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ABSTRACT

|4AGSAT, a satel I ite designed specifical ìy to survey crustal mag-

netic fields, was in orbit from October J0, 1979 to June ll, .l980.

During its more than 3400 orbits, it crossed the boundary separating

the Churchiìl and Superior provinces of the Canadian Shield at an

al ti tude of approximately 400 ki lometres several hundred times. The

Churchill and Superior provinces are sufficiently different in

structure and geophysical characteristics to produce a measurable

signature in the satel I ite magnetic data. The signature was ex-

tracted from the data using data processing techniques not generaì ly

applied to satelìite measurements. This observed signature was mod-

el ìed usi ng an equivalent point source technique employi ng spher ical

prisms. The model led signature resulting from a simple step-l ike

thickening of a lower crustal magnetic layer agrees quite well with

the observed signature.

A large positive magnetic anomaìy over the Ungava peninsula was

investigated and model led. The source of the Ungava anomaly appears

to be unrelated to the Churchi I ì-Superior boundary, but may be re-

lated to tectonic effects of the formation of the Richmond Gulf au-

locagen structure.
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Chapter I

I NTRODUCT I ON

Satellite measurements of the geomagnetic field began with the

ìaunch of Sputnik 3 in l4ay .|958. To date, o¡ly the Polar Qrbiting

Geophys ica I Observatory and i'1AGSAT satel I i tes have prov ided an accu-

rate globaì survey of the Earth's fieìd. Until 1975, when the first

crustaì magnetic anomaly maps were constructed from P0G0 data, i t

was not thought possible to detect the extremely smalì variations in

sateì ì i te-observed fields due to the crust. I{AGSAT was designed

specifical ly to survey the crust-related fields and to enhance the

data quality of these fields. The overall reliability in isolating

the crustaì fields has been confirmed by several studies involving

comparisons of upward continued aeromagnetic data to satellite de-

r ived anomaì y maps.

l,lodelling and interpretation of satellite anomaly maps is in its

infancy. Frey (l98Za, 1982b) has shown that there is a defínite

tendency for satel I ite-observed anomal ies to be associated with

large features such as shields, platforms, subduction zones, basins,

rifts, and age province boundaries. Qne such feature, the Church-

i I l-Superior province boundary zone, has been the object of a great

deal of study over the past l! years. i,luch work has been done in
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the effort to obtain an accurate description of the location, ex-

tent, and crustal structure of the boundary, using aeromagnetic,

gravity, and seismic data. The disinctive change in crustal struc-

ture at the boundary proposed by several authors is sufficient to

produce an observable signature in satellite data. Such a signature

is not readi ly observable in HAGSAT or P0G0 anomaly maps.

This study was undertaken in an effort to identify the field var-

iations in |IAGSAT data due to the crustal structure of the Church-

i I ì-Superior boundary zone. Techniques in data processing common to

other fieìds, but not general ly employed in satel I ite magnetometry'

were uti ì ized in isolating the Churchi I l-Superior boundary signa-

ture. I ndividual satel I i te prof i les were analyzed much the same as

seismic traces, and the boundary signature was separated from ef-

fects due to current systems and to unrelated crustal fieìds. The

crustal modeì developed to explain the signature is in good agree-

ment with several of the seismic and magnetic models of the boundary

zone.



Chapter I I

SATE LL I TE ¡lAGNETOI'IETRY

Satel ì i te magnetometry i s a very recent aspect of geomagnet i sm,

the ol dest branch of geophys i cs. The magnet i c data col I ected by

satel l ites has been uti I ized in the production of spherical harmonic

field models, studying the structure of the crust, and various mod-

elìing studies including the ftuid dynamics of the outer core and

current systems in near-Earth space. The interpretation of the var-

ious measurements possibìe usi ng satel I i tes i s not yet wel I devel -

oped, but satellites have proven to be a vaìuable source of informa-

t¡on in geomagnetic studies.

2.1 THE GE0|4AGNETI! F I ELD

As a first approximation, the geomagnetic field may be considered

as resulting from a dipole located near the Earthrs centre with its

poles near Thule, Greenland and Vostok, Antarctica. The fieìd is a

vector quanti ty and has general ly been descr ibed wi th two angular

measures (inclination below horizontaì, and decìination from geo-

graphic north) and field strength or magnitude. ln satell ite magne-

tometry, it is often more convenient to describe the vector in terms

of i ts components, usuaì ly north, east, and vertical (posi tive

3
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down). The magnitude of the field is usualìy referred to as the

scalar field.

The geomagnetic fieìd is not static, but undergoes various chang-

es in time. The variations experienced by the field can be dis-

tinctìy grouped according to the time span of the variation. Rever-

sals in polarity, secular variations, diurnal variations, as weì ì as

irreguìar changes of much smaì ìer time scales, are directly I inked

to the contributing sources of the fieìd. ln terms of satel I ite

magnetometry, the geomagnetic field may be considered to have three

principaì sources of dìffering relative magnitudes. At ìeast 96'A of

the magnitude measured by satell ites is due to the main fieìd gener-

ated in the core of the Earth. Up to 4% is contributed by various

current systems in near-Earth space, and less than 0.04U is due to

magnetization of the crust.

2.ì.1 Spherical Harmoni c F ield f'lodeìs

ln order to better understand the geomagnetic fieìd' it is gener-

aì ìy described with a mathematical model. lt is convenient to de-

scribe the field as resulting from a series of muìtipoles with the

dipole portion dominant. The spherical harmonic series used in this

description is not necessari ìy physicaì ly meaningful ' but is a con-

venient representation. This function depends on the coìatitude ø,

ìongitude À, radiaì distance from the Earth's centre P' and time t.

The geomagnetic field is then derived from a series representation

of the magnetic scalar Potentiaì;
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A

where A = magnetic scalar potential

a = mean radius of the Earth

¡,to = perrrìêab i I ity of f ree sPace

m = order of the sphericaì harmonic

n = degree of the spherical harmonic

Schm i dt quas i -norma I i zed spher i ca ì

functions"

The spherical harmonic field model, then, is a set of Gauss coeffi-

cents g-, hl as well âSr in some models, the time derivatives of the

Gauss coefficients. The coefficients are determined by measuring

the field on a global scale to get an accurate representation of the

behavior of A( p, Ø, À). n ìeast-squares fit procedure is then used

to determine the coefficients requi red to accurateìy model the ob-

served fields. The field measurements must be carried out over as

short a t¡me span as possible in order to avoid inaccuracies arising

in the secular changes. ln this respect, sateì I ites are ideaì ìy

suited since global coverage is obtained in a very few days. The

time derivatíves of the coefficients are determined by examining the

fieìd modeìs required at different times' generaì ly a few years

apart.

The dipole portion of the f ieìd is given by gf , 9,' , and h,' . For

the l1GS48 ì #2 mode I (Append i x C) ;

g,o = -29987 nT along the geocentric rotation axis

04 z rn+l::i J:l i,,n;,- r,*lpl t^=o
cos m \ * (h:) sin m \] P:Ø)

P:(ø) =
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9,' = - 1957 nf through Greenwich meridian and equator

h,' = + 5605 nT norma ì to g,o and g,r

The remaining terms describe the so-caì led non-dipoìe portion of the

field. ln theory, the summations are carried to infinity to per-

fectly predict the field at any location for a specific time' known

as the epoch for the model. ln practice, however, the series is

terminated at a degree and order chosen to accurately model the main

field only. Langel and Estes (1982) examined the power spectra of

field models given by;

R (n+1) t { (s-)t + (n')' ]
rnÉo

They found a distinct change of slope in the Pou/er spectrum at n=ìl+.

This was interpreted as signifying that degrees up to l3 describe

core- generated fields, while degrees l! and up describe crustal

fields. Since the crustal fieìds are generaì ly studied as anomaìy

fields or residuals, most models are terminated at degree and order

I 3 to avo i d modeì I i ng the crust.

2.1.2 The l'lain Field

The main field is the largest contributor to sateìlite observed

magnetic fields. The magnitude of the main field at satel ì ite alti-

tudes is typical ìy from 30,O0O to 60,000 nanotesla. The most nota-

ble feature of the main fieìd is its secuìar variations. These var-

iations are sìow, amounting to changes of up to l? per year. The
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polarity occur on a much longer time span, and

magnetic'¡stripingrr of oceanic crust adjacent

Nagata (lg6¡) identified five features of the

l. A decrease in the moment of the dipole portion of the field

by O.OjZ per year.

2. A westward precessional rotation of the dipoìe axi s of 0.05

degrees of long'itude per year.

3. A rotation of the dipole axis toward the geographic axis of

0.02 degrees of latitude per year.

4. A westward drift of the non-dipole fieìd of 0.2 degrees of

I ong i tude per year.

5. Growth and decay of features of the non-dipole field with av-

erage changes of about l0 nanotesla per year.

The rates of change observed preclude the possibi I ity that they are

related to pìate tectonics or mantle convection. This, combined

with spherical harmonic anaìysis, has determined the source of the

main fieìd to be the outer core of the Earth (Stacey; pp2l8) '

Seismic evidence indicates the outer core of the Earth behaves

like a liquid. Geochemical and density considerations are consis-

tent with an outer core composed mainly of iron, a good magnetic and

electric conductor. l,lost theories of the origin of the main f ieìd

draw upon these two observations to explain the magnetic field gen-

eration in terms of a magnetohydrodynamic or kinematic dynamo"
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These theories are based on Larmor's suggestion that suitable inter-

nal motion in a large conducting fluid could cause it to act as a

seìf- exciting dynamo, and were investigated originally by Elsasser

(.l946a and 1946b), and by Bullard and Gellman (1954).

The theoretical studies of magnetohydrodynamic dynamos and kine-

matic dynamos are based on the highìy non-linear equations of hydro-

magnetics, thermodynamics, and electrodynamics. Host of the recent

progress has been in the study of kinematic dynamos. Kinematic dy-

namo theories differ from magnetohydrodynamic dynamc theories in

their approach to the problem. ln the case of kinematic theories,

fluid motions within the core are postulated, and non-decaying solu-

tions are then sought for the resulting electrodynamic equations.

¡lagnetohydrodynamic dynamo theories, on the other hand' seek to de-

rive the necessary fluid motions to explain the observed fîeìds.

Regardless of the approach, the main field is proposed to be due to

eìectric currents in the outer core.

The mathematics involved in magnetohydrodynamic and kinematic dy-

namo theories is fairly elaborate, but the physical principles are

fairly straightforward. Assuming the outer core to be a conduct¡ng

fluid, magnetic field ì ines wilI be "frozen" in the conducting fìuid

if the fluid motion exceeds the rate at which the field is able to

diffuse out of the conductor. These field ìines will then be drag-

ged around with the fìuid as it circulates. lf the fluid circula-

tion is such that the moving field I ines generate electric currents
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that reinforce the field I ines, the system becomes self-exci ting.

The particular circulation pattern that produces this phenomenon is

the subject of much debate, but it is generally believed to incorpo-

rate some form of convection cel l. The convection cel ls are proba-

bly produced by the action of gravity on density inhomogeneities'

and the source of power required to maintain the convection is bet-

lieved to be gravitational potential energy which is released by the

redistribution of mass as the inner core grows in size (Franck¡

.l982). The fact that the rotationaì and magnetic poles nearly coin-

cide has prompted Hide (.l982) to suggest that fluid motions associ-

ated with dynamos are strongly influenced by Coriol is forces due to

a general rotation.

2.1 .3 l,laqnetospher ic aoçl I onospher i c Cur r_e¡LL Systems

ln addition to the secular variations in the main field, the geo-

magnetic field undergoes systematic diurnal variations and irregular

variations on a time scale of seconds to days. These additional

variations are manifest as changes in the vector field by as much as

2OoO nanotesla at satel I ite "ltìaua"r. The magnetic field is termed

magnetical ly quiet if the variations are reguìar, and magnetical ly

disturbed if the variations are irregular. A magnetic substorm is

said to occur if the i rregular changes are of high ampl itude and

conf ined to h igh lat i tudes. f'lagnet ic storms occur when the h igh am-

pl itude irregular variations are observed world-wide.
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Diurnal and irregular variations are due to several compl icated

electric current systems in space surrounding the Earth. The simi-

larity of the main field to that of a dipole is severely distorted

in space by the solar wind, a stream of ionized particles flowing

out from the sun in all directions. The solar wind, comprised main-

ìy of protons and electrons' confines the geomagnetic field to a

cavity calìed the magnetosphere within a bag-ìike boundary known as

the magnetopause. F¡gure 2.ì illustrates the pre-1960rs and present

day views of the geomagnetic fieìd. The magnetosphere is compressed

on the magnetic noon (sunward) side, and is combed out into a comet-

like tail on the midnight side. The solar wind is a neutraì, highly

conductive ionized gas called a plasma. By Lenz's law, interplane-

tary and solar magnetic fieìd lines are "frozenrr into the plasma and

carried along with it. Simi larly, magnetic fieìds external to the

plasma are frozen out. The magnetosphere is therefore warped upon

rrcontactil with the solar plasma since the geomagnetic field l ines

are forb i dden entry. The sol ar pl asma compresses the Earthrs f i el d

ahead of it until the Earth's magnetic field density is equal to the

pìasma energy density. This occurs at approximately ten Earth radi i

and, at that point, the plasma breaks up and most of it slips around

the Earth, giving rise to the magnetophere's tai l.

Some of the charged particles comprising the plasma are trapped

in the geomagnetic fieìd by processes not yet ful ly understood. The

mot i ons of these charged part i c ì es under the i nf I uence of the geo-
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magnet¡c fieìd and their own kinetic energy constitute currents

within the magnetosphere and on the magnetopause. As i I lustrated in

Figure 2.2, the current systems and the magnetosphere are rather

complicated. As welì as within the magnetosphere and on the magne-

topause, currents flow across the taiì in the neutraì sheet seParat-

ing incoming from outgoing field ì ines. Some of the trapped parti-

cles drift in a westerly direction, giving rise to the westard

flowing equatorial electrojet' or ring current.

MAGNETOPAUSE

CLEFT

CLEFT

tigure 2.22 Artist's conception of the magnetos.phere. Some of the
magnetospheric current systems are i I lustrated wi th broad arrows.
Thã ring current is illustrated with the heavy black arrow. (from

Langel; ì980)

.olÀsI
f
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l,lost of the magnetospheric currents are fairly distant from Earth

and cause littìe variation in f ields at |{AGSAT aìtitudes. The ring

current, however, can produce substantial f ields at l'IAGSAT aìti-

tudes, pârticularìy during disturbed times.

Figure 2.J: Auroral zone in the northern hemisphere. Locus of
maximum auroral activity around the North geomagnetic pole is

ilìustrated as the black line. lonospheric currents are active 240
nights per year in the auroraì zone. Note co-ordinates are

geomagnetic. (from Garìandi 1979)

The ring current and auroral currents (where trapped particìes

are injected into the Earthrs ionosphere) are the most important for

rc

E

90

o
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the present discussion. Figure 2.1 ilìustrates the locus of maximum

auroral activity related to the ionospheric current systems. Hughes

and Rostoker (lgll) analyzed ground-based magnetometer array data

and determined that the average current configuration for northern

latitudes involved three main current systems:

t. A downward field-aìigned current in the noon and pre-noon

which diverges to ionospheric Hall currents in the following

p?'oportions;

- 352 eastward electrojet toward dusk

- 60Z westward electrojet toward dawn

- 5'4 equatorward which closes through the mid-latitude

ionosphere and re-enters the auroral zone through

poleward flows in the pre-dusk

2. A westward electrojet across the midnight meridian which

gradually bleeds up the field lines in the pre-midnight pole-

ward of the east electrojet.

3. An eastward electojet ì^,hich gradual ly bìeeds up the f ield

I ines and dies out approximateìy at midnight"

The el ectrojets have assoc i ated wi th them Bi rkel and current

sheets i I lustrated in Figure 2.4. These are cone-shaped sheets of

field al igned currents which are particularly troublesome in the

separation of current and crustal magneti c anomal i es. Sí nce the

Birkeland currents are nearly vertical, they have their greatest in-

fluence on the horizental components of the geomagnetic field' par-
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Figure 2.1+: Artistrs conception of Birkeland current sheets. The

injection of charged particles into the ionosphere gives rise to the
aurora i I lustrated at the base of the conical current sheets. Note
the reversal in current direction near noon and midnight. (after

Potemra;1980)

ticularly the east component. Figure 2.! i I lustrates the effect of

B i rkel and currents on the vector components of the satel ì i te ob-

served field.

Klumpar and Greer (1982) have modeììed currents in northern lati-

tudes and have compared the resuì t i ng magnet i c prof i I es wi th those

observed in HAGSAT data. Figures 2.6 and 2.J summarize their model

and its performance" Note the differing scaìes on the plots, and

the reversaì in polarity as the anomaly profi ìes cross from dusk to
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(from Langel; 1980)

dawn sectors. Hughes and Rostoker (1979) used ground-based observa-

tions to modeì the current systems of the northern ìatitudes. Their

model incorporated a more compìex current system involving the mag-

netophere and ionosphere and three-dimensional current ìoops. FiS-

ure 2.8 illustrates the current systems used to generate the mod-

elled profiles, which are compared with observed profiles in Figure

to

The equatoriaì ring current in the magnetosphere influences

fields in northern latitudes, but is not an important contributor
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during magnetical ìy qu¡et times. The ionospheric currents' on the

other hand, are most i mportant to h i gh I at i tude stud i es, and are

present in some degree at almost aì I times. Zanetti and Potemra

(1982) studied the Birkeland current signatures in I'IAGSAT and TRIAD

sateì I i te data and concluded that the Bi rkeìand çurrent system i s a

t
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permanent feature of the magnetospheric and ionospheric current sys-

tems. As well, they noted that the Birkeland system is well corre-

lated with the global magnetic activity Kp index. The fact that the

ionospheric current systems produce anomal ies with waveìengths com-

parable to those of ì ithospheric origin makes them particularly dif-

ficult to identify and separate.

2. .l.4 Crustal f'laqnetization

Having magnitudes of from 0 to 30 nanotesla, the fields due to

variations in geophysical properties of the crust are by far the

smal lest effect observed by satel I ites. Since the fields are di-

rectly related to the crust, time variations are on a geological

time scale, varying with continental drift and tectonic events.

llost rocks contain a small percentage of iron oxides and iron

sulfides which have ferrimagnetic properties. These minerals have

small positive magnetic susceptibilities that increase with tempera-

ture unti I their Curie temperature is reached, at which point the

ferrimagnetic mineral loses its abi I ity to retain magnetism and be-

comes paramagnet i c. The Cur i e temperature for magnet i te ' the most

important of the magnetic mineraìs, is approximateìy f/! degrees

Celsius. The magnetic minerals occur as smal I grains dispersed

throughout the paramagnetic or diamagnetic host matrix of silicate

minerals. Host minerals are paramagnetic, having very smalì posi-

tive susceptibilities. The few diamagnetic minerals, having very
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smal I temperature-insensitive negative susceptibi I ities, have a very

weak effect,

0f the magnetic mineraìs, the cubic iron oxides are strongly mag-

netic. These include the l'lagnetite (Fer0a) - Titanomagnetite

(FerTi0A) solid soìution minerals, as welì as l'îaghemite (t- Fer0r).

The rhombohedral iron sulfides are a much weaker fami ìy of magnetic

mineraìs, but are sti I ì important sources of crustal anomal ies"

These include the Hematite ( a- Fer0r) - llmenite (FeTi0r) solid so-

lution minerals as well as Pyrrhotite (FeS^, ì<x<2..l1+) . ln addi-

tion to the remanent magnetization of the above mineraìs, induced

magnetization pìays an important role in crustal 'anomal ies. ln par-

amagnetic and diamagnetic substances, the susceptibi I ity is indepen-

dent of the magnetizing force, and the induced magnetization is lin"

early proportional to the magnetizi ng force. Thus, Elñ otherwi se

uniform magnetic field is increased by the presence of a paramagnet-

ic substance, and decreased by the presence of a diamagnetic sub-

stance. ln the case of ferromagnetic, antiferromagnetic, and ferri-

magnetic substances, the susceptibility depends on the magnetizing

force, but in the study of the geomagnetic field, the susceptibility

is assumed to be constant over the smaìl range of geomagnetic magne-

tizing forces. Ferrimagnetic minerals, then, are treated as param-

agnetic with much larger suscept¡b¡ìities.

Since the magnetic minerals lose their ferrimagnetism at tempera*

tures in excess of their Curie temperature, it is important to de-
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termine the "depth to Curie point'r. For the Canadian Shield,

Hal I (1977b) derived a simpl ified theoretical temperature-depth rela-

tion val id in the upper 150 km of crust;

J=.l03 +]0.6 z

where T is in degrees Ceìsius and z is in kilometres. Coles (lgll)

determi ned Cur i e temperatures for severa I rock sampl es col I ected

from the Superior Province of the Canadian Shield. He found that

the Curie temperature bJas approximately 575 degrees Celsius, consis-

tent with magnetite contributing the magnetic component. This was

also supported by pol ished surface mineralogy. Soìving the above

equation for T=575 yields a Curie depth of approximately \5 ki lome-

tres in the Canadian Shield. This depth, of course, varies accord-

ing to the regional heat flow, and is much shal lower over most of

the wor ì d.

The particular location within the crust of the magnetization ob-

served by satel I i tes has come under considerable attention recentìy.

From a study of the tong wavelength componeRt of aeromagnetic data,

Hal I (1974) concluded the magnetization of the lower crust was con-

siderabìy higher than magnetizations observed in surface rocks.

Several studies before and since have supported this contention, in-

cluding Pakiser and Zietz (.l965) , Zeitz et al (1966), Shuey et al

(1973), and Krutikhovskaya and Pashkevich (1977). The composition

of the lower crust, then, is of high importance in satellite magne-

tometry, since the fields observed at satel I ite altitudes are influ-
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enced by the enti re crust, not simply the upper portion. Wasi lewski

and Fountai n (.|982) studied the lvrea zone of northern I taly, PFê-

sumed to be a representative cross-sect¡on of the deep continental

crust. They observed artdeep crustalrrlayer of mafic-ultramafic

granul i te facies rocks wi th high magnetization, and concluded that

this layer would form an appropriate source for ìong wavelength ano-

malies. From a study of crustal xenol iths, Waselewski and l'layhew

(.|982) found that metabasic xenol iths in granul ite facies were gen-

erally highìy magnetic, but mantle xenoliths were essentially non-

magnetic. Thus the l'lohorovicic discontinuity may be a magnetic low-

er boundary in regions of low heat flow where the Curie depth is

below Hoho.

ln addition to the evidence indicating higher magnetization at

depth due to petrologic variations, the effect of temperature must

be considered. The Hopkinson effect results in the susceptibility

increasing substantial ly with temperatures approaching the Curie

point. Dunìop (197I+) indicates a factor of two enhancement in sus-

ceptibi I ity of deeply buried crustal rocks. Thus, the effective

magnetization of the lower crust wilì generalìy be greater than 5

amperes per metre, much higher than magnet¡zations measured near the

surface. ln surface surveys, the close proximity of the upper crus-

tal layer effectivelyrtdrowns outrr the long wavelength contribution

of the ìower crust, and the data must be fiìtered in order to ob-

serve the lower crustal contr ibution. At sateì I i te al ti tudes of 300
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to 800 ki lometres, the deeper crustal component dominates, due to

i ts greater magnet i zat i on.

2.2 THE I4AGSAT T,lISSION

l'lany sateìlites have measured the Earth's magnetic f ield, but

most of them have been at altitudes or in orbital pìanes unsuited to

the g I oba I study of the very sma I I component contr i buted by the

crust. Satel I i tes giving global coverage ¡n a short time period are

required for adequate field model I ing. Previous to I4AGSAT, only the

polar 0rbiting Geophysical Observatory (P0GO) series 2, l+, and 6

provided such data. The P0G0's spanned ì965 to 1971, and measured

the scalar field over an altitude range of 400 to 1500 kilometres.

Their orbital pìane was very nearly polar, providing gìobal cover-

age. The Soviet KOS||QS-!9 was in orbit for eìeven days, and covered

the region between !O degrees south latitude and !0 degrees north

latitude. K0S|40S-49 also measured the scaìar field, but at an aver-

age aìtitude of only 375 kilometres"

Regan et al (197Ð i I ìustrated that the crustal component could

be extracted from the satellite data obtained by the P0G0 series.

On the basis of their results, I'IAGSAT was designed for crustal stud-

ies. The primary objectives of the HAGSAT mission were to obtain

global data for improved fieìd model I ing, and to map variations in

strength and vector characterístics of crustal magnetization. lni-

t ia I pl ans were to launch I'IAGSAT dur ing the qu iet part of the I I
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year solar cycìe but, due to various delays, it was ìaunched on 0c-

tober 30, .|979 and remained in orbit until June ll, 1980. unfortu-

nately for crustal studies, this was very near the peak of the ll

year cycle, one of the most active of many recent cycles. However,

this al lowed much data on the magnetospheric and ionospheric current

systems to be obtained.

HAGSAT was launched into a dawn-dusk orbital plane having an in-

clination of 97.76 degrees from the Earthrs equator, with a 56.| ki-

lometre apogee and a 352 kilometre perigee. lnclinÌng the |'|AGSAT

orbit J degrees from the Earthrs rotational axÌs caused the orbitaì

pìane to precess approximately ì degree per day due to the Earthrs

equatorial bulge. This precession was just the correct amount to

turn the orbital plane toward the Sun as the Earth orbited the Sun

(see Figure 2.lO). |'IAGSAT, then, remained in the dawn-dusk sector

thoughout its I ifetime. This was advantageous since the ionospheric

and magnetospher i c current systems are qu i etest i n the dawn-dusk

sectors, and I4AGSAT would be sunl i t almost constantly, enabl i ng i t

to derive its power from solar cells. As well, the nearly polar or-

bit enabled I4AGSAT to obtain global coverage in a very short time

span (see Figure 2.ll). I4AGSAT made approximateìy l5 orbits per day

whi le the Earth rotated beneath it, giving rise to the spiral-l ike

ground track.

I'IAGSAT carried both vector and scalar magnetometers. These were

ìocated at the end of an exténdable boom in order to avoid ambient



Sun

Oct 30 (launch date)

Jun 11

Dec 21 Mar 2'l

2€

Magsat orbit Ecliptic

Earth
polar
¡xi¡

Figure 2.10: Precession of the |,IÀGSAT orbitaì plane with time.
ilAGSÃT orbital plane is inclined 70 toward the Sun from the Earth's

north rotational axi s. (after Potemra, llobley, and Eckard; 1980)

fields due to the satellite (see Figure 2.12). A Cesium yapor opti-

cal-pump scaìar magnetometer was used to measure the magnitude of

the geomagnetic field at the sateìlite location. ln addit¡on, three

orthogonal Fluxgate magnetometers measured the components of the

vector field. The Cesium vapor magnetometer was accurate to approx-

imately 1.! nanotesla when working properly, but deveìoped internal

oscillations in its lamp circuitry which slightly degraded its accu-

racy. lt was therefore used primarily to caìibrate the fluxgates'

whose accuracy was within I nanotesla in each axis (Langel, Berbert,

and Jennings; l98l).

The data gathered by I4AGSAT is being analyzed by scientists of

the Goddard Space Fì ight Centre, the United States Geological Sur-
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Vêy, and by investigators seìected in response to a NASA Announce-

ment of opportunity. Langel (.l980) detai ìs the investigators' pro-

jects. The data avai ìable to the author was known as lnvestigator-B

( I NV-B) data. The bas i c data set was conta i ned on the so-ca I I ed

Chronicle tapes. These incìude al ì measured data and ephemeris in-

formation on separate files. The sampling rate for the Chronicle

tapes was I sampìes per second in the case of the Cesium vapor mag-

netometer, and l6 samples per second for the- fluxgates. Since many
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Figure 2.12: Artistrs conception of I'TAGSAT in orbit. The
magnetometers are located at the end of ttre 6 m boom to avoid

ambient fields. (from Langeì, Regan, and Hurphyt 1977)

of the investigators did not require such a high sampling rate, the

INV-B data included only every 40tir scalar point, and every 80th

vector point. As well as the scalar and vector magnetometer data'

the INV-B tapes included the ephemeris data merged with the magnetic

data, and a few caìculated values to simpì ify the data processing

steps. Those values included on the INV-B tapes applying to this

study are summarized in Table 2.1.
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The data was organized according to pass number. A pass was de-

fined as having its starting point where the satel I ite changed from

south-going to north-going. Some of the values are defined only for

the ascending and descending nodes of the orbit. The ascending and

descending nodes are defined as the points where the satel I ite

crosses the ecliptic in a north-bound or south-bound direction, re-

spectively.

TABLE 2. I

Partial Listing of Data Avai labìe on INV-B Tapes

Variabìe DescriPtion

I PASS
ALoNc (2)

I KP (2)

TZERO
cH (t4, t4) -

cHT (8, 8)
LAT
LONG

RAD

14LT

I NVLAT
BS

BV

XA,YA,ZA .
B14D

X

Y

z
BVA

pass number
geodet i c I ong i tude at ascend i ng and
descend i ng nodes
global magnetic activity Kp index at
ascending and descending nodes
epoch for spherical harmonic field model
lJ degree/order spherical harmonic field
model coefficients
J degree/order time derivatives of GH

geodetic latitude of satellite
geodetic longitude of satellite
geocentr i c rad i us of sateì I i te orb i t
magnetic local time (dawn or dusk)
i nvar i ent I at i tude (magnet i c co-ord i ntes)
scalar fieìd from cesium magnetometer
magnitude of vector field from fluxgates
North component of BV

East component of BV

Vertical component of BV

arithmetic mean of the 80 Chronicìe points
cor respond i ng to th i s Po i nt
arithmetic means of the 80 Chronicle points
predicted scalar fie.ld from the GH and GHT

spherical harmonic f ield coeff icients
modelled vector components from GH and GHTxl'l, Yt'l, zl'1 -
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2.7 SATELL ITE CRUSTAL I4AGNET I C ANO¡'IALY T4APS

The residual fieìd ìeft when estimates of the core and current

fields are removed is cal led the crustal magnetic anomaly. An ano-

maly map is a contour map of the average anomaly field at the alti-

tude of the satellite. lt ¡s important to realize that most satel-

lite magnetic anomaly maps represent small changes in the field on a

complicated surface defined by the satellite orbital altitude and

the,direction of the magnetic field at the location of the satel-

ìite. Since the main fieìd is not vertical, effects seen on scalar

anomaly maps must be projected down to the E,arthrs surface along its

field direction. For maximum usefulness' anomaìy maps arerrreduced

to a common eievationrr and I'reduced to a common incl inationrr. The

former removes effects of changes in the satellite altitude, and

produces a map of the anomaìy field at a specifîc altitude. The

latter removes the effect of the changing field direction of the

Earth, and produces a map of the anomaly field for a specific incli-

nation. General ly, the incl ination used is $0 degrees" The map

is then cal led "reduced to the pole", and represents the anomaly

that would be observed if the geomagnetic field were vertical every-

where.

Satellite anomaly maps are very recent and describe only very

broad scale anomal ies as compared with aeromagnetîc anomaly maps.

It r^ras originally considered impossible to detect the extremeìy

smal I variations of crustal origin in satel I i te data. Whi le anaìyz-
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i ng P0G0 data, Regan, Cai n, and Davi s (197Ð di scovered that crustal

fields could be identified in the low altitude portions of the data-

set. The map of Regan et al was partially contaminated by magnetos-

pher i c and i onospher i c cur rent sys tems (Regan, Handschumacher , and

Sugiura; l!8.|), but the real ity of the crustaì origin has clearly

been demonstrated (Langel, Coles' and ltlayhew; 1980) .

The P0G0 series of satellites, from which the map in Figure 2.ì3

was derived, had two severe ì imitations. First, the satel I ites were

in a high orbit; most of the data is from altitudes in excess of 500

kilometres. Second, the data is of field magnitude onìy; the direc-

tion of the field was not recorded. I4AGSAT was designed to alìevi-

ate both of these shortcomings. The lobrer altitude of the I'IAGSAT

spacecraft increased the resolution by a factor of approximately

two, and the fieìd stength by a factor of between two and five. The

vector magnetometers on board I4AGSAT enabled the measurement of

fields in directions other than the direction of the local geomag-

netíc fieìd. Although initîal resuìts indicate that large scale

crustal remanent magnetizations cannot be model led using an equiva-

ìent point source technique (Galliher and l,layhew; .|982), the vector

components are extremel y usefuì i n i dent i fy i ng current systems.

Figure 2.ìlr i I lustrates the prel iminary HAGSAT north-polar scalar

anomaìy map prepared by Langel and distributed to investigators.

F igure 2.15 i I lustrates the north-polar map prepared by coles'

Haines, Jansen van Beek, Nandi, and Walker (.|982) . Al ì three poss-
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ess similarities, with considerably more detail in the I4AGSAT maps.

None of the three have been reduced to a common eìevation, nor have

_ they been reduced to a common inclination" ln preparing their vec-



33

Figure 2.1\z North Poìar
suppl ied to investigators.
interval is 2 nT. (Langel,

scaìar anomaìy map f rom I'IAGSAT data
Average altitude is J44 km. Contour

Phi ì ì ips, and Horner pre-print; 1982)

tor component maps for northern latitudes, Coles et aì (.|982) were

very careful to avoid contamination from ionospheric and magnetos-

pheric current systems. Their initiâl sêlection was on the basis of
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the pol e

they oc-

{r
I

F igure 2.152 North polar scalar anomaly map f rom 
'¿IAGSAT 

data.
Avãrage altitude is ¡+30 km. Contour interval is 2 nT. (from

Coies, Haines, Jansen van Beek, Nandi, and l'lalker; 1982)

the Kp index. Passes from 40 degrees north latitude' over

to l+0 degrees north latitude again' were accepted only ¡f
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curred during a nine hour interval during which Kp was equal to ì or

less. The map suppl ied to investigators (Figure 2..|4) incìuded data

with Kp less than or equal to 33. The second sereen of the Coles

data made use of Canadian magnetic observatory data. lf the range

of magnetic activity recorded at the Fort Churchilì observatory was

considered too extreme at the time corresponding to a given satel-

Iite pass, the pass was rejected. Finally, the remaining passes

were individual ly examined for consistency wi th neighbouring passes.

Passes not showing patterns simi lar to neighbouring passes were re-

jected. As a result of their stringent data seìection requirements,

onìy 180 passes out of over 1000 possibìe were accepted.

The data processing stage was similar for each of the three maps.

This included removing a sphericaì harmonic field model, a quadratic

funct i on represent i ng magnetospher i c currents, and l i near trends

representing inaccuracies in the first two removals. ln their maps'

Coles et al (1982) used a least-squares quadratic and no linear. The

data was then gridded. Further processing consisted of el iminat-

ing data which r^/as considered to be too far from the mean for a giv-

en grid cell. Finally, the data was contoured. The interpretation

of such anomaly maps is not well developed. The anomaly map repre-

sents inaccuracies in the models used for the main and current

fields, as wel I as petrologic changes in the Earth's crust' varia-

tions in the depth to Curie temperature, and variations in the mag-

netic susceptibility.
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THT CHURCH I LL-SUPER I OR BOUNDARY ZONE

3.1 GENTRAL DESCRIPTION OF THE PROVINCES

The subdivision of the Canadian Shield into seven provinces and

several sub-provinces is based primari ly on overal I differences in

the i nternal structural trends and styl es of foldi ng observed.

Where exposed, the position of the boundaries separating the various

provinces is defined on the basis of truncation of structural fea-

tures. Age determinations of rocks in the neighbourhood of the

boundaries aìso plays a role in defining their locations. Where the

boundaries are beneath the younger sedimentary cover, geophysical

techniques have been used to trace their extent and position. Fig-

ure 3.1 is a simpl ified map of the provinces and sub-provinces of

the eanadian Shield.

The Superior province is the Iargest of the tectonic subdivisions

of the eanad i an Sh i el d. The ol dest rocks found i n the Super i or

province are generaì ly volcanic and sedimentary rocks of Archean

age. These formed in a series of easterly trending eugeocl ines' and

were last folded, faulted, and metamorphosed during the Kenoran oro-

9eny, approximately 2.48 billion years ago. The Superior province

is bel ieved to be a remnant of an earìy Precambrian craton.

36
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Figure 3.1: Structuraì Provinces of the Canadian Shield. (after
Stockweìl in: Douglas¡ 1970)

The Churchiìl province has some Archean rocks' most of which are

mafic to intermediate volcanic flows and pyroclastics. Potassium-

argon age determi nat i ons for most of the rocks i n the Church i I I

province yieìd Hudsonian ages of approximateìy 1.735 bi I I ¡on years.

Prior to the deposition of the Aphebian sediments, alì of the

Churchilì provínce is thought to have been underlain by deformed Ar-
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chean supracrustal and granitic rocks. A comprehensive discussion

of the geoìogical aspects of the two provinces may be found in Price

and Douglas (1972) and Douglas (1970) .

3.2 GEOPHYS I CAL CHARACTER I ST I CS

Because of the economic importance and scientific interest' a

considerable amount of research has been done on the boundary zone

separating the Churchilì and Superior provinces. The primary objec-

tives of the geophysical studies undertaken recentìy have been to

define the position, extent, and crustaì structure of the zone. The

characteristics of the boundary zone were original ly establ ished

principaì ly by regional geophysics, particularly aeromagnetic sur-

veys. Recently, seismic and gravity studies have reveaìed much on

the deep structure of the boundary zone.

3.2.1 l'laqne't Lq Stud i es

Green, Cumming, and Cedarwel I (lgZg) compi ìed a magnetic anomaly

map of southwestern l,lanitoba and southeastern Saskatchewan, primari-

ly from aeromagnetic data obtained from oi I companies. They identi-

fied three distinct magnetic regions:

l. An eastern region of high ampìitude, E-w trending anomalies.

2. A central region of low the high amplitude, N-S striking ano-

mal i es.

3. A western region of relatively low ampl itude ahmomal ies"
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These were postUlated to correspond with the magnetic anomaly pat-

terns observed i n prof i I es across the exposed boundary zone i n

northern l,lanitoba. Figure 1.2 il lustrates the anomaly patterns ob-

served, and the tþro prof iles are illustrated in Figure 3.3.

52
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c¡t{ llal,
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to6
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c I iooôr

r^slw¡5t

Figure J.2: The Churchill-superior boundary in southwestern
t'lantitoba. The two prof iles P-P and Q-Q are
ilìustrated in Figure 3.3. (from Green, Cumming, and

Cedarwel l; 1979)

Haì I (ì974) fi ltered existing aeromagnetic data to obtain the

long- wavelength anomaly map i I lustrated in Figure 1.4. Although no

immediately obvious correlation w¡th the boundary zone is apparent,

02
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the profile A-B plotted in Figure 3.5 illustrates the

in ampl itudes that occurs upon cross¡ng the boundary

tiveìy higher ampl ¡ tude anomal ies are more numerous on

side of the boundary' whi le lower ampl i tude anomal ies

al ent on the Super i or s i de.

Aeromagnetic prof i les of the Churchi I l-Superior
boundary. Compar i son of magnet i c prof i I es P-P i n

northern I'lan i toba and Q-Q in southern Canada f rom

Figure 1.2. Note the different scales on the ordinate
axes of the two profi ìes. (from Green, Cumming, and
Cedarweì l; 1979)
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3.2.2 Gravj tv Stud i es

Gibb and Thomas (1976) examined five gravity profi les, obtained

from the publ i shed gravi ty maps of Canada. Two of the prof i ì es

urere across the Churchill-Superior province boundary. All five pro-

files were found to be of a very similar nature and were interpreted

as indicating a thicker, denser crust on the non-Superior side of

the boundary. Thomas and G i bb (lgll) exam i ned two addt i ona I pro-

f i les across the Cape Smi th foldbel t (see F igure 3. l) , and arr ived

at a similar model for the crustaì structure. l'lukhopadhyay and Gibb

(1980) studied five gravity profi ìes across the Cape Smith foldbeìt

and the Belcher foldbelt of eastern Hudson Bay. Figure l.J compares

the observed and calculated Bouguer gravity anomaìies for one of the

prof iles, (illustrated in Figure 3"6), judged by l'lukhopadhyay and

Gibb to be representative of the crustaì structure in the area.
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3.2.3 Seismic Studies

Seismic studies of the boundary zone structure have revealed the

most detai l. ln July, 1977, the Consortium for Crustal Reconnais-

sance Using Seismic Techniques (C0-CRUST) group conducted a seismic

study in southwestern t'lanitoba and southeastern Saskatchewan (Green

et al; l98O). The ìocation of their surveys is given in Figure J.8,

with their model of crustal structure in Figure 3.9. ln conducting

the survey, they used two reversed refraction - wide angìe reflec-

tion profiles, as well as a much shorter 4002 CDP near- vertical re-

flection survey. Figure J.l0 i I ìustrates the C0-CRUST modeì merged

with the resuìts of Chandra and Cumming (1972). This profile clear-

ly i ì Iustrates a step-l ike change in the thickness of the crust at a

depth of approximately \5 ki lometres, in agreement with the general

structure proposed by llukhopadhyay and Gibb (figure 3.7) .

Hal I and Hajnal (.|973) undertook a simi Iar type of survey in

northern l.lan i toba over the exposed part of the boundary zone. The i r

interpretations are summarized in Figure 3.12. Again, a thickening

of the crust is evident on the Churchill side of the boundary. ln

particular, the ìower crustal layer bounded by the Riel and ltlohoro-

vicic discontinuities thickens on the Churchill side.

Recently, DeLandro, I'toon, and Green (ì982) completed a detailed

i nterpretat i on of the C0-CRUST data us i ng ray-trac i ng techn i ques.

The i r i nterpretat ion has a gradua I deepen i ng of the lttoho toward the

Churchill side, with step-ìike changes in the depth of discontinu-
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ities in the upper crust. is iìlustrated

in Figure J.lJ (compare with

r04 9ó

F i gure J.8: CO-CRUST survey I i nes. Locat i ons of the C0-CRUST

seismic surveys relative to the Churchi I l-Superior boundary zone'
The boundary zone is that area bounded by the solid and dash-dot

I ine. (from Green et al; l!80)
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T.lODELL ING CRUSTAL I4AGNET IC ANOI'IAL I ES

Ku (197Ð detai ls a procedure for representing two or three di-

mensional solids of arbitrary shape as an arraY of equivaìent-point

dipoles. The method employed here is analagous to his development

for rectangular prisms, w¡th the exception that spherical prisms are

used to define a magnetic body within the Earth's crust. The choice

of spherical prisms rather than rectanguìar prisms is necessary

since, in model ì ing the fields observed by a satel I ite, the Earthrs

curvature must be taken into consideration. Prisms are used instead

of arbitrary shapes for computational simpì icity.

!.I THE I,IAGNETIC DIPOLE

Figure 4.1 dep¡cts the

fields due to a magnetic b

due to a singìe dipole at

by;

POTENT I AL

geometry involved in calculating anomaly

ody. The magnetic scaìar potential at P

Q with magnetic dipole moment il i, given

lf Q is thought of

then the potent i a I

-.\ ,\f1 .R
[=-

4n R'

/\
where Fi is the unit vector directed from P to Q

as a point within a magnetic body of volume V'

due to V is given by;

-49-
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1 /J.R_l_ dv
ÀfiJ R"
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J

where J is the (uniform) magnetization of the body

(xr,tr,zr)

î. (nx)î+ (nv)î+ (Rz)l

,t
Q (xr,r.,,zr)

j vI

I

I

I

I

I

I

I

I
t
I,

¡
I

I

Figure 4.1: Geometry of Anomaly Calculations

lf Jx, Jy, and Jz are the three components of magnetization, then;

I J, (RX) + Jy (RY) J, (RZ)+

R3

V

A

\¡
dV ... (l)
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The three components of magnetic induction due to the body are taken

to be the magnetic anomaly of the body. These are given as the neg-

ative directionaì derivatives of the magnetic potential A, multi-

pl ied by the permeabi I ity of free space;

^x 
=-Po

òaþ --s l., . *l
t'l=- I

t/*
v

I*
V

r*

dv ...(2)
ò*o 4rr

6Y =-to
òA

òy.z

Fo

JIJ.RI
t

ì
t

¡z = - ))o

\¡

òn Po

-J+

I
t

I
I

=-
Rt

J.R
3

dV

dV
ð.* \¡

Differentiating the integrand of equation (l) with respect to x;

R

V

ò
ll

f ,'*ì ò

i -' l= *,
J, (x, -x") + l, (v, -yo ) + Jz (zt' 

=n)

{ (x, -x")" + (y, -y. )' t1=,- =n)t \+'ð**

E
R-

+

t.r* nx + Jy Ry + JzRzÌ {Tzß')v" 2 (x, -x") (-1) }

R

Jx {3(RX)z- R1} + Jr{3(RX) (RY)} + Jz{3(RX) (Rz)}

Substituting the above expression into equation (2) yields;

/4 {3 (nx)' - Rzi + .t, {3 (RX) (RY)}

R3 (-Jx )

6

A X=-
V

\¡

Jx

RT

+ Jz i3 (RX) (Rz) i
dv.
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Similarly;

F, Jx {3 (RX) (RY) i + JY {3 (nv)" - no} + Jz {3 (RY) (Rz) }

^ 
Y=- dV

4r
V

lJo -k t3 (RX) (Rz) ] + J, {3 1pv) (Rz) } Jz {3 (RZ)z - R2 }+

Lz=- dv.
l+n RT

Thus, the magnetic anomaly equations

al ized equation;

." . (3)

may be represented as a gener-

4F fdv ...(4)

where f represents the integrand, dependent on the positions of P

and Q, and on the magnetization vector i.

R'

V

\.2 GAUSS-LEGENDRE

The function f of

several ways. One

Gauss i an quadrature.

OUADRATURE

equation (4) may be numerically integrated in

such numerical integration technique is that of

The simpìest form of a quadrature problem is

to construct an equal i tY

b
f

Jr@ dx =

e

fw¿f (x¿) + T
h

¿il

where the truncation error T is as smaìl as possibìe. This is ac-

complished by choosing the nodes x¿ and weights w; in such a way to

make the approximation close enough that T may be negìected. ln
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Gauss-Legendre quadrature, the x¿ are not equi-spaced, but are cho-

sen so as to make the equation exact for a given polynomiaì of as

high a degree as possible. This is achieved by normalizing the in-

tegration to the i ntervaì [-ì,+ì], and choosi ng the nodes

Xr , xr... xh as the zeros of the Legendre polynomial of degree n.

The weights w¡ r w¡ ... w,, are then obtained by solving a set of n

equations, and the approximation wiìl be exact provided f is a poly-

nomial of degree 2n-l or ìess"

For example, let n=2,

+l
I

J rtt) dt È

-l

and use a dummy coefficient t;

w,f(t,) + w" f (t.)

,

Ð*rt(t;)
i= t

Suppose now that f (t)

four exact equations

where m = O, l, 2, 3. This leads to

each funct i on f) ;

=t

(one for

O=w,t,3+wrtr3

Tg = *, t,¿ + w, t.¿

0 = w, t, + w¿t¿

2 = w;ì + w;l

Solving these equations gives

the limits of integration are

and -tr = t2 ;v"

the transformation

wl

not

= w¿ = ì,

[-],+ì1,

tf

(b-a) (¡+a)
t+-

2

(b-a)
dx=-dt

22
x= --+
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yields;
+l

fr ut
(b-a)

dx r (t) dt

4.3 PHYSICAL SIGNIFICANCE OF THE GAUSSIAN OUADRATURE

ln reducing an integration to a discrete summation, the magneti-

zation of the body is treated as residing at discrete points rather

than as a uniform distribution throughout the voìume. The magneti-

zation, then, is treated as a collection of point source dipoles ìo-

cated at the points within the prism dictated'by the quadrature

nodes. Thus, just as a spherical distribution of mass can be treat-

ed as a po i nt mass at the spherer s centre' so can an arb i trar i ì y

shaped magnetic body be treated as a specified arrangernent of dipole

sources which are h,eighted in the manner d¡ctated by Gaussian quad-

rature. Figure 4.2 illustrates a two dimensionaì circuìar sector

containing a 2¡\2 array of dipoles, and their ìocations"

Note that in the ì imit as r approaches infinity and / approaches

zero, the circular sector and its dipoles become the rectanguìar ar-

ray developed by Ku. ln using three dimensional prisms, the dipoles

are Iocated at geocentric co-ordinates h;,Ø¡,Xn) where

LP
P¿= Pa +

b

2

V¿

2
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equaì port¡on of the total volume eìement. However, in using spher-

icaì prisms, the volume element is not made up of eight equal por-

t¡ons. Rather, the outer and low latitude dipoìes of a sphericaì

prism represent a proportional ìy larger volume of the prism. This

is accounted for in the summation by using the volume element

LP Lø a\ P;¿ sin f; instead of 
^P 

aØ a}. gi t¡n þr' Asain' in the

I imi t as the spherical pri sm becomes rectangular, the arc-length po-

sitions of the dipoles are as Ku depicts.

l+ .4 EOU I VALE NT D I POLE SOURCES AND SPHER I CAL PR ISI4S

The general ized anomaly equation (4) is a volume integration over

a magnetic body of volume V. lf this body is taken to be a volume

element of a sphere, then equation (4) becomes;

AF (P,Q) I I I r(P,Q) { Pt'in I dp dø d\ }

t Ï t s(P'Q) aP of, a\

where p ø and \ are as shown in Figure 4.J and

g(p,Q) = f(P,Q) pzsin I

Applying Gauss-Legendre quadrature to the above equation;

AÀ
Ð

Aø
Ð Ð s (P'd) w¿

A
tlhn

22
aF (P,Q)

k"t J=¡
2

P

L'- I

*j wk
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x

Figure 4.1: Geometry for Spherical Prisms

where Q'= (pi ,Øj ,\r.) , the co-ordinates of subdivision for the quadra-

ture. For n=2i

z
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À
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,0

...(5)

the centre of the pr i sm of

jb, the Gauss-Legendre

(3) become;

Â¡- tra +
2

where

dimen

quadr

A z=cr

where

Po

4rt

þe ,øa '\a) are the co-ordi nates of

sion ¿t p, A ø, [ À, and v, = - i", Yz=

ature coeff i c i ents. Thus, equat i ons

L

A X=c, f r, {J,([3(nx¡r)¿ -R;k] + Jr 3 RX¡rRY;r.k + Jr3 RX¡r.RZ,1ri

ij'r

Â Y=ct | ,, {J^ 3 RX¡lRy¡r + Jr [3 (RY¿jkf -*"Uuf + Jr3 RYir RZi¡r]

i,j,v
z

I c, {J*3 RX¿¡rRZçr + Jy3 Ry¿jkRZ,jr. + Jz [3(Rzdjkt" -nri:t
7),k

^P 
Lø aÀ

I

cr= p¿' s in f¡ *;; . . . (6)

J
where R-¡k is the separation vector from the observation point to

the dipoìe corresponding to i,i,k in the prism, having x, Y, and z

components RX¡t<, RY¡k, and RZ4k resPectively. These components, and

their resultant, w¡ll thus depend upon which of the eight dipoles is

being considered, where the dipoìes have co-ordinates (9¿,Ø;,\¡)

given by equations (5).
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\.5 THE CoI,1PUTER ALGOR I THH

The method empìoyed in the computer program invoìves defining a

three-dimensional arrangement of spherical prisms at or below the

Earth's surface in geodetic or "map" co-ordinates. The anomaly due

to the specified arrangement is calcuìated at each point on a two-

dimensional observation grid at a specified altitude. Both the

prism grid and the observation grid are approximately spherical, be-

ing defined in geodetic co-ordinates.

Al ì calcuìations are carried out in the Earth-fixed cartesian

co-ordinate system having origin at the centre of the Earth, z*axis

coincident with the north rotational axis, and x-axis through the

Greenwich meridian. The Earthrs magnetic field vector is caìculated

at each prism centre using the HGS48l#2 spherical harmonic modeì ob-

tained from the i4AGSAT lnvestigator B tapes. The magnetization of

the prism is assumed to be entirely induced, and is then caìcuìated

as;

k B

lo

á
J

k+l

where

and

k is
J

the suscepti b i I i ty of the Pr i sm

the Earthr s f i el d at the pr i sm centre

the permeability of free space.

B is

Pols
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The vector anomaly components for a single dipole of the prism are

calculated at each observation grid location, and the component ano-

mal ies summed over the eight dipoles. The proeedure is then repeat-

ed for each prism in the arrangement.

The scalar anomaly is obtained in one of tI^Jo ways. Strictly' the

scaìar anomaìy wi I I be the dot product of the vector anomaly at a

given observation point with a unit vector in the direction of the

Earth's main field at that point. This involves calculating the

Earthrs field at each point of the observation grid, which may be

costly in terms of computing time. Alternatively, the Earthrs field

may be calculated at the centre of the observation grid, and then

assumed to have the same north, east, and vertical components over

the entire grid. The vaì idity of this assumption wi I I ' of course,

depend on the s i ze and I ocat i on of the observat i on gr i d.

Program SPEPS (Spherical Prism Equivalent Point Source) (Appendix

A) is a ref inement of an ear I ier program SPHPR lSl'1 (Ha I I and Hi I ler;

l98O). The method employed is similar to that of von Frese, Hinze,

Brai le, and Luca (.|981) wi th the exception that thei r procedure ac-

comodates a changing susceptibility within the body. As in Ku's ap-

proach (197Ð, von Frese et al (.|981) utilize arbitrary shapes made

up of lr'c¡:'c¡ arrays of dipoles. As well, their technique uses geo-

centric co-ordinates thoughout, rather than geodetic, geocentric,

and Earth-f i xed.



6t

4.6 CHARACTER I ST I CS OF THE I,lODELL ING TECHN IQUE

I t can be seen from equations (3) that the anomaly calcuìation

involves the product of magnetization and volume. The anomaly

fields, then, contain an ambiguity involving these two quantities; a

smal I volume with large magnetization "looks'r the same as a larger

volume with a smal Ier magnetization. This, of course, is within

certain limits. The areaì extent of a magnetic body may be limited

according to the shape and extent of the target anomaly, but the

depth and magnetization are mutually indeterminant for satelìite ob-

served fields. ln most appl ications, the ambiguity is dealt with by

setting one or other of the depth and magnetization at a fixed val-

uê, and calculating the variation required in the unfixed quantity

to model the fields observed. Hayhew and Galliher (.1982) , for ex-

ample, cãlculated the magnetization distribution required to model

the observed I1AGSAT anomaly f ield, based on a uniform l+0 kilometre

thick magnetic crust. One may just as easiìy fix the magnetization

ât, sây, ! amperes per metre, and calcuìate the depth variations re-

quired to model the field.



Chapter V

THE I4AGSAT SIGNATURE OF THE CHURCHILL.SUPERIOR BOUNDARY

Since the Churchi I I and Superior provinces are structural ly very

different, it was proposed that the boundary should give rise to a

magnetic expression or I'signaturettwhich cught to be observable in

|'|AGSAT data. Comparing Figures 2.3 and 3.1, it is apparent that'

with the exception of the Circum-Ungava foldbeìt, the Churchi I l-Su-

perior boundary is very near'ly eoincident with the locus of maximum

auroral activìty. The large anomaly centred over the east coast of

Hudson Bay (Figures 2.ìl to 2.1Ð precluded examination of data in

that region for the purposes of boundary studies. Thus, only data

west of -80 degrees longitude could be considered. The problem of

et iminating current effects, then, was the primary consideration in

attempting to identify a crustal boundary signature.

SELECTI ON5.1 pATA

The INV-B dataset contained over J400 passes of data. lnitial

data selection was on the basis of latitude and longitude of the

satellite. Data points outside of the area bounded by 40 to 80 de-

grees north latitude and by -.l40 to -i0 degrees east longitude were

deleted in the formation of a neld dataset. Secondly, data was elim-

-62-
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inated on the basis of the Kp index of global magnetic activity.

Although intended primarily for low ìatitudes, the Kp index was the

onìy measure avai lable with which to judge magnetic activity. Pass-

es having ascending or descending node Kp indices of greater than l0

were rejected. Passes for further consideration were then selected

from this set according to their proximity to the Churchill-Superior

boundary. Two groups were created:

I . Dusk passes - hav i ng descend i ng I ong i tude of between /0 and

102 degrees.

2, Dawn passes - having descending longitude of between -.l20

and -95 degrees.

The two sets contained 64 and 4l passes respectively. The two

groups were further subdivided on the basis of whether or not they

crossed the boundary between -98 and -80 degrees east longitude.

Thus, four datasets were created:

l. Dusk Hits

2. Dusk l'1 isses

3, Dawn Hits

4. Dawn l'ti sses

The purpose in creating the four separate datasets was to isoìate

effects of the ionospheric currents. lf observed signatures were

due to currents, the Hits should be similar to the l'1 isses, and the

Dawn passes similar, but of oposite polarity, to the Dusk passes.

Conversìy, if effects were due to the bcundary, the Dawn Hits would
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Pìots of the North, East, Verticaì, and Scalar anomal ies of each

of the passes in the above four datasets were then examined. ln

view of the effects of Birkeland currents (Chapter 2), particular

attention was given to the East component anomaly. Passes having

horizontal components judged too severe in their fluctuation were

rejected. The vertical anomaì ies of the remaining passes were in-

tercompared for similarity in both ampl itude and character of varia-

tion. Any passes not dispìaying characteristics simi lar to the oth-

ers in the dataset were rejected. Of the 45 passes remaining of the

over 3l+OO, l! were Dusk Hits, I were Dawn Hits, l0 were Dawn l'1 isses,

and I were Dusk I'lisses. Figure 5.1 illustrates the latitude-longi-

tude plots of the passes accepted for further processing. As can be

seen from Figure !.1, the selected passes are evenly spaced across

the boundary. As wel l, they are wel I distributed temporal ly' the

four datasets spanning 143, 122, l3l, and 122 days respectively.

Short term current systems, then, are not wel I represented. 0nì y

long term current systems and crustal sources have a significant

contribution to the datasets. As noted by Coles et aì (1982) , the

dusk passes were considerably quieter than the dawn passes. lnitial

data selection was for Kp=O, but thís allowed only two dawn passes

to be cons i dered.
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5 2 DATA PROCE SSING

Since the ever-present Birkeland currents affect the horizontal

components to the greatest degree, al I further process i ng ut i I i zed

the vertical component onìy. The vertical anomaly fields examined

were the result of subtracting the model led vertical component (Zm

in Table 2..l) from the 80 Chronicle point average vert¡cal measure-

ments (ZA in Table 2.1). The 80 point average fields were chosen to

avoid difficulties arising in anomalous points and very short-term

variations due to currents extremely local to the sateì I ite. To

s impl i fy further process i ng, geodet i c I at i tude was chosen as the ab-

cissa, and was given a uniform latitude increment of 0"2f degrees.

Al I INV-B measurements were then ínterpolated using a modified cubic

spì ine to conform with this latitude increment. (The original in-

crement was approximately 0.1 degrees, but varied with latitude.)

Several processing options were then appl ied in various combina-

tions. A least-squares poìynomial function was fit to the individu-

al passes, and then subtracted from them. A Butterworth bandpass

filter of various pass bands was applied to the data. "Static cor-

rectionsrrr"Jere applied to align the Hits according to the specif ic

latitude at which they crossed the boundary and, finally, the arith-

metic mean (stack) of the datasets was computed. The most success-

ful of the various combinations is outl ined below:

l. A least squares linear function was removed from the raw ano-

mal ies. The ì inear function served to remove random effects
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of long-wavelength anomal ies due to magnetospheric current

systems, and to correct for variations in the aìtitude of the

satel lite. l'lany authors remove a least-squares quadratic to

improve internaì consistency in the data. A quadratic func-

tion was found to remove too much signal on data of such a

short extent (40 degrees latitude).

Z. The traces u/ere bandpass filtered. The Butterworth fiìtering

process i nvolved f i I ter i ng forward through the trace, then

fi ltering in reverse. This forced the endpoint of the trace

(at 80 deg. ìat.) to be equal to zero, inducing high ampl i-

tude, short wavelength artificiaì anomal ies at the end of the

traces. Removing the I inear trend prior to fí ìtering al levi-

ated this problem considerably. The passband used al lowed

,,h,avelengths'r of f rom ! degrees latitude to 90 degrees lati-

tude to be retained, and thus acted as a'rhigh-cutrrfilter.

3. The Hits were static corrected such that the churchi ì l-su-

perior boundary was located at 56 degrees latitude on the re-

sulting plots.

4. The I inearly adjusted, f¡ ltered, static sh¡fted traces were

then stacked to produce an average trace for each of the four

datasets.

The various stages of processing are summarized in Figures i.2 to

5 "5.
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5.3 SIGN TURE I NTERPRETAT I ON

As mentioned earl ier, ionospheric currents formed the most sig-

nificant obstacle in detecting a boundary signature. As an addi-

tional test designed to reveal current sources, the four datasets

were pìotted against magnetic latitude instead of geodetic latitude.

As discussed in Chapter 2, the ionospheric current systems are a

virtualìy permanent feature of high latitudes, and are distributed

according to magnetic locaì time and magnetic latitude. Stacking

the profiles according to magnetic ìatitude would tend to reinforce

any current signatures present. As can be seen from Figure 5"6,

this procedure had the effect of 'rcompressingil the anomaly profi les'

but did not significantly alter their relative differences. This'

then, suggests the differences and simi ìarities observed are proba-

bly related to crustal structure, and are not influenced greatly by

ionospheric currents.

The Dawn H i ts and Dusk H i ts were then merged i nto one dataset and

processed together to produce the Church i I I -Super i or boundary (CSB)

signature i I lustrated in Figure 5"7. Due to the large differences

in their spatial positions (Figure 5.ì), it is expected that the CSB

Hits will have a great deal of variation except where they cross the

boundary, adjusted to be 56 degrees ìatitude. Stacking the Dawn

with the Dusk traces ì^rould also tend to cancel ef f ects f rom current

systems, due to the reversal in polarity detai led in Chapter 2. The

CSB H its s ignature bears I i ttì e resembl ence to either of the l'lisses



7:

=

0000
00

{066
00

LINtÊh RtíûvtD. P8S58flilO 5 Efl'

ñF6NEIIC LNT¡IUOE

IDEGÌ

L¡NERfl ñEËOVEO, PßS58fiNO 5-90,
, HIì6NETIC LffTITUOT

5IfìCKEO OfìHN HI 5515
STFChEO OAHN HITS

sIßCKEO DUSX HIIS

00 00

=)
Éq

LINEÂR REðOVEO. PÊS5BÂNO 5-90,

ÍÈCNETIÙ LNIITUDÊ

SIgCKEO OUSh HISSES LINEffB NEËOVEO' PN558RND 5-90,

XÊGNEIIC LRTITUCT

Figure !.6: llagnetic latitude profi les of average fi ltered traces.
Current signatures should occur at the same magnetic ìatitude on the
four plots, with reversed poìarity in the dawn and dusk datasets.
The Churchi ì ì-Superior boundary occurs at approximately 67 degrees

magnetic latitude.

{0t6r



datasets. Note particularly the ìati tude of the crossover

peak at approximately 57 degrees. This signature, then, is

be the result of a change in crustaì structure encountered

near, the Church i I ì -Super i or boundary "

7u
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Figure 5"7: Churchill-Superior boundary l'lAGSAT signature. Both
Dawn and Dusk Hits of Figure 5.3 f i ltered and stacked. Large
variations except near 56 degrees (cSg latitude) are expected.

I'lodel I ing the CSB signature employed the program SPEPS (Appendix

A). As outl ined in Chapter I+, this program uti I ized the Spherical

Prism Equivalent Point Source technique. ln view of the various

models of the boundary structure from both gravity and seismic re-

sults (Chapter 3), a step-l ike discontinuity was used to approximate
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the crustal structure. The simpl ified model involved defining the

susceptibi I ity in the region confined by a Riel-l ike boundary above

and a I'toho-l ike boundary below. The susceptibility value was such

that the magnet i zat i on of the I ayer l^ras approx imate I y ! amperes per

metre. The thickness of this magnetic layer was then altered, âS

was the size and location of the step. ln order to eliminate edge

effects, the two prov i nces were represented as rr i nf i n i terr hem i spher-

ical plates having a boundary at 55 degrees latitude. The step-ì ike

changes were arranged to increase the thickness of the magnetic lay-

er on the Churchill side of the boundary; a step up in the Riel' or

a step down in the l,|oho. The average thickness of the Iayer (no

step) was varied between 20 and 2 kilometres, and the depth to Riel

was varied between 20 and O ki lometres. Figure !.8 i I lustrates such

a model, incorporating a four kilometre step down in the l'toho and an

average magnetic layer thickness of l2 kilometres.

Since the I4AGSAT signatures had a least-squares linear fit re-

moved, the anomaly profi les were relative to an artificiaì zero.

This effect was mimicked in the model I ing procedure by calcuìating

the field due to a uniform magnetic layer without the step, and sub-

tracting this fieìd from the field calculated for the layer incorpo-

rating the step. The uniform layers used corresponded to the aver-

age thickness of the step ìayers. The uniform ìayer anomaly fields

were essentially a I inear bias. lt was found that the depth of the

magnetic layer could not be discriminated once this bias was re-
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F i gure !.8: Simple crustal model of the Churchi I l-Super ior
boundary. The Churchill province is on the right. The
suscept¡b¡lity of 0..lì7 gives rise to a magnetization
of 5.00 amperes per metre for an induction field of
60,000 nanotesìa.

moved; a magnetic step-layer at the surface produced vi rtual ly the

same ampì i tude anomaly as a step-layer 30 ki ìometres deep. As wel I '

a step up in the Riel gave the same resuìt as a step down in the

l'loho. The ampl itude of the model led signature, however' was sensi-

tive to the size of the step; a four kilometre step produced an ano-

maly approximately tv,rice the ampl itude of a two kilometre step. The

bias level of the uniform ìayer signature gives an indication of the

thickness of the magnetic layer. A twenty kilometre uniform layer

having a magnetization of approximateìy ! amperes per metre produced

a bias field of approximately ì/ nanotesìa. The lack of sensitivity

to depth of magnetization is to be expected since the observation

altitude is 4OO kilometres.
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observed boundaries respectively. The horizontal scale is marked at
I degree i nterva I s.

Figure !.p i ì ìustrates the observed CSB signature and the model

signature resulting from a l+ kilometre step-ì¡ke thickening of the

magnetic layer on the Churchiìì side of the boundary. A best fit is

obtained by mis-al igning the location of the boundary for the two

signatures. This implies that ¡f the boundary is to be modelled as

a step-l ike change in magnetic ìayer thickness, the step should oc-

cur approximately 2oo ki lometres south of the surface-observed

boundary. Since the gravity and seismic results that. include a

step-l ike change have this change occurring north of the surface-ob-
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served boundary, it is apparent that the magnetic step may not re-

f I ect the phys i ca I structure of the boundary. However, the ampl i -

tude and character of the signature are well correìated to the four

ki lometre step signature, implying that the model is val id, although

not necessari ly accurate in spatiaì location.

ln order to address the problem of the thickness of the magnetic

layerr â closer examination of the I inear trends removed is in or-

der. Figure !.10 iìlustrates both the stacked raw anomaly plots of

Figure !.2 and the average of the I inear trends removed from the

profiles of Figure 5.2 to produce Figure !.4. These average ìinear

trends were obtained by superimposing Figures 5..l0 and 5.\, and

tracing the location of the abscissa axes from Figure 5.4 to Figure

5..|0. Figure 5.ll ilìustrates the arithmetic mean of the four lin-

ear trends of Figure 5.ì0. This is very nearly a DC bias of approx-

imately ì I nanotesla. lf the magnetization is fixed at ! amperes

per metre, a uniform magnetic thickness of l2 kilometres is required

to produce a field of ll nanotesìa. Thus, the model of Figure 5"8

best reflects the character and ampl itude of the observed anomaly'

as well as the mean DC bias observed due to the average magnetic

th i ckness of the I ayer .



79

z

00 00
I IUOE IOEG}

SfRCK€0 oALN Hl15 BN¡{ YENIICNL RNOËNLY PLdIS

I TU

STFCKEO OUSI{ HITS RNH VEFT ICßL FNOIIÊLY PLOIS

00
ITU

STRCKEO DNTN ËISSES NRT YENÌ¡CRL NNOHBLY PLOTS

Figure !.ì0:
I i ne ref ì ects

-8

Ës

00
fDEG

00
00

T I fUOE

STRCñEO OUSI( III55E5 RÊI VESIICFL NNOHqLI PLOIS

Linear trends of the raw anomaly profi les. The dotted
the mean of the individual Iinear trends removed from

the raw data of Figure 5.2.



c
c

ôo

8o

LRT I TUDE
00

IOEG )

00 00 00

I inear trend of entire dataset" The nearly DC

by finding the mean of the four I inear trends of
reflects the average artificiaì zero al I anomaly
prof i ì es are referenced to.

00

Figure f .ìl: l'lean
b i as was obta i ned
Figure 5..l0. This

oo

l-
z.

O6
J
td
L

o
)_o

=Ðz
(T

l-
ù-tz(J
G
=

ou

oo
o



Chapter Vl

THI UNGAVA ANOI,IALY

As mentioned in Chapter 5, the Churchi I ì-Superior boundary could

not be examined east of -80 degrees longitude due to the large ano-

maly centred over the east coast of Hudson Bay. This anomaly over

the Ungava Peninsula effectively dominated al I anomaìy profi les in

the area, preventing the study of the boundary signature. The ano-

maly itself, however, was studied in an attempt to identify its

source.

6.1 p0c0 AND ¡,tAGsAT Angt4ALr ttAPs

ln order to determine whether the Ungava anomaìy was crustal re-

lated or had its origin elsewhere, maps from the P0G0 satellites

were compared wi th those f rom |'IAGSAT. F igures 6. I to 6.3 i I lustrate

the anoma I y pattern for the Canad i an Sh i el d, redrawn from F i gures

2"13 to 2.15. Since the location of the anomaly is relatively fixed

on the three maps, it is unlikely that the anomaly is the result of

inaccuracies in the field models or some long term current system.

The anomaly appears to be of a wavelength too small to be core-gen-

erated (Bullard; 1967)and, thus, must have its origin in the crust.

Detai led aeromagnet¡c anomaly maps of the Ungava Peninsula do not

- 8r
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refìect the presence of any strongly magnetic body, impìying that

the source of the anomaly is probabìy in the lower crust.

F igure 6.1: P0G0 Anomaly l'lap of the Canadian Shieìd. Contour
interval is 2 nT. (redrawn from Figure 2.13)
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6.2 GRAV I TY ANOI'IAL I ES I N THE AREA

Figure 6.4 illustrates the gravity anomaly pattern of the Ungava

Peninsula. A north-northeast trending series of relative highs ex-

tend from midway between the Belcher lslands and Richmond Gulf to

the Cape Smith foldbeìt near the tip of the Ungava Peninsula. The

high midway betv./een the Belcher lslands and Richmond Gulf has been

modelled by l'lukhopadhyay and Gibb (1980) as being near-surface in

origin, extending to only 6 or I ki lometres in depth. Since the

magnetic source must be in the lower crust, that particular gravíty

source must be distinct from the magnetic source. ln their paper,

ltlukhopadhyay and Gibb modelled the Churchill-Superior boundary and

the crustal structure of the Ci rcurn-Ungava foldbel t, and did not

ful ly investigate the relatively minor gravity anomal ies on the Su-

perior side of the boundary zone"

Chandler and Schwartz (.l980) suggested the Richmond Gulf is an

aulocagen structure. Their anaìysis was further supported by de-

tai led geoìogical mapping and a geochronological study of the region

(ehandler; 1982). lf their proposed model is accurate, the lower

crust would be expected to have undergone a considerable amount of

activity at that time, possibìy giving rise to an above-average

magnetization in the lower crust. Wasilewski and Fountain (1982),

from a study of the lvrea Zone of northern ltaly, suggested that

mafic and ultramafic magmas formed the parent material for an ex-

tremely magnetic layer at the base of the zone, proposed to be a
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cross-section of continentaì crust. They suggest that emplacement

of this two kiìometre thick layer may have occurred within a conti-

nental extensional environment, or at deep leveìs within a continen-

tal margi n orogenic zone. l t i s conceivabìe, then, that there ex-



87

ists a relatively thin layer of highly magnetic materíal deep in the

crust which would not necessari ly be revealed in either low-level

magnetic or in gravity data.

6.1 t'loDELL INü THE UNGAVA ANOI'lALY

The modeì ì ing procedure was undertaken in an effort to determine

if the Ungava anomaly was related to the nearby Churchi I l-Superior

boundary. The model I ing made use of the program SPEPS (Appendix A),

which empìoys an equivalent point source technique incorporating

spherical prisms. The maps of Coles et al (1982) were used as tar-

gets in the modeì I ing procedure. lnitial attempts at model ì ing re-

stricted the location of the prisms to the Ci rcum-Ungava foldbeìt

and the Richmond Gulf area. lt was found that no combination of

prisms so arranged gave rise to the observed anomaly.

Figure 6.6 illustrates one model used to describe the anomaìy

field of Figure 6.$. The thickness of the prisms is 36 kilometres,

and their susceptibilities are +0.ì/ and -0.02, giving rise to

magnetizations of approximately +5.2 and -1.0 amperes per metre. As

mentioned in Chapter 5, the model I ing procedure is relatively insen-

sitive to changes in depth, and the models have an inherent ambigui-

ty in thickness/magnetization. The same results, then, can be ob-

tained from several models.

The gravity models of l'lukhopadhyay and Gibb (1980) have the deep

crustal position of the boundary occurring up to 400 kilometres west
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Chapter Vl I

CONCLUS I ONS

Results of the Churchi I l-superior boundary study indicate that a

change i n geophys i ca I character i st i cs at or near the boundary zone

gives rise to a magnetic signature in I4AGSAT sateìlite magnetic

data. This change h/as successfuì ìy model led as a step-l ike increase

in the thickness of a lower crustal magnetic layer. The size of the

step was determined to be approximateìy l+ ki lometres, which is in

good agreement with gravity models of the boundary by Gibb and Thom-

as (1976), and by ltlukhopadhyay and G ibb ( 1980) . The average th ick-

ness of the magnetic layer was determined to be aPproximately l2 ki-

ìometres, in good agreement with seismic results of Hall and Hajnal

(197Ð. The ìocation of the step was indicated to be approximately

l50 ki lometres south of the surface-observed boundary. This result

does not agree with the various seismic and gravity models, wherein

the step-like change generally occurs approximately 50 k¡lometres

north of the observed boundary. The inconsistency impl ies that the

step-model, although expìaining the character and amplitude of the

observed signature, fai ls to adequately model its position and prob-

ably does not reflect the physical properties of the boundary struc-

ture. A gradual ly sloping change in thickness would serve to broa-

90-
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den the signature, possibly model I ing the position better. The

depth of the layer and whether the step occurred in the Riel or l'loho

could not accurately be determined from the model I ing procedure.

l,lagnetic studies indicate that sateììite observed f ields have their

source in the lower crust, however, and this is assumed to be the

case here.

The results of the Ungava Anomaly study indicate a deep crustal

source for the anomaly which is probably unrelated to the boundary

structure. The anomaly source may be related to tectonic effects

experienced by the lower crust in the formation of the Richmond Gulf

aulocagen structure.
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Append i x A

PROGRAI'I SPEPS

Fol lowing is program SPEPS (Spherical Prism Equivaìent Point

Source), a refinement of an earl ier version (Hal I and 11i I ìar; ì980).

The program computes the North, East, Verticaì, and Scalar anomaly

fields for a given prismatic body in a sphericaì Earth. Useful ref-

erences include Ku (lgll), and von Frese, Hinze, Braiìe, and Luca

(ì98t).
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cx
c*.
c+
c*
c*
c+
c*
C¡r
C )tr

cx

l0l

EXEC FORTHCLG, SIZE=5'12K, LSIZE=5 1 2K
FORT,SYSPRINT DD DUMMY
FORT,SYSIN DD *

lr ####HHH#####H##H#H########H###H###H#HH####H#######H##H#H###H##H#H#
* HH PROGRAM SPEPS H#
+ ## (SPHERICAL PRISM EOUIVALENT POINT SOURCE) HH

'T ## THTS PROGRAM COMPUTES THREE-COMPONENT MAGNETlC ANOMALIES #H

'T #I DUE TO AN ARRANGEMENT OF SPHERICAL PRISMS, EACH CONTAINING ##
* #H A 2X2X2 ARRAY OF ESUIVALENT DIPOLE SOURCES ARRANGED fl#
* #H ACCORDING TO GAUSSIAN QUADRATURE, #H
* # # H # # Ë H # # # # # H # # # # # # # # # H # # # # H # # # # # # H # # # # # # # # # fl # # H H # # # # fl # H H tl # H lt lt ll // ll ll

COMMON ,/OBGRID/ FORGE, FORGN, FDELTE, FDELTN, FELEV
COMMON /FTELOS/ FLDNOR, FLDEST, FLDVRT. FLOSCA
COMMON /PRISMS,/ LOCBLK
COMMON /GRT.D/ IROWMT , T LVLMT

c+*

c**
c*+
c**
c*,*
c**
cx*
C*'k
c**
c**
c*x
cx*
cx*
c*x
c**
cx*
c**
c*x
c**
cx*
c+*

c**
c**
cxx

cx*
c+*

c**
c*x
c**
cx*

c**
c**
c**
c**
c**
c**
c**

DIMENSION FLDNOR(35,35), FLDEST(35, 35), FLOVRT(35, 35)
DIMENSION FLDSCA(35, 35)
DIMENSION TITLE(20)
DIMENSION BLKDIM(3),BLKMAG(3),SUSCEP(9), IPDIM(9)
DIMENSION LOCBLK(50,50, 1O), IRO'¡IMT(50, 1O), ILVLMT( 1O)

H #H# # # #H # fl ## H ## ## 4# ## #fl # # # # ## H # H # ## ### #### # # # ## ## ### H # # H # # # # # # ## # #
Hþ INPUT CARDS ##
H# CARDS 1 TO 3 DEFINE A FIELD OBSERVATION GRID. MAGNETIC #H
#H FIELDS ARE CALCULATED AT GRID POINTS ON THE 2-D GRID ABOVE H#
#H THE EARTH'S SURFACE. CARDS 4 TO 6 DEFINE A 3-D PRISM ##
#H GRID WITHIN THE EARTH. PRISMS ARE LOCATED I'/ITH THEIR #H
## TOP SOUTH-WEST CORNER ON THE GRID POINTS, ##
#H FIELDS ARE CALCULATED ONLY FOR PRISMS V/ITHIN A PRESCRIBED #H
## WINDOW. THE FOLLOWING SET OF CARDS DEFINE THE ARRAY ##
## LOCBLK. THIS ÀRRAY REPRESENTS THE PR]SM GRID. A DIGIT ##
## BEThIEEN 1 AND 9 AT LOCATION LOCBLK(T,J,K) REPRESENTS A flH
## PRISM OF TYPE 1 TO 9 LOCATED h/ITH ITS TOP SOUTH-WEST VERTEX##
#hI AT THE POSITION ''I '' GRID POINTS EAST, "J" GR]D POINTS #H

## NORTH, AND'K'' GRID POINTS DOhIN FROM THE PRISM GRID ORIGIN.##
H# THE NEXT TWO CARDS DEFINE THE PRISM ''TYPE'' REFERRED TO BY HH

## THE DIGIT IN THE LOCBLK ARRAY. THE LAST Tl¡.,O CARDS GIVE #H

## I,/O DESTINATIONS FOR THE THREE COMPONENTS AND THE TOTAL #H
#H FIELD, AND A TITLE FOR THE DATA. #H
##-------- ----#i

DUMMY=1.
##-------- ----##
## FIELD OBSERVATION GRID H#
#H ##
## CARD 1 FORGE - EAST LONGITUDE OF ORIGIN FOR FIELD HH

## CALCULATION GRID ##
#H FORGN - GEODETIC NORTH LATITUDE OF FIELD GRID #H
#H ORIGIN þ#
## FDELTE - E - W FIELD GRID SPACING IN DEGREES ##
#H FDELTN - N - S FIELD GRID SPACING IN DEGREES ##
#H FELEV - KILOMETRE ALTITUDE OF FIELD GRID ##
## FORMAT(sF 1O.O) #fl
## #H
## CARD 2 NFEAST - NUMBER OF GRID POINTS IN E-llJ DTRECTION #H
## NFNORT - NUMBER OF GRID POINTS IN N_S D]RECTION ##
## FORMAT(2I4) H#
## ##
flH CARD 3 HORIZN - ANY PRISMS LOCATED BEYOND HORIZN ARE ##
## ,, IGNORED IN THE CALCULATION OF FIELDS #H
## UNITS ARE KILOMETRES H#
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c**
c**
c**
c**
c**
c+x
c*+

CARD 4 GORGE
GORGN
GORGV
GDELTE -
GDELTN -
GDELTV -

FORMAT(6F1O,O)

c**
c**

c**
c**
c**

#fl
##
Hfl
##
Hf

##
##
HH

#H
#H
##

#H
##
#H
#H
##
#fl
#H
#lt
#H
##
##
#H
#H
#H
##
##

#H
#H
##
#H
#H
##
H#
##
##
#fl
#H
#H
##
##
##
#H
##
#H

c**
c*+
c+*
c**
c**
c**
cx*
c*x
c**
c**

PRISM GRID

CARD 5 NMEAST -
NMNORT -
NMDOWN -

FoRMAT(3r4)

EAST LONGITUDE OF THE
NORTH LATITUDE OF THE
KILOMETRE ALTITUDE OF

E-WGRIDSPACING
N-SGRIDSPACING
VERTICAL GRID SPÀCING

NUMBER OF GRID POTNTS
NUMBER OF GRID POINTS
NUMBER OF GRID POINTS

Hh
#H

PRISM GRID ORIGiN ##
PRISM GRID ORIGIN ##
THE ORIGIN (+ UP) #H

##
Hg
#H
Hfl
#fl

IN E-\{ DiRECTION HH

IN N-S DIRECTION #H
IN VERTICAL DIR. #H

##
#H

c** #H
c** #H
c** #H
c** #H

CARD 6 IhIINDW - T¡,EST-MOST GRID POINT TO BE CONSIDERED
IWINDE _ EAST-MOST
Il,JINDS - SOUTH-MOST
IWINDN - NORTH-MOST

FORMAT ( 4I4 )

LOCBLK ARRAY
cx*
c**
c*x
c**
c**
c*x
cxx
c**
c**
c**
c**
c**
c**
c**
cx*

#H
hfl
#H
#fr
##
##
#H
##
#H

CARD 7

FORMAT(I3)

CARD 8
(ROWS AR

ITYPE- TYPE COD
TO PLACE
LOCAT I ON

FORMAT(r3,1X,76r1)
CARDS 9,10,11 ETC. AS CARD 8

LEVEL NUMBER IN 3-D ARRAY

NUMBER O THE EAST-WEST RUNNING ROI'V

NUMBERED FROM THE SOUTH END)
IS PLACED IN CARD COLUMN I+4

A PRISM OF THAT TYPE IN
I,d,K OF THE PRISM GRID

K

J F

E

E

#H
#H
##

c**
CONTINUE I¡JITH CARD 8 FORMAT UNTIL THE LEVEL IS DESCRIBED'
THEN ENTER ''J" AS ''999'', PROCEED WITH LEVELS 2,3,4, ETC.
FOLLOWING THE SAME FORMAT UNTIL THE 3-D PRISM GRID IS
DESCRIBED, THEN, ENTER "K '' AS ''999 '' TO TERMINATE INPUT ,

c**
c**
c**
c**
c**
c**
cx*
c**
c**
c,* *
C'* *
C'r *
c**
c**
cx*
c**
c**

#H
##
H#
#H
#H
##
#f
##
H#
#H
##
H#
##
#H
##
##

#fl
##
#H
#H
##
#g
H#
#H
##
##
##
##
fl#
##
##
##

OUTPUT DESTINATION

CARD LAST- 1

I0FLAG - 999 ==> QUIT
IOXMAG - DESTINATION CODE FOR NORTH COMPONENT
IOYMAG r' I " EAST rl

IOZMAG:"VERTICAL''
IOSMAG - II II II SCALAR ANOMALY

FORMAT 5I4
ABOVE CODES ARE AS FOLLOI,/S;

.I --> WRITE DATA AND TITLE TO UNIT 8
2 --> il rr i rr rr n 9

11 --> 'r il n I " UNITS 6 AND 8
12 --> u rr rr f 9
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c** H

c** H

c*+ #
c** #
c** #
c** #
c+* #
c** #
cx*

#
fl
H

#
#
#
#

CARD LAST TITLE
FORMAT ( 2OA4 )

TITLE FOR THE ANOMALY DATA

CONTINUE REPEATING THE ABoVE SET OF Tltro CARDS To DEFINE
ALL DESIRED DATÀ DESTINATIONS AND THEIR TITLES, THEN
ENTER IOFLAG AS 999 TO END

#H
#h
Hfl
#H
#H
#H
#H

cx*
c*x

c*x

c**
c** READ I

READ (
READ (
DO tO

## H # H fl #fl ## H # H ## fl #### # # # H ### ### H # H # # #H # ## H # # # # ## # ## # # fl H H # H H ## # # # H #

DATE= l98O.O

READ IN OBSERVATION GRID INFORMÀTION
READ(5, 50) FORGE, FORGN, FDELTE,FDELTN, FELEV
READ(5, 51 ) NFEAST,NFNORT
READ(5,5O) HORIZN

ECHO OBSERVATION INPUT
l,/RITE ( 6, 60) FORGE, FoRGN, F E LEV, FDELTE, FDE LTN, NFEAST, NFNoRT' H0RI ZN

NP
5,5
5,5

K=

RISM GRID INFORMATION
O) GORGE,GORGN, GORGV, GDELTE,GDELTN, GDELTV
1 ) NMEAST,NMNORT,NMDOI,JN
1 , NMDOhIN

ILVLMT(x)=o
DO 10 J=1,NMNORT
IRowMT(J,K)=o
Do 1O I=1,NMEAST

1o LocBLK(I,J,K)=O
READ(5,51 ) IV.lINDW, IWINDE, IWINDS, IWINDN
CALL BLKIN(NMEAST, NMNORT, NMDOWN)
READ(5,,t,) (IPDIM(l ), I=1,s)
READ(s. * ) (SUScEp(r ), r=1,s)

CX* ECHO PRISM GRID INPUT
I,iRITE ( 6, 6 1 ) GORGE, GORGN, GORGV, GDELTE, GDE LTN, GDELTV' NMEAST' NMNORT

& NMDOWN,IhTINDW,IWINDE,IWINDS,Ii{jINDN
CALL BLKOUT ( NMEAST , NMNORT , NMDOWN )
U/RITE(6,62) ( I, ]PDIM(I ),SUSCEP(I ), I=I,9)

c**
C** READ IN DATA DESTINATION INFORMATION

1OO CONTINUE
READ(5,51 ) IOFLAG, IOXMAG, IOYMAG, IOZMAG, IOSMAG
rF(IOFLAG.EQ.9999) CO lO gg9
READ(5,52) TITLE

C**
C** ZERO MODEL FIELD ARRAYS
c**

DO 11 N=1,NFNORT
DO'1 1 NN=1,NFEAST

N,Ntrt)=9.9F LDNOR (
FLDEST(
F LDVRT (

1 1 FLDSCA(

o

o

=O

=o

N,NN)
N,NN)
N,NN)

c**
c**
c**
cx*
c**

LOOP OVER PRISMS

DO 12 KK=1,NMDOWM
rF(ILVLMT(KK).EQ.O) GO TO 10t
BLKALT=GORGV- ( KK- 1 ) *GDE LTV

DO I3 rJrJ= 1 , NMNORT
IF(JJ.GT.IUIINDN.OR.JU. LT.IWINDS) GO TO 102
IF(IROWMT(JJ,KK).EO.O) GO TO 102

c**



lOl+

BLKLAT=GORGN+ ( JJ- 1 ) *GDELTN
cx*

DO 14 II=1,NMEAST
ITYPE = LocBLK(II,JJ,KK)
IF(II.GT.IWINDE,OR.II.LT.IWINDW) GO TO 103
IF(ITYPE.EO.O) GO TO 103
CALL SIZE( IPDIM( ITYPE),BLKDIM,GDELTN,GDELTE)
BLKLNG=GORGE+( I I - I )'+69E¡''
CNTALT=BLKALT-BLKDIM (3) / 2 .

CNTLAT=BLKLAT+BLKDIM ( 1 I / 2 .

CNTLNG=BLKLNG+BLKDIM (2) /2 .

c**
CALL SOURCE(CNTLAT,CNTLNG, CNTALT, BLKDIM,NFEAST,NFNORT,

& HORIZN,DATE,SUSCEP(ITYPE))
c**

103 CONTINUE
14 CONTINUE

102 CONTINUE
13 CONTINUE

1O1 CONTTNUE
12 CONTINUE

c**
CALL PRTOUT(FLDNOR,NFEAST,NFNORT,TTTLE, IOXMAG, FDELTE, FDELTN)
CALL PRTOUT(FLDEST,NFEAST, NFNORT, TITLE, IOYMAG, FDELTE, FDELTN)
CALL PRTOUT(FLDVRT, NFEAST, NFNORT, TITLE, IOZMAG, FDELTE, FDELTN)
CALL PRTOUT(FLDSCA,NFEAST, NFNORT, TITLE, IOSMAG, FDELTE, FDELTN)
co To 100

cx*
999 CONTINUE

c**

c**
50 FORMAT(8F 1

51 FORMAT( 1OI
52 FORMAT(2OA
60 FORMAT(/////' 

"5X,'OBSERVATION 
GRID: 

"/,,, 
1OX,'ORTGIN

61 FORMAT( /////" ,5X,'PRISM GRTÙI' ,/",1OX,'ORIGIN:"/'
& 15X,F7.2, ' DEGREES EAST LONGITUDE' ,/' ','I 5X,F7.2,' DEGREES',
& , NORTH LATITUDE' ,,/' 

" 
15X, F7 ,2,' KILOMETRE ALlfiUOE' ,/'

& lOX,'SPACING: 
",/' 

' ,12X, 'E-W,,F7.3,' DEG. EAST LONG' 
",/' 

' ,12X'
& ,N_S' ,F7.3,' DEc. NORTH LATIIUDE"/' 

".1 
1X,'DOtr/N' ,F7.3,

& , KILOMETRES"/",1OX,'DIMENSION: 
"/' "12X,& ,E-þ/" I7,' GRID POINTS',,/' ' ,12X, 'N-S" 17,' GRID POINTS',,/'

& 12X,',VERT', ,!6,', GRID PoINTS' ,///// ', ,, 1OX,',WINDOIA/ IN PRISM GRID:',
&,/' ' ,'12x, 'I¡/EST LIMIT ="I3,1OX,',EAST LIMIT ="I3,1OX,
& 'SOUTH LIMIT =',I3, 'lOX,'NORTH LIMIT =' ,I3)

62 FORMAT( ' 1 

" 
1OX, 'PRI SM TYPE DIMENSION CODE SUSCEPTIBI LT.IY ' ' / /& /",9(14X,I2,11X,',O"I5,12X,F7.5,//"))

STOP
END
SUBROUTINE SIZE(ICODE,BLKDIM,GDELTN,GDELTE )

c* * # # # # # # H # H fl # fl # # # H fl # # # # # # # # # # H H # # # # H # H # # # # # # # # # # # # # # # # H # # H H þ # # # H # # # #
c** #fl SUBRoUTINE SIZE H#
C** ## ##
C** ## CALCULATES DIMENSIONS OF PRiSM FROM 6 DIGIT CODE ##
C** ## , H#
C** ## E . c. i ICODE=O1O2O3 ===> BLKDIM( 1 )=91 *6¡6¡]-* #H
C** ## BLKDIM(2)=O2+GDELTE H#

FORMAT S

o.o)
4)
4)

EC /& 15X,F7.2, ' DEGREES EAST LONGITUDE',/' 
"15X,F7.2,' 

DEGRE

&, NORTH LATTTUDE',/",'I5X,F7.2,' KILOMETRE ALTITUDE',,/'
& 1OX,'SPACING:',,/",12X,'E-W',F7.3,' DEG. EAST LONG.',,/'
& ,N-S' ,F7 .3,' DEG. NORTH LATITUDE",/' ',1OX,'DIMENSION: 

"&'E-W"I7,' GRID POINTS"/' 
"12X,'N-S',I7,' 

GRID POINTS'
& 'LIMIT BEYOND WHICH FIELDS ARE NOT CALCULATED: ',F10.3"

," 12X ,

/'"12x,
/' 

" 
10x,

KM.')
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c** #H BLKDTM(3)=O3.O HH

c** ###HHflHH#######þH#H####H####fl###H#H#H##H####H###f###HH#H######flH#H
cxx

DIMENSTON BLKDIM( 3 )

II=ICODE,/10000
.JJ=( ICoDE_I I * lOOOO)/ 1OO

KK= ICODE- I I * lOOOO-JJ* 1OO

BLKDIM( 1 )=FLoaT( rr ¡*6oatt*
BLKDIM( 2 ) = FLOAT (.,.J ) *GDELTE
BLKDIM(3)=P¡a[T(KK)
RETURN
END
SUBROUTINE SOURCE(CNTLAT, CNTLNG, CNTALT,BLKDIM,NFEAST' NFNORT'

& HORIZN, DATE, SUSCEP )

c**
c**
cxx
c*+
c**
cx*
c**
c**
c**
cx*
cxx
cx*
c*+
c,r,*
c**
c**
c**
c**
c*x
C'k *
c**
c**

c**
c**

c**
c**
c*x
c*x
cx*
c**
c**
c*x
cf*
c**
c*x
c*+
c**
c**
c**
c,* x

c**
c**
c**
c**
c**

###9 H# ### # # # # # ## # H # ## H # ### # ## H # ## # H # # ## ## ## # # # # # # # # H # # # H ## # H # ## # # H

REF:-

# ## ##H ## ##fl # # ### # ## H ######### # ### H ###H## # # # # H#H # #### ### # þ ######H ##

COMMON /OBGR]D/ FORGE , FORGN, FDELTE , FDELTN, FELEV
COMMON /FTELDS/ FLDNOR, FLDEST, FLDVRT, FLDSCA

##
##

##
#H
##
flH
#H
##
#H
##
##
Hfl
##
##

##
##
##
##
##
##
##
##
##
##
#H
#H

##
##
##
##
#H
#H
##
##
#H
##
##
#H
#H
##
##
##
##
##
#H
##
##
##
#H
#fl
##
#f
##
##
#H
#H
##
##
#H
##
##
##
##
##
##
#H
##
##
##

##
##
H#
##
H#
#9
#H
##

#H
#H
##
H#
##
#H
##

EQUIVATENT SOURCE SPHERICAL PRISM

COMPUTES THE MAGNETIC ANOMALY FIELD DUE TO AN

ARRAY OF 8 DIPOLES IilITHIN A SPHERICAL PRISM WTTH CENTRE
GIVEN BY CNTLAT (NORTH LATITUDE), CNTLNG (EAST LONG),
AND CNTALT (DEPTH - NEGATIVE DOl¡.lN)

THE VOLUME IS REPRESENTED BY A 2*2*2 ARRAY

OF ESUTVALENT DIPOLE SOURCES ARRANGED'ACCORDING TO

GAUSSIAN OUADRATURE.

CO-ORDINATE SYSTEMS USED;
FIXED EARTH

-CARTESIAN SYSTEM WITH ORIGIN AT EARTH'S CENTRE
X DIRECTTON - THRU INTERSECTION OF EQUATOR AND

GREENWICH MERIDIAN
Z DIRECTION - COINCIDENT IdITH NORTH ROTATTONAL

AXIS

GEODET I C

-GEOGRAPHIC''MAP" SYSTEM
GEOGRAPHIC LATITUDE (-9O TO +9O)
EAST LONGITUDE (O TO 360)
ALTITUDE (POSITIVE UP)

GEOCENTR I C
_SPHERICAL SYSTEM WITH ORIGIN AT EARfH CENTRE
GEOCENTRIC CO-LATITUDE - PHI
EAST LONGITUDE - LAMBDA
RADIAL DISTANCE - RHO

TOPOCENTR I C

-LOCAL CARTESIAN SYSTEM I',ITH ORlGTN ON EARTH
SURFACE
CO-ORDS ARE AL]GNED WITH NORTH, EAST, AND

VERTICAL (POSITIVE DOWN)

CHAO C KU, GEOPHYSICS, VOL 42, NO 3 1977
P 610-622##

#H

1.,

c**
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DIMENSION FLDNOR( 35, 35 ), FLDEST ( 35, 35 ) . FLDVRT ( 35, 35 ), FLDSCA ( 35, 35 )
DIMENSION BLKDIM(3),BLKMAG(3),GAUSSV(2)

c*+

c**
REAL TJX,\JY,JZ

DATA GAUSSV/ .57735c27 ,- .57735027 /
DATA cON/.O174533/
DATA ITIME /O/ ,TTIMÊ.2/O/

c**
c * *+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
c**+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
C** DFFTNTTTON NF VARIABLES
c+*
C** CNTLAT, CNTLNG, CNTALT - GEODETIC CO-ORDS OF PRISM CENTRE
c**
C** BLKDIM(3) - GEODETIC NORTH (DEG LAT), EAST (DEG LONG),
C** AND VERTICAL (KM DEPTH) DIMENSIONS OF PRISM
c**
C** JX, JY, JZ - FIXED EARTH COMPONENTS OF MAGNETIZATION
C** MAGNETIZATION VECTOR HAS UNITS AMP/METRE
c**
C** GAUSSV(2) - CO-ORD'S OF INTERVAL LOCATIONS FOR GAUSSIAN
C** OUADRATURE
c**
c**
c**
c * *+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
c * *+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
c**
c*x FIND CENTRE OF PRISM IN GEOCENTRIC CO-ORDS

CALL DETCEN(CNTLAT,CNTLNG, CNTALT, CRHO, CPHI,CLAMDA)
CHECK TO ENSURE PRISM IS SMALL ENOUGH FOR OBSERVATION HEIGHT

]F(ITIME2.GT.O) GO TO 1O1

DEPTH=BLKDIM( 3 )

SNLENG=CRHO*BLKDIM( 1 ) xCON

WIDTH=CRHO+S]N( CPHI *CON ) *BLKDIM( 2 ) *CON

B I G=DEPTH
IF ( SNLENG. GT . BIG) BIG=SNLENG
IF(l,rIDTH. GT. BIG) BIG=t,/IDTH
BIG=BIG*GAUSSV( 1 )
IF(BIG.GT.FELEV) WRITE(6,60) BIG,FELEV
I F ( BIG. GT. FELEV ) ITTME2= 1

CONT I NU E

c**

101
c**
c**
c**
c**
c*x

FIND INDUCED MAGNETIZATION AS; ¿ = (X/((K+1)XMU)) * B

CONFAC= ( 1O**-9 ) / (q*Pt* 1O*x-7 )

10**-9 - CONVERT B TO TESLA FROM NANOTESLA
4*PI*1OX*-7 - PERMEABILITY OF FREE SPACE

coNFAC=( .O1/ (4.*3. 14159) )*SUSCEP/(SUSCEP+1 . )
CALL IGRF ( DATE ,2, CRHO, CPHI , CLAMDA, CNMAG, CEMAG, CVMAG, CTMAG )

PMAGN=CNMAG*CONF AC
PMAGE =CEMAG+CONF AC
PMAGV =CVMAG*CONF AC

ROTATE COMPONENTS OF MAGNITIZATION VECTOR TO FIXED EARTH
CO-ORD SYSTEM

CALL VECTRA ( CRHO , CPHI , CLAMDA , PMAGN, PMAGE , PMAGV,
& JX,dY,JZ,+1)

FIND REFERENCE MAIN FIELD FOR SCALAR ANOMALY CALCULATION
USE IGRF MAIN FIELD AT CENTRE OF OBS, GRID AND ASSUME IT TO BE

CONSTANT OVER THE ENTIRE OBSERVATION GRID.
CGALT=FELEV
CGLAT = FORGN + O.5*NFNORT*FDELTN

c**
c**
c**

c+*
c**
c**
cx*



c+*
c**
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CGLNG = FORGE + O.5*NFEAST*FDELTE
CALL DETCEN( CGLAT , CGLNG, CGALT, CGRHO, CGPHl , CGLAM )

CALL IGRF ( DATE, 2, CGRHO, CGPHI, CGLAM, REFNOR, RE FEST, REFVRT, RE FTOT )
SET UP FOR GAUSSIAN QUADRATURE
INTEGRATION LIMITS;
coNsTl=(BLKDTM(3) * BLKDTM(z¡xçs¡ * BLKDTM( 1)'r,CoN) / 8.

CONVERSION FACTORS;
CONVERT ANOMALY EQUATION TO TESLA FROM AMP*TURN/METRE
I,E. FROM ANOMALY IN H TO AN ANOMALY IN B (MULTIPLY BY MU.ZERO)
CONVERT ANOMALY EQUATION TO NANOTESLA FROM TESLA (1O*Xg)
coNFAC= MU x 1O+x9 = 4*PI* lO*'ß-7 r( 1O**9 = 4'i<PI*1OO
DIVIDE BY 4*PI ACCORDING T0 S.I. EOUATION ; CONFAC = 1OO

CONST1 = CONSTI*1OO.
c*x

H2 = HORIZN*HORIZN
c**
c**-------
C** LOOP OVER FIELD OBSERVATION POINTS
C** FIND POSITION OF POINT IN EARTH-FIXED CO-ORDINATES

OBSALT=FELEV
DO 1O JF= 1 , NFNORT
OBSLAT= ( L,F- I ) *FDELTN+FORGN
DO 11 IF=1,NFEAST
OBSLNG= ( I F- 1 ) *FDELTE+FORGE

C** FIND FIXED EARTH CO-ORDS OF THIS FIELD OBSERVATION POINT
CALL DETCEN( OBSLAT, OBSLNG, OBSALT, OBSRHO, OBSPHI , OBSLAM )

CALL CENFIX(OBSRHO,OBSPHI,OBSLAM,OBSX,OBSY,OBSZ,+I )
C** ANOMALY FIELDS;

XANOM=O. O
YANOM=O. O
ZANOM=O. O

SCANoM=O. O
cx*-------
C+X LOOP OVER 8 DIPOLES IN PRISM

DO 12 I=1,2
C** GEODETIC CO-ORDS FOR TOP OR BOTTOM FOUR DIPOLES;

DIPALT = CNTALT + (BLKDTM(3)/2.)*GAUSSV(I)
DO 12 J=1,2

C*X NORTH OR SOUTH FOUR;
DIPLAT = CNTLAT + (BLKDIM( 1)/2.)*GAUSSV(J)
DO 12 K=1,2

C+ + EAST OR IdEST FOUR ;

DIPLNG = CNTLNG + (BLKDIM(2)/2.')*GAUSSV(K)
C** F]ND GEOCENTRIC AND EARTH-FIXED CO-ORDS OF THIS DIPOLE

CALL DETCEN(DIPLAT, DIPLNG, DIPALT, DIPRHO, DIPPHI , DIPLAM)
CALL CENF IX(DIPRHO, DIPPHI, DIPLAM, DIPX, DI PY, DIPZ, + 1 )

c**
c**

c**
c+*
c**
c**
c*x
c**

FIND COMPONENTS OF SEPARATION VECTOR FROM OBS
RX=DIPX-OBSX
RY=DIPY-OBSY
Rz=DIPZ-OBSZ
R2 = RX*RX +RY*RY +RZ*RZ
R5 = R2*R2*SQRT(R2)

PNT. TO DIPOLE

cx*
c**

c,f *

c*x
cx*
c*x

CHECK IF PRISM IS BEYOND SPECIFTED HORTZON
rF(R2.GT.H2) Go T0 lOO

CONSTANT FOR GAUSSIAN QUADRATURE IN SPHERICAL CO-ORDINATES;
CONST2 = (CONSTI * DIPRHOXDIPRHO * SIN(DIPPHI*CON)) / NS

CALCULATE ANOMALY FIELDS AND SUM INTO TOTAL ANOMALY DUE TO THIS
PRISM

XANOM=XANOM +

YANOM=YANOM +
ZANOM=ZANOM +

CONST2* ( dX* ( ( g . *RX*RX ) -nZ )+.lV'rg . *RX'kRY+JZ*3 . xRX'FRZ )
CONST2x (.JX*g . *RX*Ry+Jy* ( (3 . *Ry*Ry ) -R2 )+JZx3. *RyxRZ )
CONST2 * (,JX xe . xRX *RZ+L,Y't,3 . *RY +RZ+LlZ* ( ( 3 . * RZ*RZ) - R2 ) )
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12 CONTINUE
C** TRANSFORM ANOMALOUS FIELD VALUES AT THIS OBSERVATION POINT TO

CX* TOPOCENTRTC COMPONENTS
CALL VECTRA ( OBSRHO , OBSPHI , OBSLAM, ANOMN , ANOME , ANOMV ,

& XANOM, YANOM, ZANOM, - 1 )
C+* SUM INTO FIELD VALUES FOR THIS LOCATION ANO OTHER PRISMS

FLDNOR(JF, IF )=FLDNOR(JF, IF )+ANOMN
FLDEST( JF , I F ) =FLDEST( JF , I F )+AruO¡¡T
FLDVRT (.1r, r r ) =FLDVRT( JF, I F )+ANOMV

c** FIND SCALAR ANOMALY (DOT PRODUCT OF VECT, ANOM. AND UNIT MAIN FLD)
ScANoM= ( ANoMN*RE FNoR+ANoME *RE F E ST+ANoMV*RE FVRT ),/RE FTOT
FLDSCA( JF, I F )-FLDSCA( JF, I F )+SCANOM
IF(ITlME.EO,O) WRITE(6,61)

& CNTLAT, CNTLNG,CNTALT, CRHO,CPHI, CLAMDA,SNLENG,WIDTH.DEPTH,
& OBSLAT,OBSLNG,OBSALT,OBSRHO,OBSPHI,OBSLAM, OBSX,OBSY,OBSZ,
& DIPLAT, DIPLNG, DIPALT, DIPRHO, DIPPHI, DIPLAM, DIPX, DIPY, DI PZ,
& PMAGN, PMAGE, PMAGV, JX, JY,¿Z,R2,CONSTl,CONST2,
& ANOMN,ANOME,ANOMV, XANOM,YANOM, ZANOM

ITIME= 1

lOO CONTINUE
1 1 CONTINUE
10 CONTINUE

c**
RETURN

c**-------
C** . FORMATS

60 FORMAT(, ,,'+***** I,ARNING ******,,/
& , PRISMS ARE TOO BIG FOR THIS ELEVATION',/
& , LARGEST DIPOLE SEPARATION IS ',F6.2,' KM AND OBSER',
& ,VATION HEIGHT IS ONLY 

"F6.2,'KM')61 FORMAT(,-,',CENTRE 
"9F14.4,/ 

//,,,',o8SERV"9F14.4,///",
& ,DTPOLE', ,9F14.4,/// ', 

"',MAG 
', ,eF14.4,/// ', 

"',ANOM& sF14.4,///)
END
SUBROUTINE BLKIN(NMEAST,NMNORT, NMDoI¡rN)

c*x
c** ###########H##########HH##H########H############H#HH#H##H#####H#H#
C** #H HH

C*+ Hh BLOCK READIN ##
C** #H ##
C** ## REÀD IN TYPE CODES FOR PRISMS AND STORE IN LOCBLK ##
C** #H ##
c* * # fl # # # # # # # # # # # # # # # # # # # # # # # # f # # # # # H # # # # # # # # # # # # # # # # # # # # # # # # fl # # H # # H H H

c*+
COMMON,/PRISMS/ LOCBLK
COMMON /GRLD/ IROIdMT, ILVLMT
DIMENSTON LOCBLK(50, 5O, 1O)
DIMENSION IROhIMT(50, 1O), ILVLMT( 1O)
DIMENSION ISTORE(50)
DATA ISTORE/5O*O/

c**
c*i
c**
c*x
c**
c**
c*x
c**
c**
c**
c**
c*x

LOCBLK
NMEAST
NMNORT
NMDOT'iN
I ROì¡rMT

I LVLMT

DO 10 KKK= l, 10
READ( 5,50) K

DEFINITION OF VARIABLES

- GRID SPECIFYTNG LOCATION OF BLOCKS
- DIMENSION OF GRID IN EAST - WEST DIRECTION
- DIMENSION OF GRID IN NORTH - SOUTH DIRECTION
- DIMENSION OF GRID IN VERTICAL DIRECTION
- DETERMINES IF A GIVEN ROI,/ IN THE GRID IS
EMPTY OR NOT
- DETERMINES IF A GIVEN PLANE IN THE GRID IS
EMPTY OR NOT



c**
100

11

c**

't 50
10

c**
200

50
51

rF(K.E0.999) GO TO 2OO

READ(s, s1) .r, ( ISToRE( I ),I= 1,50)
rF(J.EQ.999) Go ro 150
DO 11 I=I,NMEAST
LocBLK( I, J, K)=ISToRE( I )

ILVLMT(K)=1
IRoWMT(rJ,x¡=1

COMMON /PR]SMS/ LOCBLK
COMMON /GRTD/ I ROWMT, I LVLMT
DIMENSI ON LOCBLK ( 50, 50, 1O), I ROI,JMT ( 50, 1O )
DIMENSION I LVLMT( 1O)
DIMENSION A(80)
D]MENSION AN(4O),SYMBOL(9)
DATA ÀN,/'O',' 1',,'2',,',s',,',4"',5"',6',,'7',,',8

1,8,''F,''G,'l\l'lI'',J''l<l,lLl,lM
2 ', S',,',T"'U"',V"'W"',X', ,',Y', ,'Z', ,',r"

DATA ITIME,/O,/
DATA SYMBOL/',1', ,',2', ,'.3', ,',4"',s', ,',6' ,',7' ,'8

DEFINITION OF VARIABLES

- GRID SPECIFYING LOCATION OF BLOCKS
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A', ,',8', ,',C' ,',D', ,

o,,'P,,,Q"',R"

co To 100
CONT I NU E

CONT I NU E

CONT I NU E

FORMAT(I3)
FORMAT(I3,1X,76I1)
R ETURN
END
SUBROUTINE BLKOUT(NMEAST, NMNORT, NMDOWN)

H fl # # H # # H# ### # HH # H #fl # fl # #H H ## H # # # # H # H ## ## H # H # # # # # # # # H #H###s ## # # # ## # H

#H #H
## BLOCK PRINT OUT #H
#H ##
HH PRINT OUT TYPE CODES FOR PRISMS FROM LOCBLK H#
#H ##
# ## # # # # # H ## # # #H # # ##H # #### ## # # H # ## ## # # # H # # # ## # # H # H H# # # # # ## H # #######

c**
c*x
c**
c**
c**
cx*
c**
c**

c**
c**
c+*
c**
c*x
c**
c*x

c**
c**
c**
c**
cx*

a
N
+

I

LOCBLK
NMEAST
NMNORT
NMDOWN
I ROl,/MT

- DIMENSION
- DIMENSION
- DIMENSION
- DETERMINES

OF
OF
OF

IF

GRID IN EAST - WEST DIRECT]ON
GR]D IN NORTH - SOUTH DIRECTION
GRID IN VERTICAL DIRECTION
A GIVEN ROt4' IN THE GRID IS

EMPTY OR NOT
ILVLMT - DETERMINES IF A GIVEN PLANE IN THE GRTD ]S

EMPTY OR NOT

c**

cx*
c**
c**

DO 4OO K= 1 , NMDOI,I/N
IF(rLVLMr(K).EO.O) Go rO 4OO

U'RITE(6,1O) K

PRINT BORDER

I MAX=NMEAST
IF(rMAX.GT. 12s) ruax=tzs
CALL UBLANK(A, IMAX )
I N=O
DO 50 II= 1, IMAX
III=IIl1o



50

c**

55

cx*
c**
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rF( rrr .GE. loo) Irl=rII/ 10
rF(rrr.LT.rN) G0 To so
IN=IN+1
a(II)=AN(IN)
CONT I NU E
WRITE(6, 11 ) (A(TI),II=1,IMAX)

DO 55 TI=1,IMAX
III=II-(II/1O)x1O+1
A(II)=aN(III)
WRITE(6, 1 1 ) (A( II ), It=1, IMAX)
T,JRITE(G,99)

DO 3OO rjd= 1 , NMNORT
J=NMNORT-rJJ+ 1

CALL UBLANK(A, IMAX )
IF(IROI.JMT(LI ,K).EO.O) GO TO 25O

cx*
Do 2OO I=1,IMA
IF(LOCBLK(I,J,
II=LOCBLK(I,J,
IF(II.LT.O.OR.
a(I)=5Y[/ts9t1tt

2OO CONTINUE
c**

2so t4lRrrE(6,20) J, (A(rr ), rr=1, rMAX)
3OO CONTINUE

ITJRITE(6,99)
DO 260 II=1, IMAX
III=II-(II/1O)*.tO+1

260 a(rr¡=¡¡1ttt,
t.,RIrE(6, 1 1 ) (A( II ), I I= 1, IMAX )
CALL UBLANK(A,TMAX)

c**
I N=O
DO 27O Ii=1,IMAX
III=II,/1O
IF(]II.GE. lOO) III=IIIl1O
IF(TI].LT.IN) GO TO 27O
IN=IN+1
A(II)=aN(IN)

27O CONTINUE
wRIrE(6, 11) (a(II), II=1,IMAX)

4OO CONTINUE
ITIME=1
RETURN

5OO CONTINUE
r¡iRrTE(6,30) I, ü,K, Ir
CALL TRMINS

cx*
10 FORMAT('1'///,' 

"3OX,'DEPTH 
LEVEL _ ' ,T4/)

11 FORMAT(' ', ,4X,125A1)
20 FORMAT(' ', ,f3,1X,125A1 )
30 FORMAT( ' ' , 'j ** ERROR IN BLKOUT - LOCBLK(' ,313, ') =', I3)
99 FORMAT(' ')

RETURN
END
SUBROUTINE UBLANK( A, NUM)

c**
c* x H # # # # # # # # # # H # # # # # # H # # # # # # H # # # # # # # # H fl # H H # # H # # # # # # # # # # H # # # # # # # # # # # # #
C** ## SUBROUTINE UBLANK ##
c** ## H9
C** ## INSERTS BLANKS IN ARRAY A FROM .1 TO NUM ##

X

K)
K)
II
)

EO.O) GO TO 2OO

GT,s) GO TO sOO
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c*+ #H HH

c*+ H##fr#H####H####HHH#H##H#HH#H####H##H###H##########H##H#HH#H####H##
c**
c**

DIMENSION A(80)
DATA BLANK,/' '/
Do 1OO l=1,NUM

1OO A( I )=BLANx
RETURN
END
SUBROUTINE PRTOUT( F,NFEAST,NFNORT,TITLE, IOUT, FDELTE, FDELTN)

c**
c** HH##H#fl######H######HH###H####fr#######HH#######H#H#####HH#HH######
C** #H SUBROUTINE PRTOUT #9
C*,F ## HH

ctr* ## H#
cx* ########H###f##H###H##H##########################HHH###H########flH
c*x
c*x

DIMENSION TITLE(20)
DIMENSTON F(3s,3s)

cx*
I PRT= ( IOUT+ 1 ),/ 1O

IFLAG=IOUT-IPRT* 1O
IF( IFLAG
IF(IPRT.
IF( IFLAG
IF( IFLAG
TF( IFLAG
TF( TFLAG
DO 100 J
IF( IFLAG
IF(IFLAG
IF(IPRT.

1OO CONTTNUE
cx*

) RETURN
UIRITE(6, 1 2) (JrJ, uJrJ= 1 ,2 1 )

) U'RITE(E,II) TITLE
) I.,RITE ( 8, 15 ) NFEAST, NFNoRT , FDELTE , FDELTN
) u,RrrE(s,11) TrTLE
) WRTTE(9, 15) NFEAST,NFNORT,FOELTE,FDELTN

NFNORT

4 FORMAT(8E1O.3)
1O FORMAT( ",12,2X,21F6.2,25O(/ ",4X.21F6.2) )
1 1 FORMAT( 2OA4)
12 FoRMAT('1', ,///' ' ,4x,21(2x,12,2X)/)
15 FORMAT(4X, 2t3,2F7 .3)

RETURN
END
SUBROUT INE VECTRA ( RHO, PHI, ELAMDA, VECTN, VECTE, VECTV, VECTX, VECTY,

& VECTZ, IROT )
# # # ### # #### ## ## ## ### # # ## # # # # # ## # # # ## H # # ## # # ##### # #### # # ###H# ## ## H

#h #t/
## TRANSFORMS VECTOR COMPONETS BETWEEN TOPOCENTRIC ##
## (N,E,V) CO-ORD SYSTEM AND FIXED EARTH (X,Y,Z) CO-ORD ##
## SYSTEM. RHO, PHI, LAMBDA ARE THË GEOCENTRIC CO-ORDS #H
## OF THE VECTOR. IROT GIVES DIRECTION OF TRANSFORMATION ##
## IROT = -1 XYZ ==> NEV ; IROT = +1 NEV ==> XYZ ##
## PHI = GEOCENTRIC CO-LATITUDE ELAMDA = EAST LoNGITUDE ##
## # # # # ## H # ### ## ### # #### # # # ## # ## # # # # # # # # H # # ### # ## # #H ## # # ## ### # # # # #

DATA CoN/.O174533/

SI NP=SI N( PHI *CON )
COSP=COS ( PHI *CON )
SINL=SIN( ELAMDA*CON)
COSL=COS( ELAMDA*cON)

.EQ
EQ.
.EQ
.EQ
.EQ
.EQ
=1,
.EQ
.EQ
EQ.

.9
1)
.1
.1
.2

1)
2)
)

UIRITE(8,4) ( F(J,I ),I=1 ,NFEAST)
t,JRITE(9,4) (F(,J, i ), I=1,NFEAST)

t{RITE(6, 1O),J, (F(.J, I ), I=1,NFEAST)

c**
cxx
c*x
c*x
c**
c**
c*x
cx*
c*,f
c*x

c**
c**

c*x
c**
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rF(IROT) 100,300,200
1OO CONTINUE

VECTN = -VECTXfCOSL*COSP - VECTY*SINL*COSP + VECTZ*COSP
VECTE = -VECTX*SINL + VECTY*COSL
VECTV = -VECTX*COSLXSINP - VECTY*SINL+SINP - VECTZXCOSP
RETURN

c**
2OO CONTINUE

VECTX = -VECTNxCOSPxC0SL - VECTE*SINL - VECTV*SINP*C0SL
VECTY = -VECTN*COSP*SINL + VECTE*COSL - VECTV*SINP*SINL
VECTZ = VECTN*SINP - VECTV*COSP
RETURN

c**
3OO CONTINUE

vJRrTE(6,1O)
10 FORMAT(' t ,',##### ERROR IN VECTRA ####fl IROT=O',)

CALL TRMINS
RETURN
END
SUBROUTINE DETCEN(BLAT, ELONG,HEIGHT, RHO, PHI, ELAMDA)

c**
c** #H########Hf#H######H######HÉ##H####HH#H#H#####H##H##Hflht##H#####HH
C** #H ##
C** #H CONVERTS GEODETIC CO-ORDINATES (LATITUDE, H#
c** ## EAST LONG,HEIGHT) TO GEOCENTRIC CO-oRDS ##
c** HH (RADIAL DISTANCE, CO-LATITUDE, EAST LONGITUDE) #fl
C** ## ##
C** ## RHO = RADIAL DISTANCE #H
C** #H PHI = GEOCENTRIC CO-LATITUDE ##
C** #9 ELAMDA = EAST LONGITUDE #H
c** ##H#H###HH###H####H#######H#####HHÉ##############HH###fl##H#H######
c*x

DATA CON,/ .O174533/
o[lA A2/4c680925. /
DAlA 82/4O4Oa585./

c*x

c**
A LT =HE I GHT

s¡E=(90.O-BLAT)*CON
SLÀT=coS ( oNE )
cLAT = SIN(ONE)
oNE = A2*CLAT*CLAI
TWO = B2*SLATxSLAI
THREE=ONE+TWO
FouR = SORT(THREE)
R = SQRT(ALTX(ALT + 2,O*FOUR) +
CD=(ALT+FOUR)/R
SD = ( A2'82),/FoUR*SLAT*cLAT,/R
ONE = SLAT
SLAT= SLAT+CD - CLAT*SD
CLAT=CLAT*CO+ONE*SD

(A2*oNE + B2*Thro)/THREE )

c**
RHO=R
pHr =ARcoS ( SLAT )/coN
ELAMDA=ËLONG

RETURN
END
SUBROUTINE CENFIX(RHO, PHI, ELAMDA,X,Y,Z, IROT)

fl H #H ##### H H # ## ### # # f H # H # H ## # # # H # ### #### ### fl #H # ## #### #### #### ### ##H
## SUBROUTINE CENFIX ##
## CONVERTS GEOCENTRIC CO-ORDS RADIAL OISTANCE (RHO), ##
#H GEOCENTRIC CO-LATITUDE (PHI), NruO EAST LONG. (ELAMDA) #H
#fl TO EARTH-FIXED CO-ORDINATES X, Y, AND Z. THE X-AXIS HI

c**

c**
c*x
c**
c**
c**



il3

C** #g PIERCES THE EARTH'S SURFACE AT THE INTERSECTION OF ##
C*+ H# GREENI¡JICH MERIDiAN AND THE EQUATOR, WHILE THE Z-AXIS HH

C** H# IS COINCIDENT WITH THE NORTH ROTATIONAL AXIS, #H
c** ## #H
C** #H THE SIGN OF IROT GIVES THE DESIRED TRANSFORMATION HH

c*r( #H IROT = -1 ====> XYZ --> RHo,PHI,LAMBDA #H
C** #fl +1 ====> RHO,PHI,LAMBDA --> XYZ #H
c** ## gH

c/(* ############H#####HHH###HH##H##HH##H###HH##H##H##H#HHH########H###
c*x

DATA CON,/ .O174533/
c**

rF(IROT) 1OO,3OO,2OO
.IOO CONTINUE

RHo=SQRT ( X*X+y*y+Z*Z )
ELAMDA= ( ArAN( Y/x ) )/coN
pHr = ( ARcoS (z / RHo ) ) /cor.l
RETURN

c**
2OO CONTINUE

COSP = COS(PHI*CON)
SINP = SIN(PHI*CON)
COSL = COS(ELAMDA*CON)
SINL = S]N(ELAMDA*CON)

c**
X = RHO*COSL*SINP
Y = RHO*SINL*SINP
Z = RHO*COSP
RETURN

c**
3OO CONTINUE

!¡JRrTE (6, 10)
1O FORMAT( ', ' ,'####### ERROR IN CENFIX #H##H## IROT=O',)

CALL TRMINS
RETURN
END
SUBROUTINE IGRF (DATE, ITYPE,ALT,COLAT, ELONG,X,Y,Z,T)

c*x
#################HHHH#HH##Hht#H####HH######H##############Hfls##########
gH #H

## THTS SUBROUTINE COMPUTES VALUES OF X,Y,Z AND T FOR A GIVEN EPOCH
## AND POSITION FROM THE SPHERICAL HARMONIC COEFFICIENTS OF THE
## INTERNATIONAL GEOMAGNETIC REFERENCE FIELD

## #H
#H
#H

#
#
#
H

H

#
#
#
#
H

#

c

c
c
c
c
c
c

c

c
c

c
c

c
c
c
c

#H
## DATA DATE
#h ITYPE
H# ITYPE
## ALT
## ALT
## COLAT
fl# ELONG
#H

##
#H
#H
##
#H
#H

= REQUIRED EPOCH IN YEARS AND DECIMALS OF A YEAR, A,D
= 1 I F GEoDETIC CORRDINATES aRE BEII'JG USED
= 2 IF cEocENTRIc CooRDINATES ARE BEING USED
= HEIGHT ABOVE MEAN SEA LEVEL IN KM (ITYPE=1)
= RADIAL DISTANCE FROM CENTRE OF EARTH IN KM

= COLATITUDE IN DEGREES (O,O TO 180,O)
= EAST LONGITUDE IN DEGREES (O.O TO 360.O)

1y1yp¿=2) # #

PUTOU

N

NORTH COMPONENT OF MAGNETIC FORCE IN GAMMA
EAST COMPONENT OF MAGNETIC FORCE ]N GAMMA
VERTICAL COMPONENT OF MAGNETIC FORCE IN GAMMA

T = TOTAL MAGNETIC FORCE IN GAMMA
THE COORDINATE SYSTEM FOR X,Y AND Z IS THE SAME AS THAT
SPECIFIED BY ITYPE

TX=

z=

#fl
##
##
##
##
H#
##
##
##
##
##
##
##
##

B

THE S.H. COEFFIC]ENTS ARE SUPPLIED BY À DATA STATEMENT;
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DA FoRMAT: G(N,1) c(N,2) H(N,2) G(N,3) H(N,3)...G(N,M) H(N,M)TACH
CH
c#
CH
c#
c#
c#
c#
c#
c#
CH
c#
c#
c*x

#
#
H

#
H

H

H

#
H

#
#
t/

NGTERM IS THE NUMBER OF G(N,M)'S
NGTERM OF .1.7 ===2 DEGREE AND ORDER
NGTERM OF 1O4 ===> DEGREE AND ORDER

Poco( 10/68 )
DATA NGTERM/77 /
DATA RYEAR / 1960.O/
DATA AGH/-30465.O, -216

11
1a

Hþ
Hf
fl#
flH
H#
H#

ALTERNATIVELY, THE COEFFICIENTS MAY BE SUPPLIED BY STATEMENTS OF

THE FORM: AGH(1) = -30339. AGH(2) = -2123. ETC.
OR THE COEFFICIENTS MAY BE READ IN THE MASTER PROGRAM AND MADE

AVAILABLE TO THE SUBROUTINE BY A COMMON STATEMENT

#########H#Hfl###H###HH####H#############H#########H##H######H##H###fl#

DTMENSToN AGH( 2OO), DGH( 2oO), P( 1 sO), O( 1 sO), cL( 20), SL( 20)
c**-------

Hfl
#H
#g
#g
#H
H#

c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c**
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
c60
cx*
c**

4
5
5
6
6
7
7
I
ð
I
v
&
&
'I

1

-1541.4,2976
1 325 .8 , - 1983

6,4.4
4 .3,
7 .9,8

,5791.O,
't977 .2, 1607. 5, r56. 6,
445.3, 13'r6.9,233 .4,842.O, -94.9,

106.4, -249.1,56.8, 1.7 ,-27 .2

o, -25.O, 10.O, -O.8, -36. 7,6. 3

959. t,819.6, 135.4 ,4A6.4,-266.7 ,-372.4,20.7 ,256.
-234 . 3,357 .7, 16. 9, 233 . 9, 1 1 3. 3, -2 1 . O, - 124 .7, - 147
-45 .2, 1 30. 3,
49 .1 ,54.5, -9 .

- 14 .9, -91 .6, -
75.9,-52.4,-5
6. 6. -',| 1.7, -22.7, -37 .6,
7 .4,6.O, 10. 1, -8. 1, -I3.O,-9.2, 1 1.5, -O.8, -16.4,L
-1 1 .4,22.3,7 .9, -4.9, 35. 1, -26.2,
1 1 .O,6.6, -20. 4, 1 . 8, 14. 4,- 12.5,O. 6, 15.8, - 1 . 5, 1 .7
2.6,3 .4,A .7 , 14 .A,5. 1 ,2.4 , -2.4,
-2.6,-2.O, 1 . 1, 1 .O,O.9, -5.5, -O. .7.7

2,-24 1.5,
.1,-115.1

-3.7,

-a ? o E

1,5.5,

,1 .4,

.3,7.8,
1.4, 1.7,-O.5, -5.3,4.3, 1.3,8.O,
2 . 3 , - 1 . 8 , -O . 8 , - 2 . 1 , 4 . 4 , 5 . s , -O

-o.9
3, -O

1, -1
2. -5

, -o.6 ,

7,5.O,10

E'E
'7

.9 ,2 .4
, - tJ,

.9.12- 3 . 5 , 1 . 8 , - 1 . 3 , -3 .2, 2 . 5 , O . 8 , - 1

57*O.O/

DATA DcH,/25 .42,9. 88 , -4 .66 ,

2 -23.9,3.5,-7.O7,-2.14,-10.7,
3 -5.59, - 1 1 .52,8.4A,-A.4 1 , O.68,2.47, - 14.89,
4 -O.62,-2.51,3.45, -1.22,-O.39, -2.96, -O.87,O.86, -6.52,
5 2.72,O.48,O.05,3. 17,3.OO, -2.46,O.32, -O.89,3. 1 l , -3. 15,
5 -6.35,
6 -o.61,1.06, -O.26,O.62, -O.48,3.96,2.58, -O.94, -O.80, 1.49,
6 0.50,-1.67,O.82,
7 -O.89, -O.21, -O.87, -1.08, -O.46,O.70, -1. 02,1.O7,O.25,O.96,
7 1.88,1.O1,-2.43,5.23,2.32,
8 0.61,-O.12,-O.15,O.87,-O.10,-O.33,-1.22,-O.14,-O.26,
I -O.85,O.15,O.99, -O.37,O.81,O.29, -4.98,O.91,
9 -O.24,O.30,-O.38,O.04,O.16,O.04,O.67,-O.40,-O.14,-O.28,
9 -O.83,-O.57,1.3,-1.32,-O.33,-O.14,-O.38,O.50,O.99,
& -o.01, -o.09,o.21,o.12,o.05,o. 19,o.54, -O.20, -O.26, -O.02,
& -o.30,-o.43,-o.03,-o.33,-O.39,1.03,-O.02,O.22,-1.O4,.46,
& o. 79,
1 0.03,o.1 1,O.35,O.05, -O.26, -O.30, -O. 17,O.O1,O.17 ,-O.34,
1 0. 18,O.48, -O,50,O.52,O.23, -O. 19, -O.34, -O.03,O.37, -1 .65,
1 0.22,-O.40,-1.55,57*O.O,/

DUMMY=1.
c**-------
c**



ll5

c65
c65
c65
c65
c65
c65
c65
c65
c65
c65
c65
c65
c65
c**
c65
c65
c65
c65
c65
c65
c65
c65
c65
c65
c65
c**
c**

c**
c75
c75
c75
c75
c75
c75

c75
c75
c75
c75
c75
c75
c75
c75
e75
c75
c75
c75
c75
c75

c**
c75
c75
c75
c75
c75
c7s
c75
c75
c75
c75
c**

DATA NGTERM/44/
DArA RYEAR / 1965.O/
DATA AGH,/-30339

1297 .

805.
-aaa

- 107.
-tto

71.
q

9.
7.

-2123
, -2036

120*O.O/

149
357
-51

68
-54

-o
J

4

57 58
-403.

492.
'1 6.
77.

J.

-57 .

23.

_t

, - 1654.
''t 289 . ,

-280.,
246. ,

47.,

o.,
13.,

-13.,

2994.
242.,

-?oa
125. ,

60. ,

-A

- {o

12.,

, -2006
443 .

8.
-26.
- 14 .

- 10.
12.
-2.

q
*1

1 567
-176.

cq4.

-123.
4.

-112.
-8.

-17.

6.

130
9s8 .

-265.
-161.

106.
-13.
-25.

.to.
-17.
. .t 6.

DATA DGH/ 24
o
1

-o
-1
-o
-o
-o
-o

3,

o,
J,

4,
1,

6,
!t.

4
-3

-o
-o
-1
o

o

2

o
I
o

5

4
1

15
o
o
1

o
1

-o

o

4
7
6
I
1

1

7
2

4

-11
9.1
-7.

o
.7,

5.4,
1, -1
7 .2,
6,-2
6,-2
.3,5
4,5.
o, -2
I,O.
8, 1.

4.7 ,

10.8,
-o.1,

1.1,
1.3,
2 .O,

-o. 3,
o. o,
o.1,

-o. 3,

-1
-7

-2
1

-o

I,
I,
o

6,
ô

I,
5,
6,

J,

-11

o
-o
o

-o

J,

7,

7,

o,

o
1

o

o

7,
7,
2,
o,

o

1,
2,
3,

- tÞ
-o
-4

o
-o

o
o
o

-o

6,
7,
1,
4,
1,
a

4,

Á

o

-o
120*O.O/

DATA NGTERM/90/
DArA RYEAR / 1975.O/
DATA AGH/-3OO5s .7 , -2O17 . O,5670. 5,

- 1932 . O, 3001 .3, -2044 .4 , 1619 .7 , -69 .2,
1267 . 1,-2127 .2, -343.s, 1259 .4,263.2,8 18.O, -208. 5,
953.8,786. 1, 196.7,437 .A,-257 .O,-412.A,20. 1,232.3,-287 .5
-214. 2,357 . 4, 31 . 4, 256. 1, 150. 7, -42.A, - 137 .4, - 166. 7, -81 . I
4 1 .7,64. 2, - 1S. 9, 18. 3, 105. 6, - 199. 4, 60. 8, 3. 2, -39. 2, 10. 6,
1.8,-108.5,14.6,

-27 .9,24.A,-5.2,-1 1 .8,8.2, -3. 7, 13.9,

7 ,4.4, -8.5, - 17.O,5.9, 11 .O,

4,4.2, 1 1 .9, -O. 1,2.3, -4.9,
-o.8, o.8 ,

-o.5, -4.O,4.3,9.'t, -4 .O,4.2,
o.1 ,2. 1 , -4 .5,

4
5
6
6
7
7
I
I
o
I
&
&
1

1

a

&

74.3,-49.7,-73.O,
15.O,-21.O,O.3,-9
12.4 ,8.4,6.9, -3 .7
2.9,15.5,7.1,-9.6

-o.4,9 . 1 ,2.9,12.2
'I 2.5,5.2,-17.2,1

5.4

,-1
,3.
5,1
,1.

8,4

-J

-1.

-5.5,-2.O,O.2,2.O
2.7,-2.2,-2.O,-O.
4.4,-3.1,1.O,-2.7
1.7,1.O.-O.7,O.9,

DATA DGH/24.4,9.9, -1O. 3,
-24.9, 1.2,-3. 1,3. 1, -19.O,
-3.7,-10.4,6.7, -3. 4,2.'1, -3.7, -3.5

7,-3.7, 1 .O, -2. 1,O.9, -1
5, 1.O, 2.O,-1 .2, -1 . 3,-O

2
J

4
5
6
7
I
I

-o.7,o.o,1.3,1.6
-3.6,-1.1,O.6,O.
32*O.O/

o,-2.1,-O
.1 ,-2.1,O
4,O.9,-1.
9,-O.3,-3

.1,-O.6,-O
, .9, .2, .O,

.4,-1.3,3.2, - l .O,

.2,-O.5, -O. 1,
1,-1.2,-r.8,-.4,1
.3,O.6,O.7,1.5,

.8, O
5, O.

a1

.6, -

.4,1

.1,-
-o.8

o.7,1
5,.6,

o. 5, -'t .8,4
o.3,-o.3,1
-o.3,o.1,-
o.4,.2,-1.
.o,.4,-o.2
-o.4,-o.7,-o.2
120*0.O/

.7 ,O.O,2

.o, .9, .5
o.4 , -o. 1

o. o,
1,-

1.4,
.3, O.6, 1 .

1.O,O.9,1
,.1,.2,-O

o,
.1,O.2,1.5
.2, .4,
5, -O. 2,o , -o. 5 , -o . 3 , -o . 3 , . 4 ,



I ì6

c*x
cx*
c**
c**
c*x

MAGSAT MGS48 1#2 EPOCH 198O, O MEAN EARTH RADIUS 637 1 , .I992

DEGREE AND ORDER 13 FOR G AND H, 7 FOR TIME DERIVATIVES

DATA NGTERM/ 1O4/
DATA RYEAR / 1980.O/
DATA AGH,/-29987 .2, -'r956.9, 5604 . 7,

2 -1996 .2,3027 .4,-2129.5, 1663.5, -199.6
1279.A, -2 181 .O, -334 .3, 1251 . 4, 27 1 . 1, 833 .O, -252.2,
937 .7 ,782.5,212.2,396.9 ,-256.7 ,-419.4,52.4, 198 .1,-297 .8

J

4
Ê

6
7
7
I
8
o
o
&
&
'|

1

2
2
3
J

-217 .2,357.8.45 .9,
14 .6,41
-82.5, 1

48.
72.
-1.
18.
-13
5.3
9.7
-3.
¿.é
2.5
-o.
-1.
o.o

5,65.,-
,-59.2,
8,-9.9,
5,6 .7 ,7

2 -^ a

,10.4,-
,1.4,-5
2, -3.8,
rJ. trJ.

26 1 . 1, 150., -74. 3, - 150 .6, - 162., -77 .7, -4A. 1, 92. 3,
9,93, 2, - 192.,7 1 .,3. 5, -43., 13. 8, -2.2, - 107 .6, 17 .3
6,-27 .2,20.9, -5.2,-12.1, 1s.9, .4,17 .9, 10.3,-23. ,

6.12,-.2,-17 .6, -10.9 ,3.A,-7 .2,-22.2,4.4,9.1,2.5, 16. 1

-14.8,
20. 9, r .4, 15. 5,-'t2. 1,8.7,9. 5, -5. 1, -3.6, -6.8, - 1

7,-5.O,2.2,
.2 ,2 . 4, . 4 , - 5 . 6 , 2 . 9 , - 1 . 8 , 5 . 8 , 4 . 5 , - 4 .3, 3 . 3 , - . 1

3, 1 .4, -2.4 ,1 .5,

oâo

1 -a a

6
3, -O
7 ,O.

J,

.6

2,

1,

1

'I

:
4,
-'l
5,

1.s,1.9,-1.9,3
,-o.2,-o.5,-6.4
,-1.8,2.,2.4,-1
-.2,.6,-.2,2.3,
.3,O.8,O.5,-O.O
.5,.3,-.6,1.2,-
2,O.3,-O.1,-O.s

q

,l
I,

2,-3.2,-.9,.5,-.4
1,

-1 .4, .5, .4, - .5, . 1 , - .2,- .3, .3, , 1

o.,-
1.O,

-o.
.4,

o

-ao-E-E-
4 , .4 , - . I , 5 *O . O,/

1,.2,.9,-.9,.3,.2,

c**
DATA DGH/25 .50, 1 2 .7A , -22 .43 ,

2 - 10, I I .O.50, - 12.A7 ,1 1 . 09, -20.7A,
3 -5 .56 , -6 .58 , 3 .95, -2 .A7 , 1 .25, -O.46, -9 . 36 ,

4 -O.87,1.80,-O.41,-6.72,-1.73,O.75,5.71,-7.18,-4.05,
s o.55,-r.83,I.12,-O.23,1.50,-3.3l,-1.93,1.s4,3.56,
5 -2 .58 , 0.63,
6 1.54,2.22,-1.54,O.55,-2.71,O.56,-O.74,O.90,1.15,
6 0.29,O.61, - 1.34,3.84,
7 1.08, -2.45, - 1.28,O. 15,O.94,O.65,O.99, -O.69, -O.25,
7 - 1.66, -O.5 1,1,40, -O.68,1.46, 1.80,
x 137*O.O/

c**
c*x
c**-------
c**
C** SET INITIAL VALUES
cx*

T =DATE -RY E AR
R=ALT
ONE=COLAT*.O174533
SLAT=coS ( oNE )
cLAT = SIN(oNE)
ONE = ELONG*O.O174533
cL( 1 )= cos(oNE )
SL( 1 )= sIN(oNE)

= O.O
o.o

= o.o

X

z

L= I
M=1
N=O

CD = 1.O
SD = O.O

c0 To (1,2), rrYPE



117

c**
c*+
c**

cx*
c**
c**

CONVERSION FROM GEODETIC TO GEOCENTRIC COORDINATES

1 A2= 40680925.
B2= 4O4O8585.
oNE = A2*CLAT*CLAT
TWo = B2*SLAT*SLAT
THREE=ONE+TWO
FoUR = SQRT(THREE)
R = SaRT(4¡1x(ALT + 2.O*FoUR) +
CO=(ALT+FOUR),/R
SD = (A2 -82),/FOURxSLATxCLAT,/R
ONE = SLAT
SLAT= SLAT*CD - CLAT*SD
CLAT=CLAT*CD+ONE.¡SD

2 RATIo = 6371.2/R

(A2*oNE + 82*Tt{ro)/THREE )

COMPUTATION OF SCHMIDT QUASI-NORMAL COEFFICIENTS P AND X(=O)

P( 1

P(2
= 2.O
= 2.O
= 4.5
= 5.1

* SLAT
*CLAT
*SLAT*SLAT - 1,5
96 1 524*CLAT*SLAT

= -C LAT
= SLAT
= -3 . O+CLAT*SLAT
= I . 732O5OBx ( SLAT*SLAT- CLAT+CLAT )

K='l , NGTERM
-tÁ) 3,4,4

+1
O¡T¡9** ( N+2 )

DO
IF

3M=
N=
RR
FN

4FM
TF

5 IF
6 ONE

I

o

GO

1O Ttro

N
M

K-5) I,
M-N) 7,
= saRr(

P(3
P(4
o(1
o(2
o(3
o(4

IF
x=
z=
L=L

5
N
o
N

(;
X

z
+1
TO

5,5
6,7
1.O

7

J = K-N-1
P(K) = ( 1 .O+1 .O/FM)'+ONE*cLAT*P(J)
O(K) = ONE*(CLAT*O(.J) + SLAT/FM*P(J) )
sL(M) = SL(M-1)*CL(1) + Ct(M-1)*SL(1)
cL (M) = CL(M-1 )*CL( I )-SL(M-1 )*SL( 1 )
GOTOS
ONE = SQRT(FNXFN-FM*FM)
TWO = SORT( (FN-1 .O)*+2-FM'i'FM)/ONE
THREE = (2.O*FN-1.O)/ONE
I =K-N
J=K-2xN+.1
p(K) = (rru+r .o)*(THREE*SLAT/FN'kP( I ) -Two/(FN-1.O)*P(d) )
o(r) = THREEx(sLAr*o(t) - cLAr/ FN*P(I )) -TV'O*O(J)

SYNTHESIS OF X, Y AND Z IN GEOCENTRIC COORDINATES

(aGH(L) + DGH(L)x1¡*pp
10,9,10

+ ONE*e(K)
- ONE,fP(K)

- o. s/FM )

14
(AcH(L+1 ) + DGH(L+1 )*T)*RR

c**
cx*
c**

ONE

THREE = ONE,+,CL(M) + TWO*SL(M)
X = X+THREE*Q(K)
7=Z-THREE*P(K)
rF (CLAT) 12,12,11



11 Y = Y+(ONE*SL(M)
GO TO 13

12 y = y+(ONEfSL(M)
13L=L+2
14 M = M+1
15 CONTINUE

TVJO*CL(l,r) )xp¡¡*p1K)/( (FN + r .O)*cLAT)

Tl¡/o*cL( M) ) *o( K ) *sLAr

r r8

2541 . , -240. , 56349. .56407. )
12923., 9661., -56900.,59144. )
25092. , s729. , 30145. ,39638. )

, 21A4A.,-1052., 4c417.,45956. )
, 5750.,-1226., 17853.,18796.)

c*+
c*+
c**

CONVERSION TO COORDINATE SYSTEM SPECIFIED BY ITYPE

=x
x*cD + z*sD
Z*CD - ONE*SD
SQRT(X*X+Y*Y+Z*Z)

RETURN

ONE
x=
T=

c**

C'r *
cx*
c**
c**
c**
c**
cx*
c**
crx
c*x

rGRF( 196
IcRF( 196
IGRF( 196
IGRF( 196
lGRF( 196

END

o

o
637

c**
c**
c**

c**
c**

LIBRARY FUNCTIONS USED BY THIS SUBROUTINE ARE SIN,COS,SQRT

SAMPLE RESULTS

,9000. o,

5U.
ôoR
't 95

?E

SUBROUTINE TRMINE
## H H H # # # # # H H # # ## # ### # H#H ## H #f # ## H ### # ## H H # # # ### # fl # ## H##
## TERMTNATE JOB RUN H#
H# CALLED WHEN PROGRAM USER HAS SUPPLIED INVALID #H
## PARAMETERS #*
# # ### # fl # # # # i # # H H ### # # # # # # ## # # #fl #fl #H # #fl ### H H # # # H # ## H ## ##

.o,

.o,1

.o,
1 .2,

5.O,1
5.O,1
9.3,1
5.O,2
7.5,2

o,
.o,
.o,
o.o
o^

o. o,
80.o,
57.O,
45.O
3t.o

t./RrrE(6,10)
10 FORMAT(' 

"'##### 
PROGRAM TERMINATED BY A CALL TO TRMINS #####')

STOP
END

,/Go . FTosFOo 1 DD SYSOUT=A
,/GO. SYSIN DD *



Append i x B

PROGRAI4 I4AGSAT

Foìlowing is program I4AGSAT. This program was designed specif i-

cally for I,IAGSAT data and has limited value in other respects. How-

ever, it is included here since several of the subroutines may be of

use in a variety of appl ications.

I t9 -
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,/*ROUTE PRINT LOCAL
/+Ð62so MSAToG BIN 451
/,,t ¡pt vPLor
/ /lREAD EXEC ASMGC

/ / ¡SU. SYSPRINT DD DUMMY

/ / 
^sM. 

sYSIN DD *
TITLE 'POGSON"S SECOND VERSION OF TREAD WITH "TWIND" ENTRY'

*TAPE READING ROUTINE -- FORTRAN USAGE: CALL TREAD(IREC,&77)
*READS A RECORD INTO ARRAY IREC AT EACH CALL AND RETURNS TO FORTRAN
*STATEMENT LABELED 77 (OR ANY LABEL INDICATED BY THE A) AT END-OF-FILE.
,* ARRAY MUST BE LARGE ENOUGH TO HOLD ONE RECORD WHOSE LENGTH IS DEFINED
* IN THE üCL OR DATA SET DCB.
* THIS VERSION HAS BEEN MODIFIED FOR FIXED, UNBLOCKED RECORDS.
* USE 'CALL TUIIND' INSTEAD OF 'REt¡/IND 1 1 '
TREAD CSÊCT

USING TREAD,15
STM 14,2,12(13) SAVE REGISTERS
ST .I 3,SAVE+4
BAL 13,84(1s)
USING *,13
DROP 1 5

SAVE DS 18F
* GET THE ARRAY AREA ADDRESS AFTER SAVING REGISTERS AND SETTING BASE

L 2,O(1)
*INSERT CODING HERE TO VARY DCB PARAMETERS THROUGH COMMON AT EXECUTION
SI{ITCH BC O,AROUND NO BRANCH FIRST TIME THROUGH

OI SWITCH+ 1 , X'FO' NO NEED TO REOPEN
PRINT NOGEN

INIT OPEN ( IN, INPUT ) OPEN TAPE DCB
AROUND GET IN, (2)

L 1 3, SAVE+4
LM 14,2,12(13) RESTORE REG]STERS AND RETURN
MVr 12( 13) ,X'FF',
BCR 15, 14

* MACRF=GD IS THE SAME AS GM EXCEPT THAT THE RDW IS NOT MOVED
* USE UGD" FOR "RECFM=VBS"x usE nGM' FOR 'RECFM=F" OR "FB"
IN DCB DDNAME=FTOBFoOI,RECFM=VBS,E0DAD=FINISH.MACRF=GD,DSoRG=PS, X

BUFNO=2, EROPT=SKP
FINISH L 13, SAVE+4

LM 14,2,12(13)
LA 15,4(O,O) SIMULATE 'RETURN 1'
MVI 12( 13) ,X'FF' INDICATE RETURN TO USER
BCR 15, 14

ThrrND sTM 14,15,12(13)
USING TWIND,.I 5
DROP 1 3
L 14,=A(SAVE) WHY NOT REUSE TREAD'S SAVE AREA?
DROP 15
USING SAVE,13
sr 13,4(O,14)
LR 13,14
CLOSE ( IN, REREAD )
OPEN ( IN, INPUT )
L 13, SAVE+4
LM 'r4,15,12( 13)
MVI 12( 13) ,X'FF' INDICATE RETURN TO USER
BCR 15,14 RETURN
ENTRY TWIND, TREAD
END

/ /sTep 1 EXEC FORTHCL, USERLIB=, SY52. VPLOTLIB' ,STZE=s12R
/ /FoRT. SYSPRINT DD . DUMMY

/ /FOR,Î. SYSIN DD * í



c**
c*x
c*+
C *'r

c**
c**
c**
cxx
c**

t2l

PROGRAM MAGSAT

READS AND ANALYSES MAGSAT DATA STORED ON

MAG TAPE

coMMoN,/BNDRy/ CSBLNG( 182 ), CSBLAT( 182),PB1LNG(5), PBlLAT(s),
PB2LNG( 50), Pts2LAT ( 50), PB3LNG( 16 ), PB3LAT( 16 ),
PB4LNG( 1 2 ), PB4LAT( 1 2 ), PBsLNG( 4 ), PBsLAT (4 ),
PB6LNG(7 ), PB6LAT( Z), AavL¡,lc(ZSq),BAYLAT (254),
SUPLNG( 1 16 ), SUPLAT ( 1 16 ), RIVLNG( 109 ), RIVLAT ( 109 )

COMMoN/VARBLS/ VAR( 1OO) , NWVAR
COMMON,/HEADER/ MPASS, MJD, I PASS, HCONST ( 1 8 ), NRECH, NPOINT, DST ( 1 2 ),

MODELF ( 3 ), TZERO, ABAR, FEXT ( 3 ), COMM( 30), GH( 289 ), GHT ( 196 )
CoMMoN/MAGOUT/ AOUT(sO, 3OO), NP

coMMoN,/PLPARM/ XSTART, XASCAL, YSTART, YASCAL, IPNUM, CSBF, PROVF,
BAYF, RIVF, LAKF

DIMENSION IBUF(8OOO),.JVAR( 3OO), ITITLE ( 20), FCOEF ( 8 ), C( 1O), DATIME ( 7 )
DIMENSION DI FF 1 ( 3OO), DIFF2 ( SOO), DI FF3 ( 3OO), DI FF4 ( 3OO)
DIMENSION BNDRY(SOOO),SUM(3OO), VECT(3OO), I,CONST( 18)

EQUIVALENCE(VAR( 1 ),.JVAR( 1 ) )
EQUIVALENCE(HCONST( 1 ), ICONST( 1 ) )

c*x

c**

c**

C't *
c**

DOUB L E

DOUB L E

DOUB LE
DOUB L E

PRECISION VNAME, NWRITE, KPINDX, NSUM, NFI LTR
PRECISION NAME , NINT, NIDUMP, NODUMP, NSTAT
PRECISION NPLOT,NEND, NRUN,NULAT, NNPASS,NFIXUP,NCSB
PRECISION NPOLIT, NHUDSN, NLAKES, NRIVER, NFTT, NSTACK

cx*

c**
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
OATA
DAT A
DATA
DATA
DATA
DATA
DATA
DATA

c**
c**
C** CONTROL VJORD

NFTT,/'POLYFIl '/
NIDUMP/'lNDUMP ' /
NoDUMP/ , oUTDUMP ,,/
NPLOT,/'PLOT ' /
NFIXUP,/'FIXUP ' /
t¡ULlt/'UNI LAT t /
runuru,/,RUN '/
NEND,/'END ' /
NNPASS/, PASS ' /
NCSB/'CSBDATA'/
NPoLIT,/, POLDATÀ , /
ruUUOSI'¡,/'BAYDATÀ '/
NLAKES,/'LAKDATA '/
NRIVER,/'RIVDATA ' /
NSTACK,/'STACK ' /
NSUM,/, sUM ' /
NFILTR,/'FILTER '/
KPINDX,/'KPINDEX '/
NWR ITEl'U'RITEOUT' ,/
NSTAT,/'STATIC '/

LOGICAL IDUMPF,ODUMPF,EXITF, PLOTF,CSBF,PROVF,BAYF,RIVF, LAKF
LOGICAL UNILAF, FIXUPF, FITF,SUMF, FILTF,WRITEF,KPFLAG,STATF

PARAMET E RS

C** POLYFIT
c**

DEGREE OF POLYNOM]AL FIT TO ANOMALY DATA TO

PERFORM
MDEG



c+*

c++
cx+

c**
c**
c*+
cxr
c**
c**
c**
c**
c**
c**
c*x
c**
c**
c**
C *'*

c**
c**
c**
c**
c*+
c**
c**
c**
c**
cx*
c*+
c**
C *'i
c**
c+*

c**
c**
c**
c**
c**
c**
cx*
c**
c**
c*+
c**
c**

cx*
c**
c**
c*x
cx*
c**

c**
c**
c**
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lY1 -
tY2 -
IY3 -
IY4 - VARIABLE NUMBERS TO FIT, X VARIABLE ASSUMED TO

TO BE LATITUDE UNLESS SPECIFTED IN PLOT

IPFRST - STARTING PASS NUMBER
IPLAST - STOPPING PASS NUMBER

PAS S

KPINDEX

UNI LAT

FIXUP

PLOT

I NDUMP

OUTDUMP

STAT I C

SUM

STACK

F I LTER

UIRI TEOUT

CSBDATA

POLDATA

BAYDATA

LAKDATA

R IVDATA

KPMIN - MINIMUM
KPMAX - MAXIMUM

INDEX TO INCLUDE
INDEX TO INCLUDE

VARIABLE NUMBER TO BE SUMMED FOR AVG
DEGREES LATITUDE FOR START OF SUM
MINUTES II II

DEGREES LATITUDE FOR END OF SUM
MI NUTES

TRAC E

FIND AVG. OF PREVIOUSLY SUMMED TRACES

VAR. NUMBER TO FILTER PRIOR TO STACK OR POLYFIT
AND AFTER UNILAT
SMALLEST UIAVELENGTH (DEGREES LAT) TO PASS
LARGEST IllAVELENGTH TO PASS

WRITE DIFF ARRAYS TO UNIT 7, (POLYNOMIÀL FITS)

DIGITIZED DATA FOR PLOTTING CHURCHILL-SUPERIOR
BOUNDARY FOLLOWING ( 1OF7, 1 )

DATA FOR PLOTTING POLITICAL BOUNDARIES FOLLOWS

DATA FOR PLOTTING HUDSON BAY FOLLOWS

DATA FOR PLOTTING THE GREAT LAKES FOLLOIdS

DATA FOR PLOTTING ST LAhIRENCE AND GASPE FOLLOVJS

KP
KP

LINC - LATITUDE INCREMENT (MINUTES)

RANGE - RANGE AGAINST I¡,HICH VECTOR DATA IS TESTED
TO DETERMINE IF IT IS TO BE REMOVED

IX - VARIABLE NUMBER TO BE USED AS X VAR. ]N PLOTS

LIHEAD - LEVEL OF HEADER RECORD DUMP
LIDATA - LEVEL OF DATA RECORD DUMP

NISTRT - PASS NUMBER TO START DUMP
NISTOP - PASS NUMBER TO STOP DUMP

LOHEAD - LEVEL OF HEADER RECORD DUMP
LODATA - LEVEL OF DATA RECORD DUMP,
NOSTRT - PASS NUMBER TO START DUMP
NOSTOP - PASS NUMBER TO STOP DUMP

- ALIGN PASSES SUCH IHAT CHURCHILL-SUPER]OR
BOUNDARY IS AT 56 DEG. LATITUDE

- ARRAY BNDRY FOLLoUIS (BNDRY(IPASS)=cSBLAT)

I SVAR
LSTRTD
LSTRTM
LSTOPD
LSTOPM

I FVÀR

LAMSML
LAMB I G

C*'I.DEFINE DEFAULT VALUES FOR INPUT DATA
c**

IX= I
IPFRST='f
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100

I P LAST =9999
I PNUM=o
LIHEAD=O
L I DATA =O
LOHEAD=O
LODATA =O
ICALL=O
UNILAF=. FALSE.
IDUMPF=. FALSE.
ODUMPF=. FALSE.
PLOTF=. FALSE.
FIXUPF=. FALSE.
CSBF=. FALSE.
PROVF=. FALSE.
BAYF=. FALSE.
RIVF=. FALSE.
LAKF=. FALSE.
FITF=. FALSE.
STACKF=. FALSE.
SUMF=. FALSE.
FILTF=. FALSE.
tt/RITEF=. FALSE.
KPFLAG= . FALSE .

STATF=.FALSE.
DO 1OO I=1,3OO
suM(I)=o.o
DO 1O1 I=1,3OOO
BNDRY(I)=O.O101

c**
CALL $DATE(DÀTIME)
WRITE(4,1O) DATIME
t/RITE (4,12)
tlJRrTE (4,14)

C*'1.
c**
cx*
c+x-------
C** READ IN
C**READ IN TITLE
c**

READ(5,23) ITITLE
c**
CX*READ IN INPUT INFORMATION
c*+

2OO READ(5,20) NAME, I1, I2, I3, I4, I5,I6
WRITE(4, 16) NAME, I1,I2, 13, I4, I5, 16

cx*
I F ( NAME . EQ . NEND ) GO TO 9OOO
I F ( NAME . EQ. NRUN ) GO TO 3OOO
I F ( NAME . EQ. NSTACK ) GO TO EOOO

cx*
NFIXUP) GO TO 2O5
NULAT) G0 T0 21O
NFIT) G0 TO 215
NNPASS ) GO TO 22O
NCSB ) GO TO 225
NIDUMP) GO TO 23O
NODUMP) c0 TO 235
NPLOT) GO TO 24O
NPOLIT) GO TO 245
NHUDSN) GO

NLAKES) GO

NRIVER) GO

NSUM) GO TO

IF(NAME,ÊQ
IF(NAME.EO
IF(NAME.EO
IF(NAME.EO
IF(NAME.EQ
IF(NAME.EQ
IF(NAME.EQ
IF(NAME.EQ
IF(NAME.EQ
IF(NAME.EQ
IF(NAME. EQ
IF(NAME. EQ
IF(NAME.EQ

TO
TO
TO

250
255
260
526
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IF(NAME.EO.NFILTR)
IF(NAME.EO.KPINDX)
IF(NAME,EQ.NI.,RITE)
IF(NAME.EQ.NSTAT)

GO

GO

GO

TO
TO
TO

270
275
280

GO T0 285
c**
c**

c**
c*x

2O5 FIXUPF= . TRUE

C*+
210

c**
215

c**
220

c**
225

c**

C'r *
ôãE

c**
240

c**

ERRONEOUS INPUT
l,/RrTE(6,91 ) NAME
GO TO 9000

RÂNGE=FLOÂT( I 1 )
G0 T0 200

UNI LAF= , TRUE
LINC=I 1

co To 200

FITF= . TRUE .

MDEG=I 1

IY1=I2
IY2=I3
IY3=I4
IY4=I5
co T0 200

I PFRST= I 'l

IPLAST=I2
I DONE =O
co To 200

READ(s,92) (csBLNG(l ), I=1, 180)
READ(s,92) (CSBLAT(I ), I=1, 180)
CSBF=.TRUE.
GO TO 200

LIHEAD=I 1

LIDATA=I2
NI STRT= I 3
NI STOP= I 4
GO TO 200

LOHEAD=I I

LODATA= I 2
NOSTRT= I 3
NOSTOP= I 4
c0 To 200

PLOTF= . TRUE .

IX=I1
CALL PLOTS( IBUF, 1 )
CALL FACTOR ( O. 5 )
cALL PLOT(O.O, -1 LO, -3)
cALL PLOT(O.O, Ls, -3)
GO TO 200

245 READ(
READ (
READ (
READ (
READ (
READ (
READ (
READ(

(PBlLNG(I
(PBlLAT(T
(PB2LNG( I
( PB2LAT ( I
( PB3LNG ( ]
( PB3LAT ( r
(PB4LNG(I
(PB4LAT(I

),r=1,3)
),I=1,3)
),I=1,48)
),I=1,a8)
),I=1.1a)
),I=1,1a)
),I=1,10)
),I= l, 'lO)

5,92
5,92
5,92
5,92
5,92
5 ,92
5,92
5, 92
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c**
250

c**
2s5 READ(s,92)

READ(5,92)
LAKF= . TRUE
co To 200

c*x
260 READ(s,92)

READ(5,s2)
RIVF=.TRUE
G0 T0 200

c**
265

c**
270

c**
275

c*x
280

READ(5,92) (PB5LNG(I)
READ(5,s2) (PBsLAr(r)
READ(5,92) (PB6LNG(I)
READ(5,92) (PB6LAT(I)
PROVF= . TRUE .

G0 TO 200

READ(s,92) (BAYLNG( I ), I=1,252)
READ(5,e2) (BAYLAT(r ), r=1,2s2)
BAYF= . TRUE .

GO TO 200

a
a
R

5

I
I
I
I

(SUPLNG(I),I=1,114)
(SUPLAT(I),I=1,11a)

( RIVLNG( I )
(RIVLAT(I)

1,1O7)
1,1O7)

I
I

c**
285
246

SUMF= . TRUE .

ISVAR=I 1

SSTART=FLoAT( rZ) + rloal( r3)/60
SUMEND=FLOAT(I4) + TIOAT(I5)/60
NUMVEC=O
G0 T0 200

FI LTF= . TRUE
IFVAR=I I
LAMSML= I 2
LAMBIG=I3
G0 T0 200

KPFLAG= . TRUE
KPMIN= I .I

KPMAX = I 2
G0 T0 200

tllRITEF= . TRUE
GO TO 200

STATF=. TRUE .

READ(5,21 ) II,BNDRY(I1)
IF(ri.N8.9999) cO T0 286
GO TO 200

c**
c**
c**

PRINT
RUN.PARAMETERS

3OOO CONTINUE
c**

WRITE(6,1O) DATIME
wRrTE(6,12)

c**
CX*PRINT INPUT INFORMATION
c**

WRTTE(6,24) ITITLE
hlRrTE(6,30)
WRITE(6,32) IPFRST, IPLAST

'¡jRrrE(6,3s)IF(FIXUPF) WRTTE(6,37) RANGE
IF(UNILAF) V.lRITE(6,31 ) LINC
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IF(FITF) WRITE(6,38) MDEG

IF(FILTF) IdRITE(6,41 ) LAMSML, LAMBIG
IF ( STATF ) WRITE (ø,AZ¡
IF(SUMF ) llJRITE(6, 39) SSTART,SUMEND

c**
c*x-------
C** INITIALIZE
c**
C**IN]TIALIZE SUBROUTINES AND VARiABLES
c**

NLINE=O
EXITF=. FALSE.
D0 4OO I=1,3OO
DIFFl(I)=o.o
DIFF2(I)=o.o
DIFF3(¡)=o.o

4OO DIFFa(I)=9.9
c**
c*,il
c**-------
C** START PASS

t/RITE(6,50)
5OO CONTINUE

c**
C*+READ PASS HEADER FROM INPUT TAPE
c**

IF(IDONE.EQ.1) GO TO 2OO
CALL HTAPE(EXITF)
r F ( EXITF ) G0 rO 9OOO
rF(IPASS.LT.IPFRST) G0 rO sOO
IF( IPASS. EQ. IPLAST) rOO¡IE=t
IF(IPASS.GT.IPLAST) GO TO 2OO
IF(.NOT.KPFLAG) GO TO 501
KPA=ICONST( 1 1 )
KPD=IcoNST(12)
t¡jRITE(6, 40) IPASS, KPA,KPD
IF(KPA.LT.KPMIN.OR,KPA.GT.KPMAX) GO TO 5OO
iF(KPD.LT.KPMIN.OR,KPD.GT.KPMAX) GO TO 5OO

501 CONTINUE
c*x
c**
C**PRINT CONTENTS OF HEADER RECORD
c**

IDUMPH= L I HEAD
IF ( IDUMPH. LT . LOHEAD ) IDUMPH=LOHEAD
IF ( IDUMPH. LE , O) GO TO 5O4
IF (MPASS, GE, NISTRT . AND. MPASS. LE, NISTOP ) CALL PRTHED ( IDUMPH, NI-INE )

5O4 CONTINUE
c**
c*+
C*+READ IN ONE COMPLETE PASS, STORE IN 2D ARRAY 'AOUT'
c**

I F LAG=O
IP=O

S10 Jp=Jp+1
CALL TREAD(AOUT( 1, IP),&9999)
rF(Aour(1, rP).EQ.888888.O) G0 T0 sl5
GO TO 510

515 CONTINUE
NP=IP- 1

c**
C**FTXUP DATA IF REQUESTED

IF(FIXUPF) CALL FIXUP(30,RANGE)
c**
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C*XINTERPOLATE DATA TO UNIFORM INTERVAL IN LATITUDE
c*x

IF(UNILAF) CALL UNILAT( IX, LINC)
c* *

Nl¡rVAR=3O
c**
c*x

D0 599 IP=1,NP
Do 516 IVAR=1,30

s16 VAR( IVAR )=¡sg1( IVAR, IP)
c*x
C*+INPUT DUMP
c**

IF(MPASS.LT.NISTRT.OR,MPASS,GT,NISTOP) GO TO 522
IF(LIDATA.GT,O) CALL PRIDAT(LIDATA,NLINE, IP,NP)

522 CONTINUE
c**
C**ADD VARIABLES TO EACH POINT
c**

CALL ADDVAR
c**
CXXPUT NEW VARIABLES IN AOUT

DO 53O IVAR=30,44
53O AOUT( IVAR, IP)=VAR( IVAR)

c*x
c**-------
C**OUTPUT DUMP
c**

IF(MPASS. LT.NOSTRT.OR.MPASS.GT.NOSTOP) GO TO 59O
IF(LODATA,GT.O) CALL PRODAT(LODATA,NLINE, IP,NP)

59O CONTfNUE
c**

599 CONTINUE
C*,*-------.C** 

END OF PASS
CX,I CALCULATE AND SUBTRACT POLYNOMIAL FTT IF REQUESTED
c*x

IF(.NOT
IF(IY1.
IF(IY2.
IF(IY3.
IF(IY4.

) G0 T0 61O
CALL POLY( IX, IY1,MDEG.DIFFl )
CALL POLY( IX, TY2, MDEG, DI FF2 )
CALL POLY( IX, ]Y3,MDEG,DIFF3 )
CALL POLY( IX, IY4,MDEG,DIFF4 )

61O CONTINUE
c**

IF(,NOT.WRITEF) GO TO 620
wRrTE(7,7O) rpaSS,Np, (rTrrLE(r), r=1, 15)
WRITE(7,7 1 ) (AOUT( IX, I ), AOUT(2, I ),DIFF1 ( I ),DIFF2( I ),DIFF3( I )

& DIFF4(I),I=1,NP)
620 CONTINUE

c*x
DO 625 I=1,NP
AoUr(4s,I)=DIFF1(I)
Aour(46,I)=DrFF2(I)
AOUT(47,I)=DIFF3(I)
Aour(48,I)=orFF4(I)

625 CONTINUE
c**
C** FILTER IF REQUESTED

rF(.NOT.FTLTF) cO TO 604
rF(rcALL.cT.O) GO To 601
IcALL= 1

FRESLO= 1 .,/FLOAT( LAMBIG)
FREQHI = 1 .,/FLOAT( LAMSML )
DIGI=FLoAT(LINc)/60.

. FITF
GT.O)
GT,O)
GT,O)
GT.O)
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CALL BNDPAS( FREOLO, FREQHi , DIGI, FCOEF, FGAIN)
601 CONTINUE

Do 602 I=1,NP
602 vEcT( I )=AoUT( IFVAR, I )

CALL FILTER(VECT,NP, FCOEF, FGAIN)
DO 603 I=1,NP

603 AoUT( IFVAR, i )=vEcT( I )
604 CONTINUE

c**
CX* APPLY STATIC CORRECTIONS IF REOUESTED

IF(.NOT.STATF) GO TO 615
CSBNDR=BNDRY ( IPASS )
IF(CSBNDR.EQ.O, ) GO TO 6I5
DIGI=FLOAT(LINC)/60.
Do 611 I=1,NP

611 vEcT(I)=AoUT(1,I)
CALL STATIC(VECT,NP,CSBNDR,DIGI )
DO 612 I=1,NP

612 AoUr(1,I)=Ygs11t¡
615 CONTINUE

c**
C*+ SUM FOR STACKED TRACE IF REQUESTED

IF(.NOT,SUMF) GO TO 606
DO 605 I=1,NP

605 VECT( I )=AOUT( ISVAR, I )
VSTART=AOUT( IX, 1 )
VEND=AouT ( IX , NP )
DIGI=FLoÀT(LINc)/60.
CALL STACK( VECT, VSTART, VEND, SUM, SSTART, SUMEND, DI GT, NUMVEC, LENGS )

606 CONTINUE
cx*
c**

IF(.NOT.PLOTF) GO TO 5OO
c cALL PLOTTR (4,1 ,45, ITITLE )
c CALL PLOTTR(6, I,41, ITITLE)
C CALL PLOTTR(6,1,42,ITITLE)
C CALL PLOTTR(6,1,43,TTITLE)
C CALL PLOTTR (ø,'I ,+¿, ITITLE )
c CALL PLOTTR(1,1,1,ITITLE)
C CALL PLOTTR (5,2,1, ITITLE )

CALL PLOTTR(7, IX,44, ITITLE )
c**
c**

GO TO 500
cx*
C** CALCULATE AND PLOT STACKED TRACE

8OOO CONTINUE
READ(5,23) ITTTLE
DO 8O1 I=l,LENGS
AoUT(49, I)=SSTART + (I-1 )xDtcI

8O1 AOUT(50, I )=SUM( I )/FLOAT(NUMVEC)
NP = L ENGS
I^,lRITE (7 ,72) ITITLE
wRITE(7,73) (AOUr(4s,I ),AOUT(sO, i), i=1,NP)
CALL PLOTTR( 1, 1, 1, ITITLE)
CALL PLOTTR(4,49,50, ITITLE )
co To 200

9999 V/RrTE(6,90)
9OOO CONTINUE

cALL PLOT( 12.O,O.O,e99)
10 FORMAT(///' ',45X, ',DEPT. OF EARTH SCIENCES, UNIV. OF MANIT0BA".t 5x,7 À4/ / )
12 FORMAT( ', ', ,56X r / *** PROGRAM MAGPLOI ***' / / )
14 FORMAI(///' ,,56X,'INPUT DAfA CARDS'///
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1 ' ',27X,,CONTROL I{,ORD,,1X,,------ - PARAMETERS
2--------- ----'/)

23 FORMAT ( 2OA4 )
24 FORMAT(/ / " ,2OX, 'TITLE t- 

"2OA4)16 FORMAT( ",32X,A8,6r6)
20 FORMAT(A8,6r6)
21 FORMAT( r4,F4.1)
30 FORMAT(' ' //,' 

"56X,'RUN 
PARAMEIERS'///)

31 FORMAT(' ' ,lOX,'LATITUDE INTERVAL' ,14X, I5,' MINUTES')
32 FORMAT(/ / ", 10X,',PÂSSES 

"15,' 
TO" I5)

3s FORMAT(', ,' 1OX, PROCESSING OPTIONS
1------- --"---,'//)

37 FORMAT( ",1OX,'FIXUP RANGE" 18X,F7.2,' NANOTESLA')
38 FORMAT( ,-,1OX,'POLYNOMIAL FIT OF DEGREE"sX, I4,3X,'SUBTRACTED')
39 FORMAT(' 

"1OX,'PROFILES 
STACI<ED BETWEEN' ,F7.2,' AND',F7.2,

& , DEGREES LATITUDE')
40 FORMAT( ",5X,',PASS"I5,' ;"5X,',AKP ="13,5X,',DKP ="13)
41 FORMAT('',1OX,'BUTTER!/ORTH BANDPASSED FILTERED: PASSBAND',

& I4,' 'IO' ,T4,' DEGREES LATITUDE' )
42 FORMAT(' ' ,|OX,'STATIC CORRECTIONS APPLIED')
70 FORMAT( 214,4X, 15A4)
71 FORMAT(6F7.2)
72 FORMAT( 2OA4 )
73 FORMAT( 2F7 .2)
50 FORMAT(',1',)
90 FORMAT(', ' ,2OX,',** EOF ENCOUNTERED l^/HILE REAOING DATA RECoRD i'*', ¡
91 FORMAT( ' 

"2OX, 
/ **'i( NAME 

"48, 
' NOT RECOGNTZED *** I )

92 FoRMAT( 1OF7. 1 )
STOP
END
SUBROUTINE HTAPE( EXITF )

c**
cx*.
c**,
CXX, SUBROUTINE HTAPE
c*x,
C*X, READS PASS HEADER RECORDS FROM INPUT TAPE
cx+.
c**..,
cx*

COMMON/HEADER,/ MPASS, MJD, 1 PASS, HCONST ( 1 8 ), NRECH, NPOINT, DST ( 1 2 ),
* MODELF(3),TZERO,ABAR,FEXT(3),COMM(30),GH(289),GHT( 196)
LOGICAL EXITF
DOUBLE PRECISION TIME

c**
DIMENSION A(30)
DIMENSION IA( 30)
EQUIVALENCE( rÂ( 1 ), A( 1 ) )

c**
c**
c**

1OO CALL TREAD(A,&2OOO)
rF(A(1).NE.es9999.O) GO ro 1OO

c**
e**-------
C** RECORD 1

MPASS=IA(2)
u.JD=IA(3)
IPASS=IA(a )
DO 110 I=1,18

110 HCONST(I)=A(I+4)
NRECH=IA(23)
NPOINT=IA(24)

cx*
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c**
c*x

CALL TREAD(A,A2OOO)
D0 2OO I=1,12

2oo osr( I )=A( I )
MODELF ( 1

RECORD 2

MODELF
MODELF
TZERo=
aBAR=A(17)
FEXr( 1 )=A( 18)
FEXT(2)=A( 1s)
FEXT(3)=A(20)

c*x
c**-------
C** RECORD 3

CALL TREAD(A,&2OOO)
D0 3OO I=1,30

3oo coMM( r )=n( I )
c**
cx*-------
c** RECORDS 4 10 12

II=O
DO 4OO I=1,9
CALL TREAD(A,A2OOO)
DO 410 rJ= 1 , 30
II=II+1
GH(II)=¡(J)

41O CONTINUE
4OO CONTINUE

c**
c**-------
c*x RECoRD 13

CALL TREAD(A,A2OOO)
DO 42O I=1,19
II=II+1
cH(Ii)=a(i)

42O CONTINUE
C*+
c+*-------
c** RECORDS 14 T0 19

II=O
Do 5OO I=1,6
CALL TREAD(A,&2OOO)
DO 51O ri=1,30
II=II+1
GHr(II)=a(,J)

51O CONTINUE
5OO CONTINUE

c**
cx*-------
c** RECoRD 20

CALL TREAD(A,&2OOO)
DO 52O I=1,16
¡¡=tl+1
GHr(II)=a(I)

52O CONTINUE
cx*

(z
(3
A(

)=rA( 13)
)=IA( 1a)
)=IA( 1s)
16)

c
c*+

RETURN
c**
c**

2OOO CONTINUE

DONE READING HEADER



EXITF=. TRUE.
t/RITE(6,99) IpASS
RETURN

c**
9999 CONTINUE

c**
CX*COME HERE IF END OF PASS ENCOUNTERED
c**

I',RITE(6,1O) IPASS
EXITF= . TRUE .

c**
10 |ORMAT(///' ,,1OX,,*+*** END 0F PASS

& ,HEADER RECORD FOR PASS ',14)
99 FORM^T(/ / /' ' , 1OX, 'END OF INPUT TAPE

& ,FOR HEADER RECORD AFTER PASS ',I4)
RETURN
END
SUBROUTINE PRTHED( LEVEL, NL]NE )

ì31

ENCOUNIERED WHILE READING

ENCOUNTERED WHILE LOOKING

cx*
c**
cx*
c**
c**
c**
C *'k
c**
c**

SUBROUTINE PRTHED

PRINTS SOME OR ALL OF THE HEADER RECORD

COMMON/HEADER,/ MPASS, MJD, I PASS, HCONST ( 1 8 ), NRECH, NPOf NT, DST ( 1 2 )
MODELF ( 3 ), TZERO, ABAR, FEXT(3 ), COMM( 30), GH( 289 ), GHT( 196 )

DIMENSION ASC( 2 ), OSC( 2 ), MSEC(2 ), ALTM( 2 ), ALONG( 2 ), KP( 2 ), GSM(6 )
c**

c**
EQUIVALENCE(HCONST( 1 ),ASC( 1 ) )
EQUIVALENCE(HCONST(3),DSC( 1 ) )
EQUTvALENcE( HCoNST( s ), MSEc( 1 )
EOUIVALENCÊ ( HCONST( 7 ), ALTM( 1 )
EQU]VALENCE ( HCONST ( 9 ), ALONG ( 1

EoUIVALENCE(HcoNsT( 1 1 ), KP( 1 ) )
EQUIVALENCE(HCONST( 13),GSM( 1 )

c**
EOUIVALENCE (MODELF ( 1 ), NMAX )
EQUIVALENCE ( MODELF ( 2 ), NMAXT )
EQUIVALENCÊ ( MODELF ( 3 ), MODEXT )

c**
c**
CX* NLINE - CURRENT OUTPUT PAGE LINE NUMBER
C** LEVEL - DETERMINES LENGTH OF DUMP
c**

GO r0 ( lOOO,2OOO,SOOO,4OOO,5OOO), LEVEL
c,* x

lOOO CONTINUE
c**
C**SHORT PRINTOUT
c,* *

IF(NLINE . GT.52 )NLINE=o
rF(NLTNE . EO. O)UtRrTE(6, 1OO)
t¡.lRITE(6, 1O) MPASS,MdD, IPASS,ASC,DSC,MSEC, ALTM,ALONG,KP
NLI NE =NL I NE+8
c0 To 9000

c**
2OOO CONTINUE

IF(NLINE. GT. 5 1 )t¡lrrue=o
IF( NLINE . EO. O)I,.lRITE(6, 1OO)
I¡.lRITE ( 6, 20) MPASS, MJD. I PASS, ASC, OSC, MSEC, AtTM, AIONG, KP, COMM



132

NLINE=NLINE+9
GO TO 9000

c**
3OOO CONTINUE

I F(NLINE . GT. 49 )NLINE=O
rF(NLrNE. EQ.O)WRrrE(6, lOO)
I¡IRITE(6,30)MPASS,MJD,IPASS,ASC,DSC,MSEC,ALTM,ALONG,KP,GSM,DST,COMM
NLINE=NLINE+1 1

co To 9000
c**

4OOO CONTINUE
I F(NLINE . Gr . 47 )NLINE=O
I F (NLINE. EQ. O)I{RITE ( 6, 1OO)
WRITE (6, 40) MPASS, MJD, IPASS, ASC, DSC, MSEC, ALTM, ALONG, KP, GSM, DST,

1 NMAX, NMAXT, MODEXT, TZERO, ABAR, FEXT, COMM

NLINE=NLINE+13
GO TO 9000

c**
SOOO CONTINUE

r F (NLrNE . NE . O)r,.lRrTE ( 6, 1OO)
hIRITE (6, 50) MPASS, MJD, IPASS, ASC, DSC, MSEC, ALTM, ALONG, KP, GSM, DST,

1 NMAX , NMAXT , MODEXT , TZERO , ABAR , FEXT , COMM, GH, GHT
NLI NE =6 1

c**
9OOO CONTINUE

IF(NLINE. GT.60) NLINE=O
c**

10 FoRMA-r(////",'MPASS',14,'; MrJ DAY=',L5,' ; PASS=',14,
*' ; ASCE=',F8.2,' ; ASCI=',F8.2,' ; DSCE=',F8.2,' i DSCI=',FA.2/
*t,,4X,,AMSEC=,,I10,,; DMSEC=,,I10,'; ALMST=',F8.2,' ; DLMST=',
*F8.2,' t ALONG=',F8.2,' i DLONG=',F8.2,' ; AK.P=',I3,' i ORP=',13/)

2o F]RMAI(////",'MPASS',I4,' ; MrJ DAY=',I5,' ; PASS=',14,
*'; ASCE=' ,F8.2,'i ASCI=' ,F8.2,'; DSCE=' ,F8.2,'i DSCI=' ,F8.2/
*/,,4X,,AMSEC=,,I10,,; DMSEC=,,I10,,; ALMST=,,FA.2,, ; DLMST=,,
*F8.2,' i ALONG=',F8.2,' i DLONG=',F8.2,' ; AKP=',I3,'; DKP=',I3/
* ,',3OA4/)

30 FORMA-T(////,,,,MPASS,,T4,,; MrJ DAY=,,15,,; PASS=,,14,
*' i ASCE=',F8.2,' I ASCI=',F8.2,' : DSCE=',F8.2,' i DSCI=',F8.2/

,4X,'AMSEC="I10,'; DMSEC="I.1O,'; ALMST="F8.2,' ; DLMST="
2,' : ALONG=',F8.2,' ; DLONG=',F8.2,' ; AKP=',13,'; DKP=',13/

" , 'GSM ; ' ,6F 15 .5/
'','DSTi ',12F10.5/
' 

"3OA4/ 
)

4O FaRMAT(////",'MPASS',r4,'; MJ DAY=',15,' ; PASS=',14
ASCE=',F8.2,' i ASCI=',FA.2,' ; DSCE=',FA.2,' i DSCI=',F8.2/

',4X,'AMSEC=',110,'; DMSEC=',IlO,'; ALMST=',F8.2,' ; DLMST=',
.2,'i ALONG=' ,F8.2,'; DLONG=' ,F8.2,' ; AKP=',13,'; DKP=' ,I3/

",'GSM; ',6F15.5/
",'DST; ',12F1O.5/
",'NMAX=',13,' NMAXT=',13,' MODEXT=',I3,

' TZERO=' ,F 10.4,' ABAR=' ,F 1c .4/
,,,,EXTERIOR FIELD COEFF."3F15.5/
' ' ,30A4/ )

50 FOR\Al(////' /,',MPASS"I4,',; MrJ DAY="L5,',; PASS="14,
*t. ÂeôF=r Èa a t. 

^eal=/ 
Ê9 O ', ñQf.tr=t ÈA Ò t, ñeCT=t trq. t/

*F8.

'r,F I

*F8
,,4X,,AMSEC=,,110,' ; DMSEC=,,I10,'; ALMST=',F4.2,
.2,'i AL0NG=' ,F8.2,'t DLONG=' ,F8.2,'; AKP=',I3,'

/ " , 'GSM; ' ,6F 15 .5/ /
'','DSTi ',12F'tO.5///',/NMAX=',I3,' NMAXT=',13,' MODEXT=',13,

' TZERO=' ,F'lO.4 ,' ABAR=' ,F 10.4/ /,,,,EXTERIOR F]ELD COEFF ."3F15.5//
' 

"3cA4/ 
/ /

' t , t ***** GH *****' /

DLMST=' ,

DKP=',13/
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' ,,17(17F7.1/'')
' ,,t***** GHT xx**+//
' ,,14(14F7.1/''))

1OO FORMAT('1')
RETURN
END

c**
c**
c*+
cx*
c*+
c**
c**
c**
c**

SUBROUTINE PRIDAT( LEVEL,NLINE, IP, NP )

SUBROUTINE PRIDAT

PRINTS SOME OR AL OF THE INPUT DATA RECORD

coMMoN/vARBLS/ VAR( 1OO), NWVAR

DIMENSION RDAT( 1O,50)
DTMENSION IDAT( 1O,5O)
DIMENSION JVAR( 1OO)

EOUIVALENCE(RDAT( 1, 1 ), IDAT( 1, 1 ) )
EQUIVALENCE(VAR( 1 ), JVAR( 1 ) )

DOUBLE PRECISION VNAME( 50)

c**

c**

c**

c**

c**

c**
1000

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
OATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

VNAME('t)/'LAr'/
VNAME (2) / 'LONG' /
VNAME(3)/'RADIUS'/
VNAME (4)/'MLf' /
VNAME(5)/'INV L^Í'/
VNAME (6) / 'DrP L^Î ' /
VNAME(7)/'SC FTELO'/
VNAME(8)/'vE FrEl.D'/
VNAME (9) /'X COMP' /
VNAME ( 1c) / 'Y COMP, /
VNAME(11)/'Z COMP'/
VNAME (12)/'AV FIELD'/
VNAME( 13)/'Avc x'/
VNAME (14)/'AVG Y,/
VNAME( 15)/'AVG Z'/
VNAME ( 16) / 'V F LD S
VNAME ( 17 ) / 'X COM S
VNAME ( 1e) / ,Y coM S
VNAME ( 19) / ,z coM s
VNAME (20, /, MoDL FL
VNAME(21)/'M]DEL x
VNAME(22)/'M]DEL Y

VNAME(23)/'¡,r¡ooet z
VNAME( zc)/'¡tt oua
VNAME (25) / 'MJ DAY '
VNAME(26),/,UT MSEc
VNAME (27 ) / 'UT HoUR
vNÂME(28)/,GLAT,/
VNAME(2s)/'ALI'/

Go ro ( 1ooo,2ooo,3ooo) , LEVEL

CONT I NU E

IF(IP.GT,1)RETURN
I F ( NLINE . cr. s6 )r.¡l-true=o
IF(NLrNE. Eo.o) l,/RrrEle,soo)
wRrrE(6,1o)

D'/
o'/
D'/
o,/
ù'/



ì34

WRITE(6, 11 ) IP, (vAR(I),I=1, 15)
NLINE=NLINE+4
RETURN

c**
2OOO CONTINUE

TF(IP,GT.1) RETURN
I F ( NLINE . GT.52 ) ¡rUrrue=O
I F(NLINE. EO.O) ['RITE (6, 5OO)
l.JRrTE(6,1O)
wRIrE(6, 11 ) IP, (vAR(I),I=t, 1s)
wRrrE(6,20)
r¡jRrrE(6, 21 ) (vAR( r ), r = 16. 24 ), JVAR( 2s ) . JVAR(26 ), (vAR( J), J=27,2e)
NLINE=NLINE+8
RETURN

c**
3OOO CONTINUE

IF(IP.EO.1) IPP=O
IPP=IPP+ 1

DO 3OO J=1,29
3oo RDAT( IPP, J)=vAR(J)

.d.NE.26)ldRITE(6,31 ) TJ,VNAME(J), (RDAT(
J.EQ.26) WRrTE(6,32) LJ,VNAME'(J), (rDAT(

,I=1,IPP)
*I=1,IPP)

31O CONTINUE
IPP=O
NL I NE =NL I NE+23

c*x
c**

10 FORMAT(,/' ','POINT LAT LONG RADIUS
* ,' VCT FLD X COMP Y COMP Z COMP*,' AVG Z',)

1 1 FORMAT( ' ,, 14, 1X, F
20 FORMAT (,/' 

" 
5X , ' V

*,Y MODELZ ATT
FORMAT('"5X,4F6 2,4F9.2,F 10. 7, I6, I 1|u.,F7 .3,2F8.2/ / )

D. IPP. NE . 1O) RETURN
) rul r ¡.le =o
t¡/RrTE(6,sOO)

IF(IP,LT,NP.AN
IF(NLINE.GT,37
rF(NLTNE.EO.O)
hrRrrE(6,30)
DO 31O J=1,29
IF(J.NE.25.AND
rF(J.EO.2s.oR.

I
I

J
J

6.2,F7 .2, F8 .2 , 3F6 . 2, 9F
SD XSD YSD ZSD

OUAL MJ DAY DAY MSEC

MLT I LAT D LAT SCL FLD'
AVG FLD AVG X AVG Y

e .2)
MODEL FLD È,IODEL X MODEL' ,

HOUR COLAT RAD DIST')
21
30 FORMAT(' ' , ''t---------

*---------' / ",'INPUT DATA" 8X,' 1" 10X,' 2" 1cX,'3" 10X,' 4" 10X,
*,5" 10X,'6', fOX,'7','tOX,'8', 10X,'9" 10X,' 1|J.' /)

31 FORMAT(' ' ,I2,2X,A8,1OF1 1.4)
32 FORMAT(' ' ,!2,2X,A8,1OI1 1)

5OO FORMAT('1')
RETURN
END
SUBROUTINE PRODAT( LEVEL, NLINE, IP, NP )

c**
cx*
c**
c**
cx*
c**
c**
c**
c**

SUBROUTINE PRODAT

PRINTS SOME OR AL OF THE OUTPUT DATA RECORD

GOMMoN,/VARBLS,/ VAR( iOO) , Nt¡jVAR

DIMENSTON RDAT( 1O.
DIMENSION IDAT( 1O:
DIMENSTON JVAR( 1OO

50)
50)
)

c**
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cx*

cx*

c*x

EOUIVALENCE(RDAT( 1,1 ), IDAT( 1, 1 ) )
EOUIVALENCE(VAR( 1 ), JVAR( 1 ) )

DOUBLE PRECISION VNAME(50)

DATA VNAME (25)/'M¿ DAY' /
DATA VNAME (26) / 'UT MSEC',/
DATA VNAME (27 ) / 'UT HOUR'/
DATA VNAME (ze¡ ¡'G:AT' /
DATA VNAME (29) / , AIT

VNAME ( 30 )
vNAME(31)
VNAME ( 32 )
VNAME ( 33 )
VNAME ( 34 )
VNAME ( 35 )
VNAME ( s6 )
VNAME ( 37 )
VNAME ( 38 )
VNAME ( 39 )
VNAME ( 40 )
VNAME(41 )
VNAME(42)
VNÀME ( 43 )
VNAME ( 44 )

/'RP'DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

/'x rMF,/
/,Y TMF,/
/'z r.MF,/
/ 'Ds-t ' /
/'MPASS'/
¡,teass,/
/ ,1o1 ANoM' ,/
/'x AN]MLY,/
/,Y AN]MLY'/
/ 'z AN]N|LY , /
/ , avc ANoM' ,/
/,^vx ANoM,/
/ ' AvY ANoM',/
/,Avz ANoM'/

c**
co ro ( iooo,2ooo,3ooo) , LEVEL

c**
lOOO CONTINUE

] F ( I P , GT . 1 ) RETURN
I F (NLINE . GT.56 )NLINE=O
IF(NLINE. Eo.o) t,iRITE(6, 5oo)
t,iRrrE(6,1o)
h,RITE(6,1 1 )IP,JVAR(25),JVAR(26), (VAR( T),T=2I,34),.JVAR(35),JVAR(36)
NLINE=NLINE+4
RETURN

c**
2OOO CONTINUE

IF(IP.GT.1) RETURN
I F ( NLINE . GT .52 ) NLINE=O
rF(NLrNE. EO.O) lt,RrTE(6,sOO)
t.TRITE ( 6, 10)
r,llRrrE(6, 1 1 )rp, JVAR(25), JVAR(26), (vAR( f),t=27,34), JVAR(3s), JVAR(36)
hlRrrE(6,20)
tr,RrTE(6, 21 ) (vAR( I ),1=37, aa)
NLINE=NLINE+8
RETURN

c**
3000 CONTINUE

IF(IP.EQ.l) IPP=O
IPP=IPP+1
Do 3OO J=25,44
RDAT(IPP,rJ)=V¡R(rJ)
IF(IP,LT,NP.AND. IPP.NE. 1O) RETURN
I F (NLTNE . GT, 37 )NLINE=O
rF(NLINE. EO.O) WRrrE(6,sOO)
l4lRrrE(6,30)
DO 31O ¿=25,44
I F ( iJ . NE . 25 . AND.,J. NE . 26 . AND. J . NE . 35 . AND . ìJ . NE .

VNAME (.J), (RDAT( I, J), I = 1, IPP)
r F ( J. EQ. 25. OR. J. EQ. 26 . OR. J. EO. 3s. OR. d. EO. 36 )

VNAME(J), ( roar( I, J), r=1, IPP)
CONT INUE

300

36)trRITE(e,gt).i,

wRITE(6,32),i,

310



I PP=O
NLINE=NLINE+23

c**
cx*

1O FORMAT(,/, ,,,POINT
* / DIST
* ,DST
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DAY MSEC HOUR COLAT RAD',
INTERPL X INTERPL Y INTERPL Z'

IPASS' )
7F1C-.2,2r10)

X.MODEL Y-MODEL Z-MODEL AVG-' ,

AVY-MODEL AVZ-MODEL' )

MJ DAY
KP

MPASS

"I4 
,1X,2I 10, F 1O.

TOTAL.MOD
,MODEL AVX-MOD

,,5X,8F1c .2//)

*---------, /,,,,ouTPUT DATA,,7X,' 1" 1OX,'2"|OX,'3" 1OX,' 4"1OX,
* , 5 ' , 10X , ' 6 ' , 10X , ' 7 ' , |cX, ', 8 ' , 10X , ' 9 ', , 10X , ' 10' / )

3 1 FORMAT( ' ', ,12,2X, A8, 10F 1 1 .4 )
32 FORMAT(', ', ,r2,2X,A8,1OI 11)

5OO FORMAT(',1',)
RETURN
END
SUBROUTINE F IXUP(NUIVAR, RANGE )

c**
c**.
C**. FIXUP DATA
c**.
C**, REPLACE ERRONEOUS SCALAR DATA
C**. DELETE POINTS LACKING AVG. VECTOR DATA

c**. .

c**
CoMMoN/MAGOUT/ AOUT ( sO, 3OO ) , NP

c**
I NEW=O
DO 4OO IP= l , NP

c*+
CX*RANGE TEST
c**

TEST=ABS(AOUT( 12, IP)-AOUT(20, TP) )
IF(TEST.GT.RANGE ) AOUT( 12, TP)=99999.

cx*
C**REPLACE M]SSING SCALAR DATA WITH AVG. VECTOR DATA
c**

IF(AoUT(7,IP).EQ.gssss. ) AoUr(7, IP)=[sgT( 12, rP)
c**
C**REMOVE POINT IF NO AVERAGE VECTOR DATA
c**

rF(Aour( 12,rp).8Q.99999.O) co ro 4OO
c**

I NEW= I NEW+ 1

DO 35O IVAR= 1 . NhTVAR
35O AoUT( IVAR, lNEt¡i )=AOUT( IVAR, IP )

cxx
4OO CONTINUE

c**
NP= INElli

c**
RETURN
END
SUBROUTINE UNILAT( IX, LINC)

c**
c**. , ,

C** . SUBROUTINE UNI LAT
C*X, UNIFORM LATITUDE SPACING

1 1 FORMAT('
20 FORMAT(/'

2 1 FORMAT( '
30 FORMAT('

3,
EL
EL
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C *,1.

c**
cx*
c*x
c**
c**
c**

c+*
cx*
c**
c**
c**
cx*

COMPUTES THE DATA VALUES FOR EACH VARIABLE
IN ONE COMPLETE PASS FOR A UNIFORM LATITUDE
SPACING.
A MODIFIED CUBIC SPLINE PROCEEDURE IS USED

CoMMoN,/MAGOUT,/ AOUT ( 50, 3OO ) , NP
0rMENSroN x(3Oo),y(3OO),u(3oO),v(3Oo)
DIMENSION IAOUT( 50, 3OO)
EOUIVALENCE(AOUT( 1,1 ), IAOUT( 1, 1 ) )

XMAX=AOUT(iX,1)
XMI N=XMAX
BEGLAT=AOUT( IX, 1 )
ENDLAT=AoUT( IX, NP )

DO 1OO IP= I , NP
I=IP
IF( ENDLAT. LT.BEGLAT) I=¡IP-IP+I
x(I)=Aour(IX,IP)
IF(x(I ). Lr.XMIN) xMIN=x(I )
IF(x(I ).cr.XMAX) XMAX=x( I )
CONTI NUE

ALINC=FLOAT ( LINC ),/60,
IXLOhI=XMIN,/ALINC
XLOW= ( ¡Xr-OW+ 1 ) xALINC
I XUP=XMAX/AL I NC
XUP=IXUPXALINC
NCHS=O
D0 2OO IP= 1 ,3OO
XX=XLOW+( IP-t )*¡¡¡¡g
IF(XX.GT.XMAX) GO T0 25O
NCHS=NCHS+'1
U(NCHS)=XX
AoUT(IX,NCHS)=XX
CONT I NUE

CONT I NUE
IF(NCHS.EO.O) RETURN

Do 4OO IVAR=1,30
IF(IVAR.EQ.24.OR. IVAR.EO.25,OR. IVAR.EQ.IX) GO TO 4OO

DO 3OO IP= 1 , NP
I=IP
IF(ENDLAT. LT.BEGLAT) I=NP-IP+1
Y(I)=ÂOUT(TVÂR,iP)
IF( IVÀR. EQ. 26 ) Y( I )=FLOAT( IAOUT( IVAR, IP ) ) / IO,
CONTINUE

CALL INTERP(X,Y,NP,U, V, NCHS)

DO 35O IP= I , NCHS
AoUT(rvAR, Ie)=Y11P¡
IF( IVAR. EQ.26) IAOUT( IVAR, IP)=V( IP)*1O,
CONT I NUE

DEFINITIONS OF VARIABLES
IX - VARIABLE NUMBER OF "LATITUDE' TO USE 1,5, OR 6

LINC - LATITUDE INCREMENT (MINUTES)

c**
c**

100
c**

200
c**

250

c**

c**

300
c*x

c**

350
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c*+
4OO CONTINUE

cx*
NP=NCHS

c**
RETURN
END
SUBROUT I NE

c**
c**
c**
c**
c**
c**
c**
cx*
c**
c**

ADDVAR

SUBROUTINE ADDVAR

COMPUTE AND ADD SOME ADDITIONAL VARIABLES
TO EACH POINT

coMMoN/vARBLS/ VAR( 1OO), NWVAR
COMMON/HEADER/ MPASS, MJD, I PASS, HCONST ( 1 8 ), NRECH, NPOINT, DST ( 1 2 )* MoDELF(s),TzERo,ABAR, FEXr(3),coMM(30),cH(28s),cHr( 1s6)

DiMENSION JVAR( 1OO)
DTMENSToN ASc ( 2 ), DSc( 2 ), MSEc( 2 ), ALrM( 2 ), ALoNG( 2 ), KP( 2 ), GSM( 6 )

DOUBLE PRECISION VNAME
EQUIVALENCE(VAR( 1 ), UVAR( 1 )
EQUIVALENCE (HCONST( 1 )
EQUI VALENCE ( HCONST ( 3 )
EQUI VALENCE ( HCONST ( 5 )
EOUTVALENCE ( HCONST( 7 )
EQUTVALENCE ( HCONST ( I )
EQUIVALENCE (HCONST( 1 1

EQUI VALENCE ( HCONST ( 1 3
DOUBLE PRECISION TIME A,TTMED

c**

c**

c*x
C**NOTE
c** T0
cxx

c**
c**
C**KP INDEX
c*x

,ASc(
,DSc(
, MSEC
, ALTM
, ALON
),KP(
),GSM

)
1

1

(
(
(¡
1

(

)
)
))
))
1))
)
))
,TIMEC, FRAC

- TIMES 'MSEC(1)' OR 'MSEC(2)' MAY BE UNDEFINED AND SET
ooooo

TTMEA=DFLOAT(MSEC( 1 ) )
TIMED=DFLOAT( MSEC( 2 ) )
TIMEC=DFLOAT( JVAR ( 26 ) )
¡p¡s= (rlMEc-TIMEA )/(TIMED-TIMEA )

AKP=FLOAT(KP( 1 )
DKP=FLOAT(KP( 2 )
IF(AKP.LT.O.OR. ) AKP=DKP

) oxp=axP
cT.40.o

)
)
AKP

IF(DKP. LT.O.OR.DKP,GT. 40,O
CKP=AKP+ ( DKP-AKP ) *FRAC
KPC=CKP+O.5
vAR(30)=FLgar(KPc)

c**
C*TINTERPLANETARY MAGNETIC FIELD
c*x

AGSMX=GSM( 1 )
DGSMX=cSM ( 2 )
AGSMY=GSM(3)
DGSMY=GSM(4 )
AGSMZ=GSM(5)
DGSMZ=cSM(6 )
1F(AGSMX.EQ.99999 AGSMX =DGSMX
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IF(DGSMX,EO
IF(AGSMY.EQ
IF(DGSMY.EQ
IF(AGSMZ.EQ
IF(DGSMZ.EQ

ôoÒoo
oÒooo

99999
99999
ôoôoo

Q.99999 .

Q.99999 .

EO.99999
EQ.99999
EQ.99999
EQ.99999
EQ.99999
EQ.99999

DGSMX =AGSMX
AGSMY =DGSMY
DGSMY =AGSMY
AGSMZ =DGSMZ
DGSMZ =AGSMZ

vaR(20).
vaR(21).
.vAR(22)
.vAR(23)

VAR ( 3 1 ) =AGSMX+ ( DGSMX-AGSMX ) x FRAC
VAR ( 32 ) =AGSMY+ ( DGSMY-AGSMY ) * FRAC
VAR ( 33 ) =AGSMZ+ ( DGSMZ-AGSMZ ) * FRAc

c**
C * *DST
c**
Cx*NOTE:- INTERPOLATING DST USING CALCULATED VALUE AT NODES
C**THIS MAY NOT BE CORRECT PROCEEDURE
c**

ÀDsr=DSr( 1 1 )
DDST=DST( 12)
IF(ADST. EQ.99999, ) ADST=DDST
IF(DDST. EQ. 9ss99. ) DDSr=ADST
VAR ( 34 ) =ADST+( DDST-ADST ) *TNNC

c**
=MPASS
= I PASS
vAR(8)-vaR(20)
vAR(s)-vAR(21 )

JVAR ( 3s )
JvaR ( 36 )
vAR(37)=
vaR(38)=
vAR(3s)=
vAR(40)=
vAR(41 )=
vAR(az)=
VAR(43)=
vAR(44)=
IF(VAR(8
IF(VAR(9
IF(VAR(1
IF(VAR(1
IF(VAR( 1

vAR( 1O)-vAR(
vAR( 1 1 )-vAR(
VAR( 12)-VAR(
VAR(.I 3)-VAR(
vAR( 14 )-vAR(
VAR( 15)-VAR(

ac
ôe
20
21

IF(VAR( 13
IF(VAR( 14
rF(vAR( 15)

NWVAR=44

RETURN
END
SUBROUTTNE INTERP(X,Y, L,U,V,N)

INPUT PARAMETERS ARE
X - ARRAY OF DIMENSION L

OF INPUT DATA POINTS
Y T ARRAY OF DIMENSION L

(ORDTi(ATES) OF INPUT
L - NUMBER OF INPUT DATA

999.) vAR(37)=99999.
999. ) VAR(38)=9999t.
sgee.) vAR(39)=99999
s999.) vAR(40)=9999e
9999.) vAR(41)=99999
9999.) vaR(42)=99999
ss99. ) vAR(43)=9s99s
99se. ) vAR(44)--essgs

)
)

1

2

E
E

EQ.99
EQ.99
. EQ.9
.EQ.9
.EO.9

En o
tr^ o

. EQ.9

VAR
VAR
VAR
VAR

22
23
OR
OR

OR
OR
OR
OR
OR
OR

(2c-)
(21)
(22)
(23)

c**

c**

c**

cx*.
cx*.
c**.
c**.
c*x.
c**.
c**.

cx*.
c**. . .

c**
C'r xTHE
c**
cx*
c**
c**
c**

SUBROUTINE INTERP
SMOOTH INTERPOLATION

TNTERPOLATES THE VALUE OF THE FUNCTION 'Y'
(DEFINED AT LocATIoNs ,X,, D]MENSIoN ,1, 

)
FOR THE LOCATIONS STORED IN 'U',DIMENSION 'N'
THE OUTPUT IS STORED IN'V'

REF AKIMA H, COMM OF ACM, VOL f5 1972, P914

STORING THE X VALUES
(IN ASCENDING ORDER)
STORTNG ÏHE Y VALUES
DATA POINTS
PO I NTS



ì!0

c+x
c**
c**
cx*
c**
c**
c**
C**THE OUTPUT
c*x
c**
c**
c**

(MUST BE 2 OR GREATER)
U ARRAY OF DIMENSION N STORING THE X VALUES

(ABSCISSAS) OF DESIRED POINTS
N - NUMBER OF POINTS AT I{HICH INTERPOLATION OF

THE Y VALUE IS DESIRED
(MUST BE 1 OR GREATER)

PARAMETER IS

ARRAY OF DTMENSION N WHERE THE INTERPOLAYED
Y VALUES (ORDINATES) ARE TO BE DISPLAYED

DTMENSToN x(3OO),y(3OO),u(3Oo),v(3oO)
LOGICAL INTEG
REAL M1,M2,M3,M4,Ài5,M24,M35
DAlA ru/6/

c**
v( 1)=6's
INTEG=. FALSE.
IF(N. LT. 1 ) INTEG=.TRUE.
LPI=L+ |

C * *CHECKS
c**

IF(INTEG) N=L-1
rF(L-2) 90,600,20

20 CONTINUE .
c+*
C**MÀIN DO LOOP
c**

I=1
Do 9OO K=1,N
IF(INTEG) GO TO 15
UK=U(K)

c**
C**ROUTlNE TO LOCATE THE DESIRED POINT
c**

rF(uK.Lr.x( 1 ).oR.uK.Gr.x(L) ) GO rO 8OO
cx*

rF(uK-x(r)) 70,7oo,22
22 I=7+1

IF(x(I-r )-x(I)) 11,ss,sG
1 1 CONTINUE

rF(uK-x(r)) 23,7OO,22
c**

15 I=K+1
23 CONTINUE

c**
c*x
C**ROUTINES TO PICK UP NECESSARY X AND Y VALUES AND TO
C**ESTIMATE THEM IF NECESSARY
c**

40 J=I
A3=X(rJ)-X(J-1)
Y3=Y( uJ- I )
M3=(Y(J)-Y(J-1))lA3
rF(J.EO.2) GO To 41
M2=(Y(J-1 )-Y( ¿-2))/(x(J-1 )-x(J-2) )
rF(J.EO.L) Go tO 42

cx*
41 M4= (y(.1+t )-Y(,J) )/(x(.1+t )-x(J) )

IF(J. EO.2) M2=M3+M3-M4
GO T0 45

42 M4=M3+M3-M2
45 rF(U.Ue.3) GO TO 46
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t'¡t =( Y( J-2 )-Y( u-3 ) )/( x( J-2) -x( J-3 ) )
G0 TO 47

46 M1 =M2+M2-M3
47 IF(..1 .eE.(L-1)) co T0 48

¡¿s=(Y( J+2 )-Y(.,+1 ) )/(x( J+2 )-x( J+1 ) )
G0 T0 50

48 M5=M4+M4-M3
c**
C**NUMERICAL D1 FFERENTIATION
c**

50 CONTINUE
rF(u.EQ 2) eO To 1O1
u24=(y (J)-y( J-2))/ (x(,J)-x(,J-2) )
c0 T0 .t 02

1O.t M24= . bx ( M2+M3 )
1O2 IF(¡¡t.er.M24.AND.M4.LT.M24) c0 TO 103

IF(M1.Lr.M24.AND.M4.cT.M24) c0 TO 1O3
I3=M24
c0 To 52

c**
103 ut2=SQRT(ABS( (M3-Ml )x(M4_M3) ) )

t{l3=SeRr(ABS( (M2-M1 )*(M4-M2) ) )
sti =trl2+tll3
rF(s!./.NE.O.O) c0 To s1
l¡i2=O.5
hl3=O. 5
SW= l .O

5 1 T3= (!r2*M2+Wg*M3 )/St/
cx*

52 CONTINUE
rF(J.EQ.L) co ro
M3s=(y(J+1 )-y(J-1
G0 T0 112

111 M35=.5*(M3+M4)
112 IF(M2.GT.M3s.AND.

IF(M2.LT.M35.AND.
T4 =M3 5
G0 TO 60

/(x(¿+1 )-x(ú-1 ) )

M3
M3

LT
GT

M5
M5

s) G0 To
5) co To

113
113

1.t 3 r,/3=SoRT(ABS( (M4-M2)*(M5-M4) ) )
w4=soRr(ABS( (Ms-M2)*(Ms-M3) ) )
St¡/= l¡/3+l¡i 4
rF(sw.NE.o.o) c0 To 53
l¡r3=O. 5
t¡/4=O. 5
SW=1.O

53 T4= ( trl3xM3+W4*M4 ),/St/
c**
CX*DETERMINE THE COEFFICIENTS
c**

60 02=(2.O*(M3-T3)+M3-T4),/A3
03= ( -M3-M3+T3+T4 )/ ( A3*A3 )

c+x
CX*COMPUTAT]ON OF THE POLYNOMIAL
c**

IF(INTEG) GO TO 4OO
70 DX=UK-X ( J- 1 )

V( K ) =Y3+DX,t ( T3+DX* ( Q2+DXx03 ) )
G0 T0 900

c**
4OO CONT]NUE

CX*COMPUTE INTEGRAL
cx*

DX=X(K+1 )-x(K)
v ( t ) =v 1 I ) +p¡ * ( Y3+DX *T3l2 . +DX ¡r.DX*e2l3 . +DX *DX *DX *O3/4
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GO TO 900
c**

7oo v(K)=v( I )
GO TO 900

c**
8oo v(K)=Y( t )

IF(UK.Gr.Y(K) ) v(x¡=Y1¡¡
9OO CONTINUE

RETURN
c**

600 CONTINUE
c**
C**LINEAR INTERPOLATION
cx*

r¡l=(Y(2)-Y( 1) ) / (x(2 )-x( 1 ) )
DO 610 K=1,N

61o v(K)=v( 1 )+(u(K)-x( 1 ) )*M1
RETURN

c**
CX*ERROR EXIT
c**

90 t,/RrTE ( ru , 20so)
GO T0 99

91 li/RITE(IU,2O9 1)
Go TO 99

95 l,iRITE(IU,2095)
GO TO 97

96 WRITE(rU,2096)
97 WRrTE(rU,2097) r,X(r )
99 WRITE ( IU,2099 ) UO, r'rO

R E TURN
c**
C*XFORMAT STATEMENTS
c**

2O9O FORMAT('
2O91 FORMAT('
2095 FORMAT(',
2096 FORMAT('
2097 FORMAT('
2099 FORMAT('

1'

,22H 'r¿** L = 1 OR LESS.,/)
,22H *** N = O OR LESS.,/)
,27H *** IDENTTCAL X VALUES.,/ )
,33H *** X VALUES OUT OF SEOUENCE./)
,6H 1 =,I7,1OX,6HX(I) =,812.3)
,6H L =,17,1OX,sHN =,I7,/
,36H ERROR DETECTED IN ROUTINE INTRPL)

c**
C,* *
c**
c*x
c**
c *,t
c**
c**
c**
cx*
C *'l
cr*
C *'r
c**
c**
c**
c**
C'* x

c**

END
SUBROUTINE PLOTTR( LEVEL, IX, IY, IT]TLE )

SUBROUTINE PLOTTR

LEVEL PURPOSE OF CALL

MOVES PEN TO NEXT PLOTTING POSITION
BOUNDARY AND LONG-LAT OF SATELLITE
ARE PLOTTED ON SAME GRAPH
LONG-LAT OF SATELLITE IS PLOTTED
ANOMALY VS LAT IS PLOTTED
MULTIPLE PLOTS OF LAT-LONG ÂRE PLÛTTED
AS WELL AS CHURCHILL-SUPERIOR BOUNDARY
SCALAR, NORTH, EAST, AND VERTICAL ANOM
ARE PLOTTED ON SAME GRAPH WITH FOUR CALLS
SUCCESSIVE PLOTS ARE SUPERPOSED ON SAME
PLOT WITH A SINGLE CALL

COMMON/BND.RY,/ CSBLNG( 182),CSBLÀT( 182 ), PBlLNG(5), PBlLAT(5),
PB2LNG(50), PB2LAT(50), PBsLNG( 16), PB3LAT( 16),

'|

2

3
4
5

6

7
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PB4LNG( 1 2 ), PB4LAT( 1 2 ), PBsLNG( 4 ), PB5LAT ( 4 ),
PB6LNG(7 ), pB6LAT(7),BAyLNc(254),BAYLAT(2s4),
SUPLNG( 1 16),SUPLAT( 1 16),RIVLNG( 109), RIVLAT( 109)

CoMMoN/MAGOUT/ AouT ( 50, 3OO ) , NP
COMMON/PLPARM,/ XSTART, XÀSCAL, YSTART, YASCAL, IPNUM, CSBF, PROVF,

BAYF, RIVF, LAKF
c**

DTMENSToN rAour( 50,3OO) , xp ( 3OO) , Fp( 3OO) , TESTX(4 ) , rESry ( 4 )
DIMENSION ITITLE(2O)

EOUTVALENCE(AoUT( 1, 1 ), IAOUT( 1, 1 ) )
c*x

LOGICAL CSBF , PROVF, BAYF, RIVF, LAKF
c**
c**

DO 10 IPNT=1,NP
XP( IPNT)=AOUT( IX, IPNT)

1O FP( IPNT)=¡gIJ1( TY, IPNT )
c**

NPNT=NP
PASS=FLOAT( TAOUT(36, 1 ) )

c**
co r0 ( 1000,2000,3000,4000,5000,6000, 7000), LEVEL
WRITE(6, lOO) LEVEL

100 FORMAT(' ','¡t**
RETURN

c**
IOOO CONTINUE

CALL PLOT( I 1. ,O.
R ETURN

c**
2OOO CONTINUE

CX*PRINT PLOT TITLE
cALL SYMBOL(O. , -

ERROR IN PLOTTR 'K** LEVEL=,,I5)

,-3)

I,
CALL SYMBOL(O.,-1
cALL NUMBER( .7, - 1

c**
C**OPTIMIZE SCALES

2OO CONTINUE
XSTART=-140.O
XASCAL=1O.O
YSTART=40. O
YASCAL=5 . O

c**
c*,*PRINT AXES

CALL AXISI(O.,O.,'LATITUDE (DEG) 
"14,A.,90.,YSTART,YASCAL)CALL AXISI(9.,O.,' 

"-1,8.,90.,YSTART,YASCAL)cALL AXrSI(O. ,O. ,'LONGITUDE (DEG)',- t5,9. ,O. ,XSTART,XÀSCAL)
CALL ÀXISI(O.,8., ,-, 1,9.,O.,XSTART,XASCAL)

cxx
C**PLOT THE DATA

IF(.NOT.CSBF) cO TO 20
CSBLNG( 181 )=XSTART
CSBLNG( 182)=¡¡5s¡¡
CSBLAT( 181 )=Y5¡4Pt
CSBLAT(182)=YASCAL
cALL NEhIPEN( 4 )
cALL LINE(CSBLNG,CSBLAT, 180, 1,O,O)
CALL NEhIPEN( 1 )

c**
20 IF (.NOT.PROVF) CO rO Zr

PBlLNG(4)=XSTART
PBlLNG(s)=xAScAL
PBlLAT(4)=YSTART

cx*

.14,ITITLE,O.,80)
,.14,' PASS"O.,4)
,.14,PASS,O.,-1)
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PBiLAT(5)=YASCAL
PB2LNG(49)=XSTART
PB2LNG( 50) =XASCAL
PB2LAT(as¡=Y5to*t
PB2LAT ( 50) =YASCAL
PB3LNG( 15)=XSTART
PB3LNG( 16)=¡¡5"o4
PB3LAT( tS)=vSranr
PB3LAT( te¡=Y¡taoa
PB4LNG( 1 1 )=¡51oot
PB4LNG( 12)=¡¡5gO'-
PB4LAT( 1't )=y5T¡pt
PB4LAT( 12)=YASCAL
PB5LNG(3)=XSTART
PB5LNG(4 )=XAScAL
PB5LAT(3)=YSTART
PBSLAT(4)=YASçAL
PB6LNG(6)=xSrART
PBGLNG(7)=XAScAL
PB6LAT(6)=YSTART
PBGLAT(7)=YAScaL
CALL DASHLN(PBlLNG
CALL DASHLN( PB2LNG
CALL DASHLN(PB3LNG
CALL DASHLN(PB4LNG
CALL DASHLN(PBsLNG
CALL DASHLN(PB6LNG

PBtLAT,3,1,15)
PB2LAT,48,1,15)
P831AT,14,1,15)
PB4LAT,10,1,15)
PB5LAT,2,1,1s)
P861AT,5,1,15)

c**
21 rF(.NoT.BAYF) GO TO 22

BAYLNG( 253 ) =XSTART
BAYLNG(254)=XASCAL
BAY LAT ( 2s3 ) =YSraRT
BAYLAT(254)=YASCAL
CALL LINE(BAYLNG,BAYLAT, 252, 1,O,O)

cx*
22 IF (. NoT. LAKF ) co T0 23

SUPLNG( 1 15)=XSTART
SUPLNG( 1 16)=XASCAL
SUPLAT( 1 15)=YSTART
SUPLAT( 1 16)=YASCAL
CALL LINE(SUPLNG,SUPLAT, 1 14, 1,O,O)

c+*
23 rF (.NoT.RrVF) cO 10 24

RIVLNG( loB ) =XSTART
RIVLNG( 109 ) =¡¡5ç¡t
RIVLAT( tOe¡=Y51o*t
RIVLAT( 109)=YASCAL
CALL LINE(RIVLNG,R]VLAT, 107, 1,O,O)

C *'r
24 XP(NPNT+1 )=XSTART

XP(NPNT+2)=XASCAL
FP(NPNT+1 )=YSTART
FP(NPNT+2)=YAScAL

C&&&&&CALL NEI,JPEN( 2 )
CALL LINE (XP, FP, NPNT , I , O, O)

C&&&&&CALL NEWPEN( 1 )
RETURN

c**
3OOO CONTINUE

C**PRINT PLOT TITLE
CALL SYMBoL(O., -.8, . 14, ITITLE,O.,80)
CALL SYMBoL(O., - 1. 1, . 14,'PASS 

"O.,4)CALL NUMBER(.7, -1. 1, . 14,PASS,O.,-1)
c**
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C**OPTIMIZE SCALES
CALL SCALE ( XP ,8 . , NPNT, I )
XSTART=XP(NPNT+1 )
XASCAL=XP ( NPNT+2 )
cALL SCALE(FP,8.,NPNT, 1 )
YSTART=FP(NPNT+1 )
YASCAL=FP ( NPNT+2 )

c**
C'I*PRINT AXES

caLL AXIS(O.,O.,'LATITUDE (DEG)',, 14,8.,90.,YSTART,YASCAL)
CALL AXIS(8.,O.,' 

"-1,8.,90.,YSTART,YASCAL)cALL AXIS(O.,O.,'LONGITUDE (DEG),,-15,8.,O.,XSTART,XASCAL)
CALL AXIS(O.,8., ", 1,8.,O.,XSTART,XASCAL)

c**
C**PLOT THE DATA

CALL LINE(XP, TP,NPNT, 1,O,O)
RETURN

c**
4OOO CONTINUE

C**PRINT PLOT TITLE
CALL SYMBOL(O.,- .8,.'14, ITITLE,O.,80)

c---> CALL SYMBOL(O. , - I .1, .14, 'PASS' ,O. ,4 )
c---> CALL NUMBER(.7,-1. 1, . 14,PASS,O.,-1)
c**
C*XOPTIMIZE SCALES
C** CALL SCALE(Xp,8.,NPNT,1)

XSTART =40 . O
XASCAL=5. O

CX* CALL SCALE ( TP, E. , NPNT, 1 )
YSTART=-20. O
YASCAL=5 . O

c**
C**PRINT AXES

CALL AXIS(O.,O.,'MAGNETIC ANOMALY FIELD (NT)"29,8.,90.,
* YSTART, YASCAL )
CALL AXIS(O.,4.,'LATITUDE (DEG) ,,-.I4,8.,O.,XSTART,XASCAL)

c*x
C**PLOT THE DATA

XP(NPNT+1)=XSTART
XP(NPNT+2)=XASCAL
FP(NPNT+1 )=YSTART
FP(NPNT+2)=YASCAL
CALL LINE(XP, FP,NPNT, 1,O,O)
RETURN

c**
5OOO CONTINUE

I PNUM= I PNUM+ 1

IF(IPNUM.EO.l) GO TO 2OO
INTEQ= I PNUM-2
IF( INTEQ. GT. r4 ) r¡lreO=r¡¡TEQ+sO

cx*
LOT THE DATA

XP(NPNT+1 )=XSTART
XP(NPNT+2)=XASCAL
FP(NPNT+1 )=YSTART
FP(NPNT+2)=YASCAL

C&&&&&CALL NEITPEN(2)
CALL LINE(XP, FP,NPNT, 1,40, INTEQ)

c&&&&&cALL NEWPEN( 1 )
IF( IPNUM. LT. 25) RETURN
I PNUM=O
GO TO 1OOO

c**
cx*

c* *P
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6000 CONTINUE
IPNUM=IPNUM+ l

Go TO (60,61,62,63),rPNUM
ll/RrTE(6,666) rPNUM

666 FORMAT(, ,,'#H#H ERRoR IN PLoTTR ###f
RETURN

60 INTEQ= 1 1

C** PRINT PLOT TITLE
cALL SYMBOL(O. ,- .A, .14,ITITLE,O.,80)
CALL SYMBOL(O.,- 1, 1, . 14,'PASS,,O.,4)
CALL NUMBER(.7,-1. 1, . 14,PASS,O.,-1 )

C** SET SCALES
XSTART=4O. O
XASCAL=5 . O
YSTART=-40. O
YASCAL= 1O. O

C*XPRINT AXES
CALL AXIS(O:,O.,'MAGNETIC ANoMALY FIELD* YSTART, YASCAL )
CALL AXIS(O.,4.,'LATITUDE (DEG)"-14,8,

c**
GO TO 64

6 1 INTEQ=4
G0 TO 64

62 INTEQ=9
GO TO 64

63 INTEQ=8
I PNUM=O

C**PLOT THE DATA
64 XP(NPNT+1 )=XSTART

XP(NPNT+2)=XAScAL
FP(NPNT+1 )=YSTART
FP(NPNT+2)=YAScAL
CALL LINE(XP, FP,NPNT, 1,+5, INTEQ)
RETURN

TOOO CONTINUE
I PNUM= I PNUM+ .I

IF(IPNUM.GT.1) GO TO 7OO
CX*PRINT PLOT TITLE

CALL SYMBOL(O.,-1., .,t4, ITITLE,O.,80)
c**
CX*OPTIMIZE SCALES
cx* CALL scaLE ( xP,8 . , NPNT, 1 )

XSTART=4O. O
XASCÂL=5 . O

C** CALL SCALE ( FP .8 . , NPNT, 1 )
YSTART=-20. O
YASCAL=5 . O

c+*
C**PRINT AXES

IPNUM =' ,14)

(Nr),,2e,8.,so.

O,,XSTART,XASCAL)

FrELD (NT)',2s,8.,so.

- 14,8.,O., XSTART, XASCAL )

CALL AXIS(O,,O.,'MAGNETIC ANOMALY
'} YSTART , YASCAL )
CALL AX]S(O. ,4. , 'LATITUDE (DEG)' ,

c**
7OO CONTINUE

C*XPLOT THE DATA
XP(NPNT+1 )=xSTARr
XP(NPNT+2)=XASCAL
FP(NPNT+1 )=YSTART
FP(NPNT+2)=YASCAL
CALL LINE(XP, FP,NPNT, 1,O,O)
IF(IPNUM. LT.50) RETURN
I PNUM=O
co To 1000
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END
SUBROUTINE FITTER( IX, IY,MDEG,C, BETA)

Cl.¡i(***********,1*******x*************************************+**********
c'r** SUBRoUTINE FITTER *
c*** *
C**'I. S/R FITTER FITS A POLYNOMIAL TO A SET OF DATA. THE S,/R *
C*** REOUIRES N PAIRS OF X AND Y VALUES AND RETURNS THE COEFFICIENTS *
C*** OF THE NORMAL EQUATIONS FOR THE LEAST SQUARES METHOD. I(

C'r** *
C*** REF: C.F. GERALD, 1978. "APPLIED NUMERICAL ANALYSIS'' *
C+** 2NO EDITION, ADDISON-UiESLEY, PP.5O5-5O7. *
cx** ,r

C****,i<*{<******************¡********'***************x+****x**********x****
c**
C* )r

C** PARAMETERS
C** IX,IY - VARIABLE NUMBERS IN ARRAY AOUT TO BE USED AS
C** XANDYARRAYS
c** x(3oo) -xvaLUEs
C** y(3OO) -yVALUES
C** N - NUMBER OF DATA PAIRS
C*x MDEG - DEGREE OF POLYNOMIAL TO COMPUTE - MAX = 9
C** A(1O,11)- AUGMENTED MATRIX OF THE COEFFICIENTS OF THE NORMAL
C** EQUATIONS
C** C(10) - ARRAY OF COEFFICIENTS OF LEAST SQUARES POLYNOMIALS
c**

COMMON,/MAG0UT/ AOUT ( 50, 3OO ) , NP
c**

DrMENSroN x(3oo),y(3oo),xN(3oo),c( 10),A( 10, I 1)
c+*

DO 111 I=1,NP
X(I)=AOUT(IX,I)
Y(I)=aour(IY,I)

o
E

1 1 1 CONTINUE
c**
C**CHECK MDEG T

IF(MDEG.L
MDEG=NP- 1

r^/RrTE(6,2
2OO FORMAT(',1

*t

5 N=NP

ENSURE IT IS .LE
(NP-1)) co ro 5

N-1

OLYNOMIAL CANNOT EXCEED NPNT-1. 
"/EGREE TOO LARGE, REDUCED TO' , I5 )

OO) MDEG
,,,DEGREE O
, , , REOUESTE

FP
DD

c**
MDEGP.I =MDEG+ 1

MDEGP2=MDEG+2
C**PUT II 1'ST INTO A NEW ARRAY. THIS I{ILL HOLD THE POWERS OF X

DO 10 I=1,N
10 xN(I)=t.O

C**COMPUTE 1ST COL. AND N+1ST COL. OF A. I MOVES DOWN RO[,/S, J SUMS 0VER
C**THE N VALUES

DO 30 I=1,MDEGPI
A(I'1)=o.o
A(I,MDEGP2)=O.O
D0 20 ú=1,N
A(r't)=¡1I'1)+XN(J)
A( I, MDÊGP2 ) =A( ¡, MDEGP2 )+Y (.J ) *XN( J)

20 XN(,J ) =Xt'¡( LJ ) *X( L, )
30 CONTINUE

C**COMPUTE THE LAST ROW OF A. I MOVES ACROSS COL.'S, J SUMS OVER N
DO 50 I=2,MDEGP1
A(MDEGP1,I)=O.O
D0 4O J=l,
A(MDEGP1, I

40 XN(J)=XN(J

N

)=A
)*x

(MoEGPl, r )+xN(d)
(.J)



ì48

50 CONTINUE
C**NOhI FILL IN THE REST OË THE A MATRIX. I MOVES DOVJN ROWS, J ACROSS
C * *COLUMNS

DO 70 uJ=2, MDEGP I

Do 60 I=1,MDEG
60 A(I,rJ)=A(I+1,J-1)
70 CONTINUE

C**CALL A SUBROUTINE TO SOLVE THE SYSTEM OF EOUATIONS, GET THE LU
CX*DECOMPOSITION OF A,

CALL LUDCMP(A,MDEGPl, 1O)
C**RESET THE R. H, S. INTO C

DO 90 J= 1 , MDEGP 1

90 C(J)=A(,J,MDEGP2)
CALL SOLN(A,C,MDEGP1, 1O)

C**WRITE COEFF. OF LEAST SQUARES FIT
TJRITE (6,202) l.lOee, (c(,J), rJ=1,MDEGp1 )

2O2 FORMAT('1"' FOR DEGREE OF"I3,'COEFFICIENTS ARE"/* ' 
"11(5X,812.5,/'',))C*XCOMPUTE AND PRINT THE VALUE OF BETA = (SUM OF(gEY*X2))/(N-M-1)

BETA=O. O

DO 94 IPNT= l , N

SUM=O. O
DO 93 ICOEF=2,MDEGP1
IJCOEF=MDEcP l -ICOEF+2
SUM= ( SUM+C ( UCOET ) )*X ( IPNT )

93 CONTINUE ,
SUM=SUM+C(MDEGPl )
BETA=BETA+ ( Y ( I PNT ) -SUI.I ¡ * *2

94 CONTINUE
BETA=BETA,/ (N-MDEGP 1 )
t|lRrTE(6,2O3) BETA

2O3 FoRMAT('',9X,'BETA =',E12.5)
RETURN
END
SUBROUTINE LUDCMP(A, N,NDIM)

C*************************+****¡k*'k¡ù)tx********x*******+***+******x,ì<
C*** SUBROUTINE LUDCMP *
C*** *
C*X* THIS S/R FORMS THE LU EQUIVALENT OF THE SOUARE MATRIX A. *
C*X* THE LU, IN COMPACT FORM, IS RETURNED IN THE A MATRIX SPACE.*
C+)T* THE UPPER TRIANGULAR MATRIX U HAS 1'S ON ITS DIAGONAL - *
C*** THESE VALUES ARE NOT INCLUDED IN THE RESULT ¡T

c*** *
c¡r** CALLED BY FITTER *
C,*'k**x*******x*t(***x*******x***i(x***x*******x****+********+*******
c+*

DIMENSION A (NDIM, NDIM)
c**

DO 35 I=1,N
DO 30 J=2,N
SUM=O. O
rF(J.GT.r) CO TO 15
úM1=rJ-1
DO 10 K=1,uJM1

t() 5uM=suM+A( I,K)rA(K, ü)
A(I,J)=N(I,J)-SUM
co To 30

15 IM1=I- l
rF(rM1.EO,O) GO TO 2s
DO 20 K=1,IM1

20 SUM=SUM+A( I, K)x¡(K, rJ)
C**TEST FOR SMALL VALUE ON DIAGONAL

às tr(ABS(A(r,r)).1r.1.E-1o) co ro se
A( I, J)=(n( r, J)-SUM)/A( I, I )
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30 CONTINUE
35 CONTINUE

RETURN
99 WRrrE(6,100) r

1OO FORMAT(' ','REDUCTION NgT COMPLETED BECAUSE SMALL VALUE FOUND,,* ' FOR DIVISOR IN ROW AND COLUMN"I3)
RETURN
END
SUBROUTINE SOLN(A, B, N, NDIM)

c***x***************************+x**x*****************+***********
c**{r SUBRoUTINE SoLN *
c*** *
C*** THIS S/R FINDS THE SOLUTION TO A SET OF N LINEAR *
C*X* EQUATIONS THAT CORRESPOND TO THE R.H.S. VECTOR B. THE A *
C*** MATRIX IS THE LU DECOMPOSITION EQUIVALENT TO THE COEFF. *
C*X* MATRIX OF THE ORIGINAL EQUATIONS, AS REDUCED BY S/R LUDCMP.*
C**X THE SOLUTION VECTOR IS RETURNED IN B. ¡K

c*** *
c'¡** CALLED BY FITTER *
C*x*****x****************x*****x******+**'F,f)F¡1.*¡i(*t(x**************+**
c**

DIMENSION A(NDIM, NDIM), B(NDIM)
c**
C**DO THE REDUCTION STEP

B(t)=B( 1)/^(1,1)
DO 20 I=2,N
IMl=I-1
SUM=O. O
DO 10 K=1,IM1

1O SUM=SUM+A( I, K)*B(K)
20 B( r )=(e( I )-sur'¡)/A( r, r )

Cx*NOt¡/ READY FOR BACK SUBSTITUTION. ELEMENTS OF U ON DIAc. ARE ALL .1 ,S
Do 40 J=2,N
NMJP2=N-Ú+2
NMJP 1=N-rJ+ 1

SUM=O. O
DO 30 K=NMulP2,N

30 SUM=SUM+A(NMÌJP1, K)*91¡ ¡
40 B(NMJP1 )=B(NM.JP1 )-SUM

RETURN
END
SUBROUTINE POLY( IXVAR, IYVAR, MDEG, DIFF )

c*,t
c**
c**
c**
c*x
cx*
c**
c**

****,f *x*******xx******+******************************************x
SUBROUTINE POLY

FITS A POLYNOMIAL OF DEGREE MDEG TO A SET OF DATA,
CALCULATES THE POLYNOMIAL, AND SUBTRACTS THE FIT FROM
THE INPUT DATA, STORING THE DIFFERENCE IN THE ARRAY DIFF

****************x***x*********xx+*********¡È***x***********x*******

c**
COMMON/MAGOUT,/ AOUT(50,3OO) , NP

DTMENSTON DrFF (3OO), FrT( 3OO), COEF( 1O)
c**

DO 5 I=1,10
s coEF( I )=o.o

CALL FTTTER( IXVAR, IYVAR,MDEG,COEF,BETA)
DO 10 I=1,NP
FIT( I )=COEF( T ) + COEF(2 )XAOUT( IXVAR, I ) + COEF(3) *AOUT( IXVAR, I )*,*2'lo DIFF( I )=Aour( IYVAR, I )-FIr( I )

c**
RETURN
END
SUBROUTINE STACK ( VECT, VSTART, VEND, SUM, SSTART, SUMEND, D IGI, NUMVEC,
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LENGS )

##H ## # ## ## ## ## # H H H # H H # il # # # #H # # fl f # H # H # # H H H # # # H H H # H # # þ # ## # # H # # # ## # #
#H SUBROUTTNE STACK HH
## INPUT A VECTOR (ANOMALY FIELD) OF UNiFORM DIGITIZATION #fl
#H INTERVAL DIGI WITH LATITUDE ENDPOINTS OF VSTART AND VEND. ##
HH ALSO INPUT THE DESIRED LATITUDE ENDPOINTS FOR THE SUMMED #H
Hfl VECTORS f#
## S,/R STACK RETURNS THE SUM, ITS LENGTH, AND THE NUMBER OF #fl
#fl VECTORS SUMMED . HH
### ## # # # # H H # H# # # ## # H # H ## ##### ## # # fl # # # H fl # ## HH H # H H H #fl # # H H # ## # # #H # H H

DTMENSION VECT( 3OO), SUM( 3OO)

NUMVEC=NUMVEC+ t

LENGS=IFIX ( ( SUMEND-SSTART )/DIGI )+ 1

ISHIFT=1 FIX( ( SSTART-VSTART )/DIGI )
IPAD=I FIX( ( SUMEND-VEND )/DIGI )

IF(IPAD.LT.o) IPAD=O
I LENG= LENGS - I PAD
rF( rsHrFr. LT.o) co To 1o

DO 1OO I=1, ILENG
1oo SUM( I )=SUM( I )+VECT( I+ISHIFT)

&
c+*
c**
c**
C,l *
c**
c**
c**
cx*
cx*
c*+
c**

c*x

103
c**

c**

c**

c**

101
c**

1 1 RETURN
c**

1O CONTINUE
rJPAD=-ISHI FT
DO 102 I=1,IJPAD

102 suM( I )=suM( i )+vEcr( 1 )
c**

TF(IPAD.EO.O) GO TO 1.I
DO 1O1 I= l, IPAD
SUM ( I + I LENG ) =5IJY 1 I + I L ENG )+VECT ( I LENG+ I sHI FT )

INEXT=JPAD+ 1

DO 103 I=INEXT, ILENG
SUM( I )=SUM( I )+vEcT( I-JPAD)

c

c

c
c
c

c

IF(IPAD.EO.O) GO TO 12
Do 104 I=1, IPAD

104 SUM( I+I LENG ) =SUM( I+I LENG )+yEg1 1 I LENc+r SHI FT )
12 RETURN

END
SUBROUTTNE BNDPAS( F 1,F2,DT, D, G)

coMPLEX P(4 ) , S(8 ) ,21 ,22
REAL D(8),WI,wz,TDT,Ht.,ID,I¡,I,i,G,B,c,A,TwoPI

yg1=2.e/DI
Ttr/OPI=6.2831853
ç9y=4 .e/D-l
P ( 1 ) =CMPLX ( - . Seee8g¿ , . 92387ss )p(e¡=svptr( -. sezeeg¿. -. 92s879s )

THIS SUBROUTINE DESIGNS À RECURSIVE BUTTERWORTH
BANDPASS F]LTER.

THIS SUBROUTINE WAS l,IRITTEN BY DAVE GANLEY
AND IS LISTED IN'TIME SEQUENCE ANALYSIS IN GEOPHYSICS'
BY E.R. KANASEWICH

c
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'II

P( 3 )=çlvlp¡¡( - . gzsezgs, . 3826834 )
P(a )=6vp¡¡( -. s238795, -. 3826834 )
h,1=TWOPI*F1
w2=TtrroPI*F2
IC1=TDT*TAN(l/i 1/TDT )
T¡J2=TDT*TAN (W2/TDT )
¡1ç¡9=(ul2-r{.t)/2.o
td[4]=tt, 1 *W2
Do 19 l=1,4
21=P(l)*HwID
22=CSQRT( z1*21-y.!(.,
s( I ) =21+22
s( r+4 r=21-22
G=(.S/HIJID)**4.O
Do 29 I=1,7,2
B=-2.o*REAL(S(I ) )
Zj=S(I)*S(I+1)
c=REAL(zl )
A=TDT+B+c/TDT
G=G*A
o( I )=(c*Dr-FDr)/A
D(I+1)=(A-2.o+a)/A
G=G*G
h/RtTE(6,1) F-1 ,F2,DÎ
FORMAT(' 1 

"2OX,'BUTTERUIORTH 
BANDPASS FILTER" / /", 1OX,,PASSBAND;',2F 10.3, /',, 1OX,'DIGITI,ZATION; 

" 
F 1O.3,/ /)

t¡/RITE(6,3)
FoRMAT(' ', 1OX,'FILTER IS ('l - Z+*2)**4 / B1t(82*83*84, ,/)
r¡TRITE(6,4) D
FORMAT(' ',4(1OX,'B(I) = 1 +',F10.3,'*Z +/,FtO.3)r*Z**zt/, '))
WRITE(6,5) G

FORMAT( " , 1OX, 'FILTER GAIN IS ,, F 15 .3 )
RETURN
END
SUBROUTINE FILTER(X,N,D, G)

THIS SUBROUTÎNE DOES THE ACTUAL FILTERING OF THE
DATA I¡/ITH THE BANDPASS FILTER CREATED BY BNDPAS

D- FILTER COEFFICIENTS
X- DATA VECTOR
G- FILTER GAIN

APPLY FILTER IN FORWARD DIRECTION

REAL x(3Oo),xc(3),xD(3),xE(3),D(8)
XM2=x( 1 )
xMl=x(2)
xM=x(3)
xc(1)=x(1)

2)=xM1-D(1)*Xc(1)
3)=xM-xM2-D( t ¡*¡61 2)-D(2 )*xc( 1 )
I )=xc( 1

2)=xc(2 -D(3)*¡¡1 1 ¡*xc( 1 ) -D( s )'i.¡p1 2) -o(4) *xD( 1 )

-D(s)*¡E11¡
-xD( I )-D(5)*xE(2)-D(6)*xE( 1 )

-D(7)*¡1
x(3)=xE(3)-xE( 1 )-D
D0 39 I=4,N

29

1

&

J

4

5

c
c

c
c

c
c
c
c

xc(
xc(
Ynl
XD(
XD(
XE(
XE(
XE(
x( I
x(a

3)=
t )=
2)=
3)=
)=x
)=x

xc(3
xD( 1

xD(z
xD(g
E( 1)
E(2) )

7 )*x(2)-D(e)*¡1 1 ¡
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c

c

XM2=XM 1

XM 1 =XM
XM=X( I )
K=r-( (r-1 )/3)*3
GO TO (34,35,36),K

34 M=1
M1=3
M2=2
GO TO 37

35 M=2
M1= 1

M2--3
GO TO 37

36 M=3
M 1=2
M2= 1

37 CONTINUE
Xc(M)=xM-XM2-D( 1 )*Xc(M1 )-D(2 ) "Xc(M2 )
xD (M ) =xc ( ¡¡ ) -xc( M2 ) -D( 3 ) *xD ( M 1 ) -o ( 4 )*xD( M2 )
xE ( M ) =xD ( M ) -xD( M2 ) -D ( s ) *xE ( M 1 ) -D ( 6 ) +xE ( M2 )

3s x(I)=xE(M)-xE(M2)-D(7)*x(I-1 )-D(8)*x(I-2)
FILTER IN REVERSE DIRECT]ON

xM2=x ( N )
xM1=x(N-1)
xM=x ( N-2 )
Xc( 1)=¡¡a2
xc(2)=xM1-D( 1 )*xc( 1 )
xc(3 )=xM-xM2-D( 1 )+xc(2 )-0(2)*xc( I )
xD( 1 )=¡ç1 I
xD(2)=xc(2
xD(3)=xc(3
xE( I )=¡P1 1

xE(2)=xD(2
xE(3)=xD(3
x(N)=xE( I )
x(N-t )=¡s1
x(N-2)=xE(

-D(3)*xD(1)
-xc( 1 )-D(s) x¡P1 2)-D(4 )*xD( 1 )

44

45

AÊ

47

49

59

2)-D(7 )*x( I )
3)-xE(1)-D(7 )*x(2)-D(8),r¡11¡

DO 49 1=4,N
XM2=XM 1

XM 1 =XM
J=N-I+1
xM=x(J)
K=I-((I-1)/3)+3
co To (44 ,45,46 ) , K
M=1
M1=3
M2=2
GO TO 47
M=2
M1=l
M2=3
GO TO 47
M=3
M1=2
M2=1
Xc(M) =XM-XM2-D( 1 )*Xc(M1 )-D( 2 ) *Xc(M2 )
xD (M) =ts ( M ) -xc( M2 ) -o( s ¡ "¡p 1M 1 ) -D(4 ) *xo( M2 )
xE (M ) =¡e1 v ) -XD( M2 ) -D( 5 ) *xE ( M 1 ) -D( 6 ) *xE ( M2 )
x( d ) =xE ( M ) -xE ( M2 ) -D ( 7 ) *x ( u+ 1 ) -D( I ) *x ( J+2 )
Do 59 I='l ,N
x(I)=x(I)/G
RETURN
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c**
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END
SUBROUTINE STATIC(VECT, NP,CSBNDR,DIGI )

# # fl fl H ##H # H H f # # fl ## HH ## H # # ## # H # # # # H fl # H fl # H H # # H # # H H # H # H #H # H # I H H # # # # H#
H# SUBROUTINE STATIC #H
#H LATITUDE DATA SUPPLIED THROUGH VECT IS ALTERED SUCH THAT H#
H# THE LATITUDE OF BOUNDARY CROSSING (CSBNDR) rS Srr Ñ 56.O flfl
#H DEGREES LATITUDE , #H
# # ## # H # H### fl # # # # #H fl # ##fl # ### ## þ # # # # H H # H H H # # # # H # # # # # # # # H # # #H H # H # #H #

DIMENSION VECT(3OO)
IF(DIcI .eo.o) DIcI=.3
SHIFT = TFIX( (CSBNDR-56,O)/DIGI )
DO 1OO I=1,NP

1OO VECT(I) = VECT(I) - SHIFT
RETURN
END

* DIGI
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I4GS48I#2 SPHERICAL HARI'1ON IC I4ODEL

Following is the sphericaì harmonic modeì supplied as GH and GHT

on the INV-B ¡1AGSAT data tapes. This model was subtracted from the

raw data to'obtain the anomaly data, and was used with program spEps

to model the induction field producing the synthetic anomal ies. The

epoch for this modeì is .|980.0, and the mean Earth radius is

6371"1992 kilometres. Time derivatives are given for the first J

degrees . Un i ts are nanotes I a.

154 -
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n m
JA

g
tn

hn hlg

I 0
I

-29987.1992
-1956.850 I

0.0
560!'.6992

z5.5oo6
12.7797

0.0
-22.\2gt

2 0
I

2

-1996.1599
3027.3999
1663 .4700

0.0
-2129.4900
-199.59\o

-r0.9r2r
o.\997

r ì .0924

0.0
-rz.87ol
-20.7837

3 0
ì
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CO-ORD I NATE SYSTEI4S AND CONVERS I ONS

several co-ordinate systems were used in the model ì ing program

sPEPs (Appendix A). Fol lowing is a brief overview of the co-ordi-

nate and vector transformations used.

z

Greenwich
meridian

Fa¡ ¡alnr

Figure D-l: Co-ordinate Systems of an Elliptic Earth

v

x

I

I

I

P

A
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Figure D-l illustrates the co-ordinate systems under considera-

tion. The Fixed Earth system is a cartesian system having its ori-
gin at the Earthrs centre. The x-axis pierces the Earthrs surface

at the intersection of the equator and the Greenwich mêridian. The

z-axis is coincident with the north rotational axis, and the y-axix

forms the orthogona I th i rd ax i s.

The Geodetic system is the traditional 'rmap't system. This system

cons i sts of the geograph i c ì at i tude p measured from the equator,

east longitude \ measured from the Greenwich meridian, and altitude

above the el I ipsoid.

The Geocentric system is a spherical systemr.rith its origin at

the Earthrs centre. Geocentr i c col at i tude ø i s measured from the

north rotational axis, east longitude \ is measured from the Green-

wich meridian, and the radial distance p is measured from the

Earthrs centre.

ln addition to the co-ordinate systems mentioned, the Topocentric

system is often used in defining vector quantities. This is a local

cartesian system with its origin at the observer¡s location and its
axes aligned with North, East, and Vertical (positive down). The

vertical component is directed toward the Earthrs centre, and is not

in general perpendicular to the el I ipsoid. The Topocentric system,

then, is the vecior equivalent of the Geocentr¡c co-ordinate system.

Co-ordinate and Vector transformations between these systems were

calculated according to the fol lowing formulae.



159

Co-ord i nate transformat i ons:

GE0DETIC (altitude, east longitude, north latitude) (h,/,Ê)

to GE0CENTRIC (radial distance, colatitude, east longitude) (g,Q,À)

h (h+24) +
u4.o.tp

4z+ b-sin p

Az
(

q = "oi'

,\=Å

EARTH F IXED (x,y,z)

("2 -ø' ) cos
z

L

= semi -major

= semi -mi nor

"u.t 
p + u'sinlÉ

l+l
Fh+A

A

where

A

ct

b

axis of

axis of

earth

earth

el I ipsoíd

el I ipsoid

to GEOCENTR I C

z'+

(rad i us, col at i tude, east I ong.)

(ç, ( ,A)

( 2.

ç = cos

+

I
t

zyz +

z

YL

I

I¿

v

+

,l = tan-' \

I x

GEOCENTR I C ( 9,4,tr) to EARTH F r xED (x, y, z)

x

Y

ç 
cos)

çsin/
(cos(

sin p

sin Q

z
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Vector transformat i ons

TOPOCENTRIC (Ñ,Ë,ü) to EARTH

lll = - l-ñ"1 cosncosÀ - lËl

lll = - Nl cos( sin,\ + lËl

l?l = Nl sinp - lVl cosp

(Î, Ì, z')

lül sin/coså
-l

lVl sin{ sin,,{

FIXED

sinÀ -

cosÀ -

EARTH F I XED d,Î,/) to TOPOCENTR I c (Ñ', Ë,V)

tfrt

tËt

trt

tÎt

tI't

FI

cos,\ cosr/ - lîl
sinÀ+ Fl cosu\

.J-
coså sin(- lYl

sinÀ cosl+ lîl sinQ

s inl s in| - l?l cos e




