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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

For centuries, geomagnetic reference models have been used to describe the vector field (for example,
by its direction and strength) as a function of position and date. Such models are widely used in
upper-atmospheric, ionospheric, and magnetospheric research, and in characterizing the near-Earth
space environment. They further provide an essential reference for navigation, heading, and attitude
determination and control subsystems of spacecraft and ground-based systems.

Earth’s magnetic field is represented in such models as a spherical harmonic expansion of the equivalent
scalar magnetic potential. This representation was proposed by Karl Friedrich Gauss (1777-1855) and
has heenusedeversineetodeseribe tefteld—The-spherieal-harment effirients of the

d are commonly called Gauss coefficients. In 1969, the International, Ass

ociation for
Field (IGRF),
al Standard
mputational

field. All of
resented in

ar extrapolation of the Gauss coefficients is used. Geamagnetic reference models|specify the
coefficients for a start date (epoch) and provide theirlinear change over time as a sef of so-called

sources also contribute to the magnetic-field. Magnetic minerals in the crust and upper mantle
ise to magnetic anomalies which can*be’significant locally. Electric currents induced by the flow
ducting sea water through the ambient magnetic field make a further, albeit weak, ¢ontribution
observed magnetic field. Time-vatying electric currents in the upper atmosphere and near-Earth

uce electric
sno general
producer of
included in

coefflicients with linear seculaf variation. Time-varying external magnetic fields further in

currents in the Earth and oceans, producing secondary internal magnetic fields. Since there

consgnsus on how to separate these various internal and external sources, it is left to the
a gegmagnetic reference-model to specify which of these internal and external sources are
theirfmodel, and any-~radial limitation to the validity of the external part of their model.
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Space environment (natural and artificial) — Geomagnetic
reference models

1 Scope

This International Standard defines reference models representing the geomagnetic field. It closely
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field

The dlown axis in the geodetic frame is perpendicular to the surface of the WGS84 ellipsoid

of th
by th

rrn[lagnetic reference model. It is left to the producer of a modél'to specify which internal

pTS amd crarities specifications witicir trave beerr i use for marny decades.

bpproach is to represent the corresponding scalar magnetic potential by a spheric

's models in which, at any one time, changes of the magnetic field are modelled by a
ndence of each Gauss coefficient. A model might consist of a succession-of’sub-model
h the coefficients change linearly with time. For such a step-wise linearniodel, the cog
nuous in time. This International Standard provides the formulae and a'step-by-step co
bdure to evaluate a geomagnetic reference model for any desired location and date.

International Standard does not specify the interpretation-of the geophysical g

etic sources are included in (or excluded from) their model.

Reference frames

General

ositions remote from the Earth, it is ciistomary to use a geocentric reference frame ar
nagnetic field vector into componentsbased on this geocentric frame. For positions on

m (WGS84) ellipsoid of rotationapproximating the Earth’s surface, and to resolve t
vector into components based-on this geodetic frame.

b vertical caused by local gravity anomalies have to be taken care of by the user and are
is International Stahdard (see 5.1). Geocentric and geodetic coordinates are illustrated

hl harmonic

nsion having specified numerical coefficients, called Gauss coefficients. This International Standard

linear time-
s, in each of
fficients are
mputational

ontent of a
ind external

d to resolve
hnd near the

I's surface, it is customary to use-ageodetic reference frame, based on the standard Wojrld Geodetic

he magnetic

Deflections
not covered

in Figure 1.
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NOTE
in geocentric
OP line with
WGS84 refer

2.2 Geocq

A point loc
Cartesian
coordinates
the geocent
geocentric f|

An axial cross-section through the point of interest P which is.atlongitude A. This point P is spe

carordinates (see 3.1.2 of IS@:19111, but note that it uses capital X, Y, and Z). Equivalg

xy-plane

spherical polar coordinates by its distance r from the Earth'centre O and the incidence angle
the equatorial xy-plane. The same point P has geodetic-coordinates given by its height h aboy
bnce ellipsoid and the incidence angle of its geodetic,normal with the xy-plane.

Figure 1 — Geocentric and geodetic coordinates

bntric reference frame

ion in geocentric Cartesianicoordinates is given by the same (x, y, z), as used in geo

can be specified as geocentric spherical polar (A, ¢, r), where A is the longitude,
ric latitude, and r is the-distance from the Earth centre. The prime is used to disting
rom geodetic terms-where necessary.

rified
bf the
e the

detic
ently,
@' is
ruish

2.3 Geodetic referenceframe
The geodetif refererice frame is based on the WGS84 reference ellipsoid. This is an ellipsoid of rotption
having a defined.semi-major axis 4 (in the equatorial plane), and a flattening f. This leads to a jemi-
minor axis (psséntially along the spin axis) of A(1-f). Specifically,

A=6378137m

(1
1
7 = 298,257223 563 (2)
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e2=f(2-)
where
e isthe (first) eccentricity.

3

A point location in geodetic coordinates is given by (4, ¢, h), where A is the longitude, ¢ is the geodetic
latitude, and h is the height (distance normal to the ellipsoid) above the WGS84 reference ellipsoid.
Geodetic and geocentric longitudes are identical. This nomenclature follows ISO 19111. A point location

can 3lso be specified by the Cartesian coordinates (x, y, z) in the WGS84 reference system, where the
positive z and x axes point in the directions of the semi-minor axis and the prime meridian (A = 0) in
the dquatorial plane, respectively; this is the same as the geocentric Cartesian coordinate|system. For
the WGS84 ellipsoid we then have for p, the radius of curvature of the normal séction at fhe geodetic
latitude ¢,
A
e = —— @
\J1 — e“sin“g@
2.4 | Geodetic to geocentric coordinate transform
The geodetic coordinates (A, ¢, h) are transformed into spherical geocentric coordinates| (A, ¢', r) by
recognizing that A is the same in both coordinate systems, and that (¢’, r) is computed| from (¢, h)
according to the formulae:
N = (p. + h)cospcosA (5)
¥ =(p, + h)cosgsini (6)
4 =[p.(1 - €°) + h]sing (7)
2 2
A =&+ y?) =(p, #+Hcose (8)
n= p2 + 72 9
Q' = arcsiis (10)
r
whete
p isthe east-west (cylindrical) radius of curvature.

3 Specification of the geomagnetic field vector

3.1

General

When synthesizing the field from the Gauss coefficients, the output field is given in a geocentric frame.
But the output field is often needed in the geodetic frame instead. This Clause therefore specifies and

relat

© ISO

es the magnetic field in the geocentric and geodetic frames.
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3.2 Magnetic vector components in the geocentric frame

At the point of interest P(A, ¢’, r), the geomagnetic field vector, B, can be described by three orthogonal
components in a local Cartesian coordinate system with origin at P and axes in the geocentric spherical-
polar directions given by dA, d¢’, and dr. For historical reasons, however, the triplet (X', Y’, Z’) is used
(see Figure 2), where X’ is the northerly intensity, Y’ the easterly intensity, and Z’ the inward radial
intensity, positive towards the Earth’s centre. The unit vectors of the geomagnetic field components X,
Y’, and Z’ thus point in the ¢’, A, and negative-r directions, respectively. The quantities X, Y, and Z’ are
the sizes of perpendicular vectors that add vectorially to B. Note that the orientation of this coordinate
system varies with angular position. The synthesis of the field from a spherical harmonic model initially
produces these X’, Y’, and Z’ components.

South West

East

To Earth center

NOTE The components of the geomagnetic field vector B in the geocentric reference frame are the northerly
intensity X’, dasterly intensity Y’ and.centerwardly intensity Z".

Figure 2 — Components-of the geomagnetic field vector in the geocentric reference framle

3.3 Magnetic elements in the geodetic reference frame

The geomagpnetic field vector, B, is fully described by an appropriate set of three elements, butin praftice,
seven elemgnts)are variously used (see Figure 3). The main orthogonal set is the northerly intensjty X,
the easterly intensity Y, and the vertical intensity Z (positive downwards). Another orthogonal set is
the total intensity F, the inclination angle I (also called the dip angle and measured from the horizontal
plane to the field vector, positive downwards), and the declination angle D (also called the magnetic
variation and measured clockwise from true north to the horizontal component of the field vector).
The seventh element is the horizontal intensity H. In the descriptions of X, Y, Z, F, H, I, and D above, the
vertical direction is perpendicular to the WGS84 ellipsoid model of the Earth’s surface, the horizontal
plane is perpendicular to the vertical direction, and the rotational directions clockwise and counter-
clockwise are determined by a view from above.

4 © ISO 2014 - All rights reserved
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Zenith
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The seven elements of the geomagnetic field vector,\B;'in the geodetic reference frame 3
ity X, easterly intensity Y, vertical intensity Z (positive downwards), total intensity F, incl
b called the dip angle and measured from the horizontal plane to the field vector, positive

onent of the field vector), and horizontal intensity H.

quantities X, ¥, and Z are the sizes'of perpendicular vectors that add vectorially to B; the
a local Cartesian coordinate system. The corresponding set of local spherical pola

5:2014(E)

re: northerly
nation angle
downwards),
to horizontal

Figure 3 — Elements of the geomagnetic field vector in the geodetic reference frame

r directions
-coordinate

components is denoted by (E_{, D). In both these local coordinate systems, the orientation| varies with
position on the surface.
The gpherical harmonic'répresentation initially produces the Cartesian (X, Y’, Z). These are then rotated
into the geodetic (X;¥)Z), see 3.4. The magnetic elements H, F, I, and D are then computed from the
orthpgonal compenents (X, Y, Z):
H = JXxA+¥Y? (11)
= JH% + 72 (12)
I = arctan(Z,H) (13)
D = arctan(Y, X) (14)

where arctan(a,b) is tan -1 (a/b), taking into account the angular quadrant, avoiding a division by zero,

and resulting in a declination in the range of —m to  and inclination of -1t/2 to /2. In formulae, and in
computing sub-routines, angles are in radians, but typical user software allows input/output in degrees.

©IS

02014 - All rights reserved


https://standardsiso.com/api/?name=c60c4164b14e355335579222cc96f86d

ISO 16695

:2014(E)

Conversely, X, Y, and Z can be determined from the quantities F, I, and D. The time variation (secular
variation) of these elements is computed using Formulae (15) to (18).

H = X - X+¥-v (15)
H
F-,:X-X+Y-Y+Z'Z (16)
F
i:iz _ZZ'H (17)
F
- Xxlr-v.x
D="1— (18)
H
where [ arld D, are given in radians/year. These angular changes are typfeally converted by|user
software tofarc-minutes/year.
3.4 Transform of magnetic vector components from geocentric to geodetic frame
The geocentric magnetic field vector components, X', Y, and Z’, are'rotated into the geodetic refefence
frame, using Formulae (19) to (21).
X = X'dos(¢” — ¢) — Z’sin(¢” — @) (19)
Y=Y (20)
Z = X'sin(¢” — @) + Z'cos(¢” — ¢) (21)
with corresponding formulae for the tinie derivatives of the vector components, X', Y' and Z'.
X = X’cos(go’ - Q) — Z’sin((p’ - 0) (22)
Y =Y’ (23)
Z = X'sin(@" =) + Z'cos(¢’ — ¢) (24)

4 Specification of the geomagnetic reference model

4.1 Potential of the magnetic field

To the accuracy of present models, it is adequate to assume that g = yg everywhere. In the absence of
local electric currents, the magnetic field, B, then behaves as a potential field and can be written as the

© ISO 2014 - All rights reserved
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negative spatial gradient of a scalar potential V, satisfying the Laplace formulaV - VV = 0.In geocentric
spherical coordinates (A, ¢’, r) this gives

B4, ¢, r,t) = =VV(A,¢,r,t) (25)

The potential V is the sum of contributions by sources internal and external to the Earth. The internal
contributions are due mostly to the geodynamo in the core and magnetization of the lithosphere. The
external part accounts for a steady contribution of the magnetospheric ring current, which is present
even during magnetically quiet periods. It changes gradually over the course of the 11-year solar cycle
and is therefore well represented by the same piece-wise linear temporal representation as the internal

f' ld Tl b= Fa-n S | o b L 1 - 1.1 -
1e T'HC PULCIHLAl V1S TAPAITUTU TIT LTS U SPIICTICAT TIAa T TTTUIIICS.

N; n+l n
(/l,qo',r,t):aZ(g) 2 (; g7 (t)cosmA+ ; h'(t)sinmA)P,)" (sing")
n=1 m=0
N . (26)
+a2(g] 2 (og9n(t)cosmA+ hy' (t)sinmA)P," (sing")
n=1

m=0

el

IN; isthe truncation degree of internal expansion;

Ne is the truncation degree of external expansion;

¢ is the geomagnetic reference radius (6 371 200.m);

is the longitude in a spherical geocentric reference frame;

¢’ isthe latitude in a spherical geocentric\reference frame;

1 is the radius in a spherical geocentric reference frame;

g™(t) and ;A" (t) are the internal time-dependent Gauss coefficients of degree n;

are(the external time-dependent Gauss coefficients of order m.
dgn () and  hy'(¢) P

The $chmidt semi-hormalized associated Legendre functions an (,u) where y=sing’is a feal number
in the interval [$};1], are defined as

(n—m)!

n ()= 2mpn.m (1)if m>0 27)

an(:u):Pn,m(:u)if m >0
This follows the definition of P, , (u) commonly used in geodesy and geomagnetism (see Heiskenen

T

and Moritz, 1967(5] and Langel, 198716]). Sample functions, for geocentric latitude, ¢’, are as follows.

P; o (sing’) = %(sinq)’)(Ssinz(p’ -3) (28)
P5(sing’) = —%(COS(p’)(l — 5sin?¢) (29)
P55(sing’) = 15(sing’)(1 — sin®¢) (30)

© ISO 2014 - All rights reserved 7
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P33(sing’) = 15cos> ¢

(31)

These P, (1) are related to the P;" (i) defined in Reference [7] (14.2, page 352) or in Chapter 8.7 of

Reference [4

1by Py (1) = (=1)" P (1)

4.2 Geomagnetic reference radius

The geomagnetic reference radius used in the spherical harmonic expansion of the magnetic potential is
fixed by convention at a =6 371 200 m. The Gauss coefficients are referenced to this value. It is therefore

important t

4.3 Epoc]

The Gauss ¢
to, the so-ca

4.4 Valid

b use exactly this value in the computation of the field elements.

n of a sub-model

pefficients of a geomagnetic reference sub-model are specified in terms of afixed base-
lled epoch of the sub-model. The epoch is given in decimal year, for example, as 2010.0.

ity of a sub-model

Due to nonlijnear changes of the Earth’s magnetic field, linear geomagnetic reference models of the

described h{
year. For ex
00:00:00 to |

The ‘externd
point furthg
beyond whi
along with t
magnetospH

4.5 Time

The Gauss ¢
the model cq

coefficients
gy ()4
ihy' ()
e grrln (t) 7

ere are valid only for alimited period. The start and end dates)of a model are given in deg
hmple, a model validity of 2010.0 to 2015.0 means that.the model is valid from 2010-/4
P015-Jan-01 00:00:00.

I’ coefficients represent fields from a source at seme’ region outside r = a. For an observ
r out than the source, the corresponding field is'now ‘internal’. So there is a limit in r3
ch the external coefficients are not appropriate. This radius will be specified by the m
he maximum degree of the external terms=Magnetic fields caused by electric currents i
ere are specifically covered by ISO 22009.

-dependence of Gauss coeffiCients

efficients; g (t), ;hy'(t), 595 (¢),and . h;)'(t) are determined for the desired time, ¢,

(M), 1A (te) g (to), and ,h(t,), at epoch tg as follows.
1 9n (L) +(E=L5); dn (to)
it )+ ([E=t0) 1 Ay ()

e Inilbo)+(E=to) e g (to)

ehrrrn(t):

FChM(to)+(E—to) R (to)

date,

type
imal
in-01

htion
ndius
odel,
in the

from

efficients ; g;'(to), ; Ani(80), e 9n (tg),and ,h,' (), and the linear secular variation model

(32)

Here, time is given in decimal years and ¢y is the epoch of the sub-model.

If for a sub-model extending from time ¢ to t; the secular variation coefficients are not explicitly
provided, then they have to be computed by Formula (33).

i9n (t1)
A (t)

=[;9n'(t2)— 190 (t1)]/ [t —t1)
=[;hn (t2)— ihy' (£1)1/ (2 —t4)

edn (t1)=[egn (t2)= gy (t1)]/ (t—t1)

ehrrln(tl)

=[ehn (t2)= chy'(£1)1/ (2 —t1)

(33)
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In case the degree of the expansion differs between times t1 and t, then the following applies: If the
degree of the expansion is N1 at t1 and the degree is Ny at t, then the secular variation coefficients are
computed assuming that ; g;'(t1), ;A (¢1), . 9n (¢1),and ,h)'(t;) are zero for N1 < n < Nz. This avoids

a discontinuity in the magnetic field at time t. For example, the International Geomagnetic Reference
Field changes from degree 10 in 1995 to degree 13 in 2000. When computing the field during the period
1995 to 2000, the coefficients of degrees 11 to 13 are linearly interpolated from a value of zero in 1995

to th

4.6

The
folloy

]

&+

[\1

bir values in 2000.

Calculation of magnetic vector components in the geocentric reference frame

magnetic field vector components X’, Y’, and Z” in the geocentric referencéframe are ¢
vs.
(g t)=—2 2
r oo
N: n+2 n SM - v
L P
—Z(g] 2 (;97(t)cosmA+ ,-h,’{’(t)sinm/”t)a”(;w
=\ T - 99
n=1 m=0
N, n-1 n
—E(LJ 2 (og9n(t)cosmA+ h (t)smmﬂ,)M
n=1 a m=0 a(D
'(l,(D',r,t)z— 1 a_V
rcosg' o

n+2 n
[ ] 2 m(; g7 (t)sinmd— ; K" (£)cosmA)P" (sing")
cosg' 4

n
( ] 2 m(, grm(t)sinmA— ,h"(t)cosmA)P, (sing")
cosq' 4 o

'(Lo'r, t)——
r

n

N; N2
—Z (n+ 1)(2) 2 (; g7 (t)cosmA+ ;hl(t)sinmA)P) (sing")
r

m=0

n-1 n
+Z"( j Z[eg,r,"(t)cosm/l+eh,rqn(t)sinml)ﬁnm(sin(p')

n=1 m=0

omputed as

(34)

(35)

(36)

Correspondingly, the secular variation of the magnetic field components are computed as follows.

Xr(/l’(pv’r’to):_;_

N; n+2 n . o '
=—Z[§j Y (5 (Eg)cosmA+ ;A (eg)sinma) Lo GNP
n=1

© ISO

m=0 d(p'
Ne n-1 n m . i
—Z(ﬁj Y (g (t)cosma+ ,h (t)smmA)L‘f"”)
S\ 4 m=0 d(p
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; 1 oV
Y' )’I ') 't == A
(.9r.to) rcos@' oA
1 Ni a n+2 n . _
= 'z —) Zm(ig,T(tO)sinm/l—l-h,'ln(to)cosm/l)an(singo') (38)
cosp' S\ r ~
1 N, r n-1 n ) 3
+ ' Z(—] z m(, g (t)sinmA—  h(£)cosmA)P" (sing")
cosg' S\ a =
Z'(/l,go',r,tn)=a—v
or
Ni a n+2 n . _
=—Z(n+1)(—] Y (; g7 (tg)cosmA+ ;b (tg)sinmA) Py (sing") (39)
n=1 r m=0
N, r n-1 n ) B
+2n E] 2(eg,',"(t)cosm/1+eh,’,"(t)sinmﬂ,)P,;"(sin(p')
n=1 m=0
The derivative in Formulae (34) and (37) can be replaced by the following expression:
pm : T
dp"—fl,“"—) =(n+1)(tan")P™ (sing")—/(n+1)? —m? (secp")P,2, (sin ") (40)
o

Formulae (3
but the othd
horizontal f

4.7 Spati

A model of
larger or eq

4.8 Root

It is sometil
these could
and B2(4, ¢

over the sphere of refeseénce radius a. The mean-square of the difference-vector (B1-B2) betwee

two model f]

5) and (38) contain a factor of cos ¢’ in the denominator. This factor is zero at the
r functions are such that there is no infinity there. In practice, only the m = 1 terms g
eld near the poles, and this is a nearly unifofin field coming from ann =1, m = 1, poten

al wavelength

spherical harmonic degree N a¢counts for magnetic fields that have spatial waveler
hal to360°//N(N + 1) in arc length (see Sec. 3.6.3 of Reference [3]).

mean-square differénce between two model fields

mes useful to asseSs)the difference between two geomagnetic model fields. For exal
be successive updates of the same model, or two entirely different models. Let B1(4, ¢
a, t) be the fields predicted by models 1 and 2, for a particular time ¢ and up to degn

elds, is.computed following Sec. 4.4 of Reference [3]:

oles,
ive a
tial.

1gths

mple,
, a, t)
ee N,
h the

nf2\2x N
R(t)zzl— [ [B(A,¢,a,t)-B,(A,0",a,t)]* cos¢’ dA dg’ = ZRn[t) (41)
/2 0 1
Ry(0)=(n+1) Y [(1, 91 ()= 2, 95 (D) + (1, B (€)= 2,y (¢0)°)]
m=0 (42)

+1 ) [(16 90 ()= 291 () +(1e by ()= 2,0 by (£))2)]

m=0

where R(t) is the mean-square of the difference-vector between the two model fields; the double integral
provides the average over the geomagnetic reference sphere, and Rj(t) is the mean-square of the

magnitude of the difference-vector of degree n. Here, the Gauss coefficients q ; gn(), 1i hy'(¢), le gn(t)

,and 1 ,hy'(t) of the first model and the coefficients,; g,'(t), 2,y (t), 29y (t), and ;. hy'(t) of the
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second model are assumed zero for n larger than the respective degree of the expansion. The root-mean-
square (RMS) difference at time t between the two model fields is then defined as

drms(£)=+/R(t)

5 Examples of the use of geomagnetic reference models

5.1

Compute reference magnetic elements near the Earth’s surface

q

g
4

1

The

coor
Deflg
not ¢

5.2

In Ld
Com

hoose the desired date t in decimal years and the longitude, geodetic latitude, and heig
bove the WGS84 ellipsoid. Heights above mean sea level (approximately following the e
urface known as the geoid) need to be converted to height above the ellipsoid. This can
or example, by using the online geoid calculator for the Earth Gravity Model (EGM,
info.nga.mil/GandG/wgs84/gravitymod/egm96/intpt.html) at  http://geographiclib.
et/cgi-bin/GeoidEval, which gives the height of the geoid above-the WGS84 ellipsoid.

[onvert geodetic to geocentric coordinates (2.4).

Compute the Gauss coefficients; g;'(t), by (£), o gndtdrand , b, (t) forall degrees n a

for the desired date t (4.5).

[ompute magnetic field vector components X',.X’,’and Z” in geocentric reference frame

reodetic reference frames, the magnetic field vector components have to be rotat
reocentric (X, Y, Z) to the geodetic (XY, Z) (3.4).

Lompute the magnetic declination’and any other desired magnetic elements (3.3) in
eference frame.

computed magnetic field elements in the geodetic reference frame are with respe

ctions of the verticalicaused by local gravity anomalies have to be taken care of by the
overed by this International Standard.

Computereference magnetic vector in near-Earth space

w Earth Orbit (LEO), it is conventional to express the magnetic field vector in the geoce
buting such a reference magnetic field vector, e.g. to determine the attitude of a spacecr

(43)

detic frame.
he following

ht in metres
quipotential
be achieved,
ttp://earth-
sourceforge.

nd orders m

(4.6).

$ince the inclinations of the vertical and noerthward directions differ between the ge¢centric and

bd from the

the geodetic

't to a local

linate system where~the down axis is perpendicular to the surface of the WGS84 ellipsoid.

iser and are

ntric frame.
aft, typically

requ

resthe following steps.

1.
1

atitude, and radius.

for the desired date t (4.5).

Determine date t in decimal years and position of the spacecraft given in longitude, geocentric

Compute the Gauss coefficients ; g, (t), ;hy'(t), . gn (t),and ,h]'(t) for all degrees n and orders m

Compute model magnetic field vector components X’, Y’, and Z” in geocentric reference frame (4.6),

e.g. to compare with measured magnetic field vector to determine attitude of the spacecraft.

© ISO

2014 - All rights reserved
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5.3 Compute reference magnetic vector in magnetosphere

In the magnetosphere it is conventional to express the magnetic field vector in the geocentric frame.
Computing such a reference magnetic field vector, e.g. to determine the attitude of a spacecraft, typically
requires the following steps.

1. Determine date t in decimal years and position of the spacecraft given in longitude, geocentric

latitude, and radius.

2. Compute the Gauss coefficients ; g, (t)and ;h,'(t) for all degrees n and orders m for the desired
date t (4.5).

3. Theextgrnal Gauss coefficients , g;'(t) and , h)'(t) are notapplicable in the magnetospherébegause

the soul

model of the magnetospheric magnetic field should be used, as specified in ISO 22009.

4. Comput
e.g.toc

ces of this magnetic field contribution are not external to the spacecraft location, Instgad, a

e model magnetic field vector components X', Y’, and Z” in geocentric reference frame [4.6),
bmpare with measured magnetic field vector to determine attitude ofthe spacecraft.

12
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Annex A
(informative)

Available geomagnetic reference models

A.1 International Geomagnetic Reference Field

The International Geomagnetic Reference Field (IGRF) was introduced by the Internationall
of Ggomagnetism and Aeronomy (IAGA) in 1968 in response to the demand for a standa
harnponic representation of the Earth’s main field. The model extends to degree and'order
updated at five-year intervals, produced and released by IAGA Working Group ¥=MOD.

A.1.1 Model website

httpi//www.ngdc.noaa.gov/IAGA/vmod/

A.1.2 Stand-alone software

The following public domain software for the IGRF is available'for download at the IGRF we

eomag.c: Program in C-language maintained by ‘NOAA’s National Geophysical I
istributed both as source code and as preconipiled versions for Windows®1 and
omputes the magnetic field vector and elements for given locations (geocentric or g

q
dates (or ranges of dates). The program further has command line and spreadshee]

facilitate repeated processing.

q

grf.f: A FORTRAN program maintaifred by the British Geological Survey. The IGRF
ire embedded into the source cqode."Options include values at different locations at dif]
spot), values at same location at one year intervals (time series), grid of values at one
geodetic or geocentric coordihates, latitude and longitude entered as decimal degree
gdnd minutes (not in grid), and choice of main field or secular variation or both (grid on

q

A.1.3 Online calculators

A.1.3.1 Declination, single point

httpi//www.ngdc.noaa.gov/geomag-web/#declination

httpi//wwiw=app3.gfz-potsdam.de/Declinationcalc/declinationcalc.html

Association
rd spherical
13, and it is

bsite.

Data Center,
Linux®1), [t
bodetic) and
t options to

coefficients
ferent times
time (grid);
5 or degrees
y).

A.1.32—Magnetic vector amd elenmrents; single poimnt
http://www.ngdc.noaa.gov/geomag-web/#igrfwmm
http://wdc.kugi.kyoto-u.ac.jp/igrf/point/index.html

http://www.geomag.bgs.ac.uk/gifs/igrf_form.shtml

A.1.3.3 Magnetic vector and elements, grids and profiles

http://www.ngdc.noaa.gov/geomag-web/#igrfgrid

1) Thisinformation is given for the convenience of users of this document and does not constitute an
by ISO of this product.
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http://omniweb.gsfc.nasa.gov/vitmo/igrf_vitmo.html

A.1.4 Charts of the magnetic elements
http://www.ngdc.noaa.gov/wist/magfield.jsp

http://wdc.kugi.kyoto-u.ac.jp/igrf/index.html

A.2 World Magnetic Model

The World Magneti i

the UK Mini try of Defence, and the North Atlantlc Treaty Orgamzatlon (NATO) for nav1gat10n attitude,
and heading referencing systems using the geomagnetic field. It is also used widely in civilian navightion
and heading systems. Sponsored by the US National Geospatial-Intelligence Agency (NGA) and the UK
Defence Gedgraphic Centre (DGC), the WMM is currently produced by the US National-Qceanographic
and Atmospheric Administration’s National Geophysical Data Center (NOAA/NGDC)cand the Byitish
Geological Survey (BGS). The UK and US have been collaborating in the production ofthe World Magnetic
Charts, World Chart Models, and World Magnetic Models since 1965.

The WMM ig a purely predictive model extending to degree and order 12, produced in five-year inteyvals.
The updated model is released in December before the new epoch (Dec-2014, Dec-2019, etc.).

A.2.1 Model website
http://www.ngdc.noaa.gov/geomag/WMM/

http://www.geomag.bgs.ac.uk/navigation.html

A.2.2 Stapd-alone software

— Websitq: http://www.ngdc.noaa.gov/geomag/WMM/soft.shtml. All programs are maintaingd by
NGDC and are distributed both as source cdde and pre-compiled versions for Windows and L]:ux.

— wmm_point.c: Computes the magnetic field vector and elements for a given location (geo
altitude (above mean sea level or WS84 ellpsoid), and date.

etic),

— wmm_{lile.c: Computes the magnetic field vector for locations listed in the input file and outpufs the
results n a file suitable forimporting to spreadsheet.

— wmm_grid.c: Computesthe magnetic field vector for a grid or profile of input points specifi¢d by
the user. The program'ean print the result either to the screen or to a file.

— WNMM (UI: Windows-based graphical user interface. It computes the magnetic field element$ and
their anpual change for a given location (geodetic), altitude (above mean sealevel or WGS84 ellpgoid),
and datg. Phe'location can be specified either in UTM coordinates or in geodetic coordinates.

A.2.3 Online calculators

This magnetic field calculator, maintained by NGDC, calculates the elements of the geomagnetic field
and their annual change with the option to produce profiles and grids.

http://www.ngdc.noaa.gov/geomag/WMM /calculators.shtml

This magnetic field calculator, maintained by BGS, calculates the elements of the magnetic field and
plots the result and location on a Google map.

http://www.geomag.bgs.ac.uk/data_service/models_compass/wmm_calc.html
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