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S U M M A R Y
The induced magnetic signature at satellite altitude associated with crustal and mantle electrical
heterogeneities is examined using five different Earth models. The three-dimensional induction
problem is solved in these models using the solar quiet daily variation as an inducing source
field. Every model has an upper shell representing the land–ocean electrical conductivity
distribution. The different models have either a homogeneous mantle or a heterogeneous mantle
containing either subduction zones, a ridge system or conductive blocks. Electromagnetic
anomalies, presented in the form of geographical maps, are calculated for wavelengths related to
spherical harmonics of degrees in the ranges 1–12 and 13–27, respectively. Magnetic anomalies
are calculated at an altitude of 400 km and for three different local times: 6, 12 and 18 h.

Key words: electrical conductivity, electromagnetic induction, magnetic anomalies, mantle,
numerical modelling, satellite magnetic field.

1 I N T R O D U C T I O N

Satellite data are becoming an important part of induction studies.
Magnetometers on satellites sample the magnetic field over the en-
tire Earth, thus enabling an estimation of the global response of the
Earth to an external field. Furthermore, satellite data enable us to ob-
serve short-wavelength magnetic anomalies over the entire surface
of the Earth.

The POGO satellites that collected scalar magnetic data from
1965 to 1971 opened the era of global electrical conductivity stud-
ies from space. The first global induction study with satellite data
was initially performed by Langel (1975) who used the POGO data
to estimate ratios of induced to inducing contributions as a function
of time. Didwall (1984) studied the POGO data more extensively;
she estimated the response functions for several geomagnetic storms
and interpreted them in terms of layered conducting Earth models.
The MAGSAT satellite was launched in 1979, and for 6 months
provided vector data in addition to scalar data. Despite the rela-
tively short satellite lifetime, the data enabled global magnetovari-
ational sounding studies that inferred the electrical conductivity of
the mantle (e.g. Didwall 1984; Oraevsky et al. 1992a,b, 1993a,b;
Olsen 1999). In these studies, a long-period exospheric source field
external to the satellite orbit was used; namely a uniform magneto-
spheric ring current source field parallel to the Earth’s dipole axis.
In addition, the electrical conductivity of the Earth was assumed to
vary only with depth.

Several regional studies (e.g. Oldenburg et al. 1984; Egbert &
Booker 1992; Schultz et al. 1993; Lizarralde et al. 1995) have shown

that lateral variations of mantle electrical conductivity can be as large
as two orders of magnitude. Therefore, these structures might be at
the origin of a magnetic signature detectable at satellite altitude apart
from the well-known ‘coast effect’ caused by the ocean–continent
electrical conductivity contrasts (e.g. Parkinson 1959, 1980;
Menvielle et al. 1982). The question of whether the heterogeneous
electrical conductivity distribution in the Earth contributes to the
magnetic field at satellite altitude has only recently been addressed
(e.g. Everett et al. 1999; Olsen 1999) and suggests that large-
scale heterogeneities can be resolved by magnetic satellite data.
These latter studies have used a Dst-type (ring current) source field
excitation.

The sources of the magnetic signature over the oceanic areas,
especially the Pacific Ocean, are still unknown and are under inves-
tigation. Current lithospheric models of long-wavelength anomalies,
whether for continental or oceanic crust, require large magnetiza-
tions that cannot be accounted for by laboratory measurements on
rock samples (e.g. Counil et al. 1991; Hayling 1991; Dyment &
Arkani-Hamed 1998; Purucker & Dyment 2000). There have been
suggestions that the missing magnetization is carried by the upper
mantle (e.g. Arkani-Hamed & Strangway 1987; Shive et al. 1988;
Toft & Arkani-Hamed 1992). However, this hypothesis remains con-
troversial. Clearly, the sources of the oceanic magnetic anomalies
need to be investigated further.

Tarits & Grammatika (2000) solved the induction problem in a
3-D electrically conducting Earth with a homogeneous mantle and
an uppermost layer with a land–ocean electrical conductivity distri-
bution. They used the solar quiet diurnal field, Sq, as the exospheric
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inducing source field and showed that magnetic fields induced by a
near-Earth ionospheric source have a magnetic signature up to sev-
eral nanoteslas at a satellite altitude of 400 km. As expected, they
showed that the induced anomaly field is primarily controlled by the
coast effect.

In this paper we use the diurnal variation of the magnetic field to
investigate the electromagnetic effect of a heterogeneously conduct-
ing mantle when a near-Earth ionospheric source field is considered.
We show that lateral electrical conductivity contrasts in the upper
mantle can contribute magnetic fluctuations at satellite altitude in
addition to the coast effect.

The contribution at a satellite altitude of 400 km is estimated for
field wavelengths associated with spherical harmonic (SH) degrees
in the ranges 1–12 and 13–27. The electromagnetically induced
anomalies are calculated at three different local times: dawn, dusk
and noon local times.

2 E A R T H M O D E L S

The five models considered in this paper all have spherical lay-
ers of different thicknesses surrounding an innermost homogeneous
sphere. They encompass an oceanic or a continental-type mantle that
is either homogeneous or heterogeneous. The effect of a heteroge-
neously electrically conducting mantle is investigated using models
with large-scale electrically conductive bodies in the upper mantle
for which structural information is available. These heterogeneities
include subduction zones, the Pacific ridge system and conductive
blocks that simulate partial melting zones at various depths inside
the mantle. The outermost 4 km thick layer represents the ocean–
continent electrical conductivity distribution in which the oceans
are taken to have a constant depth of 4 km. The mean conductiv-
ity of sea water is taken as 3.3 S m−1 and the conductivity of the
continents is taken as 0.001 S m−1.

In the first two models (Fig. 1), the uppermost layer overlies a ho-
mogeneous 1-D medium representing the mean upper-mantle elec-
trical conductivity structure. The model represented in Fig. 1(a),
which will be referred to as CM, is derived from the mantle conduc-
tivity profile beneath a continental area (Schultz et al. 1993). The

Figure 1. Earth models with a 1-D electrical conductivity distribution in
the mantle: (a) continental-type electrical conductivity structure (CM); (b)
oceanic-type electrical conductivity structure (OM). The radial axis is not
drawn to scale.

model shown in Fig. 1(b), that will be referred to as OM, is derived
from the conductivity profile of an oceanic mantle (Lizarralde et al.
1995).

The third model has subducting slabs in the mantle (Fig. 2) and is
referred to as OMSL. Structural information for subduction zones
at the scale of the upper mantle is available from a combination of
seismological and geoid data (e.g. Hagger & Clayton 1989). The
dipping slabs are considered to be vertical down to approximately
400 km and have an electrical conductivity of 2 × 10−3 S m−1. This
electrical conductivity value is used to examine the electromagnetic
effect of slabs that are electrically resistive with respect to the sur-
rounding medium. The resistive slab corresponds to a dehydrated
oceanic lithosphere devoid of sediments (e.g. Wannamaker et al.
1989).

The fourth model has an oceanic mantle (Fig. 3) containing con-
ductive blocks and is referred to as OM2B. Various studies have
identified the presence of conductive zones in the mantle under
the Pacific Ocean floor (e.g. Larsen 1975; Oldenburg et al. 1984;
Lizarralde et al. 1995). In model OM2B, these zones are represented
as conductive blocks (Fig. 3a) with a thickness of 50 km and an elec-
trical conductivity of 1 S m−1. The blocks are centred at depths of
180 km in the North Central Pacific and 130 km below the Juan de
Fuca ridge (Fig. 3b) and correspond to the deep-seated conduction
zones observed from ocean bottom magnetotelluric soundings (e.g.
Filloux 1980; Oldenburg et al. 1984; Tarits 1986). Their respective
lateral dimensions are 30 and 15 km and their locations are shown
on Fig. 3(b).

The final or fifth model uses a schematic representation of the
North and South Pacific ridge system from the East Pacific Rise to
the Juan de Fuca ridge (Fig. 4). This model is referred to as OMR.
The cooling lithosphere on either side of the ridge is represented by
a series of conductive layers with a total thickness of 130 km as part
of an oceanic mantle conductivity structure (e.g. Tarits & Jouanne
1990). The ridge model is based on the cooling of the oceanic litho-
sphere as it ages (e.g. Sclater et al. 1980). The extent of the con-
ductive structure widens as the depth increases, with an electrical
conductivity that decreases as we go further away from the ridge
axis (e.g. Oldenburg et al. 1984). The maximum horizontal extent
of the conductive structure of the ridge model reaches approximately
3000 km at 130 km depth (Fig. 4). This simple representation of a
ridge is sufficient to show that an extended structure can contribute
an electromagnetically induced signal at satellite altitude.

3 T H E N U M E R I C A L S O L U T I O N O F
T H E I N D U C T I O N P R O B L E M

3.1 Solving the induction problem

The mantle is divided into spherical shells. The electrical conduc-
tivity within each shell may be uniform or it may vary horizontally,
but it may not vary radially. The stack of shells starts from a ho-
mogeneous inner sphere of finite conductivity and ends at an upper
boundary above which the medium is insulating. Under the quasi-
static approximation and in the frequency domain (assuming a time
dependence of eiωt ), the governing equations in the inner sphere
are

∇ · B(r, ω) = 0

∇ × E(r, ω) = −iωB(r, ω)

∇ × B(r, ω) = µσcE(r, ω)

(1)

and the governing equations in the mantle are
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Figure 2. Distribution of subducting slabs. This distribution is used in model OMSL.

Figure 3. (a) Earth model including a land–ocean distribution and conductive blocks under the Pacific Ocean floor. This is model OM2B where the two blocks
have an electrical conductivity of 1 S m−1. The radial axis is not drawn to scale and values in each layer represent electrical conductivities in units of S m−1.
(b) Locations and sizes of the two conductive blocks under the Pacific Ocean floor.

∇ · B(r, ω) = 0

∇ × E(r, ω) = −iωB(r, ω)

∇ × B(r, ω) = µσm(r)E(r, ω)

(2)

where µ is the magnetic permeability in vacuum, and B and E are
the magnetic and electric fields. The value σc is the conductivity
of the inner sphere. The mantle conductivity σm(r) depends on the
position vector r. The source of the E and B fields is outside the
Earth in the ionosphere or in the magnetosphere. Above the Earth’s
surface, the atmosphere is insulating, eq. (2) is still valid but with
σm(r) = 0.

The solution to eq. (2) is written as (the dependence to ω is
implicit):

E(r) = En(r) + Ea(r)

B(r) = Bn(r) + Ba(r),
(3)

where the normal fields, (En, Bn), are the solution for a homoge-
neous inner sphere (σ = σc) and an insulating mantle (σm = 0) sub-
ject to a source field external to the Earth. The anomalous fields,
(Ea, Ba) represent the effects of mantle conductivity. The equations
that govern the normal fields En(r ), Bn(r ) are:
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Figure 4. Model of the East Pacific Rise (model OMR) and the Juan de Fuca ridge showing the lateral extent of the ridge between (a) 20 and 60 km,
(b) between 60 and 130 km, and (c) a schematic representation of the electrical conductivity distribution of the ridge model.

∇ × En(r) = −iωBn(r)

∇ × Bn(r) = µσcEn(r)

}
in the inner sphere (4)

∇ × En(r) = −iωBn(r)

∇ × Bn(r) = 0

}
in the mantle. (5)

Subtracting eq. (4) from eq. (1) and eq. (5) from eq. (2), we obtain
the set of equations for the anomalous fields:

∇ × Ea(r) = −iωBa(r)

∇ × Ba(r) = µσcEa (r)

}
in the inner sphere (6)

∇ × Ea(r) = −iωBa(r)

∇ × Ba(r) − µσm(r)Ea(r) = µσm(r)En(r)

}
in the mantle. (7)

This separation of the field into normal and anomalous compo-
nents allows us to solve the problem in two steps (Lognonné, 1989).
First, eqs (4) and (5) are solved to obtain the normal field caused
by the known source field. This normal field is then used as the
source term for generating the anomalous field, using the En term in
eq. (7).

The fact that the boundaries in our Earth’s model are all spher-
ical surfaces, means that our equations can be solved most easily

in spherical coordinates, (r, θ, ϕ), where θ and ϕ are the colati-
tude and eastward longitude, respectively. Although the laterally
varying conductivity removes spherical symmetry, it is useful to
employ spherical harmonic expansions when solving the equations.
Accordingly, the electric and magnetic fields are expanded into a
generalized spherical harmonics (GSH) series that is a natural basis
for vector fields (see Appendix, e.g. Phinney & Burridge 1973).

The GSH expansions of the E and B fields in eqs (4)–(7) are used
to obtain differential equations for the GSH coefficients in these
expansions. The resulting equations are first-order ordinary differ-
ential equations in the radial coordinate r. The normal field can be
completely determined in the mantle by specifying the values of
the SH components of the radial magnetic and electric fields at the
Earth’s surface for a given source field. The equations for the anoma-
lous field are obtained from the GSH expansion of eqs (6) and (7).

3.2 Source field and numerical applications

In a previous paper (Tarits & Grammatika 2000), the diurnal
variation Sq and its first two harmonics were inferred by ex-
amining temporal variations of the magnetic field measured at
67 observatories during the MAGSAT mission. We showed that
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magnetic fields induced by this source field have, at a satellite
altitude of 400 km, a magnetic signature of up to several nanoteslas
associated with the ocean–continent distribution. In this paper the
same source field as in Tarits & Grammatika (2000) is used in the
numerical solution of the induction problem.

The electromagnetic induction algorithm is run for the Sq periods
(T) of 8, 12 and 24 h, in the spatial domain using a regular grid of
96 × 48 meshes and in the spectral domain using a spherical har-
monic expansion (SHE) to degree (l) and order (m) 27. The SHE
degrees and orders for the source field are l = 2; m = 1 (T = 24 h),
l = 3; m = 2 (T = 12 h) and l = 4; m = 3 (T = 8 h). In a 1-D
Earth model, the induced internal field has exactly the same SHE as
the source field. In a 3-D Earth model, the induced internal field has
energy in all degrees and orders as a result of the coupling between
the source field and the lateral variations of electrical conductivity
in the crust and mantle.

The induced magnetic response of the different models to induc-
tion at the three periods (8, 12 and 24 h) is calculated at the surface
of the Earth. The magnetic field is subsequently continued upwards
to 400 km following the hypothesis of Langel et al. (1996) that
the ionosphere can be modelled by sheet currents flowing in a thin
conducting shell at an altitude of 110 km. The magnetic field is cal-
culated at dawn (tlocal = 6 h), dusk (tlocal = 18 h) and noon (tlocal =
12 h) local times and is expressed in the spatial and time (UT) do-
mains by using a combination of geographical coordinates and UT
times such that the time value of the calculated field is associated
with the same local time all over the Earth. The results are presented
in the form of magnetic maps.

4 R E S U L T S

4.1 Introduction

The inclusion of electrical conductivity heterogeneities in the man-
tle generates a redistribution of the induced electrical currents and
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Figure 5. Energy spectrum of the internal magnetic fields induced in models OM (star), OMSL (triangle), OM2B (square) and OMR (circle) for SH degrees
in the range (a) 1–27 and (b) 5–27.

consequently a change in the electromagnetic field that would be
associated with currents in a homogeneous medium.

The mantle electrical conductivity heterogeneities and the surface
electrical conductivity contrasts produce magnetic effects that can
be split into three terms; a term accounting for the magnetic effect of
the surficial structures without mantle structures, a term accounting
for the effect of mantle structures without the surficial effect and
a coupling term accounting for the mutual effect between surficial
and deep structures.

In this study the induced internal magnetic field is examined for
two wavelength ranges corresponding to SH degrees in the ranges
1–12 and 13–27. The wavelengths associated with the range 1–
12 correspond to a superposition of internal induced and external
inducing fields. Only the induced part is considered in this paper.
The range 1–12 is selected to show the contribution of induced fields
that contain the longest wavelengths. The range 13–27 is selected to
investigate the contribution of induced fields in the same wavelength
range as the crustal field. The knowledge of the contribution of
electromagnetically induced fields in the same wavelength range as
crustal fields constitutes important information when deriving static
lithospheric magnetic anomaly maps (Hermance 1982).

4.2 Induced magnetic field related to the conductivity
heterogeneities in the mantle

Fig. 5 represents the energy spectra of the internal fields induced in
models OM, OMSL, OM2B and OMR at T = 24 h. The degrees
of the SH coefficients describing the induced field are contained in
the range 1–27. Spectra at 12 and 8 h exhibit similar characteristics
and are not shown.

Fig. 5(a) represents the energy spectrum for all degrees from 1 to
27 and Fig. 5(b) represents the energy spectrum for degrees above
those of the source field (l > 4). It can be seen that the induced
internal field predominates for degrees up to four. This results from
induction at the source scale in the mean Earth plus the effect of the
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lateral variations of conductivity. At all other degrees and orders, the
induced internal magnetic field results exclusively from the lateral
variations of electrical conductivity.

In order to retrieve the induced magnetic field due exclusively to
the electrical heterogeneity in the mantle, the induced magnetic field
related to the coast effect is subtracted from the induced magnetic
field calculated for the different models OMSL, OM2B and OMR.
As mentioned at the beginning of this paper, the coast effect refers
to the electromagnetically induced anomaly field that arises from
the electrical conductivity contrast of the oceans and continents in
a surficial layer. The residual field that is obtained after subtraction
contains the induced magnetic anomaly field associated with the
mantle heterogeneity plus the mutual coupling between this hetero-
geneity and the coast effect. Tarits & Menvielle (1983) show that for
short wavelengths of the induced magnetic field (i.e. wavelengths
shorter than the inducing field wavelength) and for a penetration

Figure 6. (a) and (d) Z component of the electromagnetically induced field for OMSL and CMSL, respectively. (b) and (c) Z component of the residual field
for (OMSL–OM) and (CMSL–CM), respectively. Local time = noon. The SHE of the calculated fields contain SH degrees in the range 1–12. The slabs in
OMSL have an electrical conductivity of 0.002 S m−1. The second grey-scale from the bottom describes (b) and (c). The dotted white lines in (b) and (c) are a
schematic representation of the subducting slabs.

depth exceeding the thickness of the heterogeneously electrically
conducting earth layer, the mutual coupling term is negligible.

The average electrical conductivity of the mantle in our models
and the periods of the Sq-inducing source field result in a penetration
depth that is within the conditions that Tarits & Menvielle (1983)
specified. It will be shown that the mutual coupling is indeed more
important for SH degrees in the ‘long-wavelength’ range 1–12 than
for SH degrees in the ‘short-wavelength’ range 13–27.

4.2.1 Residual magnetic anomaly field for SH degrees
in the range 1–12

Figs 6(a) and (d) show the vertical component Z (Z = −B0, see
Appendix) of the induced internal magnetic anomaly field calculated
for models OMSL and CMSL for SH degrees in the range 1–12, at
noon local time. Figs 6(b) and (c) represent the residual magnetic
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Table 1. Minimum (<0) and maximum (>0) amplitudes (in nanoteslas)
of the residual field at satellite altitude for SH degrees in the range 1–12,
calculated for (OMSL–OM) and (CMSL–CM) at dawn, dusk and noon local
times. The slabs in OMSL have an electrical conductivity of 0.002 S m−1.

Model Dawn min/max Dusk min/max Noon min/max
(nT) (nT) (nT)

OMSL–OM −1.0/1.0 −0.7/0.6 −1.3/1.5
CMSL–CM −0.5/0.5 −0.9/1.0 −1.2/1.3

anomaly field for (OMSL–OM) and (CMSL–CM), respectively. As
mentioned earlier, the residual contains the anomaly field associated
with the mantle heterogeneity plus the mutual coupling between this
heterogeneity and the coast effect. The residual field is stronger in
Fig. 6(b) than in (c) and more widely spread. This results from the
mutual coupling, which is stronger for the OMSL model than for
the CMSL model because the OM model is more conductive than
the CM model. While the effect of mantle heterogeneity is weak
(Fig. 6c), it is enhanced when the mantle is conductive (Fig. 6b). In
Fig. 6(b), note the slight enhancement of the anomaly amplitude in
the subducting zones—for example, along Indonesia. One reason
why the enhancement is not very evident is the use of the solar quiet
diurnal field Sq as an inducing source field: the coast effect impacts

Figure 7. Z component of the residual field calculated at noon local time for (a) (OMR–OM) and (b) (OM2B–OM) with SH degrees in the range 1–12. The
electromagnetically induced field associated with (c) model OM is included for comparison. The blocks in model OM2B have an electrical conductivity of 1 S
m−1. The dotted lines in (a) and (b) are a schematic representation of the heterogeneities (ridge and blocks) in the mantle.

Table 2. Minimum (<0) and maximum (>0) amplitudes (in nanoteslas)
of the residual field calculated at satellite altitude at dawn, dusk and noon
local times for SH degrees in the range 1–12. The residual field is calculated
for (OMR–OM) and (OM2B–OM). The blocks in OM2B have an electrical
conductivity of 1 S m−1.

Model Dawn min/max Dusk min/max Noon min/max
(nT) (nT) (nT)

OMR–OM −1.2/1.9 −1.0/1.8 −2.5/1.4
OM2B–OM −1.3/1.6 −1.1/1.0 −1.3/1.6

the periods that characterize Sq (e.g. Tarits 1994). Table 1 gives the
minimum and maximum amplitudes of the residual field at dawn,
dusk and noon for SH degrees in the range 1–12.

Fig. 7 shows the Z component of the residual field calculated at
noon local time for (OMR–OM) and (OM2B–OM) with SH degrees
in the range 1–12. The electromagnetically induced anomaly field
calculated from model OM is also included for comparison. From
the figure it can be seen that the mantle heterogeneity is clearly re-
sponsible for substantial magnetic enhancements (see also Tables 1
and 2).

In Fig. 7(a), negative and positive anomalies are reinforced in
the South and North Pacific next to and along the imposed ridge
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Figure 8. Z component of the electromagnetically induced anomaly field calculated at an altitude of 400 km at dawn local time for model OMR using a SHE
with SH degrees in the range 13–27. Dawn local time is chosen as the effect of the ridge is most visible at that local time. The dotted line is a schematic
representation of the ridge.

Figure 9. (a) and (d) Z component of the electromagnetically induced field for OMSL and CMSL, respectively. (b) and (c) Z component of the residual field
for (OMSL–OM) and (CMSL–CM), respectively. Local time = noon. The SHE of the calculated fields contain SH degrees in the range 13–27. The slabs in
OMSL have an electrical conductivity of 0.002 S m−1. The second grey-scale from the bottom describes (b) and (c). The dotted white lines in (b) and (c) are a
schematic representation of the subducting slabs.
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structure in comparison with Figs 7(b) and 6(b). In Fig. 7(b), changes
in the geometry of the magnetic anomaly distribution in the North
Pacific Ocean owing to the electrically conducting blocks in the
underlying mantle are clearly observed.

It can be seen (Table 2) that for wavelengths associated with SH
degrees in the range 1–12, the residual field has an absolute ampli-
tude that can reach up to 3 nT at noon local time at an altitude of
400 km. Thus, in addition to the coast effect, deep-seated electri-
cal heterogeneities affect the long-wavelength anomaly distribution
at satellite altitudes, suggesting that a long-wavelength electromag-
netically induced signal arising from deep electrical conductivity
contrasts is detectable at satellite altitude.

Note from both Tables 1 and 2 that the residual field amplitude
depends on the local time at which the field is calculated and that it
generally reaches the highest values at noon local time.

4.2.2 Residual magnetic anomaly field for SH degrees
in the range 13–27

In the wavelength range associated with SH degrees between 13
and 27 (maps not shown), the electromagnetically induced anomaly

Figure 10. Z component of the residual field calculated at noon local time for (a) (OMR–OM) and (b) (OM2B–OM) with SH degrees in the range 13–27. The
electromagnetically induced field associated with (c) model OM is included for comparison. The blocks in model OM2B have an electrical conductivity of 1 S
m−1. The dotted lines in (a) and (b) are a schematic representation of the heterogeneities ridge and blocks in the mantle.

fields derived from models with a heterogeneously electrically con-
ducting mantle (OMSL, OM2B and OMR) do not, for the most
part, display any outstanding magnetic signature of the electrical
conductivity heterogeneities.

An exception is the electromagnetically induced anomaly field
calculated from the model in which a simple representation of a
ridge is used (model OMR), shown in Fig. 8. This figure repre-
sents the electromagnetic effect of a ridge but it also includes the
coast effect in the SH degree range 13–27. This figure shows that
the extended distribution of the electrical conductivity of a spread-
ing centre can contribute a magnetic signal at satellite altitude. An
elongated magnetic anomaly trending north–south along the ridge
structure is clearly seen. The induced anomaly field reaches a max-
imum absolute amplitude of 2 nT at dawn or dusk local times and
3 nT at noon local time, at satellite altitude.

As mentioned earlier, Tarits & Menvielle (1983) show that for
short wavelengths of the induced magnetic field (i.e. much shorter
than the inducing field wavelength) and for a penetration depth ex-
ceeding the thickness of the heterogeneously electrically conduct-
ing earth layer, the mutual coupling term is negligible. To show
this, we calculate residual fields for (CMSL–CM), (OMSL–OM),
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Table 3. Minimum (<0) and maximum (>0) amplitudes (in nanoteslas) of
the residual fields calculated at satellite altitude at dawn, dusk and noon local
times for SH degrees in the range 13–27. The residual field is calculated for
(OMR–OM), (OM2B–OM) and (OMSL–OM). The slabs in OMSL have an
electrical conductivity of 0.002 S m−1 and the blocks in model OM2B have
an electrical conductivity of 1 S m−1.

Model Dawn min/max Dusk min/max Noon min/max
(nT) (nT) (nT)

OMR–OM −0.90/1.3 −0.90/1.05 −0.59/0.81
OM2B–OM −0.25/0.29 −0.54/0.32 −0.63/0.94
OMSL–OM −0.34/0.22 −0.26/0.33 −0.56/0.52

(OMR–OM) and (OM2B–OM) as in the previous section. The resid-
ual fields described by SH degrees in the short-wavelength range
13–27 are shown in Figs 9 and 10.

As can be seen from Fig. 9, the mutual coupling is lower than in
the case of the residual fields in the 1–12 SH degree range (Fig. 6).

Fig. 10 shows the Z component of the residual fields calculated
at noon local time for (OMR–OM) and (OM2B–OM). The electro-
magnetically induced anomaly field associated with model OM is
also included for comparison.

From Fig. 10 it can also be observed that the mutual coupling
between the mantle heterogeneities and the coast effect is lower than
in the case of the 1–12 SH degree range (see Fig. 7). Even though
the amplitudes of the residual fields are weak (Table 3), Fig. 10
clearly shows that the magnetic anomaly field related to electrical
heterogeneities in the mantle can be distinguished from the coast
effect.

To a first approximation it may thus be possible to correct for
the coast effect and extract from observed satellite magnetic data
sampled at different local times, the induced anomaly field arising
from electrically conducting structures in the mantle.

5 C O N C L U S I O N

The effect of a heterogeneously conducting earth on satellite level
electromagnetic anomalies was investigated using five different
Earth models and spherical harmonics in two different SH degree
ranges, respectively, 1–12 and 13–27.

The Earth models all have an uppermost shell with a land–ocean
electrical conductivity distribution and a mantle that is either ho-
mogeneous or that contains electrical conductivity heterogeneities
such as subducting slabs, a ridge, or conductive blocks.

In the 1–12 SH degree range, the electromagnetically induced
field corresponds to the superposition of the magnetic response of
a spherically symmetric Earth and the response arising from elec-
trical heterogeneities in the mantle. Wavelengths associated with
SH degrees in the range 1–12 overshadow any magnetic signature
of electrical heterogeneities in the mantle and represent rather the
average response of a spherically symmetric Earth. The electromag-
netic signature associated exclusively with electrical heterogeneities
in the mantle, in the 1–12 SH degree range, can be distinguished
from the coast effect when a model of the induced magnetic field
arising from the coast effect is subtracted from the calculated total
induced magnetic field. The amplitude of the residual anomaly field
is considerable and can reach up to 3 nT in absolute value, at satellite
altitude and at noon local time. However, a mutual coupling between
the mantle electrical heterogeneity and the coast effect is observed.
While the effect of mantle heterogeneity alone is weak, we showed
that it is enhanced when the mantle is conductive.

For short wavelengths associated with SH degrees in the range
13–27, the mutual coupling is weaker than in the case of SH degrees
in the range 1–12. Nevertheless, the electromagnetic signature am-
plitude associated exclusively with electrical heterogeneities in the
mantle is quite low but it is expected that an inducing source field
with a stronger amplitude would produce an electromagnetically
induced anomaly field with a higher amplitude.

It has also been shown that the induced magnetic anomaly field
amplitude depends on the local time at which it is calculated and that
it generally reaches the highest values at noon local time, irrespective
of the SH degree range.
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A P P E N D I X : G E N E R A L I Z E D
S P H E R I C A L H A R M O N I C E X P A N S I O N
( G S H E ) O F M A X W E L L E Q U A T I O N S

Let B(r, θ, ϕ) with components (Br , Bθ , Bϕ) be a vector function of
position in the spherical coordinate system (êr , êθ , êϕ), r is the ra-
dius, θ the colatitude and ϕ the longitude. The GSH vector canonical
basis is (e.g. Phinney & Burridge 1973):


ê+

ê0

ê−


 =




1√
2
(êθ − i êϕ)

êr

−1√
2
(êθ + i êϕ)


 . (A1)

In this basis, the vector B has the form

B(r, θ, ϕ) =
N∑

−1,0,1

B N (r, θ, ϕ)êN (N = −1, 0, +1) (A2)

and its GSHE is

B(r, θ, ϕ) =
N∑

−1,0,1

∞∑
l=0

l∑
m=−l

B Nm
l (r )Y Nm

l (θ, ϕ)êN (A3)

Here Y Nm
l (θ, ϕ) = P Nm

l (cos θ )eimϕ are generalized spherical har-
monics (GSHs) (Phinney & Burridge 1973), normalized so that∫ 2π

0

∫ π

0
Y Nm

l

(
Y Nm

l

)∗
sin θ dθ dϕ = 4π

2l + 1
(A4)

where (Y Nm
l )∗ is the complex conjugate of Y Nm

l . Note that the B0 m
l

are the GSH coefficients of the radial component of the vector B.
The Y 0 m

l term is the usual scalar SH with the normalization given
by eq. (A4). A comparison between GSH and regular scalar SH is
given in (e.g. Mochizuki 1988).

C© 2002 RAS, GJI, 151, 913–923


