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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 equations 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 areffépresented in geomagnetic
reference models. The strongest contribution, by far, is the magnetic field produced by motions in the Earth’s
liquid-iron outer core; this is called the core field. This core field changes péreeptibly from year to year. When
extrapolating the temporal evolution of the field into the future, a linear gxtrapolation 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
non-linear changes in the core field, predictive geomagnetic referenee models are valid only for a limited
period, and users subsequently have to update to a newer versions

Other sources also contribute to the magnetic field: Magnetie’mineralstin the crust and upper mantle give rise
to magnetic anomalies which can be significant locallyyElectric currents induced by the flow of conducting sea
water through the ambient magnetic field make a<{urther, 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 evertime. Its steady contribution can therefore be
included in a geomagnetic reference model using externalyGauss coefficients with linear secular variation.
Time varying external magnetic field§ further induceqelectric currents in the Earth and oceans, producing
secondary internal magnetic fields. Sihcesthere is_fiengeneral consensus on how to separate these various
internal and external sources, it isdleft to the producer of a geomagnetic reference model to specify which of
these internal and external sour¢es,are incldded.intheir model, and any radial limitation to the validity of the
external part of their model

Vi



DRAFT INTERNATIONAL STANDARD ISO

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 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”Centinuous in time.. This document
provides the equations and a step-by-step computational procedure tg evaluate a geomagnetic reference
model for any desired location and date.

Not specified in this standard is the interpretation of the geophysical content of a geomagnetic reference
model. It is left to the producer of a model to specify which interhal and external magnetic sources are
included in (or excluded from) their model.

2 Reference frames

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 ‘en this geocentric frame. For positions on and near the Earth's
surface it is customary to use a geaqdetic reference frame, based on the standard WGS84 ellipsoid of rotation
approximating the Earth's surface{.and“o resolve=thedmagnetic field vector into components based on this
geodetic frame. Note that the doewn“axis in the geddetic frame is perpendicular to the surface of the WGS84
ellipsoid. Deflections of the vertical caused by lacal gravity anomalies have to be taken care of by the user and
are not covered by this stapdard*(see Sectiop 0): Geocentric and geodetic coordinates are illustrated in Figure
1.

© 1SO 2009 - All rights reserved 1
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Xxy-plane

An axial cross-section through the poiniseftintérest P which is at longitude A.This point P is
specified in geocentric spherical pglar ‘eoordinates bynits distance r from the Earth center
O and the incidence angle of thé,OR line with theyequatorial xy-plane. The same point P
has geodetic coordinates givefi*by its height mabove the WGS84 reference ellipsoid and
the incidence angle of its geodeticinormal with\the xy-plane.

Figure 1: Geocentric and-geedetic coorndinates
2.1 Geocentric reference-frame

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

2.2 Geodetic reference frame

The geodetic reference frame is based on the WGS 84 reference ellipsoid. This is an ellipsoid of rotation
having a defined semi-major axis A (in the equatorial plane), and a flattening /. This leads to a semi-minor
axis (essentially along the spin axis) of A(71-f). Specifically

A=6378137m

L 208257223563

f (1)
e =f2-/)

2 © 1SO 2009 — All rights reserved
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where e is the (first) eccentricity.

A point location in geodetic coordinates is given by (A, @, h), where A is longitude, ¢ is geodetic latitude, and h
is the height (distance normal to the ellipsoid) above the WGS 84 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 WGS 84 ellipsoid we
then have for p,, the radius of curvature of the normal section at the geodetic latitude ¢,

A

P~
J1-é’sin’ @ (2)

2.3 Geodetic to geocentric coordinate transform

The geodetic coordinates (A, ¢, /) are transformed into spherical, geécentric coordinates (A , @, r) by
recognizing that A is the same in both coordinate systems, and, that’{(¢°®, ) is computed from (¢, /) according
to the equations:

x=(p, +h)cospcos i
y=(p, +h)cospsin A

z=(p,(1-€e*)+h)sing

p =+ +y? =(p, +h)cosh
r:\lpz + 27

| .z
(@ =arcsimn—
7
Here, p is the east-west (eylindrical) radius of curvature.

3 Specification of the geoamagnetic field vector

When synthesizing the fieldrom 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 Section therefore specifies and relates the
magnetic field in the geocentric and geodetic frames.

3.1 Magnetic vector components in the geocentric frame

At the point of interest P(A, @', r), the geomagnetic field vector B can be described by 3 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 (Fig. 2), where
X’ is the northerly intensity, Y’ the easterly intensity, and Z’ the inward radial intensity, positive towards the
Earth’s center. 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.

© 1SO 2009 - All rights reserved 3
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West

The components of the geomagnetic field vector B in thesgeocentric reference frame are the
northerly intensity X’, easterly intensity ¥ and centerwardjintensity Z’

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

3.2 Magnetic elements in thelgeodetic/teference frame

The geomagnetic field vectoryB, is fully,described by an appropriate set of three elements, but in practice 7
elements are variously used (see Eig. 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 /, (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, | and D above, the vertical direction is perpendicular to the World
Geodetic System (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 © 1SO 2009 — All rights reserved
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Zenith
West

South

North

The 7 elements of the geomagnetic=field vector)\B" in the geodetic reference frame are:
northerly intensity X, easterly“intensity Y¢ vertigal 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 measurediclockwisesfrom’ ttue north to the horizontal component of the field
vector), and horizontal intensity H,

Figure 3: Eleménts-efithe geomragnetic field vector in the geodetic reference frame

The quantities X, Y, 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 Section3.2.3. The magnetic elements H, F, | and D are then computed from the
orthogonal components (X, Y, Z):

H=~NX*+Y?, F=+VH*>+Z?, I=arctan(Z,H), D =arctan(¥,X) (4)

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

resulting in a declination in the range of — 7z to 7 and inclination of — 7 /2 to7z /2. (In equations, and in
computing sub-routines, angles are in radians, but typical user software allows input/output in degrees).

Conversely, X, Y, and Z can be determined from the quantities F, /, and D.

© 1SO 2009 - All rights reserved 5
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The time variation (secular variation) of these elements is computed using

X X+Y Y

H
F_X-X+Y~Y+Z~Z

F
®)

. H-Z-Z-H
I=—1
D:X~YH—2Y~X

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

3.3 Transform of magnetic vector components from geocentric to geodetic frame
The geocentric magnetic field vector components X°, Y’ and.Z_,\are rotated inte the geodetic reference frame,

using

X = X'cos(@"\0) — Z'sin(p’ — ¢)
ZE£ Xisin(o' — o) % cos(o' — )

with corresponding equations_forthe tife defivatives of the vector components, X', Y'and Z'
X &Xcos(p' — @) — Z'sin(¢’ — @)

Y= (7)
Z = X'sin(@' — @)+ Z'cos(¢' — @)

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 u=py everywhere. In the absence of local
electric currents, the magnetic field B then behaves as a potential field and can be written as the negative
spatial gradient of a scalar potential V, satisfying the Laplace equation V - VI = 0. In geocentric spherical

coordinates (A, @', r) this gives

B4, ¢',r,t)=-VV(A,¢@',rt) (8)

6 © 1SO 2009 — All rights reserved
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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 V' is
expanded in terms of spherical harmonics:

N, n+l _
V(@' rt)= aZ(%} Z(ig;” (t)cosmA+h (t)sinmA)P" (sing")
n=1 m=0

9)
N, nop -
+ aZ(gJ Z;)(eg;" (t)cosmA+ h" (t)sinmA) P (sing")

n=l1
where N; and N, are the truncation degrees of internal and external expansion, respectively, a (6 371 200 m)
is the geomagnetic reference radius, (A4,',r) are the longitude, latitude and radius in a spherical geocentric

reference frame, and ,g"(¢) and ;A" (¢) are the internal and ,g " () and 4" (¢) the external time-dependent

e n

Gauss coefficients of degree n and order m. The Schmidt semi-normalized associated Legendre functions
P" (), where y =sing'is a real number in the interval [-1;1], are defined as

pr= 29" p () if m>0
(n+m)! (10)

B (u)= P (u) if m=0
This follows the definition of P, (1) commonly gsedNin"geodesy~and geomagnetism (e.g., Heiskanen and

Moritz, 1967; Langel, 1987). Sample functions, for geoCentric lafitude; @', are:

P, (sing') = %(sin @")(5sin” @'43)

1 1 3 1 o !
P3’1(s1n(p):_5(cos¢)(1—5sm2¢) (11)
P, ,(sing') =15(sin })(1 - sinig})
P, ;(sing') 5 [5¢os’ ¢'

These P, (1) areYelated to the"P" (1) defined in the NIST Handbook of Mathematical Functions (Section
14.2, page 352) or Gradshfeyn and Ryzhik (1994, Chapter 8.7) by P, , (1) = (=1)" B," (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

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, 7,
the so-called epoch of the sub-model. The epoch is given in decimal year; for example as 2070.0.

4.4 Validity of a submodel
Due to non-linear 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 2070.0 to 2015.0 means that the model is valid from 20710-Jan-01 00:00:00 to
2015-Jan-01 00:00:00.

© 1SO 2009 - All rights reserved 7
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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 Standard 22009 " Space systems — Space environment (natural and artificial) —
Model of the Earth's magnetospheric magnetic field".

4.5 Time-dependence of Gauss coefficients

The Gauss coefficients ;g (¢), ;A (t), ,g, (t)and ) (t) are determined for the desired time t from the

model coefficients g, (¢,) . A, (t,) . .g, (t,) and A (t,) , and the linear secular variation model

coefficients " (t,), 1" (t,), .&"(t,)and ,h"(t,), at epoch 7, as

ig;"(t):ig:’(l‘o)+(t—t0) ig;n(to)
T O= 1 () + (2~ 1) R (1)

eg;n(t):eg;n(to) +(t _to) eg;n(to)
B O= 1 () + (1) BT

(12)

Here, time is given in decimal years and ¢, is the epoch af the,sub-model:

If for a sub-model extending from time t; to t, the seculanyariation coefficients are not explicitly provided, then
they have to be computed by

Er S (L) = S, — 1)
i )E [ R (LY=\A ()], — 1)

) =20 - g (1)1, — 1)
()= LR () = (), — 1)

(13)

where the epoch of this particularsubmodel is t;.

In case the degree of the expansion differs between times t; and t,, then the following applies: If the degree of
the expansion is N; at t; and the degree is N, at {;, then the secular variation coefficients are computed

assuming that , g, (¢,), ;h.)'(¢,), g, (t,)and ,h"(t,) are zero for N; < n < N,. 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 1995-2000, the
coefficients of degrees 11-13 are linearly interpolated from a value of zero in 1995 to their values in 2000. This
procedure was confirmed by the Chair of IAGA Working Group 5, in charge of the IGRF, in an unpublished
note of 24-Oct-2011.

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

8 © 1SO 2009 — All rights reserved
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X' rt)=—2V

roQ'
> 0P (sin g’
=_Z(jj Z(gn (1)cosmA+h)' (t)smm/l)%w 4
-2

OP” (sing")
Y'(ﬂ‘aq)'ar:t):_

QI\:

j Z(g,, (t)cosmA+ h" (t)sinmA) P

Lo
rcos@' OA

- l.i(aj Zm(g,,(t)sinm/l—h’”(t)cosmi) sin ")

~cosp' S\ r

(15)

N,

+cos¢';(;j Zm(gn(t)smmi h’"(t)@@fP’”(smgp)

’b
Z‘(/l,go',r,t)—aa—z %s\' \*
= -Z (n +1) (éj&)s Qsin mA) P, (sing')

‘%t) co& " (¢)sin mxl)P'”(smqo)
Correspondingly, the Ee@nah@h magnetic field components are computed as

X (MQ&IZ

n=l1

(16)

“j 3 (8" (1) cos mA+ R (1,)sinmA) 0P/ (sing’) (17)
r m=0 op'

N, . . _ |
Z(Lj Z(eg;n (t)cosmA+ h" ()sin mﬂ)w
n=1 a m=0 6¢

© 1SO 2009 - All rights reserved
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Y'(l#"a’”ato):_ l .a_V
rcos@' 04
l N, a n+2 n . -
- ZH > m(g; (ty)sinmA— i (t,)cosmA) P} (sin ') (18)
cos@' o\ r m=0

1 (r) 7L . -
+ — " (tysinmA—_h" () cosmA)P" (sin @'
COS(/)';(CZ) r;)m(egn ( ) m e’ 'n ( ) m ) n ( §0)

Z"(ﬂ")(o',r:to) =a_V
or

N, n+2 n . _
=—> (n+ 1)(3) D (81 (t,) cosmA+h) (t,) sinmA) P (sipg)) (19)
n=1 r m=0

N, n=l p . -

.\ Zn(i) S (& () cosmA+ i (£)sin mA) P (i)
n=l a m=0

The derivative in equations (14) and (17) may be replaced by thesfellewing expression:

w = (n+1)(tan@')P" (sin ') — o/ (HsA)y = m* (see V) P}, (sin @) (20)

®

Equations (15) and (18) contain a factor of cos ¢%infthexdenominator. /This factor is zero at the poles, but the
other functions are such that there is no infinitythege™ In practice only the m=1 terms give a horizontal field
near the poles, and this is a nearly uniform field eoming from_ansa=1, m=1, potential.

4.7 Spatial wavelength

A model of spherical harmonic degree N account§ o magnetic fields that have spatial wavelengths larger or

equal t0360°/,/N(N +1) imar€ lehgth (se&,Séew3.6.3 of Backus et al., 1996).

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 B4(A,¢',a,t) and
B,(1,¢',a,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 (B4-B,) between the two model fields,
is computed following Backus et al. (1996, Sec. 4.4.2) as

1 /2 27w ' ’ N
RO=— [ [(B(20.0.0)-B,(4¢'a,)) cosg’ dLdg' =} R, (1)
-/2 0 1

N 2 m N (21)
Rn (t) = (” +1)Z[(1,ig;n (t)_z,ig;n (t)) +(1,ihn (t)_Z,ihn (t)) )]

010,87 (D=8 (O) +HL A (D)= b (D))
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Here, R(¢)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 R (¢) is the mean-square of the

magnitude of the difference-vector of degree n. Here, the Gauss coefficients, ; g, (), |4, (¢), |.g, (t)and

Lo, (2) of the first model and the coefficients ,; g, (¢), ,,;h, (), ,.&, (t)and , A, (¢) of the 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

d s (1) = A R(?) (22)

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. To
compute such a reference magnetic field for a given location and datéitypically requires the following steps:

1. Choose the desired date f in decimal years, and the longitude, geodetic latitude and height in metres
above the WGS 84 ellipsoid. Heights above mean sga\level (approximately following the equipotential
surface known as the geoid) need to be convertegitonheight above the ellipsoid. This can be achieved,
for example, by using the online geoid calculater for'the Earth\Gravity Model (EGM) at
http://geographiclib.sourceforge.net/cgi-bin/GeoidEval, whichgives the height of the geoid above the
WGS 84 ellipsoid.

2. Convert geodetic to geocentric coordinates (Sec 3.1.3)

3. Compute the Gauss coefficients #g(#)
for the desired date t (Sec 3'3.5)

Compute magnetic field"Vectoer components X', Y and Z" in geocentric reference frame (Sec 3.3.6)

h' (@), .g, (t)and A (t) for all degrees n and orders m

Y in

Since the inclinations ofithe’ vertical.andinorthward directions differ between the geocentric and
geodetic referenceframes, thedmagnaetic field vector components have to be rotated from the
geocentric (X, Y, Z) 1o the deodetic (X, Y, Z) (Sec 3.2.3).

6. Compute thesmagnetic deglination and any other desired magnetic elements (Sec 3.2.2) in the
geodetic refefence framex

The computed magnetic field elements in the geodetic reference frame are with respect to a local coordinate
system where the down axisiis 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 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. To
compute 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 (¢), ;h'(t), ,g. (¢)and k" (¢) for all degrees n and orders m
for the desired date f (Sec 3.3.5)

3. Compute model magnetic field vector components X°, Y" and Z" in geocentric reference frame (Sec
3.3.6), e.g. to compare with measured magnetic field vector to determine attitude of the spacecraft

© 1SO 2009 — Al rights reserved 11
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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. To
compute such a reference magnetic field vector, e.g. to determine the attitude of a spacecraft, typically
requires the following steps:

1.

12

Determine date t in decimal years and position of the spacecraft given in longitude, geocentric latitude
and radius
Compute the Gauss coefficients ;g (¢), ,h,'(t), for all degrees n and orders m for the desired date ¢
(Sec 3.3.5)

The external Gauss coefficients ,g" () and 4" (¢) are not applicable 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 Standard 22009
"Space systems — Space environment (natural and artificial) —Model of the Earth's magnetospheric
magnetic field".

Compute model magnetic field vector components X, Y and Z" in geogehtric reference frame (Sec
3.3.6), e.g. to compare with measured magnetic field vector to deterniine.attitude of the spacecraft
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Annex (Informative)
Available geomagnetic reference models

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 5-
yearly intervals, produced and released by IAGA Working Group V-MOD.

1.1 Model web site

http://www.ngdc.noaa.qgov/IAGA/vmod/

1.2 Stand-alone software
The following public domain software for the IGRF is available for downlead at the IGRF web site:

Geomag.c: Program in C-language maintained by NOAA’s NationaliGeophysical Data Center, distributed
both as source code and as precompiled versions for Windows and(Linux. 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 Valu€s at differentNocations at different times (spot), values
at same location at one year intervals (time sefies), grid of values at one time (grid); geodetic or geocentric
coordinates, latitude & longitude entered as decimal degrees orndegrees & minutes (not in grid), and choice of
main field or secular variation or both (grid only)!

1.3 Online calculators
1.3.1 Declination, single point

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

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

1.3.2 Magnetic vector and elements, single point

http://www.ngdc.noaa.gov/geemag-web/#igrfwmm

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

http://www.geomag.bgs.ac.uk/qgifs/igrf form.shtml

1.3.3 Magnetic vector and elements, grids and profiles

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

http://omniweb.gsfc.nasa.gov/vitmo/igrf vitmo.html

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
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2 World Magnetic Model

The World Magnetic Model (WMM) is the standard model used by the U.S. Department of Defense (DoD), the
U.K. 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 U.S. National Geospatial-Intelligence Agency (NGA) and the U.K.
Defence Geographic Centre (DGC), the WMM is currently produced by the U.S. National Oceanographic and
Atmospheric Administration’s National Geophysical Data Center (NOAA/NGDC) and the British Geological
Survey (BGS). The U.K. and U.S. 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 5-year intervals. The
updated model is released in December before the new epoch (Dec-2014, Dec-2019, etc.).

2.1 Model web site
http://www.ngdc.noaa.gov/geomag/WMM/

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

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.fora given location (geodetic), altitude
(above mean sea level or WGS84 ellpsoid) and date.

wmm_file.c: Computes the magnetic field vector for locationsilisted in theinptt file and outputs the results in
a file suitable for importing to spreadsheet.

wmm_grid.c: Computes the magnetic field vectar fof a,grid or prafile of input points specified by the user.
The program can print the result either to the screen arto a file.

WMM GUI: Windows-based graphical user, ififerface. It computesithe magnetic field elements and their annual
change for a given location (geodetic), aliitude®(aboye mean’sea level or WGS84 ellpsoid) and date. The
location can be specified either in UTM coordinates or ifhgeedetic coordinates.

2.3 Online calculators

http://www.ngdc.noaa.gov/geomagAViMM/calCulators.shtml

This magnetic field calculates.tmaintained by NGDC, calculates the elements of the geomagnetic field and
their annual change with the“gption to produce profiles and grids.

http://www.geomag.bgs.ac.uk/data” serviee/models compass/wmm_calc.html

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

2.4 Charts and shape files of the magnetic elements
http://www.ngdc.noaa.gov/geomag/\WWMM/image.shtml

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
web site further provides the corresponding shape files of the contour lines.

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

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.

2.5 WMM technical report

A detailed technical report for the current revision of the model is available on the WMM home page.
2.6 User support
The WMM is supported by the geomagnetic model help desk at NGDC (geomag.models@noaa.gov).
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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 it is also possible to reduce errors arising from predicting the field at some
date after the time span of input data.

3.1 Model web site

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

3.2 Software

The model and software are available under licence.

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

4 Enhanced Magnetic Model

The Enhanced Magnetic Model (EMM) is a high-degree piedel introduced in 2010. It extends to degree and
order 720, with secular variation coefficients to degreedand order 15. Apart from the main field, it accounts for
crustal magnetic anomalies down to 56 km waveléngth, FThe EMM\is tampiled 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 thefUnitedhStates National Geospatial-Intelligence
Agency. The model is produced at 5-yeardntepvals. The updated model is released in December before the
new epoch (Dec-2014, Dec-2019, etc.).

4.1 Model web site
http://www.ngdc.noaa.gov/geomadgiEMM/index.htmi

4.2 Stand-alone software

Computing the magneticfield%or a deggree-720 model takes about 2500 times as many computations as for a
degree-12 model. Therefore, two software options are provided. The traditional spherical harmonic option
places high demands 6n"ecomputing power, but low demands on memory. The mesh-based counterpart uses a
pre-computed mesh ofithe EMManda its secular variation, thereby speeding up the calculations. The mesh
option places low demands’op emputing power but requires about 1GB of memory. All programs are
distributed both as source céde and as precompiled versions for Windows and Linux.

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

emm_file_point.c & emm_mesh_file.c: Compute the magnetic field vector for locations listed in the input file
and outputs the results in a file suitable for importing into a spread sheet program.

emm_grid_point.c & emm_mesh_grid.c: Compute 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 a file.

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

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
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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.

5.1 Model web site

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

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 spread sheet
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.

5.3 User support
The HDGM is supported by the geomagnetic model help desk at NGBCwgeomag.models@noaa.gov).

Glossary of acronyms

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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