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2.3 Electrical properties of the earth's interior 
See p.370 

2.4 Composition of the earth's interior 
2.5 Tides of the earth 

3 Gravity field and figure of the earth 
See Subvolume V j2a 

4 Magnetic field of the earth 

4.1 Sources of the geomagnetic field 

4.1.1 External part of the earth's magnetic field 

4.1.1.0 Components of the field, units 
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List of symbols and abbreviations 

Ap 

a~, b~ 
B 

D 

b(al, z) 
g:;', 11:;' 
H 

j 
K,Kp 
k 

Jlo 
v=T-T 
p(al) 
pc, pi, pg 
Pnm(COS 8) 
r, 8, I. 
R 
RE 
Q 
s:,O'~ 

() 

()~ 
T 

x,y,z 
X, Y, Z 
al 

planetary index of daily geomagnetic activity (linear scale) 
spherical harmonic coefficients for Z 
flux density (=induction) vector of the earth's magnetic field (geomagnetic variations), in [nTJ 

(1 nT ~ 10- 5 G) 
complex-valued inductive scale length ("penetration depth") for zero wavenumber, in [kmJ 
planetary index of daily geomagnetic activity (quasi-logarithmic scale) 
spherical harmonic coefficients for internal (c) and external (1') parts of potential V (cos rnA-terms), 

in [nTJ 
angle of magnetic declination, in [degJ; magnetic east component of geomagnetic variations, 

i.e. variations normal to the local magnetic meridian, in [nTJ 
complex-valued attenuation factor 
spherical harmonic coefficients for X, Y, in [nTJ 
horizontal magnetic intensity (= tangential component of B at the earth's surface); horizontal 

geomagnetic variations parallel to local magnetic north, in [nTJ 
sheet current density, in [A/mJ 
three-hourly local and planetary index of geomagnetic activity (quasi-logarithmic scale), respectivcly 
wavenumber 
magnetic permeability of the vacuum Jlo=41t .10- 7 Vs/Am 
phase of the moon 
skin depth 
regular, irregular, and giant geomagnetic pulsations, respectively 
associated spherical harmonic function, quasi-normalized after A. Schmidt; 8: angle of colatitude 
geocentric spherical coordinates 
sunspot number 
(equivolumetric) earth's radius: RE =6371 km (MAGSAT: RE=6371.2km) 
electrical resistivity, in [QmJ 
sphcrical harmonic coefficients for internal (s) and external (()) parts of potential V (sin m),-terms), 

in [nTJ 
electrical conductivity, in [Q- 1 m -1 J 
degree variance, in [nT 2J 
solar mean local time, in angular measure (1 h ~ 1 S°) 
universal (= Greenwich) time 
lunar mean local time, in angular measure (1 h ~ 1 S°); conductance of sediment layers or oceans, 

in [SJ 
geomagnetic latitude 
magnetic potential (B= - grad V), in [Vs/mJ 
rectangular coordinates (geographic north, east, down, respectively) 
rectangular components of B (geographic north, east, down, respectively), in [nTJ 
angular frequency, in [S-IJ 
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Ahhrl'l'iatiolls 

DP 
Dst, DS 
EEJ 
ELF 
ERe 
L 
PEl 
S 
Sq,S:,SD 
sfe 
sse 
VLF 

4.1.1 External part of the earth's magnetic field 

disturbed polar geomagnetic variations: DP1, DP2 
smoothed storm-time geomagnetic variations 
equatorial electrojet 
extra low frequency emission (3 .. ·3000 Hz) 
equatorial ring current in the radiation belt of thc magnetosphere 
lunar daily geomagnetic variations 
polar electrojet 
solar daily geomagnetic variations 

[Ref. p. 71 

S on quiet days in middle and low latitudes, in polar latitudes, on disturbed days, respectively 
geomagnetic solar flare effect 
sudden storm commencement 
very low frequency emission (3· .. 30 kHz) 

By convention field observations in geomagnetism are interpreted as measurements of the free-space flux 
density B= Jlo H of the earth's magnetic field; Jlo=41t .10- 7 Vs/Am for S. I. units and H denotes the magnetic 
field strength. The following symbols are conventional for the components of B:Z for the vertical component 
with regard to the earth's surface (down positive), H for the horizontal intensity, X and Y for the geographic 
north and east components of H, respectively, F for the total intensity IBI. 

The ratio Z/H = tan 1 defines the angle of inclination, the direction of H as shown by the compass needle 
defines magnetic north and thereby the direction of the local magnetic meridian. The angle between magnetic 
and geographic north is the angle of declination D, on nautical charts also called "magnetic variation". D is 
positive when magnetic north is eastward from geographic north, i.e. tg D= Y/X. See eqs. (1) and (4) in subsecl. 
4.2.3.1.2 for relations which connect these elements of the geomagnetic field and their derivation from a magnetic 
potential. 

In studies of geomagnetic variations the total field B is separated into an undisturbed part and a disturbance 
AB. The components of AB are observed usually in a references frame defined by the local magnetic meridian 
of the undisturbed field; AH, AD, AZ are then the magnetic north, the magnetic east, and the vertical component 
of AB. respectively. Except for polar regions, AD is small against H and the disturbance in declination is approxi
mately AD/H. Since this is the observed quantity at many observatories, it is also denoted by AD. For global 
investigations AB is referred to geographic coordinates using the declination of the undisturbed field for the 
rotation of coordinates, which gives AX, A Y, AZ as geographic north, geographic east, and vertical component 
of AB, respectively. Since subsecl. 4.1.1 deals exclusively with the disturbance field, the letter A is omitted in the 
following. 

The conventional unit for B in geomagnetism is 1 nanotesla, 1 nT=10- 9 Vs/m2. It is identical with the 
formerly used unit 1 gamma. 1 '1=10- 5 Gauss (G or f). Note that for a long time this cgs-unit has been also 
the unit for the magnetization of rocks. Then 1 'I corresponds to 0.01 A/m in S. I. units. 

To visualize fields with flux densities of 1 nT consider the following examples: An infinitely long wire carrying 
a current ofl A produces 1 nT at a distance of 200 m. The same flux density has the field which a dipole of moment 
1 Am2 generates at 11100= 4.64 m distance in its equatorial plane. The field above a uniform sheet current with 
the density 1 Ajkm has a flux density of 0.628 nT. The same flux density exists in the center of a circular current 
loop of 1 m radius with ImA. 

4.1.1.1 Planetary field, interplanetary field, and geomagnetic variations 

The earth like some but not all planets in the solar system has a planetary field of internal origin. At the 
earth's surface it has dipole character with a flux density of about 60000 nT near the poles and 30000 nT at the 
equator. At a given site slow field changes are observed on a secular time scale, a typical rate of change is 10 nT/a. 

The planetary field is bounded outside the earth by interaction with the solar wind and confined to a region 
known as the magnetosphere (Fig. 1). Beyond this region an in terpla neta ry fie Id exists of about 5 nT which 
is of solar origin. 
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Within the magnetosphere shifting and intermittent electric currents are generated by solar radiation and 
by interaction with particle streams from the sun. They produce fluctuating magnetic fields which are observed 
as external part of geomagnetic variations at the earth's surface. The amplitude of these variations rarely 
exceeds 100 nT in low and mid-latitudes. Near to the dip equator of zero inclination and particularly in polar 
regions they are enhanced and may exceed in the auroral zones 1000nT. Slow and fast variations occur. Typical 
periods lie between 1 day and 1 second (Figs. 2, 13). 

Geomagnetic variations are predominantly, but not exclusively, of external origin. The internal part of geo
magnetic variations is the magnetic field of electric currents which are induced by the external part in conducting 
layers of the earth, including the extremely well conducting oceans and some geological formations on continents. 

-
Solar 
wind 

-

a 

-
Mognetosheath -

Mognetopause ---
Fig. la, b. Cross sections through the undisturbed magneto
sphere during solar quiet times. The direction to the sun 
is indicated, the scale is the earth's radius RE =6371 km. 
a) Model cross section in the noon-midnight meridional 
plane of the geomagnetic dipole. Lines with arrow marks 
inside the magnetosphere are field lines of the earth's dipole 
field which by interaction with the solar wind (cf. text) is 
compressed on the day-side and drawn into a geomagnetic 
tail on the night-side. The earth's magnetic field ends at 
the magnetopause as indicated. A possibly turbulent 
transition region separates as magnetosheath the magneto
sphere from the interplanetary space, bounded by the bow 
shock of a shock wave propagating within the solar wind. 
Regions of increased charged particle density within the 
magnetosphere are indicated by various signatures (plasma 
mantle, plasmasphere, plasma sheet), including the radiation 
belt of gyrating trapped particles, the source region of Dst 
variations. From [Ros7S]. 
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To sum 

I----l 
40nl 

b 

Fig. 1 b. Cross section in the equatorial plane of the geo
magnetic dipole. The field vectors are from satellite observa
tions of the magnetospheric field. projected onto this plane. 
Solid lines indicate the resulting field line pattern. From 
[Far68]. 

~ 

Fig. 2. Two 24-hour records of the earth's magnetic field. 
observed at a mid-latitude site. Vertical bars mark full 
hours in universal time UT; add S4 minutes for local time. 
Time-varying distances of the traces from a fixed reference 
line B demonstrate geomagnetic variations in declina
tion D, vertical downward intensity Z, and horizontal 
intensity H. See Table 6 in subsec!. 4.2.3 for absolute values. 
An angular change of declination by one minute of arc 
corresponds here to an east component D of the disturbance 
field of S.6 nT. 
Upper magnetogram: Solar daily variations Sq on a quiet 
day with Kp~2- (cf. 4.1.1.7 and Fig. 20). A solar nare 
effects sfe is recorded shortly after 14 h UT (cf. text). Up
ward D departures from the midnight level in the morning 
(the compass needle swings east by 8') indicate overhead 
Sq currents toward the equator, downward departures of 
similar size in the early afternoon the closure of the Sq 
current loop by northward currents (Fig. S). The nearly 
overhead passage of the center of the current loop causes 
the downward departure in Z by 40 nT near noon. 
Lower magnetogram: Regular Sq variations are terminated 
abruptly by a sudden storm commencement ssc at 19b 12min 

UT. whichs marks the onset of irregular DP variations in 
the course of a weak magnetic storm with Kp~60. 
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4.1.1.2 Classification of geomagnetic variations 

Table 1. Symbol, period, and amplitude of geomagnetic variations. 
r: Fundamental period for regular variations, period range for irregular variations. 
A: Peak-to-peak amplitude or maximum departure from undisturbed level. 
If a pronounced dependence on latitude exists, different values are quoted for auroral zone (a), mid-latitudes (m), 
low latitudes (I), and the dip equator region on the day-side (dd). 

Type Symbol t A Sample Source 
record 

nT in Fig. 

Solar cycle variations 11 years 20 16 ERe modulation by 
sunspot cycle 

Annual variations 1 year 5 Ionospheric sources 

Semi-annual variations 6 months 5 ERe modulation 
within the earth's orbit 
around the sun 

Smoothed storm-time Enhanced ERe after 
variations magnetic storms 

storm-time-dependent Dst 2 .. ·27 d 100 14,15 
part 
disturbance local DS 12 .. ·24 h 100 15 
time inequality 

Solar daily variations S 1 d 
on quiet days Sq 30···60(m, I) 2,6,9 Ionospheric current loops 

60 .. ·120 (dd) on day-side sectors of 
enhancement on SD 1 d 10· .. 20 both hemispheres (Fig. 5) 
disturbed days 

Lunar daily variations L 1 d 1 .. ·3 11 Dual ionospheric 
current loops on both 
hemispheres (Fig. 10) 

Polar magnetic storms DP 10min .. ·2h 
and short-lived substorms 

centre of disturbance DP1 1000 (a) 13a Polar electrojet PEJ 
in the night-time 100(m, I) in the ionosphere with 
auroral zone connecting field-aligned 
with correlated DP2 100 (a) currents to plasma 
irregular variations 10(m, I) regions of the magneto-
in low latitudes 100 (dd) sphere (Figs. 1 a, 12) 

Special effects in 
connection to polar 
magnetic storms 

bays = substorms as b 30min .. ·2h 20 .. ·100 (a, m) 13b see DP1 
obsen'ed in mid- 5 .. ·25 (I) 
latitudes 

Sudden storm sse 2 .. ·5 min 10 .. ·100 2 Impact of intense 
commencement solar particle stream 

on magnetopause 

Solar fla re effect sfe 10 .. ·20 min 10 2 Short-lived enhancement 
of Sq currents in the 
ionosphere 

continued 
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Table 1 (continued) 

Type Symbol 1: A Sample Source 
record 

nT in Fig. 

Pulsations P 0.2···600 s 18 Standing and propa-
( = ultralow frequency ULF gating hydromagnetic 
emissions) waves in the 

regular continuous pc 150···600 s (pc5) 100 (a) magnetosphere 
pulsations 10(m) 

45···150s (pc4) 2 
5·· -45 s (pc2, 3) 0.5 
0.2· ··5 s (pcl) 0.1 

irregular transient pi 1···100s 1 
pulsations 

Schumann resonance 1/7.8 s <0.1 Cavity resonance 
oscillations earth-ionosphere for 

electromagnetic waves 

Extra low frequency ELF 10- 3 ••. 0.2 s <0.1 Propagating electro-
emissions, including magnetic waves in the 
atmospherics earth-ionosphere wave 

guide (ELF) and 
propagating hydro-
magnetic waves in the 
magnetosphere 
(VLF and ELF) 

Very low frequency VLF 10- 5 ••• 10- 3 s 
emissions, including 
whistlers 

From their appearance in the magneto grams regular and irregular variations are distinguished (Fig. 2). The 
most important regular variations are those which occur daily as S variations (S = solar) and L variations 
(L= lunar), respectively. Both have one solar day as fundamental period. For L the phase of its harmonic con
stituents varies in time with the changing position of the moon. See the phase law of L variations, eq. (8). 

Sand L variations are denoted as geomagnetic tides because tidal motions in the high atmosphere are 
involved. Equally important are solar heating of the atmosphere (for S only) and the ionisation of atmospheric 
layers on the day-lit side of the earth. In the long time trend of the earth's magnetic field over years the modula
tion of geomagnetic activity with the sunspot cycle produces regular solar cycle variations with a funda
mental period of 11 years. 

While Sand L regular variations are connected to solar wave radiation, irregular variations arise almost 
exclusively from solar particle radiation. This solar wind comes from three sources: 

(i) Ejections from active regions on the sun, connected to solar flares. 
(ii) High speed streams of solar plasma, leaving the sun from coronal holes and providing a continuous 

activity. Their overall strength varies with the sunspot cycle. 
(iii) A steady background stream of solar particles into space due to the high temperature of the solar corona. 
When, during active times, the particle stream from the sun is intensified, the magnetosphere is compressed 

and particles cross the boundary between interplanetary and planetary field. Following field lines of the planetary 
field, particles can penetrate deeply into the atmosphere near the poles. This is a two-stage process involving 
(i) particle injection from the plasma sheet of the geomagnetic tail, (ii) secondary acceleration of these particles 
in the high atmosphere resulting in shifting and fluctuating current systems with associated magnetic fields. 
They are observed as polar magnetic storms DP (D= disturbed) at the ground, usually accompanied by auroral 
lights in high latitudes. 

Storms are followed by a recovery phase after magnetic quietness has returned when, for several days, ring 
currents of trapped particles encircle the earth. The slowly decaying magnetic field ofthis current extends magnetic 
storms as Dst variations (st=storm) into quiet days. Isolated disturbances which last only for a few hours 
and which are not followed by a Dst recovery phase are denoted as polar substorms, in mid-latitudes as bays. 
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It appears thaI plasma in the magnetosphere can be excited to vibrate in resonance along field lines. The 
eigenperiod lies between 1 and about 5 minutes. These plasma vibrations produce fluctuating magnetic fields 
of the same period. which are observed as pulsations of the geomagnetic field on the ground. Various processes 
in the atmosphere and magnetosphere produce even faster oscillating fields. The VLF electromagnetic wave 
emissions and whistlers extend the spectrum of geomagnetic variations up to 20 kHz in frequency. 

The classical reference to geomagnetic variations is [cha40], modern references are [aka72, aka777 mat67, 
nis78. par83]. 

4.1.1.3 Separation of external and internal parts of geomagnetic variations 

Quasi-stationary magnetic fields which are observed at the earth's surface can be separated into parts from 
sources within and outside the earth. No assumptions are needed about cause or location of their sources. By 
excluding. in quasi-stationary approximation, vertical electric currents above the ground, the magnetic surface 
field is a potential field. Its flux density B can be derived from the gradient ofa scalar potential V: B= -grad V, 
with V2 1'=0. 

Let, for simplicity, the earth's surface be flat and form the (x, y)-plane of Cartesian coordinates with z down
ward positive. The lield is sinusoidal in x for planes parallel to the surface, k a real and positive wavenumber 
for a wavelength 2nik. Then the z-dependence of the potential must be expotential to satisfy the Laplace equation: 
I'(x. z)= 1'0 cos k x· exp( ± k z). The sign of the exponent depends on the position of the sources with regard to 
the plane of observation. Fields with sources above z=O disappear with exp( -k z) for z-+ + 00 and those with 
sources below z=O with exp( + k z) for z-+ - 00. The superposition of both fields gives in the space between 
sources 

(1 ) 

'/ and c denote the potential Fourier coefficients for the field of external and internal origin, respectively. The 
components of the field in the z=o plane are 

Bx= -8 V/8x=k{y+c} sin kx 

B== -8 V/8z= k {y-c} cos kx. 
(2) 

Since from Bx (as function of x) the sum of external and internal coefficients is known, and from B= their difference. 
the obsen'ed surface field is separable. Note that a vanishing vertical field B= indicates equal contributions of 
external and internal sources to the horizontal lield Bx. 

By adding a sinusoidal dependence on y, three-dimensional fields can be scparated in thc samc way. For 
applications to fields on a spherical earth's surface, the trigonometric functions have to be replaced by spherical 
harmonics (cf. subsects. 4.1.3 and 4.2.3.1.2). 

See Table 2 for the separation of daily variations, and [Har63] and [Pri63] for alternative separation methods 
which do not require representations by plane or spherical harmonic functions. 

4.1.1.4 Eqlliva lent currents 

Equivalent currents as in Figs. 5 and 10 are hypothetical sheet currents in thin spherical shells above or below 
the earth's surface. Their current density j (unit: A/m) is such that either the external or the internal part of a 
given magnetic potential field is exactly reproduced. See subsect. 4.1.3.4 for the calculation of j from a given set 
of spherical harmonic coefficients. 

The equivalent current systems for the external part of DP variations in Fig. 12 are not based on a spherical 
harmonic analysis because their surface fields have too many local details in high latitudes. Instead it is assumed 
that external and internal currents contribute to the horizontal components in comparable portions. The equiv
alent currents are such that they reproduce a certain fraction (1/2, 2/3) of the observed horizontal components 
at a given instant of time. The vertical component is disregarded. See subsect. 4.2.2.4 for details. 

Because the planetary field and geomagnetic variations are generated by electric currents, equivalent currents 
pro\'ide an image of their true sources provided the chosen radius of the shell which cariies them approximates 
the correct position of source currents. The concept of equivalent currents has a principal deficiency, however, 
because it is derived for magnetic potential lields and thus excludes poloidal source currents with radial com
ponents. Such currents exist in the source region of geomagnetic variations and, most likely, also in the source 
region of the planetary field. the earth's outer core. Poloidal currents have toroidal (=tangential) magnetic 
fields which. in quasi-stationary approximation, do not exist in non-conducting spaces. These sources are un
observable at the earth's surface. leaving a principal ambiguity in the interpretation of magnetic surface ob
sen·ations. 
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4.1.1.5 Magnetic fields of external origin within the earth 
Two effects reduce geomagnetic fields of external origin inside the earth, (i) the increasing distance from the 

source (geometric effect), and (ii) the shielding by electromagnetically induced currents (skin effect). The geo
metric effect is a frequency-independent reduction of the field amplitude, the skin effect a frequency-dependent 
reduction of amplitude and rotation of phase ¢, the time factor being expi(wt+¢). The skin effect dominates 
if the spatial scale length of the field exceeds the penetration depth Co at the considered angular frequency w, 
and vice versa. 

A typical scale length is the reciprocal wavenumber k- I of a sinusoidal field, a minimum value the height 
of the sources above the ground. Typical values of I Col are 10· ··20 km for pulsations (period: 1 minute), 100··· 
200 km for D variations (period: 1 hour), and 400·· ·600 km for S variations (period: 1 day). See subsect. 4.2.2.2.3 
for the definition of Co. The quoted values refer to observations on continents. They are smaller in oceans. 

Because the minimum height of external sources is about 100 km (ionospheric E layer), the geometric effect 
will be important only for slow variations, e.g. bay variations in auroral zones, and S variations everywhere. 
Fig. 3 shows the complex-valued attenuation factor t5(w, z)=Rx(w, z)/RAw, 0) in polar diagrams with the depth z 
as parameter of the attenuation spiral; RAw, z) denotes the complex Fourier amplitude of the horizontal com
ponent. The polar distance to any point on the spiral gives the attenuated relative amplitude 1151 at the respective 
depth, the angle against the polar axis the phase relative to the phase of the surface field. The following formulas 
are for simple estimates of the attenuation factor when the skin effect dominates: 

1. Uniform lithosphere of resistivity (I: With the definition of the skin depth 

p(w)= V 2(1 , 
Wllo 

(3) 

t5(w,z)=e- z/C(w), with C(w)=p(w)/(l+i). (4 a) 

For a typical value of (I = 50 Qm, the skin depth is 28 km for pulsations (period: 1 minute). In this depth their 
amplitude is reduced to e- I ~1/3 and their phase rotated by 1 rad == 57.3°. 

2. Non-conducting crystalline basement of thickness h above uniform lower lithosphere of resistivity (I: 

. {1 z~h 
t5(w, z)= e~('-h)/C(W), z> h. (4b) 

3. Sediments or oceans of conductance 't" (=mean conductivity a times thickness d, d2<i12/awllo) above a 
uniform lithosphere of resistivity g: 

11 
.z iWllo't"C(W) d 

-- z< 
t5(w,z)= d l+iwllo't"C(W), = 

t5(w, d)· e-(·-dl/C(w), z>d. 

(4 c) 

For a typical conductance of oceans, 't"=16OO0S (4000m of seawater with g=0.25Qm) and a lithosphere of 
(I=50Qm: 

{ 
0.13 - 0.1 0 i for bays (period: 1 hour) 

t5(w,d)= 
0.48-0.21 i for Sq (period: 1 day). 

Hence, fast variations with periods shorter than 1 hour are shielded from the lithosphere by deep oceans, while 
daily variations penetrate through them with .about half their amplitude. Seafloor observations confirm these 
conclusions (Fig. 4). See [Bab80] for observations in deep mines below sediments. 
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4.1.1.6 Morphology of geomagnetic variations 

4.1.1.6.1 Solar daily variations (S) 

[Ref. p. 71 

S variations are defined as regular variations in local mean solar time. Depending on the degree of geo
magnetic activity (see subsect. 4.1.1.7), Sq va ri a t ion s on quiet days (Q days) are distinguished from added So 
variations on disturbed days (D days), Fig. 2. So is found by subtracting rrom the observed S variation on 
D days that portion which could have been expected in the case of magnetic quietness. 

S variations are derived from hourly mean values for a given geomagnetic field component (D, H, Z or X, Y, Z) 
by removing a linear trend from local midnight to local midnight. The remaining hourly means are averaged 
hour by hour of local time over the Q days of a certain interval (month, season) to obtain the mean Sq. and over 
the D days to obtain the mean So. The thus separated contributions to S have different global distributions. 
and are of different origin. 

Sq variations: From rocket experiments it is known that they are mainly generated by currents in the 
ionosphere about 100 km above the ground. They are tangential and thus well resembled by equivalent currents 
as shown in Fig. 5. In addition poloidal magnetospheric currents exist which connect the two hemispheres along 
field lines. 

The ionospheric Sq currents form two large loops on the day-lit side of the earth, which are symmetric to 
the equator during equinoxes. Their centers lie close to local noon in mid-latitudes. Viewed from space, the earth 
rotates under these ionospheric current loops, fixed in space by the position of the sun. 

In the dynamo theory of Sq the driving electric fields are generated by motion of conducting matter in the 
ionosphere across field lines of the planetary field. The motion results primarily from thermally as well as gravi
tationally excited atmospheric tides. The size of Sq variations changes from maximum peak-to-peak amplitudes 
of 60 nT in the summer to minimum amplitudes of 20 nT in the winter. Both values refer to Sq variations in D 
(=magnetic east component) in mid-latitudes and average solar activity; about the same amplitudes apply to 
variations in H (= magnetic north component) in low latitudes (Fig. 6). In the immediate vicinity of the dip 
equator (line of zero inclination in Fig. 3e of subsect. 4.2.3) the H amplitude ofSq is three-fold increased by a local 
ionospheric current concentration known as equatorial electrojet (EEl), Fig. 9. 

On quiet days regular S variations become visible in the polar cap region inside the auroral zone. These S~ 
(p= polar) variations are not connected to the dynamo-driven Sq currents in middle and low latitudes, but 
arise from interaction of the steady solar wind with the magnetosphere. 

In years of high sunspot number and thus high solar activity, Sq is twice as large as in years of low sunspot 
number (Fig. 7). Because tidal motion and solar heating can be assumed to be the same, the difference must 
come from an increased ionization or the high atmosphere when, in the yearly average, solar activity is greater. 

For separate investigations of external and internal parts of Sq a spherical harmonic analysis is carried out 
with the Sq time harmonics: Let (0, ).) denote the geographic coordinates of a point of observation; 0=90o-¢ 
is its colatitude. ¢ its latitude, and ). its longitude. Let, for a given instant of time, X, Y, Z denote, respectively, 
the geographic north, east, and vertical downward component of Sq at this point. Their harmonic analysis from 
midnight to midnight in local time T=t+). (t=universal time) gives the Fourier coefficients Am and Bm in ex-
pansions of the form M 

X(T,O)= L [Am(9)cosmT+Bm(9)sinmT]; 
m=l 

T is in angUlar measure ranging from T=O to T=27t, one hour corresponding to 7t/12. In most analyses sub
harmonics up to M =4 are calculated, i.e. for periods of 24,12,8, and 6 hours, respectively. Tables with Fourier 
coefficients for Sand L can be found in [Gup68]. 

The coefficients from a global network of observation points are expressed by series of spherical harmonics 
as described in subsect. 4.1.3.2. Usually this analysis is done after their conversion to universal time harmonics. 
Two sets of spherical harmonic coefficients (g~. II::') and (a::', b::') evolve from the analysis of horizontal and ver
tical components. By combining them separate sets of potential coefficients (y::'. 0"::') and (c~, s::') are obtained 
for, respectively, the external and internal part of Sq as evident from eq. (6). 

Fig. 5. Equivalent currents of solar daily variations Sq on quiet days, shown on global maps when local midnight is on 
the Greenwich meridian. The magnetic field of these currents reproduce the mean global Sq field for equinoxes. here for 
the September equinoxes 1957/58 orhigh solar activity. Fig. 5a is for the external part, Fig. 5b for the internal part, calculated 
for zero height and zero depth from spherical harmonic potential coefficients (cr. subsects. 4.1.1.4 and 4.1.4.4). Between 
contour lines nows a current of 25000 A and 20900 A, respectively. The numbers give the total current in the respective 
current system while the arrows indicate the direction or no\\'. 
The causal connection between external and internal currents by induction is evident (cr. subsec!. 4.2.2.1). The relative 
strength of internal Sq currents in the southern hemisphere may reneet the dominance of oceans in this hemisphere. allowing 
the unbounded development of an induced Sq current loop in the ocean. From [Par77]. 
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Table 2 presents potential coefficients from various analyses derived in the above manner. From the quoted 
sources those combinations of coefficients are extracted which describe Sq as a function of local time, i.e. the 
sin\l~oidal dependence on longitude and universal time is with m(J.+ t) as angular argument. See these sources 
for complete tables of coefficients. The meaning of the listed coefficients is as follows: Let V denote the Sq potential 
in local time. Then, with the notation as in eq. (3) of subsect. 4.2.3, but with a changed order of summations, 

M N [ ( r )n (R )n+l] V(T,r,O)=Rr I I {)':;'cosmT+a~sinmT} - +{c:;'cosmT+s~sinmT} _E Pnm(cosO). 
m~l n~m R[ r 

(5) 

Table 2 lists coefficients for N = m + 2. In the case of the first two time harmonics, coefficients for m + 3 are 
added because they contribute significantly. In fact, during equinoxes the 24 and 12 hour harmonics in local 
time arc well described by the two terms n= m + 1 and n = m + 3 in direct consequence of the equator symmetry 
of the driving solar diurnal and semidiurnal tides [WinS1]. 

The evaluation of eq. (5) with the coefficients in Table 2 yields the synthetic Sq potential for any chosen point 
outside the source region, from which equivalent currents can be calculated (d. subsect. 4.1.3.4). Synthetic Sq 
variations as shown in Figs. 6···9 are derived from V by differentiation at r= RE : 

with 

1 av " . dPnm 
x=--= L.- L.- {g~ cos mT+h~ sm mT}--

RE ao m n dO 

y= 1 av =II{g~sinmT-h~cosmT}mPn"'/sinO 
RE sm 0 aT m n 

av 
z=-= - I I (n+1){a~ cos mT +b~ sin mT} Pn"' ar m n 

h:;'=a~+s~, 
m m n m 

an =Cn - n+1 Yn, 
bm = sm __ n_ am 

n 'n n+1 n' 

(6) 

Note that differentiation with respect to longitude has been replaced by differentiation with respect to local 
time. For numerical evaluations observe that 

P: = f:: sinm 0, P:+ 1 = f:+ 1 sin m 0 cos 0 

P:+2=f:+2 sinmO (COS20- __ 1_) 
2m+3 

(7) 

The scaling factor for quasi-normali7ed spherical functions, to which the coefficients in Tables 2 and 3 refer, is 

J.m (2n)I 1 / 2 
n = 2nn! V (n-m)! (n+m)! . 

Leading terms in the series expansion of Sq harmonics are terms with n = m + 1 and n = m + 3. They describe 
equivalent currents which are symmetric to the equator as to be expected at the time of equinoxes. During the 
solstices there are strong contributions from the first and third term with n=m and n=m+2, accounting for 
the seasonal asymmetry of Sq. 

Using only the leading terms, synthetic Sq variations are presented in Fig. 7 for high and low sunspot activity 
to demonstrate the quoted dependence of Sq on solar activity. Fig. 8 shows how well synthetic Sq variations with 
variable combinations of spherical terms resemble actual observations at a mid-latitude station. 

So variations: They are connected with the influx of solar particles into the magnetosphere. In addition 
to these regular variations in local time, the particle influx produces fast irregular DP variations in the auroral 
zone and smoothed storm-time Dst and DS variations (subsects.4.1.1.6.3 and 4.1.1.6.4). In contrast to Sq the 
amplitude of So depends strongly on latitude with maximum values of 100 nT in the auroral zone. As in Sq the 
source currents of So arc fixed in space above the rotating earth. 

The equivalent current system for the external part of So is dominated by a stron~' (c'llcentration of east-west 
currents in the auroral zone, eastward during the night and westward during the day, rhey are closed by wide
spread equivalent currents in opposite direction over the polar caps and mid-latitudes, Here So variations are 
responsible for long lasting departures in Z from the undisturbed level when, in the course of intense storms, 
the auroral zone moves south, The departures represent the vertical field of auroral cast-west currents, Because 
or their local nature and long duration the compensation by an internal Z is incomplete. 
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Table 2. Spherical harmonic analysis of solar daily variations (S) in local time for years of, respectively, high 
and low sunspot numbers. The potential coefficients are listed for Schmidt's quasi-normalized spherical harmonic 
functions, eq. (5). In parenthesis the error in the last decimal (W: error in the last decimal of (C2 +S2)! and 
(y2 + 0'2)!, respectively). 
M: Malin's analysis for sunspot maximum with hourly means from 100 observatories. All days except the five 
most disturbed days of each month are used from July 1957 to December 1958 [MaI73, table Al]. Data base: 
Gupta-Chapman tables [Gup68]. 
P: Parkinson's analysis by seasons for the same sunspot maximum with hourly means from 64 observatories. 
The five most quiet days of each month are used during the equinoxes E (February·· ·April and August·· . October), 
the northern summer N (May .. ·July), and the southern summer S (November .. ·January) between July 1957 
and December 1958; [Par77, table VII s-v]. 
W: Winch's analysis for sunspot minimum with hourly means from 130 observatories. All days except the five 
most disturbed days of each month are used in the years 1964 and 1965; [Win81, table 8.10]. 
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x 

30·N 

t 

Local lime _ 

Fig. 7. Dependence of solar daily variations of Z, Y, and X 
on solar activity. 1957/58: Calculated S variations from the 
spherical harmonic analysis of the global field in years of 
high sunspot number (R = 200, Fig. 19). 1964/65: The same 
for years of low sunspot number (R = 1 5). The calculations 
are based on the potential coefficients M and W, Table 2, 
evaluating eq. (6) for each time-harmonic with the spherical 
harmonic functions of degrees n=m+1 and n=m+3 for 
the dominant equator-symmetric part of Sq. To obtain S 
variations on the southern hemisphere, reverse the sign of 
rand Z. 
Solar activity clearly determines the size of solar daily 
variations (cf. text). 
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Fig. 8. Comparison of observed and calculated solar daily 
variations of Z, Y, and X in local time. Open circles: Mean 
Sq variations at Fiirstenfeldbruck (FUR; 11.28° E, 48.17° N) 
in March 1958 according to Price and Stone's tables [Pri68]. 
Full circles: Calculated Sq variations from a time-harmonic 
and spherical harmonic synthesis according to eq. (6), using 
the complete set of potential coefficients P(E) in Table 2. 
Triangles: The same, but including in the synthesis only 
the leading spherical harmonic of degree n = m + 1 for the 
m-th time harmonic. 

H z 
To lora. 1=12.5' 

9.7' 

Huoncoyo. 1.9' 
75.3'W. 12.1' 5 

ISh 24h Oh 6h 

Local time (75'WMT) 
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Schmucker 
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Local time (FUR) --

Fig. 9. Electrojet enhancement of solar 
daily variations of Hand Z along 
the dip equator (= line of zero mag
netic inclination). Solid curves: Mean 
Sq variations from 20 quiet equinoc
tial days 1958/59, observed with a 
chain of temporary observatories 
across the dip equator in Peru (I = 
angle of magnetic inclination). Hourly 
means from [For61, Tables9 .. ·23]. 
Dashed curve: Calculated Sq varia
tions for the respective latitudes from 
a time-harmonic and spherical har
monic synthesis with the potential 
coefficients P(E) in Table 2. The more 
than twofold increase of daily varia
tions in H near zero dip and the 
appearance of deviating Z variations 
of opposite signs north and south of 
the dip equator indicate the existence 
of an overhead current concentra
tion, known as equatorial electrojet 
EEJ, following within the global Sq 
current system the dip equator on 
the day-side. Rocket experiments have 
verified its ionospheric origin. 
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4.1.1.6.2 Lunar daily variations (L) 

L variations are regular geomagnetic variations which arise from lunar tides in the oceans and atmosphere. 
If tidal currents with velocity v move across field lines of the earth's planetary field. electric fields v x Bare 
generated. They drive electric currents in the well conducting seawater and in the ionosphere. The motion-induced 
currents produce electromagnetically induced currents within conducting layers of the earth. The superimposed 
magnetic field ofal! currents is observed as lunar daily variations L. 

Ionospheric and oceanic contributions to L can be separated because only the oceanic L depends exclusively 
on local mean lunar time f. The leading lunar tide (M2) has a period of half a lunar day. Hence, I(f)= sin(2f +~) 
is the dominant time factor for motion-induced currents with f in angular measure, f=1t/12 corresponding to 
1 hour in lunar time. This is also the time factor for the oceanic L. 

The changing conductivity u in the ionosphere during the day produces for the ionospheric L an additional 
dependence on local mean solar time T. It has the approximate form of Chapman's phase law 

4 

L(T,f)= L Im sin {(m-2)T+2t+rpm}, 
m=O 

L standing for any of the magnetic components or the potential. This is the time dependence of the product 
I(r)· u(T) with 

2 

u(T)= L cmsin(mT+Ym) 
m=O 

describing the solar time dependence. Writing the difference of local solar and lunar time as phase of the moon, 
\"= T -f (1'=0: new moon). the phase law reads 

4 

L(T, 1')= L [Am cos(mT-2v)+Bm sin(mT-21')]. (8) 
m= I 

The term with m =0 and a period of haIr a lunar month is difficult to observe and here omitted. 

lB~J'~~=-__ ~lT15~' ______ ~2~70='==~~~~ ________ t-______ ~T-________ i90~' ________ i1l5~' ______ ~lBG' 

Oh 
Local time 

Fig. 10. Equivalent currents of lunar daily variations L. 
shown on global maps when local midnight is on the 
Greenwich meridian and the moon overhead at noon (new 
moon, 1'=0). The currents are for the external part of L. 
calculated for zero height from spherical harmonic coef
ficients for 1957i5S, which are years of maximum sunspot 
number. Between contour lines flows a current of 1000 A. 
Two separate current loops exist on the day-lit side of 
either hemisphere. Cf. the equivalent currents for S. Fig. 5. 
and text, from [Ma\73]. 
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The phase law is the basis for the analysis of ionospheric L variations at a given site and lunar phase. A 
global analysis of the Fourier coefficients in eq. (8) as functions of longitude and latitude yields as in the case 
of Sq (cf. subsect. 4.1.1.6.1) sets of external and internal spherical harmonics. They are listed in Table 3, but again 
only for the dominating local-time-dependent part of L. See the cited references for extended tables of spherical 
harmonics. See subsect. 4.1.1.6.1 for instructions how to derive from the tabulated potential coefficients iono
spheric L variations at a given site. 

L variations are in general too small to be noticeable in the magnetic records without analysis of long time 
series. Maximum peak-to-peak amplitudes (Y in mid-latitudes and X in low latitudes) are 3nT (Fig.tt). Solar 
activity almost doubles L variations, which, as in the case of S, shows thc overall increase of ionospheric con
ductivity by enhanced solar UV radiation, including weak X-rays. 

Equivalent currents for the external part of L variations involve two separate loops on either hemisphere 
separated by the local noon meridian (Fig. to). The current pattern changes slightly with changing lunar phase. 
The doubling of current loops in comparison to Sq reflects the fact that the motion-induced source field currents 
of L arise exclusively from gravitational tides. 

x y 
1957/58 1964/65 1957/58 1964165 

z 
1957/58 1964/65 

24h Oh 12h 
Local time-

Fig. 11. Calculated lunar daily variations L in local solar 
time, shown for years of maximum (1957/58) and minimum 
(1964/65) sunspot number, respectively. Cf. Fig. 7 for further 
explanations. The calculations are based on the potential 
coefficients in Table 3, using for each time-harmonic the 
leading spherical harmonic of degree n=m+1 only. To 
obtain L on the southern hemisphere, reverse the sign of Y 
and Z. 

~[I'N 

4S'N 

Locol time ----
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Tahlc 3. Spherical harmonic analysis of lunar daily variations (L) for years of, respectively, high and low sunspot 
numher. Thc potential coefficients refer to the ionospheric part of L according to the phase law, eq. (8), for the 
semi-diurnal lunar tide, i. e. their time factors are cos(m T - 2 v) and sin (m T - 21'), respectivcly, for the phase \' 
of the moon. Thcy arc listed for Schmidt's quasi-normalized spherical harmonic functions, eq. (5). In parenthesis 
the error in thc last decimal (W: error in the last decimal of (e 2 + S2)t and (y2 + 0'2)1, rcspectively). 
M: Malin's analysis for sunspot maximum 1957/58; 
W: Winch's analysis for sunspot minimum 1964/65. See legend to Table 2 for detailed information on the data 
base. 

External part 

m 

1 
1 

2 
2 
2 

3 
3 
3 

4 
4 
4 

n 

2 
3 

2 
3 
4 

3 
4 
5 

4 
5 
6 

Internal part 

m 

2 
2 
2 

3 
3 
3 

4 
4 
4 

n 

1 
2 
3 

2 
3 
4 

3 
4 
5 

4 
5 
6 

y 

-8(6) 
-2(6) 

1 (3) 

10(7) 
3(6) 

-1 (5) 

-1.7(29) 
- 3.5(28) 
-0.7(21) 

0.1(12) 
-0.3(11) 

0.5(9) 

e 

-3(5) 
-3(5) 
-2(4) 

-3(6) 
8(6) 
2(5) 

0.9(26) 
-3.7(26) 
-0.6(20) 

-0.1 (11) 
0.4(10) 
0.5(9) 

M 

M 

-3(6) 
-34(6) 

2(3) 

4(7) 
50(6) 

-9(5) 

-4.1 (29) 
-18.6(28) 

S 

4.2(21) 

0.2(12) 
3.9(11) 

-1.4(9) 

4(5) 
-14(5) 

4(4) 

-5(6) 
21 (6) 
0(5) 

-1.5(27) 
-8.9(26) 

1.8(20) 

-0.3(11) 
2.2(11) 
0.1 (8) 

0.01 nT 

0.01 nT 

y 

-3 
1 
o 
3 

-4 
o 

-2.4 
-0.7 
-3.2 

c 

0.8 
0.1 
0.6 

-2 
o 
1 

o 
-3 
-4 

-1.4 
-4.1 

0.0 

0.2 
0.9 
0.6 

4.1.1.6.3 Polar magnetic storms and substorms 

W 

W 

0' 

-1 (2) 
-17(1) 

3(1) 

6(2) 
25(2) 
2(2) 

-4.2(10) 
-13.4(9) 

S 

-2.7(8) 

0.5(4) 
4.2(4) 
0.4(3) 

3(1 ) 
-13(1) 
-2(1) 

-7(2) 
21 (2) 

-4(1) 

-2.4(9) 
-9.2(8) 

1.3(7) 

-0.5(4) 
2.4(3) 

-0.3(3) 

Magnetic storms arc irregular variations due to an interaction of the magnetosphere with an intermittently 
enhanced strcam of particlcs from thc sun. They involve a large range of amplitudes and periods from a fcw 
minutes to a few hours. Thc following special typcs of variations are observed: Solar flare effects (sfe) occur 
when intense solar wave emission from flares increases the ionospheric conductivity and intensifies Sq variations 
on thc day-side. usually for ten or twenty minutes (Fig. 2). Solar flare effects are indicators of solar activity. but 
as a rule do not precede individual storms. 
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Between 18 and 26 hours after leaving the sun, erupted plasma reaches the orbit of the earth. Interaction 
on its way with the steady solar wind develops a shock wave propagating through interplanetary space. Its impact 
on the magnetosphere initiates a magnetic storm, usually with a globally observed sudden storm commence
men t (sse). Its cause may be visualized as a fast compression of the magnetosphere. The sse is always positive 
in the magnetic north component H, reaching up to 200 nT (Figs. 2 and 13 a). 

The following main phase of the storm is likewise globally observed with rapid magnetic field fluctuations, 
most intense in the auroral zones and here, at most times, of little spatial coherency (Fig. 13 a). Within minutes 
the field may change at a given site by, say, 500 nT, but no comparable change may be observed a few 100 km 
away. There is a well established correlation with the display of auroral lights. 

The auroral zone is the zone of the most frequent occurence of auroral lights as seen from the surface of the 
rotating earth. It forms a circle of 19 degrees radius, slightly excentric with regard to the geomagnetic poles. 
Hence, its ground position varies during the day. At local midnight the auroral zone is typically 23° away from 
the geomagnetic pole, at local noon 15°. During very intense storms the auroral zone moves further away from 
the geomagnetic poles. The auroral zone is to be distinguished from the auroral oval, the zone of instantaneous 
auroral lights as seen from space. 

The distinction of auroral latitudes arises from the fact that field lines of the planetary field which intersect 
here the earth's surface connect the high atmosphere to regions in the magnetosphere which are filled up after 
storm begin with solar particles from the by-passing solar wind and from existing particles in the plasma sheet. 
Charged particles move in the magnetosphere most easily along field lines and thus are guided into the auroral 
zones on both hemispheres (Fig. 1). 

Magnetic ground observations show that up and down going branches of such field-aligned magnetospheric 
currents are closed in the ionosphere ofthe auroral zone by east-west polar electrojets PEJ, variable in length, 
position, and strength. Their magnetic field is observed as DP variations, more specifically as DPI varia
tions. They die away with increasing distance from the auroral zone towards higher and lower latitudes. In 
the equivalent current representation the PEJ is eastward where DPI variations occur before local midnight, 
and westward where they occur after local midnight (Fig. 12a). The closure by presumably magnetospheric 
currents appears as wide-spread return current over polar caps and mid-latitudes. 

~ ~ 
t t 

12h 12h 

50' 

60' 

a 
Oh 

Fig. 12. Equivalent currents for the external part of disturbed 
polar DP variations as seen from the geomagnetic pole on 
the northern hemisphere and calculated for zero height. 
See subsect. 4.1.1.4 for the assumed ratio of external to 
internal parts. Meridians are identified by their hour in 
local time. See Fig. 13 for records with DP variations. 
(a) DPl equivalent current model. Concentrated currents, 
denoted as polar electrojets PEJ, flow in the night-side 
auroral zone of 67 degrees latitude eastward before mid
night and westward after midnight. The direction of flow 
is shown by arrows. Both currents meet at midnight at the 
Harang discontinuity which can move into the evening 
sector during intense substorms as indicated. They corre· 

b 
Oh 

spond to true currents in the lower ionosphere at 100 km 
height in contrast to the shown return currents outside the 
auroral zone which possibly model the field of true currents 
in the magnetosphere. 
(b) DP2 equivalent current model, derived from averaged 
magnetic ground observations, with 50000 A between flow 
lines. The vectors represent the external part of the hori
zontal disturbance field, rotated clockwise by 90 degrees to 
indicate the direction of overhead currents. Two current 
loops exist with centers in the auroral zone and widespread 
return currents in low latitudes, directed eastward at the 
equator. Note the similarity of DP2 and Sq equivalent 
currents in the afternoon sector (Fig. 5), from [Nis68]. 
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Irregular variations in low latitudes which can be correlated with magnetic activity in high latitudes are 
ascribed to a second type of DP variations denoted as DP 2. Their equivalent currents are similar to those of Sq. 
directed from high to low latitudes in the morning sector, and from low to high latitudes in the evening (Fig. 12b). 
At least near to the dip equator true DP2 currents flow in the ionosphere because an equatorial electrojet
enhancement is observed on the day-side. 

DPl variations which last for a few hours only and begin without ssc accompany a short-lived influx of 
particles into the high atmosphere initiating. even in times of relative magnetic quietness, polar substorms. 
In mid-latitudes they produce from early evening to early morning smooth temporary departures from the 
undisturbed level for one or two hours. They are known as bays (Fig. 13 b). Their equivalent currents are similar 
to those of DPl at the respective hour of local time. 

H 

20~ 

o z 

GTT 

FUR 

21h 22h 
July 17. 1958 

Fig.13a. 

Fig.13b. Simultaneous records of a polar substorm in 
Northern Scandinavia, obsef\'ed further south as an isolated 
bay disturbance. Vertical lines are hour marks. The sub
storm occurred in the late evening of a quiet day (Kp;;; 3 -). 
See Fig.13a for further explanations, but note that D is 
here the magnetic east component of the disturbance. 
Except for the station Kiruna (KIR) in the auroral zone H 
and D variations are well correlated with a clear amplitude 
reduction toward south. Deviating variations at Hartland 
(HAD) and Swider (SWI) renect the longitude dependence 
of substorms, i.e. their dependence on local time. Strong 
parallel Hand Z variations at Kiruna could indicate that 
an electrojet of varying strength nows just south of this 
station. The comparatively small Z amplitudes outside the 
auroral zone arise from an almost complete compensation 
of external and internal Z fields due to induction. If the 
earth were a perfect insulator, Z variations at least as strong 
as those in Hand D would be observed. For names and 
locations of stations, see also subsect. 4.3.2, Table 1. 
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August 17.1958 

Fig.13a. Simultaneous observations of a magnetic storm 
(Kp;;:!7 +), in the northern auroral zone (COL: College/ 
Alaska), in high latitudes south of the auroral zone (SIT: 
Sitka/Alaska), in mid-latitudes (TUC: Tucson/Arizona), at 
the equator (GUA: Guam), and in the southern auroral 
zone (BYR: Byrd Station/Antarctica). t/>=geomagnetic lati
tude. The magnetic records are for the horizontal intensity 
H, the declination D, and the vertical downward intensity Z. 
Note the difference in scales necessary to compensate the 
tenfold increase of storm-time variation in the auroral 
zones. See Table 1 in subSect. 4.2.3 for exact locations of 
the observatories. The storm begins with a globally ob
served sudden storm commencement (ssc) and lasts for 

-
I I 

August 18 . 1958 

2 days. The H depression due to Dst ring current variations 
is clearly visible in low latitudes. Note the strong DP 
variations in the southern polar region which have no 
correspondence on the northern hemisphere. Hand D 
variations in high and low latitudes are well correlated 
while those in the auroral zone are mostly incoherent. 
Note also the strong D variations in mid-latitudes which 
are missing at the equator. The small storm-time amplitude 
of Z variations in high and low latitudes indicates a nearly 
complete compensation of external and internal parts. 
Strong Z variations in the auroral zone arise from local jet 
fields with incomplete compensation. 
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4.1.1.6.4 Smoothed storm-time variations Dst and DS 

During the main phase of magnetic storms a globally observed depression begins in the magnetic north 
component H. Near to the equator it may move H down to 200 nT below its pre-storm level. Similar, but smaller 
departures arc observed in the vertical component Z, positive north, and negative south of the equator (Fig. 13 a). 
Maximum departures are reached already within a day after storm begin, while the smooth return to the pre
storm level lasts for many days (Fig. 14). No lasting departures are observed in the magnetic east component D. 

sse.. .. .. .. 
y~ 

.. 

Tue 
c1J=40'.4N 

.. .. .... .. ...... .. .. 

vA 

---1-'--- May ---~---June ---oi----July 1965 ----+1.1 
Fig. 14. 4-months section of smoothed storm-time varia
tions shown for the east component Y, north component X, 
and vertical component Z, at two mid-latitude observa
tories TUC (Tucson/Arizona: 110.8° W, 32.3° N) and FUR 
(Flirstenfeldbruck'Bavaria: 11.3° E, 48.2° N); tP = geomag
netic laJitude. Triangles indicate confirmed sudden storm 
commencements ssc. IAGA Bulletin No. 12 t2 (subsect. 
4.1.4.3). Oilily variations have been removed with a low
pass filter (cut-orr period 32 h). secular variations with a 
parabolic trend polynomial. The section is from a year of 
minimum sunspot number (cf. Fig. 19). 
Two sse's are followed by storms (Kp 8- and Kp=70, 
respectively) with well del'eloped Ost ring current variations. 
evident from the downward deneetion in X and the con
current upward denection in Z. They are clearly visible 

for about ten days after the ssc beca use these storms are 
followed by periods of exceptional quietness. For a non
conducting earth these denections would have been of 
comparable size in mid-latitudes. The observed Z: X denec
tion ratio IX of 1/4 indicates an internal to external potential 
ratio Q=(1-1X)/(2+1X) of1/3; cf. subsect. 4.2.2.2.2. See Fig. 3, 
subsect. 4.2.2, for a separation of the Ost potential into 
internal and external parts. Each of the remaining ssc's is 
accompanied by a short-lived Ost phase, contributing to a 
continuous sequence or ultraslow variations in the earth's 
magnetic field. Note the visible correlation which this Ost 
continuum displays in X and Z between the two widely 
separated sites of observation. while ultraslow Y variations 
appear to have a longitude-dependent phase. Their cor
related part can be attributed to DS (cf. Fig. 15). 
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The recovery phase of magnetic storms occurs globally in universal time, reckonned in storm time tDs' after 
storm begin (ssc). For its analysis fast DP variations in higher latitudes are removed by smoothing, likewise 
Sq variations. The remaining smoothed storm-time variations are split into a truly universal-time-dependent 
part Dst and a local-time-dependent part DS by taking averages along circles of latitude. 

The external part of Dst resembles closely the uniform field of a westward circular current in the equatorial 
plane of geomagnetic coordinates known as equatorial ring current ERe. According to satellite observa
tions the ERC can be attributed to the drift and gyration of charged particles in the magnetosphere several earth's 
radii away, oscillating along planetary magnetic field lines. The drift results from the inhomogeneity of the plan
etary field, electrons drifting westward and protons drifting eastward. 

DS variations, denoted as disturbed local time inequality, reflect an only partial closure of the equa
torial ring current during the first days of storm time. They disappear when magnetic quietness returns (Fig. 15). 

20,---------------------------, 
nT 

-60 

-80 

Fig. 15. Separation of smoothed storm-time variations into 
equatorial ring current variations Dst and disturbed local 
time inequalities DS for three days of storm-time. Full and 
open circles represent average values from the analysis of 
those 74 great storms in the years 1902···1945 which have 
started with a sudden storm commencement (sse). Records 
of six observatories between 21 ° and 42° latitude have been 
used. Dst values approximate the time-varying ring current 
field in the geomagnetic north component H' for 30° 
geomagnetic latitude, The DS curve is the peak-to-peak 
fundamental amplitude 2e l in H' when, for a given instant 
of universal time, DS along circles of 30° latitude is ex
pressed by Fourier series L em (cos rnA + cl>m), A in angular 
measure (21t~1 day). 

-1 00 LL-----,l-------:L----:":------,l,---------::I:--,-----,J o 12 24 36 48 60 72 
After a few hours of storm-time the zonal, only on universal 
time dependent Dst field exceeds DS, from [Sug60). 

Storm-time -

4.1.1.6.5 Solar cycle variation 

When from long magnetic records at a given site the secular variation of the planetary field is removed, 
minute but significant oscillations remain which show a persistent quasi-periodicity of about 11 years (Fig. 16). 
They are well correlated on a global scale and have a clear relation to the sunspot cycle of 11 years. 

In years of low sunspot number the departure of the magnetic north component H from the smoothed level 
of the planetary field is positive, during years of high sunspot number negative, The departure of the vertical 
component Z is opposite in sign north and in the same sense as H south of the equator. These departures in H 
and Z correspond to an equatorial westward ring current ERC which in the long-term average varies in strength 
with solar activity. But there exist also significant and longitude-dependent departures in the magnetic east 
component. 

Together they describe the solar cycle variations of the earth's magnetic field, They add a contribution of 
prima'rily external origin to secular changes of the field. Various attempts have been made to remove solar cycle 
effects from annual means of observatory data to obtain unbiassed estimates of secular variations which are free 
of external contaminations. Should equatorial ring currents be a permanent characteristic of the magnetosphere 
and thus exist also in times of minimum solar activity, a small quasi-uniform field of external origin would be 
superimposed on the measured planetary surface field at all times (Fig,17), 
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x I y 
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Fig.16. Solar cycle variations and the underlying trend of 
secular variations within 28 years according to observations t 26260 

nT 1', 
at two European sites. HAD (Hartland1England; 4.50 W, 
51.00 N) and FUR (Ftirstenfeldbruck/Bavaria; 11.30 E, 
48.20 N). The lower presentation shows for each observatory 
the secular change of annual mean values of rectangular 
field components X, Z, and Y; at the left their absolute 
values for 1949 in [nT]. A cubic trend polynomial fitted to 
these secular changes is superimposed. See for example Z 
at HAD for discernible departures between annual means 
and trend polynomial (the smoother of the two curves). 
These departures are displayed in the upper presentations 
on a 10-fold increased scale. They reveal an t1-year quasi
periodicity. The good correspondence between the depar
tures of the two observatories proves their reality. They arc 
attributed to the overall change of the mean equatorial 
ring current field within the solar cycle of varying sunspot 
number (cf. Fig.19 and text). About equal amplitudes of X 
and Z in mid-latitudes indicate that solar cycle variations 
are basically of external origin. But see subsect. 4.2.2.2 for 
a possible small internal part by induction at great depth. 
Note that clearly resolved solar cycle variations in Yare 
not consistent with the concept of a simple equatorial ring 
current source. 

_ 26240 ~ 

~ "...- -19.5 n T /0 

~ 26220 0 0 \, 

c , 
.; 26200 0., 
_ 0 '\ -9.5 nT/a 
~ 261BO 't.....-.-""-r_-r-r-'-.---
~ 0 0 0 0 0 0 0 0 

o 26160 o 0 o 0 0 0 

26140 ~-'-----'-,---'---' _____ ..L.---L_L-_ 

1936 1940 1944 1948 1952 1956 
Year_ 

Fig. 17. Secular variation of the horizontal intensity H, 
observed at Tucson/Arizona (110.8° W, 32.3° N). To com
pensate for the secular change after 1943, 9.5 nT/a are added 
from 1937 onward. Open circles: Annual mean values 
obtained from midnight values of magnetically quiet days. 
Full circles: horizontal intensity of the earth's magnetic 
field derived from the annual means by removal of solar 
cycle variations. These variations are clearly resolved in the 
annual means. An additional contribution constant in time 
of external origin of about 10 nT which has been found to 
exist even in years of minimum sunspot number (1943, 1954) 
has been added to the annual values corrected for solar 
cycle variations. Note that this procedure reveals a dis
continuous change of secular variations in the year 1943 
as indicated by the cross-over between the two dashed 
straight lines characteristic of the smoothed secular change 
in H before and after the year 1943. 
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4.1.1.6.6 Pulsations and electromagnetic wave emissions 

Geomagnetic pulsations are rapid oscillations in the period range from fractions of a second to several 
minutes. They occur intermittendly as regular, sometimes modulated, sinusoidal pc pulsations and as irregular 
pi pulsations. Their amplitudes decrease with decreasing period. For a period of 30 seconds a typical amplitude 
is 1 nT in mid-latitudes, 10 nT in high latitudes. Slow pulsations with periods of 5 minutes and longer may have 
amplitudes of some tens of nT in the auroral zone (Fig. 18). See Table 1 for a subdivision of regular pulsations 
according to their period. 

Mid-latitude pulsations occur well correlated over large distances of 1000 km and more. Very rarely giant 
pulsations pg are observed, but only locally over distances of less than 1000 km. The occurence of pc pulsations 
is local-time-dependent and to some extent controlled by geomagnetic activity. Substorm variations begin often 
with pi pulsations. 

The spectrum of ELF emissions shows spikes at 7 Hz and multiples. They are interpreted as Schumann cavity 
resonance of electromagnetic fields between the solid earth and the ionosphere, both nearly perfect conductors 
for rapid field oscillations. Toward higher frequencies the spectrum is extended up to 20 kHz by VLF emissions. 
Their source are electromagnetic wavelets propagating through the magnetosphere and impinging on the iono
sphere. Thunderstorm-incited wavelets are observed as whistlers in the same frequency band [joh61]. 

4.1.1.7 Geomagnetic indices 

Geomagnetic indices have the purpose to classify the various types of geomagnetic variations with regard 
to their strength in given intervals of time. For irregular variations indices characterize the range, defined as 
difference of maximum deviations above and below the undisturbed Sq level, for the component which has the 
greatest difference within the interval. 

K in dices are a local quasi-logarithmic measure for the range of 3 hour intervals in universal time. They 
have 10 classes between K=O (magnetic quietness) and K=9 (magnetic storm). For selected standard stations 
in mid-latitudes the upper threshold for K = 0 corresponds to a range of 5 nT, the lower threshold for K = 9 to 
500 nT. . 

Kp indices are a global quasi-logarithmic measure of magnetic activity in 3 hour intervals, available in 
tabular form since 1932 [Bar62J. They are derived from the K indices for a selection of observatories with proper 
weights for latitude and local time. The planetary Kp index is scaled in 28 classes from 00, 0+, 1-, 10, ... to 90. 
Based on Kp the five quietest Q days and the five most disturbed D days are identified for each month (Fig. 19). 

Ap indices are a daily linear measure of magnetic activity. A formal translation is the equivalent mid
latitude amplitude of irregular variations, in units of [nTJ equal to twice the Ap index. The Ap index is derived 
from the planetary K p index. Its conversion to a linear scale defines a new 3 hour index a p. The daily mean of 
ap in universal time is Ap (Fig. 20). 

Cp indices are a daily quasi-logarithmic measure of magnetic activity derived from the linear 3 hour 
indices ap after conversion to a logarithmic scale. They replace formerly used C; indices based on a visual in
spection of magnetograms. 

Various indices have been introduced to monitor the auroral amplitude of DP variations, the equatorial 
amplitude of Dst variations. See the references [Sie71J and [may80J for detailed information on these and 
other geomagnetic indices. 

Short-term changes of Cp and Ap indices reflect the tendency of strong geomagnetic activity to return after 
27 days, i.e. after a full rotation of the sun, long-term changes the interdependence of geomagnetic and solar 
activity (Fig. 20). But this interdependence is clearly visible only during the descending branch of the sunspot 
cycle. No simple relation exists between sunspot number R and activity index Ap, which excludes sunspot 
activity as the immediate source of geomagnetic activity. 
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Fig. 18. Simultaneous records of slow geomagnetic pulsa
tions from a chain of five sites across the auroral zone in 
northern Scandinavia. Note that D is the magnetic east 
component of the disturbance field. The geomagnetic latitude 
of the most northern station Skarsvag (SKA) is 67.6°, of 
the most southern station Kuusamo (KUU) 62.4°. For 
comparison records from the mid-latitude site Oottingen 
(OTT) (52.3°) are added. The northern sites of observation 
follow the 11 0° geomagnetic meridian (25 ... 30° E in geo
graphic coordinates); the geomagnetic longitude of OTT is 
93.7°. All records have been corrected for instrumental 
response and show the true field fluctuations. Note the 
tenfold reduced scaling for OTT. 
Highly correlated pulsations are visible throughout the 
entire 1 hour record section. In the polar electrojet region 
at 67° (SKA, KUN, KEV) maximum pulsations of nearly 
100 nT are observed in the horizontal magnetic north and 
east components Hand D, respectively. Amplitudes are 
reduced southward (MAR, KUU). For mid-latitudes the 
reduction is more prominent in H than in D. Note that 
the increased sensitivity at Oottingeri brings out super
imposed fast pulsations, which evidently are not intensified 
at the same rate toward north. Pronounced Z variations 
at SKA at the North Cape of Scandinavia are a local coast 
effect due to induced currents in the ocean, from [0Ias84]. 

.... 
25.---------------------~r_--------------------------------__. 

20 
Ap 

70 
Year 

Fig. 19. Variations of the Ap index of geomagnetic activity 
(cf. subsect. 4.1.1.7) and of the relative sunspot number R 
during the last five solar cycles 17· .. 21, demonstrating the 
causal connection between both phenomena. The clearly 
developed 11-year cycle of solar activity is also visible in 
the long-term variation of geomagnetic activity, here ex
pressed by the averaged daily linear measure Ap. In partic
ular, sunspot maxima of varying height (cf. solar cycles 19 
and 20, for instance) are well reproduced in varying degrees 
of maximum geomagnetic activity. But note the time lag 
between extrema in both series. Maximum geomagnetic 
activity is reached only several years after maximum solar 
activity, while the minima of both curves nearly coincide, 
from [Sie71 , Fig. 9]; revision and extension to the year 
1982 courtesy of Dr. Siebert. 
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Fig. 20. Bartel's musical diagram of the planetary K p index 
of geomagnetic activity (cf. sub sect. 4.1.1.7), arranged ac
cording to nine full rotations of the sun in the year 1981. 
The rotations are numbered at the very left. Triangles 
indicate sudden storm commencements ssc, even though 
some of them are not followed by increased activity. The 
tendency of magnetic storms to reoccur after a full rotation 
of the sun is visible at left and right margins of the diagram. 
1981 has been a year of more than average magnetic activity, 
following a sunspot maximum in the year 1979 (Fig. 19). 
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4.1.2 Internal part of the earth's magnetic field 

4.1.2.1 Sources of the internal part 

Three types of sources within the earth contribute: 

63 

(i) a hypothetical planetary dynamo driven by convective motion in the outer fluid portion of the metallic 
core; 

(ii) a variable magnetization of crustal rocks above the Curie isotherm of magnetite; 
(iii) electromagnetic induction of currents by fields of external origin in oceans, crust, and mantle. 
The main internal contribution is ascribed to the core field, i. e. to dynamo currents in the outer core. Their 

magnetic field has a dominating dipole term, even when the field is extrapolated downward to the surface of 
the core (subsect. 4.1.2.3). In the long-term average the dipole axis appears to coincide with the axis of rotation, 
while the polarity of the dipole undergoes reversals on a geological time scale. See subsect. 4.3.1 for details. 

Near to the poles the surface flux density of the core field is about 60000 nT which gives the earth's core an 
equivalent magnetization of 440 A/m. This is also the equatorial sheet current density of equivalent currents 
flowing eastward in the surface of the core along circles of constant (geomagnetic) latitude cP with sin cP as latitude 
factor. See subsect. 4.2.4 for physical conditions and processes in the core which are required by the existence 
of a planetary dynamo throughout the earth's history. 

Time variations of the core field are observed, but only on a secular scale. Faster variations, should they 
occur in the source region, do not reach the earth's surface because of electromagnetic screening by conducting 
matter in the mantle. Likewise unobservable are structural details of the core field because of the great depth 
of their origin. In addition, only the tangential electric modes of dynamo currents contribute to the observable 
magnetic surface field. 

Contributions to the internal part from magnetized rocks are in contrast spatially incoherent and com
paratively small. They. add a crustal field of mostly local and anomalous character which exceed~ 1000 nT only 
sporadically at exceptional places. See subsect. 4.2.1 about details and sub sect. 4.1.2.4 for the distinct difference 
in the multi pole spectrum from core and crust. 

Contributions from induced currents are also small, in general less than 100 nT, and are connected to time
varying fields. See subsect. 4.1.1 for the external source field, and subsect. 4.2.2 about the internal induced 
field. The currents are well explained by electromagnetic induction in electrically conducting layers of crust and 
mantle, at short periods with a substantial contribution from oceans and sedimentary basins. The slowest and 
most deeply penetrating variations induce currents downward to 1000 km depth. 

4.1.2.2 Spherical harmonic analysis of the geomagnetic field 1835 to 1980 

The smooth appearance of the core field in time and space at the earth's surface makes it well adapted for 
a representation by converging series of spherical harmonics. The coefficients of these series are derived from 
field values X (geographic north component), Y (geographic east component), or Z (vertical down component) 
in a global network of grid points. They refer to the field at a certain instant of time, denoted as epoch. See sub
sect. 4.1.3.2 for d()tails of this analysis. 

Contributions from fluctuating fields are removed from the data by taking time averages of observatory 
records, usually annual means, and by applying appropriate corrections to instantaneous field determinations. 
This may not eliminate ultraslow variations completely such as solar cycle variations (subsect. 4.1.1.6.5). Thus, 
annual means may contain small contributions which are external in origin and change with geomagnetic 
activity. 

Local anomalies of crustal origin are removed by spatial smoothing, usually by reading off grid values from 
world charts of the magnetic field drawn on the basis of many individual observations. But note that any smooth 
field contributions from the crust on a global scale will be attributed falsely to the core field. 
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Tahle 4 contains spherical harmonic coefficients of degree n=1 (dipole) and degree n=2 (quadrupole) for 
six selected epochs between 1835 and 1979.85. See [fan59, III], [Bar78] and in particular [McD67] for complete 
tahles of coefficients and details about their determination. Tables 7 and 8 in subsect. 4.2.3 list coefficients of 
two of the most recent analyses for 1975 and 1980. Tables 11 and 12 in subsect. 4.2.3 add a complete list of dipole 
coefficients and geomagnetic pole positions, using all available determinations with N ~4 since 1835. 

TIle entries in Table 4 are as follows: L is the number of grid point values from which the spherical harmonics 
have been determined by a least-squares analysis; N is the maximum degree and order of the series expansion. 
i.e. thc total numbcr of coefficients is N· (N + 2). There exists a truncation error due to the use of ficld values 
at discrete points (cf. subsect. 4.1.3.2). Therefore coefficients from expansions with different N are not strictly 
comparahle. Numerical experiments show that truncation errors are not important for degrees smaller than 
ahout N-2. 

The analysis is carried out with a network of grid points on a sphere, say, every ten degrees in latitude and 
longitude. The data base are records from an increasing number of observatories, now more than 100 (Table 2 
in suhsect. 4.2.3), instantaneous measurements at a few thousand repeat stations, magnetic surveys on land and 
sea. and. since epoch 1965., airborne observations. 

The most recent analyses incorporate satellite observations and thus avoid effects from local anomalies and 
from the non-uniform distribution of observation points at the surface. But because the satellite moves through 
the source region of geomagnetic time variations, their elimination is problematic. Therefore observations on 
only two exceptionally quiet days (K p;2;l +) were used in the analysis quoted for epoch 1979.85. In contrast all 
earlier analyses comhine field observations of many years with problematic reductions to a common epoch. 

The code in the next column identifies the method of analysis, noting that the analysis of more than one field 
component may yield redundant determinations of the potential coefficients. See subsect. 4.1.3.2, last paragraph, 
for details. The code X rz indicates a combined least-squares analysis of all components, X Y a combined analysis 
of the horizontal components. Z an analysis of the vertical component. Assuming an internal origin of the field. 
the listed coefficients for Z, a~ and b~, should be identical with those derived from X and Y, g;:' and h~. Thc 
code X r Z implies two separate analyses of horizontal and vertical components, the code X, Y, Z three separate 
analyses of all components with an attempted removal of non-potential parts of the field. In the last two cases 
external and internal parts are formally separated. The coefficients listed in Table 4 are those of the internal 
part. 

All coefficients refer to an equivolumetric earth's radius R[= 6371 km (MAGSAT 6371.2 km). In the analysis 
of ground data. the oblate ness of the earth is disregarded except for the analysis epoch 1865. For epochs 1922., 
1945 .. and 1965. the accuracy of the analysis can be estimated from the discrepancies between coefficients derived 
either from horizontal or vertical components. Presumably they are not due to the neglect of external parts. 
but arise from data imperfections, i.e. from errors of measurement, residual effects of local anomalies, and time 
variations. 

For epoch 1965. the following errors of the XY analysis are quoted: 5···7 nT for dipole and quadrupole terms. 
2···4 nT for those of higher degrees. The errors of the Z analysis are about twice. 

Only the 1979.85 MAGSAT analysis gives in y? = 20.4 nT a significant zonal external coefficient of degree 
n = 1. It agrees wel1 with the expected existence of a steady and uniform equatorial ring current field (subsect. 
4.1.1.6.4) during the time of observations. Because the satellite data of this analysis are instantaneous with min
imum contribution from crustal anomalies and time variations, the MAGSAT coefficients may be regarded as 
the most accurate ones to date. See Table 7 in subsect. 4.2.3 for a list of coefficients up to degree and order n=10 
of epoch 1980. But note that even the best available set of spherical harmonics reproduces the true surface field 
only within tens of nT. 

A test with 54 time-reduced observations in the United States (50 repeat stations and 4 observatories) gives 
mean deviations of 22(137) nT in X, - 33 (99) nT in Y, and - 33 (201) nT in Z when compared with the synthetic 
field from MAGSAT coefficients epoch 1979.85 [Lan80]. The values in parenthesis are standard deviations 
and show the important innuence of very local anomalies at some of the chosen sites. 

A comparison of the Gauss coefficients in Table 4 reveals a remarkable steady change with time in the last 
145 years. They are largest for the zonal terms g? and g~, + 2360 nT, or + 16.3 nT/a, for the axial dipole, and 
- 2505 nT, or -17.3 nT/a, for the axial quadrupole. For the three dipole terms together the rate of change is 
17.4 nT/a. It appears that this change has accelerated in recent decades from 16.1 nT/a between the years 1835 .. · 
1965 to 27.6 nT/a between the years 1965···1980. 

These rates of change refer to the nux density of the dipole field at the respective geomagnetic equator (cf. 
eq. (7) in suhscct. 4.2.3.1.2). To obtain the corresponding change of the dipole moment in units of [Am2], multiply 
the quoted valucs in [nT] with 2.59 .10 18• See Fig. 5 and Table 11 in subsect. 4.2.3 for detailed information about 
the secular changes of the dipole coefficients and thc geomagnetic pole positions derived therefrom. 
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4.1.2.3 Multipole spectra 1835 to 1980 

A comprehensive measure of the contribution of terms with the same degree n to the total field potential 
is the degree variance 

n 

0'~=(g~)2+ L {(g;:,)2+(h;:,)2}. (9) 
m= t 

See subsec!. 4.1.3.5 for its relation to the mean square flux density lP on spherical surfaces. 
Let r be the radius of a sphere which encloses the source region of the earth's field. Then from eq. (19) 

( R )20+4 
B;(r)=(n+l) ----;- 0'~=B;(Rd·q-(2n+4) (10) 

defines the contribution of the nth multi pole to the square total flux density averaged over the sphere of radius r, 
q= r/R[. Plots of O'~ or B; versus n in Figs. (21) and (22) are referred to as "spectrum" of the earth's magnetic 
field. 

TableS lists the root-mean-square (rms) amplitude B; 1/2 for multipoles from n = 1 (dipole) to n= 8. As in 
Table 4 results from selected analyses for the years 1835 .. ·1980 are used, and rms amplitudes are quoted for, 
respectively, the earth's surface and the surface of the core. To convert the listed values into mean energy 
densities of the field in units of [J/m 3], divide the square of the tabulated values in [1000 nT] by 81t ·10s. For 
the 1965 dipole, for instance. the mean energy densities are, respectively, 0.77 mJ/m3 at r= REo and 29.2 mJ/m3 

at r= 0.545 R£. 
Table 5 and the spectra of the earth's planetary field show a remaining dominance of the dipole field. Projected 

downward to the earth's core, the rms amplitude of the dipole field is still more than twice the rms amplitude 
of the next largest multipole. Note that all multipole fields for n ~2 contribute about equally strongly to the 
mean nux density at r=0.545 RE , which identifies the eore's outermost layer as probable source region for the 
non-dipole part of the planetary field. Any attempt to extrapolate this part downward to greater depth would 
result in a diverging series of spherical harmonics. Deeper seated sources may exist, but they must produce ex
clusively toroidal magnetic fields, which would be confined to the core, or deeper seated poloidal sources are 
varying with time on such a time scale that they are shielded by induction in the highly conducting core itself. 
No inferences are possihle about the source region of the dipole field, which mayor may not be identical with 
that of the non-dipole field. 

Table 5 also reveals that the field from terms higher than the quadrupole terms changes smoothly with time. 
Exceptions may be explained by inaccurate determinations in older analyses. For the dipole rms amplitude a 
slightly irregular decrease will be noted. The mean rate of change is - 24 nT la which amounts to an annual 
decrease of 0.055 % for the present dipole. It appears as if this decrease in dipole energy is compensated by a 
concurrent increase of the quadrupole (n:= 2) and octupole (n = 3) energy (Fig. 22). 

If the dipole and quadrupole rms amplitudes continue to change at their present rates, then about 900 years 
from now the dipole rms amplitude would have decreased to that of the quadrupole field. Paleomagnetic and 
also archeomagnetic studies show convincingly, however, that the earth must have had a dominating dipole 
term for most of its history. Hence, the presently observed rates of change are unlikely to persist for many 
centuries. 

In the first columns of Table 5 a distinction is made between the axial and the non-axial dipole with respect 
to the earth's axis of rotation. Projected downward to the earth's core the rms amplitude of the non-axial dipole 
is comparable to the amplitudes of the higher multi poles n > 1 and thus almost fits into the white spectrum of 
the non-dipole field. 

This supports paleomagne'tic evidence that throughout the earth's history the mean dipole field was axial 
with coinciding geomagnetic and geographic poles. On the other hand, observe that the non-axial dipole presently 
decreases in such a way that the geomagnetic pole position remains almost unchanged, leaving an angle of 11 
degrees between the dipole axis and the axis of rotation. This speaks for a common origin of all dipole terms. 
See Table 11 in subsect. 4.2.3 for details. 

While the orientation of the earth's dipole axis and also the dipole moment appear to be basically the same, 
past and present. the polarity of the dipole must have changed irregularly from time to time. See subsect. 4.3.3 
for the resulting sequence of epochs with normal (as today) and reversed polarity from paleomagnetic studies. 
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Table 5. Multipole rms amplitudes ~ of the earth's planetary field for the years 1835···1980 and two different 
radii, eq. (10). See Table 4 for data base. RE=6371 km (epoch 1979.85: RE= 6371.2 km). In the case of the mag
netic dipole, rms amplitudes are listed separately for the axial, the non-axial, and the total dipole (n=l) field. 

Epoch Axial 
dipole 

Non-axial 
dipole 

v~ (r) [1000 nT] 

n=l . 2 3 4 5 6 7 8 

r= RE (earth's surface) 

1835 45.75 9.88 46.80 5.82 4.45 3.41 
1885 45.14 8.97 46.02 5.75 4.43 2.73 1.64 0.46 
1922 43.77 8.96 44.68 6.50 4.79 3.11 1.08 0.75 
1945 43.23 8.74 44.11 6.94 5.23 3.27 1.19 0.93 
1965 42.96 8.68 43.82 7.33 5.72 3.29 1.36 0.80 0.36 0.17 
1979.85 42.43 8.40 43.26 7.88 5.90 3.20 1.43 0.72 0.34 0.14 

r=0.545· RE (core surface) 

1835 282.9 61.0 289.4 66.1 
1885 278.1 55.4 284.6 65.2 
1922 270.7 55.4 276.3 73.7 
1945 267.3 54.0 272.7 78.8 
1965 265.7 53.7 271.0 83.2 
1979.85 262.4 52.1 267.5 89.4 
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Fig. 22. Secular variations of the earth's planetary field since 
the year 1835, expressed by the time change of the multi
pole rms amplitude ~ for n=l (dipole) .. ·8. See legend 
of Table 5 for further explanations and sources. For n;;; 3 
very smooth changes are observed, downward for the dipole, 
and upward for the quadrupole and octupole. For higher 
degrees, consistent changes develop since the 1922 analysis 
with a downward trend of all multipoles except n = 5. 
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..... Fig. 21. The degree variance spectrum of the earth's mag
netic field 1980 for degrees n=l (dipole) .. ·24 of spherical 
harmonic functions. See legend of Table 6 for further ex
planations and sources. Nearly linear changes of the spec
trum in logarithmic scale are fitted with two straight lines. 
Their cross-over lies between n=12 and n=14, separating 
the spectrum of crustal origin (n ~ 14, sources at zero depth) 
from the spectrum arising presumably from sources within 
the earth's core (n;;; 12, sources at 2900 km depth). The 
dipole value 2· at lies clearly above the regression line of 
the core field, which indicates a separate origin for the 
dipole, while the value for the non-axial dipole component 
is smaller than expected if it were part of the remaining 
core field for n ~ 2. 
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Table 6. Degree variance spectrum of the earth's magnetic field, epoch 1980, See eq. (9) for definition of O'~. The 
data base for the spherical harmonic analysis are 26500 MAGSAT satellite total intensity and vector field 
determinations on 14 quiet days between Nov. 5, 1979, and March 15, 1980. Multiply the listed values with 
(n+1)2j(2n+1) to obtain. for the n-th multipole, the mean squared intensity of the vertical component, with 
n(n + 1)/(2n + 1) to obtain the mean squared intensity of the horizontal components, and with (n + 1) to obtain 
the mean squared total intensity. Adapted from [Lan80, table 2]. 

n 0'2 
n n 0'2 

n n 0'2 
n 

nT2 nT2 nT2 

1 934.5 .106 9 1509.00(9) 17 1.23(6) 
2 20.493.106 10 292.30(10) 18 1.30(8) 
3 8.905.106 11 67.14(10) 19 0.71 (4) 
4 2.066.106 12 15.19 (9) 20 1.08 (7) 
5 338.7 .103 13 7.49(8) 21 0.63(6) 
6 73.057.103 14 2.49(9) 22 0.99(5) 
7 18.20 .103 15 1.97(8) 23 1.35(9) 
8 2.20 .103 16 1.63(7) 

4.1.2.4 Spectral separation of core and crustal multipoles 

The greatly improved data base by satellite observations allows the determinations of spherical harmonic 
coefficients of maximum degree N = 12 and higher, beginning with epoch 1975. Even though the statistical 
significance of coefficients for such high degrees remains to be verified, a sharp break in the geomagnetic spectrum 
between n=12 and n=14 is beyond doubt, [Lan80; Mey83]; and Fig. 21. It is taken to separate the low degree 
terms of the earth's planetary field from the high-degree terms arising from the earth's magnetized crust. A test 
of this proposition could come from the secular change of the crustal terms, which should show the relative rate 
of change of the dipole field when the magnetization is mainly inductive. 

From degree n=2 to n=12 the decrease in rms amplitude for r=R E with increasing n is well represented 
by the power law ~=A·bn. From a least-squares regression A=0.1349·10 Io (nT)2, b=0.27 [Lan80, eq.4]. 
Then. from eq. (10), the radius r for which ~(/') equals ~+ I(r) follows as r=Vb RE = 3310 km independent of n, 
and ~(r)= Ajb2 = 1.85.1010 (nT)2. Thus the source region of the core field appears to be bounded by a sphere 
slightly below the mantle-core boundary at r= 3470 km. 

From n= 14 to n = 23 an almost constant rms amplitude of 5.0 nT is observed, putting additional source 
at zero depth provided that the constant rms amplitude is above the error level of determinations. These shallow 
sources can be explained by crustal rocks of variable magnetization in the following sense: A crust of uniform 
thickness with a purely inductive magnetization and a solely depth-dependent susceptibility has no observable 
surface field [Run75]. Hence, the crustal field comes either from rocks carrying remanent magnetization or from 
lateral changes in susceptibility. See sect. 4.2 for details on anomalies associated with the crustal field. 

It is suggestive to continue the white spectrum of the crustal field at constant level toward n = 1 and the 
decreasing spectrum of the core field with the quoted power law beyond n=12. If this extrapolation is correct, 
the non-dipole core field projected downward to the core surface is a random variable with an rms amplitude 
of presently 1.36.105 nT. Note that its secular change must posses a non-random component as exemplified 
by the" westdrift" of the non-dipole field (cf. subsect. 4.2.3.4). 

Similarly, the crustal field appears as a random variable with an rms amplitude of 5.0 nT. Without specific 
models it is not possible to reproduce the core field at its source level in all small-scale details nor it is possible 
to identify global trends of the crustal field described by its "hidden" low-degree harmonics. Model calculations 
for a realistic crust of variable thickness and susceptibility produce comparable rms amplitudes for all degrees, 
starting with n = 1 [Mey83]. 

4.1.3 Spherical harmonics in geomagnetism 

4.1.3.1 Series of spherical harmonic functions 

Spherical harmonic functions express potential functions f(e, 2) on a sphere of radius r by series of orthogonal 
functions of colatitude e and longitude X In geomagnetism geocentric coordinates are used with 4> =900 - e 
and ). as geographic (or geomagnetic) latitude and longitude, respectively. See subsect. 4.2.3.1.2 for the definition 
of geomagnetic coordinates. Potential (or harmonic) functions satisfy the Laplace equation V2 f =0. 

Schmucker 



Ref. p. 71] 4.1.3 Spherical harmonics in geomagnetism 69 

The function f(8, A) may be the magnetic potential V or anyone of the components of the field vector 
B = - grad V. In general, internal and external sources with regard to the chosen sphere contribute to the field. 
Eq. (3) in subsect. 4.2.3.1.2 gives the complete list of coefficients which appear in the series for the internal and 
external parts of the potential. 

The series which express the observed field on the earth's surface, r=RE , are as follows: 

N 0 

V=RE L Yo, with Y,,= L {g;:' cos mA+h;:' sin rnA} porn(cos 0) 
n= 1 m=O 

(11) 
o 

o rn 

Yo is a general spherical surface harmonic function of degree n, porn an associated Legendre function of degree n 
and order m~n. 

In geomagnetism, by convention, quasi-normalized spherical functions introduced by A. Schmidt are used. 
The relation of orthogonality for quasi-normalized associated functions is 

~ 1 4 J P,:"(cos 0) Po~(cos 0) sin 0 dO= 2n+ 1 ' 
o 0, 

n=n' 

n=l=n' 
(12) 

(m=O, 1, 2, ... ). Relations which express them for m=l, 2, ... by trigonometric functions can be found in subsect. 
4.1.1.6.1, eq. (7). Multiply associated Legendre functions with 

V2(n-m)!/(n+m)! 

to obtain for m=l, 2, ... quasi-normalized associated functions. For m=O quasi-normalized associated functions 
are identical with zonal spherical harmonics or Legendre polynomials Po (cos 0) of degree n; 

Po=l 

PI =cos 0 

P2 =t cos2 o-t 

~=! cos3 o-t cosO. 

The series in eq. (11) introduce two sets of coefficients: 
(i) Gauss coefficients g;:' and h;:' for the potential and the tangential field components, 
(ii) the coefficients a;:' and b;:' for the radial field component B •. See eq. (6) in subsect. 4.2.3.1.2 for their rela

tions to the coefficients of the internal and external parts of the observed field. 
If this field has only internal or external sources, 

a~=g~, (internal sources) 

(n+1)a;:'= -ng;:', (n+1)b;:'= -nh;:' (external sources). 
(13) 

In either case, the analysis of B", (or BA) and B. will be redundant. If the field has internal and external sources, 
the analysis of B",(or B)) and B. allows a separation of internal and external parts (cf. eq. (6) in subsects. 4.2.3.1.2 
and 4.1.1.3). Because B is irrotational, the relation o(B A sin O)jo 0 = 0 B% A connects Bo with B A which makes 
the analysis of both tangential components redundant in any case. 

4.1.3.2 Spherical harmonic analysis 

Because spherical harmonic functions are orthogonal, their coefficients can be found from an observed func
tion f(O, A) without dependance on the chosen maximum degree N, in the case of V from 

{g£}= 2n + 1 r f V {c~s rnA} P,:"(cos 0) sin 0 dO dA. 
ho 41t 0 0 smmA 

(14) 
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In practice. the coefficients are derived from empirical rield values at discrete points and a least-squares solution 
of eq. (11): 

Let the .points of observation be equally spaced on J meridians } .• , 12 , ... , }'J and I circles of colatitude 0., 
O2 , .•• , OJ. Let hj denote a field value at longitude }'j and colatitude 0i' Change now in eq. (11) the order of sum
mations and obtain two sets of linear equations: 

II: 

1. hj= I [cos m}'jAim+sin m)'j Bim] 
m=O 

II: 

2. Aim= I (n+l) Pnm(cos OJ a;:' 
n=m 

II: 

Birn= I (n+l) Pnm(cos OJb;:' 
n=m 

The second set of equations applies to the analysis of B,. Substitute 

(n+l) porn a;:' by -dPnm/dOg;:' and -mP,,'"h;:' 

for the analysis of Bo and B;. sin 0, respectively, with corresponding substitutions for (n + 1) porn b;:'. 
The least-squares solution of the first set of equations is a harmonic analysis along circles of latitude and 

yields Fourier coefficients Aim' Bim which are independent of N. The least-squares solution of the second set of 
equations. however. depends on N and introduces a truncation error. 

If the points of observation are randomly distributed, a single set of equations is solved. This applies in 
particular when. in the analysis of the earth's planetary field, satellite observations at varying altitudes are included. 

4.1.3.3JSpherical harmonic synthesis 

The evaluation of eq. (11) with sets of empirical coefficients g;:', h;:' and a;:', b;:' produces synthetic field values 
for given coordinates (O,}.) on a sphere of radius RE =6371 km. If the field has internal and external sources, 
use eq. (6) in subsec!. 4.2.3.1.2 to obtain the required coefficients, otherwise eq. (13). H the field is to be found 
on a different sphere of radius r, multiply the spherical surface harmonics Yo and Yn* with 

(_r )n~. 
(external sources) 

RE 

( RrE )n+2 
(internal sources). 

(15) 

In the analysis with surface observations the earth is taken to be spherical and the same should be done when 
calculating synthetic field values. 

In recent analyses of the earth's planetary rield (epoch 1979.85, Table 4, and epoch 1980., Table 11, in 
subsec!. 4.2.3), involving data from satellites, the quoted coefficients refer to the field on an exact sphere of radius 
RE =6371.2 km. Thus, multiply Yn and Yn* with 

(_1_0_)0+2 ~1-(n+2)f.(O) 
1 +t:( ) 

to account for the ellipticity of the earth's figure. Here f.= J(1-cos 2 0) denotes, in units of RE, the height of the 
earth's ellipsoid (flattening J =1/298.25) above the equivolumetric spherical earth at the chosen colatitude. 

4.1.3.4 Current function for equivalent current system 

The external and internal sources of an observed surface field with the potential V = RE I Yn at r= RE can 
o 

be visualized by equivalent currents. They are assumed to flow in a thin spherical shell of a chosen radius R 
and reproduce exactly the observed field. 

Let j be their current density in units of [A/m]. derived from a scalar current function 1/1: 
j = rot(rl/l) = - r x grad 1/1 with r as unit vector in r-direction. 

Let 1/1 be expressed by series of spherical harmonics: 

II: 0 

1/1= I 1/10' with 1/10= I {k;:'cosmJ.+l;:'sinm).}p"m(cosO). 
n=l m=O 
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Then the requirement that the magnetic field of the currents derived from 1/1 has at r= RE the potential V connects 
the spherical harmonics of V and 1/1 as follows: 

I/I(e) = _~ 2 n + 1 (~)n y(e) 

n 110 n + 1 RE n 
(external sources, R > RE) 

(16) 

(internal sources, R < RE). 

4.1.3.5 Mean square amplitude and energy density of multipole fields 

The expansion into series of spherical harmonic functions allows a simple calculation of the mean square 
field amplitude IF on any spherical surface and thereby of the mean field energy 8"/2110: Let Bn denote the 
flux density of the field which has the potential RE Yn on the surface r= RE; i. e. Bn is the combined field of all 
multipoles of degree n. Let ~r be the square radial component, averaged over the surface r=RE • Then from 
eqs. (11·· ·13), 

1 
(n + 1)2 (T2 (internal sources) 

D1" 2n+l n 
Bnr(RE)= 2 (17) 

_n __ (T2 (external sources) 
2n+l n 

where (T; is the degree variance as defined in eq. (9). See [Kau67] for its statistical implications for random 
variables on a sphere. If these averages are taken on spheres of radius r, replace (Tn by (Tn(RE/r)n+2 for internal 
sources and by (Tn(r/RE)n-l for external sources according to the power laws for the field of multipoles (cf. eq. (3) 
in sub sect. 4.2.3.1.2). Adding the mean square of the tangential components, 

n(n+l) 2 
2n+l (Tn (18) 

for external or internal sources [fan 59 Ill] gives 

(n+l) -f (T~ I (R )2n+4 

IF(r)-
n - ( r )2n-2 2 

n R (Tn 
E 

(internal sources) 

(19) 
(external sources). 

To find the mean energy density of the field in a thin spherical shell of radius r (unit: J /m3), divide ~(r) by 2110. 
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