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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.

The procedures used to develop this document and those intended for its further maintenance are
described in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
any patent rights identified during the development of the document will be in the Introduction and/or
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the convenience of users and does not
constitute an endorsement.

For an explanation on the meaning of ISO specific terms and expressions related to conformity
assessment, as well as information about ISO’s adherence to the WTO principles in the Technical Barriers
to Trade (TBT) see the following URL: Foreword - Supplementary information

The committee responsible for this document is ISO/TC 20, Aircraft and space vehicles, Subcommittee
SC 14, Space systems and operations.
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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 been used ever since to describe the geomagnetic field. The spherical harmonic coefficients of the
geomagnetic field are commonly called Gauss coefficients. In 1969, the International Association for
Geomagnetism and Aeronomy (IAGA) introduced the International Geomagnetic Reference Field (IGRF),
which uses the Gauss representation to describe Earth’s magnetic field. This International Standard
closely mirrors the established specification of such models, including formulae and computational
procedure.

There are several internal and external sources contributing to the observed magnetic field. All of
these sources affect a scientific or navigational instrument, but only some of them are represented in
geomagnetic reference models. The strongest contribution, by far, is the magnetic field produced by
motions in the Earth’s liquid-iron outer core, which is called the core field. This core field changes
perceptibly from year to year. When extrapolating the temporal evolution of the field into the future,
a linear extrapolation of the Gauss coefficients is used. Geomagnetic reference models specify the
Gauss coefficients for a start date (epoch) and provide their linear change over time as a set of so-called
secular variation (SV) coefficients. Due to unpredictable nonlinear changes in the core field, predictive
geomagnetic reference models are valid only for a limited period, and users subsequently have to update
to a newer version.

Other sources also contribute to the magnetic field. Magnetic minerals in the crust and upper mantle
give rise to magnetic anomalies which can be significant locally. Electric currents induced by the flow
of conducting sea water through the ambient magnetic field make a further, albeit weak, contribution
to the observed magnetic field. Time-varying electric currents in the upper atmosphere and near-Earth
space generate an external magnetic field. The external field does not average to zero over time. Its
steady contribution can therefore be included in a geomagnetic reference model using external Gauss
coefficients with linear secular variation. Time-varying external magnetic fields further induce electric
currents in the Earth and oceans, producing secondary internal magnetic fields. Since there is no general
consensus on how to separate these various internal and external sources, it is left to the producer of
a geomagnetic reference model to specify which of these internal and external sources are included in
their model, and any radial limitation to the validity of the external part of their model.
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INTERNATIONAL STANDARD ISO 16695:2014(E)

Space environment (natural and artificial) — Geomagnetic
reference models

1 Scope

This International Standard defines reference models representing the geomagnetic field. It closely
mirrors and clarifies specifications which have been in use for many decades.

The approach is to represent the corresponding scalar magnetic potential by a spherical harmonic
expansion having specified numerical coefficients, called Gauss coefficients. This International Standard
covers models in which, at any one time, changes of the magnetic field are modelled by a linear time-
dependence of each Gauss coefficient. A model might consist of a succession of sub-models, in each of
which the coefficients change linearly with time. For such a step-wise linear model, the coefficients are
continuous in time. This International Standard provides the formulae and a step-by-step computational
procedure to evaluate a geomagnetic reference model for any desired location and date.

This International Standard does not specify the interpretation of the geophysical content of a
geomagnetic reference model. It is left to the producer of a model to specify which internal and external
magnetic sources are included in (or excluded from) their model.

2 Reference frames

2.1 General

For positions remote from the Earth, it is customary to use a geocentric reference frame and to resolve
the magnetic field vector into components based on this geocentric frame. For positions on and near the
Earth’s surface, it is customary to use a geodetic reference frame, based on the standard World Geodetic
System (WGS84) ellipsoid of rotation approximating the Earth’s surface, and to resolve the magnetic
field vector into components based on this geodetic frame.

The down axis in the geodetic frame is perpendicular to the surface of the WGS84 ellipsoid. Deflections
of the vertical caused by local gravity anomalies have to be taken care of by the user and are not covered
by this International Standard (see 5.1). Geocentric and geodetic coordinates are illustrated in Figure 1.
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Xy-plane

NOTE An axial cross-section through the point of interest P which is at longitude A. This point P is specified
in geocentric spherical polar coordinates by its distance r from the Earth centre O and the incidence angle of the
OP line with the equatorial xy-plane. The same point P has geodetic coordinates given by its height h above the
WGS84 reference ellipsoid and the incidence angle of its geodetic normal with the xy-plane.

Figure 1 — Geocentric and geodetic coordinates

2.2 Geocentric reference frame

A point location in geocentric Cartesian coordinates is given by the same (x, y, z), as used in geodetic
Cartesian coordinates (see 3.1.2 of ISO 19111, but note that it uses capital X, Y, and Z). Equivalently,
coordinates can be specified as geocentric spherical polar (A, ¢, r), where A is the longitude, ¢’ is
the geocentric latitude, and r is the distance from the Earth centre. The prime is used to distinguish
geocentric from geodetic terms where necessary.

2.3 Geodetic reference frame

The geodetic reference frame is based on the WGS84 reference ellipsoid. This is an ellipsoid of rotation
having a defined semi-major axis A (in the equatorial plane), and a flattening f. This leads to a semi-
minor axis (essentially along the spin axis) of A(1-f). Specifically,

A=6378137m
ey

% = 298,257223 563 (2)
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e2=f(2-f)
3)

where

e isthe (first) eccentricity.

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 also 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 equatorial 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 section at the geodetic
latitude ¢,

. = A
¢ = ——
V1 - ezsinz(p

2.4 Geodetic to geocentric coordinate transform

(4)

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:

x = (p. + h)cospcosA (5)
Y =(p, + h)cosgsini (6)
z = [pc(1 - €*) + hsing (7)
p =N(* + y%) = (p + h)cosg (8)
r= p2 + 72 (9)
Q' = arcsin~ (10)
r
where

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
relates the magnetic field in the geocentric and geodetic frames.

™ ICN TN1 A ATl w3
Copyright International Organization for Standardization TlghtS reserved 3

Provided by IHS under license with ISO Licensee=University of Alberta/5966844001, User=sharabiani, shahramfs
No reproduction or networking permitted without license from IHS Not for Resale, 02/25/2014 21:24:52 MST



ISO 16695:2014(E)

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’, easterly intensity Y’ and centerwardly intensity Z".

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

3.3 Magnetic elements in the geodetic reference frame

The geomagnetic field vector, B, is fully described by an appropriate set of three elements, but in practice,
seven elements are variously used (see Figure 3). The main orthogonal set is the northerly intensity 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.

A _ .
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Zenith
West

South

North

NOTE The seven elements of the geomagnetic field vector, B, in the geodetic reference frame are: northerly
intensity X, easterly intensity Y, vertical intensity Z (positive downwards), total intensity F, inclination angle
I (also called the dip angle and measured from the horizontal plane to the field vector, positive downwards),
declination angle D (also called the magnetic variation and measured clockwise from true north to horizontal
component of the field vector), and horizontal intensity H.

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

The quantities X, ¥, and Z are the sizes of perpendicular vectors that add vectorially to B; their directions
form a local Cartesian coordinate system. The corresponding set of local spherical polar-coordinate
components is denoted by (F, I, D). In both these local coordinate systems, the orientation varies with
position on the surface.

The spherical harmonic representation initially produces the Cartesian (X, Y’, Z). These are then rotated
into the geodetic (X ,Y, Z), see 3.4. The magnetic elements H, F, I, and D are then computed from the
orthogonal components (X, Y, Z):

H = X% + v? (11)
F=\H? + Z° (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.
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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).

X X+V.Y (15)
H
p_ X X+Y-Y+2Z.2 (16)
F
i:H-Z—ZZ-H (a7
F
. X.Y-Y-X
D= , (18)
g H

Wheré I and D, are given in radians/year. These angular changes are typically converted by user
software to arc-minutes/year.

3.4 ;fTransform of magnetic vector components from geocentric to geodetic frame

The geocentric magnetic field vector components, X', Y’, and Z’, are rotated into the geodetic reference
frame, using Formulae (19) to (21).

X = X'cos(¢’ — ¢) — Z’sin(¢’ — ¢) (19)
Y =Y (20)
Z = X’sin(¢’ — @) + Z’cos(¢’ — ¢) (21)

with corresponding formulae for the time derivatives of the vector components, X', Y' and Z'.

X = X’cos(¢’ — @) — Z’sin(¢’ — @) (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

A _ .
Copyright International Organization for Standardization © 1S0 2014 - All FlghtS reserved

Provided by IHS under license with ISO Licensee=University of Alberta/5966844001, User=sharabiani, shahramfs
No reproduction or networking permitted without license from IHS Not for Resale, 02/25/2014 21:24:52 MST



ISO 16695:2014(E)

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
field. The potential Vis expanded in terms of spherical harmonics:

n

Ni n+1
V(L' r,t)= aZ(g) 2 (; g7 (t)cosmA+ ; h'(t)sinmA)P,)" (sing")
n=1 r

m=0 (26)
N, r n n B
+a,§{(g] %(eg,',"(t)cosml+ o hy (£)sinmA)P," (sing”)

N; isthe truncation degree of internal expansion;

Ne is the truncation degree of external expansion;

a isthe geomagnetic reference radius (6 371 200 m);

A isthelongitude in a spherical geocentric reference frame;

@' isthe latitude in a spherical geocentric reference frame;

r  istheradius 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.
egn () and  hy'(t) P

The Schmidt semi-normalized associated Legendre functions an (,u) where uy=sing@’is a real number

in the interval [-1;1], are defined as

n—m)!

Zuan(u)if m>0

(n+m)t ™ (27)
pnm(ﬂ):Pn,m(N)if m >0

This follows the definition of P, , (u) commonly used in geodesy and geomagnetism (see Heiskenen

P ()=

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

1
P; o (sing’) = E(sinq>')(ssinz<p' -3) (28)
., 3 / L2
P3 1(sing’) = —E(COS(p)(l — 5sin“ ¢’) (29)
P55(sing’) = 15(sing’)(1 — sin®¢) (30)
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P33(sing’) = 15cos3(p’ (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] by P, ,,(1) = (-1)™ P;"(u).

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

4.3 Epoch of a sub-model

The Gauss coefficients of a geomagnetic reference sub-model are specified in terms of a fixed base-date,
to, the so-called epoch of the sub-model. The epoch is given in decimal year, for example, as 2010.0.

4.4 Validity of a sub-model

Due to nonlinear changes of the Earth’s magnetic field, linear geomagnetic reference models of the type
described here are valid only for a limited period. The start and end dates of a model are given in decimal
year. For example, a model validity of 2010.0 to 2015.0 means that the model is valid from 2010-Jan-01
00:00:00 to 2015-Jan-01 00:00:00.

The ‘external’ coefficients represent fields from a source at some region outside r = a. For an observation
point further out than the source, the corresponding field is now ‘internal’. So there is a limit in radius
beyond which the external coefficients are not appropriate. This radius will be specified by the model,
along with the maximum degree of the external terms. Magnetic fields caused by electric currents in the
magnetosphere are specifically covered by ISO 22009.

4.5 Time-dependence of Gauss coefficients

The Gauss coefficients ; g/'(t), ;hl'(t), . gn' (t),and ,h]'(t) are determined for the desired time, t, from
the model coefficients ; g (to), ;b (t0), e 9n (£o),and ,h)'(t,), and the linear secular variation model

coefficients ; g'(to), ;A (to), G (to),and ,hT(t,), at epoch tg as follows.
i19n )= gy (tg)+(E~to); gn'(to)
ih (€)= hy' (£0)+ (¢ ~t0) g (£o)
egrrrn(t)zeg;n(to)*'(t_to)egrrln(to)

ehrrrn(t):ehrrzn(to)"'(t—to)ehrrln(to)

(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)=[;9n t2)=ign'(t1)1/ (t2~t1)
ihy (€1) =L hy (£2) = k' (£1)]/ (E2 1)

edn (t1)=[cgn (t2)= egn'(t1)1/ (t2—t1)
el (€)= By (E2) = ohy (£1)]/ (E2 1)

(33)
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where

t1 isthe epoch of this particular sub-model.

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 their values in 2000.

4.6 Calculation of magnetic vector components in the geocentric reference frame

The magnetic field vector components X’, Y, and Z” in the geocentric reference frame are computed as

follows.
X'(Ao'r, t)——l%
Ni n+2 n SM - v
=—Z(g) z(,-g,’ln(t)cosm/l+ih,ﬂ"(t)sinml)m (34)
=\ T - o9
n=1 m=0
N, n-1 n
—2 r Z(egzn(t)cosml+ (t)smmﬂ,)M
n=1 a m=0 a(D
Y'(A@'r,t)=— ! a—V
rcos@' di
n+2 n 3
[ ] 2 m(; g (£)sinmA— ;h (t)cosmA)P," (sing") (35)
cos<p o
n —
2 m(, g (t)sinmA—  h'(t)cosmA)P," (sing")
cos<p =
Z'(A,@'r, t)——
or
i d n+2 n _ ,:7
=—Z(n+1)(7) 2 (; g5 (t)cosmA+ ; h)'(t)sinmA)P," (sing") (36)
= m=0 :
N, r n-1 n B
+Zn(EJ Z[eg,',"(t)cosm/l+ o hy(£)sinmA)P," (sing")
n=1 m=0
Correspondingly, the secular variation of the magnetic field components are computed as follows.
: 19V
X'(A, o' rty)=———
Lo 0) r g’
N; nt2 n ) DM (cin m!
:—Z(EJ Z(,.g,g"(to)cosmm,.h,’,"(to)sinmmw (37)
S\ - de
n=1 m=0
Ne n-1 n m : ]
STEL Y (gm)cosma+ ,h (t)smmﬂ)Ll'nq))
S\ 4 m=0 d(p
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; 1 oV
Y'(A,@',r,ty)=— —
(.9r.to) rcos@' oA
1 Ni a n+2 n . _
= ' 2(—) Z m(; gn'(to)sinmA— ;b (ty)cosmA)P," (sing") (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(g'rtg) =2
or
Ni a n+2 n . _
=—Z(n+1)(;] Y (; g7 (tg)cosmA+ ;b (tg)sinmA) Py (sing") (39)
n=1 m=0

Ne n—-1 n
r . . | o
+r§{”(g] 2(eg;'n(t)cosmll-"ehrrln(t)SmM/l)Pr;n(Sm(P)

m=0
The derivative in Formulae (34) and (37) can be replaced by the following expression:

@"E;q)lncﬂ =(n+1)(tang")P"(sing") —m(secq)')ﬁn’zl (sing") (40)

Formulae (35) and (38) contain a factor of cos ¢’ in the denominator. This factor is zero at the poles,
but the other functions are such that there is no infinity there. In practice, only the m = 1 terms give a
horizontal field near the poles, and this is a nearly uniform field coming from an n =1, m = 1, potential.

4.7 Spatial wavelength

A model of spherical harmonic degree N accounts for magnetic fields that have spatial wavelengths
larger or equal to360°/\/N(N + 1) in arc length (see Sec. 3.6.3 of Reference [3]).

4.8 Root-mean-square difference between two model fields

It is sometimes useful to assess the difference between two geomagnetic model fields. For example,
these could be successive updates of the same model, or two entirely different models. Let B1(A, ¢, a, t)
and B2(2, ¢, g, t) be the fields predicted by models 1 and 2, for a particular time ¢t and up to degree N,
over the sphere of reference radius a. The mean-square of the difference-vector (B1-B2) between the
two model fields, is computed following Sec. 4.4 of Reference [3]:

‘ n/2 2rm N
: 1 ’ ] 4 4

R(t)=— [ [Bi(h9.a0)-B,(20"a,) cosg dhdg' =D R, (¢) @1)
-7/2 0 1

Ry ()=(n+1) D [(1,, 91 ()= 2, g (D> +(1,1 by ()= 2,y (£D))]
) 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(t)=+/R(t) (43)

5 Examples of the use of geomagnetic reference models

5.1 Compute reference magnetic elements near the Earth’s surface

Near the Earth’s surface it is conventional to express the magnetic field vector in the geodetic frame.
Computing such a reference magnetic field for a given location and date typically requires the following
steps.

1. Choose the desired date tin decimal years and the longitude, geodetic latitude, and height in metres
above the WGS84 ellipsoid. Heights above mean sea level (approximately following the equipotential
surface known as the geoid) need to be converted to height above the ellipsoid. This can be achieved,
for example, by using the online geoid calculator for the Earth Gravity Model (EGM, http://earth-
info.nga.mil/GandG/wgs84/gravitymod/egm96/intpt.html) at http://geographiclib.sourceforge.
net/cgi-bin/GeoidEval, which gives the height of the geoid above the WGS84 ellipsoid.

2. Convert geodetic to geocentric coordinates (2.4).

3. Compute the Gauss coefficients; g (¢), ;h)'(t), . 9n (t),and ,hy'(¢) for all degrees n and orders m
for the desired date t (4.5).

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

5. Since the inclinations of the vertical and northward directions differ between the geocentric and
‘ geodetic reference frames, the magnetic field vector components have to be rotated from the
geocentric (X, Y’, Z’) to the geodetic (X, Y, Z) (3.4).

6 Compute the magnetic declination and any other desired magnetic elements (3.3) in the geodetic
reference frame.

‘The computed magnetic field elements in the geodetic reference frame are with respect to a local
:coordinate system where the down axis is perpendicular to the surface of the WGS84 ellipsoid.
Deflections of the vertical caused by local gravity anomalies have to be taken care of by the user and are
not covered by this International Standard.

5.2 Compute reference magnetic vector in near-Earth space

In Low Earth Orbit (LEO), 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), jhy' (t), o gn (t),and ,h)'(t) for all degrees n and orders m
for the desired date t (4.5).

3. 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.
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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. Theexternal Gauss coefficients , g;'(t) and , h)'(t) are notapplicable in the magnetosphere because

the sources of this magnetic field contribution are not external to the spacecraft location. Instead, a
model of the magnetospheric magnetic field should be used, as specified in ISO 22009.

4. 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.
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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 International Association
of Geomagnetism and Aeronomy (IAGA) in 1968 in response to the demand for a standard spherical
harmonic representation of the Earth’s main field. The model extends to degree and order 13, and it is
updated at five-year intervals, produced and released by IAGA Working Group V-MOD.

A.1.1 Model website
http://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 website.

— Geomag.c: Program in C-language maintained by NOAA’s National Geophysical Data Center,
distributed both as source code and as precompiled versions for Windows®1 and Linux®1), It
computes the magnetic field vector and elements for given locations (geocentric or geodetic) and
dates (or ranges of dates). The program further has command line and spreadsheet options to
facilitate repeated processing.

— Igrf.f: A FORTRAN program maintained by the British Geological Survey. The IGRF coefficients
are embedded into the source code. Options include values at different locations at different times
(spot), values at same location at one year intervals (time series), grid of values at one time (grid);
geodetic or geocentric coordinates, latitude and longitude entered as decimal degrees or degrees
and minutes (not in grid), and choice of main field or secular variation or both (grid only).

A.1.3 Online calculators

A.1.3.1 Declination, single point
http://www.ngdc.noaa.gov/geomag-web/#declination

http://www-app3.gfz-potsdam.de/Declinationcalc/declinationcalc.html

A.1.3.2 Magnetic vector and elements, single point
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 endorsement
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 Magnetic Model (WMM) is the standard model used by the US Department of Defence (DoD),
the UK Ministry of Defence, and the North Atlantic Treaty Organization (NATO) for navigation, attitude,
and heading referencing systems using the geomagnetic field. It is also used widely in civilian navigation
and heading systems. Sponsored by the US National Geospatial-Intelligence Agency (NGA) and the UK
Defence Geographic Centre (DGC), the WMM is currently produced by the US National Oceanographic
and Atmospheric Administration’s National Geophysical Data Center (NOAA/NGDC) and the British
Geological Survey (BGS). The UK and US have been collaborating in the production of the World Magnetic
Charts, World Chart Models, and World Magnetic Models since 1965.

The WMM is a purely predictive model extending to degree and order 12, produced in five-year intervals.
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 Stand-alone software

— Website: http://www.ngdc.noaa.gov/geomag/WMM/soft.shtml. All programs are maintained by
NGDC and are distributed both as source code and pre-compiled versions for Windows and Linux.

— wmm_point.c: Computes the magnetic field vector and elements for a given location (geodetic),
altitude (above mean sea level or WGS84 ellpsoid), and date.

— wmm_file.c: Computes the magnetic field vector for locations listed in the input file and outputs the
results in a file suitable for importing to spreadsheet.

— wmm_grid.c: Computes the magnetic field vector for a grid or profile of input points specified by
the user. The program can print the result either to the screen or to a file.

— WNMM GUI: Windows-based graphical user interface. It computes the magnetic field elements and
their annual change fora givenlocation (geodetic), altitude (above mean sealevel or WGS84 ellpsoid),
and date. The 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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A.2.4 Charts and shape files of the magnetic elements

Contour maps as PDF in map sheet size are available for each of the magnetic elements (D,I,H, X, Y, Z, F,
and GV) and for their secular variation (rate of change) in Mercator and Polar Stereographic projection.
This website further provides the corresponding shape files of the contour lines.

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

Contour maps as PDF are available for the magnetic elements (D, I, H, X, Y, Z, and F) and for their secular
variation (rate of change) in Mercator and Polar Stereographic projection.

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

A.2.5 WMM technical report

A detailed technical report for the current revision of the model is available on the WMM home page.

A.2.6 User support
The WMM is supported by the geomagnetic model help desk at NGDC (geomag.models@noaa.gov).

A.3 British Geological Survey Global Geomagnetic Model

The British Geological Survey Global Geomagnetic Model (BGGM) was introduced in the early 1990s
in response to demands from the oil industry. Since then, the model has been updated annually and
is widely used in directional drilling with Measurement-While-Drilling (MWD) magnetic survey tools.
Annual updates allow for the inclusion of new data collected since last revision and any developments in
the modelling techniques. With annual updates itis also possible to reduce errors arising from predicting
the field at some date after the time span of input data.

A.3.1 Model website

www.geomag.bgs.ac.uk/bggm.html

A.3.2 Software

The model and software are available under licence.

A.3.3 User support
The BGGM is supported by the BGGM help desk at BGS (bggm@bgs.ac.uk).

A.4 Enhanced Magnetic Model

The Enhanced Magnetic Model (EMM) is a high-degree model introduced in 2010. It extends to degree
and order 720, with secular variation coefficients to degree and order 15. Apart from the main field,
it accounts for crustal magnetic anomalies down to 56 km wavelength. The EMM is compiled from
satellite, marine, aeromagnetic, and ground magnetic surveys. This model is developed and maintained
by NOAA'’s National Geophysical Data Center (NGDC) in collaboration with the United States National
Geospatial-Intelligence Agency. The model is produced at five-year intervals. The updated model is
released in December before the new epoch (Dec-2014, Dec-2019, etc.).

A.4.1 Model website

http://www.ngdc.noaa.gov/geomag/EMM/index.html
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A.4.2 Stand-alone software

Computing the magnetic field for a degree-720 model takes about 2 500 times as many computations
as for a degree-12 model. Therefore, two software options are provided. The traditional spherical
harmonic option places high demands on computing power, but low demands on memory. The mesh-
based counterpart uses a pre-computed mesh of the EMM and its secular variation, thereby speeding
up the calculations. The mesh option places low demands on computing power but requires about 1GB
of memory. All programs are distributed both as source code and as precompiled versions for Windows
and Linux.

— emm_sph_point.c and emm_mesh_point.c: Computes the magnetic field vector and elements for
a given location (geodetic), altitude (above mean sea level or WGS84 ellipsoid), and date.

— emm_file_point.c and emm_mesh_file.c: Computes the magnetic field vector for locations listed
in the input file and outputs the results in a file suitable for importing into a spreadsheet program.

— emm_grid_point.cand emm_mesh_grid.c: Computes the magnetic field vector for a grid or profile
of input points specified by the user. The program can either print the result to the screen or to afile.

A.4.3 User support
The EMM is supported by the geomagnetic model help desk at NGDC (geomag.models@noaa.gov).

A.5 High Definition Geomagnetic Model

The High Definition Geomagnetic Model (HDGM) was introduced in 2011 by NOAA’s National Geophysical
Data Center (NGDC), responding to demand from the directional drilling industry for a high-resolution,
annually updated geomagnetic reference model. The model accounts for the main and the crustal field to
degree and order 720, resolving magnetic anomalies down to 56 km wavelength. The secular variation
of the internal field extends to degree and order 15. A magnetospheric ring current baseline is included
as an external field component with secular variation to degree and order 1. The HDGM is updated every
year and includes a representation of the field reaching back in time.

A.5.1 Model website

http://www.ngdc.noaa.gov/geomag/hdgm.shtml

A.5.2 Stand-alone software
All programs are distributed both as source code and as precompiled versions for Windows.

— HDGM_sph_point.c: Computes the magnetic field vector and elements for a given location (geodetic),
depth (below mean sea level or WGS84 ellpsoid), and date.

— HDGM_file.c: Computes the magnetic field vector for locations listed in the input file and outputs
the results in a file suitable for importing to spreadsheet.

— HDGM Excel Utility: The Excel add-on allows the HDGM to be evaluated from within the spreadsheet
environment. The program is available only for the Windows operating system.

— HDGM GUI: Windows-based graphical user interface that calculates the magnetic elements for
a given location, depth, and date. The location can be specified either in UTM coordinates or in
geodetic coordinates.

A.5.3 User support
The HDGM is supported by the geomagnetic model help desk at NGDC (geomag.models@noaa.gov).
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Abbreviated terms
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BGGM

British Geological Survey Global Geomagnetic Model

BGS

British Geological Survey

EGM

Earth Gravity Model

EMM

Enhanced Magnetic Model

HDGM

High Definition Geomagnetic Model

[IAGA

International Association for Geomagnetism and Aeronomy

IGRF

International Geomagnetic Reference Field

LEO

Low Earth Orbit

MWD

Measurement While Drilling

NATO

North Atlantic Treaty Organization

NGA

National Geospatial-Intelligence Agency

NGDC

National Geophysical Data Center

NIST

National Institute of Standards and Technology

NOAA

National Oceanic and Atmospheric Administration

RMS

Root-Mean-Square

UTM

Universal Transverse Mercator

WGS84

World Geodetic System 1984

WMM

World Magnetic Model
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