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ABSTRACT

After defining geomagnatic noise as it applies to MAD,
the geomagnetic indices currently ussd by the flest %o
pradict MAD geomagnetic ndise ara reviewed to dstermine
their actual applicability. The current indices are dater-
nined to be insufficient, methods ars proposed for estab-
lishing a new MAD index, and a developmental MAD index
system vas *asted., Geomagnetic fluctuations in the .04 to
2.0 Hz frequéency band wers racorded 2t Monterey, California,
and used for a preliminary test of the proposed MAD indsr.
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I. GEQUAGNELICS REY™TY

A. HISTCRY OF GEOMAGNETICS

The beginnings of the study of geomagnetism lie back in
prehistory when magnetic attracticn between iron and certain
ninerals was first observad. Exactly when *his phenomenon
vas firat poticed 1s not known, but the properties of magne-
tite, <+hen called lodestone, appsarad in Gresk litasrature
around 600 B. C. (Brennan and Davis). [Ref. 1]

Chapman [Ref. 2] indicates that the directional property
of magnets was known and a1sed in Eurospe prior ¢5 1200 A. D.
and possibly in China before then. B. N. Parker [Ref. 3]
noted "It is an interesting fact that the ancient walls of
Peking were lined up with nmagnetic aorth rather “han
geographic north, a differance at that time of about 190, We
may presume that the susveyor found it easier to work with
his compass needle by day than ¢ sight on +tha pole star by
night." 7This property allows the us2 o0f “he Barth's geomag-
netic fileld for navigational purposes.

By the mid-fifteenth can*ury it was determinsd in Europe
*hat the magnetic compass does not point to trus north. The
angle betwear true north and <4he directlion indicatad by the
compass is now known as magnetic declina%ion by the geophy-
sicist and as variation by the navigator.

The magnetic £ield dip, or magne%ic inclinatimn is the
angle, in a vertical plane, between the horizontal and %he
direction of +*he earth's magna+ic field vector. I« was
observad in 1544 by an instrument maker in Nur3mberg named
Hartmanzn, and again by Robert Norman in London in 1581.

These discoveries or observations gave rise to “he study
of geomagnetics as a specialty which gained its cornarstone

11
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with William Gilbert in 19600. After comparing his experi-
mental results with the previous work of others sur: as
Norman, éilbert, in his bock, "le Magqneie," concluded zhat
"sagnyus sagnes ipse est globus teciestils (the earth globe
itself is a great magnat)™ {Ref. 2]. It 1is this concept,
that the earth is itself a magnet, that is the basis of *hs
science of geomagnetics.

Gilbert felt that the Earth's nagnetism must remain
coustant axcept <for geological changes, bdut it was soon
determined that thls was not the cass. A 'sesculaz varia-
tion? of the Barth's was fourd to exist.

Shorter term changes in the geomagnetic £ield were
observed and it was eventually realized that geomagnaetism is
dynanic. In 1722 George Sraham discovaered +*hat daily, orc
diarnal, variations eoxist [Ref. 2]. During <the early
Ninetweenth century magne*ic observatories began to be estab-
lished to record the changyes in the geomagnetiz field in a
systematic fashion (Knecht) (Ref. 4].

Be EARTH'S MAGNETIC FIELD

1. Constituents of the Geomaanetic Ei=ld

There are various ways of breaking dowa the consti-
*uting parts of the geomagne=ic fieli., One way is to divide
the field in terms of distance from the cen*ter of the earth.
Doing this yields “hese three parts: internal, crustal, and
external (AFGL) [Ref. S5]. The internal field origina=es in
the core region and is the more stabls fileld, containing
only extremely low fraquancy <“eapdoral variations, The
crus*tsl (or anomalous) fi=21ld arises from medifications made
on the intasrnal field by materials and s*ructures in *he
Earth's crust, These varia%ions ars not spatially cons*tan+
ard give r1is2 to =some of what 1is known as geclogical

12
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variations. The external field is *he most dynamic and
arises from many sources including ths interaction between
the solar wvind and the terrestrial magnetic field.

Azother wvay of describing the components of +he
geomagnetic field is by time variation. This division is
accomplished by considering that part of <the field which
varies with pericdicities greater than abou+t cons year as the
gteady Zfield and what is left as +the yagiation Z£isld
(Knecht). [Ref. 4] |

The staady £leld consists of the above nanmed
irternal field, alsc referred to as the mgip field. Slow
variations irn the main field with periods cf years or longer

are referred to as gecular yazlations.
2. lodels aof ithe Maln Zisld

Various models of the main geomagneticz field make
use of a geocentric dipole. Gauss, 4in 1839, demcnstrated
that, as a fairly good first approrimation to ths geomag-
netlc fleld, the field of a uniformly magnetized sphece (for
points outside the sphere) is aquivalent <*o “ha field of »
magnetlc dipole locatad at the center of <he sphere
(Jacobs) . [Ref. 6]

The simplest cf the present approximations of the
geomagnetic £ield is that of a short bar magnet or dipole
located at the center of the earth with an axis inclined
approximately 11.59 from the Earth's axis of rota<ion. The
senge of the field 1lines is from sou:th to north (Figure
1.1) .

The axis of this 3ipole lntersec“c the earth a+ *he
geomagnetic nor+th pole, 78.50N, 291.00F in geographic ccor-
dinates, and at the geomagnetic south pole, 78.50S5, 110.00E.
The momernt of +the geomagne+ic dipols is 8.1 x 1022 amp-m2.
It is <+hese poles tha*t arz used to define +he geomagnetic

13
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Pigqure 1.1 Dipole Appearance of Geonmaguetic Pield

ccordinate system (Knecht) [Raf. 4]. The geomagnetic coor-
dinate system is a spherical polar sys*tem similar <=0 “he
geographic «c¢oordinate system with a geomagretic eguator
defined 90 degress away from eithar geomagnatic pole in
latitude., This til*ad geocentric diponle model describes +hz
main geowagnetic £isld to an accuracy of abou* 10%.

In 1940 Chapnman aad Bar+els d2fined an off-centser
dipole in the earth's interior, called the accentrzic dipcla.
Thls dipole 1is displaced 0.0685 earth radii (436 km) 4ina
magnitude from the center 2nd in +the direscticn of “h2 poins
15. 60N, 150.90F (gerographic coordinatss) (Ves*ine) [Ref. 7.
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The intersections of the sccentric dipole axis at the
earth's surface are 81.09N%, 84.79% and 75.09s, 120, 40%
(Fiqure 1.2) (Haymas) (Ref. 8]. This approximation is accu-
rate to within a few percent.

2 Gmﬁm?lc i
A36 W% equator .k

Figure 1.2 Bccentric Dipole Model of Geonmagnetic Pield

Tha field has addit lonally been nmodelzd %o an accu-
racy of about 1% by determinining Gaussian coafficients by a
least-squares fit of experimental meagurementz of the

15




geonagnetlc field, These coefficients are used in a sphex-
ical harmonic series representing the scalar potential of
the field. This accuracy implies that the intarnal contri-
bution “o the total npain field is at laast on the order of
59%.

The International Geomagnetic Reference Field (IGRP)
yields values which d4iffer by only parts per thousand from
measured values. -

3. Souzces 2f the Geonaqnetic Pield

There are various elements that coatribute to the
geomagnetic field, some external to the marth's surface anid
some internal, As previously nmentionned, the external
contributions make up only a small fraction of tha steady
field, playing 2 more important role in the yariation £ield.

Thess external sourcaes lnclude current systems in
thes earth's upper atmosphere affected by solar electromage-
netic radiation and gravitation, solar corpusculat radiation
or the interaction of solar plasma with the main field, and
the effect of the solar interplanestary field., [Ref. 4]

Various magnetic surveys of +he world, including
those conducted at ground level, by alrherne instruments,
and by satellite,have pointad to the fact that *“he largest
source of +ha earth's pagnetic £i214 is intsrnal to it.
While thera exists resiiual permanent nmagnetism in <+he
earth's crust, +his cannot be ths principal laterral soucce
of *he geomagnetic f£ield due to temparature and ma=srial
properties known +to exist in the earth's int2rior (Nagata
and Ozima). (Ref. 9]

Permanent magnetism is ga2nerav2d by nmicroscopic
electric currents, sinc2 a changing electriz fisll will
generate a magnetic £ia11. Another way *0 genera*z a
magne+ic field 4is by <+“he moticn of eleciric chargss in a

10




BACLOSCOpPic current, Convective motion of the elsctrically
conducting £luid core of the earth, resulting 4in a macro-
gcoplc current system, is considerad to be +the principal
source of the main fleld.

The most promising present theory of the genaration
of the gecsagnetic field is that of some sor:t of a self-aex-
citing dynamo system. This means that the moticen of a
conductor, such ag the molten iron in the ear+th's core, in a
magnetic £ield produces a current which in turn 4induces a
magnetic fiald in support of the original magne+ic fiaeld
[Ref. 4, 7] A very simple model of such a dynamo is shown
in Pigure 1.3 .,

S

f Axis of rotation

Nonrotating coil
Retating dise

‘»ﬂ.}"‘

y [Ref. 4

Pigure 1.3 Simple Disk Dynamo

The original excitation or seed £leld nay be due to
an ax+ternal field line, perxhaps from the solar interplane-
tary magnetic field. This original, poloidal, field line is
wound up due to *he differential rotation (rotation rot

17




constant with latitude) in the aolten cors. The wound up
line becomes an intense azimuthal field which is cazried
cutward by the upwelling assoclated with convection and
twisted by the action of <the Coriolis force. The twisting
generates a lhelical toroidal field which, by cutward diffu-
slon, generates the eitornally observed quasidipole gsomag-
netic field.

The combination and interaction of *wo (see PFigurs
1.4) or more disk dynandos can alsdo can also explain the
Tevarsal of the geomagnatic field [Ref. 7, 9]. |

- 2y
Q\ p
|
E ‘) -/ a
Qisk | ] Disk 2
U l| \ 4__,/)
- [Ref g

Plgure 1.4 Twin Disk Dynamo

Ragional ancmalies that are nondipolar (do nrot
con form to the dipole field) pcasibly arise from eddy circu-
lations in the outer core [ Ref. 4].

18




4. fagnekosphele

The pagnetosphere can be defined to be that region
(see Pigure 1.5) occupied by the geomagnetic field above the
ionosphere, a reglion wvhere the fiell stongly influences the
dynanice of ionized gas and charged particles (Kern)
[R.f- 10 7. .

If the space surrounding the earth ware a perfect
vacuum, the sarth's magnetosphere and magnetic f£ield migh+
be more or less symmetric and extend outward until it merged
with, and its strength became ipnaignificant comparad to the
solar anrd other planetary magnetic fields., This turas out
not to be the casa.

Iustead of beaing an island in a perfect vacuum, <he
earth encounters a continuous flov of hot, highly conductive
lonized oas, or plasma, streaming outward from +he sun.
This continous gstream of charged particlas Ls called the
solan ¥ind.e The denaity of this 'wind! near earth is on the
order of 10 particles per cm?, and has a velocity avaraging
300~500 km per second (Jacobs). [Ref. 6]

Both ¢he solar wind and the geomagnetic field exser:®
pressure. The hot plasma of the solar wind pushes against
the geomagnetic fleld deforming ths field. A+ digtances
greater than about 13 or 14 earth radli, +he pressure of tha
solar wind greatly exceads that of “ha geomagnetic f£ield and
the geomagnetic f£ield will be swept along with the wind.
Prom 8 <+o 10 earth radil iawarzd, the ygeomagne*tic fileld
prassure will predominate, <excluding <+<he solar- wind, +this
being the region of the gagnetosphers.

In ¢the intermediate region, the magnitude of the
solar wind and geomagnetlic fleld pressures ara comparable
and the solar wind is compressed and flows around the
geomagnetic field., This occurs whan the magnetic enargy
dsnsity ahead of the plasma aquals +he kinetic energy
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density of +he sireaming plasna. The solar wind is stopped
at this point and forced to flov around the magrnetesphera.
This region vhere the magnetosphere starts Lig¢ called the
nagneiorauge. [Ref. 8]

The velocity of the undisturbed solay wind is anale-
gous to a f‘supersonic'’ valocity. Thus a shock froat is
fornmed betwean <the magnetopause and the solar wind. The
paqgnetosheath 1s the region of severe turbulencs that exisgts
bet veean the shock front and the nagnetopause.

Since the solar wind always travels outward from the
sun, the effect of the vind on the earth's main field is not
completely symnetric, although it is almost symmetiic about
an axis +hrough the earth and sun. A geomadnetic fall is
formad where ¢the wind aweeps the gaeomagrnetic fleld along
with it on the nightside of the earth [Ref. 4. Pilgure 1.5
pictorially represents tha effects of +the solar wind on the
geomagnetic field.

5. Tipe Yaziations of ihe Geopagnatic Riald

The geomagnetic fleld changes with tine. As previ-
ously mentioned, very slow variations in the main field with
periods on the order of vears to0 thousands of ysars aras
referred to as xegular yaciatlons. Secular variations ars
gsologic or 'paleomagnetic' in origin. Secular variations
are not causel by a streangth or orisntation change of the
centar dlpole. Paleomagnetic studlies are used to de+2rmine
the secular varla+ion. Geologlc stzucture, aspacially
conductivity structure, may partially mask tha secular vari-
ation a+* one polint cn the earxth as compared +o that at
another point.

Other time variations of the field can be categor-

ized into gylet variaiion fields and distugbed varlatien
fields. Disturbed variation £ialls include gegmagpetic

TP NI TN
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Pigure 1.5 Configuration of Phe Magnetosphere

picropwliautions which will be discusged smparately, sincs

y thay are of particular interest as a nolse source for MAD
. sensore.

E a. Quiet Variation Pields

4

3 Quiet variatisn filelds aze those which are not
ﬁ due to disturbances in *the interplanctary environman* and
t which vary slowly and rogularly [Ref. 4].

quiet variation. Thesa include the golar Quiet Dailly

Yaziatdon (83), +he Lupax Qaily Yaglation (L), and the daily
variation dus to magnetospheric efferts.

F . There are several contributing f£ields <o +he
b
E
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The Solar Quiet (Sq) variation is the name given
to the pattern of diurnal fleld variation with raspect to
solar local time which is cansed by currents flowing in the
ionosphere (Matsushita) [(Ref. 11). The major portion (about
two~thirds) of the Sq field is due t> vhat is referred as an
atacapheric drpang: High spead tidal winds are generated by
solar heating causing conwection of <the upper atmosphere
(Ref. 4]. These winds produce a stationary current systenm
by noving the conducting particles >f the vupper atmosphere
acrodd the geomagnetice f£isld lines. The daily variation is
caused by the earth rotating under tha curtent systen. The
remaining third of the Sq variation ls caused by currtants in
the earth induced by the primary curcents in +the ionospherae.

T*he Sq fleld can be shown %o be latitude depan-
dent reaching a npaximum a2t the maghetic equator vhere a
concentratlion of current, the equatorial slectrojat, exiats
{Ref. 4], The maximum horlzontal component intensisy s
about 100 n7 at the equator with 25 to 50 nT more likely at
higher latitudes.

Longitudinal, =aasonal, and solar cycle dapan-
dencles also occur for the Sq fielld,

An exanmple of +he quiet-day variation a«
Monterey, California 13 ahown in Plgure 1.6 1nd4 is summa-
tized in Tablae I, This 31ata vas takan uging a Casium Vapor
tetal fleld magnetometer Lln February, 1379.

The Lunar Daily Vvariation, L, s mpproxima=ely
ons-tenth <the magnitude o2 +the sqg field and exhibita =a
gami-diurnal behavior in lunar tima [Ref, 4]. Tha major
difference is that the winds are caugad by lunar-scla:z
gravitational tides. The L field '3 dapendent on saasonal
influences, lunar phase, “ha solar cycle, and latisude.
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TABLE I

Quiet Day Variation in La Mesa village, February, 26, 1979

POSITION 36°36°N, 1219351'W (LA MESA VILLAGE)

CALCULATED VALUES USING THE 1975 U.S. CHART MODEL (WORLD DATA
CENTER A, BOULDER, COLORADO) FOR FEBRUARY 1979:

° 1 CHCNT)  ZONTY  PONY)
VALUE CPEB. 1979): 15.96°  §0.74® 24,650 44,007 50,441
YEARLY CHANGE @ -2.3 ' - .8 ' b3 «32.1  -30.1
MEASURED VALUES OF TOTAL PIELO INTENSITY POR FES. 25, 1979
DATE TING PENT)
2/23/79 00344 50,405.24
01:48 $0,408.79
01:32 39,404, 80
03:3¢ 30,405.48
0500 $0,400.19
| 06:04 o 80,400.18
07:08 50,409,668
(THE $0,399.69
09:16 50,301.59
10:20 30,363.68
11:24 50,345.08
12:28 | 850,330.51  MID-DAY LOW
13:32 50,356.48
14:38 30,378.86
15140 30,386.98
16108 50, 384,30
18:51 50,400.81
19:55 $0,396.91
20:39 $0,401.85
22:03 50,400.80
23:07 | 50,400, 54
2/26/79 00:11 50,406.51

AVERAGE 50,390.50 ¢+ 21.43 (NT)
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A diurnal effect Que to the dayside~-nightside
dif ference in compression by the solar wind of the geomag-
netic field causes a small variation of the order of 3 nT
[Ref. 4]

b Disturbed Variation Fielils

Disturbed variation fields are geomagnetic field
variations that appear to be the rasult of interplanetary
environmental changes and do not possess a simple period-

icity. These variations include iopogpheric disturbances,
the  agroza, geomagnetisc  atomas, and  gegmadpetic
aicropulgations.

An jonospheric Jdistuzbagce is a dsparturse from
the normal behavior of the ionosphere.

Solar flare effecks (SPE)  are magnetic disture
bances produced by X-rays emitted frzom the solar flara.
SFE's usually have a rapid onset, typically a faw minu*es in
duration, followed by a slower return to normal. The antira
evant lasts on the order of an hour (Reld)., [Ref. 12]

AUroras are2 caused by +*he procipitaticn of
charged particles down magnetic #f4ieli 1lines into the atmos-
phere and can be one 02 the brightest visual phenomena in
tha sky. The more intanse and active auroras occur with
geomagnetic disturbances and grea*ly dincreas2 .cnizaticn as
wvell as creating the spectactular visual displays. (Ref. U]

Ggopagnetic storms are Jue *o a change in the
dynamic pressure of the solar wind. A typical stornm begins
with a compressicn of the magnetic field by an increase in
solar wind dynanmic pressur? called a gyddep cogmencemsn:
(sC) . which increases the magnetir field (Tnus so=-called
"gradual storm" begins with a graiual Increase in £iali
strength). The increase in £ield strength is on the order
of several *ens of naanoTeslas (nT) and takes abcut one to
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six minutes to rise. If a disturbance starts with an SC but
lacks the succeeding stages of a storm it is raferred to as
a gudden impulse (SI). Pollowing the SC, the field remains
conpressed for +“wo to eight hours in the ipitial phase of
tha storm. The pain phase follows the iuitial phasa. Over
a period of hours to a day a westward ring current is set up
at a distance of several earth radii whose magnetic field
leads to a decrease in field strenyth on the order of 100
nT. This decrease overshoots the 2qailibrium fiald strength
and leads into the recovery phase of a day or longer where
the field returns towards its prestorm streng*«h as the ring
currents gradually dissipate [(Ref. 4], (Matsushita)
{Ref. 131 A nagnitude~time graph o9f a typical gecmagnetic
storm is shown in Pigure 1.7.
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Figure 1.7 Typical Midlatitnde Geomagnetic Storn
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geomagnetic micropsisations are rapid fluctua-
tions in <the surface magnetic £fia2l3 with perisds of about

0.2 seconds to 10 minutes (fraquenclias about 0.0016 to 5.0
B2 . These are observed as a type of geomagnetic distur-
bance by ground ba sed pagnetometers [ Ref. 4.
Micropulsations will be discussed in depth later,

6. Elepepts of the Magnetic Pleld Yecton

The geomagnetic fisld vector is meas.irad or charac-
terized at any point by its directiosn and magnitude. This
can be done in terms of some set of “hree independent paranm-
etars such as two direction angles and the wmagnitude, or
three perpendicular components. [Ref. 4]

The system of coordinates commonly amployed for
describing the yeomagnetic £ield on the surface of the earth
is shown in Pigure 1.8. The field is measured in terms of
local (geodetic) coordinates with raspect %o True North.

The varicus coordinates are referred %o as pgagpexd
elapents and are defined as follows:

B: Total Pield Intensity (the symbol P is
also used)

H: Horizon*al Component

X: Northward, or North-South Component

Y: Eastward, or East-Wast Componant

%: Downward, or Vertical Componan<

'H Declination or magnetic variation.
This is the angle betwesea X and § and is
asasured positive ecasetward.

I: Inclination or dip angla. This is +he
angle between § and B and is neasured
positive downward.

27
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II. INTRODUCTION IO MAGNETIC ANOMALY DETECIION (MADR)

A. DEPINITION OF A MAGNETIC ANOMALY

A magnetic anomaly is defined as any spatial variation
or disturbance in the geomagnetic field which i1s due +o
local causes, Anomalies can be caused by wvaves, ore
depesits, sea mounts, and magne+ized objects such as surface
ships and submarines (Anderson) {Ref. 14). For the purposes
of this research, magnetic anomalies Adue %o a simple dipola
field, such a3 <+hose generated by submarines, will ba
regarded as signals, while other anomalias will be regardad
as noise and will be discussed latsr.

B. HIS3TORICAL DEVELOBMENT OF THE MAGNETIC DETECTION OF
SUBHARINES

1. Eazly Retegiion Sygkems

Attempts at f£inding submerged submarines by sensing
disturbances in the geomagnetic f£ield date back as least as
far as World adar I. In 1918, Earnest Hsrritt, 2t the Naval
BExperimental Station, New London studied *he use of a fixed
coll type of detector for use in moving boats and airplanes
(Slichter). [Ref. 15]

MAD, originally known as Magne+tic Airborne Detectuor,
and now called Magnetic Anomaly Detaction, hadi its begin-
nings as an airborne ASW sansor ip late 1940 and early 1941,

Anomalias in the geomagnetic field caused by +the
prasence of submarires, are o.n the order of on2 to a few nT
(cammas) in magnitude. This i{s quite small compared ¢ *he
magnitude of +he field iiself (30000 - 60000 nTY. I'wo
methods are generally =2mployed to measure +this small
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disturbance. One is to us3 a gradiopeter which measures the
spatial rate of change of +the magnetic £ield or {its
agadient. The second method, and the one presently used by
U.S. Navy aircraft is to use a pagpetometer to directly
measure changes in the magnitude of the magnetic field.

The British investigated the use of a gradiometer
for submarine detection, and by early 1941, had developed a
two-ccil gradiometer system which could detect a submarine
at 2 range of 200 £ee* under favorable conditions. This
range was considered to bs too small to be of operational
value and work on such a2 gysten was termlnated vhen a magne-
tometer system shoved promise (Coleman). (Ref. 16]

By late 1940, Yickor V. Vacquier of *“he Gulf
Research and Develcpméent Company had developed a sensitivs
gaturable c¢ore magnetometer intended for geophysical
(nineral) prospecting. The Vacquier magneiometer became tha
basisz for further MAD devalopment. The Airborne Instrumen®
Lahoratozy of Columbia University continued the investiga-
tion of means of localizing submerged submarines by MAD.

The simplest saturable core or fluxgats nagnetometer
consists of a saturable or ferromagnstic cors around which a
coil of wire is wrapped (see Pigure 2.1). This coll carries
a sinusoidal current, I(t), which is large endough %o satu-
rate the core during par+t of eaclh cycle. The inductance of
the coil will change as a function o€ the magnetization of
the cere, The core magnetizatlion, ian turn, dspends on the
ingtantaneous current in the coil, and, if opresent, *he
external magnetic fleld.

In *he absence of an extarnally appliad wmegnetic
field, magnetization as a function of exciting current is
synmetric around I=0 (Figure 2.2). An ex+ernal magneti
field parallel "o the cora's axis will changes “he magnetiza-
¢ion of the «core and shift +he magnstizaiien curve. This
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Figure 2.1 Eleasnt of Pluxgate Magnetometer

change will cause an asynmmetry which can bs sensed by
analyzing the harmonic content of the signal. The coll can
be combined with a stabilizer system, which keeps the
detector alement (coil) aligned with *he geomagnatic field.

This was the basis of the MAD magnetometers used in
Wworld War II such as +ha AN/ASQ-1, ASQ=1A, and AsSQ=2
(kef. 16 ].

The fluxgate magqne+ometer measures only the ccmpo-
nent of the axternal fisld parallsl to “he axis of the
ferromagretic core. In order to measure the to=al field in
this fashion it is necessary *o align the farromagnetic cors
along *he wearth's nmnagnetic field or by using ma=ually
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perpandicular (orthogonal) cores, Precision requirements
made this type of system difficult to rsallize during World
War II but it has since found many years of operational
usage and has found widespread use in geophysical explora-
tion work and satelli+e mapping of the geomagnetic fiald.

2. Jazly Qpazational lsage

buring World War II MAD proviied a passive method of
detection and tracking of submerged submarines. Within i+s
range (then on the order »f 500 fest) MAD gave a nsasurse of
surprise *o the attacking aircrav. Untlil the first attack
vas delivered the crew of +the submerged submarine might not
evan bo aware of the aircraft hunting 1¢.

Operational deploymsnt of MAD began on a limited
basis in December, 1941 with +the installation 0of “he early
Mark I MAD in a blimp at Naval Air sStation Lakehurst, New
Jersey [Ref. 16]. '
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By the end of 1942, MAD was operational on board PBY
Catalina aircraft, nicknamed "Madcats." BEven though MAD was
operational at this +ime, 4t vas not until Prebruary, 1944
that an initlal contact by MAD led +to the sinking of a
submarine. '

During Pebruary, 1944, the Madcats of Patrol -
Squadron 63 weras assignea to fly a MAD barrier patrol of the
Straits of Gibraltar. On 24 TPebruary 1944, ‘a  Madcat of
VP=-63 datected U=761 by usa of MAD and commenced tracking ¢o
confirm +the contact as u nmoving target, An attack was
conducted Iin conjunction with another Catalinas, WO
destroyers, and eventually two other aircraft, and U-761 vas
sunk, U-392 was sunk after a similsr MAD contact on 16
March, and on 5 May, the third successful attack on a U~boa*
resulting from an initial MAD contact took place wher U=-731
was sunk (OEG No. 51, Price). (Ref. 17, 18]

The attacks at the Stralts of Gibraltar demonstrated
that <though MAD .as a lipited search rata, there ars
scenarios where it can bs qmployed effectively as a search
sensor, such as providing 2 blockads acrosaz a restricted
area wlthout +the presence of surface craft (DBG No. 5S4)
{Ret. 191].

3. SQuURIent Siyszens

The magnetometer gystam in curren® oparational use
is the optically pumped magnetometer, The optically punped
magnetometar measures the e xternal magnetic fisld by making
uge of the fact that when an atcm is immersed in a magnetic
field, its energy levels are spli+, This i3 known as ths
Zeaman efface-., Por the fialds of interest, +hs amount of
splitting of the levels 1s propertional to %he inteasity of
the magretic fleld., By measuring “he separatiosn bstween the
levaels the magnitude 9f <he magne+ic €ield can be
det2rnined.
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This +type of magnetometer usually makes use of

1 Cesium or Rubidium vapors, or Helium gas, The currant oper=-
~ ‘ ational MAD system, the AN/ASQ-81, is a Helium gas optically
ﬁ punped magnstometer.

E In an optically punped aagnetomater (see PFigure
i ) 2.3), the sample vapor or gas (such as Helium) 1is collected
X into an absorption cell. Circularly polarized light s
ﬁ passed through <+he c¢ell giving up some of its eaergy in
ﬁ exciting or pumping the electrons of <the saanpls gas %o
u higher energy levels. Thaess alectrons +hen fluoresce to
& lover, metastable energy states, This is 'optical pumping.'
ﬁ A detector monitors +the degree of optical pumping by neas-
i uring the transparency of the gas call,
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Filgure 2.3 Metastable Helium Magnetometer

The actual separation of the 2nergy levals is meas-
ured by applying a weak R. F. field which redistributes +hz
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electrons among the ground state sublevels. Thesa tran-
sitione will only occur when the R. P. field has a partice
ular frequancy (called the Larmor frequency) vhich is
proportional to the separation betwsen the levels and thare-
fore to the external magnetic field (Ref. 20]). Thus meas-
urement of this frequency ylelds a direct valué of the
nagnetic field.

4. Eukuze RevaloRpaants

Optically punped nagnetomatsrs are the most sensgi-
tive sensor for fleet usage *oday. lncreasing capability o
naka use of the phenoasnocn of supsrzonductiviey will yield
moxe sensitive MAD sansors. Siperconducting ' Quantunm
Interfaerance Devices (SQUIDS) which make uses of +he
Josephson ¢ffect have a theoretical sensitivity of 10=7 n?
as oppcsed to the theoretical value of 0.001 aT and the
opsraticnally realized wvalue of 0.01 nT in current flaet
systems (Chilton) [(Ref. 20)]. PField changes on the ordar of
1/=% nT have actually been nmeasuresd. This SQUIDS are used
in both superconducting mnagnetometers, and superconducting
gradicmeters.

A Josephson Junction consists of ma thin layer of
insulator batween two suparconductors. This Junction has
the property that a current can flovw across 1t without
developing a voltage up to some maxiaum current. A voltage
is devaloped for all current values grea<sar than the naximunm
current.

In a supercorducting nmagnetometer a superconducting
ring containing a pair of Josephson Junctions is used to
measure the amount of magnetic flux pene+trating +he loop.
This system L8 a vector magnatoneter which measures varia-
tions in only one field componant.
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By using more than one superconducting loop, it is
possible to measure maqgnetic field gradients, and conastruct
a2 superconducting gradiometer. This is also a component, or
vector, 3e@nSOr.

These instruments have been used extensively in the
laboratory and ¢0 some extent in geophysical work, but
considerable enginesering problens remain to be solved befors
operational Navy use can be contemplated.

C. MAD SIGNAL AND BANDPASS

1. Seuzce of the Signal

The MAD signal results froam moving 3 magnetometer
through *he nagnetic field of a submarine, which can be
approximated by +he f£ield of a magnetic dipole. Plgure 2.4
deplicts the formation of a submarine caused anonaly.

The magnetic moment of an object in tha aarth's
magnetic £field can be dua +to permanent magnetlization,
nagnetization induced by the earth's magnetic field, or a
coenbination of both. In the case of a submarine hull both
causes are present with a small anmount of permanant
magnetization produced by hull strass in metil components
during construction and stress causad by submarine diving
and surfacing. This, however, is a minor contribution. The
mest important constituent of the submarine magrnetic moment
{5 duea to nagnetization induced in the hull by the presenca
of the gecmagnetic field. ([Ref. 21]

The Iinduced #£leld of a2 submarine dapends on =he
effectiva permeability along the vertical, a*hwartships, and
longitudinal axes of +he submarine. This informatien ,
“aken toge‘her with the strength and dip angle of <has
gesaragnetic £ield, ylelds a fairly precise calculation of
the magnetic anomaly produced by the submarine., ‘'Deperming'
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of <+he submarine hull cancels out the permanant hull
magnetization ioaving the inducad magnetization as +.a
principal signal source. [ Ref. 21]

The MAD signal is approximated as the projection of
the submarine dipole field onto the geomagnetic field
vector. This approxination is good becausa the nmagnitude of
tha dipole £ield is very much smaller than +he magnitude of
+he geomagnetic £ield (a few nanoTeslas as opposed =0
approximately 50000 1nT). Therefore, whenever the dipole
£1eld is perpendicular to the earth's f£ield a region of zero
signal will result. The signal recorded by ¢he AN/ASQ-81 or
other MAD equipuent is a mapping along the alrcraft's fligh+
path of this signal. Flgure 2.5 qualitatively describes
some aspects of the MAD signal. '

2. Apdazson Ryngilong

The submarine apomaly signal shape ig a function of
t+he dip angls of the geomagnetic field, the magnetic heading
of the ailrcraft, magnetic heading »of the submarine dipole,
and +he latsral range hetween the alrcraf:t and the subma-
rine. These factors detvermine tha 'A' coaefficien*ts for =hae
Anderson functions bdelow.

In 1949, J. E. Andrrson of the Naval Air Developmen®
Center determined that +ha MAD signal, obtainad along any
course, consisted cf a linear «combination of <+hree basic
com ponents, Different shaped signals could by changing *hs
proportiongl contribution of these basic componen+s. Tha
mathematical representation of these components ars now
referred to as the Anderson functions. Using *ha dimension~
less parameter 'b' (definad as the iigstance traveled along
the ailrcraf: track divided by the slant range at closes<
point of approach (CPA), b=0 at CPA) <“he anomaly <can bs
represgentad by
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Pigure 2.5 Qualitative Aspects of MAD Signal
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' 5/2
(b2 + 1)
b2
f2(b) = GRED AR GEYP TEAR WY WP WD W WD TS GD e W e
5/72
b2 ¢+ 1)

The strength of the detected signal is seen to fall
off as the cube of the distance betwaen the aircrafe aud the
target,

By analyzing tha functions and thaeir coefflcients,
i+ can be shown ¢that the optimum srientation for maximum
anomaly signal detection is when +the aircratfi, target
dipole, and geomagnetic field are 1lined up tcgether as
closely as possinle. Specifically, this occurs when the
subparine moment and the alrcraft's +track are oriented
North-South. ([Ref. 14, 213

The PFourier transform of +the componeat functions
veres *aken +to datermine the fraquency distribution of anergy
in *he MAD signal. The anomaly signal components are shown
iy TFigures 2.6 through 2.8 (Andevrson) ([Ref. 14]. The
Fourier *ransforms of the signal components with a pla=fornm
velocity of 150 kao*s are shown in Pigure 2.9.
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3. Zhe MAR Eilter Randpass

The MAD signal, being a transient, is essentlally a
broadband (as opposed to a2 discrete freguency) sigmal. The
frequency spectra of energy content shows how the signal is
contained in a certain fregquency range. In order to scraeen
out unwanted noise, bandpass filtering is used in processing
magnetic anomaly detections.

The najor factors influencing *he deto:nination of
an optimum MAD filter freguaency are alrcraft speed and the
glant range from the aircraf: ¢o the target a* CPA., PFactors
exer+ing a minor 4nfluence include dip angle, aircraft
heading, and target dipole orienctation.

The range.in frequency variation is about an octave,
with +the higher values occuring vhen <the passes are made
parallel to the axic of the dipole and the lower when *he
pass 1s perpendicular to the dipole, Anderson anpirically
dstermined that tha center fraguency of +the filter is glven
by

0.4 v
f n - apun "—ap av = (2 2,
where £ = frequancy in Her*z
v = alrécaft ve 2ci in ft/sec
and 2 = greata§+ au pated CPA
fange feet

The ASQ-81 Bandpass Pilter has highpass sevtings of
0.04, 0.06, 0.08, and 0.1 H%, and lowpass settings of 0.2,
0.4, 0.6, and 2.0 Hz (Orion servicz Digest 26) [Ref. 22].
There are no recommendad sattings for normal operation since
background noise varies, The filter characteristics for ths
0.06 4o 0.6 Hz settings are shown in Pigure 2.10 (Orion
Service Digest 28) [Ref. 23 1.
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The figure is a representation of tha adjustuble bzand pass
filter of the ASQ-81 by itself. Cther parts of the ASQ-31
system add in an additional high pass fil*er which adds
another 12 dB/octave roll off to the low frequency end in
Figure 2.10. Thus Figure 2.10 would rcepresent the charac-
teristics of the entire As)-81 system I1f +he roll off of 36

dB/octave is changed to 48 d4B/octave. [Ref. 24)

18 —
- [Ref. 23
10 | - S I
2 fr}Ledapen
unve I “” OCTAVE
:'.JH.ITUDI " REJECTION
a1k
= 24,48 PER
- OGTAVE
L REJECTION
.0 { I.,lvllllll w'l‘ lllllllr“r_'ll 1.1
00t ' ot 14 19
FREQUENCY IN Ha

Plgure 2.10 ASQ=81 Pilter Characteristics: 0.06 - 0.6 Hz

Using equation 2-2, the center f£requency for a MAD
signal with a CPA slant range of 300 fee* and aircraft
velocity of 220 knots is J.49 Hz, Using a lowpass filter
setting above 0.6 Hz would not be very useful.

Ore reason the ASQ=81 filter extends up wo 2.0 HZ
ingtead of dJust 0.6 Hz 13 the following. The 2arly Servics
Test ZIngineering Model (STEM) ASQ-81 +“hat preceedsd <the
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current ASQ-81 production model had two bandpass filters,
one adjustable from .04 to .6 Hz, and the cther fixed at .75
to 10 Hz. During tests, the .75 t¢c 10 R2 channel proved to
ba helpful in nmonitoring the STEM RSQ-31 "system" noise
leval. During design reviews for the production ASQ-81, it
vas decided that it might be uselul to retain the abllity to
nonitor "system" noise. In order to do thls easily, the .75
to 10 Hz band was dropped and a 2 Hz position was added %o
<he adjustable filter. (Ref. 24) i
The center frequency at 1200 feet and 160 knots is
.09 Hz. Consequently, the highpass filter settings could

affaect slower, longer range MAD detections.

The choice of ths highpass (lower end of bandpass)
sattings have £¢ be mads aZtar considaring the noige present
at tine of system oporation. |
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III. SQUEGCES QF UAD NOISE

d. INTRODOCTION

On a practical lavel MAD noise is definad as magnatic
disturbances falling within the MAD pasmband (0.04 <o 2.0
4z, or since 0.6 HZ 1ls the normal uppar limit, 0.04 %o 0.6
Hz) and hkaving an anmplitude greater than 0.01 nenoTeslas
(the system gensitivity of the AN/ASQ=31 MAD systen).

MAD 1noise socurces can be diviled into the £following
categorles:

=-Bquipmen: Noise

«Alrcruft Platform Noise

~Aircraft Manuaver Noise

-Gradient Noise Due to Aircraft Motion UYhrough <~he
Geonagnetic rlaeld

=Geologic Nelge

~Noisa from ¥ind Waves and Swells

~Geomagnetic Nolse

Bs. SENSOR, PLATPORM AND MANUEVER NOISE

Senscr noise is the self-nolde genarated by +he opera-
tion of the aequipment itself, This can be partially due %o
the fact +that ¢the detactor element is missuligned with
respect to the dJeomagnatic field vaector, Changes in lamp
intensity, photodetector noise and nolse in the electronic
clrcuits can also contribute to sensor noise [Ref. 21]. The
sGlf-noise limitatlion of the ASQ-81 is 0.01 nr.

Plasform noisa is generatad by c¢smponents fixed <¢o the
aircrafs in the vicinity of tha gensor {Ref. 23).
Permanent, induced and addy-current magnetic flelds arm
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associated with +he airfranme., Permanent magnetic fields arae
due to alreraft structure or equipment having ferromagretic
parts, This field changes its oriesntation with raspect to
ths geomagnetic field vector as the ailrcraft manuevers,
causing field fluctuationy near the magnetonmster.

Platform nolse is alse induced in aircraf: ferromagnetic
structures by +he geomagnaiic field. Similarly, eoddy-cur-

- rents are induced in alrcraft skin, riba, and frames, and

thesa currante , in turn, cause additional nmagnetic flelds,
Thus, rapid alrcraft maruevers will induce changes in the
magnetic f£leld sensed by the nmagnatonetaer.

Platform noise in aircraft mouanted sensors is countered
by applying equal and opposite nmagnetic fields %o the sensor
in & orocess called compsnsation. Towead MAD systems are
casentlially free from this +4ype of nolse,

C. GRADIENT NOIS2

Gradlant nolse can be divided into turn nolse and noisa
due to changes in aliitude,
Turn aolse is a problea when 'MAD trapping' or uslng HaD
for tracking a target. The asarth's nagnetic f£ield has a
horizontal gradient (in this case the magni‘ude varying with
lati*ude). ds +he alrcraft moves in %he directien of thae
gradient ¢ha fileld strength changes. The nolse Aue o a HAD
sapping or hunting circlia i3 centerad in frequency at %he
reciprocal of the time takan to completes one revolution. 1In
the case of a twu-uinute c¢ircle, the noige would be centered
at 0.00333 Hz, wall below the filtur used in +the ASQ«81.
The Lorizontal gradient nolse due to fliying a cloverleaf
pattern, for the most part, also> falla ULelow the HAD
passband. (Ref. 21]
Vertical gradlen~ polse 13 due *o changes Iin sensor
altitude. An altitude gradient 97 dp to 0D.005 to 0.071 a?



per foot wexists in the earth's maln fleld. In areas of
geological unomalies +this gradient 1s even larger. Fast
altitude or aircraft pitch changes can causa a magnetic }
£iald fluctuation of sufficient amplitude +¢o ha of concern. i
7o avoid vertical gradlent nolse, altitude compensation
equipment is used. ([Ref. 23]

D. ENVIRONMENTAL NOISE

Magnetic mnolse from sources oxisting in the natural
environpent include geologic noise, teuporal variatien in
ths earth's magnetic field, =and noise due to ocean vavas and
swalls,

Geologic noise has its source in naturally occuring
nagnetic anomulies caused by magnetic material presant in
the earth's crust. When the Sensor pPASSAS ovar gdeologlcal
anonalies, <+“he relative motlon causas a MAD=-like signal to
be recorded. Geologic nolse is usually more pronocunced in
shallow watsar ag the sensnr is wuch closer to the source of
the noise. Geological magnetic anonalies are sften assocl-
ated with such oceanographic features as seamounts and ocean
tidgms. "

Sem water ls a conducting medium which is transported by
the physical nmotion of water waves Jla “he presence of the
geomaqgnetlic £lald. This motion inducoee cuxrents in <he gea.
Thesa currents give rise to secondary magnetlc figelds, which
add vectorlally +to the gquasistatic, geomagne+ic £iald
(Weaver) [Ref. 25)]. Thess £ields can be ds+mctsd a+ silgnif-
lcant distances ebove the sea surfuce anld fall off exnonen-
tizlly vith altitude. fignze 3.1 is a plot for several
sur face wave peciods of the induced magnetic fleld per meter
amplitude of *hen surface wave. Thesas induced fields can be
a problem s+ the low altitudes whare MAD ig used.
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E. GEOMAGNETIC NOISE

Temporal variations in “he earth's magnetic £ield with
frequencies in the MAD bandpass and amplitudes greatar than
0.01 nT have become known as geopadneiic poisg in the MAD
literature.

Quiet daily variations, such as the Sq and L variations,
have periods sufficlently long +o £all far balow the MAD
passband.

Geonagnetic storms have bemn discussed praviously.
Rapid fluctuations with high amplitude and £alling withina
the MAD passhand ocecur in connection with gromagnetic
gtorms.

geomagnatic miczorulsationg coaprise the last category
of geomagnetic noise to be Adiscussed.

1. Gagpagneiic Migropulsations

Geomagnetic micropulsations are rapid fluctuations
of the earth's magnetic fiald with periods from 0.2 seconds

" ¢o 10 minutes and amplitudes from about 0.1 nT to as high as

a faw tens of nlts, These fluctuations are caused by elec-
«romagnetic perturbations propagating in ths magnetosphere
as hydromagnetic vaves (Nishida). [Ref. 26]

Micropulsations are classifisd by morphology, that
is, by examining periods, ampli*udes, *imes of cccurance and
other observed characteristics. Mi¢ropulsations have been
placad into tvo brovad categorias: {rregular and gen:iaugus.
The irregular pulsaticns are represantad by +the symbol Pi,
and the continuous pulsatlons by Pc. Table II shows the
braakdown by period of the varlious micropulsatisn classas.

I+ can ba seen that for MAD geomagnatic nolse the
lower frequency Pe¢t, Pc2, Pc3, and P11 pulsations are of
interest,
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TABLE II

Geomagnetic Micropulsation Classes

) lVERhgﬁ AﬂPL%TgDE(nT)

—~
UNR

10D

B 10D (geg 0

Pc2 5 - ig 1= 1.0

= g HESE

Eed 18§ 2 458 At L

2 40 -~ 150 * 1-3'
(aftaer Jacobs)

Pc1 pulsations are regular sinusoidal oscillations
with periods normallly falling in the 0.3 to 4 sacend (0.25
to 3.33 Hz frequency) range. Pc1's may start as sapareta
bursts and gradually devslop into a2 series of pulsations
which could last for hours. They may also occur as consacu-
tive gronps of pulsations with sharply varying freguenclas.
The average amplitude of Pci1's is 0.05 to 0.1 nT and they
tand to have a single well Aefined Zfreguency. Pc1 pulsa-
tions with frequency less than 0.5 Hz are more comunen a+%
high latitudes than at mld latitudes. These pulsations
occur in the daytime in ths auroral zone, and at nigh+ and
arly morning hours in lowar latitulas. Pc1's aze charac-
teristic of +the qulet and weakly 3iisturbed states of the
geomagnetic field and show an increase in activity omne to
two hours beforae, and four to seven days after, a nmagne+tic
storm. (Ref., 6]

Pc2 and Pc3 pulsations are grouped togetiher ila most
characteristics, The amplitudes of +the oscillations are
usually under 0.5 n7T and the “ypical frequency range is 0.03
to 0.2 Hz. These pulsa<ions are narmally found during the
day with their activi<«y reaching a maximum arouad noon. Pc3
pulsations show a seasonal variation with a mirlaum of
activity occuring during winter.
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Pc4 and PchS are large amplitude fluctuations, but
fall below the fregquency band of interost for MAD.

PL1 pulsations have an irreqular form with an
average amplitude of 0.01 to 0.1 nT and & frequency nainly
in the 0.10 ¢to 0.17 Hz range. Spestral analysis of these
rulsations show a braod band of fregquencies. Pi1 amplitudes
have maximum values in the auroral zones, with the intensity
of the rpulsatlions decreasing with decreasing 2latitude.

Pii's are normally observed in the late night and early

morning hours, and show an dincrsase in activity with
increased gecnmagnetic field disturbance. [Ee%. 6]

Gosomagretic micropulsations can be cbserved anywhere
2n *he globe, at various times of day ard year, and ia both
quiet and disturbed geomagnetic field conditions.
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IV. METHODS QF EVALUMING GREOMAGNEIIC ACTIVIIX

A. INTRODUCTION

Previcus chapters haive definnd,geonagnetic activity as
it applies to Magnetic Anomaly Detection. In thls chapter,
sethods of evaluating that activity will be examined,
including me+thods currently ir use by the flaet,

B GROMAGNETIC INDICES

A geomagnetic index is simply a measure used to quantify
ard describe time variatlons of the earth's nagnetic field
resulting from solar-terrestrial relationships. - Thase
indices are commonly used ¢o express the intensity and
depict the character of gaomagnetic activity throughout +tha
day.

For the most part, Jeomagnetiz 4indices developed as
range indices, measuring the difference between the high and
low valuas for different field coaponents measured ducing
the day by magnetic observatories (Lincoln) [Ref. 27]. Most
ctrrant indices are of the ~range type, but other indices
have been developed which are more subjective or gualitative
in nature.

Gevmaanetic indices are designated by a letter code such
ass ¢, ci, Cp, C9, Q, R, W measurs, Dsx, K, ks, Kp, ak, Ak,
ap, and Ap. There are 2dditonal indices in use.

The ¢, Ci, ¢Cp, and 79 indices are daily magnetic field
character figures. The C index 1is the daily character
figure for a single ohservatory. In +his scals, Ca20 indi-
cates a quiet day, C=1 a moderately 1isturbed jay, and C=2 a
heavily disturbed day. The 4daily in+ernational character

85

R L T S L . P N o o
(AP TP TP WU URAAE T W ST R TP SO S Y FU VIR . YUNT DU YT Wl ST VORI FOuN T S T WIRT UL VT BT T TUT PO O TP T SR TR T O 0 SR N SN S S

R -',.....n."-.\)




paaUIELL L L e IRE R TETL LT P Lo HE TE ST R T RL P L L AT SN T er DUVLAR SONL DOV "IN RPN W W PV I VY SAlTS NIPS. VIR EAAP. AFE ST ST | :us«nmw:;&m;.:mmm«'mtmm.‘b"--lium‘nw,‘.u\.u‘u’:,t’-‘&::;:mt&.-ma-_i...'.g.:':.-.;ﬁ.’.‘%l

]

4

fignre, Ci, is the arithmetic nean of the C indices raeported
by participating chsexvatories around the worid. - Cps the
daiiy planetary character figure, iy similar to Ci, excapt
that it is derived from the valucs of Kp and ap. ' C9 is a
contracted scale for Ci ar Cp wizh single digit valuas
reneing from 0 to 9 (Bartals). (Ref. 28]. :

The Q azd R indices are quarte:-hourly and hqurly range )
indjcées reawectively, taken at high latitude stutions only. ; ]
. The W measara is an index of the equatorial electrojet. '
Dst is a measure of ring current effect. "They7 ar9‘both
amplitude indices. ([Ref. 27)]

. % 2. sad A Indiges “ - g
The K, Ks, Kp, ak, Ak, ap, and Ap indices comprise a

.
[ T e Dy P Gahic.

group of =ralated 3-hour range indices. ‘the K index is a
single statlon code using a quasi-logarithmic scale 4rom 0
t0 9 +o measure geomagnetic activity. The value of K is

deternined by first determlining ths difference betweer the
lovest and highest deviations fzem the regular daily varia-
tion (5q) during a 3-hour period. This rangs (in nT) is
convarted o the K scale based on the historical activity
rangas at the particular observatory involved [Ref. 273
The conversion for the Predericksburg, Virginia observatory
5 iz given in Table III. This conversion can also be applied i
Q t0 the USAF/NOAA observatory in Boulder, Colorado (Ref. 291).

]

i

. The Ks index iz a standardized X irdex which is
fraed from 1local varlatiosns and 4s then used %o de%ermine
+he planetary 3~hour index, Kp.

The equivalent three-hour-range, ak, is a conversion
of +he K index as shown in Table IV, In order <o datemine
the units of ak for a particular observatory, divide %he
lower range limit of K=9 by 250. Thus for Fradericksburg
and 3oulder, ak is in 2-nT uni‘s.
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TABLE IIT

Conversion f:on'nanga 40 K for Predericksburg, Va.

X Range(nT
0 gesnt)
1 - 30
3 LEE
g% 4 ,gg - 79
- 930 - §§.
” 2 §§o - 300
L 9 >500
F.- - (after Lincoln)
Lﬁ
v TABLE IV
e Bquivalent Range ak for Given K
‘ ' K 0 1 2 3 4 5 6 7 8 9
" ak 0 3 7 15 27 48- 80 140 i“O 400
o : (after Lincoln)

Ak i3 the equivalent daily amplitude and is <the
average of *he eight daily ak values at a particular observe
AtoOCY. This 4index is pronmulga<ed using +ha name of ¢the
observatory, the Ak index fo¢r Predericksburg is kncwn as <hs
A-Fredericksburg or A-Fred indax.

The aquivalent planetary amplitude, ap, Lis de:aer-
mined from +he Kp index in a fashion similar to <+tha% of
detarminirg ak from the K indices. The eight ap valuas for
2 given day can then be averaged into +the dally equivalen%
planetary amplitude Ap. These two indices ar« yiven in 2-n7
units.
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C. GEOMAGNETIC INDICES IN PFLEET USE

1. gSuzzept Usags

Geomagretic indices of interest in connection with
MAD operations are the K, Ak, and Ap indices. .

Pleet operators utilize the "alpha Index' for
pezdicting geomagnetic activity over the antire world
(Ref. 30 This index 48 promulagated by <+the Fleet
Nurerical Ocenaographic Cantar, uontarny,'CQlifornia,_in the
anvironmen’al briefings received by aircrasv personnel. This
index is the Ahp index as sent out from +the Space
Bavironnental Services C2uter, Boulder, Coleorado in +the
Joint USAP/NUAA Report of Solar and Geophysical Activity
[(Raf. 313, ‘
The Boulder KX index is available ¢to interested
parties by +talephone recording and in the WRV and WWVH radis
broadcasts and is <therefore avallable to ¢{leet users
(Raf. 32).
The Ak 4index for the ¥rudericksbuxg, Virginia
obsarvatory has been nesd in 3tudles of geuncmagretic activity
as applied 4o Magpetic Anomaly Detsctlon [Ref. 33].

2. Zheoretical aApplicabiliiy 2f 3 and X Indices Lo HAD

With tbe wideat useful filter settings, +“he MAD
bandpass ranges from 0.04 to 0.6 Hz (1.7 <0 25 seconds in
pariod). A3 such, in order for a gyeomagnstlic index *o be
directly applicable for MAD uso, it should be sensi+ive +¢
that frequency range.

The K indices, and %the K-derived A indices, Aare no+%
especlally sensitive <¢to the MAD range. Mayaud [Ref. 34)
indicates that these indices are mainly sensisive to £fluctu-
atlions whose paricde ara much longern “+han *he lower ernd of
tha frequsancy ‘ge anuiyz2d, that 1is, a fraguency vorre-
spending to a pe. a4 of 45 minutes (0.0004 Hz).
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One reason for <this lack of sensitivity for MAD
bandpass geomagnetic noise is that the amplitude of gecmag-
netic fluctuations varies inaversely with frequency, So that
+he anmplitude of the fluctuation increases as the as the
frequency decreases. I+ can therafore be seen that <+he
fluctaations with periods of an hour or greater largely
determine the variation range used ¢> calculate the K index.
Thae activity driving the X and A indices, will, Dbecause of
band pass filtering, not even be observad by the MAD sysien,
and the activity of lintersst to MAD might not influence the
K or A indices at all. It can be concludad that thera is no
direct physical 1link betveen MAD geomagnetic noise and
éither the K or A indices. [Ref., 35)]

3. Expacimenial corzslatisn of A and K Indices wiih HAR
Band Noisa

a. ASQ=10A s¢tudy

Brennan and sSaits [Ref. 33)] found thas gecmag-
netic micropulsation activi+y was reccrded at thelr ASQ-10A
MAD magnetometer site in Maryland, whe2n the A~Predaricksburg
index wvas greater than 25. This cccured everytime they were
recording data with A-Fred greater than 25, It is important
to note that they observad addi+tional activi+y during some
periods when A-Pred was less than 25.

The Brennan aad Smits study tends to validate
the use of *he A indices as at least qualitative indications
of geomagnetic noise in the MAD bandpass. Their study,
hewever, was specific to +he ASQ-10A magnetometer systenm
which has a sensitivity of 0.1 nT as opposed to +the 0.01 nT
sensitivity of the ASQ=81 systenm. The effect of the ASQ-10
sensitivity is to filtar sut most Pc1 pulsations. As Pct
pul sations do not <correlate well with <he A and K indices,
tha filtering ont of thes2 pulsations would “end *fo increase



the reliebility of <+the A-Pred or Ap indices as measures of
MAD dgeomagnetic noise, Magon [Ref, 36] stated that +the
toccurence of Pcl is well kXnown to bes associated with lov Kp
values.”" It should be noted that an operational drawback of
the filtering out of Pct1 pulsations by the ASQ-10A is that
the systen also filters out valid signals of less than 0.1
nT amplitude.

While information has been presented that
guggests the the A-Pred index can be useful for MAD geonmag-
netic noise evaluation for the AN/ASQ-10A system, sufficient
data was not presentad to draw conclusions for index usage
vith the AN/ASQ-81 systan.

be ASQ=81 Study

For two wesks in April 1976, Naval Alr
Devalopment Centar personnel oparated a geomagnetic observa-
tory at the Atlantic Undersea Test and Evaluation Center in
the Bahamas. The primary magnetometsr used for “his observ-
atory wvas *he ASQ=81 magnetometer. One purpose of this
observatory was to compars the K indax {(as determinad by the
San Juan Observatory) with geomagnetic activity in <he MAD
band pass. The conclusion of this study was that the K-San
Juan index did not corralate with geomagne+ic noise in +he
MAD band pass. (Ref. 37)

We have undartaken a correlation analysis using
the Pisher Z <transformation [Hef. 38] of the NADC data
furnishad to us by Ochadlick. The data used i¢ listed in
Tables V and VI.
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TABLE VI

Observed AUTEC Data and Indices, April 19-24, 1976.
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The lurgest peak-to-peak fluctuations observed
on +the ASQ-81 magnetometer in a three hour period was
coupared to the K-San Juan index for *hat perioed. Data
points with fluctuations greater than 1.0 nT ware dele+ed as
ihe observatory did not record that information. The sganple
coefficient of linear correlation was 0.34 with the .95
confidence intarval for the actual corraelation cosfficlent



being from 0. 14 to to 0.52. Sample size was 86. This indi-
cates that there is at post a weak correlation between the
obssrved data and the K~San Juan index. A much greater
correlation would be required for the X index to be of any
significant valus f£or MAD operational use.

The coefficlent of corcelution has values from

1.0 0 1.0. A value of ~1.,0 or 1.0 indicates perfect

negative oxr positlve correlation, respectively. A value of
zero signifies no correlation at all. '

A sinilar correlation analysis againnt tho Ab

index vas conducted. The sample correlaticn cosfficlant was
0.51 with the .95 confidance interval for the actual coaffi-
clent of correle:lon being from 0.32 o 0.65., Again, <¢hin
signifies that only a weak correlatisn was obsecved.

The weak correlation bYetvean obzerved gecmage-
netic activity and +the K~San Juan index suggests that +his
index wculd not be- very useful in descriling MAD geomagnetic
nolige, as this X iudex reflected activity similar %o that in
tha band of interest only about one-third of the tiums. The
stonger correlation of the Ap index indicates +hat i+
reflected activity siandlar to MAD jgeomagnetic unolse ahout
one-half of the time. This is still not a very good indlca-
tion of what lg goiag on in the MAD band pass.

re PoOver Spectral Density Evaluation

Ag part of ongelng reasqarch a% the Naval
Postgraduats School, geomagnatic activity data in the range
of +ha MAD band pags has baen collected and analyzed in the
form of power spectral dansity (PSD) cuzves.

A measure of MAD band ac*ivity has been devel-
oped by integrating under the PSD curve and using comprenmiss
band pags limits of 0.05 and 1.0 Hz. This typ? of index is
discussed in depih lacter.
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Tvo sets of data wure analyzed. One Se+ was
taken using an induction coil to measurs the fluctuations in
one direction during May, 1960 ([&Kef. 39] =znd Auguat +o
October, 1981 [Ref. 40]. The other data set was collacted
using & Cesium vapor toatal field magnetometsr dursing the
July to October, 1980 perind [Ref. U1]. ‘ !

Correlation analysis of the single-coil systen
data yioelded a sample correlation comfficlent nf 0.40! foxr
the K-Predericksburg index, 0.180 for the A-Predsricksburg
index and 0.155 for the Ap index. Sample size vas &, The
.95 confidence intervals for the corrélation cosfficlent for
X-Pred, A-rFred, ‘and AP ware ~. 36 to .85, =.35 to .76, and
-,56 to .75, respactivaly. fhe d1ata for <this temt i&_
pressnted in Table VII, - ' :

TABLE VII.

Single Coil RMS Wolse Dasta and Tndices

Date Time (2) Amgﬁitﬁgi7gr) K«Fced A-~Fred A
1 ¥ay 80 gaoé o1 3 :0 g
PR o {o
Aug 0745 o1 3 1 12

25 Aug 81 1318 .85 3 ] 1
i 3] ] § §'16 3 7 Y
g cos 31 83 5 0383 3 ; 7
5 Qe+ 814 183 0.02 0 7 7

The Cesium vaper  magnetometer dsa%a yielded
saaple coefficiants of correlation of 0.552, 0.374, ana
0.4u44 for the K-Pred, A-PFred, and Ap indices, raesgpec-ively.
The sample slze was 14, The .95 confiderce intervals vers
for K-Fred from .03 to .84, A-Pred from ~-.20 to .76, and for
Ap from -.12 to .79, The Cs vapor magne+tometer data is
presented in Table VIII.
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TABLE VIII

Cs vapor RMS Noise Data and Indices; Jul=0ct, 1980
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Although the saaple sizes used vere oo small %o
drav any meaningful conclusions, therw is litsle wvidance %o
suggest that any of the K-Fred, A-Prad, or Ap indicua is 1
vary accura“e measurs of goomaqnotiu noise in <he ASQ =81 HAD
band paas. :
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ds Correlation Conclusions

Although soue vaak correlation doos exist
bet vaen the X indicas, <*he A~Fred Lindax, the Ap indax and
geomagnetic noise in the MAD band pass, this correlation is
incidental and indizect, being thu result of a correlation
betveen +the activity in <the MAD band and 4in ctha lower
frequency activity that influences the K and 2 indicaas.
These indices are not directly influenced by activity in +he
MAD band. The correlation that dcas axist doas not appear %o
be sufficliently high to enable +thess indices o yiéld accu-
rate indicatlons of the actual MAD band activity. The usa
ol these indices for anything except the roughsg®: qualita-
tive aestimation of active in the MAD band pass lg n0%
reconpended.
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D. PROPOSED GEOMAGNETIC INDICES FOR MAD

Overall geomagnetic acitivity is analyzed in both the
tine and frequency domaina. Geomagnetic noise indices for
the MAD band pass could be developed in either of <these
domains,

The spatial coherence of MAD gesomagnetic nolse has not
yet been adequataly deterained. This information would be
nacessary in order to detsrmine the nunber and location of
nini-cbservatories for an operational MAD noise index.

1. Iise Saxlsa Analysis

One way to develop an inlex of MAD gzonmaqgnetic
activity would be to establish nminl-observatories near bases

from which MAD operations arae conducted, Thass obsarvato-
riss would use ASQ-81 magnetometsrs or different magnetome-
tera with. A3Q-81 filter networks, and could in real tinme
record the geomagnetlc noise in the MAD Dand. A measure
such as the maximum peak-to-peak (5r posalbly the averagse
peak=-to~peak) noise in a given time period could +haen be
dizsseuinated to flight crawe operating in the area covered
by that indax, Obviously, the spatlal coherence of MAD band
activity is ilmpor+ant in making such a gaystem woxk. This
type of mini-observatory has been suygested by Referandes 31
and 35,

2. JPzegusncy Domala ludex

Present flaet procedurss exaaine MAD noise such as
system and panuever nolss in terms 5f the amplitude of the
fluctua+tion [Ref. 30). An index of jecmagnatic noise in the
¥MAD band pass would thsrafore be of greatast usefulness to
the fleat operator if it were in units of +the amplitude of
“he zignel as soen by the MAD equipmant.
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The method proposed to derive a MAD noise index in

the frequency domain bagins with obtalning the powé: spaec-

. tral density of the activity in ¢tha MAD band by PFourier
analysis of <the time series 3data input from the
magnetometer,

By intergrating under the PSD curvse over the limits
of the MAD bandpass, a value in units of amplitude? will
result, Taking the squara root of this valus will yield an
RMS amplitude, Equation UY-1 represents the derivation of
this index.

u i/2
MAD Index = Cg PSD(f)df) (4=1)

and PsSD(? spectral nsit
. LU 14178 sRetY

The characteristics of the MAD filter (the filter
rot being an idaal bandpass f£llter) could be applied prioz
to the in*egration. The integratlon itselt' could ba done by
elther a point-by-~point numerical integza*tlon or by first
modelling the PSD curve by polynomial curve fitting and then
integrating the polynomial over the range of the band pass.
It is anticipated +that this could be dore in close to rsal
time by a digital computer, possibly by a desk tup computer
such as the HP9BUS.

The +type of sensor utillzel could be the ASQ-81
nagnetomaeter, other total field magnetumeter, or possibly an
orthogonal 3-coil system whose signals can be conbined %o
vield the projection on the *octal £iald vector of “he fluc-
tuaticns. A singlz coil system orlen%ted in the dlrection of
the ear<h's magnetic field vector could also be used.
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A three coil syz*ez which is used to yield an RMS
amplitude is currently in research use at the Naval
Postgradnate School,

3. pPredicticns of Geomagnetic Activity

The rroposed indices discussed above are intended to
be real +time measures 2f the geromagnetlic noise in +the MAD
bandpass. Whether or not such activity can be predicted
ahead of time needs to be looked into.

Whila there is no model for the bdckg:ound component
of geomagnetic noise, worii has bean done on estimating the
future activity of micropulsations, notably by Praser-Smith
in the case of Pc1 pulsations [Ref, 42, 43]. By extending
the prediction technique for Pc! pulsations to the Pe¢2, Pc3,
and Pi1 pulsations, the occurrence of geomagnetic microp.::
sation activity in +the MAD band nmight b2 prelicted.
Combining this predicticn with <real-time sclar flare infeor-
maticn should give the capability ¢5 disseminate real-+inma
and estimated future HAD index values to fleet users.
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Previous studlies have led to the conclusion cthat the

currently used geomagnetic indices are not accurate measures

of geomagnetic noise in the MAD band pass. Experimental
equipment has been utilizsd, and computer snftware writtea
in ordsr to confirm +his conclusion, and to develop =2
replacenent means of evaluating MAD geoomagnetic noise.

A. EQUIPMENT CONPIGURATION

Bxperimental equipment, acquired as part of the Naval
Postgraduate School geomagnetics raessarch program, has baen
utilized in +*he effort to develop a usable MAD index. Thie
equipment is 4in use in other projucts of the geomagnetics
research group. The sensors and assoclated equipment are set
up for remote site operation with system monitoring and data
analysis located at *he Naval Postrgraduate School.,
Descriptions of the data collection systemn and da*ta analysis
systen follow below,

. Dakta Collection Systam

Tha data acguisition systeam illustrated in TFigure

5.1 reveals <the following majecr components:

-ccoil antenna sensors (3)

-preamplifl :rs (3)

-signal condi+ioners (amplifiexs) (3)

-pulse code modulation system (1)

-radio #ransmitter (1)

-radio receiver (1)

-instrumentaticn tape recorder (1)
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a. Coil Antenna Sansors

Three c¢oil sensors are used in this systan.
Each sensor is a self-supporting, continuously wound, nomn-
center—~tapped ¢oil antenna manufactured by Elma Enginwering,
Palo Alto, California, from about 5460 turns of 18 gauge
copper magnet wire. The colls veigh approximately S50 kg each
with dimensions as depicted in Pigure 5.2. The dimensions
of +the sensor are constrained by the dimensions of the
largest glass sphere that is commercially available. Thaye
spheres 4are used +to enclose the zoils duriny underwater
experiments. The coll resistance is 7120 onlms and its self-
inductance is approximately 9.31 henrlaes. The three aoils
are mounted orthogonaly on a nonmagnatic frame (Figure 5.3).

|'.15 m Iﬂ

T

s = s - o

21 m
37 m

e = e ew

i A

Pigure 5.2 Sensor Dimensions

.
.
:
i

ki

b.

Preamplifiex

The preamplifier used was the model

13-104

low

noise ELPF amplifier manufactured by Dr. alan Phillips of SRI

71

M




o Lo o o Ve e P ‘ 0ot T T . fs ' ;!
Bt bl e nate st LA b e a bbb s i B i L e S e R e e M R 00 M B s s i s £t eesions e e L e et P Foasrm s B s P die s fm e be s a

FACE
" HATE

_
W L
o |
Bs” [ oy
f tld L--Cou..
.;L MoyNT]

= 5454 3t

k- PR o

Figqure 5.3 Sensor Mounting Block

Interna+tional. The final stage of th2 amplifisr contairz an
active low~pass f£llter which proviies a sharp cutoff for
frequencies abova 20 Hz. The ovarall preamplifier gairn for
irputs of less than 2.5 millivolts is 60 4B.
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C. Signal Conditioners

The signal conditiocners receive the analog
signals from the coil preanplifiers, amplify then on the
order of 30 4B, and limits signals with peak amplitudes of
7.5 voltes from entering the pulse cois modulation systan.

d. Pulse Code Modulation (PCM) Systen

The pulse cods modulation eys+-em chosen for use
is one designed and manufactured by Dr. Robert Llowe,
Lowecom, Inc. The system features 15 channel analog input
capability and offars selectable sampling rages of 2, 4, 8,
16, 32, 64, and 128 samples per second. By appropriately
jumpering ¢he analog inpat pins, the sampling rate may be
increased by a factoer of 5.

The PCM systam incorporatas a crystal oscil-
lator, and associated CMOS integrated circuitry tec davelop
the clocking pulses, and a 16 channal CMOS analog multi-
plexer, a 16 channel, 12 bit CMOS analog 4o digital
convertaer and assoclated circuitry %o provide the pulse
ceding. The crystal clock oscillator operating at a
fragquency of 24,576 kHz produces a sjuare wave osutput with a
loss rate of 1 bit 4in 10¢. The clock pulses gate the aralog
multiplexer, analoeg to digital converter and associated
follow on circuitry that form the pulse code words. The
basic output is a Bi-phased pulse codad sigral.

The data is organized in frames. Bach frame is
headed by a sync code worl which is followed sequentially by
the pulse coded samples from PCM chann2ls 1 through 15. The
sync code word i3 a pulse «coded digital word with a decimal
value between 0 and 4095, This weord is preselec+ed and
hardwired on the circui*t board. This ccde werd is sssantial
to the Jecoding process.




In the initial operation of +this systenm, a
sampling rate of 32 samples per second was utilized. Oonly
one sample per coil per frame was analyzed, making use of
PCM chanrels 2, 3, and 4 »nly.

e. Transmission and Recoriing

After the data has besn PCM encoded, 1t is
transaitted by a VHF radio link back to 2 receiver located
at the Naval Postgraduate School, wvhere it is currently
reccrded on an instrumen+ation tape rTecordsr for later
analysis.

2. Dais Analysis Eguippent

currantly, the recorded PCM data is played back into
a PC4 decoder and assoclated equipment which genserates 2
nine-track 800 BPI computer tape containing the decoded
sansor data. This computer +tape is <then input dinto the
Naval Postgraduate School IBM 3032 computer for analysis. It
is in the computer software <that ths sensor system transfer
function 1s applied, spectral analysis pexformed, and the
MAD index generated.

Be DATA ANALYSIS SOFTWARE

As was noted sarlier, a mainframe computer was utilized
to perform the spectral analysis, apply *he transfer func-
tion, convert to power spectral density, plot *he PSD and
genwerate tha RMS noise amplitude MAD index (using equation
4-1). This program is written in FORTRAN IV and is
discussed in brief below. A copy of the program can bhe
found in Appendix A.

The main program is divided into sections which perform
the following functions:

-Data input
-Fourier analysis of time savries daxa
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-Application of system transfer function

-Projection of field components onto total field vecter
. =Data averaging

-Curve filtting and calculation of MAD index

-Calculation and plotting of power spactral dsnsity

1. Dakta Input

Data input is accomplished with the aid of a subrou-
tine package supplied by Dr. Tim Stanton of the Naval
Poestgraduata School Department cf Ocsancgraphy. His subrou-
+ine (callad *SUBROUTINE RD') serves as a FORTRAN 'READ®
statement, taking the PCM data off the computer +aps and
converting it into integer format with a value bstween 0 and
4095. The Aata input section of the main program takes this
integer value and converts it to a 'REAL' number and normal-
izas it to represent a voltage value between <5.0 and +5.0
volts. This section also sorts the input data matching the
PCM channel to the data array representing +he appropriate
ceil.

2. JPouzier Analysis

The time series data is next converted <o the
fraquency domain by utilizing a subroutine (called 'POURTY)
vhich performs a Past Fcurier Transform (FFT). The subrou-
tine is one available +to users at the VNaval Postgraduats
School and utilizes the Cooley-Tukey FiT algo-ithm. Purther
information about this subroutine can be found in *he
program listing in Appendix A&,

J. Appligatdony of Iranpsfer FPunciion and Total Risld
Rreoisction

Tha next szction of code applies the system transfer
functions for the “hree coils to ths fraquency demain data.
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The transfer functiens are given as straight line segments
vhich were found by least-squares approximation. The data
enters this section in amplitude units of volts, and is
convert4ad into nanoTeslas by the transfer function.

Following the application »o5f the systes <4ransfer
function to the coil data, the program next calculates the
projection of this data onto the earth's magnetic <field
vector (total £ield projaction). Thie is done by first
applying tha local magnatic variation (declination) <to the
North=South (X) and East-West (Y) coil information to deter-
aine tha horizontal field component. The local magnetic dip
(inclination) angle 4is then used to project <the vertical
(Z2-coil) and horizoantal field fluctuations onto the total
field fluctuation.

4. DaLfa Averaging

The previous program sections exlst 4inside of a
do=loop which enables the analysis of a long period of data

vithout a prohibitive need for storage space. This loop

includes accumalator arrays for each field component and the
total field projection. The fluctuation data is converted
into power prior to storage. This Lis done by *aking %he
nagnitude of the fluctuation component, dividing by =he
number of sample points, and then squaring the value. After
the program passes +through “ha averaging loop for the last
tims, <the arlthme*tic average is *aken for each frequency
poiat cn the arrays. At his stage the power spectrzum is
multiplied by the sample period to datermine power spec+tral
density.

5. MAD Ipdex Calculation

The next section ccmputes the RNMS MAD noisz index
previously discussed. A polynomial curve fi4 is: perfowrmed on

76

PG




Pt nl il

-

the total field PSD using an available subroutine (*CHBYT')..
The resulting polyncmial is then integrated over the limits
of the‘various A53=-81 band pass settings.

6. nmm of Reuar §pactial nm:.s.

Plots of the powsr spactral density of each of tha
tield couponents and the total fiell projaction arw qenor-
ated in the 1last saction of the program. This is dene by
convarting the fluctuation power spsctral density to deci-
bels (dB) referanced +o 1 nanoTesls® per Hertz. A Versatec
plotting subroutine ('PLOTP') 4is +hen called +o actually
generate the plots,

C. INITIAL SYSTEM OPERATION

The NPS MAD index systam was initlally placed into oper-
ation with the coil sensors located in the Lla Mesa Village

"housing araa near the Naval Pestgradunte School, MNonterey,

California. S$ystem checkout vas accomplished in June, 1982.
The full system was placed inte opasration on 25 July 198¢
and 18 August 1982 in c¢onjunction with similar measurements
taken on the floor of Montarey Bay.

The MAD index output and power spectral densi:y plots of
the +otal fleld fluctuation for 25 July 1982, 1237-1406
local (2037-22067), and 18 August 1982, 0121-0250 local
(0921-10502) and 0507=-0636 local (1307-14367) are shown in
Tables IX, X, Xz, and Flguress 5.4, 5.5, and 5.5
respectively.
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VI. GCONCLUSION AND RECOMNENDATIONS

A. CONCLUSION

dralysis of available information regarding current:
geomagnetic indices and the actual level of gecmagnetic
noise in the MAD bandpass indicates that the currently used
indices, the K and Ap indices, are no% valid for MAD vpera-
tions. It s therefore desirable to derive a new index
vhich more accurately represents the geomagretic noise at
frequencles of interest in MAD operations.

B. RECOMMENDATIONS

A tentative index was developed, *ested, and sample data
obtained. The data analysis for the preliminary systen was
accomplished using a mainframe computer. It is recommended
that further work include Iimproving ¢the index and +the
setting up of a system to on-line decode the incouing data,
and utilizing a desk top computer such as the HPI984Y to
enable real time determination of thz MAD noise index.

The spa+tial <c¢oherence of MAD geomagnetic noise should
alse be investigated, with possible application to neisa
cancella*=ion. Addi*tionally, the fzasibility of the prior
estimation of geomagnatic noise should ba evalua+ted,
possibly by using the prediction nmethods op-opos=d by
Praser-Smith [Ref. 42, 43].
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APPENDIX A
MAD INDEX DATA ANALYSIS SOFTWARE
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