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Abstract Spherical harmonic analysis coefficients of the 
external and internal parts of the quiet-day geomag
netic field variations (Sq), separated for the North 
American, European, Central Asian and East Asian 
regions, were used to determine conductivity profiles to 
depths of about 600 km by the Schmucker equivalent
substitute conductor method. All three regions showed 
a roughly exponential increase of conductivity with 
depth. Distinct discontinuities seemed to be evident 
near 255-300km and near 450-600km. Regional differ
ences in the conductivity profiles were shown by the 
functional fittings to the data. For depths less than 
about 275 km, the North American conductivities 
seemed to be significantly higher than the other regions. 
For depths greater than about 300 km, the East Asian 
conductivities were largest. 
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Introduction 

In an earlier paper (Campbell and Schiffmacher, 1985) 
a Gauss spherical harmonic analysis (SH A) technique 
was applied to quiet-day geomagnetic variation (Sq) 
data to separate the external and internal contributions 
of the observed magnetic field at the Earth's surface. A 
hypothetical sphere was used to determine the sepa
ration for restricted regions of the Earth, so that 
equivalent ionosphere source currents were found in
dividually for North America, Europe, Central Asia 
and East Asia. The field at any geomagnetic colatitude, 
G, and longitude, ¢, within the continental study region, 
was represented by ordered sets of spherical harmonic 
analysis (SHA) external cosine, (aex);, and sine, (bex);, 
coefficients and internal cosine, (ain);, and sine, (bin);, 
coefficients. The order index, m, was equal to 1, 2, 3, or 
4 for the 24-, 12-, 8- and 6-h components of the quiet 
daily variation, Sq, and the analysis was computed with 
degree indices, n, equal to m to 12. The three orthogo
nal field components in the geomagnetic northward, X, 

Offprint requests to: W.H. Campbell 

eastward, Y, and downward, Z, directions were repre
sented by the expressions: 

4 12 

X(G,¢)= I I {[(aex);+(ain);Jcos(m¢) 
m= 1 n=m 

dPm 
+ [(bex); + (bin);J sin(m ¢)} d~ , 

Y(G,¢)= mt (s~n~) n~m {[(bex);+(bin);Jcos(m¢) 

-[(aex); +(ain);J sin(m ¢)} pnm, 
4 12 

Z(G,¢)= I I {[n(aex);-(n+l)(ain);Jcos(m¢) 
m= 1 n=m 

(1) 

(2) 

+ [n(bex);-(m + 1) (bin);] sin(m ¢)} P;:', (3) 

where p"m is the Schmidt Normalized Associated Leg
endre function (Chapman and Bartels, 1940). 

In the application of SHA coefficients to earth con
ductivity determinations, Schmucker (1970, 1979) 
showed that for any specified n and m the ratio of the 
vertical, (Z) n, m, to one of the horizontal field com
ponents, (X) n, m or ( Y) n, m, determines a complex 
transfer function, c;, in kilometres such that 

(4) 

and 

cm-·[ -mR ](Z)n,m 
n -l n(n+l)sin(J (Y)n,m' 

(5) 

where R is the earth's radius in kilometres. Writing this 
function in the complex real (z) and imaginary ( -p) 
form 

c;=z-ip (6) 

he was able to determine the earth's electrical response 
to the penetrating fields using uniform substitute con
ducting layers at depths determined by the transfer 
function. 
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Campbell and Anderssen (1983) showed that the 
real and imaginary parts of this transfer function may 
be written directly in terms of the SHA coefficients: 
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Fourier components of the Sq field at each 2.5-degree 
latitude increment weighted by the cosine of latitude. 

z = R {A;[n(aex);-(n + l)(ain);J + B;[n(bex);-(n + l)(bin);J} 
n(n+l) (A;) 2 +(B;)2 

(7) 

and 

= R {A;[n(bex); -(n + l)(bin);J -B;[n(aex);-(n + l)(ain);J} 
p n(n+l) (A;) 2 +(B;)2 ' 

(8) 

where z and p are given m kilometres and the coef
ficient sums are given by 

A;=[(aex);+(ain);J and B;=[(bex);+(bin);J. (9) 

For each m, n set of coefficients the depth to the 
uniform substitute layer is given by 

dn,m=z-p(km) (10) 

with a substitute-layer conductivity of 

O"n,m=5.4 x l04 /m(np) 2 (siemens/meter). ( 11) 

The ratio, s;, of the internal to external com
ponents of the geomagnetic surface field is then 

s;=u+iv (12) 

where 

(aex); (ain); + (bex); (bin); 
u =----------

[(aex);J2 + [(bex);J 2 
(13) 

and 

(bex); (ain);-(aex); (bin); 
v =----~---~-

[(aex);J 2 + [(bex);J 2 (14) 

The validity of Eqs. (10) and (11) is limited by three 
conditions. The first of these is: 

(15) 

a condition described by Schmucker (1979). The second 
IS 

(16) 

a requirement that the angle between the internal and 
external components be neither small nor negative. The 
third condition is that the SHA amplitudes (Eq. 9) are 
not small: 

(17) 

A study of the data samples showed that sufficient 
sizes of the low-amplitude exclusion factors, in gamma, 
are G1 =1.5, G2 =1.0, G3 =0.5 and G4 =0.25, in a ratio 
of 1: 2/3: 1/3: 1/6. The shorter wavelength, higher m, 
components of the field are typically smaller in ampli
tude. This ratio is approximately the same as that of 
the averaged amplitudes of the 24-, 12-, 8- and 6-h 

This paper uses the coefficients from the earlier 
spherical harmonic analysis of Sq fields in North Ame
rica, Europe, Central Asia and East Asia to determine 
the equivalent conductivity profiles beneath these three 
continental regions, by applying the Schmucker (1970, 
1979) technique with the above equations. 

Analysis 

The original data set for this determination comprised 
the Sq variations on exceptionally quiet days of the 
quiet-sun year, 1965. Figure 1 shows the locations of 
the thirty observations used for the study. Spherical 
harmonic representations of the field variations for the 
7th and 21st day of each month were obtained with the 
analysis sequence outlined in the earlier paper (Camp
bell and Schiffmacher, 1985). This sequence was used 
to form a regional station representation of the three 
orthogonal field components of Sq from the 24-, 12-, 8-
and 6-h Fourier coefficients together with their seasonal 
(annual and semiannual) changes. The Fourier coef
ficients were appropriately smoothed with respect to 
geomagnetic latitude, and then the SHA technique was 
used on 2.5°-latitude samples to obtain the Gauss coef
ficients (aex);, (bex);, (ain);, and (bin); for order 4 and 
degree 12. The analysis procedure was applied to each 
region separately with the local time change of field 
made equivalent to longitude position and the southern 
hemisphere field modelled appropriately from that of 
the northern observatory region. This analytical meth
od was roughly equivalent to the creation of a sphere 
surrounded by a unique-source current pattern and 
having an internal, spherically symmetrical, conductivi
ty-depth profile that was representative of the grouped 
stations of the study region. Figure 2 shows the internal 
induced currents obtained by the SHA. The corre
sponding external-source current representations were 
given in the earlier paper (Campbell and Schiffmacher, 
1985). 

The 24 sets of internal and external SHA coef
ficients (two for each month) calculated for each region 
of the model provided the input to the above equa
tions. Conductivity-depth values were determined and 
plotted as separate regional data sets (Fig. 3). A trial 
exponential curve was fitted (by least squares) separate
ly for each data set, after excluding a few obvious 
outliers, and a histogram was drawn for the distribu
tion of data points about each trial curve. Often, the 
distribution was bimodal and a further separation of 
the data could be made for a depth of about 250--
300 km. In these cases, a second exponential curve was 
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NORTH AMERICA EUROPE 

CENTRAL ASIA EAST ASIA 

Fig. 1 a-d. Map of four analys is regions showing location of geomagnetic o bservatories used in the spherical harmonic analysis 
of the quiet-day records for a North America, b Europe, c Central Asia, d East Asia. (Station names and coordinates are given 
in Campbell and Schiffmacher, 1985.) 

fitted to each of the new, more limited data sets, and 
further histograms were drawn to determine the distri
bution of the points about these curves. Values at the 
tails of the histograms were excluded and final de
terminations made of the best exponential represen
tations of the data sets. T able I and Fig. 4 give the 
exponential depth-conductivity functions for the four 
regions after the exclusion of points at the distribution 
tails. F igure 5 shows the data points remaining after 
exclusion of distribution tails about the exponentials of 
Fig.4. 

Discussion 

Although the results all indicated a general exponential 
increase of conductivity with depth from about 30-

650 km, slightly different distributions of the values 
were obtained for the separate regions. In addit ion, 
there seemed to be some evidence for discontinuities 
near 225- 300 km and near 450-600 km. These locations 
are near phase change depths identified on seismic 
records (Dziewonski and Anderson, 198 1 ). At depths less 
than about 275 km the North American conductivity 
seemed to be significantly higher than that of the other 
three regions. At depths greater than about 275 km 
there seemed to be a bifurcation of the East Asian 
values, a main branch providing slightly greater con
ductivities than the other two regions and a minor 
branch with lower conductivities. 

Most previous determinations of deep earth con
ductivity (c.f. Banks, 1969; Lahiri and Price, 1939) used 
the global data in such a way that an average, spheri-



EQUIVALENT INTERNAL CURRENTS(104 AMPERES) 
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Fig. 2. Equivalent internal induced 
current for Sq daily variations of 
fie ld in continental regions of 
North America (first column), 
Europe (second column), Central 
Asia (third column) and East Asia 
<fourth column). Examples for the 
four selected months of March, 
June, September and December are 
given in the top to bottom rows 
respectively. Each pattern in local
time versus latitude coordinates 
shows the equivalent current 
contours in 104 -A steps with arrows 
for the required flow direction. A 
midnight zero current level was 
assumed 
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EQUIVALENT SUBSTITUTE CONDUCTOR ANALYSIS 
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Fig. 3. Depth-conductivity values 
from Eqs. (10) and (1 I) obtained by 
appl ication of the spherical 
harmonic analysis coefficients to 
Eqs. (7) and (8). The evaluations are 
separated for the North American, 
European, Central Asian and East 
Asian regions 

0 100 200 300 400 500 600 700 
DEPTH (KM) 

cally symmetric profile was obtained. The method pre
sented here shows some separation of regions, with 
slightly differing distributions of conductivity beneath 
the three continental regions. The large differences in 
the source and induced currents of the three regions 
justify the regional separation in the analysis. If the 

observatory data of all three regions had been included 
in a single analysis a conductivity profile close to the 
mean distribution of all the points in Fig. 5 would have 
been obtained. 

We would like to assume that the differences in the 
exponential curves of Fig. 4 represent the differences in 
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Table 1. Exponential representations of conductivity 

Region Approx. depth d Conductivity O'(s/m) 
(km) 

North America 30-275 0.031 exp (0.0045 d) 
275-500 0.027 exp (0.0032d) 

Europe 10-275 0.0097 exp (0.0052d) 
275-620 0.0012 exp (0.0089d) 

Central Asia 20-300 0.033 exp (0.0032d) 
300-640 0.041 exp (0.0011 d) 

East Asia 30 475 0.0049 exp (0.0085 d) 
275-650 0.0049 exp(0.0053d) 

conductivity beneath the three regions. The problem, of 
course, is that the stations used to sample each region 
are located over a variety of upper mantle conditions. 
Certainly, because the analysis excluded low amplitude 
values and removed distribution outliers, those parts of 
a region beneath the more intense source currents and 
those stations above similar conductivity profiles are 
emphasized in the results. 

The electrical conductivity, CJ, of the multiphase sil
icates expected to exist in the upper mantle is thought 
to vary with the temperature, T, roughly as 

(18) 

where C and D are constants for the average character
istics at a given depth (Shankland and W aff, 1977). 
Thus, for a given composition and principal phase of 
the silicates in the upper mantle, as the temperature 
increases with depth the conductivity also increases. In 
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regions of thin crust, where upper mantle magma is 
closest to the surface, measurements of the heat flow 
have larger values. Pollack and Chapman (1977) pub
lished global heat-flow contours and related this infor
mation to the thickness of the earth's lithosphere. The 
conductivity profiles of the first few hundred kilometres 
should show lower values for thicker lithospheres (or 
lower heat-flow values). Taking those several stations 
not too far from the Sq current focus as the significant 
ones, it seems to us that Pollack and Chapman's (1977) 
lithosphere is thinner beneath the North American 
group than the other three groups, justifying the differ
ences in conductivity profiles that we found down to 
about 275 km. However, the lithospheric differences are 
not very clear. 

Anderson and Dziewonski (1984) used a seismic 
tomography technique to map the earth's mantle in 
three dimensions. They identified large-scale convective 
heat-flow patterns beneath the continental regions, 
which would produce regional electrical conductivity 
differences of the type shown in Fig. 5. 

It is also possible that the two branches of the East 
Asia profile below 275 km show the effect of the sub
ducting oceanic slab on the important stations of that 
region, but certainly this cannot be confirmed at pres
ent. 

In summary, Schmucker's (1970, 1979) method of 
determining effective depth and conductivity was ap
plied to data from four separated continental regions. 
In all cases the conductivity increased exponentially 
with depth. There appeared to be distinct discon
tinuities near 225-300 km and near 450-600 km, and 
there were significant differences in conductivity pro
files for the four regions. Although the differences 
seemed real, they could not be simply explained because 
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Fig. 4. Best exponential representations 
of depth-conductivity data given in 
Fig. 3. Separate curves are shown for 
North America (NA), Europe (Eu), 
Central Asia (CA) and East Asia (EA). 
The functions are listed in Table 1 
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there was an unknown mixture of contributions to the 
computations by the selected regional observatories. 

• • 
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