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FOREWORD

. , . . .
NASA expericnce has llldlLdlCd a need for uniform design criteria for space vehicles,
Au.nrdmgl; criteria are being dcv«:lopui in the following arcas of technology:
linvirnmucnt
Structures ‘
Guidance and Control
Chemical Propulsion
Individual components will be issued as separate monographs as soon‘as they are completed.
A list of all previously lssucd mono;,r.lph\ in tlm series can be found on the kst page of this
publication. :
These monogmphs are to be regarded as guides to design and not as NASA requirements,
except as may be spee cified in formal project specifications. It is expected, however, that the
“criteria sections of these documents, revised as experience may indicate to be dcsxmblc
eventually will become uniform design requirements for NASA space nhmu
This monograph was prepared under the cognizance of the Goddard Space Flight Center
(GSEC) with Scott A: Mills and John J. Sweeney as program coordinators. Mark Harris and
Robert Lyle of Exotech Incorporated, Washington, D.C.. were the principal authors. Major
" contributions were made by Earl Clifford of Exotech and Robert Fischell of the Applied
=Phesics Laboratory, Johins Hopkins University. An Advisory Puancl provided guidance in
determining the monog,mph s scope and mel.g its technical - validity. The tu!kmmg.
individuals served as mcmbc ' :
Mr. Andrcw J.Beck . * Jet Propulsion Laboratory
‘ o California Institute of Technology
Mr. Joseph C. Boile ' Goddard Space Flight Center
Mr. William G. Brown - -Goddard Space Flight Center
Dr. Laurence J. Cahitl Univ. of Minnesota
“Mr. P. Chinberg _ o Univ. of New Humpshire
Dr. Paul J. Coleman © . Univ. of Calitornia. Los Angeles
Mr. Harold C. Euler Marshall Space Flight Center
Mr. Robert E. Fischell - Applied Physics Laboratory
- . ' . ~ Johns Hopkins University .
Dr. R. T. Frost <« - . General Elcctric Company
Mr. Robert E. Gebhardt ' Goddard Space Flight Center
Mr. Lynn Grasshoff s -Hughes Aircraft Company j
: Dr. Ernest J. lufer ~ Ames Research Center

Mr. Erest J. Mosher . " Goddard Space Flight Center




o ' Mr. C. Leland Parsons _Goddard Space Flight Center

Mr. Clell S, Scearce © . "Goddard Space Flight Center v
Mr. Robert Snare _ Univ. of California, Los Angeles
- Comments concerning the technical content of these monographs will be welcomed by the - ‘
National  Acronautics and  Space  Administration, Office’ ‘of Advanced. Rescarch and :
Technology (Code RVA), Washington, 13.C. 20546, ' : h a :
March 1969 -
. :

For scle by the Cleoringhouse for Federal Scientific and Technical Information .
Springfield, Virginia 22151 ~ Price $3.00
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MAGNETIC FIELDS—
EARTH AND EXTRATERRESTRIAL

1. INTRODUCTION

Natural magnetic fields as well as induced ficlds are nnpnrt.mt considerations in- space
vehicle desipn because they can .ndvcrsd) affect onboard equipment and scientific

instrumentation and can change an orbiting spacecraft’s drag, attitude, and direction’of

motion, For example, the magnetic torques resulting from the interaction between the

ambient magnetic field and  the spacecraft’s magnetic “properties may’ dq,,r.tdc the

performance of the .mmulc control system (ref. 1),

This monograph presents the information on the strength and direction of the natural:
napnetic fields needed for vehicle design. These fields include the geomagnetic field
(confined to the volume of space about Earth called the magnetosphere). the interplanetary -

ficld (Sup's. fickdy, and the ficlds of the plancts and their natural -atellites. Knowledge of
these natural magnctic fields is increastag rapidly, but the present state of knowledge Inmts
the .n.nlahllu) of a definitive analvtical model of the Earths main (geomagnetic) field to

about 6.6 Earth radii tsynchronous aftitudey as presented herein. For the regions bwond .

this altitude, the available informatton has been reviewed to dctcrmmc both quunm.m\c
and qu.nhl.nlxu data useful for desipn purposes.

Induced magnetic fields encountered during manufacture, testing, and transportation: of
spaceéraft can cause undesirable magnetic properties to be introduced into spaceerafi. These
ficlds warrant careful consideration and control in ordei to achieve “magnetic cleanfiness”

of spacecraft  the subject ol 4 separate monogr.lph References 2 and 3 provide somce

information on this subject.

2. STATE OF THE ART

Extensive observations of the magnetic ficld on and above the Earth’s surface have been
made for more: than a century. Recent data from space exploration have changed the
coneept of the geomagnetic field from one of a- simple dipolar field to that of
the magnetosphere illustroted in figure T (ref. 4). This figure shows that the solar plasma
flow (solar wind) compresses the Earth’s main field on the subsolar side and extends it as a
long tail (magnctotail) in the antisolar region. The interaction of the solar wind with the
Earth’s main ficld creates a shock front on the subcolar side. Between: this shock front and a
boundary layer Guagnetopause) is a region of solar wind and interplanctary ficld turbiilence
called the magnetosheath, The interplanctary field is deflected around Earth’s main ﬁcld at
the magnetopause which delineates the extent of thc Earth's main ficld into spacc. )

Figure 2 (ref. 5) illustrates a useful concept of the solur wind interaction with Earth’s m.un'f
ficld advanced by V.C.A. Ferraro and S. Chapman in 1931, The solar wind, which is an.
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clectrically ncutnl plasma consisting mostly of protons and clcutrons, impinges on the

magnetopause. The interaction of these charged particles with the Earth’s main field causes
the particles to be deflected away from the magnctosphere, an action which generates a

surrent at the magnetopause. The llL”L‘L[Cd plrtulc are swept around thc m.lpnctmphcrc
“by the solar wind. ’

2.1 Earth’s Main Field

The Earth’s main field is an internally generated magnetic ficld that resembles the magnetic
ficld of a dipole and extends throughout the magnetosphere. The axis of the dipole passes
“through northern Greenland at 78.5° N and 69.0° W and has an inclination of about lI 5°
with the Earth's axis ot rotation (ref, 6).

2.1.1 Surface Geomagnetic Field

The surface geomagnetic ficld consists of the main ficld generated. within the Earth and all
external ficld components that are measurable at the Earth’s surface. The surface intensity
ranges from about 0.3 ganss (3 X 10-5 T)* af the equator to about 0.7 gauss (7 X 10-5 T) at
the poles as ilustrated in fiqure 3 (ref. 7). Departures of the ficld from a-dipole field are
called #nomuldies. These anomalies are both regional and local. Regional.anomalies, such as
Cthe South Atlntic anomally. cause irregularities in the surface-field over an arca of several
thousand square kilometers. Local anomalies cause xrru;uldrmu. of about .01 gauss ( 10* nT)
or less over an area of a few square Kilometers to several hundred square kllomctcrs. o

Measurements of the geomagnetic field intensity and direction have - beea’ made by .
observatories, magnetic survey ships. and more recently by instrumented aircraft in data
collection efforts. The most recent charts of geomagnetic ficld data at the Earth's surface
for various geographical regions are listed in “Catalog of Nautical Charts and Publications,
1968" (ref. 8) und are available from the U. S. Noval Oceanographic Office**. Magiictic
measurements are referenced to” geographical or geomagnetic dipole coordinate. systems.
Figure 4 (ref. 9) illustrates the relationship of coordinate systems for the Earth’s surface
which are based on the average dipole axis (g,com.xgncnc dipole Loordmdtw) dnd the spln '
axis (geographic or ;codmu coordinutes) ¥ ** : i
Magnetic measurements indicate the existence of secular and temporal variations in the
surface geomagnetic field. : Co

o l)inwminm. units, and conversion factors aré defined in appendix B.

A LS. Naval Oceanographic Office, ’\uull.md Marylind 20390. Hydrographic ’surveys Dcpartmum
Mignetics Division.

*** Appendix A presents a summary of the coordinate systems commonly used in m\gncnc ficld studlcs

.md mentroned ln lhxs monograph.
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202 Seculor chcmons .

Sccul.nr vamhom are long-turm <;m.|ll mamxludc hcld Lh.mges tlmt are mcasurud in terms

of years. The predictability of these variations is limied becatise an acceptable theoretical
~model of the sources of the main field has not been dcvclopcd The change- (growth or
decay) in-the intensity of a sccular \um.mon is as large as 150y (150 nT) per year (ref. 6).

Although this change is nominal in a year's time,the accumulation of several yearly secular .

changes completely outdates magnetic measurements for a particular epoch, i.e. reference

date. Secillar variation charts that indicate ficld ch.mgcs as a funcnon of time are issued b) o

the US. Naval Occano"mphlc Office.

213 TefnpofalVofiuﬁons'

- Temporal vamtxons are short dumuon disturbances in thx gwlnagmtxc ficld resulting from -
solar activity and changing relative positions of the Sun and Earth: These variations typically -

have durations ranging from-a few scconds to SCVClui’ days and dmplntudus from .a fcw'
hundredths to scvual hundrgd £aMmmas. . . :

The fr«.qucncy of occurrencc is dctu’mmcd by thc romtlon ratw of the Earth and Sun. The "~

Sun’s rotation C'm place.an active solar arca opposite the Earth once every 27 days. These
* active solar arcas may persist for as long as 8 to 10 solar rotations. A semiannual increase in

the magnitude ‘of temporal varmtxons occurs during the M‘mh Aprll and SLptcmbbr-OLtObC“

periods whcn thc Earth is nc'lr the equinoxes..

The intensity of tunporal variations is rt]uttd to the numbu of sumpots Thc number of

sunspots in turn changes with the 1 l-year solar cycle as shown in the prediction in figure .
Intensity also varies with the type of temporal variation; diurnal, mdgnetxc storm, or sudden
1mpulse dlsturbance : :

Diurnal variations “are smoothly ‘changing day-to- night veriations in geomagnetic field
“intensity. The change in any field ‘component .caused by diurnal variations is generally less

than 200~y (200 nT) (ruf lO) The chdr‘.gtgnstus of these dlsturbanw.es are discussed in -

section 2 l 4

Mdgnctlc storms are intervals of magnetic acts ity that occur almost ﬂmult.mcously ona

worldwide basis. Magnetic storms progress through the characteristic phases illustrated in
figure 6 (ref. 3). Occasionally the ‘initial phase is preceded by a preliminary reverse phase
“which has a duration of a few minutes. The initial or sudden commencement phase has a

duration of about one hour during which the total field intensity increases by about SOy (50 .

nT). The main phase has a duration of a few hours during which the total field intensity
decreases by more than 400y (400 nT). During the main’ phase, .the horizontal ficld

component has. a marked decrease in intensity. ‘The greatest change occurs in the polar'-

. regions and can excecd 1000y (1000 nT). The initial recovery phase has a duration from
. ahout six hours to about two- ddys during which time the total field mtgmxty rapldly 'c.turns
to near pre storm levels :
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Figure 6.--Magnetic storm effect on main geomagnetic field intensity (observation
of a large magnetic storm in Hawaii, February. 1958) (ref. 3).

The change in the surface geomagnetic field resulting from magnetic storms can be as large
as 400 (400 n'T). The final recovery phase has a duration of several days during which time
the total ficld intensity returns to pre-storm levels. The maximum change in the surface
geomagnetic field is about 100 to 150 v (100 to 150 nT). A typical surtace field change is
about 40 v (40 nT) (ref. 10). T :

Sudden impulse disturbances are short duration, low amplitude fluctuations of the |
geomagnetic ficld on a worldwide busis as shown in figure 7 (ref. 5). A sudden impulse:

disturbance has a duration of about one hour or less. Amglitudes -as large as
+ 18y (* 18 nT) have been observed for these disturbances at the Earth’s surface.
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: Figilre 7.—-Sudden impulse dis!'urbzm-cc (re'f“S).

Very small magnetic ficld intensity changes \\hlch are oeullatory and of short dumtlon are
supcrimposed on the- temporal variations described above. These changes are called ‘
micropulsations and have periods of less than two or three mmutes and amplitudes of less.

than a few gamma. Micropulsations with a period Icss th.m seven scconds .md an amplitudé

“less tlmn oney 1] .1T) mvc been obsurvcd (xef ll) e

214 IonospHe'ric Currents and R_el_cned Disturbances

lonosbhcric currents result from systems of charged particles moving between 50 kilometers

~and the outer reaches of the ionosphere (approximately 600 kilometers) (ref. 9). Changes in
ionospheric currents are the main sources of the diurna! variations of the geomagnetic ficld.
" Because the intensity of the magnetic ficld resulting from these currents decreases rapidly
with increasing distance, the ionospheric currenits do not make significant contributions to
the geomagnetic field at distances greater than a- few Earth radii, R,, from the Earth’s
surface’ (ref. 12). Those currents which flow perpendicularly to the ;,comdgnctlc ficld lines

are most- intense ncar 100 kilometers and those {lowing mmllcl to ficld lines redch a

maximum ll]tL‘INl()’ at approxnndulv 150 k:lomc!crs (ref. 1),

2. ] .4 .bl Aurorcl Cu’rrenfs

Aurora] l‘urrent% are the polar clectrojets and othér transient currents associated w1th aurora
and changes-in the gcoma"nmc ficld. Thcy occur mainly in the polar ionospheric regions

above 67° geomagneti latitude or about 23° from the g geomagnetic poles (ref: 9). However,

aurora have occasionally occurred in the middle latitudes. Auroral activity has a periodicity

that is related to the surface activity of the Sun and its 27-day rotation period. According to

reference 11, maximum activity occurs during the spring and fall when the Earth is at the
equinoxes. The polar electrojet usually flows westward and encircles the polar region with

part of the electrojet crossing the polar cap and rejoining the circular elcctro_;et in the

morning ‘sector. Intensity changes in the polar electrojets can' cause intense. negative
geomdgnctu bays (polar magnetlc substormis whose rccorded curve resembles the shape ofa

.
. ’
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geographical bay in & coastline). Intense negative excursions as great as 2000 y (2000 nT)

have been observed. These excursions as shown in figure 8 (ref. 11) are typically about .
1500y (1500 nT) and have a duration of about 30 to 120 minutes. An intense negative bay
starts in the midnight sector of the electrojet and propagates in all directions,

1000 ¥

/‘Mw‘ A

23 0 01 03 04 05 06 O7
L HOURS -

A. Dbservation at Sitka, Alaska

. b ot B
- b
s
i 1 1 1 L 1
22 00 01 02 03 M 05 06
' ' HOURS

B. Observation at College, Alaska

Figure 8.-Horizontal component of surface geomagnetic field during a polar magnetic

_substorm (ref. 11).
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2.1.4.2 Equatorial Electrojets- -

The equatorial clectrojets are Laterally limited. relatively intense currents located in the
ionospheric region above the magnetic equatorial zone at an altitade of about 95 1o LG -
Kilometers, T hey generally flow in o wést-to-east direction in the. sunlit hemisphere.
Observations made during rocket flights indicate the presence of lowcf and upper current
Aaverss Heppner i chapter V-2 of reference 11 cites Cahill's interpretation of the rocket:
duata s indicating the presence of 4 west-to-east clectrojet about 20 to 25 killomcjtc'rs' above
the lower current faver. In the same chapter Heppner cites suhchucut research and analysis
by AMLynard which ted him to substanially the same conclusion. 4 ' '

2.1.4.3 Solar Currents

Solar currents in the ionospheric K region are called solar quiet or quict day solar daily -
viariation (S, ) currents. The daily magnetic variation induced bythungcs in the Sq currents
is described in terms of an average of the 5 days per month that had the least magnetic -
variation tquiet davsy or more commonly in terms of an average of quiét days selected from
cach month. S current systems are formed in the subsolar and antisolar hemispheres. These
systems are stationary with respect to the Sun but have a 24-hour period with respect to an
observer on the Earth. Increased activity on the Sun's surface causes an increase in the ion
denvty und conductivity of the ionosphere. thus increasing the intensity of the quict-day
verivtion currents in the subsolar hemisphere. The S\I_ currents in the middle latitude rcgi'gns
vdause variations in the surface geomaenetic ticld ot about 20 to 40 Y (20 t0'40 nT). T'h_c S,
currents located near the magneiic cquator {Huancayo. Peru) cause surfiace variations of
about 100 10 200y (100 to 200 nT) (ref. 10). ’ ‘ ' '

_?.. 1.4.4 Lunor Currents

Lunar ¢y currents i the ionospheric F region are similar to quict-day variation currents but
are only about 130 as intense. L ocurrents are generated by the gravitational attraction of
the Moon. causing movement of jon musses in the ionosphere. These movements cause

variations in the surtice geomagnetic field of about | ¥ (1 nT) with a period of 12 hours.

2.1.5 Ring Currents

Ring currents are produced by the movement of electrons and protons in circular spatial
distributions within the magnetosphere. The intensity and spatial distribution of ring
currents are not well defined and theretore these sources of geomagnetic field variations are
not wsaally included in ficld caleulations tref, 12). ' <

2.1.6 Magnetic Field at Synchronous A‘!tifude

The equatorial magnetic field at the geocentric distance of about 6.65 R, consists of the
steady-state geomagnetic ficld plus the temporal variations of this field. On magnetically .
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qmct days. diurnal nm.mm l’uld dl\tllrh.mLL\ due to x\tcrn il luld sources cause a 10 to
15% variation .in the total magnetic intensity. [)unm. m. !;mlu storms,  the field “at
S), m.hronous Almudc an increase by 5«)« du.ru.m to’ ILT(). .md CVER Teverse i (lxrutmn

Figure” 9 shows. the intcns‘t\' of “the hud u‘mpnmms as i Iumtmn ()f lonmtud; at
‘S)n«.hronous altitude. (These cunes are derived from o - 24 -term \perlLdl harmonic
expansion and reflect only that portion of the ficld due tointernat sources.y* The curves are

reasonably accurate for magnetically quict- -day conditions alorig cither ”]L dawn or dusk -

'mcndmn the \alucs at !huc me rldl.llh dmu by ahoux 157,

Figure 10 (ref. H) lllustr.ncs lh-. divrnal vari; ition of thc. field wmpnn;nts at the Iong_muk

of Hawaii on a magnetically ‘quiet dav. The vertical and cast component showed hittle

»v.nri.nion during the day. The horizontal component - has a  variation. of about:
+ 15y (¢ 15 nT). " The magnetic field mtcnsm s maximum at local noon (3200 hours:

Greenwich mean tine at Hawaii) because of the steady - state  compression of the

" magnetosphere by che solar. ‘wind and at minimum mtcnxn) at lOL.l] nndm"ht budtm of

'C\p.msxon of nmamtosphcn in the .mtnsolar dmdmn

Figure 11 (rd 13) prucnts field measurements at the longltudc of llm.m made. by the

ATS-1 synchronous satellite during a m.:g,ncm storm on 13. 14 and 15 January 1967.

Shortly after local noon on 14 January the nm&.mtopuuxc dipped below synchronous
~altitude. This event is indicated by the discontinuity: in’ ATS-1 meagsurements—-marked
“boundary crosiings™ on the figure. During a two- hour period the horizontal component of
the field revefsed. in direction ‘with a mayimum- magnitudé of ~140y (-140nT) and,

within- an hour, reached a peak of #1800y ¢+180 nT). Shortly after local noon of"

1S January. magncm LOﬂdlllOn\ had nturmd to tlu typical quiet- -day \.1mtlons

217 Cus'.p Region

The Lll\p region as sh()\\n in h"un s louud on the .mnsol.jr side of the md"mtosphcn
where the dlpolar ficld geometry is transformed into the ficid geometry of the magnetotail.
"The cusp region is chariicterized by a dipolar field. high density of charged particles, and an
abrupt change in the magnetic field intensity at the outer boundary as shown in figure 12

(ref. 14). Thé region is part of the Van Allén radiation belts and is located between about 8
to 16" R, and within geomagnetic latitudes of about #25°. The position of the outer
boundary of the cusp region varies daily. This boundary is characterized by abrupt and large’
changes in particle density, and has a variation in ficld intensity of the order of 5to 20y (5

to 20 nT) (ref.. 14). The magnitude of the magnetic field changes from about 30 « (3C nT)

“on the cusp side of the outer bounddry to about I b (15.nT) on the magnetotdxl side of

this hound.xry

“(.‘ump_v.ll'alionul- model of the geomagnetic field is discssed in appendix C.
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Figure 9.=~Magnetic field at 'synchr_onouAsAa]titudc from internal source (Computed from a
“24-trm harmonic expansion for 3 November 1968). :
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Figure 12.—‘Ob:crved magn_ctié field ihtcnsity and particle density in cusp' region (ref. 14)..
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218 Magnvefc;pouse' |

The m: wmlop.msc as shown in hwrc ] is. th honnd.\rv ldyer that separates Ihc rc].mvcly
© strong-geomagnetic field from the m.wnctoshmlh This boundary layer has hourly and danly
- displacements of 1 to 3 R, but generally extends from about 10 R, at the subsolar side to at
least 80 R, on the antisolar side of the magnetosphere (ref, 15). During a magnetic storm,
“the Lh'mgcs in the interplanctary m: agnetic ficld and in solar wind intensity cause thc
muuwtopuusc 1o cxpand or contract at ratcs g,rcatcr than 50 km/su (ref. 13).

The nmz,netopausc is a barrier rcglon some tens of km in tluckncss in Whl(,h the mag,netlc

ficld intensity is low and the magnetic ficld direction shifts by as much as 180 degrees. The

magnetopause is the transition zone from ficld intensities' greater than 40 v (40 nT) in the N
‘ nmgnctosphcrc to field intensitics of dbout 10-to 30 v (10 to 30 nT) in the nmgnutoehcath

as show nin ﬁgurc l? (ref. 16):

150 T — _ =
_ E - - MAGNETOPAUSE SPOCK FRONT
. E 3 MAGNETOSPHERE - ' v MAGNETOSHEATH' : INTERPLANETAHY
= 100F ‘ S SPACE -
W £ - _ IRREGULAR FIELDS : o
£ y 107030y - INTERPLANETARY
a 5 b DIPOLE-LIKE : . o FIELD
o 3 CFIELD >40 v - I { ~BY
w 1._, .
0 i . 3 1

* GEOCENTRIC DISTANCE (R,)

Figure 13.—Magn'c'tic' ficld intensity in magnetosheath from Ma‘riﬁcf V observations (ref. 16).
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2.1.9 Magnetosheath

- The mzxgncloshéath. as shown in figure 1, is the transition zone in which the interplanctary’
field and the solar wind are deflected after passing through the shock front. In this region, -
the weak interplanctary rield is compressed and deflected. The field compression increases
the magnetic ficld intensity in the magnetosheath to a nominal 10 to 30 (10to 30nT)as
shown in figure 13 (refs. 16 and 17), however, during intense magnetic storms the fietd has
exceeded 100y (100 nT). The magnetosheath ficld intensity is also characterized by rapid
oscillations with periods of 4 to 15 seconds and with 2 to S (2 to 5 nT) peak-to-peak
amplitudes (ref. 18). : - B T

The thickness of the magnetosheath in the Earth-Sun direction is a nominal 4 R, 1it can
shrink to about 2 £ 0.5 R, during a magnetic storm that occurs during a year of low solar
activity. As any magnct’ic} storm activity decreasés, the magnetosheath increases to its
nominal thickness (ref 15). : '

2.1.10 Shock Front.

‘The shock front, as shown in figure 1. is the outermost boundary of the magnetosheath and
is created by the interaction of the solar wind with the geomagnetic ficld. Observations
made at the shock front indicate the presence of large amplitude magnetic field oscillations
of 10 to 50 v (10 to 50 nT) as shown in figure 14 (ref. 18). On the magnetosheath side of
the shock front, erratic and periodic oscillations occur with amplitudes of 2to 5y (2to5
nT) and periods of about 4 to 15 éeconds. At the shock front. higher frequency oscillations
‘occur with amplitudes ranging from 5 to 10 ¥ (Stc 10 nT) and frequencies on the order of
‘1 to 3 Hz and higher (ref. 19). On the interplanetary side of the shock front, oscillations
have been known to occur with amplitudes of 2 to 5 ¥ (2 10 5 nT) and periods of about 20

to 60 scconds (ref. 18). g : -

yARY Mugnefotdil

"The magnetotail, as shown in figure 1, is formed by the solar wind sweeping back the
geomagnetic field lines in the antisolar direction. Magnetotail field lines from southern
hemisphere are predominantly directed in an antisolar dircection. and separated by the
neutral sheet from field lines from northern hemisphere, which are predominantly solar
directed. Pioncer VII observations indicate that the magnetotail extends to at least 1000 R,
and IMP-1 observations indicace that it has a radius of about 20 R, at a geocentric distance

- of 30 R, (refs. 14-and .20). Direction of the field in the magnctotail is generally close to the

planc of the ecliptic and at a solar coordinate angle ¢ SE between 270° and 360° (ref. 21).* .

*Solar ecliptic coordinatés are defined in appendix A.
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Figure 14.-Obscrved magnetic field oscillations at shock front (bref. 18).

The configuration of the magnetotail is well defined to a gcoccn'tr_ic distance of about.
80 R,. At distances of 500 to 1000 R, the configuration appears to be characterized by -
separate tubes of magnetic filaments (ref, 22). S : . S

The magnetic ficld intensity in the magnetotail to a geocentric distance of about 8 to 10 R, '
decreases at a rate expected for the Earth's dipolar field* Beyond 10 R,, Explorer 33
observations in the magnetotail indicate that the field intensity generally decreases as . -
distance from the Eurth increases. This decrease is from about 20y (20 nT) at 10 R, to.
about 7 (7 nT) at SOR,. Between 10 R, and 30 R, . IMP-1 observations indicate that the
median field intensity is about 16y (16 nT) (ref. 22). Ness (ref. 4) indicates that _frdm
20R, to 60R,. a decrease from about 16 to 8y (16 to 8 nT) is to be expected.
Pioneer VII observations indicate that the ficld intensity is generally between 4 and 16 y (4
and 16 nT) at about 1000 R, . The currents within the neutral sheet cause magnetic ficld
depressions that extend northward and souithward from the neutral sheet to a distance of
about § R, and may cxtend lengthwise along the neutral sheet -for distances greater than
I5R,. ‘ : - ’

*Sce presentation of dipolar model in appendix C.
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e Analytical presentation of field models is in appendix C.

2112 Neutrol Sheet

The neutral shcct as ﬁhown in F;_,urc 1, is 2 rcglon wnhm the md;,nuot.ul ‘where abrupl
reversal of the magnetic ficld from the solar to-the antisolar direction occurs and in which

_magnetic intensity decreases o a low value. The neutral sheet extends from about

10£3R, to 1000R, or to the limit of - the magnetotail (ref. 23). The sheet is

approunmtcly parallel to the solar-magnetospheric cquatorml plane* with a position above

the plane during summer months and below the piane during winter months (ref. 23).

During a- mdgnctlc storm, the front boundary of thé neutral shect has been observed to be

displaced to gcoccntnc dmanccs beyond 13 R, rcturning. to ab‘Ou»t 10 R, as storm activity
chrcaqcs (rgf ’4) , v . OEE T Re :

The magnctlc field intensity in the neutral shect is nbout 1 to 4 v (1to4nT) on the dawn

meridian side and less than 1y (1nT) on the side near the noon-midnight meridian plane.
- The thickness of the ncutral sheet “varies from about 500 km to about 5000 km.

2.2 Models of the Earth’s Main Field

The analytical models of the Earth’s main (gcomaémtiL) ficld discussed in this monograph™ =

represent an undistorted, steady-state field. and do not account for the effects of external

. sources or localized Earth anomalies. An analytxcal model that considers some cxternal

sources has b(.cn developcd by Mead (rcf 12), but itisa q:mphﬁcd modcl

2.21 Spherlcal Hormomc Expcmsnon Model

The spherical’ harmomc expamlon model of the guomannctxc fxdd is b‘ sed on a’series

expansion in spherical coordinates of the gcomagnetic potential devised by Gauss in the
1830°s and ‘which satisfies LaPlace’s and Maxiwell’s cquations.** The accuracy of this model

“derives from the use of a large number of coefficients in the harmonic expansion. Cain

Hendricks, Langel, and Hudson (ref. 25) proposed an expansion of 120 coefficients with
associated first and second time derivatives for use with the mode! for the “International

Geomagnetic. Reference Field — 1965.” With these coefficients, the model has expected . '

maximum errors of the ordcr of a few tens of gammas in total field intensity at the Earth’s

-surface (except for Antarctic rchons) At satellite altitudes of about 4 R, errors are reduced

by a factor of 3 to 4, but at higher altitudes the effects of external sources incrc.as:c‘so that
the model gradually "becomes less representative of the actual environment, particularly
beyond 6.6 R, (synchronous altitudc). . : o

The spherical . harmomc expansnon model of Cain, et a1 'is Current]yconsideréd
the best analytlcal represcntatlon of the geomagnetrc field ‘and’ has bcen adopted

* Sotar rﬁagnetospheric coordinates are deﬁned in appendix A.
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for this moncgraph. The abbreviated versions of this model discussed in 2.2.2 and 2.2.3 are
less accurate but often useful for quick estimates of the field. i ‘

2.2.2 A(v)uodrupolé Model

The quadrupole model of the geomagnetic ficld is derived by using the first cight terms of |
the spherical harmonic expansion model. This medel includes both dipolar and quadrupolar
effects. At geocentric distances greater than 1.2 R, . the maximum crror between computed
and actual ficlds is about 20% in magnitude and 10° in direction. At distances less than
1.2 R,. the error increases until it reaches about 4077 in magnitude and 20° in direction at
the Earth’s surface.* This large error is caused by deviation of ‘the Earth’s surface field from
a dipole or qu‘xdrupolc field. Figure 15 (ref. 26) illustrates the magnitude and dnvuhr
deviations of the quadrupok modcl asa tuncuon of geocentric distance. :

2.2.3 Dipole Models

The spin-axis dipole model of the geomagnetic fiek’ is-derived by using the first ténin of the
spherical ‘harmonic expansion model. This model corresponds to a magnetic dipole located
at the Earth’s center with its magnetic poles aligned to the Earth’s spin axis. The spin-axis -
dipole model yields ficld magnitudes that are gener ally lower than the actual field; this
model is the kast accurate of lhe modds of the geomagnetic field. * '

ThL tilted dipolc modcl is obtained by using the first three terms-of the spherical harmonic
expansion model. This modcl has the dlpolc s axis tilted away from the Earth's spin-axis by
11.44° so that magnetic North Pole is near Thule, Greenland. At geocentric distances greater
than 3 R, . solar wind and solar plasma effects cause the actual magnetic field to be

significantly different from the computed tilted dipole field. At 3 R, . maximum errors are

about 9% in magnitude and 7° in direction. At distances less than 3 R, . magnitude errors

" may be as great as 40 to 60%.* Figure 15 illustrates the magnitude and angular deviations of

the tilted dipole model as a.function of geocentric distance.

2.3 Interplanetary Field

The interplanctary field is the Sun’s magnetic field which is represented as a sectionalized,
spiral field. This field extends radially from the solar photosphere for a few Sun rad‘i and
then begins to form into_a spiral as shown in figure lo (refs. 27, 28 and 29). Beyond several
solar radii (outside the region indicated by the dashed circle in figure 16) the rotational
interaction caiises ‘the interplanetary field to form into an Archimedes spiral. The field
polarity varies with the sectors, a sector of one polarity often being as large as 180°. IMP-1
detected four sectors of alternating polarity as shown in figure 16. The interplanetary field

*Analytical presentation and accuracy comparison of field models are in appendix C.
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intersects the Earth's orbit in the plane of the solar equator (about 7° from plance of
ccliptic) at an angle of about 45° to the Earth-Sun line as illustrated in figure 16 when the
solar wind velocity is 450 km/sec (ref. 28). Microstructure in the interplanctary field is the
source of magnetic fluctuations of less than one-hour duration which are characterized by -
shock waves and plasma-magnetic field discontinuitics. Mesostructure ficld eftects produce
~magnetic variations of about 1 to 100 hours anid are characterized by magnetic fitaments
(tubular groupings of lines of force) and low-frequency muagnetohydrodynamic waves.
Macrostructure ficld effects produce magnetic variations of over 100-hour duration and are
characterized by sectoring and very wide magnetic filaments (ref. 30). as illustrited in figure
16, with diameters of an order of 3X10% km. Pioncer VI observations provide evidence of
the cexistence of magnetic filaments and also indicate that they are sometimes intertwined
~and corotate with Sun. The rotating sector structure and polarity of the interplanetary ficld ’
has been increasingly studied in recent years. Satellite measurements in the vicinity of 1
A.U. have been extrapolated in the ccliptic plane to obtain mapping of the ficld between 0.4
and 1.2 A.U.-tref. 31). A'solur flare can send an intense magnetic disturbance propagating
outward into the interplanctary hcld disrupting its structure. After the disturbance, a new
stricture forms that is very similar to the preceding one.

The magnitude of the interplanctary field in the vicinity of the Earth is fairly constant with
a nominal value of about 6 v (6 nT) and a range of 2 to 40y (2 to 40 nT) (ref. 30). At the

- Sun’s equator and outside of active centers the solar magnetic field intensity is estimated at
about 40 gauss (.0004 T). An average interplanctary intensity of 2 y (2 nT) implics that the
magnetically active region of the photosphere has a magnetic hcld intensity of about 100
gauss (.01 T) (ref. 29). :

Large amplitude disturbances of the interplanctary. field are associated with transient solar .
features which occur in centers of local activity. Strong magnetic fields are characteristic of

sunspots. occasionally reaching 3000 gauss in a center (ref. 15). The polarity of the lead

spots (in the sense of rotation. that is. west) reverse with an 11-year period and thc sun’s

main ficld reverses with 22-year pmodmt) (ref. 32).

2.4 Magnehc Fields of Planets and Their Natural Safelhtes

Spacumtt magnetometer observations have provukd upper bounds on thc ‘dipole moments
of Venus. Mars. and the Moon. Radio (mwmmom show that Jupiter has a strong magnetic
ficld, and modulation of decameter emissions indicate that its sateliitc lo may also have
magnetic effects (ref. 33). Fhere have been no observations yiclding positive evidence tor

.  existence of magnetic fields for the plancts Mercury, Saturn, Uranus. Neptune, and Pluto
nor any associated natural satellites.

2.41 Venus

Spacecraft obscrvatxons 1nd1<,dtc cither that Venus has no magnetic field or that it has o field
of the .same order as the interplanetary field. Mariner V. observations indicate an
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interplanetary ficld intensity of about 8 v (8 nT) near the orbit of Venus and anupper limitof
the magnetic dipole moment for Venus of about 10-3 times the Earth’s dipole moment*,
implying that Venus’ magnetic field at the equator is less than 35+ (35 nT). Figure 17

(ref. 16) illustrates the interaction of the solar wind and Venus. In this concept, the solar

wind plasma flows around Venus leaving a cavity behind the planet. Mariner V observatiorns

indicate a shock front bounding a region similar to Earth’s magnetosheath. The solar wind

plasma behind the shock front is bounded by an anemopause which is about 50 km above

the surface. The anemopause is the interaction layer between Venus’ atmosphere and the :
solar ‘'wind. The expansion fan illustrated in figure 17 could be formed by solar plasma_
expanding into the cavity behind Venus with a rarefaction expansion wave moving away

from the cavity in reaction to the inward plasma flow (refs. 16 and 34). '

MAGNETOSHEATH

- SOLAR WIND

EXPANSION FAN
ANEMOPAUSE RAHEFA_CTION ‘
WAVE
EXPANSION FAN

SOLAR WIND

MAGNETOSHEATH

:
i
i
i
i,
1

Figure 17.—Interaction model of solar wind and Venus (ref 16)

*7.99 X |0 pole-cm (10,04 X 10 wcber-meter) is Earth’s magnetic moment,
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242 Mars -

Obscrvatlons made by Marmcr IV at 3.9 Mars radii from the ccnter of the planet mdlcate
. that no definite efféct could be attributed to a Martian magnctxc field. Citing these

observations, Smith (ref. 35) estiates the Martian magnetic moment to be less than 10- 4 . - B

times Earth’s magnctic moment.* A magnetic moment of that order implies a Mars surface S R

magnetic field of about 100y (100 nT). If Mars has a negligible magnetic field, the solar SR A

wind interaction with Mars may be similar to the */enus interaction. However, the magnetic P

field of Mars may be strong enough to form a magnetosphere with a structure srmrlar to the

Earthsmagnetosphere (ref. 16) . o L ,:. . , . S
Juprter is. expectcd to have a magnetosphere very sxmxlar to that of the Earth and extendmg - .

about 40 to 50 Jupiter radii along Sun-Jupiter line as shown’in figure 18 (refs. 16 and 36).
Observations of radio emissions from the planet indicate that its magnetic field is at least 10 .
times as intense as Earth s (ref 4). Smith (ref. 16) reports the estimated value of the surface . T 4
o field to be about 5 £auss (0005 T). Jupiter’s magnetic field resembles a magnetic dipole S
field with its axis apparently displaced off the planetary center and tilted at 9° or 10° to
the axis of rotation; the magnetic polarity is opposite that of Earth’s dipole field (ref. 37)
Because of a short rotation period (less than 10 hours) conjunctive with a suspected massive,
fluid, conducting center, Jupiter’s magnetic moment is expected to be greater than the . . .
Earth s by as much asa factor of 10%* (ref 16). . I

ST

2.4, 4 Saturn

. Observations of possrble decameter radlo emissions from Saturn indicate that thrs planet
may have a moderately strong magnetic dipole moment (ref. 38). In every case the weakness

~and uncertainty of the radiation defy positive identification. Thus if Saturn is a source of
nonthermal radio emissions, the output is far less frequent and much less intense than that
from Jupiter. Further observations are required, but Saturn, with its similarity in size and
appearance to Jupiter, may have a strong magnetic field whose configuration may be
mﬂuenced by the prescnce of Satum s rings (ref 39).

' 2.4.5 Moon |

Mecasurements indicate that Moon’s surface magnetic field is less than 8 v (8 nT) and
magnetic moment is less than 10°5 times'the Earth’s magnetic moment* (ref. 40). Explorer
35 data indicates that a luiar shock front does not exist and that the interplanetary field is
_ not significantly distorted by the Moon as shown in figure 19 (ref. 16). Without a shock
front, the Moon probably. absorbs the solar wind plasma that stnl\es it with very few
partxcles bemg deflected. : :

*7.99 X 1025 polecm (10.04 X 1olé weber-meter) is Earth’s magnetic moment. . [ ) . N . ao s TTh
| Eﬂ"’""*ﬁ*“"é“mﬁ LA 7 T vt .-,A..E‘ﬁ-‘ T Y I RSN T LG
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Figure lS.—thnctosphcrc of Jupiter (refs. 16 and 33); an idealized
v . schematic crosssection in the ecliptic plane.

- The Moon’s wake region is characterized by a solar’ ‘wind umbra and- penumbra. Wang
(ref. 41) predicts a long non-axial. symmetrical wake behind the Moon: (the plane of
symmetry is defined by ihe local solar wind velocity and the interplanetary field direction).
The interplanetary field in the solar wind umbra increases about 3 v (3 nT) with a relative
deerease of about 4y (4 nT) observed on cither side of the increase. The penumbra is
characterized by decreases ‘in the interplanctary ficld which are externally bounded by
increases in field intensity (ref. 41). : :
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Figure 19.—Interaction model of solar wind and Moon (_rc_f. 16).




3. CRITERIA

The analytical modcls and dcs«.rlpuons of the md"nctn ﬁelds prescntud hcrc shou]d be l\sgd
in the design of spuace vehicles. space vehicle systems, and the- experiments dand
instrumentation for space applications. S : L ‘

3.1 Evorth"s' Surface

! The surface geomagnetic field for the geographical region of interest may be obtained from
‘ “magnetic charts issucd by the U.S. Naval Occanographic Office, Washington, D.C."20390
(ref. 8). Figure 3 is a simplificd vcmon of one such chart showmﬂ thc total mwmtu, mld

: mtcnsnty at the Earth’s surface.

I
|

3.2 Earth’s Surface to Synchronous Altifude

The m agnctu, field en\'lr(mxmnt from the Earth s surfucc to sym.hronom a][l[lldt.
(geocentric distance of 6.6 R,) can be described for most design purposes by the spherical
harmonic expansion model (appcndlx . ) -

3.2.1 'Sécular Variations

Secular variations can be as large as 150y (150 nT) per year. These variations are included
in the spherical harmonic expansion model (appendix O). ‘

3.2.2 Temporal Variations

Temporal variations are not included in the spherical harmonic expansion model but should

be considered if these variations could signiricantly affect a spacecraft’s instrumentation or

scientific experiments. Expected ficld changes for temporal variations are as follows. Diurnal

variations are generally less than 200y (200 nT). Variations caused b) magnetic storms

vary from about a 50 vy (50 nTY incrcase at the surface during the sudden L

commencement phase to a greater than 400+ (400 nT) decrease at the surface during main

phase (the time sequences and durations of the phaies are described in 2.1:3). Sudden
_impulse variations are *18 y (18 nT) maximum at the surfacc Mluropu.satmrs cause a

variation in the ficld of a few Y (nT) at the surface.

3.2.3 lonospheric Currents
Magnetic field changes caused by ionospheric currents are less than "OOO;y ("OOO'n"I.’) and

do not make significant contributions to the main geomagrietic f'cld except at geocentric '
distances below about 2 to 3 R '
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3.2.3.1 Auroral Currents

Auroral currents (polar substorm) can cause ficld changes as largc as 2000 v (2000 nT), but
the avera;_.c is about 1500 (1500 nT) with a duration of 30 to 120 mmutcs

13.2.3.2 Solar Currents

At the Earth’s surface, Sq currents can cause field changes in the middle latitudes of 20 to
40 v (20 to 40 nT). The magnitude of this change increascs to 100 to 200 v (100 to 200 nT)
near the magnetic equato.

3.2.3.3 Lunar Currents

At the Earth’s surface, lunar currents cause msngmﬁcant changes of about Iv (1nT) w1th a
12 hour pcnod

3.3 Synchrenous Altitude

" At synchronous -altitude, an average magnetic field of about 138 (138 nT) is to be
expected. Approximatiéns to the magnetic field in this region may be obtained from the
spherical harmonic expansion model (appendix C), but expansion beyond the first 33 terms
in this model is not warranted because contributions from external sources are not included.
The field at synchronous altitude is highly variable during a maguetic disturbance with
increases of 50 percent, decreases to zero, and even reversals of direction (sec 2.1.6).

3.4 Beyond Synchronous Altitude

At distances betwéen 6.6 and about 10 R,, the spherical harmonic expansion model
(appendix C) will give an approximation to average quiet day conditions but diurnal and
temporal effects in this region are of major significance. Because of the limited applicability
of the spherical harmonic model in this region, computations using more than about 20

“terms are not warranted. About 10 R, and beyond, distortions in the geomagnetic field
cause deviations from the spherical harmomc expansion model; therefore, estimates of the
magnetic field are glvcn for the followmg regions.

~ 3.4.1 Cusp

The cusp region is part of the Van Allen radiation belts and is located on the night side of '
Earth between about 8 to 16 R, ‘and within geomagnetic latitudes of about +25°. The cusp
region is charactenzed by dxpolar field geomet1y and an abrupt and lar"e change in particle

¢
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density and ficld intensity at its outer -boundary. The magnitude of the magheiit field
‘throughout the cusp region is not well known. but it changes from about 30 v (30 nT) near
its outcr boundary to about l‘? v (15 nT) on the magnetotail side of this bounddry

3.4.2 Mdgnetopause

The magnetopause is the transition zone from ficld mtcmmos greater than 40y (40nT)in =

the magnctosphere to ficld intensitics of about 10 to 30+ (10 to 30 nT) in the

magnetosheath. This transition zone or boundary layer is about 100 km thick and has-

hourly and daily displacements of as much as | to 3 R, but gencrally bounds the
magnetosphere from about 10 R ori the subsolar side to at least 80 R, on the antisolar side.

3.4.3 M:cgnelosheuth'

The magnetic ficld intensi*’ in the magnetosheath is a nominal 10 to 30y (10 to 30 nT),

- but during intense magnetic storms, the ficld intensity has excceded 100 vy (100 nT). The

magnetosheath is characterized by rapid ficld oscillations with periods of 4 to 15 seconds
and with 7 to 5y (2 to 5 nT) peak-to-peak amplitudes as well as by periodic and incoherent

noisc components. The thickness of the magnetosheath in the Earth-Sun direction is-a -

nominal 4 R, but can shrink to about 2 + 0.5 R during a magnetic storm that occurs durmg
a ycar-of low solar activity. .

3.4.4 Shock Front

Obscrvations at the shock f'ronf indicate the presence of large amplitude magnetic field .

oscillations of 10 to 50y (10 to 50 nT). On the magnetosheath side of the shock front,
erratic and periodic oscillations occur with amplitudes of 2 to 5 (2 to 5 nT) and periods
of about 4 to 15 scconds. At the shock front, higher frequency. oscillations occur with

amplitudes ranging from 5 to 10y (5 to 10 nT) and frequencies on the order of 1to 3 Hz .

and higher. On the interplanctary side of the shock front, oscillations occur with amplitudes
of 2to 5y (2 to 5 nT) and periods of 20 to 60 scconds.

3.4.5 Magnetotail
Tlu magnetic ficld intensity in the magnetotail to a L.cowntm distance of about 8 to lO R

decreases at a rate expected for the Earth’s dipolar ficld. From about 10 to 80 R, . the ﬁcld
decreases from about 20y (20 nT) to about 7+ (7 nT). Between 10 R, and 30 R, the

median ficld intensity is about 16y (16 nT). From 20 K, to 60 R_, a dccnasc from about;

16 to 8 (16 to 8 nT) is to be expected. At about 1000 Re, the ficld intensity is generally
_between 4 and 16 ¢ (4 and 16 nT). The direction of the ficld in the magnetotail is generally
close to the planc of the ccliptic and at a solar coordinate zm;,lo q’s;; (appendlx A) between
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270° and 3060°. Fi¢ld dines from the Earth's southern hemisphere are predominantly

“directed in an antisolar “direction and separated by the neutral sheet from field lincs from
the nmlhun lunn\phcrg \vhuh are prul()mm.mlly solar (lllL‘LtLd

3.4.6 Neutral Sheet N

,'hc neutral sheut is region within the magnetotail where abrupt reversal of the magnetic
Aield from the solar to the -antisolar direction occurs and in which magnetic intensity

durc.hc\ to 49 (4 nT) or less. The magnetic ficld intensity in the neutral sheet is about 1

tody (1 tod4nT) on the dawn meridian side and fess than 1. (1 nT) on the side near the -
- noon-midnight meridian plane. This sheet extends from about 10+ 3 R, to 1000 R, orto -
Cthe Timit o the magnetotail. Its thickness varies from about 500 km to about 5000 km.-

3 5 lnterplanefary

An .m.llytu.nl modc.l is not dleldblC for use in waluatmg the mtuplanctary magnctlc ﬁcld " .

This field can be described as having a spiral type geometry divided into sections of constant

polarity. The interplanctary ficid has a range of 2 to. 40 'y (2 to 40 nT) with an aw.mg,e

m.lg,mtudc 0i6y (6 nT) near Earth's orbn

3. 6 Planets cmd Thetr Naturul Satelhtes

‘ Analytlcal models are not available for any of the plancts (otlur than Earth) or thcxr natural
satellites. Space flight data has established bounds for the magnetic fields of Venus as less
_ than 35 4 (35 nT), Mars as less than 100 v (100 nT) at the surface, and the Moon as less
than 8 v (8 nT) at the surface. The surface magnetic field at the equator of Jupiter is -

estimated to bc about 5 gauss (OOOST) Jupiter’s dipole moment is expected to be 10?

- times that of the Earth’s (ref. 16). In the Vlumty ofJupltcr s shock front, the interplanctary

field is. cslnmntcd to be about 0. 7 v (0.7 nT)
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APPENDIX A . L
COORDINATE SYSTEMS AND NOMENCLATURE

Several Loordm.)tc systems are mmmonly used to define magnetic qmnmlc in thc context
ol convenient geametry for the veomagnetic field. the magnetosphere, and the solar system.
The following coordinate systems are defined ‘in this appendix: geoccritric. geodetic,
geomagnetic, local geomagnetic, solar ecliptic, and solar magnetospheric. Because geographic

and geodetic coordinate systems are equivalent, the terms “Lo"mphu and LL‘OstlC arc llSk_d
synonymously. : »
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Geocentric Coordinate System

" GHEENWICH

MER!DIAN

 GEQCENTER —

OBLATE -

© SPHEROID.

SPIN AXIS )
| tocAl -
MERIDIAN

- SPHEROID

Fxgure A 1. —Gcoccntnc and geodct:c coordmate systems

o SYMBOL§

> mﬁmmmwmtwi erwwwﬂ&wmyﬁm

- 'Posmvely dlrected along intersection of Greenwich

Mcndlan and Equatorial planes

R -".‘Posmvdy der‘&.lcd north along Edrths mean : spm axis
‘ ‘Z x X

"Gcoccntnc Iongltude measured positive eastward from

Grccnwxch mendxan to local mendmn _
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Gebcéntric latitude, declinz«tion measured positive north
(geocentric and geodetic latitude differs by 1 1.6 minutes
‘maximum at 45° latitude.) :

Geocentric colatitude = 90° - §

Mecan Earth radius, 6371.2 km

Geodctic longitude = geocentric longitude

Geodetic latitude, measured positive north from
Equatorial plane to normal to Spheroid
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Figure A-2 — Geomagnetic dipole coordinate system (ref, 9).

SYMBOLS

A Dipole eastward lon'ﬂitudc angular distance frdm
great circle of spherical Earth which passes through
both geographical and (,dlulldttd dipole polus

g Dipole latitude. ‘mgular distance north or south of

dnpok equator.
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. DEFl'Nl‘T'lONS'

Dlpole Nurth Pole Deﬁncd by axis of mlwlated Lentml dlpok whosc n:agnetic field is

“best _fit to main guom.wncm field over Earth’s surfuce and whos¢ a\]§ passes through -

geocenter! Dcﬁncd to be at 78 5°N. 69.0°W in nortl.wwtml Grunhnd

Dlpole Equator —DLﬁnLd as grcat LITCIL or sphcm.xl l:arth whlch is nomml to ccntml dlpol;

Dib North Pole. -fShifiing 'point on Eurth's surface where geomggnétic. field lines are vertical. S

‘Location changes by a few kilonieters during any day 'in response to transient magnetic ‘

fields. Located northwest of Hudson Bay at about 73°N, 98°W.

Geodetic to Dipole Transformation.- _This is d'qf;me’d' by the following eq'uat‘_i(.)ns (réf. I .

L cos ¢ sin (- 291°
sin A cos ¢ sin ( _ _)

n

" cos ¢

o

v, '.-:sAin btb“.— sin ¢ ¢os 117° + cos ¢ 'sih_..l 1.7° cos A - 29l°)
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. Figure A4, :Local geomagnetic coordinate system (ref. 9).

SYMBOLS 2
B | o " Total c'ombuléd magnetic ficld intensity (total magnetic ] o
o ~ flux density - Si nomenclature) . ' .

. Fo . Total measured field intensity

.' X(By)  North éomﬁoncnt of B
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Z(B, V)
Y (B,)
jv

¥

D .

. Solar Ecliptic C

- VERNAL
EQUINOX

oS

SYMBOLS

- T SE

Vertical ‘cmm‘mhc‘n.t 6!' B

- éuét comp.oncm.ol' B(Z x X.)
Inclination or dip angle
}‘lorizon‘tal ficld ihtcnsit_y (B cos )

‘Declination angle

oordinate System

: ANQETH g

EQUINOX

Figure A-5.—Solar ec"ptic coordinate system (rel, 42).

Positively directed toward Sun along Earth-Sun line
Positively directed toward north ecliptic pole
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¢Sl-ﬁ

Solar ecliptic latitude

Solar ecliptic longitude

Solar Magnetospheric Coordinate System

SYMBOLS

My
Sy

XSM

EARTH'S SPIN - AXIS

Figure A-G. - Solar nm@lclmphirie‘ coordinate system (ref. 42).

Positively dlrcctcd northward p‘mlllcl to h.lrth s
magnetic dipole axis

l’osntlvcly directed northw.lrd pumllul to Earth's
spin axis

Positively directed toward Sun along Earth-Sun
line (parallel to Xg;.) ~ '
Xow* Ysu

M

Parallel to Mn-: s XSM
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‘ ' N APPENDIX B .
DIMENSIONS UNITS AND CONVERSION FACTORS

Sc\'o .xl sy\h.ms of units- h.wc hwn commonly used 1o déscribe the Lh.:rnutcmtxcs of_
magnetic ficlds: The system of clectrostatic units (esu) uses‘Coulomb's law; and the system’

“of clcglrmn.lwcm units (emu) uses the Lkiw of attraction between Lu'rcntﬂ The Gaussian

SYstem’ expresses magnetic quantities in_emu and electric quantities in esu. In the Gaussian -

system,  the magnetic flux density (B) and the magne.ic field intensity (H) are used
interchangeably: This “interchangeability. is based on the. fict that B =g H, where the

permeability g, is unity for a non-magnetic medium, in which case B = H. The unit for B and

H was the gauss until 1932, After 1932, H was expressed in oersted. Another unit used for B
and H is gamnna (y) which wis first introduced in studics of’ geomagnetisn. When g is unity,
gamma is_equal 1o 1075 gauss and is validly used for both field intensity and flux density

(ref. 43).°In 1960, the Eleventh General Conference on Weights and Measures adopted the

metric system of units (meter, kilogiam,. second, ampere, Kelvin degree, and candela) as the

international standard. This system was named the. International System of Units (S1), In SI-
tnits, the testa (1) is the unit of magnctic flux dcnxlty and the ‘lmpcw per nwlcr(/\/m) is -

the unit o! nu; igndu luld slr;nylh (nl H)

l)lmt‘n\l()n\ and units uxcd in this monograph are in terms of" bolh the Gaussian system and

the International System. Relations between the ST metric system of units and emu and cesu

systems are gtiven below tor the following quantitics: magnetic tickd mtcnslty, magnetic flux,

magnetic field strength, magnetic dipole moment, and current (ref. 44).
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TABLE 8-1 Magnetic Field Intensity { Magnetic
- Flux Density in SI Nomenclature )*

. System T~ ’
. of equals
Units - one R T r 14
g webers / meter? {Wh/m?}. .

. 1 : U

T ortesia(T) ! 0 10

smu . 'qauss (r) 10 1 10*
’ . Qeee -5 . o ’ . -
. ~gamma {Y) ‘ 10°° 10 : 1 v }

* Vector components of field intensity are defined -
in figure A -4 of appendix A. ’
** Not part of a system.
*** 1 nanotesta (nT) ~

TABLE B-2 Magnetic Flux (dg)

System - ) equals -
of . Wb fine
Units °"°‘ : : :
st weber (Wb) S 108
emu maxwell (tine) BT L 1

TABLE B-3 Magnstic Field Strength (H)

System » . :
of equals A/m Ge Yy
Units one : '
. st “ampere /meter {A/m) | 1 4= x100 | 4nx10?
smu .- oersted (Os) 10° /4 1 10° 3
L gamma {Y) 1072 /4n 10 B ]
* Not part of | system . x

5
B
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TABLE B- 4 Magnetic Dipole Momen_t_ﬁ:)

System \ equals Loop: Dipole: | Loop: ~ Dipaote:
. of one : A-m? Wb-m ¢ " pole-cm
Units . | Wom | pole-cm | pole-cm
‘ ampere-meier? (A-m?) 1 awxio?| 100 | 10°
Sl : —
' ' 107 ' 10 | 1wt
: - weber-meter (Wh-m) —_ . ‘ -
4n S 4n | A
pole - centimeter { pole - cm - , .
emu or upc ) (1IN LR [l 1 .
L 4
Note: In cgs units the following are often used interchangeably for magnetic:_
moment: pole - cm; gauss -cm”; dyne - cm / oersted; dyne -cm / gauss,
TABLE B-5 Current :
o
System equals - .
of _ A abA - statA
Units one < BN
St ampers (A) 1 0.1 x10°
emu shampere (abA) B [ R axe
- v N ) . ‘ -. N , .
esu statampere ( statA ) ; x107 -x107'0" o
. 3 P
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- R S APPENDIX C .
MODELS OF THE EARTH S MAGNETIC ENVIRONMENT

Spherical I-Iqlr'mo'nic' Expa.nsidn'queI

The spherical harmonic expansion model is a series expansion’in spherical coordinates of the
- magnetic flux density (B) which is ddmc us the negative gradient of the geomagnetic
potcn!x.xl function V, where o o ; .

’I m=

' .IIc"= IIILIZIII Euﬁh I‘ZIIIIIIS (()3A7l.2_k|'n)

. R = d'isI;\Iu;‘p I',romv.g:coée‘nt'cr |

. L'::‘: and bh"" = hurmonic cOcI‘t’iEicn‘_tsv
I\ = gémuntm east longltudc
0 = guownlm LOI.IIIILI(IC (‘)0 - 6)
5 = geocentric I.zItItu.dc_ |

P (cos 0) =" Schmidt function - partially normalized spherical
: hirmonic Iumtxon of dcgru n and ordcr m wnth
L ms=n. :

Thc h.\rmomu coefficients L “and h are- determined by .nmezmg mu%urcmcnts ofthc
geomagnetic ficld mmponcnte made at a large number of points on the Earth's surface,

Table C-1 (ref. 25) gives a set of 120 of these coefficients with their first and second

derivatives.
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R ZZ " (gm. “cos mh + h™ sinmA )P:‘ (cos 0) (C-1)

e -




The Schmidt functions are defined as:

m (cOs0) - form =0 , ‘

P::‘ (cos 0) = _ o (C—Z) o
o 2¢n-n) ! |72 o : L

P, m (cos 0) for m # 0 ;

S (ntm)!

The associated Legendre function, Py 1 (cos 0)._ is given by

' My . .
(cos 0) = ——————— gin™P | {cos O)n-m
2ipt (n-m)! .

(n-m) (n-m-1) (cosO)""““z" e
2(2n-1 . e

nm

+(n—m) m-m-1) (n-—m—’) (n—m—‘l (cos 0)n-m=4 +. ] ,. (C—3>)

2(H) Cn~-DH 2n-3)

To catculate components of B at'some point in space, the following relations are used:*

’ . ‘ ) n ' . .

. 1 oV : R \n+t2 (P 0 . o
By = =§. :2 :( _.) _____-f_‘fll[y“ cos ‘mX + h™ sin mA] (C-4) .
v R a0 . n=1 m=0 R . do - " o " : i
B év 2\ R . p” . ' -
By = - e E E (_,_S> ~ M (wos [g" sin mX - h™ cos mA] (C-5) ’1
. Rsm 0 oA\ - - R sin 0 £y " : Lo

n=1m=0 v . . |
0 V m C'm I' Com 3 "
B, = a R E E ( ) (n+ l)l’" (cos 0) lgn cos m)\+'h“ sin mA} (C-G)

acl m=0

1
L
4
i
|

*Refer to sppendix A for definition of:gcocemrlc cnerd(nute'syétem.
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where:

P” (cos 0 o S _
_f_"_*(_t_(i-)_ = J.\_ (n+t 1) Pl (cos ) . form = 0
do 2 neo o IR
B (cos 0) N AL G
(P, s R R BT oso) C(CT)
do - : " o L
‘m+

Y ' : :
14 l(n+m+l) (n—m)] . A I (cos 0). form =+ 0/ :

and

oy = 2 for m = 1|

= o)
8, 1 for m = 2

_The coordinates of a point or points in space and the humber of coefficients (corrected for
secular variation) needed to obtain the desired accuracy are substituted into-equations C-4

through C-6. Sccular variation correction is computed by adding the secular change in the
coefficient over a period of time to the original coefficient. The corrected coefficient is
defined as: ' ) ' ’ .

M= O+ a-D " M N (e

where T is the epoch in years for which the coefficients were derived and tis the particular
time of interest (table C-1). -Figure C-1 illustrates the relation between the number of
coefficients (K) used in the equations and the accuracy obtained for k to 63 terms based on
a set of coefficients published in 1965 (ref. 45). The decimal residual (R) is defined as the
ratio of the rms of the computed values minus observed values to the observed values:

St

ETIOR
sod ety AN g

W (1) = WD+ =D A D (@9

g e




DECIMAL RESICUAL

| |

<

LAt

OOQ?OOO
IIIQQ
.10 B
1< k<20

. DECIMAL ‘RESIDUAL

< X%ﬂamrpwyﬂ%

REEA T SRS 0 BV

40
- k=20

. Figure C-1.-Spherica! harmonic expansion accuracy as function of number of coefficients used.
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Table C-1 Sphcric;ﬂ' Harmonic Cocefficients (Epoch 1965.0) (ref: 23)

B

h g (Y.yr) g Y.yt h
[ [ -3401 2 T o000 1303 000 =0 062 0000 |
1 ! ENTRR $TI82 Y =37 0114 ~0.043 |
? 0 -1540 1 © 00000 - -9 000 -0 154 0000
2 t 29979 -19320 © =009 -14 31 -00t& 0054
Y 2 1590.3 PN ] -4%6 -l6 62 -0283 -Q0i6
3 [} 12071 0000 -8.93 0000 -0.13 0000
3 ] ~1988 9 ~435.4 =10.62 5.20 -0.027 . 0005
3 b : 12768 hap ] 23 253 0028 -0.007
3 3 §81.2 -133.8 -$.49 -6.98 -0183 007
4 o 949.3 0001 1.45 000 0001 0.000
4 ) 803.§ 160.3 0.90 =219 -0 044 C 0.0
4 2 . 5028 -3 =178 =014 0017 . 0086
4 3 -397.7 23 0.66 1:88 0.007 -0.033
4 < 266.5 | -246.6 -30t -6.52 ~-0007 ~0.047
s e -2338 000.0 161 0.00° 0.045 ~0.000
s t 355.7 5.1 0.60 24 0.001 -0.046
.S 2 284 178 33 1.50 0075 0.007
s 3 T-%8 ~114.8 -0.09 -261 0008 -000?
s 4 <1519 ~1089 . =0.60 0.50 0015 0.001
s s -62.2 §2.4 1.76 -0.12 0.0%6 -0.024
[ [ 492 00.0 © 042 0.00 -0.006 0.000
6 a 515 121 382 0.05 0.015 0.020
6 2 -08. 1044 0.82 009 0010 | -0.01t
6 3 ~2383 56.6 23§ 258 0.050 L0018
6 4 -1.5 =24 0383 -1.19 - 0011 -0029
6 s -20 -148 0.0 033 0.02 002 °
6 [ -i08.4 -133 0.23 0.84 0.023. -0.010
7 - 0 722 00.0 -0.5?7 0.00 -0.014 €000
7 R -537 ~53.7 -0.34 -0.96 -0.006 -0.014
7 2 18 hy X B -84 0.0t -0.034 00te
7 3 156 -8.1 -0.90 043 -0004 0.014
7 $ - -3 70 0.0} 0158 -0.006 0.005
? s -36 243 ~0.60 -033 -0.027 -0.008
1. 6 - 15.5 =228 -0.17 040 ~0.001 0016
? 7 de . -214 -0.64 0.90 -0004 0.011
8 o . 85 00.0 0.8 0.00 0.004 0000
8 t 6.5 54 0.50 -0.50 0.008 -0.015
8 22 T -93 -7 1.70 -0.21 0.039 ~0012
8 3 -96 a2 - -0 0.03 ~0.008 0008
[ q -6.1 -153 0.34 -079 0015 -0.011
.8 s $8 4.6 ~007 008 -0.00? = 0.000
8 [3 -8 219 043 0.10 0.008 -0.002
8 ? . 120 -0.7. ~0.15 -0.36 -0.008 -0.009
& B 74 -17.1 -042 -0.43 -0.007 ~0.003
9 [\ 10.4 00.0 -0.10 0.00 ~0.00% 0.000
9 1 s8 =224 -013 0.66 - =0.00t 0.022
9 b3 15 138 -1.20 0.84 -0.027 0.007
9 3 ~15.1 6.3 0.08 0.03 0.005 -0.002
"9 4 121 -30 -0.08 .35 ~0.007 0.000
.9 s a7 . -1.9 -0.39 -0.03 ~0.006 0.006
9 . 3 02 9.0 . =036 - 0.0 -0.000 =0 001
9 7 16 1S 0.47 0.45 0.006 0.009
9 8 09 ot - 0.37 -0.08 -0.008 ~0.004
9 9 0.2 T -1 -0.48 078 -0.009 . 0.019
10 -0 -29 00 ~0.01 000 -0.003 0000
10 1 -0.9 =01 -0.13 ~0.6! -0.003 -0.012
10 2 -2.2 45. 0.88 -0.64 0.020 ~0.014
10 3 .08 -1.0 ~0.18 0.02 ~0.008 0.001
10 4 ~28° 26 0.17 0.08 0.007 0.001
10 s . 6.4 -44 -0.0? -0.63 0.001 -eo11
10 6 . - .- 47 -13 0.05 -0.07 0.001 =0.001
0 7 ~0.2 -36 017 007 0.001 0.001
10 8. 18 10 016 -003 0.008 ~0.00t
10 .9 20 1.0 0.3t -0.02 0.004 0.001
10 10 11 =20 -0 . -0.48§ -0.002 -0 006
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- where :
I = total number of observations
L] * .
I, = scalar fickl computed at cach data point using
indicated number of coefficients
I"'i’ = respective observed value of scatar field intensity.
An alternative Tormulation of this model employs Gauss normalized (Gauss-LaPlac?)
functions, Poom (), rather than the Schmidt functions, P m(0). In this case, the magnetic
flux density s equated Lo the positive gradient of the geomagnetic potential function
(B=+YV) (et 43). » ) :
Comptiter programs which provide ntmerical solutions of the field equations C-4 through
C-6 are available at NASA Centers as well as most of the major acrospace contractors,
Generally, these programs allow for variation in the number of coefticients used and thus
are applicable when limitadion. in the storege capacity of a particular computer do not
permit utilization of all the coctticients. : . o
Reference 43 presents a set of programs which will evaluate the geomagnetic ficld
components using any available set of coefficients at any point-in normal geodetic
coordinites  (hatitude, Jongitude, altitude). These programs accommaodate cither Gauss'
normalized or Schmidt functions. ' : :
Quadrupcle Mode!
The quadrupole model uses the first vight terms of the spherical harmonic expansion to
obtain an  approximation ol the geomagnetic fivid. The  geomagnetic. potential | is
approxinurted by: '
RA?2 o 0 | N | '
V=R, [— g Po(eos0) + (g cosh th sind) P (cos 0)
- R 1 ! t 1
S R‘, 3 o ’() " 1 . )l .
+ R, {-— ‘g P, (cos0) + (g2 cosA +'h sinA) P, (cos )
R - -t Co
- 2 4 2 P )2 ] . . .
-+ (g2 cos 2A + ]12 sin 2A) 12 (cos @) _ . - (C-11).
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"T6 caleulate the components-of B at some point in space. the following arc used:*

1AV /RN

: |;g‘; sin () + u)x (L »{‘os)\ + h:. ._s':in Nl

XOR 90 \ R
l.-‘1 o . R R | .. T
.l_;‘_. -3 g, sin0 cos0 +4/ 3 (Zcos? 0 - h (e, cos)\+h2 sin \)
4(\/ smOng) (; cos 2A +h ';,-mzm L (SR ),
.‘_'w RA* [,
By = .S ghosinX = h! cos A
“Rsin@ A R ! b
RAY b e oo ool B cos A
+ =) vV 3cos0 (e, sin\ - h2 CosA)
+sin 0 (g s1n27\ h cos 2\) T , o C(C-13)
avV _ fR)\3 | S
B,= — = (% 2{1 cos 0 + 2sin0 (t' c0s>\+h sint A)
AR, AR/ T o e
R\ [ /3 ¥ S
-3 (- — cos? 0-~— go + \/33111(}u)\0 (z., L()\)\ + h sinXx} .
R/ 2 2)\" | _ |
+ .é_ sin? @ g: cos? A + h:‘ sin 2 , ' - {C-14)

The accuracy of the quadrupole model compared to thie spherical Larmonic expansion

~model is illustrated in figures C-2 through C-0 (ref. 26). The magnitude ratio is defined as

the ratio of the B computed by the approximation model to the B computed from the

“spherical harmonic expansion modeél. The angular deviation is defined as the ficld angle

computed by the dppromnduon modcl lcss the field anglc'computcd by the spherica l
lmrmomc cxp‘mslon modcl. '

*Refer to nppérudix'A for definition of ge_oceﬁ!dc coordinate system.
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Dipole Models

Spin-Axis Dipole Model

The spin-axis dipole model uses the first term of the spherical harmonic expansion to obtain’
an approximation of the geomagnetic ficld which is generally lower than the ‘ldlhll field.
The Lconms.ncm potential is approximated by:

N | _
R‘ g P, icos 0) ‘ (C-15)

Vv=.R‘

Y

To calculate the components of B at some point in space, the folowing relations are used:*

R\ 3 . o
B, =(-% g sin 0 S (C-16)
R/ !
B, =0 ' _ (C-17)
IR\ ? : . '
B, = 2(—<) & cos0 | (C-18)
l{ R ) }

The accuracy =1 the spin-axis dipole model compared to the spherical harmonic cxpansion
model is iHustrated in figures C-2 through C-4 (ref. 20).

Tilted Dipole Model

The tilted dipole model uses the first three terms of the spherical harmonic expansion to
obtain” an appreximation of the geomagnetic field. The geomagnetic potential is
approximated by: )

V=R, B_“_ 2 P(: (cos0) + (g: COS K+ h: sin A) P: (cos 0) (C-19) : !
R : ;

To caleulate the components of B at some point in space, the following relations are
used:* : :

R\ 3 o ;
B, = -R—" ﬂ’g(.) sin@ + g: cosJ cosX + h: cos 6 sin A - (C20)

*Refer to appendix A for definition of geocentric coordinate system.
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l{‘ 3 I ) . ' . . . . ¢ . . - ) 'v
B, = [ -% posinh - b cosA | : : =2
’ R ' ! ; : , e L
R\ 3 o [ . T . ' . o “ o
B, = -2 L g, cos 0 + g, sin 0 cosA+ hl “sin 0 sin N C (e
i R . o S .

The au.umcy of tlw tilted dipole model LOH)]HI‘L‘(I to the sphcm.ll harmonic cxpanslon
model is illustrated in figures C-2, C-3. C4, € 7,.md C-8 (ref. ’())
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1.2

tb . QUADRUPOLE"

~ MAGNITUDE RATIO

o .- & 120 180 200 . 300 - 360

100. -

CSPINAXISDIPOLE -
16k TILTED DIPOLE ' \ ' -

"  QUADRUPOLE

ANGULAR DIFFERENCE ( degrees )

M S = v = o ‘ .
AL R T R 1) 86 . 240 360 .30
' IR EAST LONGITUDE (degroes) - o

A A R RN et i g e et .

" Figure C-2.-Devic ation of .mpnu\lm.mon models from spherical harmomc expansion modcl in
. cquatorm] planc at one R, (larlh s surface) (ref. 26)
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< : crireen,
& 169
ué (rrereeees” " QUAGRUPOLE
5 9
(L]
: =4
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100.
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& . l. .
e A B ‘.
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=) ST P Yoo
[4-] I . .
& % .
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.01 ' 1 : 1 3 1 1
0 B 1 120 180 249 300 364
- ' " EAST LOGNGITUDE (degrecs ) '
Figure ('-3.-»l)cvi:x.tim{ of appmxi‘m_u.ti(m models from spherical harmonic expansion model
in equatorial plane at three R, (ref. 26).
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Figure C-4.--Deviation of approximation models from sphcncal harmonic cxpansxon model in
equatorial planc at 6.6 R, (synchronous orbit) (rcf 206).
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MAGNITUDE RATIO"

MAGNITUGE RATIO

16
14

1.2

14
1.2
1.0

0.8

0.6

© MAXIMUM

1 l 1 ..i ) - | ‘ 1 N L

SOUTH 90 60 . 0 0 . 60 90 NORTH

miNIUM

LATITUDE (degrees)

Figure C-5.—~Maximum and minimum magnitude ratios of quadrapole model to the spherical harmonic .

expansion model at scl_ccte_d' geocentric distances (ref. 26).
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ANGULAR DIFFERENCE (degree)

ANGULAR DIFFERENCE (degree) -

MAXIMUM

0

MINTAUM

10

01 :‘ . ' 3 ' 1 ‘ 1 L 1 1
SOUTH .80 - 60 _ 30 0 : 30 - 60 90 NORTH
) . LATITUDE (degress) : .

Figt re C-6.-- Maximum and minimum angular deviation of quadrupole model from spherical harmonic
expar “ion model at selected geocentric distances (ref. 26).
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MAGNITUDE RATIO
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Figure C-7.--Maximum and minimum magnitude ratios of the tilted-dipole model to the spherical -
harmonic expansicn model at selected geocentric distanees (rcf. 26).
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Figure C-8.—-Maximum and minimum angular deviation of tilted-dipole model from spherical
" harmouic 2xpansion model at selected geocentric distances (ref. 26).
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Pancl Flutter, May 1965
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Local Steady /\Lrou»n umu Loadx Durm" Launch and L)ul l\ldy

1965

Buckling of Thin-Walled (mul ar C)Im(lus SL[')th\b‘ r 1965
(Rumd August l‘)(w8) '
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' Prbpcllcnt Stosh Loads. August 1968

Models of Mars Atmosphere (1907). May 1968 -
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Spacecraft Magnetic Torques, March 1969
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