
a gyrofrequency which varies as the inverse cube of the distance from

the center of the earth

This model has the same height variation as a dipole magnetic field.

The gyrofrequency is given by:

= % 3)

a is the radius of the earth.

r 1is the distance from the center of the earth.

Specify:

gyrofrequency at the ground, f'[—Io = MHz (W201)
. _ radians

dip, I = e —— (Wz202)

The magnetic meridian is defined by the geographic coordinates of the

north magnetic pole:

radians
latitude = degrees north (W24)
km

radians
longitude = degrees east (W25)
km

SUBROUTINE CUBEY
CONSTANT DIP.
GYROFREQ DECREASES AS CUBE OF DISTANCE FROM CEN/ER OF EARTH.
THIS MODEL HAS SAME HEIGHT VARIATION AS A DIPOLE FIELDe

CUBEQO1
CUBEOO2Z
CUBEOQO3
CUBEOO4

COMMON /YY/ MODY sYsPYPRsPYPTHsPYPPH s YRsPYRPRsPYRPT sPYRPPsYTHsPYTPRCUBEOOS

1sPYTPTsPYTPPsYPHsPYPPRsPYPPTsPYPPP
COMMON ‘R /WW/ ID(10)sW0sW(400)
EQUIVALENCE (EARTHRsW(21)s(FsW(B)) s (FHeW(201)) s (DIPsW(202))
DATA{MODY=5HCUBEY)
ENTRY MAGY
Y=(EARTHR/R) ®##3 %FH/F
YR= Y#SIN(DIP)
YTH= Y#COS(DIP)
PYPR=—3,%Y/R
PYRPR=-34%#YR/R
PYTPR==3,%YTH/R
RETURN
END
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CUBEQO6
CUBEOQO7?
CUBE0O8
CUBEOO9
CUBEO10
CUBEO11
CUBEO12
CUBEO13
CUBEO1l4
CUBEO15
CUBEO1lé
CUBEO17
CUBEO18-



INPUT PARAMETER FORM FOR SUBROUTINE HARMONY

A model of the earth's magnetic field based on a spherical harmonic
expansion

The upward, southerly, and easterly components of the earth's magneti
field are given by:

6 nt2 1 . _
I—Ir = - \L (nt+1) (‘i") L Hn m(e)(gn cosm@ + hn sinmt_p)
n=o m=o0
— Y a i )
I—Ie = - 3mo L (r) 21 Gn (9)(gn cosm® + hn mnm@)
n=o m=0

nt2 % .
a ; m m m .
o 8 -
O(r) ?zom Hn ( )(hn cosm?®® gn smm&p)

where
a 1is the radius of the earth.
r, 0, © are spherical (earth-centered) polar coordinates.
H %8) =1
Hlo(e) = cos ©
1

H, (6) = sin ©
m,., _ m
Hrn+1 (®) = I—Im (8) cos B

m+1 m
= 6 in ©
Hm+1 (8) I_Im (6} sin

m _ m (ntm+1)(n-m+1) m
Hoprz OV =H ,7() cosb - (2nt3)  (ofl) Bn O
m _ d m .
Gn ©) = -5 I—In (6) sinb
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G m(e) = -mH m(e) cos®
m m

m B m (h+m+1) (n-m+1) m
Gn+1 (8) = _(n+1)Hn+1 (6)cosB + Sotl Hn (6)

The recursion formulas for calculating H m(e) and Gnm(e) are from
Eckhouse (1964).

This subroutine uses coefficients gnm and hnm for Gauss normalization.
Some coefficients are now being published for Schmidt normalization

(e. g. Cain and Sweeney, 1970). The factors Spn, m used for converting
the "Schmidt normalized" coefficients to the "Gauss normalized"
coefficients are as follows (Cain, et. al., 1968, Chapman and Bartels,
1940):

S- = -1
0,0
S e [Zn 1]
n, o n-1, o0 n
2n
Sn, 1 “n, o+l
S = -(—H' for m>1
n, m n, m-1 n+m

By convention, the '"Gauss normalized'" coefficient glo is positive,
whereas the '""Schmidt normalized' coefficient glo is negative. Coeffi-
cients based on more recent data on the earth's magnetic field including
more satellite data are in the POGO 8 /69 model.

Specify below the Gauss coefficients gnm and hnm in gauss.

columns columns columns columns columns columns columns

2—10 11— 20 21— 30 31—~ 40 41 = 50 51 = 60 61— 70

l1st card g =

o 1

2nd card & = g~
1 2

3rd card gzo = g,= ge=

o 1 2 3
4th card g = g.= g.= g.=

3 —_— 3 3 3

o 1 2 3 4
5th card g4 = g4= g4: gé: g4:

o _ 1 2 3 4 5
6th card gy g;= Eme ERe = 8"

o 1 2 3 4 5 6
Tth card g6 = 86_ g6= gé: gé: gé: g6:




8th card h =

[e]
1
9%h card h. = = h,=
1 l—
o 1 2
1 = = h —
Oth card h2 h‘2 >
o 1 2 3
11 h = h = h = h™=
th card 3 3 3 3
o] 1 2 3 4
1 h — = h = h = h =
2th card 4 h4 4 4 4
o 1 2 3 4 5
= h = h™= . h' = ho=
13th card 115 5 5 hS 5 5
o 1 2 3 4 5 6
1 = = h¥= hl= ho= hl= ho=
4th card h6 hé 6 6 6 6 6
Set W200 = 1. to read in a set of coefficients.
This subroutine represents:
m
Hn (6) by H(m+1, n+l)
m
G (8) by G(m+1, n+l)
n
m
g by GG(m+1, n+1)
n
m
h by HH(m+1, n+1)
n
SUBROUTINE HARMONY HARMOO 1
C  MODEL OF THE EARTH S MAGNETIC FIELD BASED ON A HARMONIC ANALYS]S HARMOO?2
DIMENSION PHPTH(757) sPGPTH{7s7) sA1(T+7)sB1(T+7) HARMOO3
DIMENSION HU75719G(7+7)3sGG(T97) sHH(T»7)sSINP{T) sCOSP(7) HARMOO4
COMMON /YY/ MODYsY;PYPRgPYPTH-PYPPH;YR;PYRPR,PYRPT.PYRPP,YTH,PYTPRHARMOOB
1sPYTPT sPYTPPsYPHsPYPPRPYPPT»PYPPP HARMOOG&
COMMON R(6) /WW/ ID(10)sWOsW(400Q) HARMOO7
COMMON /COMST/ PI,PIT2sPID2sDUM(5) HARMOOS
EQUIVALENCE (THETASR(2)) s (PHIsR(3)) HARMOOg9
EQUIVALENCE (EARTHRsW(2)}s(FsW(g) ]l s (READFHsW(200) ) HARMO10
C  RATIO OF CHARGE TO MASS FOR FLECTRON HARMO11
DATA(EOM=1,7589EF7) HARMO12
DATA (SET=0e)9(H=14548(0e1)9(G=49(04)) s (PHPTH=49(0.)) HARMO13
1 s(PGPTH=49(0e})s (MOUY=THHARMONY ) HARMO14
ENTRY MAGY HARMO15
IFISET) GO To 2 HARMO 16
DO 1 M=1,7 HARMO17
DO 1 N=1s7 HARMO18
B1(MsN)=(N+M=1)%(N-M+1)/(2%N=1,) HARMO19
1 AL(MaN)=B1(MsN)/(2%N+1) HARMO3Z0
SET=1a HARMO2 1
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2
2000

2100

1 /9XsT7(1HG214X)/10XsTI1IHNs14X)//(1XsTF15e6) )

2200

1 /79X 7 (1HH» 14X 1 /710X s TOLHN 14X) //L1XsTF156))

1

IF{READFHeEQeQe) GO TO 3
READ 2000 +GGsHH

FORMAT (1XsF9eks6F10e4)
PRINT 2100:GG

HARMO 22
HARMO 23
HARMO24
HARMO25

FORMAT(1HI’10X11H0,14111H1’14X!1H2y14Xi1H3s14X9IHQ’lhx’1H5s14XslH6HARM026

PRINT 2200sHH

HARMO27
HARMO 28

FCRMAT /7 llX,1HG-14X11H1914X:1H2-1&X'lH3plaX91H4sl#Xs1H5p14XsIH6HARM029

READFH=0,

COSTHE=COS(THETA)
SINTHE=SIN{THETA)
AOR=EARTHR/RI(1)
PAORPR=~AOR/RI(1)

CNST2=A0R

PCNSPR=PAORPR
FIN1=PFIN1IR=PFINLIT=PFINLP=0.
FIN2=PFIN2R=PFIN2T=PFIN2P=0.,
FIN3=PFIN3R=PFIN3T=PFIN3P=0.
DO 4 M=1s7
SINP{M)=SIN((M=1)%PHT)
COSP(MI=COS((M=1)%PHI)
H({1s2)=COSTHE

H{2+2)=SINTHE

DO 5 M=1,5
H(M+1sM+2)=COSTHE#*H (M+1 sM+1 )
H{M+2sM+2 ) =SINTHE#H (M+1 sM+1)
DO 5 N=Ms5

HIMsN+2)1=COSTHE®H(MsN+1)=A1 (MsN) ¥H(MsN)

DO 6 M=1s6
GIM+19M+1 ) =—M¥COSTHE*H(M+1 sM+1)
PHPTH(M+1sM+1)==G(M+1sM+1)/SINTHE

PGPTH(M+1 sM+1) =M*SINTHE*H(M+1 sM+1) ~M*COSTHE*PHPTH( M+1+M+1)

DO 6 N=Ms6

GIMsN+1}==N*¥COSTHE*H (MaN+1)+B1 (MaNI®H(MaN)

PHPTH{MsN+1)==-G(MsN+1}/SINTHE

HARMO30
HARMO31
HARMO32
HARMO33
HARMO 34
HARMO35
HARMO36
HARMO37
HARMO 38
HARMO39
HARMO &0
HARMO4 1
HARMO 4 2
HARMO 43
HARMO 44
HARMO &4 5
HARMO 46
HARMO 47
HARMO48
HARMO 49
HARMOSO0
HARMOS5 1
HARMO 52
HARMOS53
HARMO54
HARMOS55
HARMOS6
HARMOS57

PGPTHIMsN+ 1) =N¥SINTHE*H(MsN+1 ) ~N®COSTHE*PHPTH(MsN+1)+B1(MsN) *PHPTHHARMOS8

(MsN)
DO B8 N=1,7
CR=PCRPTH=PCRPPH=0.
CTH=PCTHPT=PCTHPP=0.
CPH=PCPHPT=PCPHPP=0e
DO 7 M=1sN

TEMP1=GG(MsN)*COSP (M) +HH{MsN]) *¥SINP (M)
TEMP2=(M=11%*(HH(M N} *COSP (M} -GG (MsN)I%#STNP (M) )

CR  =CR  +HIMsN)*TEMP1
PCRPTH=PCRPTH+PHPTH (MsN)#TEMP 1
PCRPPH=PCRPPH+H (MyN) *TEMP2

CTH  =CTH  +G(MsN)*TEMP1
PCTHPT=PCTHPT+PGPTH (MsN) *TEMP]
PCTHPP=PCTHPP+G (MsN) *TEMP2

CPH  =CPH  +H(M,N)*TEMP2
PCPHPT=PCPHPT+PHPTHI(MsN) *TEMP2
PCPHPP=RCPHPP—H (M, N) % (M~1) ¥%2 % TEMP 1
CNST2=CMST2*A0R
PCNSPR=CNST2#PAORPR+AOR*PCNSPR
FIN1=FIN1+N*CNST2%CR
PFIN1R=PFINIR+N*PCNSPR¥CR
PFINIT=PFIN1IT+N*CNST2*%PCRPTH
PFINIP=PFIN1P+N*CNST2#PCRPPH
FIN2=FIN2+CNST2#*CTH
PFIN2R=PFIN2R+PCNSPR*CTH
PEIN2T=PFIN2T+CNST2#PCTHPT
PFIN2P=PFIN2P+CNST2#PCTHPP
FIN3=F IN3+CNST2#CPH
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HARMOs59
HARMQgO
HARMOG&1
HARMOG 2
HARMOG13
HARMOG6 4
HARMO&5
HARMOG& 6
HARMO&7
HARMOgB
HARMO &9
HARMOT7Q
HARMOT1
HARMO 72
HARMOT73
HARMO 74
HARMO75
HARMO 76
HARMO 77
HARMOQO78
HARMO7¢9
HARMOB80
HARMOSB1
HARMOB2
HARMOB3
HARMO8 4
HARMOBS
HARMOB86



PFINIR=PFIN3R+PCNSPR*CPH
PFIN3IT=PFIN3T#CNST2*PCPHPT

] PFINIP=PFINIP+CNST2*PCPHP?
ATHETA==-FIN2/SINTHE
HPHI=FIN3/SINTHE

Ceevrsevrrvs CONVERT FROM MAG FIELD IN GAUSS TO GYROFREQ IN MHZ
CONST=-EQM/PIT2%1.E-6/F
YR==-CONST*FIN1L
YTH=CONST¥HTHETA
YPH=CONST®HPHI
Y=SAQRT (YR¥*24+¥YTH**2 ¢ YPH¥*2)
PYRPR==CONST¥PFINIR
PYTPR==CONST*PFINM2R/SINTHE
PYPPR=CONST®*PFIN3R/ SINTHE
PYPR=(YR*PYRPR+YTH* PYTPR+YPH*PYPPR) /Y
PYRPT=~CONST®*PFINLT
PYTPT==CONST*(PFINZT/SINTHE+HTHETA*COSTHE/SINTHE)
PYPPT=CONST* (PFIN3T/SINTHE-HPAI*30STHE/SINTHE)
PYPTH=(YR*PYRPT+YTH¥PYTPT+YPH*PYPPT) /Y
?YRPP==CONST*PFINLP
PYTPP==CONST*PFINZ2P/SINTHE
PYPPP=CONST*PFIN3P/SINTHE
PYPPH=(YR®*PYRPP+VYTH*PY TPP+YPH*PYPPP) /Y
RETURN
C COEFFICIENTS IN GAUSSIAN UNITS FROM JONES AND MELOTTE (1953).

HARMOSB7
HARMD8S
HARMO89
HARMOSO
HARMO91
HARME92
HARMO93
HARMO94
HARMO9S
HARMOSE
HARMOS7
HARMO98
HARM099
HARM100
HARM101
HARM1G2Z
HARM103
HARMIO&
HARM105
HARM106
HARM107
HARM108
HARM109
HARM110
HARM111

THE FOLLOWING i4 CAROS CAN 3£ USED AS DATA CARDS FOR THIS SUBROUTINEHARM11Z

C O

C.3039 -0218

C.0176 =-.0509 ~«0135

C-.0255 « 0515 -.0236 - 0074

C-.0333 -«0397 -.0238 -20687 -+ 0018

C.0233 ~+0329 -.0130 «0031 « 0030 - 0005

C-.0211 -.0073 -BC07 0210 <0017 =.0004 0006

C 0.

C =+0555

C 0260 -~ 0044

C 0190 -e3033 -+ 0001

c =-+0139 «0076 «0019 -0010

c «» 0057 -.0018 «0003 «0032 -. 0004

C -.0026 ~.0204 «0018 0009 <0004 0002

C THZ FOLLOWING SET OF GAUSS NORMALIZED COEFFICIENTS WERE CONVERTED
c FROM THE SCHMIDT NORMALIZED COEFFICIENTS CALCULATED BY LINEARLY
c EXTRAPOLATING TJ EPOCH 1974 THE COEFFICIENTS PUBLISHED FOR EPOCH

C 1960 BY CAIN AND SWEENEY (1970). (USES EARTH RADIUS = 6371.2)

C 000000

C+.300953 +.020298

C+.028106 -.05214 -=014435

C=.0308 +.065060 -.025252 =-.006352

C-041243 -.043956 =-.016897 +.,008021 =-.002525

Ce¢olib4742 -,037078 =~-.018906 +,002819 +,003656 +.000036

C-.006713 -.01223% =-.004366 +,02137 +.001593 =,000072 +.00068

C .000000

C .000000 -.057886

C 0000300 +,035942 +,001129

C 000000 +.01108% =-.004421 +,001180

C .000000 -.010293 +.00879% =-.000086 +.002256

C .000000 -.003849 =-.012615 +.007845 +,002207 =-.000328

C 000000 #.003157 =-.012670 =-,009281 +.002286 =~-.000135 +,000243
END
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HARM113
HARM114
HARM115
HARM116
HARM117
HARM118
HARM119
HARM120
HARM121
HARM122
HARM123
HARM124
HARM125
HARM126
HARM127
HARM128
HARH129
HARM130
HARM131
HARM132
HARM133
HARM134
HARM135
HARM136
HARM137
HARM138
HARM139
HARM140
HARHM141
HARM142
HARM143
HAR M1kt
HARM145 -
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