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Abstract. Among the first measUrements made from near-Earth orbiting satellites were
measurements of the magnetic field. The sources of that field lie both wiihin the Earth, in
its core and crust, and in the surrounding ionosphere and magnetosphere. This article
summarizes some of the methodology and results for studies of the Earth's mantle and crust.
Mantle conductivity studies can be made either by studying signals impressed on the Earth
from outside, e.g., the ionosphere or magnetosphere, or by studying signals originating in
the core and transmitted through the mantle. Crustal field studies begin with a careful
selection of the data and subsequent removal of core and external fields by some sort of
filtering. Average maps from different local times sometimes differ, presumably due to the
remaining presence of fields of external origin. Several techniques for further filtering are
discussed. Where large-area aeromagnetic maps are available, crustal maps derived from
satellite data can be compared with upward continued data. In general, the comparisons
show agreement, with some differences,particularly in and near the auroral belts. The satellite
data are further reduced by various methods of inverse and forward modelling, sometimes
including reduction to the pole (RTP). These techniques are generally unstable at the equator.
Common methods of stabilizing the inversions include principle components analysis and
ridge regression. Because of the presence of the core field, the entire crustal contribution
from the field is not known. Also, there is a basic nonuniqueness to the inverse solutions.
Nevertheless, magnetizations that are interpretable can be derived.

Keywords. Crust; mantle; magnetic survey; Magsat; mantle conductivity; induction studies
crustal fields; continental oceanic boundaries; spherical harmonic models; equivalent source
method; rock properties; magnetic layer; forward modelling.

1. Introduction
O u r u n d e r s t a n d i n g o f the i n t e r i o r o f the E a r t h is limited b y its inaccessibility. Aside
from mines, drill holes a n d features e x p o s e d on the surface, we are d e p e n d e n t o n
t h e o r y a n d o n m e a s u r e m e n t s which can be t a k e n at a n d a b o v e the E a r t h ' s surface.
These m e a s u r e m e n t s include all g e o p h y s i c a l types. G r a v i t y a n d seismology give
evidence of d e n s i t y a n d t e m p e r a t u r e variations; m e a s u r e m e n t s o f the C h a n d l e r w o b b l e
a n d length of d a y are affected b y m o m e n t s o f inertia a n d b y a n g u l a r m o m e n t u m
transfer across the c o r e - m a n t l e b o u n d a r y (CMB). F i n a l l y , m e a s u r e m e n t s of the
m a g n e t i c field give i n f o r m a t i o n c o n c e r n i n g electrical c o n d u c t i v i t y a n d m a g n e t i z a t i o n
distribution.
This p a p e r c o n c e r n s itself with the crust a n d u p p e r mantle. These, however, are
n o t isolated from p h e n o m e n a which o c c u r elsewhere. T h e m a g n e t i c field g e n e r a t e d
in the E a r t h ' s core m u s t travel t h r o u g h the m a n t l e to reach the surface where it is
measured. As it does so, it is modified b y the m e d i u m t h r o u g h which it travels, a n d
so carries i n f o r m a t i o n a b o u t that m e d i u m . Similarly, m a g n e t i c fields g e n e r a t e d in the
581

582

Robert A Langel

ionosphere and magnetosphere penetrate the Earth and induce currents therein which,
in turn, modify the measured magnetic field which then contains information regarding
the conductivity of the ,rust and upper mantle.
Except during magnetic storms, more than 99% of the magnetic field B at the
Earth's surface is produced by electric currents driven by a self-sustaining dynamo
process in the conducting liquid core: fluid flowing across magnetic lines of force of
B generates electro-motive forces which drive the electric currents which maintain B.
The remainder of B is produced by electric currents induced in the mantle by time
variations in B, by remanent (permanent) and induced magnetization in the crust, by
tidal currents excited in the ionospheric dynamo (driven mostly by the thermal solar
tide), and by the effects of the solar wind plasma in distorting the magnetopause and
in producing the field-aligned currents in the magnetosphere which generate magnetic
storms and aurorae. At the Earth's surface, all but about 10% of the magnetic field
produced by the core is the field of a dipole at the Earth's center inclined at 11 degrees
to the axis of the Earth's rotation. The dipole field is about 60,000 nanoTesla (nT)
at the poles and 30,000 nT at the equator. The remainder of the field has a complicated
spatial pattern.
The geomagnetic field near the Earth will be assumed to be curl free and thus
representable by a potential function in the form of the usual spherical harmonic series.

V= a ~, ~ (a/r)n+ 1[0~ cosm~b + h~' sinmdp]P~(cosO)
n= l m=O
n**

+ a ~, ~ (r/a)~[q~' cos m~b + s~' sin m4] Pro(COS0),

(1)

n = l ra=O

where a is the mean radius of the Earth (taken to be 6371.2km); r, 0, and ~b are the
standard spherical coordinates; the P~(cos0) are the Schmidt quasi-normalized form
of associated Legendre functions of degree n and order m; and the g~', h~', q~' and
s~ are called the Gauss coefficients of B relative to P~'. The Gauss coefficients are
functions of time alone. In (1), the #~ and h~' describe fields originating within the
Earth, and the q~ and s~ describe fields originating outside the Earth. The magnetic
field is then given by
B = - v K

(2)

Theoretically, (1) holds only if n* and n** go to infinity and when the region of
validity is source-free. The measured internal B contains contributions from both the
Earth's core and from its crust. Langel and Estes (1982) concluded that the core field
dominates for n < 13, and the crustal field for n > 15.
Although equations (1) and (2) are, in principle, a complete description of the field,
in practice it is not practical to represent the entire field in this way. Rather, n* is
chosen so that (1) represents the core field only, within the limitations of the data
available for determination of the Gauss coefficients, and alternative representations
are chosen for the crustal field.
Crustal magnetic fields are called anomaly fields because in practice what is studied
is the residual field when estimates of the core and external fields have been subtracted
from the measured field. An anomaly map is a contour map of the measured average
anomaly field at the altitude of the data. Such maps have been derived from
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aeromagnetic and shipborne data for many years and used in the formulation of
geological/geophysical models of the crust. Investigations with aeromagnetic and
shipborne magnetic data have mainly concentrated on the very localized anomalies
associated with small-scale geologic features and localized mineralization. However,
in the past few years, there has been an increased interest in studies of the broad-scale
anomalies that appear in regional compilations of aeromagnetic and shipborne data.
Satellite anomaly maps are of recent origin and describe only the very broadest scale
anomalies. Originally it was thought impossible to detect fields of crustal origin in
satellite data. However, while analysing data from the P O G O satellite, Regan et al
(1975) discovered that the lower altitude data contained separable fields due to crustal
anomalies, thus opening the door to a new class of investigations.
For logistical reasons, traditional measurements of the magnetic field at magnetic
observatories, and with sea, air, and land surveys, are unable to adequately cover the
entire globe in a uniform manner or in a time rapid enough for the temporal change
of the field to be small. One of the principal contributions of satellite magnetic field
measurements to geomagnetism has been to make available a high-density global
distribution of data from which a geographically uniform subset can be extracted.
Further, this data can be acquired within a relatively short time span. These data
characteristics provide distinct advantages both for the description of the field from
the core and for the mapping of long wavelength anomalies. With satellite data, it
becomes possible to model the core field with truly global data and without
compromising accuracy by the necessity of reducing data widely spaced in time to a
common epoch. At the same time, regional anomalies can now be studied without
having to piece together data from surveys taken at different times and reduced by
differing models of the core field.
Measurements of the geomagnetic field from Earth-orbiting artificial satellites were
among the first space science investigations, beginning with Sputnik 3 in May 1958.
Near-Earth magnetic field measurements have since been carried out by many satellites
from several countries. Many of these have been designed primarily to measure fields
from field aligned and auroral belt currents, but not the Earth's internal field. Only
Cosmos 49, the OGO - 2 , - 4 , and - 6 satellites (for Orbiting Geophysical Observatory,
OGO - 2 , - 4 and - 6 are also called POGO, for Polar Orbiting Geophysical
Observatory), and the Magsat satellite were truly useful for studies of the Earth's crust
and mantle. Each of these has been used to study the internal field of the Earth in
some detail. Table 1 summarizes some of the characteristics of these spacecraft. Cosmos
49 carried a proton precession magnetometer, but was partly troubled by spacecraft

Table 1. S u m m a r y of spacecraft characteristics.

Satellite
Cosmos 49
OGO -2
OGO - 4
OGO - 6
Magsat

Inclination

Altitude
range(kin)

Dates

50 ~
87 ~
86 ~
82 ~
97 ~

261-488
413-1510
412-908
397-1098
325-550

10/64-11/64
10/65-9/67
7/67-1/69
6/69-7/71
11/79-5/80

Approximate
accuracy (nT)
22
6
6
6
6 (vector)
3 (scalar)
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fields. The POGO satellites carried Rubidium vapour magnetometers, and the Magsat
satellite carried both a fluxgate and a cesium vapour magnetometer.
Although earlier data from Sputnik 3 and Vanguard 3 were of some use in modelling
the core field, Cosmos 49 provided the first data set that could be called global in
that data were obtained worldwide at latitudes below 49 ~. Cosmos 49 data were used
in several models of the core field (Tyurmina and Cherevko 1967a,b; Tyurmina 1968).
Residuals from these models were contoured and called "intermediate size" anomalies
(Zietz et al 1970; Benkova et al 1973; Regan et al 1973). Since the models used were
of degree and order 9, the fields contoured were a mixture of field from the core and
the crust.
The first survey to combine near-polar inclination, onboard data storage, and high
measurement accuracy was conducted by the POGO satellites between 1965 and
1971. These data were also used in a series of spherical harmonic models of the main
field (Cain et al 1967; Cain and Langel 1968, 1971; Cain and Sweeney 1970; Langel
1974a; Langel et al 1980a) and in the first global anomaly map relatively free of
contamination from spacecraft fields and from the effects of the field from the core
(Regan et al 1975).
Magsat, launched in October of 1979, was the first, and to date the only, satellite
to survey the vector components of the field with high accuracy. Main field models
derived from Magsat data are the most accurate to date (Langel et al 1982a; Langel
and Estes 1985b). The first crustal anomaly maps from Magsat, with preliminary
interpretation, were published in a collection of papers in the April 1982 issue of the
Geophysical Research Letters (Vol. 9, pages 239-376).
This article presents a viewpoint of what have emerged, in the author's eyes, as the
important concerns and methodologies in the study of the crfist and mantle using
satellite data. Because of its prominence in the history of these studies, a great deal
of emphasis is given to the Magsat satellite and to the techniques and methods used
in gathering, reducing and interpreting that data. The treatment is somewhat
unbalanced because the amount of research concerning mantle conductivity that used
satellite data is quite limited. However, a great deal of work has been done that
concerns crustal fields: their identification, isolation, modelling and interpretation.
Sections 3-5 are an attempt to summarize most of this work. In those areas of
methodology found useful and important to the author, enough detail is included for
a more in-depth understanding. Some of this material is presented for the first time.
In essence, these sections form a primer on how to reduce and use satellite magnetic
anomaly data to study the Earth's crust. Evern so, for the perceptive reader, many
questions will be left unanswered. Hopefully, the readers of this article will help
provide the answers.

2. Mantle conductivity
Mantle conductivity can be probed in two ways. It can be studied using field changes
originating in the upper core and observed at the surface. This method requires an
accurate determination of the Gauss coefficients during rapid, isolated events. It can
also be studied by observing the effects when fields of external origin are impressed
upon the Earth. These, in turn, induce currents in the Earth that modify the
field,
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2.1 Study of mantle conductivity from induced fields
Main field models from Magsat data have incorporated a determination of the long
wavelength fields resulting from external sources. In particular Langel and Estes
(1985a,b) solved for the first degree external terms in equation (1). For the first external
term their solution was
qO = 18.4 - 0.63 Dst (nT),

(3)

where Dst is the usual equatorial Dst index. The corresponding internal term now
has a contribution from currents induced within the Earth:
go = _ 29991-6 + 0.270q ~ (nT).

(4)

From (4), it is seen that in the Magsat main field model the magnitude of the coefficient
of po for induced fields is about 0-270 of the corresponding coefficient for the inducing
field. The data used in this model were for magnetically quiet times and hence probably
reflect induction by slowly varying fields, i.e., with time scales of the order of hours
to days. The ratio obtained is somewhat smaller than that obtained in studies of
individual storms, summarized by Rikitake (1966), where the ratios were between
0.37 and 0.39. Using the theory developed by Rikitake, under the assumption that
the Earth can be represented by a perfect conductor with spherical symmetry beneath
a nonconducting layer, the ratio of 0"270 corresponds to a conductor at depth of
1138 km below the Earth's surface. This is only a first-order approximation and needs
to be extended by a more complete analysis.
Induced fields can be studied from analysis of individual satellite passes as well as
from main field modelling. During a magnetic storm the residual field, AB, after
subtracting the field from a spherical harmonic model of the Earth's main field, is
mainly due to the field from storm time magnetospheric currents and the resulting
fields from Earth induction, with some "noise" from crustal fields. For large enough
magnetic storms the noise can be neglected. In these cases the assumption that the
disturbing field can be represented by the potential

Vd = a[(r/a)e + (a/r)2i] cos0,

(5)

becomes a good approximation. Langel (1974b) used data from the POGO satellites
to solve for the i/e ratio and found it to be between 0.22 and 0-41. Since the satellite
samples essentially only two local times during the duration of a storm, it is possible
to form a time series of the e and i coefficients from successive passes during the
storm for each local time. These can be Fourier-analysed to derive a response function
for the Earth. DidwaU 0984) used this method to analyse data from the POGO
satellites and estimate an upper mantle conductivity of the order of 10- 2 S/m.
Other such studies using satellite data are unknown to the present author, except
for the simulation studies of Hermance (1982); further research along these lines should
be profitable.
There are interesting signals i n B at all periods from hundreds of years to a few
minutes. Good spatial coverage of magnetic storms from satellites over a period of
decades should permit an accurate estimate of the external spherical harmonic
coefficients and the corresponding induced part of the internal coefficients from the
roughly eleven-year signal that is applied to the Earth. The internal response of the
mantle at these periods comes from its deepest part, and thus furnishes a direct
estimate of deep mantle conductivity.
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2.2 Induction studies using signals from the core
Magnetic signals from the core cannot reach the Earth's surface through the electrically
conducting mantle if their periods are less than about one year. However, even the
highest estimates of electrical conductivity in the mantle would permit passage of
magnetic signals from the core to the Earth if the periods were longer than ten years.
Moreover, many workers now believe there is direct evidence for the detection of
magnetic core events (the impulses or jerks) which last only a year or two and occur
at random intervals. Backus (1983) showed that if the electrical conductivity of the
mantle varies only with radial distance, then for each spherical harmonic component
in equation (1) the mantle behaves like a causal, time-invariant, real, linear filter. The
filter input is at the CMB and its output at the Earth's surface. Filter properties
depend on the spherical harmonic degree, n, but not on its order, m. Making
appropriate physical assumptions, some, but not all, of the filter parameters can, in
principle, be determined by analysis of appropriate signals at the Earth's surface.
One possibility of such a signal is the distinct change of the rate of secular variation
detected by many observatories at about 1969-1970. This change, called the
geomagnetic jerk, apparently is in the internal field of the Earth, though this is debated,
and was probably global. The change seems to have taken place within I to 3 years.
Unfortunately, only scalar satellite data are available at this epoch. In Europe the
observatory data are well described by a quadratic time dependance from 1947 to
1969, followed by a different quadratic time dependance from 1969 to 1979. The
transition between the two appears to occur in less than two years. This time
dependance is called biquadratic. It was hypothesized (Ducruix et al 1980; Backus,
1983) that perhaps the data could be explained by a model which assumed: (i) the
level surfaces of electrical conductivity x in the lower mantle are nearly spherical,
and (ii) at the CMB the time dependance of the radial magnetic field B, is biquadratic,
with transition date at or near 1970 and a duration of transition of less than a year
or two. Backus et al (1987) utilized data from the POGO satellites and the magnetic
observatories to test whether the observations of the jerk could indeed be satisfied
by the assumed model. Three spherical harmonic models were derived from the data
for which the time dependence of the internal Gauss coefficients is either cubic, quintic,
or biquadratic. The rms residual of the data fit is the same for the cubic and biquadratic
models and insignifcantly smaller for the quintic model. The quintic and biquadratic
models have 1164 adjustable parameters, and the cubic has 1038. Thus a biquadratic
model is not necessary to describe the data. Further, at a high level of statistical
significance, the parameters of the best fitting biquadratic rule out a physical model
for the jerk in which both of the stated assumptions are true.

3, Crustal fields.- Isolation and average maps
3.1 Data selection and processing

Procedures were developed by Regan et al (1975), Mayhew (1979), and Langel et al
(1980a) to isolate the anomaly field from the Earth's main field and from fields due
to external currents. The data set available is the residual data after subtracting a
model, Mr, of the main field from the data, B. This residual, AB = B - M c, contains
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contributions from the following: (i) any inaccuracy in modelling the core field M
with Mr, (ii) the external field, D, (iii) any unmodelled noise sources, and (iv) the
crustal field, A, which we wish to isolate. Contributions from D are minimized by
elimination of all data in which the residual field was considered to be significantly
affected by D.
For POGO data and early Magsat analyses, this elimination has generally been
accomplished on a orbit-pass-segment by orbit-pass-segment basis in several steps.
Data for which the magnetic disturbance is above some level, e.g., some Kp value, is
first rejected. Then, if the magnitude of the residual field, AB, exceeds some value,
say 20 nT, at any place in the segment, the entire segment is also rejected. At low
latitudes, the data are restricted so as to minimize effects from the equatorial electrojet
by eliminating local times between 0900 and 1500 hours. In addition, at low latitudes,
a correction for external fields was applied. The correction consisted of subtracting
a function from each equatorial segment of a form designed to represent fields remote
in the magnetosphere. This function, given by equation (5), is determined individually
for each equatorial segment by a least squares process (Langel and Sweeney 1971;
Davis and Cain 1973; Cain and Davis 1973). The value of 0 in equation (5) has raised
some question. Values for e and i on the distributed Magsat investigator tapes are
determined by taking 0 to be the colatitude relative to the magnetic dip latitude.
This, however, leaves long wavelength trends in the data (see, e.g. Singh et al 1986),
which led Langel et al (1982b, c) to adopt the colatitude relative to the magnetic
dipole latitude and Zaaiman and Kuhn (1986) to recommend taking the colatitude
relative to the magnetic dip latitude computed at 3 Earth radii above the surface of
the Earth.
After applying this functional correction, adjoining passes from those remaining
are then visually intercompared to attempt to identify the time invariant features, the
crustal field, from the time-varying external field. Passes thought to have significant
contribution from the latter are discarded. After these steps have been performed,
there still remain significant differences, of wavelength more than about 2000-3000 km,
between nearby passes. To eliminate these differences, each pass segment may be
fitted by a linear function, which is then subtracted froin the data. The pass-segment
length is chosen short enough so that the linear function removes the trend adequately
without requiring higher degree polynomials. Because there will be an edge effect at
the ends of each segment, the segments are also chosen to overlap significantly. Data
used in deriving average maps and inversion solutions is then taken from the interior
of each segment.
Some average maps have been derived omitting the functional correction of
equation (5) and the trend removal (Mishra and Venkatraydu 1985), while others
have been derived using a band pass filter instead of these corrections (Carmichael
and Black 1986; Ridgway and Hinze 1986). Regan et a[ (1981) recommend use of an
alternate correction to equation (5) in the form of a four-term cosine series.
More recently a modified procedure has been implemented for the Magsat data,
both scalar and vector, in which, after selection of magnetically quiet data, the
functional correction of equation (5) and the linear trend removal have been replaced
by a low-pass Kaiser filter. The filter was designed to remove wavelengths above
4000 km, although this is adjustable and its optimum value is under investigation.
Average maps using these techniques applied to POGO or Magsat data have been
publisbed for low and mid-latitudes by Regan et al (1975) and Langel et al (1982b, c)
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for polar regions by Coles et al (1982), Coles (1985), and Ritzwoller and Bentley (1982,
1983); and for more limited regions by various authors (e.g., Langel et al 1980b; Langel
and Thorning 1982a, b; Won and Son 1982; von Frese et al 1982; Yanagisawa et al
1982; Mishra and Venkatraydu 1985; Carmichael and Black 1986; Ridgway and Hinze
1986; Kuhn and Zaaiman 1986).
Residual maps derived from Cosmos 49 data have already been mentioned. As
noted, these maps were relative to a degree and order 9 main field model and so were
a mixture of core and crustal fields. Figure 1 shows an average anomaly map of the
U.S. region from Cosmos data relative to a degree 11 field model derived from the
Cosmos 49 data itself. Reliable models at higher degree were not permitted by the
quality and distribution of the data. The averages in figure 1 were taken in 5~ by 5~
blocks to minimize the noise effects, which were substantial. A global map was
attempted from the Cosmos 49 data, but over much of the world the amount of data
available was small and noise high so that reliable average could not be obtained.
Comparison of the anomalous field from figure 1 with U.S. maps derived from P O G O
and Magsat shows a substantial agreement, in spite of the fact that the field model
subtracted was only degree 11 and in spite of the high noise level.
Nakagawa and Yukutake (1984) and Nakagawa et al (1985) describe a method for
isolating magnetic anomales in a local area. Instead of subtracting the field from a
spherical harmonic analysis, they fit each component of the data along each pass
with a polynomial expansion in terms of Legendre functions. For the Japan area,
they found a distinct break in the amplitude spectra of the expansion and in the rms
residuals after removal of the polynomial spectra. The break occurred at polynomial
degree 5 or 6, depending on the subarea analysed, which corresponds to a wavelength
cut-off in the range 2800-3500km. Their interpretation was that the core and
long-wavelength external fields were represented by the polynomial of degree 6. This
was subtracted from the data and the residual taken to be the anomalous field.
3.2 Discontinuities in Magsat vector data

The attitude determination system on Magsat incorporated three sensors: two star
trackers and a precision sun sensor. Finding the spacecraft attitude at any particular
time involved a process of fitting the data from whichever sensors were contributing
data at that time. If data were available from any two of the three sensors, an attitude
solution was possible. However, the alignment between the three sensors was not
perfectly known. As a result, whenever the available combination of sensors changed,
a small discontinuity was introduced into the attitude solution. Many of the resulting
field discontinuities are small, within 1-3 nT. A significant number, however, are larger
and affect attempts to derive anomaly maps.
Purucker (1988) developed a procedure to remove the resulting discontinuities in
the magnetic component data. The method is totally empirical and works in the
following manner, using the vertical component, Z, for illustration. The difference, in
nT, between adjacent field measurements, say Z(I) and Z(I + 1), is compared to an
empirical value, currently 5 nT, as a first step in determining whether a discontinuity
may exist between these field measurements. If the absolute value of the difference
exceeds 5 nT, the observed difference is compared to nearby differences. If all of these
differences are less than 50% of the difference between Z(I) and Z ( I + 1) then the
algorithm considers that a discontinuity has been identified. This first step successfully
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identifies discontinuities flanked by three or more measurements without another
discontinuity.
Because discontinuities are frequently paired, of opposite sign, and close together,
an additional algorithm was developed to identify cases where a discontinuity is
followed by a second discontinuity within one or two measurements. In these cases,
the data between the discontinuities are discarded. For single point discontinuities,
the absolute value of the difference in nT between adjacent field measurements,
AZ(I) = Z ( I ) - Z(1 + 1), is first compared to an empirical value, currently 7 nT, as a first
step in determining whether a discontinuity may exist between these field measurements.
If this difference level is exceeded, the differences AZ(1 + 1), AZ(I + 2), and AZ(I + 3)
are calculated. If any of these are of the opposite sign and within a specified percentage,
currently plus or minus 85%, of AZ(I) the measurements between the discontinuities
are discarded.
This procedure has been applied to Magsat dawn data in half-orbit segments, with
some overlap on either end. After discarding the single, double, and triple point
discontinuites, what is left are identified discontinuities with four or more points
between. Corrections are then applied as follows. The first discontinuity in the pass
in identified, say at AZ(I). Then all the data between the first point in the pass and
the first discontinuity are adjusted linearly, i.e., tilted, with the first point in the pass
held fixed, as illustrated in figure 2. In the next step Z(I) is held fixed, i.e., if the next
discontinuity is at AZ(J), J > I + 4, then all the points between I and J are linearly
adjusted. The procedure is repeated for any other discontinuities in the pass. This
procedure was adopted because it is straightforward to implement and because it
preserves B = (B,2 + B 2 + B~)1/2 at the points of discontinuity.
An examination of 51 passes with this new algorithm yielded a total of 369
discontinuities. Visual inspection confirmed these discontinuities and identified an
additional 15 discontinuities for a 96% success rate. A total of nearly 12,000
discontinuities were identified in the entire Magsat AZ data set acquired at dawn,
encompassing some 1186 passes. About 25% of the discontinuities in this worldwide
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Figure 2. Illustration of correction of attitude jump on Magsat data. x x x indicates original
AZ data; solid line indicates corrected data.
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data set were followed by a second discontinuity within one or two measurements.
In the remainder of the cases, the discontinuity was flanked by three or more
measurements without another discontinuity. Crustal anomaly maps of the field
components, and accompanying maps of the standard error of the mean, produced
before and after correction for discontinuities, are broadly similar. However, the
reduction in overall noise level is apparent.
Figure 3 shows the resulting average anomaly field in the vertical component (AZ)
from the Magsat dawn data. Comparison with the map of Langel et al (1982b) shows
that the revised map is much less noisy; it lacks most of the spurious features in the
Southern Pacific which were so prominent on the earlier map, presumably due to Sq
fields in the dusk data; it also extends to somewhat higher latitudes, where the data
statistics indicated reliable results. Figure 4 is the corresponding map of the 95~
confidence interval. The uncertainties are smallest at mid-latitudes, increasing near
the geomagnetic equator and increasing in the auroral belt. For most regions in the
map the 95Yo confidence interval is below 1.6 nT. Near the equator it exceeds 2.5 nT
in some locations and in the auroral belt it goes above 3 nT.
3.3 Verification
The magnetic field from the crust is much weaker at satellite altitude than the field
from the core. In many cases it is also weaker than fields from external sources, some
of which are of similar spatial wavelength as the crustal fields. This can lead to
confusion of the two.
Verification that fields identified as crustal really do stem from the crust is obtained
in two ways. First, where independent surveys exist over large areas, anomaly maps
derived from those surveys can be upward continued and compared to the satellite
anomaly maps. Figure 5, from Langel et al (1980a) provides a comparison between
a POGO-derived anomaly map and upward-continued aeromagnetic data from
western Canada. The two maps are in substantial agreement, except in the southwestern
corner where the satellite map is suspect, demonstrating further both the reality and
crustal origin of the anomalies. Other comparisons between satellite and surface
anomaly maps have also tended to show good agreement between the two (e.g. von
Frese et al 1982; Won and Son 1982; Schnetzler et al 1985; LaBrecque et al 1985;
LaBrecque and Raymond 1985). Comparison of magnetic anomaly maps made
independently by the POGO and Magsat spacecraft (Langel et al 1982b) gives general
agreement, except for known contamination in one or both of the maps and accounting
for different resolution.
The second way of verifying the crustal nature of the field sources is if inverse and
forward modelling gives results that are in accord with known geophysics and geology.
These will be explored in the remaining sections. Care is needed here, however. If it
is insisted that the data be explained in terms of what is already known, then the
data are prejudged in a way that prevents recognition of new geophysical insights.
The Magsat spacecraft acquired data at only two local times, dawn and dusk. This
gives opportunity to separate the data into two data sets in which the external fields
should be of different character. Differences between data at the two local times were
first noted by Maeda et al (1982), who discovered a meridional current system at the
dusk local time. Arkani-Hamed et al (1985) compare anomaly maps at northern
latitudes above 50~ from the two different local times and find substantial differences.
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Langel (1990) has divided the POGO data into four different local times and also
found differences, although not as drastic as claimed by Arkani-Hamed.
Yanagisawa and Kono (1984, 1985) applied a systematic analysis to the dawn and
dusk data sets for low-and mid-latitudes to identify and eliminate fields thought to
be from magnetospheric and ionospheric sources. Instead of using equation (5), they
adopted a correction potential of the form
V(r, O) = a ~ {en(r/a) n + in(a/r) n+ l }Pn(cosO),

(6)

where 0 is taken to be the geomagnetic colatitude. They found a good correlation
between e~ and il and the Dst index, but no such correlation for the other coefficients
in equation (6), and concluded that the first degree terms represented the magnetospheric
and induction fields. To this point, their analysis is the same as that of workers using
equation (5). However, they then took note that the in for n > 1 have significant
non-zero values, indicating the existence of systematic, long-wavelength fields which
are different for the two local times. Since these originate internal to the satellite
orbit, they are probably due to ionospheric currents. Further investigation showed
that the in varied with longitude. The final correction to the data then consisted of
the fields from the e~ term and from the in terms up to n = 6. The corrected data were
averaged in 5~ by 5~ bins and the dawn and dusk maps found to be in good agreement.
A similar reduction scheme was employed by Cohen and Achache (1990). Their
selection of quiet data was based on a more local magnetic disturbance index, am,
computed separately for each of nine sectors on the Earth. After selecting the
quiet data and removing trends, the Earth was divided into four quarters by longitude
and the data in each quarter averaged in 1~ dip latitude intervals, separately for dawn
and dusk with the intention of averaging out the crustal field and isolating the external
field. The resulting averages were very similar from quarter to quarter but were
nearly antisymmetric between dawn and dusk. The antisymmetric part was computed
for each quarter. Each individual pass was then corrected by removal of the
antisymmetric part for that quarter, scaled to that pass by a least squares procedure.
Langel and Estes (1985a) found that the dusk data near the equator included fields
which were apparently from the equatorial electrojet and an associated meridional
current. As a result, their model, GSFC(12/83), was based heavily on data from the
dawn local time. Any dusk data used in the modelling process was corrected for these
equatorial effects. The model of Cohen and Achache utilized uncorrected dusk data.
It is then expected that their model will partly include the effects of the fields of
ionospheric origin. This could easily result in antisymmetric effects at the equator in
the dawn and dusk anomaly maps. However, the correction technique of Cohen and
Achache seems effective in removing the fields from ionospheric sources. The
resulting dusk and dawn maps of the vertical component are in good agreement.
Arkani-Hamed and his colleagues used two different approaches to produce
separate dawn and dusk anomaly maps. In the first (Arkani-Hamed et al 1985), applied
to the Canada-Northern U.S. region, the data were averaged in equal area bins with
grid intervals of 55 km. The datum at each grid point was calculated by a weighted
average of neighbouring data using a two-dimensional Hanning function. A double
discrete fast Fourier transform was applied to the two maps, enabling high and low
pass filtering. Large differences were found between the dawn and dusk maps,
particularly in the long wavelengths. Short wavelengths were dominated by structure
along the direction of the satellite path, i.e., levelling noise. For the final anomaly
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maps the bandpass was about 300 to 1600km. After application of the bandpass
filter, the dawn and dusk maps were in much better, though still not perfect, agreement
and a final map was derived by averaging the two.
The second method (Arkani-Hamed and Strangway 1986a) was applied to the
global data set. Cleaned up residuals were averaged for latitudes equatorward of 78 ~
Grid points were spaced at an interval of 0.5 ~, and the datum at each grid point was
a weighted average of neighbouring data using a 2-dimensional, bell-shaped, Hanning
function with half-width of 0.75 ~. Dawn and dusk maps were derived separately and
then each was fitted with a spherical harmonic series of the form
N

AB = ~

~ (C,m cosm~b + S,m sinm~)P~(cosO).

(7)

n=Om=O

Note that fitting the map in this way ignores altitude variations. This is justified by
Arkani-Hamed and Strangway by claiming that AB has both external and internal
contributions and that an altitude correction would falsely assume only internal
contributions. This could be disputed since it is likely that the major portion of any
remaining noncrustal field is from the ionosphere, which is internal to the satellite.
Also computed were the degree power spectrum, P,, and the degree correlation
coefficient, p,, between the dawn (unprimed coefficients) and dusk (primed coefficients)
spherical harmonic expansions
2
(C,,2 + S,,,,,),

P,, = [1/(2n + 1)]

(8)

ra=O

(c..c'.. + s..s'.)
m=O

(9)

The lower degree harmonics, n ~< 13, have most of the power; high correlations are
found between dawn and dusk for 6 ~<n ~< 14 and for 18 ~<n ~<41. The high correlations
for the lower degrees are attributed to residual core field in AB. Dawn and dusk
maps are then filtered separately with a box function in the spherical harmonic domain
that was tapered to zero at 17 < n < 19 and at 39 < n < 53, using one-dimensional
Hanning functions. Averaging of the dawn and dusk maps then gave the final map;
differencing gave an indication of the noise level.
The method is refined by Arkani-Hamed and Strangway (1985a) who note that
some of the corresponding coefficients from dawn and dusk, e.g. (7,,, and C',r~, have
a different sign, which they call anti-variant coefficients, while others have the same
sign, which they call covariant coefficients. If the antivariant coefficients are eliminated,
the degree correlation coefficients increase substantially and, in fact, become /> 0.7
for n ~<80. Their final filter remains the same at low degree, but the taper at high
degree is now for 50 ~<n ~<60.
As a final note, Arkani-Hamed and Strangway (1986b) devise a similar method to
that described above, except that it is applied in the frequency domain after
Fourier-transforming the original anomaly map. This method is applied to a region
in the Middle East.
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3.4 Some map features discussed
Several factors have led to caution and, in some cases, scepticism, regarding the use
of satellite magnetic anomaly data. (i) Published anomaly maps apparently show no
discontinuity at continent-oceanic boundaries, and the calculated equivalent magnetizations for oceanic and continental areas show little difference (Harrison et al 1986;
Arkani-Hamed and Strangway 1985a, b). (ii) At low latitudes, the anomalies show a
distinct tendency to be elongated, attributed by some (Arkani-Hamed and Strangway
1986a) to contamination by fields from external sources. (iii) Carle and Harrison
(1982) have shown that, for scalar anomaly studies (not for the components), removing
the field represented by a spherical harmonic model of degree, say n*, does not remove
from the measured field all the wavelengths above any fixed value. Power spectra of
the residual field still contain strong signals at very long wavelengths. Carle and
Harrison conclude that, because of the long wavelengths, these remaining fields must
be due to sources in the core and, therefore, the resulting anomaly maps still reflect
core fields, as well as crustal fields. As noted above, Arkani-Hamed and Strangway
(1986a, 1985a) draw the same conclusion. These factors are discussed below.
3.4a The long-wavelength component: In the notation of w
a vector anomaly, A,
is equal to the measured vector field minus the vector field from the core, represented
by a spherical harmonic model
A = B - M,.

(10)

The resulting scalar anomaly field is, by definition, AB = ]B[ - IMcJ, where B = A + Me.
Then

IBI -- [(A + Mc)-(A + M~)] 1/2,
= [ A - A + 2 A ' M c + M ~ ' M , ] 1/2.

(lla)

In equation (1 la) the first term is much smaller than the other two and can be
neglected. Furthermore, the square root can be well approximated by the first two
terms of its Taylor expansion. This gives
IBI ---IMcl [1 + A.MJIMcI'I

(lib)

or

AB -~ A-MJIM, I.

(12)

In practice, equation (12) is a good approximation. It is important to note that the
wavelengths in AB are different from those in A. In particular, a spherical harmonic
analysis of AB would contain the wavelengths of all the cross terms between A and
M,. It is precisely the cross terms which are the terms retained in A'M, and which
contain most of the information about the anomaly field, A, while the "direct" terms
are discarded when A-A is neglected. This is made explicit in the discussion of Carle
and Harrison's paper by Szeto and Cannon (1985). Note that this is true even if M~
is an exact representation of the true core field. In other words, AB must contain long
wavelengths and this does not imply that AB is contaminated by remaining core field.
Analyses, either inverse or forward, need then to untangle the crustal signal from the
cross terms. This is accomplished by doing forward analysis relative to a field model
and by incorporating the effects of the main field model in inverse analyses. Of course,
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it must still be recognized that M c will not exactly represent M and, therefore, there
will be some long wavelength contamination in every scalar magnetic anomaly map.
The major difference between the anomaly maps of Arkani-Hamed and Strangway
(1985a, 1986a) and those published by other workers is probably the elimination by
Arkani-Hamed and Strangway of the longer wavelength signal on the grounds that
it should have been removed by subtraction of the model field. Comparison of their
map of discarded long wavelengths (Arkani-Hamed and Strangway 1986b, figure 5a)
with the scalar anomaly map of Langel et al (1982b, figure 3) shows that the two maps
are highly similar. As already noted, in the analysis of Arkani-Hamed and Strangway
(1986a), that long wavelength field was very highly correlated between the dawn
and dusk anomaly maps. This correlation makes it highly unlikely that the source is
external to the Earth, i.e., in the magnetosphere or ionosphere. As seen above, such
long wavelengths contain most of the information about the crustal anomaly field.
It is a mistake to discard them unless it can be proven that significant residual core,
or external, field is present which masks the crustal field information.
3.4b Continental-oceanic boundaries: Meyer et ai (1985) point out that the spherical
harmonic models used to represent the core field must also include representation of
the longer-wavelength fields of crustal origin. They make a convincing case that much
of the expected continent-ocean difference is contained in these long wavelengths.
Because of the dominance of the main field, the long-wavelength crustal fields are
simply not observable. This conclusion is verified in a study reported by Cohen (1989)
and by Counil et al (1990). In this study the ocean-continent boundary was modelled
as a step function in susceptibility. The resulting magnetic field was calculated and
fitted with a spherical harmonic analysis. As in Meyer et al, the major portion of the
magnetic field contrast between the ocean and continent is represented by the lower
spherical harmonies. However, and very important, it was also shown that the field
variations represented by the higher harmonics have similar amplitude and wavelength
characteristics to the anomalies observed on typical anomaly maps derived from
satellite data. This means that some of the "observed" anomalies may not be due to
localized variations in magnetization, but may reflect the sharp ocean-continent
boundary. This is true even for locations far from the ocean-continent boundary. In
practice, the magnetic layer is too complex to be represented by a step function
between oceans and continents and, for detailed analyses, a more sophisticated model
will be necessary. However, most studies performed to date, including those reported
in this paper, take little if any account of the possible effect of that boundary.
A suggested procedure to include the ocean-continent boundary effect in a model
is as follows. Any modelling should begin by assuming some sort of simple, or typical
magnetization distribution for both continents and oceans. This might be termed a
"standard Earth magnetization model". When modelling a particular region, the
magnetization of that region would then be modified, guided by all available
geophysical data, until the resulting anomaly pattern for the region, as given in
spherical harmonics above degree 13, matches the satellite derived magnetic anomaly
map. The regional crustal magnetization model is then the sum of the standard model
and the necessary modifications.
In statistical studies, Hinze et al (1982) computed the mean anomaly amplitude for
crustal and for oceanic anomalies off the coast of South America and found a difference
of 1.6 nT, with high statistical significance, and Schnetzler et al (1984) compared
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measured coastal anomalies of shorter wavelength with those predicted from model
studies and found the data to be statistically consistent with the models. This indicates
that while the very long wavelength continent-ocean difference is masked by the field
from the core, some differences persist in the wavelength band measured by satellite.

3.4c Elongation of low-latitude anomalies: Elongation of anomalies along the direction
of lines of geomagnetic latitude is a common feature of average anomaly maps. Since
publication of the initial Magsat anomaly maps (Langel et al 1982b, c) it has been
recognized that some of the features, particularly in the south-eastern Pacific Ocean,
are indeed due to contamination by fields from external sources. However, even maps
thought to be relatively uncontaminated show the tendency toward elongation.
To discuss elongation, consider the magnetic field at point at point r i from a dipole
at point rj, at the surface of the Earth. The magnetic potential is given by
Vj(r,) = (Pi/47z)" V (1/s,j) = - (pj/4~z). V' (1/s,j),

(13)

where s i i = l r l - r j l , and where V and V' are taken with respect to the r~ and ri,
respectively. Note that fl is the magnitude of the vector I$, the dipole moment, r~ and
rj are the magnitudes of ri and ri, ), is the angle between r i and rj, and
(s~j)2 = (ri) 2 + (rj) 2 - 2riricos ?.

(14)

Table 2 gives a summary of geometric functions which appear in the equations for
the potential and field from a dipole. If the components of p are fl,, flo, and fl~, then
it is easy to show that
Vj(ri) = [fl,(rj - riFs) + floriF7 - fleriF2"l/s~j.
The anomaly field can then be found by taking

A,

= {fir[F6

at-

(3/s~)(r i - -

r jF6)(riF

6 -

Aj(ri)

=

(15)
-

V Vj, which gives

r j)-]

+ [fl~,F2 - floF7-] [1 + (3/s~)r~(r i - rjF6)] }/s~,

(16)

A o = {fl, l-F s + (3/s~)(rjFs)(riF 6 - rj) + flo[F9 - (3/s~)rirjFaF7]
+ f l , [ F , + (3/s~)r, rjFsF2] }/s 3,

(17)

A, = {fl, EV3 + (3/s2)rjF3(riF6 -- rj) + floEFs - (3/s2)r ff iFaF6]
+ ~ , [ F s + (3/s~)r~rjF3F2-1 }/s~.
Table 2.
Function
FI
F2
F3
F4
F5
F6
F7
F8
F9

G e o m e t r i c f u n c t i o n s in d i p o l e field e x p r e s s i o n s .
=

Expression

cos(~ -

~i)

sin 0 i sin ( ~ -- ~ j )
-- sin 01sin(~b , -- ~1)
c o s 0 i s i n ( ~ i -- ~bj)
-- c o s 01sin ( q ~ j - ~bi)
c o s 0i cos 0 i + sin 01 sin 0 i c o s (~bl - ~ j ) = c o s
c o s 0i sin 0 i - sin 0 i c o s 0j c o s (~l - ~b~)
- sin 0 i c o s 0~ + c o s 01sin 0 j c o s (~bl - r
sin 01 sin 0 i + c o s 01 c o s 0~ c o s (~bi - ~b~)

(18)
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Suppose that the dipole, p, is induced by the ambient main field and, for simplicity,
approximate that main field by an axial dipole with moment, Po- Ifk is the susceptibility
at ri, then the magnetic dipole moment per unit volume is kB, and p is equal to the
dipole moment per unit volume times the volume, Vor, taking X = kV,
P = zB,

(19)

t,(rj) = 2 (Xpo/a 3) cos 0j,

(20)

to (ri) = (ZPo/a 3) sin 0r ,

(21)

or

tic, = 0,

(22)

where a is the radius of the Earth. For simulation purposes, take the depth of the
magnetic crust to be 30 km and the appropriate horizontal distances to be 550 km
by 550km, which is roughly 5~ 5 ~ at the equator. This gives a volume V, of
9.075 x 106km 3. If B is measured in nT, then Po •gt~ a, or about 7.8 x 10 is. Then
XPo = kVpo = k(7.0785 x 1022). The value of k is chosen to be 0.01. Using these
numbers, the anomalies due to a dipole were computed and plotted. Plots of the three
components and of the total field anomaly due to a dipole located at the equator are
shown in figure 6. Note that the anomalies in A0 and A, are elongated in the east-west
direction and those of A§ in the northeast-southwest and northwest-southeast directions.
A further simulation computed the scalar anomaly map that would result from a
random distribution of point dipoles with a random distribution of the magnitude
of X among those dipoles. The purpose is to explore the extent of the east-west striping
due strictly to the geometry imposed by the nature of the inducing field, i.e., the
Earth's main dipole. Figure 7 shows the resulting distribution of anomalies in
the scalar field. When comparing with "measured" average anomaly maps, it is
important to realize that in figure 7 the magnetic equator and geographic equator
coincide. East-west elongation of anomalies in figure 7 is equivalent to elongation of
anomalies in the direction of the magnetic equator in the usual average anomaly
map. It is clear that a definite tendency for east-west elongation occurs at and near
the equator. This trend decreases poleward. In order to be sure that this result is not
an accident of the particular set of random dipoles, it was repeated with several other
random sets of dipoles. All resulting maps showed the same characteristics.
This result shows that east-west striping is expected in scalar, r-, and O-component
anomaly maps and northeast-southwest and northwest-southeast striping in
O-component maps because of the geometry of the inducing field. It does not, of
course, prove that all such striping is from this cause.

4. Reduction and inversion of crustal anomaly data
The basic anomaly maps are only a starting point for interpretation. To increase their
usefulness, and to aid interpretation, they are often transformed to a common altitude
and to the anomalies that would be present if the Earth's field had the same inclination
everywhere (reduction to a common inclination.)
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Figure 6. Computed anomaly components at 400 km altitude from a point dipole induced
at the magnetic equator by an axial dipole inducingfield. The dipole is located at the centre
of the figure. (u) Radial component anomaly field, A,; (b) Theta component anomaly field,
Ao; (e) Phi component anomaly field, A~; (d) Anomaly field in field magnitude. Units are
nT. Contour interval is 2 nT.

4.1 Spherical harmonic models of main and crustal fields
In principle, the core and crustal field could be jointly represented by a spherical
harmonic analysis. To adequately represent Magsat data this would probably require
n* of between 50 and 70 in equation (1). Cain et al (1984) derived a spherical harmonic
model of degree/order 29. They show global maps, at 400km, representing the
contribution due to terms of the expansion above degree I3. These are similar to the
average maps derived in the usual way, except that their resolution is less and the
anomaly amplitudes are lower. In principle, if the expansion were carried to high
enough degree such a map would have the same resolution and anomaly strength as
the conventional maps with the additional advantage of being reduced to a common
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altitude. Schmitz et al (1989) have now devised a technique for deriving models of
still higher degree (n*/> 50), and anomaly maps for selected regions are included in
Cain et al (1989).
4.2 Equivalent source method
4.2a The general method: Dampney (1969) described a method for synthesizing
Bouguer gravity measurements on an irregular three-dimensional grid. The synthesis
consisted of a mathematical representation of the data in terms of discrete point
masses at some, arbitrary, fixed depth below the Earth's surface. Mayhew (1979)
adapted this method to the synthesis of magnetic anomaly data acquired by the
POGO satellites. In this method the satellite magnetic anomaly data are represented
by an array of dipoles at the Earth's surface. The dipoles are assumed to be aligned
along the direction of the Earth's main field, as determined by a spherical harmonic
model, and their magnitudes are determined so as to best reproduce the anomaly
data in a least-squares sense. Following Dampney, this is called an equivalent source
model. The resulting dipole moments can be converted to depth-integrated magnetization, provided the appropriate depth is known. Magnetization values (defined as
the magnetic moment per unit volume) were determined (Mayhew et al 1980; Mayhew
1982) under the assumption that the magnetic crust is 40km thick with constant
magnetic moment throughout this layer. Because the satellite altitude is large
compared to 40km, the anomalies computed from the equivalent source solution
depend directly upon the product of magnetization and layer thickness, i.e., if the
magnetization is doubled and the thickness halved, the computed anomaly will be
unchanged.
Working independentl3~, von Frese et al (1981) proposed the same method of analysis,
only applied to gravity as well as magnetic anomaly data.
Let
t

Ak.i = ~, hk.ijflj+ei,

i = l ..... n; k=1,2,3,

(23)

j=l

where Ak,i is the kth component of the anomaly field at the ith satellite position; flj
is the magnetic moment of the jth dipole; t is the number of dipoles in the solution;
hk. o is the geometric source function relating the jth source to the ith position, for
the kth component, ei are the errors due to instrument noise, field sources other than
anomalies, etc.
In the least squares procedure the {fit} are estimated by {hi} by minimizing
R =

Ak,~-k=li=l

hk.ijbj

,

(24)

j

where N is the number of data points. In matrix notation, the solution is of the form
b = [HrH-I-a H r A ,

(25)

where A is now a vector of all measurements, H is the matrix of source functions or
partial derivatives of the field with respect to the fl, fl is the vector of actual dipole
moments, and b is the estimate of ft. The superscript T denotes the transpose matrix.
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If a realistic solution covariance is to be computed, proper data weighting should be
included. If Vd is the data covariance matrix and W = V~- 1, then the solution becomes
b = [H r W H ] - 1Hr WA with covariance V~= [H r W H ] - t.

(26)

The geometric factors, hk,ij , c a n be determined by considering the magnetic field from
thejth dipole with moment flj, as given in equations (16)-(18). The appropriate values
for the components of I~ are now given by fl, = fl(,, flo = fl(o, and fl, = fl(,, where
(,=- sin/=-Z/B, (o=-coslcosD=--X/B,
and ( , = c o s l s i n D = Y/B, where
I, D, X, Y, Z, and B are the usual inclination, declination north, east, down, and
magnitude of the field at the location of the dipole.
For scalar anomaly fields the inversion is nonlinear. In this case the geometric
factors are taken from a linearization of the problem, such as equation (12).
4.2b Stability considerations: As part of their analysis of scalar data, Mayhew et al
(1980) examined the stability of the dipole solution as a function of dipole spacing.
Figure 8 (figure 3 from their paper) is a plot of the standard deviation, sd, as a function
of dipole spacing, for a portion of the P O G O data over North America9 Also shown
is the standard deviation of the fit. The parameter sd is seen to increase slowly as the
dipole spacing is reduced until, at about 2.7 ~, it begins to increase rapidly as the
dipole spacing is further reduced. At this same spacing, plots of the dipole moments
begin to exhibit an oscillatory instability in which adjacent sources take on alternating
large positive and negative values. Contours of the magnetic moments exhibit an
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Figure 8. Trade-off between standard deviation of fit of equivalent sourc~ magnetic anomaly
field and observed field vs "stability" of inversion as indicated by the standard deviation of
magnetization solution parameters. Optimal dipole spacing is taken to be about 2'7 ~. From
Maybew et al (1980).
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alternating bulls-eye pattern with no physical meaning. The authors conclude that
2.7 ~ is the optimal dipole spacing for the data over the United States.
When the equivalent source method is applied to regions within about 20 ~ of the
geomagnetic equator, extreme instability is present unless the dipole spacing is
increased significantly beyond 2.7 ~ Harrison et al (1986) concluded, from a study of
Magsat data, that a dipole spacing of 3"57~ was optimum for a region from 10~ south
latitude to 50 ~ north latitude in the Pacific Ocean. Their analysis used as data the 2 ~
average values from the Magsat map of Langel et al (1982b). The use of such widely
spaced average data lends stability to the solution. If the equivalent source fit were to
use the more closely spaced actual measured data points near the equator, even a
3-57 ~ spacing would result in excessive instability.
Langel et al (1984) used principal components analysis to overcome problems of
instability. In this method, an eigenvalue decomposition is carried out as part of the
original solution and the less significant eigenvectors are eliminated, i.e., set to the
null vector. The modified solution is then transformed back to the original solution
space. The decision as to which eigenvectors to eliminate is somewhat subjective.
As an alternative to principle components analysis, Lotter (1987) and von Frese
et al (1988) (see also Silva 1986) propose the use of ridge regression to overcome the
solution instability at the equator. Equation (26) is modified as follows (following
Hoerl and Kennard 1970a, b; Marquardt 1970; and see Lawson and Hanson 1974):
b = [ H r W H + 6I] - 1Hr W B ,

(27)

where 6 is a small positive number added to the diagonal of the matrix to stabilize
the solution. Hoerl and Kennard (1970a), Leite (1983) and von Frese et al (1988) give
criteria for choosing the value of 6. I is the identity matrix.
4.2c Uniqueness considerations: There are at least two fundamental sources of
non-uniqueness to be considered. The first has already been mentioned in w3.4, that
is, that the presence of the large field from the core effectively masks all crustal
anomalies below spherical harmonic degree 14. The core field probably also
contributes somewhat to degree 14 and perhaps 15. Meyer et al (1985, and references
therein) have indicated some of the consequences for interpretation of not knowing
the low-degree field, but more effort is needed. Johnson (1985) found that to make a
geophysically reasonable model of the anomaly over the Broken Ridge, he had to
revert to the profile data prior to removal of any linear trend. The along track trend
removal of the data for the average map has distorted the zero level of the average map.
A suggested approach to investigate the effect of not really knowing the longwavelength component (or the zero level) is as follows: as above, let A be the vector
of measured anomaly points, i.e., measurements of the anomaly field for degree greater
than 13; let H and b and fl be defined as previously. Let E be the vector of data
which would be measured at the same locations as the measurements of A, but
including all of the anomaly field; let ), be the true magnetization causing E, and g
the least squares estimate ofy. Then G = E - A = H0' - fl). An estimate of the error in b
resulting from neglecting G is given by
g - b = [ H T W H ] - 1Hr WG.

(28)
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To investigate the error from any given neglected long-wavelength field, compute the
long wavelength field at the points G~and substitute into equation (28). This procedure
will break down for wavelengths in G that are comparable to the size of the region
over which the equivalent source solution is applied.
The second source of non-uniqueness is inherent in the nature of the inverse problem.
If the magnetization distribution in the Earth is given by M(r'), then the potential at
r due to M(r') is (Jackson 1975)

Vo=-j

fV'" [M(r')].d3 r ,
J r - r'[

(29)

where the integral is taken over all of space. (This equals

vo-- _ ~ V"[M(r')] d3r, f M(r').dS
+Js ~
'
Jv Ir-r'l
where V is the volume confining the magnetization, and S is the surface of that
volume). Determining M(r') from measurements of Va(r) [or from measurement of
A(r) = - V Vo(r)] is a linear inverse problem of the form A = L(M), where L is a
linear operator. If a magnetization, It, exists such that it is non-zero and L(it)= 0,
then It is called an annihilator for the operator L (Parker 1977; Parker and Huestis
1974), or a member of the null space of L. If such a It exists and if M is a solution
to the inverse problem, then M + ~lg for any finite a, is also a solution to the inverse
problem. This means that the solution, M, is not unique. In practice the inverse
problem is discretized; e.g., in the equivalent source solution, the integral is converted
to a sum of contributions from individual dipoles. Typically, in the discrete formulation
there may be no annihilator even though there is in the true problem. In the magnetic
field case it is immediately clear from equation (29) that any magnetization, It, such
that V.jt = 0 everywhere, is a member of the null space of the problem. Runcorn
(1975) points out that, for a spherical cap, any magnetization which is in the direction
of any internally generated field and whose magnitude is proportional to the strength
of that internal field is such an annihilator. Harrison et al (1986), Harrison (1987),
and Hayling and Harrison (1986) compute magnetizations and then add t h e
magnetization due to some annihilator so as to obtain solutions that they consider
more realistic than the equivalent source solution alone. They note that the equivalent
source magnetizations are both positive and negative and that only positive
magnetizations should result from induction. Their suggested procedure is to add the
magnetization due to some annihilator until all resulting magnetizations are greater
than or equal to zero. This is a reasonable procedure, provided it is realized that the
solution is still not unique.
The existence of one or more annihilators means that a basic ambiguity exists in
magnetization solutions that can only be removed by using other geophysical
experience or data to restrict the solution.
4.2d Equivalent source results: When an anomaly map is reduced to a common
inclination of 90~ it is called "reduced to the pole". In such a map, a source has the
same signature at any latitude that it would have at the north geomagnetic pole. In
that case, the anomaly is centered over the source. Figure 9 shows a global reduced
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to pole map derived from data from the P O G O satellites, using the principal
components method to deal with instabilities.
If it is assumed that the thickness of the magnetic crust is constant over the entire
region, and that the magnetization varies laterally but not with depth, then contouring
the dipole moments gives the corresponding lateral variation of crustal magnetization,
called the equivalent magnetization. Such a map for the United States, adapted from
Mayhew (1982), is shown in figure 10. On this map are labelled some well-known
geologic features of the U.S. which have an apparent signature in the computed
magnetization. For example, the Colorado Plateau and Michigan Basin both
correspond to relatively high magnetization, while the Rio Grande Rift and Mississippi
Embayment, and its northward extension through the U.S., which is thought by many
to be a failed rift, are both reduced in magnetization. The Kentucky Anomaly shows
no apparent surface expression but does correspond to a positive gravity anomaly
due to either a thickening of the lower crust or an intrusion, as indicated by seismic
refraction data.
A magnetization map for India was derived by Negi et al (1986) using the same
technique.
4.3 Spherical harmonic analysis of residual fields
In a very innovative approach, Arkani-Hamed and Strangway (1985b) devised a
method to find a spherical harmonic expression for the magnetic susceptibility
corresponding to an anomaly map. Their assumptions were that: (i) anomalies are
from lateral variation of induced magnetization in a magnetic layer of constant
thickness (ii) induction is along the dipole component of the main field and, (iii) the
magnetic anomalies are determined along the dipole component. The third assumption
requires that M,/I M,I in equation (12) be replaced by b = - (2 cos 0~ + sin 00)/F, where
F = (1 + 3cos20) v2. Let the anomaly field A be taken as the negative gradient of a
potential function, Vo, and let
z = FAB,

(30)

V. = a~(a/r) lI+1( Vent COS m~) + V~ sin mrp)P.m(O),

(31)

lint

z = ~ (zentcos m~b + z~ sin m~b)P.m(O).

(32)

nnt

Then it is possible to find the relationship between the z.nt and the Vm

\ent]

( v:_,,ntj"

Let a be the volume magnetic susceptibility and P the magnetic dipole moment at
r 0, in the magnetic layer. Then
p = trBo
and

(34)
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where B0 = (a/ro)3g~ COS 0or + sin 0o0 ), the dipole component of the main field. If
a is expanded in terms of spherical harmonics
a = ~ (a~, cos m~ o + a~ sin mdPo)e~(Oo)

(36)

nm

and noting that
(1/Ir - r01) = ~(~o/rn+ t)(cos m~bcos m$o + sinmdpsinm$o)P~(Oo),

(37)

nnl

then substituting into (35) allows solving for

(V~m~=(4rcgO/'J,,an-l.~
v:.:

R2F

['tr~,+l.m'~-,

['tr~-l.m~ 1
"to:-,..)

(38)

The coefficients are given by

cn. = - (a/r) "+3 {3(n + 2)l(n + 1)2 - m21112}/{2n + 3},

(39a)

~ , = - (a/r)~+1 {(n + 1)(nz - m2)I/2}/{2n - 1},

(39b)

7n,~ = {3n[(n + 1)2 - m211/2}/{(2n + 1)(2n + 3)},

(39c)

6n,, = { ( n - 1)(n2 - m2)~/2}/{(2n + 1)(2n- 1)}.

(39d)

It is then possible to eliminate the Vm between equations (38) and (34). Arkani-Hamed
and Strangway (1985b) also point out that there is an inherent nonuniqueness in this
inverse solution of the type pointed out by Backus (1970). To overcome this, they
put the sectorial harmonics of the V,m and the am to zero. It should be noted that
the annihilator ambiguity applies to this method also. Using this technique, they
derived a susceptibility map under the assumption that the tr~ are independent of ro,
and they noted correlations with tectonic features.
4.4 Other methods
In a still different approach, Achache et al (1987) formulated a downward continuation
algorithm as an inverse solution of the external Dirichlet problem. The algorithm
reduces a discrete set of values of a function, such as the vertical component of the
magnetic field as measured by Magsat, which may be unevenly spaced and at different
altitudes, to a linear analytic expression of that function at any altitude. As in the
equivalent source method, the solution tended to be unstable near the geomagnetic
equator. Principal components analysis leads to a stable solution.
A local reduction to common altitude, but not to common inclination, was
accomplished by Nakagawa and Yukutake (1985) and Nakagawa et al (1985) by using
a rectangular harmonic analysis.
One other inversion scheme is worthy of note. Haines (1985a) developed a formalism
for representation of anomaly fields which solves Laplace's equation for a spherical
cap using associated Legendre functions of integral order but nonintegral degree.
Upward and downward continuation to other altitudes is then easily accomplished.
Haines (1985b) utilized data selected by Coles (1985) to derive maps for the northern
polar cap.
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5. Interpretation of satellite magnetic anomaly data
Frey (1982a, b) has shown that, on a global scale, there is a definite tendency for
anomalies detected at satellite altitude to be associated with large features such as
shields, platforms, subduction zones, (all with mainly positive anomalies), basins and
abyssal plains (with mainly negative anomalies) and to be bounded by "linear" features
such as sutures, rifts, folded mountains, and age province boundaries. At equatorial
latitudes these signs are reversed, unless the maps are reduced to the pole. It is not
difficult to see that such anomalies over these features make sense (e.g., Schnetzler,
1988). Positive anomalies over old continental shield probably occur because these
are areas of thick, cold crust; over subduction zones, because magnetic ocean crust
is penetrating into a relatively non-magnetic mantle; over ancient rifts, because marie
material has intruded into the base of the rift; over submarine plateaus because the
oceanic crust has been thickened. Negative anomalies over basins and abyssal plains
may be due to crustal thinning. Suture regions, where crustal blocks with different
characteristics has come together, might be expected to (and often do) have a magnetic
signature. These associations are illustrated in detail for Asia by Frey (1982b), for
Africa by Hastings (1982), for South America by Hinze et al (1982), and for India by
Achache et al (1987). When plotted on a reconstruction of Pangea (Frey et al 1983;
Galdeano 1983; von Frese et al 1986), the large-scale anomalies measured by satellite
show a remarkable correlation across rifted continental margins. This means that the
source of the longest-wavelength anomalies is pre-Cretaceous in origin and has gone
relatively unmodified since.
5.1 Rock properties
Ultimately, a magnetic anomaly map reflects the properties of the rocks in which the
magnetic field originates. Mayhew et al (1985) reviewed what is thought to be known
about the magnetic character of the rocks of the crust and upper mantle. The following
discussion relies heavily on their paper. Wasilewski et al (1979.) argue that the mantle
is non-magnetic relative to the crust. The basis for their argument is that in the crust
the dominant magnetic mineral is titano-magnetite, whereas the mineralogy of the
upper mantle consists of nonmagnetic chromium spinels and magnesium ilmenites.
In contrast, Haggerty (1979) has argued that serpentinized zones in the upper mantle
could be a source of long-wavelength magnetic anomalies, since the serpentinization
process can produce magnetic oxide as well as metallic phases with high Curie
temperatures. Mayhew et al (1985) point out that the magnetic phases described by
Haggerty have not been observed in mantle zenoliths, which they have studied in
detail, and that those phases would be expected to be unstable mineralogically and
mechanically.
Models of sources of long-wavelength anomalies, whether for continental crust
(e.g., Hall 1974; Krutichovskaya and Pashkevich 1977, 1979; Schnetzler 1985; see
Mayhew et al 1985, for other references) or oceanic crust (e.g. Hayling and Harrison
1986, and references therein) require large magnetizations. Near surface rocks do not
generally show such magnetizations. However, exposures of continental rocks
presumed to be of lower crustal origin have shown high magnetizations (Wasilewski
and Fountain 1982; Schlinger 1985). These considerations have led many researchers
to the conclusion that the sources of the long-wavelength anomalies measured by the
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satellite data are largely in the lower continental and upper oceanic crust. Further,
lack of evidence for a large NRM (natural remanent magnetization) in samples of
deep continental crustal rocks and experimental evidence that the acquisition of viscous
remanence (see, e.g., Mayhew et al 1985; Harrison 1987; and references therein) under
lower crustal temperatures and pressures may result in appropriate magnetizations,
have led many to the conclusion that VRM (viscous remanent magnetization) in the
lower crust is the primary source of the longwavelength anomalies. Johnson (1985)
concluded that VRM was necessary to account for the magnetic anomaly over the
Broken Ridge. Thomas (1987) proposed a model of magnetization of the oceanic crust
in which viscous and induced magnetization are the main sources of the long
wavelength anomalies seen in satellite data. For the northern Atlantic, Labrecque
and Raymond (1985) have shown that the Cretaceous quiet zones, as usually included
in models of sea floor spreading anomalies, are adequate to explain the Magsat data.
5.2 The magnetic layer
The implications of the discussion of the last section are that the magnetic layer
responsible for long-wavelength anomalies is bounded on the bottom either by the
Moho or by the Curie isotherm, whichever is shallower. It is recognized that this
boundary need not be sharp. As a rule of thumb, then, "old" crust which has not
experienced recent metamorphism or temperature changes will tend to have the Moho
as magnetic bottom. On the other hand, "younger" crust, which may still be undergoing
cooling, will tend to have the Curie isotherm as magnetic bottom, If the Curie isotherm
is the magnetic bottom, then an inverse relation should exist between heat flow and
long-wavelength magnetization variations. Such a relationship was shown to exist in
the western U.S. by Mayhew (1982, 1984, 1985), who used the relationship to infer
gross heat flow in regions where heat flow measurements were absent. Phillips and
Brown (1985) derived a magnetic model of the Ahaggar volcanic province, North
Central Africa, assuming an elevated Curie isotherm. They were testing the hypothesis
that the anomaly so produced would be elongated due to motion of the African plate.
The measured anomaly was in agreement with this model; whereas, the anomaly was
not consistent with a model assuming no plate motion.
If sufficient seismic data are available, it is possible to estimate the thickness of
the lower crust. Then if it is assumed that the lower crust is the source of the
long-wavelength anomalies, it is possible to convert the relative magnetization map
for a constant thickness crust, derived from an equivalent source solution, to a map
of depth-integrated magnetization for the estimated thickness of the magnetized layer.
Schnetzler and Allenby (1983) performed this calculation using POGO data and
Schnetzler (1985) did so with Magsat data. These calculations included the addition
of an annihilator magnetization so that the final magnetizations were all positive.
The resulting average magnetization is 3.45 + 1-0A/m, consistent with previous
estimates. The annihilator non-uniqueness remains present in all such calculations.
Arkani-Hamed and Strangway (1985c) noted that most of the sedimentary basins
overlaying younger crustal rifts, e.g., aulacogens associated with the rupture of
Gondwana, are low magnetization areas while most of those overlaying old crustal
rifts are high magnetization areas. They suggest that this is accounted for in terms
of an intrusion from the mantle. In the early stages of the intrusion, the Curie isotherm
in the region will be elevated, the intrusive material will be hot and its temperature
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above the Curie isotherm, and the result should be a negative magnetic anomaly. On
the other hand, after the intrusion has cooled, the remaining body, differentiated from
the mantle, may well be highly magnetic. The Curie isotherm is now much deeper,
and the result should be a positive magnetic anomaly. Clearly, at some intermediate
stage the anomaly will be zero. The Bangui (Central African Republic) (Regan and
Marsh 1982), Kentucky (USA) (Mayhew et al 1982, 1985), and Kursk (USSR) (Taylor
and Frawley 1987) anomalies all require high magnetization in forward-modelling
and are probably due to old intrusions which have cooled. In the case of Kentucky,
the aeromagnetic data furnish the information that there are several intrusions which
cannot be resolved in the satellite data. Interpretation of the Kentucky anomaly, in
particular, was aided by constraints from gravity and seismic data. The younger
Amazon river and Takatu aulacogens, in northeastern South America, were modelled
by Longacre et al (1982), based on a reduced to pole map derived by Hinze et al
(1982). These were associated with negative magnetic anomalies.
5.3 Forward modelling
This is essentially a trial-and-error method, constrained by prior geologic and
geophysical information and guided by prior experience with magnetic data. That
experience might include relative magnetizations from inverse (i.e. equivalent source)
modelling. Magnetic data alone do not provide enough constraints to derive a unique
geophysical model, but some of the nonuniqueness can be remoVed .by applying
constraints from other geophysical data. Also, forward modelling works best for
isolated well-defined anomalies, with relatively discrete sources. Software lbr forward
modelling using a spherical Earth, rather than the usual flat Earth assumptions, has
been developed and applied by yon Frese et al (1981, 1982) Hinze et al (t982), and
Longacre et al (1982).
Ruder and Alexander (1986) used Magsat data together with other data to model
a magnetic low in the southeastern U.S. They found no evidence for either a thin
crust or for high heat flow and so attributed the magnetic low to rock composition
with very low magnetic susceptibility.
For the oceans, forward models, include several subduction zones (Clark et al 1985;
Vasicek et al 1988; Counil and Achache 1987) oceanic plateaus (Frey 1985, 1987;
Bradley and Frey 1988) and the entire North Atlantic (LaBrecque and Raymond
1985). The subduction zone models indicate that the major anomaly source is the
contrast between the downgoing slab of cold oceanic crust and the hot, non-magnetic
mantle. Counil and Achache (1987) found that discontinuities in the magnetic
anomalies corresponded to variations in seismicity and concluded that the slab was
fractured by tear zones in which the crushing of the material and chemical leaching
from increased hydrothermal circulation caused decreased magnetization. Forward
models of oceanic plateaus have indicated a distinction in the nature of their crust,
e.g., thickened oceanic crust for the Ontong-Java Plateau (Frey 1987) but continental
crust for the Lord Howe Rise (Frey 1985).
LaBrecque and Raymond (1985) demonstrated that the Magsat anomaly pattern
over the North Atlantic can be explained as arising from the magnetization distribution
due to the seafloor spreading process. The best agreement is obtained if it is assumed
that the crustal magnetization is more intense in the Cretaceous quiet zones. In a
further examination of the data (Raymond and LaBrecque 1987), they concluded that
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chemical remanent magnetization (CRM) accounts for a large percentage of the bulk
magnetization of older hasalts. Their model accounts for amplitude and skewness
discrepancies between the satellite data, and also sea-surface magnetic data, and the
usual seafloor spreading magnetization distribution.
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