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ABSTRACT 
 This paper tries to give a clear summary of the various fields that can contribute, intentionally 

or not, to the IGRF Gauss coefficients at present, leading to some ambiguities.  It points out how 

modellers have developed various practices without any explicit external notification, and argues that it 

would be logical and useful if we could agree how best to tackle some of the problems that have arisen, 

and to convey our solution as simply as possible to the user community.  It suggests a simple wording 

for a possible future definition of the IGRF. 

 

1 INTRODUCTION 
 

Since the first International Geomagnetic Reference Field, IGRF, was produced in 1968, 

instrumentation has improved, and so has our understanding of the geomagnetic field; contributions 

that used to be hidden in the noise are now visible, and wording that seemed clear at the time is now 

possibly ambiguous. 

It has always been accepted that the IGRF excludes the field coming directly from sources 

external to the Earth.  However there are several internal sources of the geomagnetic field other than 

the core and lithosphere, and these sources can contribute to the published IGRF coefficients if they are 

not explicitly excluded.  The largest such sources are the currents induced in the mantle by time 

variation of the magnetospheric ring current, and of the ionospheric daily variation.  In the case of the 

magnetosphere Disturbance Storm Time Index, Dst (a measure of the magnetic field produced by the 

magnetospheric ring current) an attempt is now made to separate this into its primary External part Est 

(coming from the ring current) and its Internal induced counterpart Ist.  There has been a general 

acceptance by modellers that the Ist contribution should be excluded from the IGRF, though I do not 

think that this decision has been formally announced.  In the case of the induced counterpart of the 

(Quiet) Solar daily variation, Sq, there is ongoing discussion about how best to handle the problem – 

the present wording of the 'definition' of the IGRF is not clear on this point.   

We are also now beginning to be able to model the magnetic fields produced by global ocean 

circulation, and tidal flows; and I think it would help if we also clarified how best these effects can be 

excluded from the published Gauss coefficients.   

Also there is now an obligation under ISO 16695-201 to specify which fields are included in 

the IGRF. 

 Last summer I offered to produce a position paper.  I must apologise that various difficulties 

have diverted me from this task, but here at last is the paper.  Apart from the last few paragraphs, I 

have tried to keep the presentation impartial. 

 Not all workers are familiar with all the sources of magnetic field, so I start by listing all the 

significant primary natural sources of the magnetic field we see near the surface of the Earth, and in 

Section 3 I discuss the induced currents produced by the time-variation of these primary sources.  Then 

in Section 4 I discuss how the present specification of the IGRF inherently limits the fields that should 

be included in, or excluded from, the IGRF.  Finally, in Section 5 I suggest various additional 

exclusions which it might be worth stating explicitly, suggesting a possible simple wording for one 

choice of limitation. 

 

2 PRIMARY SOURCES OF MAGNETIC FIELD 
 

 I summarise the primary sources of field in order of their distance from the geocentre. 

 

2.1 Earth’s core  

I consider only the fluid outer core, as this controls the field emerging into the mantle.  The 

fluidity and high temperature mean that the only source of magnetic field is electric currents.  There 

might be small contributions from thermo-electric ElectroMotive Forces, (emf’s), at the core/mantle 

boundary, but it is generally agreed that by far the largest source of emf’s is self-exciting dynamo V×B 
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action in the fluid conducting core; here B is the magnetic field produced by the resultant current 

distribution, and the fluid motion V is produced by some combination of thermal and compositional 

convection.  The resulting current system is (almost) confined to the core.  The field is specified in 

terms of spherical harmonics (based on the conventional spherical-polar geodetic co-ordinate system) 

of scalar potential.  At the Earth’s surface (for simplicity assumed to be the sphere r=a) the resulting 

magnetic field is large-scale, dominated by an n=1 dipole field, and with a (nearly) monotonically 

decreasing spatial power spectrum, giving a total Root Mean Square, rms, vector field of about 50,000 

nT.  At satellite altitudes of 400-500 km this ‘main magnetic field’ is somewhat smaller. 

This core field varies significantly with time, typically at 70-80 nT/yr vector rms; in this time-

variation, the dipole n=1 harmonic field is not dominant. 

 

2.2 Mantle 

 The mantle is far too hot to sustain the coherent orientation of electron spins that we call 

magnetisation.  But it is a semi-conductor, so its electrical conductivity increases significantly with 

temperature (i.e. with depth), so that near the core there will be some small leakage of core current into 

the mantle (Roberts & Lowes, 1963).  At the Earth’s surface this leakage current will contribute a small 

magnetic field; however this contribution is not observationally separable from the core field, and is 

simply attributed to the ‘core field’.  (However it means that downward extrapolation to the core 

surface is not quite correct.) 

 

2.3 Lithosphere 

 The upper part of the lithosphere is cool enough that any magnetic materials are above their 

Curie temperature, so there is a comparatively thin layer (some tens of km) from the surface 

downwards that can be magnetised – the (electron) dipole moments can be (partially) aligned locally.  

Some of this magnetisation is permanent, in that it would still be present in the absence of the present 

main field.  It has been produced either by the cooling of igneous rock in the presence of the main field 

at the time of formation, or by the average lining-up of magnetised grains (themselves produced by the 

weathering of such thermoremanent rocks) as they are deposited to eventually form sedimentary rocks.  

Subsequent tectonic movement often results in the direction of this permanent magnetisation being 

significantly altered.  The rest of the lithospheric magnetisation is induced, being (roughly) locally 

parallel to, and proportional to, the present field. 

Because of the usual comparatively small-scale variation of geology with position, this 

lithospheric magnetisation is dominantly of much smaller-scale than that of the core field.  At the 

surface its smoothed spatial power spectrum increases monotonically up to about harmonic degree 

n=100-200, and then decreases monotonically (Thébault & Vervelido, 2015) to give a total vector m.s. 

field of this lithospheric magnetisation of typically 150-200 nT vector rms.  At satellite altitude its 

magnitude is only a few nT, but the effective extrapolation down to r=a that is inherent in any 

Spherical Harmonic Analysis, SHA, increases any contribution (and measurement error) back to the 

surface value.  So to avoid possible aliassing into lower harmonics, present modellers either 

simultaneously solve for the higher harmonics, or before SHA remove from the data a previously 

estimated lithospheric field. 

The induced part of this lithospheric magnetisation will vary proportionately as the main field 

itself varies; but we usually do not know how much of the local lithospheric field is induced, and the 

effect is small; it is usual to assume that the lithospheric field is essentially constant, at least over 

decades. 

 

2.4 Ocean currents 

Sea-water is significantly electrically conducting; much less so than the metallic core but more 

so than the upper mantle and most of the lithosphere.  As in the fluid core, the dynamo action of any 

motion of this sea-water through the main field will itself produce an electric current distribution.  The 

current distribution is dominantly within the ocean, but with some current returning through the 

adjacent sea-bed and land.  So near r=a the resulting magnetic field is mostly above/below the oceans.  

(There are also much larger toroidal magnetic fields, but these are confined to within the oceans.)  This 

sea-water motion is produced partly by oceanographic- and meteorologically-forced pseudo-steady 

ocean current patterns, and partly by Lunar and Solar tidal forces. 

The (pseudo-) steady ocean motions produce a constant magnetic field near the oceans.  For 

an altitude of 430 km, simulation (e.g. Manoj et al., 2006) predicts a field having maxima of about 2 

nT.  However this steady field is not separable from the much larger field coming from lithospheric 

magnetisation; in what follows it will not be discussed separately.  (I do not know if the modulation 

caused by the El Ňino Southern Oscillation is significant in this context.) 
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But the situation is different for the tidal motions.  The dominant motion is M2, the twice-

daily lunar tide, having a primary period of 12.42 hours.  Near r=a this produces a vector rms field of 

about 1 nT; at430 km altitude the maximum field is about 2 nT – see e.g. Sabaka et al. (2016).  As seen 

from a fixed point on the Earth this field has semi-lunar daily variation, having a large lunar monthly 

modulation.  In effect it adds noise to field observations, which can leak into, and alias, the values of 

the SH coefficients.  It is much smaller than the diurnal quiet day solar variation Sq (see ‘Ionosphere’ 

below), but because of its known time-variation it can now be separated from modern data. 

 

2.5 Ionosphere 

 Incoming Solar near-UV and soft X-ray radiation ionises atoms and molecules in the Earth’s 

atmosphere.  For one particular interaction with oxygen molecules, the balance between incoming 

radiation being absorbed and hence becoming weaker at lower height, and the number density of the 

atoms becoming smaller at increasing height, leads to the formation of the E-region of the ionosphere.  

This is a comparatively thin layer of ionisation, about 10 km thick, the ion/electron density peaking at a 

height of typically 110 km. 

 Again there is V×B production of an electric current system, where B is again the main 

roughly dipolar magnetic field.  Now V is a bodily motion of the atmosphere - the neutral gas dragging 

the ions and electrons with it.  This motion is produced partly by the global atmospheric convection 

system caused by solar heating (which depends to only a small amount on solar 'weather', and partly by 

solar (and lunar) gravitational tides in the atmosphere, so is dominated by solar daily variation and its 

harmonics (with a small lunar contribution), but has large seasonal modulation. 

 The E-region is electrically conducting only in the daylight hemisphere, and (as seen from 

outside) the resultant current system consists of one large counter-clockwise current system in the 

daylight northern hemisphere, plus one large clockwise system in the daylight southern hemisphere.  

To a crude approximation we can think of the Earth rotating under this current system.  But because of 

the tilt of the Earth’s spin axis to the ecliptic, and the tilt of the geomagnetic axis to the spin axis, there 

is a large seasonal modulation of this current system.  In solar quiet conditions we call the resulting 

magnetic field Sq – the Solar Quiet-day daily variation.  In quiet conditions the amplitude of Sq is 

about 20 nT, but it can be much larger if the Solar surface is disturbed. 

 The magnitude of the current system depends on the height-integrated electrical conductivity 

of the E-region.  The rate of ionisation is proportional to the incoming radiation flux, but the larger the 

ion/electron density the higher is the ion/electron recombination rate, and it turns out that the 

equilibrium ion/electron density is proportional to the square root of the incoming radiation flux 

density.  We cannot easily measure the relevant radiation flux density, but it turns out that on average 

there is a good correlation between the magnitude of Sq, and the F10.7 index, a measure of the 

incoming flux density of the Solar 10.7 cm radio radiation flux. This index is estimated daily, and is 

often used as a proxy for the near-UV/soft X-ray flux density.  The index has a value of about 60 in 

very quiet conditions, increasing up to about 300 in very disturbed conditions.  Many authors 

approximate the correlation using a linear (not proportional) fit, but at large F10.7 a square-root fit is 

probably better.  There is a good correlation with little scatter for annual means, but the scatter about 

the best straight line is MUCH larger for monthly means, with a scatter of 10-20%; see e.g. Shinbori et 

al. (2014); presumably the scatter will be even larger for daily values. 

 

2.6 Magnetosphere – Ring-current 

 The magnetosphere exists because the plasma of the (outward-moving) solar wind is impeded 

by the (roughly dipolar) magnetic field of the Earth. 

A major magnetospheric current system is the so-called ring current.  This is due to leakage 

into the magnetospheric cavity of the charged particles of the solar wind. Many of these positive ions 

(and negative electrons) are trapped in helical orbits round S→N magnetic lines of force, forming the 

Van Allen radiation belts.  The belts are a dynamic equilibrium; the charged particles are trapped and 

removed with a time-constant of several days, and constantly replenished at a rate dependant on the 

density and other properties of the solar wind.  These particle orbits drift westward (eastward) with 

time, giving geomagnetic E→W electric currents at a radius of 4 to 7 Earth radii, Re. 

Near the Earth, this ring-current produces a nearly uniform (geomagnetic) N→S magnetic 

field, reducing the main field at non-polar latitudes.  Historically, the magnitude of this uniform field 

was called Dst, for Disturbance StormTime, and data from a few observatories are used to produce a 

Dst index hourly; when the Solar wind reaching the Earth is enhanced Dst can reach more than 1000 

nT.  In the conventional geodetic co-ordinate system it is the Gauss coefficient g1
0 that is mainly 

affected, with smaller contributions to g1
1 and h1

1. 



 4 

 Early IGRF modellers ignored the presence of this external-origin field.  If the data set were of 

vector measurements distributed uniformly over a sphere, there would be orthogonality between the 

field of internal origin and the Dst field of external origin.  However in practice there was not perfect 

orthogonality, and ignoring the presence of external contributions meant that there was ‘aliassing’; with 

some leakage of ‘power’ from these external n=1 fields into the internal n=1 coefficients. 

 The next step was to explicitly solve simultaneously also for these ‘external’ n=1 coefficients.  

But even in ‘quiet’ conditions, the amplitude of the ring-current varies with time, with a time-scale of 

hours and days.  So this time variation had to be allowed for in the equations of condition; this was 

done by using the Dst index as a proxy for the varying magnitude of the ring current.  (This index is 

meant to represent the magnitude of the (dipole-aligned) uniform field produced in the vicinity of the 

Earth by the, assumed uniform, ring current that approximates the actual current distribution.)  In 

effect, the resulting model for the internal field was taken to be that appropriate for Dst=0. 

 However it had been known for a long time that there were problems with the zero level of 

Dst,, with Dst=0 corresponding to an actual field of 20-30 nT; in the published series there are also 

smaller, shorter-scale, step changes of zero level.  So a variable part, 20-30 nT, of the ring-current field 

was not explicitly included in the modelling.  To the extent that there was orthogonality over the data 

set between internal and external contributions, this would not matter; but in practice there is not 

perfect orthogonality, and there could still be aliassing from this (now smaller) un-modelled external 

field into the internal coefficients. 

 (See Section 3.5 below for the replacement of the historic Dst by the separate External and 

Internal Est and Ist.) 

 

2.7 Magnetosphere – Other sources 

I do not think that at present other fields from the magnetosphere are taken into account 

explicitly in IGRF modelling, except in the 'Comprehensive' models (in which various ionospheric and 

magnetospheric contributions are modelled explicitly, and the associated parameters solved for 

simultaneously).  In the other approaches data is almost always selected only from times when such 

fields are thought to be small. 

Near the Earth there is a small but significant external n=1 contribution from the surface 

currents in the magnetopause that keep out the solar wind.  If the magnetopause is at distance Rm 

upstream from the centre of the Earth (typically 10 Re), then to a first approximation, these surface 

currents produce a uniform (geomagnetic) N→S magnetic field at the Earth which is that given by an 

‘image’ Earth dipole at distance 2 Rm, giving the values of Table 1.  However, near the Earth this field 

has roughly the same uniform-field geometry as that of the Ring Current, and is not separable from 

Dst; I assume that its effect is simply incorporated into the observed Dst. 

 

Table 1   Magnitude of magnetic field at Earth produced by magnetopause 
currents 

Magnetopause distance/Re Field at Earth/nT 

6 35 

10 8 

15 2 

 

3 SECONDARY SOURCES OF MAGNETIC FIELD – /t INDUCED 

ELECTRIC CURRENTS 
 

Apart from the lithospheric magnetisation, all the above sources have significant time-

variation, though on a wide variety of time-scales.  The magnetic fields from the core, (pseudo-) steady 

oceanic currents, and magnetosphere vary with time in a way that is essentially independent of the time 

shown by Earth-based clocks.  But the fields produced by the ionosphere, and by tides in the ocean, 

have inherent periodicities based on the position/orientation of the Earth with respect to the Sun (i.e. on 

local solar time), and Moon. 

 But whether time-variation is periodic or aperiodic, wherever there are electrically-conducting 

regions, any time-varying magnetic field will produce local induced currents, the magnetic field of 

which will be seen by our magnetometers.  There are three such regions:- the core, the mantle, and the 

oceans and their underlying sediments.  (I do not think that the thin hemispheric ionosphere is 

significant in this context.) 
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 The core is liquid metal, with high conductivity, usually assumed constant throughout.  (But 

for fields coming from regions near or outside the Earth’s surface, much time variation is removed by 

the lower mantle before the field reaches the core – see next paragraph.) 

The mantle is a semi-conductor, with its conductivity increasing with depth (temperature).  In 

allowing for induction effects from internal sources (the core), various conductivity profiles have been 

used.  On the other hand, for fields originating from outside (oceans/ionosphere/magnetosphere) early 

workers used the simple approximation of a highly conducting sphere of appropriate radius; this gives 

perfect ‘reflection’ of time-varying external fields at the spherical surface.  Later, simple 1-dimensional 

(conductivity varying only with radius) conductivity profiles were used to model the lower mantle, 

with the upper mantle being ignored; now the relative phase and amplitude of the ‘reflected’ field does 

depend somewhat on the frequency.  Very recently, for completeness Sabaka, Tyler & Olsen (2016) 

have added an exponentially decreasing 1-D conductivity distribution for the upper mantle. 

The oceans (together with the underlying wet sediments) form a thin third region.  In the 

radial direction they are treated as a thin layer characterised by its depth-integrated conductivity (much 

smaller than for the other two regions), a distinctly two-dimensional situation! 

I will now go through the primary sources of magnetic field listed in Section 2 above, 

discussing the effects of such induction.  Note that the Section headings are the same as in Section 2, 

and refer to the source of the primary field. 

 

3.1 Induction by field from Earth’s Core 

The core itself is highly conducting, so there will be large induced currents.  What we see 

outside the core is essentially just the magnetic flux leaving the core at the core-mantle boundary; the 

induction effects inside the core have already been taken into account.  But to reach the Earth’s surface 

this time-varying field has to come through the semi-conducting (lower) mantle, where there is 

significant induction.  The integrated effect of the mantle conductivity is such that its electromagnetic 

time-constant is of order of magnitude one year.  So, for magnetic fields from the core, the mantle 

behaves as a low-pass filter, and fields having periods of less than about a year are increasingly 

attenuated.  This does not affect the IGRF as such, but it does mean that extrapolating the field down to 

the Core Mantle Boundary (CMB) will under-estimate the magnitude of its more rapidly varying 

components. 

The integrated conductivity of the oceans etc. has negligible effect for the long-period parts of 

the core field that have come through the mantle. 

 

3.2 Mantle 

 There are no significant separable primary sources in the mantle 

 

3.3 Lithosphere 

 The field from the lithosphere is essentially constant; there will be no significant induced 

currents. 

 

3.4 Induction by field from Ocean Currents 

 Because of the diurnal and faster time-variation of the tidally-produced electric current 

system, there will be significant induced currents in the mantle (and to a small extent in the 

oceans/sediments themselves).  Nowadays the modellers of these tidal fields usually incorporate the 

effect of these induced currents. 

 

3.5 Induction by field from Magnetospheric Ring Current (For historical reasons it is 

convenient to discuss the induction effects of the Ring Current before those of the Ionosphere.) 

 I mentioned above the problem of spurious, aliassed, field of internal origin given by the use 

of an incorrect origin for the Dst parameter.  But the ring current does change with time, on a wide 

variety of time-scales, so there will be real induced currents in the lower mantle (the induced currents 

in the oceans are much smaller), giving a real internal-origin n=1 contribution.  Originally, for 

simplicity, this was handled by approximating the Earth by a non-conducting shell surrounding a 

perfectly conducting sphere.  This implied that the induced internal dipole was in phase with the 

applied Dst, and had a strength αDstt where the coefficient α depended on the radius of the conducting 

sphere.  The model was therefore extended to include an internal dipole of 'strength' αDst.  The 

published internal n=1 coefficients were those corresponding to Dst=0. 

This certainly improved the modelling, but the correction was only approximate, as in practice 

the actual ring current field was not the published Dst(t), but [Dst(t)+(baseline)], where (baseline) itself 

(of order of magnitude some tens of nT) was still somewhat variable, with occasional step-changes. 
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Maus & Weidelt (2004) and Olsen et al (2005a) used a much more realistic (1-D) model of the radial 

variation of the conductivity of the lower mantle, allowing the amplitude and phase of the response to 

vary with frequency.  Given Dst and Dst/t it was then possible to separate Dst into two parts, the 

external primary field Est, and its corresponding internal induced part Ist.  To a good approximation the 

fact that the total (external+induced internal) observed ring-current field was not Dst(t), but 

[Dst(t)+(baseline)], did not affect Ist.  (The numerical value of Dst was still wrong, but this did not 

affect the internal IGRF coefficients.)  Ist was calculated, and corrected for, hour-by-hour; its time 

average is inherently zero. 

Thomson & Lesur (2007) introduced an alternative approach, using what they called the 

Vector Magnetic Disturbance Index, VMD, to characterise the large-scale (n=1) effects of the ring-

current.  The details are different, but there is the same sort of separation into internal and external 

parts, so that again any baseline problems do not affect the internal part. 

 

3.6 Induction by field from Ionosphere 

 As seen from a fixed point on Earth, the magnetic field produced by the ionosphere current 

system is varying with time-scales of 12 hours and less.  This field is slightly distorted by induced 

currents in the conducting ocean/sediment layer, and this distortion is already allowed for by some 

workers.  Most of the field penetrates this surface conducting layer, but then meets the semi-conducting 

lower mantle.  As for the Dst field, the total depth-integrated conductivity of the lower mantle is more 

than enough to completely absorb and ‘reflect’ the time-varying magnetic field coming from the 

ionosphere.  Again, as for the Dst field, for simplicity early work simplified the lower mantle as a 

highly-conducting sphere of an appropriate radius.  Then a more-realistic 1-dimensional lower-mantle 

conductivity model (varying only with radius) was used.  More recently some workers have also 

modelled the small effect of the (1-D) poorly conducting upper mantle, and the 2-D (depth-integrated) 

conductivity of the thin outer-layer of oceans/sediments. 

 Because of the sunlit-hemispheric on/off modulation of the ionospheric conductivity, and 

hence electric current and magnetic field; there is significant ionospheric magnetic field only on the 

sunlit hemisphere of the Earth.  Fig 1 shows a schematic representation of the variation with time of a 

simplified external Sq, as observed at one point on the Earth.  As indicated in the left-hand part of the 

figure, the field is non-zero only in daytime.  In effect the conducting Earth performs a Fourier analysis 

of this Sq, dividing it into a ‘DC’ part (the central part of the figure) plus the remaining time-varying, 

part (the right-hand part of the figure) having zero mean.  The DC part produces no induced currents, 

but the remaining, cyclical, part does. 

--------------------------------------------------------------------------------------------------------------------------- 

 

Fig1.   Fourier decomposition of a schematic Sq. 
The horizontal axis is time.  The dotted line is the zero axis, and in the left-hand part of the figure the 

bold line represents a 24 hour local solar time cycle of the observed (external origin) Sq, non-zero only 

in daytime.  Fourier analysis splits this observed Sq into a steady ‘DC’ part (centre figure) that produces 

no induced currents, plus a cyclical part having zero mean (right-hand figure) that does produce internal 
induced currents. 

 

 To the same (infinitely conducting inner sphere) approximation used for Dst above, the 

induced current will have the same time variation as the relevant part of the inducing field (the right-

hand part of Fig 1), and is not zero overnight.  The night-time induced current is essentially E-W, 

giving magnetic field in the (X,Z) plane, corresponding to (mainly) zonal Gauss coefficients, 

particularly g3
0.  With the actual Earth conductivity distribution, the induced current waveform will be 

a somewhat distorted version of the inducing waveform, but inevitably will still be non-zero overnight. 

 A problem arises because most IGRF modellers try to remove any effect of ionospheric 

currents by using observations only overnight, when the external ionospheric currents giving Sq are 

zero.  This certainly has the advantage of removing the possible aliassing effect of at least tens of nT of 

external Sq, but unfortunately it inevitably means that they then ignore the few nT of the induced copy 

of the daily variation of Sq. 

 As does Sq itself, this night-time internal induced Sq will vary with the intensity of the 

incoming far UV/soft X-ray radiation, and hence (roughly linearly) with the F10.7 index.  I have found 

four occasions on which the magnitude of this non-zero night-time value on the consequent spherical 

harmonic model has been estimated; they are all based on the Sq internal parts of one of the 

'Comprehensive' range of models. 

= + 
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(i) By using the Comprehensive Model CM3, applied to the actual data-points/times used to 

determine the Ørsted OSVM model, Lowes & Olsen (2004) estimated the magnitude of the overnight 

induced Sq.  For the relevant times, I estimate F10.7 to be typically 180.  Up to n=8 this contributed 40 

nT2 mean-square field (6.3 nT rms) at the surface.  (Higher harmonics appeared to add another 40 nT2, 

but much of this could have been noise.)  The errors were concentrated in zonal harmonics; the largest 

being 2.3 nT for g3
0, a figure that is much larger than the random uncertainly now expected for such a 

coefficient.  The effect on other coefficients was smaller, and for many would be in the noise level, but 

it is a systematic error, so should be avoided if possible.  That this figure of 2.3 nT is reasonable is 

shown in Table 2.  This  shows the values for the g3
0 coefficients for the models A1, B3, C1, and D1 

proposed for IGRF 2005;  model A1 (Olsen et al.,2005b) had made the 2.3 nT correction but the others 

had not, and the figures in Table 2 are consistent with this. 

 

Table 2   Numerical values (in nT) of the g3
0
 coefficient of the four candidate models for IGRF 

2005. 

Model g3
0 = 1330+ 

A1 7.3 

B3 5.5 

C1 4.4 

D1 5.3 

Model A1 had made a 2.3 nT correction for night-time induced Sq, the others had not. 

---------------------------------------------------------------------------------------------------------------------------- 

 

(ii), (iii) During the preparation of IGRF-12, Thebault (private communication) applied CM4 for the 

twelve months 2000.5-2001.5  to real data points for 2013.5-2014.5 (about one solar cycle later), to 

similarly estimate the magnitude of the leakage.  For what I estimate a typical F10.7 to be 180, he 

obtained a rms. field of 6.6 nT, and for another similar test at F10.7 ~ 160 he got 5.6 nT. 

(iv) Similarly Sabaka (private communication) obtained 3.7 nT for a fixed value of F10.7=84. 

 

These estimates are plotted as a function of (a typical) F10.7 for that data set in Fig 2.    A 

small amount of the scatter about a straight line will be due to the different spatial distribution of the 

data sets.  But most of the scatter is probably due to my estimation of a ‘typical’ value of F10.7 for that 

data set.  But this figure is probably the best estimate we have at present of the magnitude of the effect 

of ignoring this night-time induced Sq.  

---------------------------------------------------------------------------------------------------------------------------- 

 

Fig 2   Four estimates of the rms (n8) Sq leakage into SHA model 

 (Except for the point at F10.7 = 84, the F10.7 value is an FJL estimate of a typical value over 

that data set.) 

---------------------------------------------------------------------------------------------------------------------- 

 This is a systematic error; for the sort of data sets we are dealing with, its magnitude depends 

mainly on the average near-UV solar radiation intensity over the data period.  In practice, if such an 

approach is used (as e.g. by Lowes & Olsen, 2004), any correction applied will itself be in error.  The 

ionospheric model used will not be exact, and the correlation between the Sq amplitude and the F10.7 
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index is only good on average.  But the spherical harmonic process itself involves averaging in time 

and space, and I personally think that the random error of the prediction will almost certainly be a lot 

less than the systematic error left in if the correction is not made.  However, when it became clear that 

other modellers contributing to the 2010 set of IGRF models would not be incorporating any 

ionospheric baseline correction, Olsen did not do so either; he was worried, rightly or wrongly, that if 

the model he was preparing with others showed apparent anomalies, it would be down-weighted. 

 

4 INHERENT LIMITATIONS OF THE IGRF 
 

 The IGRF defines a magnetic field of internal origin in terms of a truncated series of Spherical 

Harmonic (SH) scalar potentials.  The IGRF is a piecewise continuous linear function having 5-year 

steps.  For the current 5-year interval there is a linear Secular Variation (SV) forecast. 

 The present discussion is about ‘Which of the field sources discussed above should we aim to 

include in the IGRF model, and which should we aim to keep out of the IGRF model?’  Some of the 

answers to this question are implicit in the restriction of the IGRF to fields having their origin within 

the sphere r=a, the truncation of the SH series, and the 5-year piecewise linear representation.  In 

particular, modellers need to ensure as far as possible that fields that lie outside the restrictions do not 

leak into their models.  In this Section I will now discuss some aspects of these implicit restrictions.  

(This still leaves choices which we have to make explicitly, in particular the extent to which we should 

allow internal induced fields into our models; I will discuss these in the next Section.) 

 

4.1 Implication of the restriction to internal sources 

 

 This restriction is a deliberate part of the definition of the IGRF.  One computational aspect is 

that we should try to avoid any ‘leakage’ of field from external sources into the internal SH 

coefficients, arising from lack of orthogonality in the fitting process.  This is why modellers of the 

internal field usually try to fit, and so in effect remove, the major spatial harmonics of the field of 

external sources, for example the n=1 harmonics of Est.  But if the external-source field is varying in 

time then this will also produce real induced electric currents within r=Re (e.g. in the case of Est 

producing the Ist field).  These induced currents inevitably average to zero if observed over a long-

enough time, so if our magnetic field data are sufficiently uniformly distributed in time (and space) 

then the Ist contributions will average to zero.  But our data are usually not so uniformly distributed, so 

rather than relying on averaging, modellers now estimate and remove Ist point by point.  However we 

will see below that there is a problem with the induced internal part of Sq. 

 

4.2 Implication of the truncation of the spherical harmonic series 

 

Initially (in what is now called IGRF-1), in 1969 the Main Field, MF, (and Secular Variation, 

SV) truncation was set at n=8.  As data and techniques improved, in 1981 (IGRF-3) the MF truncation 

was increased to n=10, and in 2005 (IGRF-10) the MF truncation was increased to n=13 for models 

from 2000. 

 This truncation at degree n=13 is a sharp-edged, low-pass, wave-number filter; signals having 

wavelength less than about 3000 km at the surface are excluded.  This is in the wave-number/spatial-

frequency/SH degree region where the fairly smoothly decreasing spatial power spectrum of the core 

field crosses the fairly smoothly increasing spatial power spectrum coming from crustal magnetisation. 

 I do not think (but cannot be sure) that IAGA, even if it were its intention (which I do not 

think it was) has ever explicitly stated that the IGRF is intended (within its truncation limit) to model 

just the field from the core, as opposed to modelling all the (slowly varying field) of internal origin.  (I 

am pretty sure that in fact workers interested in core physics always use their own, specifically 

designed, model of the field at the CMB.)  The present IAGA Div V-MOD web site has “[The IGRF is] 

a standard mathematical description of the Earth's main magnetic field”.  But various authors (e.g. 

Macmillan (2007) in her Encyclopedia article; and Macmillan & Maus (2011?) on the CCMC web site, 

explicitly state that it is a model of the core field.  Mathematically, given observations only from 

outside the surface, we cannot separate e.g. the actual contributions from core and lithosphere; if this 

were in fact our aim we would need to add a caveat such as “as far as possible”.  However such a 

separation is physically realistic, and we can estimate the magnitudes (but not the actual values) of the 

separate contributions by extrapolating the two parts of the power spectrum; this is what I now do, and 

summarise the results in Table 3.  

Modern geomagnetic spatial power spectra (e.g. Olsen et al., 2015) suggest that the crustal 

power at higher degrees extrapolates to give about 10 nT2 ms field at n=13, and extrapolating down to 
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n=1 would add something less than about 100 nT2.  Similarly, the core spectral power at lower degrees 

extrapolates to about 78 nT2 at n=13, and extrapolating to n= adds about 30 nT2.  I have tried to put 

these figures into context in Table 3, which shows what would happen if we changed the truncation to 

n=14 or 15.  (The uncertainty of the IGRF is probably a few nT at epoch, and a LOT more once secular 

variation is added.) 

---------------------------------------------------------------------------------------------------------------------------- 

Table 3 

Estimated Core and Crustal contributions to ms field near n=13 

Degree n Number of Gauss 

coefficients 

ms of Core field/nT
2 

ms of Crustal 

field/nT
2
 

12 168 ~2x109      ~100 

13 27   78             10.2 

14 29   21             10.6 

15 31   6             11.0 

16  ~2 ~40,000 

---------------------------------------------------------------------------------------------------------------------------- 

Taken in isolation, if the IGRF was aiming to model the core field then this Table suggests 

that there could be an argument in favour of increasing the truncation level to n=14 or 15.  But there is 

then the danger that if users extrapolated down to the CMB, which means extrapolating through and 

beyond the lithospheric sources, then including more field of lithospheric origin will add spurious 

contributions at the CMB.  Also, users have got used to n=13, and it could be argued that any possible 

change for the better produced by increasing the truncation level is comparable to other uncertainties, 

so any change would not be justified. 

 

4.3 Implication of the 5-year linear approximation 

 

 The IGRF is a piecewise continuous linear approximation.  (Initially it aimed for a 10-year 

cycle, but it was very soon realised that the SV is NOT linear, and with IGRF-2 the cycle length was 

changed to 5 years.)  The magnetic fields that have their primary sources within the Earth are fluid 

motions in the core, crustal magnetisation, and (to a much smaller extent) fluid motions in the oceans. 

In terms of a temporal power-series representation of the individual Gauss coefficients, there 

are significant higher-degree terms above the first, together with the complication of the presence of 

‘jerks’ - sharp changes in the second time-derivative.  In retrospect, our 5-yearly estimates of the ~70 

nT/yr rms SV are typically found to be wrong by about 20 nT/yr! 

 The 5-year intervals mean that we cannot follow time variations having periods of less than 

about 10 years; in effect we are imposing a low-pass filter in the temporal frequency domain.  So, for 

example, we must expect that only a smoothed version of any geomagnetic jerks will appear in the 

IGRF.  (For the core sources, quite a lot of temporal smoothing has already been imposed by the semi-

conducting lower mantle.) 

Similarly, only a very smoothed version of Dst could be represented by an IGRF.  In fact the 

restriction to internal field rules out any direct contribution from the primary source Est; the IGRF 

coefficients in effect assume that Est does not exist.  However this would still leave Ist, the internal, 

induced, part of Dst.  As with any ∂/∂t induced field, given a long enough and uniform enough 

sampling of data, the average will tend to zero.  However, in the preparation of a prospective model, in 

practice the smoothing is for a finite interval, with non-uniform sampling in time and space, prior to 

the epoch date, while the model is being used for 5 years after the epoch date.  (Even for retrospective 

models there are still problems.)  Most modellers now (in effect) explicitly try to remove all 

contributions of Ist from their data before modelling. 

The main problem is to do with our handling of (quasi-) periodic variations in the 

geomagnetic field, having periods of the order of a day.  Not only is their time scale far too short to be 

incorporated in the IGRF, but these effects are often based on Local solar Time (LT), and/or lunar time, 

rather than the world-wide Universal Time of the IGRF.  At present there is no explicit statement of 

what the user can expect of the IGRF in this context; I discuss this problem in the next Section. 

 

5 DECISIONS I THINK WE SHOULD TAKE 
 

 In the previous section I discussed the limitations that are inherently imposed by the format of 

the IGRF.  However it is clear that improving instrumentation and knowledge have produced situations 

where there is possible ambiguity about how the IGRF handles situations it is not able to cope with.  I 
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now discuss some situations where it could be argued that it would be better if we made some explicit 

decisions. 

 

5.1 General discussion 

 

 The problem comes when there is a field contribution that is varying on a time scale far too 

short to be followed by the IGRF coefficients.  One example is the Dst=Est+Ist situation, where the 

external Est is varying on time scales of hours and days, producing the internal induced Ist.  Another 

example is the external Sq producing the internal induced equivalent, this time quasi-periodically, with 

periods based on the solar/lunar day.  In both cases the primary source is external, so the definition of 

the IGRF excludes the direct field, but would allow the induced internal part except that it is too fast.  

We have no idea at what local time the user might want to apply a correction for such a source, so I 

think there are three possible definitions of what the IGRF should aim to do:- 

 

(i) The IGRF coefficients should be those there would be if that source did not exist.  (A user 

wanting to allow for the existence of the source would have to add to the IGRF value the total 

contribution of that source – e.g. the total Ist at that time.) 

(ii) The IGRF coefficients should include any long-term average value of the field produced by 

that source. (A user wanting to allow for the existence of the source would have to add in the 

difference between the contribution of that source at the required time and place and its long-

term average – e.g. the total Ist at that time less the 5-year average) 

(iii) (I include this for convenience in discussion later.)  The IGRF coefficients should include any 

long-term average value of the field from that source at that location at some specified Local 

Solar Time.  (A user wanting to allow for the existence of the source would have to add in the 

difference between the contribution of that source at the required time and its long-term 

average value at the specified Local Time – e.g. the total induced Sq at that point at the 

required time less the 5-year average of the midnight value.) 

 

 If the (long-term) average value of the field from that source were in fact zero (as it is for 

induced fields), then definitions (i) and (ii) are the same.  In (ii) and (iii) there is the problem of exactly 

how to define the average. 

 In the next three sections I discuss the particular cases of three field sources, Ist, the induced 

part of Sq, and dynamo induction by ocean tides. 

 

5.2 Handling of Ist, the internal induced currents produced by Est 

 

At present the IGRF explicitly excludes the external field produced by external sources; this 

rules out the fields produced directly by ionospheric and magnetospheric sources, but it says nothing 

formally about how we treat the field produced within the sphere r=a by /t induction caused by the 

time-varying field coming from such sources.  In the Dst=Est+Ist situation, Est is varying on time 

scales of hours and days.  In theory Est itself is excluded by the IGRF restriction to internal fields, but 

(as already mentioned in Section 3.5 above) to avoid leakage from external coefficients to internal 

coefficients, modellers simultaneously solve for Est, so effectively removing (most of) it from the data.   

However this still leaves Ist, which is varying on time scales far too rapid to be followed by the IGRF.  

In theory, over a long-enough time the induced Ist will average to zero. However, in practice the data 

used in modelling the IGRF is often limited in its duration, and is not spatially uniform, yet the IGRF is 

applied globally for 5 years.  So in practice there is now general agreement among modellers that, as 

far as possible, the induced Ist should also be excluded from the IGRF data; in effect modellers are 

adopting definition (i) of Section 5.1 above.  However, as far as I am aware, there has been no public 

announcement of this to the user community.  Should we not say explicitly that this is what we are 

doing? 

 

5.3 Handling of the internal induced currents produced by Sq 

 

 I think the most important remaining problem is in deciding how the IGRF should handle 

quasi-periodic fields having periods of the order of a day.  In this context the major source of field is 

the internal induced part of the daily variation Sq.  Again, sufficiently long and uniform averaging will 

make any contribution very small.  In this case the relevant averaging is over all hours of the day at 

each observation point.  Just as most modellers now explicitly separate (and remove) Ist from Est using 

an Earth-conductivity model, modellers using the ‘Comprehensive’ approach similarly use an Earth-
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conductivity model to separate the internal and external parts of Sq; in effect they remove both the 

external and internal part from their data before doing their SHA – again the approach is as (i) above.  

But other modellers use a simpler approach, using the fact that ionospheric currents are almost zero 

overnight, so use only night-time data from quiet days.  This certainly removes the external part of Sq 

from their data, but unfortunately leaves in the finite overnight internal part of Sq (≥~4 nT), which is 

often roughly constant overnight, but varies from day to day.  In effect they are using my definition 

(iii).  A good estimate of how the magnitude of this contribution varies with F10.7 is given in Table 2 

above. 

If these 'quiet-day' modellers wished to reduce the effect of this internal part of Sq they could 

use one of two approaches: 

 

(a) Before analysis, correct their (night-time) data for induced Sq by using, e.g., a recent 

'Comprehensive Model' forecast (with its models of Sq and earth-conductivity) of the night-

time values to be expected. 

(b) Using the linearity of the equations, in retrospect perform a spherical harmonic analysis of the 

set of such synthesised night-time Sq corrections, and use the resulting set of coefficients to 

correct their own coefficients. 

 

Lowes & Olsen (2004) in effect used (b). (In an ideal situation (a) and (b) should give the 

same result.) 

More recently Olsen (private communication to Finlay) has said “He [Olsen] prefers not to 

apply any a-priori correction to the night-side satellite data used in the CHAOS models”.  Certainly the 

ionospheric and earth-conductivity models used in the 'Comprehensive' calculation will not be exact. 

Also, the correlation of Sq with F10.7 is only good on average, so such corrections for individual data 

might well be quite poor The month-to-month scatter in the correlation is large, about 20%, and 

probably larger for daily values.  I do not know to what extent there is serial correlation of any 

departures from one day to the next, but I would expect that the time and space averaging involved in 

the spherical harmonic analysis would considerably reduce the effect of the scatter.  Personally I would 

argue that it is unlikely that the errors involved in such a correction would be so large that applying the 

correction would increase the overall errors in the coefficients. 

These 'quiet day' modellers go to great lengths to use only data which have very small 

disturbance.  It might well be that, because they solve for fewer parameters, and use only quiet-time 

data, then (apart from the effect of night-time induced Sq) the coefficients produced by such 'quiet-day' 

modellers have smaller main-field (pseudo-) random errors than those produced by 'comprehensive' 

modellers who are using noisier (but more numerous) data and have to solve for many more 

parameters; I do not know of any detailed comparison.  Understandably 'quiet day' modellers are 

reluctant to possibly compromise their results by incorporating the output of other modellers.  I would 

argue that it should be the decision of the individual modelling groups as to how they can produce the 

best candidate model that they can. 

I would argue that we should also clarify to users our aims in our handling of the internal 

induced currents caused by the quasi-periodic, varying amplitude, externally produced, Sq.  Probably 

the simplest approach is to say that, as with the induced affects of Dst, our aim is to remove all such 

effects from the IGRF.  In practice this can only ever be an aim; in a real world we can never achieve 

perfection; perhaps it would make life easier if we made it clear that it was up to individual modellers 

to decide how they themselves could best reach this aim.  For example, in this specific case of the 

internal induced currents produced by Sq, if a modelling team thought that, given the limitation of time 

and resources, then using only night-time data produced a better model than, for example using 

someone else’s (inevitably somewhat inaccurate) estimate of what this night-time field actually was, 

then that would be a valid decision on their part. 

 

5.4 Handling of contribution from ocean tides 

 

One minor internal source of pseudo-periodic internal magnetic field is the small-magnitude 

field produced by the lunar/solar semi-diurnal tidal motion of the oceans.  On the time-scale of the low-

pass filtering corresponding to the IGRF, this field is effectively random noise, which in the long-term 

would average to zero, but in the medium turn would slightly increase the errors of the Gauss 

coefficients.  So some modellers now use gravity and ocean models to predict the field, and then 

subtract it from the data before analysis.  In effect, for this particular source, these modellers are using 

my definition (i) of Section 5.1. 
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(As with lithospheric contributions, there is a complication with such errors, because the 

scalar potential model assumes that the source is internal to the whole region of interest.  So if the 

model is extrapolated downwards, through and below the ocean layer, then the extrapolation would 

increase the error of the IGRF, while the actual field of these ocean currents would decrease.) 

 

5.5. Possible wording of the definition of an IGRF  

 

In its Introduction, the International Standard ISO 16695 "Space environment (natural and 

artificial) — Geomagnetic reference models" says "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".  To justify 

the IGRF being such a reference model we now have a duty to specify clearly what we are trying to 

model. 

I think we should be honest and include the word "aim" in any definition - in the real world 

we can never achieve perfection.  Including "aim" also has the advantage that we can extend it to 

individual modelling teams; perhaps it would make life easier if we made it clear that it was up to 

individual modelling teams to decide themselves how they could best reach this aim.  Consider for 

example, the case of the internal induced currents produced by Sq.  If a 'quiet day' modelling team 

thought that, given the limitation of time and resources, using only night-time data produced a better 

model than, for example, incorporating someone else’s (inevitably somewhat inaccurate) estimate of 

what the Sq night-time field actually was, then that would be a valid decision on the part of the team. 

If we could reach agreement on what we think the IGRF should aim to be doing, we could just 

give a detailed listing of what fields the IGRF is meant/not meant to include.  But this would be quite 

long, involving terms which the vast majority of users would not understand, and be very off-putting 

for “lay” readers.  So I have tried to find a simple wording that is unambiguous and has the same effect. 

If we decide that our aim is to try to exclude the induced part of Sq from the IGRF, then a 

possible wording is:  

 

“Within its spatial truncation, the IGRF aims to model (only) those magnetic fields 

whose primary origin is inside the Earth”. 

 

The "Within its spatial truncation" makes explicit to the reader that there is an implicit restriction in the 

truncation of the Spherical Harmonic series.  The "only" is not strictly necessary, but it does emphasise 

that we are actively trying to exclude the effect of other sources.  The “primary origin” excludes not 

only the induced part of Dst (which all modellers already try to do), but also the induced part of Sq.  In 

both cases it does this in the sense of definition (i) of Section 5.1 above; the IGRF is the field we 

would get if the processes that produced Dst and Sq did not exist.  (A user who wanted to allow for 

such a field would have to add in (from some model) the whole of those fields at that place and time.) 

 This still leaves the question of how to handle the, very much smaller, ocean tidal magnetic 

field, as its origin is “inside the Earth”.  This tidal effect could be excluded by adding "… whose time 

scale is a few years or more".  (I have suggested "a few years" rather than "one year", as the latter 

would not exclude annual modulations.)  So the complete definition would be: 

 

"Within its spatial truncation, the IGRF aims to model (only) those magnetic fields 

whose primary origin is inside the Earth, and whose time-scale is a few years or more." 

 

REVISION November 2016 
 

After discussion with Patrick Alken, I changed the proposed definition to  

 

"Within its spatial and temporal truncations, the IGRF aims to model (only) those 

magnetic fields whose primary origin is inside the Earth, specifically the fields produced 

by the core, the lithosphere, and the (quasi-) steady motion of the oceans." 
 

This wording  

 

(i) Gives the two general source specifications - 'within the Earth'  (which excludes fields from 

the ionosphere and magnetosphere), and 'primary' (which excludes the induced fields produced by the 

ionosphere and magnetosphere). 

(ii) Explicitly names the three relevant sources (so clarifying that no attempt should be made to 

exclude the field coming from (quasi-) steady ocean currents). 
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and 

(iii) Through its mention of 'truncation' (now expanded to include temporal truncation) explains to 

a knowledgeable reader that it excludes fields of small physical wavelength and of short temporal 

period.  This phrasing would NOT need to be changed if either truncation level were increased in 

future. 
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