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Abstract Observations of the Earth’s magnetic field from low-Earth orbiting (LEO) satel-
lites started very early on, more than 50 years ago. Continuous such observations, relying on
more advanced technology and mission concepts, have however only been available since
1999. The unprecedented time-space coverage of this recent data set opened revolutionary
new possibilities for monitoring, understanding and exploring the Earth’s magnetic field.
In the near future, the three-satellite Swarm constellation concept to be launched by ESA,
will not only ensure continuity of such measurements, but also provide enhanced possibili-
ties to improve on our ability to characterize and understand the many sources that produce
this field. In the present paper we review and discuss the advantages and drawbacks of the
various LEO space magnetometry concepts that have been used so far, and report on the
motivations that led to the latest Swarm constellation concept. We conclude with some con-
siderations about future concepts that could possibly be implemented to ensure the much
needed continuity of LEO space magnetometry, possibly with enhanced scientific return, by
the time the Swarm mission ends.

Keywords Low earth-orbiting satellites · Magnetic field modeling · POGO · Magsat ·
Ørsted · SAC-C · ST-5 · CHAMP · Swarm

1 Introduction

Prior to the satellite era, only ground-based magnetic observations were available for model-
ing the Earth’s magnetic field, and this was a serious limitation because of the finite number
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Fig. 1 Distribution of present ground observatory network (left) and ground-track of 3 days satellite data
(right)

of permanent magnetic observatories (Fig. 1 left). As Low-Earth-Orbiting (LEO) satellites
can quickly provide a much better geographical coverage than ground observatories (Fig. 1
right), the community was therefore quick to realize that magnetic measurements from space
could be made at good use to overcome this limitation. Indeed measurements of the Earth’s
magnetic field from space began very early on, some 50 years ago, with the launch of the
Sputnik 3 satellite in 1958 (Dolginov et al. 1962). But for various technical reasons, these
early measurements were of low resolution and only provided regional coverage. Truly
global geographical coverage, which is essential for determining global models of the geo-
magnetic field, was first achieved by the POGO satellite series that measured the magnetic
field intensity between 1965 and 1971 (Cain 2007). Unfortunately it was soon realized that
such intensity measurements did not provide enough information to recover robust global
models of the geomagnetic field (Backus 1970). Properly oriented vector measurements are
required. This much more challenging task was first achieved in 1979–80 by the Magsat
satellite, with considerable success (Purucker 2007). More recently, the launch of Ørsted in
February 1999 (Neubert et al. 2001; Olsen 2007), CHAMP in July 2000 (Reigber et al. 2002;
Maus 2007a) and SAC-C in November 2000, opened revolutionary new possibilities, by pro-
viding a continuous stream of high quality (and mainly vectorial) data ever since, leading to
many further scientific achievements. It is expected that even more achievements will soon
be made, thanks to the ESA Swarm mission, consisting of three satellites to be launched in
2012 into an innovative constellation (Friis-Christensen et al. 2006, 2009).

But even with the help of such satellites, the challenge of recovering high-precision
global models of the geomagnetic field remains formidable. The main reason for this is
that the magnetic field measured locally in an observatory or on board a satellite is the result
of the superposition of fields produced by many different sources, with overlapping spa-
tial and temporal scales (Fig. 2). The main source lies within the core, where the so-called
“geodynamo” operates. At the Earth’s surface and above, it produces a field which is dom-
inantly dipolar. But this so-called “core field” also involves many other spatial scales, of
decreasing magnitude as smaller scales are considered. It evolves on secular to decadal time
scales, its shortest time scales (of less than typically a year) being screened by the slightly
electrically conducting mantle that it must permeate to reach the Earth’s surface. This field
is not the only one produced within the solid Earth. Magnetized rocks indeed lie within
the lithosphere (where the temperature is low enough for significant magnetization to be
found). The distribution of this magnetization (both remanent and induced by the core field)
is the complex result of the tectonic history of the lithosphere, and this produces a field with
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Fig. 2 Sketch of the various sources contributing to the near-Earth magnetic field

roughly comparable magnitudes at all geological spatial scales. At or close to the surface,
this so-called “lithospheric field” is weaker than the core field when large scales are con-
sidered, but ultimately dominates the field of internal origin when smaller scales (typically
less than a few thousand of kilometers) are considered. It too changes with time, but so
weakly that these changes cannot yet be detected (except very locally, when new volcanic
rocks settle, for instance). Weak magnetic field sources can also be found in the oceans as
a result of the movement of the electrically conducting water in the core field. Other very
significant sources are to be found starting at altitude 100 km above the Earth’s surface.
These produce the so-called field of external origin, and are to be found in the form of
electrical currents coupling and flowing within the ionosphere and the magnetosphere. The
corresponding fields involve both very large (planetary, especially for the magnetospheric
field), and much smaller (local) spatial scales. It has some slowly changing components (for
instance those related to the 11-year solar cycle), but mainly changes on much shorter time
scales (typically days and less) than the field of internal origin. Finally, these fields also in-
duce weak, but significant, electrical currents within the solid Earth, which in turn produce
some so-called externally induced internal fields. A more detailed account of these various
sources can be found in e.g. Olsen et al. (2010b), and recent reviews providing even more
information about the fields produced can be found in e.g. Hulot et al. (2007), Jackson and
Finlay (2007), Hulot et al. (2010), Finlay et al. (2010) for the core field, Purucker and Whaler
(2007), Thébault et al. (2010) for the lithospheric field, Manoj et al. (2006), Maus (2007b),
Kuvshinov (2008) for the field produced within the oceans, Kivelson and Russell (1995),
Kelley (2009) for the field of external origin, and Constable (2007), Kuvshinov (2008) for
externally induced internal fields.

As a consequence of this multiplicity of sources and magnetic fields, a number of specific
issues have to be taken into account which still somewhat limit the advantage of measuring
the magnetic field from space. Using LEO satellite data is indeed not technically as simple
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as using observatory data. First, whereas observatories are at fixed locations, so that any
changes observed in magnetic observatories can unambiguously be associated with time
changes in the observed magnetic field, satellites keep on moving, with a velocity of typi-
cally 8 km/s at an altitude of 400 km, so that changes observed in the satellite data are the
result of a combination of temporal and geographical changes in the field measured. This
results in space-time-aliasing that needs to be disentangled. Second, whereas observatories
measure the field in an essentially source free region (the electrically non-conductive at-
mosphere), satellites orbit in regions of the ionosphere where local electrical currents are
to be found (recall Fig. 2). This requires a different way of mathematically representing the
field and introduces additional issues. Finally, measuring the magnetic field from an alti-
tude of a few hundred kilometers, as is the case with LEO satellites, corresponds roughly
to averaging the field produced by internal sources over an area of this dimension, thereby
reducing the sensitivity of satellite data to the field produced by lithospheric sources with
spatial scales of less than a few hundred kilometers.

Various near-Earth environment space magnetometry concepts have nevertheless been
developed to overcome these limitations over the past decades, with the main (but not
only) goal of improving our ability to recover the field of internal origin (i.e. the core
and lithospheric fields). In the present paper, we will provide a general overview of the
way these concepts have evolved since the early days of the POGO satellite series, pro-
gressively leading to the latest concept proposed for the ESA Swarm satellite constella-
tion soon to be launched. Describing all aspects of this evolution is however not within
reach of such a necessarily limited review. In particular, most of the methodological
progress that has been made in parallel to the introduction of new satellite concepts will
not be described in detail. Reports on these progress and currently developing methodolo-
gies can be found in many books and reviews, such as e.g. Langel (1987), Langel and
Hinze (1998), Sabaka et al. (2004, 2010), Sabaka and Olsen (2006), Hulot et al. (2007,
2010), Thébault et al. (2010), Gillet et al. (2010), Olsen et al. (2010a). Also, even though
these progress have led to some improvement in the recovery of the field of external ori-
gin, the identification of local sources at LEO satellite altitude (e.g. Lühr et al. 2002;
Maus and Lühr 2006; Stolle et al. 2006; Sabaka and Olsen 2006), as well as in the
investigation of externally induced fields from space (e.g. Kuvshinov and Olsen 2006;
Kuvshinov 2008), those aspects will not be discussed in any detail, as much of the evo-
lution in the near-Earth environment space magnetometry concepts has mainly be driven by
considerations on the improvement of the recovery of the field of internal origin.

To illustrate this evolution and the motivations that drove it, we will therefore mainly
rely on fairly simple LEO mission simulations, ignoring all external, oceanic and externally
induced internal sources, and even ignoring the fact that the field of internal origin is slowly
time-varying. This will allow us to rely on a simple first order method to assess the relative
performances of various satellite concepts with respect to the recovery of the field of inter-
nal origin (Sect. 2). This method will be applied to various near-Earth environment space
magnetometry concepts (Sects. 3 and 4), successful examples of which will also be briefly
presented (Sect. 5). Those assumptions are extremely simplifying, and as described in the
above-mentioned references, actual field modeling strategies have of course accounted for
what will be ignored here. These aspects will nevertheless briefly be mentioned whenever
necessary. This will be the case in particular when we will report on the much more elab-
orate simulations that have been carried out in the course of the preparation of the Swarm
satellite constellation mission (Sect. 6). Finally, ideas and concepts for satellite missions af-
ter Swarm will be briefly mentioned in Sect. 7. A “timeline” presenting the various satellite
missions that are of relevance for modeling the Earth’s magnetic field is presented in Fig. 3.
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Fig. 3 Timeline of the various high-precision satellite missions

2 Assessing the Relative Performances of Satellite Concepts

In regions without any sources, such as the neutral atmosphere, the magnetic field B = −∇V

can be expressed as the negative gradient of a scalar potential V which solves the Laplace
equation ∇2V = 0.

Expanding V in a series of spherical harmonics leads to

V = V int + V ext

= a

Nint∑

n=1

n∑

m=0

(
gm

n cosmφ + hm
n sinmφ

)(a

r

)n+1
P m

n (cos θ) (1a)

+ a

Next∑

n=1

n∑

m=0

(
qm

n cosmφ + sm
n sinmφ

)( r

a

)n

P m
n (cos θ) (1b)

(Chapman and Bartels 1940; Langel 1987), where r, θ,φ are geocentric spherical coordi-
nates, a is a reference radius (typically Earth’s mean radius a = 6371.2 km is used), P m

n

are the associated Schmidt semi-normalized Legendre functions, Nint is the maximum de-
gree and order of the internal potential coefficients gm

n ,hm
n , and Next is that of the external

potential coefficients qm
n , sm

n . These coefficients are known as the Gauss coefficients.
Modeling the geomagnetic field from ground data then consists in recovering estimates of

the Gauss coefficients from the data. The set of recovered gm
n ,hm

n Gauss coefficients defines
a model of the field of internal origin, while the set of recovered qm

n , sm
n Gauss coefficients

defines a model of the field of external origin. To account for the fact that both fields vary in
time, various temporal representations of these coefficients can of course be used.

One very important property of this mathematical representation of the geomagnetic field
is that in principle, provided perfect vector measurements can be made everywhere at the
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Earth’s surface at each given moment, all Gauss coefficients can be recovered in an unique
way. Also, once those coefficients have been recovered, they may next be used to com-
pute the field of internal origin anywhere above, and the field of external origin everywhere
below, where their respective sources lie (see e.g. Sabaka et al. (2010) where most of the
mathematical representations and theorems we will rely on or mention in the course of this
paper, can be found). Unfortunately, because of the limited number of observatories avail-
able at the Earth’s surface (recall Fig. 1 left), only the largest scales of these fields (i.e. the
Gauss coefficients with order m and degree n lower than, say, 8) can be recovered from
observatory data. Hence the potential benefit of relying on the much denser geographical
coverage provided by LEO satellites.

However, analyzing magnetic data from LEO satellites requires some care, in particular
because they do not orbit in the neutral atmosphere, but in the F-region of the ionosphere
(recall Fig. 2). Some of the ionospheric field with sources in the E-region, of external origin
from the point of view of observatories, are perceived as being of internal origin by LEO
satellites. In addition, local currents to be found in the F-region can produce local “toroidal”
fields that cannot be represented in terms of the formalism of (1). This is the case of so-called
field-aligned currents (FAC), i.e. currents coupling the magnetosphere to the ionosphere and
flowing along the direction of the field-lines of the ambient main magnetic field.

There are several ways one can deal with these complications (see e.g. Hulot et al. 2007;
Sabaka et al. 2010 for details and additional references). One is to introduce a more elab-
orate mathematical description of the field produced at satellite locations, which can be
related to the mathematical description of the field produced at observatory locations (see
(1)). This makes it possible to simultaneously model the field of internal origin, the E-region
ionospheric field (seen as internal by the satellites, but as external by the ground observato-
ries), the local toroidal field sensed by the satellites in the F-region, the magnetospheric field
(seen as external by both satellites and observatories), and even the externally induced fields.
This approach, known as the “Comprehensive Modeling” (CM) approach (see e.g. Sabaka
et al. 2004) also makes it possible to take the temporal variations of the various fields into
account, despite the fact that the satellites keep on moving.

An alternative approach, often taken for the purpose of specifically recovering the field
of internal origin, is to rely on the selection of satellite data least affected by the field of
external origin (such as at night time, when ionospheric currents are weakest), and model
the field with the help of (1), where only a few unavoidable external field terms are kept to
describe the ever present large-scale magnetospheric field. As field-aligned currents are also
always present at high (auroral) latitudes, but happen to much less affect the intensity than
the full vector satellite data, this approach also usually involves only using intensity data
at high (magnetic) latitude (for one of the simplest example of such an approach, see e.g.
Olsen et al. 2000).

In what follows, and for the purpose of illustrating the relative performance of the various
satellite concepts, it is mainly simulations inspired by this second type of approach that we
will rely on. Only in the case of the more elaborate discussion of the Swarm mission in
Sect. 6, will we present simulations based on a CM type of approach.

To assess the performance of the different satellite orbit configurations, we thus synthe-
size satellite positions for circular orbits of a certain inclination i (where i = 90◦ corresponds
to an exactly polar orbiting satellite, i.e. an orbit that crosses the geographic poles). For each
case, 10,000 satellite positions are synthesized, which corresponds to one week worth of
continuous satellite data of 1 min sampling rate (a typical value in field modeling), or to
two weeks of data if only one half of each orbit (for instance the night-side part) are taken.
We assume that the observations only contain internal field contributions (i.e. that external
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field contributions either have been corrected for or are absent because only certain selected
data are used) and is static (which is perfectly legitimate when considering only one or two
weeks of data).

The goal of field modeling is then to estimate the Gauss coefficients gm
n ,hm

n of internal
origin (see (1)) from magnetic field observations, which can either be the components of the
field vector or magnetic field intensity. For this purpose we collect the unknown Gauss coef-
ficients (model parameters) gm

n ,hm
n in the model vector m and the data (which may comprise

of vector and/or scalar intensity observations) in the data vector d. In the case of vector data
alone, there is a linear relationship between observations d and model unknowns m:

d = Gm (2)

with G as the data kernel matrix. Assuming identical data errors (variance σ 2
d ), the model

vector m can be determined as the least-squares solution

m = (
GT G

)−1
GT d (3)

and the covariance matrix of the model parameters is given by

C = σ 2
d

(
GT G

)−1
. (4)

The diagonal elements of C are the variances σ 2
g of the estimated Gauss coefficients gm

n ,hm
n .

Note that in this linear case (and for assumed equal data errors) the model covariance
matrix C is independent on the actual magnetic field measurements d; its computation only
requires knowledge on the satellite positions (and the type of measurements, for instance
which vector field components are measured). Maps of σ 2

g in dependence on spherical har-
monic degree n and order m of the Gauss coefficient therefore only depend on the geometry
of the orbit. They can thus be used to investigate how well, in relative terms, the internal
magnetic field can be determined from a given satellite configuration, independently of the
exact performance of the instruments on board the satellites.

If measurements of the magnetic field intensity are also (or only) used for field modeling,
a situation we will also consider, the relationship between data vector d and model unknowns
m becomes non-linear:

d = G(m), (5)

and the situation is slightly different.
But we may then rely on the standard strategy used to solve this equation, which is based

on a linearization using a starting model m0. The resulting equations are similar to (2) to (4),
except that the data kernel matrix G now depends on the model m, and (3) has to be solved
iteratively. As a result, the model covariance matrix C, equation (4), then also depends on
the geometry of the magnetic field. But since the Earth’s magnetic field at or above the
surface is dominated by the dipole field, choosing the first terms of a spherical harmonic
expansion of the present field as starting (background) model m0, is sufficient to recover a
reasonably realistic estimate of the covariance matrix C corresponding to a given satellite
configuration. The simulations described below have been performed using the OIFM field
model (Olsen et al. 2000) up to degree and order 13 as such a starting model. A map of the
radial component Br predicted by this model at the Earth’s surface is shown in Fig. 4.

In what follows, we will rely on such covariance matrix calculations to illustrate the
relative merits of the various satellite concepts we investigated.
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Fig. 4 Br (in nT) predicted by the OIFM model (Olsen et al. 2000) up to degree and order 13 at the Earth’s
surface for epoch 2000.0. Contour interval is 10,000 nT

3 Single Satellite Concepts

We first consider the simple case of 10,000 magnetic vector measurements taken at all lati-
tudes by a satellite in a circular polar orbit (inclination i = 90◦) at altitude 450 km.

For this case, Fig. 5a shows the dependence of σ 2
g on spherical harmonic degree n and

order m (we only present coefficients up to n = 40), with m ≥ 0 referring to the coefficients
gm

n and m < 0 referring to hm
n . Since the absolute value of σ 2

g is proportional to the data
variance σ 2

d we discard this dependence and present the relative value of σ 2
g on an arbitrary

scale which, however, is the same for all the cases presented in Fig. 5.
Under the (highly idealistic) conditions described above, a very good recovery of the

Gauss coefficients is clearly possible. Best resolved are the low-degree coefficients. There is
a slight degradation towards higher degrees, which is expected: In the case of an equal-area
distribution of data an approximate analytic solution exists (Langel 1987, eq. (124)) with
variances σ 2

g of the obtained Gauss coefficients proportional to (n + 1)−1. This explains the
increase of the variance with degree n that is obvious from Fig. 5a.

We now turn to a more realistic scenario. As already noted, the first satellites to ex-
tensively map Earth’s magnetic field only measured the magnetic field intensity. Unfortu-
nately, and as first explicitly demonstrated by Backus (1970) (see also Alberto et al. 2004;
Sabaka et al. 2010), a unique determination of the magnetic field from just intensity mea-
surements is not systematically guaranteed, even if such measurements are ideally assumed
to be available at all locations (at one specific altitude). In practice however, when one relies
on a finite number of intensity data and just searches for a finite number of Gauss coef-
ficients, some practical uniqueness can be achieved, and the underlying fundamental non-
uniqueness issue then translates into an extreme sensitivity of certain Gauss coefficients to
any observational (or modeling) error. This effect, known as the Backus effect (or sometimes
also the perpendicular effect, see e.g. Lowes 1975), particularly affects the sectorial coef-
ficients gn

n,h
n
n of the recovered field. This is well illustrated in Fig. 5b, which shows the

σ 2
g variances of the model covariance matrix C in the case of a simulation based on 10,000

measurements at the same locations as in the previous case, but only for intensity values,
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Fig. 5 (a): Variance of the recovered internal Gauss coefficients from 10,000 data points of the vector com-
ponents obtained by a polar orbiting satellite at 450 km altitude. (b): Similar to (a) but using only magnetic
field intensity data. (c): Difference in Br at ground between original and recovered model when only mag-
netic intensity measurements are available (see text for details). (d): Similar to (a) but using only intensity
data at latitudes poleward of ±60◦ , else vector data. (e): Similar to (d) but for a satellite in a near-polar orbit
of inclination i = 97◦
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assuming the same arbitrary error on all measurements. The nuisance introduced by this
Backus effect can also be illustrated by plotting the difference between a model computed
from vectorial data and a model computed from intensity data taken at exactly the same
locations (as was originally done by e.g. Stern et al. 1980), or by plotting the difference
between the field produced by our starting model (the OIFM model up to degree 13, Fig. 4),
and the field recovered from inverting the intensity measurements produced by this starting
model at the 10,000 locations. Just inverting for a different number of Gauss coefficients
(up to degree and order 50 in the present case) can lead to considerable differences, even
in the case of noise-free data (Fig. 5c). The difference in the radial component of the field
(Br ) at the Earth’s surface can reach several thousands of nT, in large patches centered on
the magnetic equator (where the field averages to typically 30,000 nT).

Finding ways of avoiding this Backus effect is intrinsically related to finding ways of
removing the fundamental non-uniqueness problem associated with it. This can be achieved
if in addition to knowing the field intensity, one knows something about the location of the
magnetic equator (Khokhlov et al. 1997). Even approximate information can prove useful
(Ultré-Guérard et al. 1998; Khokhlov et al. 1999), and this has led to some smart ways of
minimizing the Backus effect, even when relying on intensity-only satellite data. Because
these data can also be used to detect the local magnetic signature of the so-called Equatorial
Electrojet (a narrow electrical current running along the magnetic equator in the E-region of
the ionosphere), the location of this equator can indeed be pinpointed every time the satellite
crosses the magnetic equator. As shown by Holme et al. (2005), localizing the magnetic
equator in this way, and taking advantage of this additional information when inverting for
a field model from just intensity data, can successfully remove much of the Backus effect.
However, one should notice that knowledge of the position of the dip-equator only helps
if there are no significant external (e.g. magnetospheric) field contributions. In addition, it
should be stressed that relying on such a strategy is far less efficient than having directly
access to full vector measurements, even with relatively low pointing accuracy (see e.g.,
Holme and Bloxham 1995, 1996).

Unfortunately full LEO satellite vector data cannot be taken advantage of as straight-
forwardly as we did to derive the results shown in Fig. 5a. As already noted, significant
contributions from field-aligned currents are always to be found in the vector data measured
at high auroral latitudes. Standard approaches based on data selection to recover the field of
internal origin (as opposed to the more sophisticated CM approach), thus rely on scalar data,
which are much less affected by those field-aligned currents, at latitudes polewards of, say,
±60◦ dipole latitude or so. Note that these latitudes are distant enough from the magnetic
equator that the retained low latitude vector data implicitly provide the location of the mag-
netic equator, thus preventing the Backus effect from arising. Indeed a simulation that uses
vector data at latitudes below ±60◦ but scalar data at higher latitude (Fig. 5d) nicely shows
that the quality of the recovery is very similar to that of the ideal case when vector data are
used at all latitudes (Fig. 5a).

All single satellite concepts considered in the above simulations assumed the satellite to
be in an exact polar orbit (inclination i = 90◦). Achieving such an orbit is however very
difficult and in practice all satellites have had orbits with an inclination different from 90◦.
This results in the satellites not covering a region around the geographic poles of half-angle
|90◦ − i| (the polar gap). For the satellites that are commonly used in field modeling this
angle varies between |90◦ − 87◦| = 3◦ and |90◦ − 97◦| = 7◦. Figure 5e shows the result of
a simulation that is similar to the one presented in Fig. 5d but for a satellite with orbital
inclination i = 97◦. Such an orbit clearly results in a degradation of the recovery of the
near-zonal coefficients (m ≈ 0). Since only spherical harmonics of order m = 0 contribute
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to the magnetic field at the geographic poles, it is obvious that a lack of data near the poles
results in poorer resolution of these coefficients. Note however that these coefficients can
nevertheless be recovered as a result of the potential nature of the field of internal origin,
which leads the data collected by the satellite at high latitudes to also have a contribution
from sources within the polar gap.

4 Gradient Concepts

An obvious way to possibly improve on the performances of single-satellite mission con-
cepts is to consider concepts based on two close-by orbiting LEO satellites. Such concepts
would not only allow to double the amount of data collected during a given period of time,
they would also make it possible to compute gradient estimates of field components, which
can be expected to improve the retrieval of the high-degree coefficients of the field of in-
ternal origin. Such concepts have indeed been very successful in the case of gravity space
missions, such as GRACE (Tapley et al. 2004) and GOCE (Drinkwater et al. 2003). Op-
timal spacecraft separation for deriving the gradients however depend on signal spectrum,
instrument resolution, and on the smallest scales that should be resolved during the mission.

We first consider the potential benefit of making use of the East-West gradient of the
magnetic field. For this purpose, we introduce the complex form of the spherical harmonic
expansion of the field of internal origin,

V int = a

Nint∑

n=1

n∑

m=0

(a

r

)n+1
γ m

n P m
n eimφ, (6)

where γ m
n = gm

n − ihm
n . The difference of the magnetic field vector measured by two satel-

lites flying simultaneously with a longitudinal separation �φ is then �B = B(r, θ,φ) −
B(r, θ,φ + �φ) = −Re{∇ �V }, where �V is a spherical harmonic expansion with coeffi-
cients

�γ m
n = γ m

n

(
1 − eim�φ

)
(7)

and Re{·} indicating that only the real part has to be taken (as done so far we again ignore the
field of external origin). Hence by analyzing the difference of the magnetic field measured
by two such satellites the Gauss coefficients γ m

n are multiplied by some filter factors with
filter gain |(1 − eim�φ)| = √

2(1 − cosm�φ). For small values of �φ this quantity becomes
|(1 − eim�φ)| ≈ m�φ, which indicates that knowledge of the East-West gradient of the
magnetic field improves the determination of Gauss coefficients of high order.

Figure 6a shows the filter gain for three different values of longitudinal separation, �φ,
of the satellites (both assumed to be on perfect circular polar orbits at 450 km altitude). If
we for instance aim at recovering the field of internal origin up to spherical harmonics of
degree and order 133 corresponding to a spatial scale of 300 km (the goal of the upcoming
Swarm satellite constellation, see Sect. 6), the optimal longitudinal separation is �φ ≈ 1.4◦.
The result of a simulation again using 10,000 observations (by each of the two satellites)
to simulate the recovery of 10,000 East-West differences of the magnetic vector for such
a separation is shown in Fig. 6b. This figure confirms that coefficients with high order are
indeed better recovered with such a mission concept than with single-satellite mission con-
cepts (recall Fig. 5a, in particular). Note however that Fig. 6b also shows that (as could
have been expected from (7)) only relying on East-West differences of the magnetic vector
does not make it possible to determine the zonal terms (m = 0). This issue can however be
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Fig. 6 (a): Relative sensitivity of the East-West magnetic difference versus spherical harmonic order m, for
three different longitude separations, �φ. (b): Variance of the recovered Gauss coefficients when a �φ = 1.4◦
longitude separation is assumed between two close-by polar orbiting satellites (both at 450 km altitude)
(c): Relative sensitivity of the radial magnetic difference versus spherical harmonic degree n, for three dif-
ferent radial separations, �r . (d): Variance of the recovered Gauss coefficients when a �r = 50 km altitude
separation is assumed between two close-by polar orbiting satellites (the lower satellite being at 450 km al-
titude). (e): Variance of the recovered Gauss coefficients when a �θ = 3.8◦ latitude separation is assumed
between two trailing polar orbiting satellites (at 450 km altitude)
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circumvented by also making use of the individual vector measurements made by each of
the two satellites, in addition to their East-West differences. Thus, smartly combining the
advantages of a single satellite concept with the advantages of an East-West two-satellite
gradient concept can lead to a much improved recovery of the field of internal origin. Such a
possibility will be illustrated in more detail in Sect. 6, when discussing the upcoming Swarm
satellite constellation.

Two other close-by LEO satellite concepts can also be envisioned. Similar to what
was done in (7) for the East-West gradient of the magnetic field, it is for instance pos-
sible to investigate analytically the advantage of knowing the radial magnetic field gradi-
ent: The difference of the magnetic field at two satellites separated by �r in altitude is
�B = B(r, θ,φ) − B(r + �r, θ,φ) = −Re{∇ �V } which yields

�γ m
n =

(
1 −

(
r

r + �r

)n+2)
γ m

n . (8)

For small radial distances (�r � r) the filter gain is 1− ( r
r+�r

)n+2 ≈ (n+2)�r
r

demonstrat-
ing that the radial gradient is sensitive to Gauss coefficients of higher degree n. The filter
gain for various values of altitude separation as a function of spherical harmonic degree n

is presented in Fig. 6c (the lower altitude satellite being at 450 km altitude), and the results
of a simulation for a separation of 50 km is shown in Fig. 6d. This figure confirms that such
a mission concept could also indeed improve on single-satellite mission concepts (recall
Fig. 5a, in particular). However, it is important to note that such a concept would require a
very significant difference in altitude between the two satellites, raising practical orbital is-
sues. Two such freely orbiting satellites would indeed not orbit at the same speed, leading to
significant drift in latitude between the two satellites, ruining the whole mission concept, un-
less fuel-costly orbital corrections are regularly implemented throughout the course of such
a mission. Other options could be to rely on a (often considered perilous) tethered concept
(as already proposed by e.g., Merayo et al. 1998 but never implemented), or a “cartwheel”
configuration (e.g., Wiese et al. 2009), which would however not permanently maintain a
pure radial gradient between the two satellites.

This finally leads us to consider yet a third concept based on two trailing LEO satellites
orbiting along the same polar orbit and providing the possibility of measuring the North-
South gradient of the magnetic field. No simple exact formula (such as equations (7) and (8)
for the two previous cases) can then be derived (as taking derivatives along θ involves mix-
ing spherical harmonics). But it can be anticipated that, as P m

n (cos θ) is proportional to
sin(nθ) (at least for high degrees n, orders m � n and at non-polar latitudes), such a pos-
sibility would improve the recovery of high-degree Gauss coefficients. We also simulated
such a situation, by assuming two trailing satellites on a polar orbit at 450 km altitude, sep-
arated by �θ = 3.8◦ in latitude (Fig. 6e). This corresponds to a one minute separation in
time, and 460 km in space. As expected, such a concept would indeed enhance the recovery
of Gauss coefficients with high n values, compared to single-satellite mission concepts (re-
call Fig. 5). But for lower degrees (for which the above stated approximation P m

n ∝ sin(nθ)

is not fulfilled) there is also a degradation of the near-tesseral terms. Of course, as in the
case of the East-West gradient concept, this drawback could be compensated by also taking
advantage of the individual vector measurements made by each of the two satellites. It is
worth however noting that in the present case, both satellites would essentially provide the
same geographical coverage (the trailing satellite following the same orbit as the leading
satellite), which is a disadvantage. This disadvantage is one that led to favor the choice of an
East-West gradient for the two lower satellites of the Swarm satellite constellation (Sect. 6).
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As a matter of fact, relying on an East-West gradient concept also has the important advan-
tage of better avoiding the highly dynamical, but mainly zonal, magnetospheric magnetic
field, which is most systematically removed when computing East-West gradients of the
field from synchronous data collected by both satellites.

5 Past and Present Successful Missions

5.1 POGO and Magsat

As already mentioned, the first successful LEO magnetometry satellites were the US Po-
lar Orbiting Geophysical Observatories (POGO), the low altitude half of the six Orbiting
Geophysical Observatories (OGO) intended to investigate the Earth’s magnetosphere and
outer ionosphere (Jackson and Vette 1975). The corresponding three successive satellites
measured the field from October 1965 to September 1967 (OGO-2), July 1967 to January
1969 (OGO-4) and June 1969 to June 1971 (OGO-6), with a few weeks of data overlap for
OGO-4 and OGO-2. All three satellites had similar orbits with perigee at about 400 km,
apogee ranging from 910 km (OGO-4) to 1510 km (OGO-2), and inclinations between 82◦
(OGO-6) and 87.3◦ (OGO-2) (for more details see e.g. Cain 2007). They were equipped
with optically pumped rubidium vapor absolute magnetometers and measured only mag-
netic field intensity. Intrinsic measurement error of all three satellites is believed to be below
1 nT, but contribution due to position uncertainty results in an effective magnetic error of
about 4 nT (Sabaka et al. 2004). The interested reader can find the data at ftp.space.dtu.dk/
data/magnetic-satellites/POGO (see also Cain and Sweeney 1973).

Despite their fairly elliptical orbits and the limitations linked to the intensity-only
single-satellite concept (recall Sect. 3), these POGO satellites led to a number of scien-
tific firsts. Combined with observatory data, their observations proved key to the estab-
lishment of the first International Geomagnetic Reference Field (Cain et al. 1967) and
offered crucial constraints for reconstructing the core field evolution over the 1965–1971
time period (Sabaka et al. 2004). They also led to the first global magnetic anomaly map
(Regan et al. 1975) and allowed some first observations of the field of external origin
from space, such as that of the equatorial electrojet (Cain and Sweeney 1973). POGO
data have also been used in many subsequent studies, in combinations with the data col-
lected by more recent missions (see below), especially in the context of the investiga-
tion of the lithospheric field, the static (in fact, nearly static, see e.g. Hulot et al. 2009;
Thebault et al. 2009) nature of which makes it possible to take advantage of data collected
at very different epochs (see e.g. Langel and Hinze 1998).

The next successful LEO magnetometry satellite was launched a little less than a decade
later, again by the US. This satellite, Magsat, was the first to make precise, globally dis-
tributed measurements of the vector magnetic field at low altitude. It flew between October
1979 and June 1980, at an altitude between 350 and 550 km in a near-polar dawn-dusk orbit
with an inclination of 97◦. It was equipped with a scalar (cesium) magnetometer, and a tri-
axial fluxgate magnetometer which sampled the field at 16 Hz with a resolution of ±0.5 nT.
Attitude was measured using two star-trackers on the spacecraft; transformation of attitude
determined by these star trackers to the vector magnetometer located at the tip of the boom
was done using a sophisticated optical system. Attitude errors limited the vector data accu-
racy to about 4 nT rms. See e.g. Langel et al. (1982c) and Purucker (2007) for more technical
details, and ftp.space.dtu.dk/data/magnetic-satellites/Magsat, to access the data.

Because Magsat was the first LEO magnetometry mission based on a full-vector single-
satellite concept, it was the first to provide enough information to overcome the Backus

http://ftp.space.dtu.dk/data/magnetic-satellites/POGO
http://ftp.space.dtu.dk/data/magnetic-satellites/POGO
http://ftp.space.dtu.dk/data/magnetic-satellites/Magsat
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effect that plagued the previous POGO program (recall Sect. 3). This technical progress
quickly led to major achievements. In particular, Magsat made it possible to compute the
first high degree and order models of the field of internal origin, highlighting the now well-
known fact that at the Earth’s surface, this field is dominated by the core field up to degree
and order 13, and by the lithospheric field beyond degree and order 15 (Langel and Estes
1982). It also led to considerable improvement in the recovery and interpretation of detailed
lithospheric magnetic anomaly maps (e.g. Langel et al. 1982a, 1982b; Achache et al. 1987;
Cohen and Achache 1990; Arkani-Hamed et al. 1994; Ravat et al. 1995; see also Langel
and Hinze 1998 for an extensive review of the many studies already published at the time).
But Magsat also contributed significantly to studies of ionospheric and magnetospheric cur-
rents: from a determination of the meridional (toroidal) current system connected to the
Equatorial Electrojet (Maeda et al. 1982), to the determination of the absolute strength of
the magnetospheric ring-current during quiet conditions (Langel and Estes 1985), and an in-
situ determination of F-region currents (Olsen 1997). Those progress finally also led to the
initiation of CM types of approach for jointly modeling the field of internal and external ori-
gin, by making use of both LEO satellite and observatory data (Sabaka and Baldwin 1993;
Langel et al. 1996).

5.2 Ongoing Satellite Missions: Ørsted, CHAMP and SAC-C

After the very successful Magsat mission, and despite several attempts to launch other sim-
ilar follow-on missions, two decades elapsed before the launch of the next LEO magne-
tometry missions based on a full-vector single-satellite concept. This eventually happened
in 1999 and 2000, with the successive launches of three such satellites: Ørsted, CHAMP
and SAC-C, which started the International Decade of Geopotential Field Research. As of
mid-2010, both Ørsted and CHAMP are still in operation and providing high-quality data.

The Danish Ørsted satellite was launched on February 23, 1999 into a near polar orbit
with an inclination of 96.5◦, a period of 100 minutes, a perigee at 650 km and an apogee at
860 km. The orbit plane is slowly drifting, the local time of the equator crossing decreas-
ing by 0.91 min/day, having started from an initial local time of 02:26 for the south-going
track. Ørsted is gravity gradient stabilized and attitude maneuvers are performed using mag-
netic torquers. It has a 8 m long boom, deployed shortly after the launch and carrying the
magnetic field instruments. These consist in a proton precession Overhauser magnetometer
(built by CEA/LETI, France, and provided by CNES) mounted at the tip of the boom and
measuring the magnetic field intensity with a sampling rate of 1 Hz and an accuracy better
than 0.5 nT. At a distance of 6 m from the satellite body is the optical bench with a CSC
(Compact Spherical Coil) fluxgate vector magnetometer mounted closely together with a
Star Imager. The CSC samples the magnetic field at 100 Hz (burst mode, at polar latitudes)
or 25 Hz (normal mode) with a resolution better than 0.1 nT. The instrument is calibrated
against the field intensity measured by the scalar magnetometer. After calibration, the agree-
ment between the two magnetometers is better than 0.33 nT rms. Due to attitude errors, the
accuracy of the vector components (Br,Bθ ,Bφ) is limited to 2 to 8 nT (4 nT rms), depending
on component. Nominal lifetime of the mission was 14 months, but after more than 11 years
in space the satellite is still healthy and providing high-precision magnetic data. Since 2004
however, only intensity data are available. See Neubert et al. (2001), Olsen (2007) for more
information and ftp.space.dtu.dk/data/magnetic-satellites/Oersted to access the data.

A copy of the Ørsted boom and payload (but with a US Scalar Helium Magnetometer
instead of the CEA/LETI Overhauser magnetometer) was launched in November 2000 on-
board the Argentinean satellite SAC-C. This satellite is in a circular sun-synchronous orbit

http://ftp.space.dtu.dk/data/magnetic-satellites/Oersted
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at an altitude of about 700 km and local time of 10:30/22:30. Unfortunately, due to a broken
connection in a coaxial cable, no high-precision attitude data (and hence no reliable vector
data) have been recovered. Intensity data nevertheless exist for the period January 2001 to
December 2004 and are available at ftp.space.dtu.dk/data/magnetic-satellites/SAC-C.

The much more successful German CHAMP satellite was launched on July 15, 2000 on
an almost circular, near polar (inclination 87.3◦) orbit with an initial altitude of 454 km,
which had decreased to about 270 km by July 2010. CHAMP advances one hour in local
time within eleven days. Instrumentation is very similar to that of Ørsted; however, attitude
is now obtained by combining measurements taken by two star imager heads, to minimize
attitude error anisotropy. This leads to vector components recovered to better than 2 nT
when attitude is measured by both star imager heads (which happens for more than 60%
of the time). Otherwise the same accuracy is achieved as for Ørsted. Accuracy of the scalar
measurements is also similar to that of Ørsted (better than 0.5 nT). Just like Ørsted, CHAMP
is still healthy and providing both vector and intensity data. However, it is expected to re-
entry Earth’s atmosphere in the fall of 2010. See Reigber et al. (2002), Maus (2007a) for
more information and http://isdc.gfz-potsdam.de/champ/ to access the data.

It is important to stress that although based on the same basic full-vector single-satellite
concept as Magsat, both Ørsted and CHAMP missions have crucial new characteristics
that improve considerably on the original Magsat concept. Beyond the fact that both those
satellites have been designed to make better quality measurements, their orbits have in-
deed been carefully chosen so as to avoid what ended up being one of the main lim-
itation of the Magsat concept: the sun-synchronous characteristic of its dawn-dusk or-
bit. The drawback of such an orbit cannot be inferred from the simplified discussion of
Sect. 3, as it is related to the spatio-temporal characteristics of the field of external ori-
gin, which we ignored altogether. This field has a significant sun-synchronous compo-
nent of ionospheric origin, with non-zero dawn and dusk components which Magsat al-
ways saw as a systematic signal added to the field of internal origin. Although this sys-
tematic ionospheric signal is not exactly the same at dawn and dusk, averaging measure-
ments taken over the same region at dawn and dusk cannot be used to entirely remove
this signal (see e.g. Langel and Hinze 1998). In addition, associated externally induced
internal sun-synchronous fields are also produced (see e.g. Tarits and Grammatica 2000;
Grammatica and Tarits 2002), which Magsat could not possibly distinguish from the signal
produced by the lithospheric field. This issue is no longer as severe for Ørsted and particu-
larly CHAMP which explore all local times and also give access to night times (with much
weaker ionospheric signal).

Another important innovative aspect of Ørsted and CHAMP is that they were both de-
signed to operate over a much more significant period of time. In the case of Ørsted, this is
mainly because Ørsted was launched at a higher altitude than Magsat. But this high altitude
orbit has the disadvantage of making Ørsted less sensitive to the shortest wavelengths of the
field of internal origin than Magsat. The very different design of CHAMP made it possible
to combine the advantages of a long-lasting mission with that of a low altitude orbit. This
was achieved by giving the satellite a much higher weight (522 kg), a small cross-section
and some fuel to maintain the altitude, despite the considerable drag of the atmosphere at
such a low altitude (which was the cause for the short duration of the Magsat mission). In
addition, atmospheric re-entry of Magsat was during a period of high solar activity (and
thus increased air-drag) compared to CHAMP for which the very last low-altitude data are
measured during low solar activity.

As Ørsted was the first full-vector mission to be launched nearly twenty years after
Magsat, it was also the first to witness the very significant changes that had occurred in

http://ftp.space.dtu.dk/data/magnetic-satellites/SAC-C
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the core field during that period of time, particularly in the medium spatial scales that could
not be monitored from ground observatories (Hulot et al. 2002), initiating renewed interest
in the investigation of the core surface flows (e.g. Eymin and Hulot 2005), and other possible
mechanisms (Jackson 2003) responsible for such changes. It also led to the first demonstra-
tion that high degree secular variation models could be constructed from such long-lasting
single satellite missions (Olsen 2002). Although Ørsted’s high altitude orbit was not opti-
mized for the recovery of the lithospheric field, it also made it possible to quickly confirm
the early lithospheric field maps derived from Magsat, and improve on our understanding
of the respective roles of induced and remanent magnetization in the production of this field
(Purucker et al. 2002). Finally, it also made it possible to further progress on the nature of
field of external origin, particularly the field-aligned currents (e.g. Papitashvili et al. 2001;
Christiansen et al. 2002; Neubert and Christiansen 2003).

When CHAMP was launched a year and a half after Ørsted, it also led to additional
major breakthroughs. As expected, its much lower orbital altitude quickly made it possible
to produce a much improved lithospheric field model (Maus et al. 2002). But CHAMP also
led to new observations of ionospheric effects in the F-region (Lühr and Maus 2006), in
particular the observation of significant magnetic signature of night-time currents (Maus
and Lühr 2006), of a so-called “diamagnetic effect” (Lühr et al. 2003), and of the magnetic
signature of equatorial plasma instabilities (Stolle et al. 2006). Finally CHAMP also led to
the first unambiguous and elegant demonstration that the magnetic field produced by the
oceans (in the present instance, by tide motions) contribute to (and can be detected in) the
field measured from space (Tyler et al. 2003).

In the years that followed and until now, much advantage was subsequently taken of the
accumulation of data from both Ørsted and CHAMP, and to a lesser extend, SAC-C, in the
context of what is now known as the International Decade of Geopotential Field Research
(Friis-Christensen et al. 2009). This led in particular to a continuous stream of ever improv-
ing models of the lithospheric field (for a recent review, see e.g. Thébault et al. 2010), and
of the core field, the time variations of which are now monitored with unprecedented ac-
curacy (see e.g. Gillet et al. 2010). This also led to more and more detailed investigations
of the core dynamics responsible for these variations (see e.g. Finlay et al. 2010), and defi-
nitely demonstrated the unique advantage of LEO satellites for continuously monitoring the
Earth’s magnetic field, particularly in view of possibly forecasting its future evolution with
the help of data assimilation techniques (see e.g. Fournier et al. 2010).

Before turning to the soon to be launched ESA Swarm constellation mission, it is worth
pointing out that the simultaneous availability of Ørsted, CHAMP and SAC-C data (the result
of a very long delay in the launch of Ørsted) already provided an example of what can be
achieved with a small constellation of satellites. The fact that Ørsted and CHAMP orbited
in very different orbital planes indeed proved very useful, already leading to substantial
progress in the modeling of the various fields along the CM approach (see e.g. Sabaka et al.
2004). But it is equally important to stress that this constellation was not yet optimal, as it
could not be used for gradient measurement purposes.

Attempts to test gradient concepts analogous to those discussed in Sect. 4 have neverthe-
less recently been made with the help of the experimental US Space Technology 5 (ST-5)
constellation. This constellation consisted in three very light (less than 25 kg) spinning
micro-satellites, who collected vector magnetic field observations with miniature tri-axial
fluxgate magnetometers. This mission was launched on 22 March 2006 and operated for
90 days. It was mainly technology oriented, and meant to test the possibility of operating
such small satellites as a constellation and recover potentially useful magnetic data (see
Slavin et al. 2008). As the satellites were spinning quite fast (0.33 Hz), did neither carry any
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GPS receiver nor a star imager for attitude determination, and were trailing each other on
a very elliptical orbit (300–4500 km, 105.6◦ inclination), they were much better suited for
the investigation of field-aligned currents than for the recovery of the field of internal origin.
Nevertheless, a subset of the data collected at altitude below 800 km by the two closest satel-
lites (with a separation distance comparable to their altitude) could be used to produce some
North-South gradient estimates of the field intensity over mid and high-northern latitudes
(Purucker et al. 2007). The main conclusion of this study is that those gradient estimates
succeeded at providing data of quality superior to that of Magsat, even though the indi-
vidual data provided by each satellite were of poorer quality, thus confirming the potential
advantage of using gradient data.

6 The Near Future: Swarm

Except in the case of the ST-5 constellation mission just discussed, all past and present LEO
magnetic satellites were initially designed as single spacecraft missions. A constellation con-
sisting of several satellites opens, however, new possibilities for exploring the geomagnetic
field from space.

At first glance one would expect that using simultaneous data from N satellites results
in a reduction of the error σg of the Gauss coefficients by

√
N , since the amount of data is

increased by N compared to one single satellite. This error reduction by
√

N of course only
holds if the data are statistically independent, which is highly idealistic and unrealistic since
the main limiting factor for improved field modeling is not the measurement error but the
dynamic behavior of external sources. Treating data from a constellation of N satellites in
a “single-satellite” approach thus typically results in an improvement of the model error by
less than

√
N .

However, if explicit advantage is taken of the constellation, there is some potential for
model improvement better than

√
N . This point was already illustrated in Sect. 4 when we

discussed two-satellite gradient concepts. But advantageous concepts based on even more
satellites can also be designed. Unfortunately the cost of implementing such concepts in-
creases with the number of satellites to be launched, and some compromises have to be
found so that each considered additional satellite brings an optimal improvement. The latest
such optimal concept is the three-satellite constellation Swarm concept soon to be launched
by ESA, which we will now discuss. In what follows, we first briefly describe the Swarm
constellation concept (Sect. 6.1) and then proceed to give a brief account of the various
simulations that have been carried out to illustrate its usefulness (Sect. 6.2).

6.1 The Three-Satellite Swarm Concept

Swarm was selected by the European Space Agency (ESA) in 2004 and is now scheduled
for launch in mid 2012. The mission comprises a constellation of three satellites, with two
spacecraft to be launched side-by-side at low altitude to measure the East-West gradient of
the magnetic field, and a third spacecraft to be launched (with the same launcher) at a slightly
higher altitude. The orbital plane of this third spacecraft will progressively shift with respect
to the orbital plane of the lower spacecraft pair, to provide data at different local times. More
details about the mission can be found in Friis-Christensen et al. (2006, 2009).

Figure 7 shows two of the three identical Swarm satellites with their main instruments.
Their overall design is inspired from that of CHAMP to again ensure a long lifetime in
orbit (a nominal lifetime of 4.5 years). The primary goal of Swarm, measuring the vector
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Fig. 7 Two (out of three) Swarm satellites

components of the magnetic field with high-precision, requires the combination of three
instruments: an absolute scalar magnetometer, a vector magnetometer, and a star imager to
provide the attitude of the vector magnetometer. As we saw, high-quality instruments for that
purpose have already been developed for the purpose of the Ørsted and CHAMP missions.
However, Swarm is the most ambitious project so far regarding accurate measurements of
the Earth’s magnetic field, and the desired magnetic field accuracy is significantly higher
than that of those previous missions.

The vector magnetometers and star imagers are built by DTU Space (Copenhagen/
Denmark), while the absolute magnetometer, a latest generation Helium 4 optical pump-
ing absolute magnetometer built by LETI/CEA (Grenoble/France), is provided by CNES,
the French space agency. Precise orbit information will be provided by GNSS receivers.
As Swarm also aims at investigating electrical currents in the ionosphere and their effect
on the Earth environment, the payload will also include a tri-axial accelerometer, built by
the Czech Aeronautical Research and Test Institute VZLU (Prague/Czech Republic), an in-
strument to measure the electric field, built by the University of Calgary (Canada), and a
Langmuir probe from the Swedish Space Institute (Uppsala/Sweden) for measuring plasma
density.

Design of the constellation formation is an important issue, and the selected constellation
reflects an attempt to maximize the scientific benefit for the various research objectives.
The benefit of various constellation scenarios has been studied in full mission simulations
(an example of such a simulation is given in Sect. 6.2 below) and the following constellation
has finally been selected for implementation (see Fig. 8):

− One pair of side-by-side satellites (Swarm A+B) to be launched in near-polar, circular
orbits with initial altitude and inclination of 450 km and 87.4◦, respectively; the East-
West separation between the satellites will be about 1.4◦ in longitude (corresponding to
160 km near the Equator), and the expected atmospheric re-entry at the end of the 4.5
year mission lifetime will make it possible to measure the magnetic field from rather low
altitudes (below 300 km), which is beneficial for an improved lithospheric field determi-
nation.
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Fig. 8 Impression of the proposed three satellite constellation (left) and mission scenario (right). Local time
evolution for the satellites in the two orbital planes (right bottom); change in altitude versus time (right top)

− A third, higher, satellite (Swarm C) to be launched simultaneously in a circular orbit with
88◦ inclination at an initial altitude of 530 km; the right ascension of the ascending node
will be drifting somewhat more slowly than that of the two lower satellites, thus building
up a difference of 6 hours in local time after 3 years (right panel of Fig. 8).

The two lower (Swarm A+B) satellites will thus be in an East-West gradient configu-
ration, the advantage of which for recovering the small scales of the lithospheric field has
already been discussed in Sect. 4. The additional higher satellite (Swarm C) will allow, in
combination with data from the lower pair, for an enhanced description of the space-time
structure of large-scale external currents, which is crucial for accurate separation of internal
and external fields. The combination of close-by flying satellites (Swarm A and B) and dif-
ferent local time orbits (Swarm A/B compared to Swarm C) is thus beneficial for different
research objectives.

6.2 Swarm End-to-End Mission Simulation

Contrary to the simple mission simulation discussed in Sects. 3 and 4 where external field
contributions had been ignored for simplicity, this section reports on the until now most
complete mission simulation performed for a LEO magnetic satellite mission. As part of
the preparation of the Swarm mission, a full simulation was indeed carried out in order to
assess the expected performance of the mission for the recovery of its primary science goals,
namely, the core field and its secular variation during the mission lifetime, together with the
small-scale lithospheric field. The study consisted in a set of analyses performed on mea-
surements synthesized from the constellation ephemerides over the nominal 4.5 years life-
time of the mission. Synthetic magnetic signals were generated for all relevant contributions
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to Earth’s magnetic field: core and lithospheric fields, fields due to currents in the ionosphere
and magnetosphere, to their secondary, induced, currents in the oceans, lithosphere and man-
tle, and fields due to currents coupling the ionosphere and magnetosphere. Details about the
way these signals have been generated can be found in Sabaka and Olsen (2006) and Olsen
et al. (2004, 2007), where many more detailed results of the simulations reported here can
also be found. Note that as these simulations required the use of as realistic as possible
conditions of the Earth’s environment to be encountered by Swarm, geomagnetic and solar
activity indices covering the time period from 1998.5 to 2003.0 have been used, to mimic
those solar-driven conditions, had Swarm been launched in mid-2009 (one solar cycle later
than 1998.5) as originally planned. Realistic instrument noise was also included from what
is known from the CHAMP satellite; a mission whose equipment is very similar to that of
Swarm.

The Comprehensive Model (CM) inversion approach (Sabaka et al. 2002, 2004) was
applied to this synthetic data in order to recover the underlying input models, and an as-
sessment of the recovery was done by comparing original and retrieved models. As already
mentioned in Sect. 2, the philosophy of the CM approach is to parameterize and co-estimate
all major field sources from the measurements, thus providing optimal signal separation
by accounting for possible spatio-temporal cross-correlations. This is particularly important
since, as noted in Sect. 1, these field sources overlap on both spatial and temporal scales. In
particular, the CM approach takes advantage of the fact that a sufficiently dense sampling
of vector data at satellite altitude will, in theory, allow separation of the external magne-
tospheric field from the remaining internal field sources. It also can take advantage of data
from ground-based networks, such as magnetic observatories, which aid to separating the
ionospheric field from the core, lithosphere, and induced fields, though these do not al-
low a complete separation at all spatial scales of interest. However, one can further invoke
the temporal properties of the fields, such as the dominant sun-synchronous modes of the
ionosphere and its near absence in the nightside sector (at least at low-mid latitudes) ver-
sus the slowly-varying or nearly constant nature of the core and lithospheric fields. If one
has information on conductivity structure, particularly in the upper-mantle, then this may be
used to further couple the induced and inducing fields, and consequently help separate them
from other internal fields.

Although parameter cross-correlation and data selection are important to consider in iso-
lating target signals, one has further options if contemporaneous multi-point observations
are available from a satellite constellation such as Swarm. As we saw in Sect. 4, relying
on gradient measurements, or more generally, linear combinations of measurements has the
potential to greatly boost the signal-to-noise ratio and thus enhance the recovery of certain
target signals at certain spatial wavelengths and of the corresponding Gauss coefficients.
The problem, however, is that complementary Gauss coefficients will often suffer by a cor-
responding decrease in signal-to-noise ratio (as was for instance the case for the low order
m Gauss coefficients in the simplified East-West gradient mission simulation we reported in
Sect. 4, recall Fig. 6b). The Swarm End-to-End simulator study (Olsen et al. 2007) addressed
this problem with a technique called Selective Infinite Variance Weighting (SIVW). The fo-
cus of that study was to recover the small-scale lithospheric field signals from differences
of vector measurements from the Swarm satellite low pair while recovering all other fields
from the complementary data (sums of the data provided by the low pair of satellites, com-
plemented by the data provided by the high satellite) in an optimal way. This was achieved
by introducing a set of nuisance lithospheric parameters (biases) for spherical harmonic
orders above 20, which only directly affect the complementary data. This is equivalent to
assigning infinite variance to a noise process that contaminates the lithospheric at this scale
in this data (see Olsen et al. 2007 for technical details).
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Fig. 9 Sensitivity matrix: Relative error (normalized difference between original input and recovered value)
of each coefficient in dependence on spherical harmonic degree n and order m for the retrieval of the
lithospheric field from simulated Swarm data by means of CM. Left, when no gradient information is ex-
ploited; right, when gradient information with SIVW is used (see text for details)

As an example of the benefits of the SIVW technique described above, Fig. 9 shows
triangular plots of degree-normalized error for the lithosphere when no gradient information
is exploited (left) and when gradient information with SIVW is used (right). (Note that here
we show triangular plots of the error (difference between input and recovered model), in
contrast to the triangular plots of Figs. 5 and 6 which shows the variances of the recovered
Gauss coefficients.) Taking explicit advantage of the gradient measurements (right panel)
results in a significant improvement in recovery for orders above 20 and no degradation
below. This general behavior of no degradation is also seen (but not shown) in the recovery
of other fields, such as the magnetosphere and high-frequency internal signals.

To illustrate in a somewhat less technical way the benefit Swarm is expected to bring in
terms of improving the recovery of the lithospheric field, Fig. 10 shows the increased spatial
resolution of the lithospheric field as more accurate magnetic measurements became avail-
able since the early times of POGO and Magsat. Only lithospheric field structures larger
than 1000 km (corresponding to spherical harmonic degrees n ≤ 40) could be resolved with
these satellites, as illustrated in the upper panel of the figure, which shows the radial com-
ponent Br of the field of internal origin (after removal of degrees n = 1 to 15, dominated by
the core field) at Earth’s surface, as given by the spherical harmonic model derived by Cain
et al. (1985). In addition to the limited resolution, errors in the estimated spherical harmonic
terms prevented any clear difference between the lithospheric field strength over continen-
tal and oceanic regions to be detected. Such a difference, however, has since clearly been
found from an analysis of Ørsted and CHAMP data. These missions made it possible to im-
prove the resolution to about 500 km (corresponding to n ≤ 80), as illustrated by the middle
panel of the figure, which now shows Br as given by the MF6 model of Maus et al. (2008).
With Swarm, it is expected that structures down to at least 300 km scale size (corresponding
to n = 133, as suggested by Fig. 9) will be resolved. The impact such a progress would
bring is illustrated in the bottom panel of Fig. 10, which is based on the combination of
a synthetic field model for n > 80 and of MF6 for n ≤ 80 (the combined model that was
used for the purpose of the simulation illustrated in Fig. 9, see Olsen et al. 2007). Such
a considerably improved map would then make it possible to reduce the gap between the
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Fig. 10 Radial component of the lithospheric field (in nT) at Earth surface (spherical harmonics
n = 16 − Nmax) showing the improvement of lithospheric field determination. Top panel: based on POGO
and Magsat data (Nmax = 40, after Cain et al. 1985). Middle panel: current status, based on CHAMP ob-
servations (Nmax = 80, after Maus et al. 2008). Bottom panel: resolution to be expected from data of the
upcoming Swarm constellation mission (Nmax = 133)
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smallest spatial scales of the lithospheric field that can be recovered from sea and air re-
gional magnetic surveys, and the largest scales already resolved by CHAMP (see e.g. Maus
et al. 2009). Reducing this gap, and eventually removing it altogether, is a major goal, as it
would then make it possible to build the first entirely data-derived World Digital Magnetic
Anomaly Map (WDMAP, see e.g., Korhonen et al. 2007), a map of major interest for the
understanding of the structure and dynamics of the lithosphere.

But Swarm will not only allow for enhanced determination of internal sources. It will
also make it possible to further improve our understanding of the external sources. As
shown by Ritter and Lühr (2006), combining the East-West gradient measured by the lower
satellite pair with an estimation of the North-South gradient obtained by taking time dif-
ferences of the vector measurements, will for instance make it possible for instantaneous
in-situ radial current densities at high-latitudes to be estimated. The method has also been
tested using synthetic Swarm satellite magnetic vector data, and a generally good agree-
ment between input and recovered radial current density on an orbit-by-orbit basis could be
achieved.

In a somewhat complementary fashion, and as has also been tested with Swarm syn-
thetic data (Tøffner-Clausen et al. 2010), the combination of data obtained at different local
times—recall from the bottom right part of Fig. 8 that the local time difference between
the upper and lower satellites 3 years after launch will be about 6 hrs corresponding to
90◦ in longitude—will also allow for an improved determination of the spatial structure of
large-scale external, and especially of magnetospheric, fields. In fact, the accurate recovery
of time-series of not only magnetospheric but also high-frequency internal signals is also
crucial for probing the mantle conductivity structure, and this too has been shown to be fea-
sible with Swarm synthetic data (Kuvshinov et al. 2006), again illustrating the benefit of the
three-satellite constellation concept selected for Swarm.

7 Outlook

What after Swarm? Given the importance of permanently monitoring the Earth’s magnetic
field from space, as very clearly demonstrated by the considerable success of the Interna-
tional Decade of Geopotential Field Research so far, it is indeed of primary importance
to already start thinking about ways to further improve on the Swarm concept, for a much
needed successor by the time the mission ends (after 2016).

An obvious way to possibly go is to consider a concept involving at least one more satel-
lite. One drawback of the side-by-side East-West gradient configuration chosen for the low-
pair satellites of Swarm, is that it is less sensitive to East-West than to North-South oriented
lithospheric field structures. Enhancing this sensitivity would clearly require measurements
of the North-South (or, alternatively, of the radial) magnetic field gradient. Indeed, as was
discussed in Sect. 4 (though in terms of the sensitivity with respect to the Gauss coeffi-
cients to be recovered), adding the possibility of such gradient measurements, would clearly
provide ways of increasing the return of an improved mission.

It is interesting to note that similar considerations have driven the evolution of gravity
space missions. Looking at the analogy between missions for exploring Earth’s magnetic
and gravity fields is instructive in this context. While Ørsted and CHAMP (which also mea-
sures the gravity field thanks to an onboard accelerometer), are examples of satellites mea-
suring the vector field only, GRACE (Tapley et al. 2004) and Swarm were both designed
to also measure one component of the field gradient (in the case of GRACE, a quantity re-
lated to the North-South gradient of the gravity field). However the latest mission concept
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of GOCE (Drinkwater et al. 2003) already measures the full gravity gradient tensor (tensor
of all second space derivatives of the gravity potential). Aiming at measuring the analogous
magnetic gradient tensor (nine component tensor of all three spatial derivatives of all three
components of the magnetic field) would thus be a natural next step. In addition to an en-
hanced high-resolution mapping of the lithospheric magnetic field, such gradient measure-
ments would in fact also allow for an improved in-situ determination of the electric current
density in the near-Earth environment. Indeed, such in-situ determinations of currents in
the far-Earth environment (at distances of several Earth radii) have already been obtained
with magnetic data taken by ESA’s four satellite Cluster constellation mission (Balogh et al.
1997), and several dedicated techniques (e.g. the “curlometer”, cf. Dunlop et al. 2002) have
been developed for that purpose. Similar techniques could thus also be applied to magnetic
gradient tensor measurements taken in the near-Earth environment.

Measuring the full magnetic gradient tensor by one single spacecraft (as done by GOCE
for the gravity gradient tensor) is a major technical challenge which may in fact not even
be appropriate, given the specificity of the multiple magnetic sources. But a more appropri-
ate approach could consist in relying on constellations of multiple satellites at distances of
tens to hundreds of kilometers. A particularly attractive possibility would be one relying on
satellites flying in a “cartwheel” configuration, with each of the individual satellites orbit-
ing on a well designed slightly elliptical orbit such that their global center of mass evolves
along a circular orbit (Wiese et al. 2009). In such a configuration, two satellites which would
jointly provide a measure of the radial gradient of the field at some initial point on the orbit
of the center of mass (and at its antipode), would then next be able to jointly provide a mea-
sure of the along-track (North-South) gradient of the field at a point located 90◦ away from
this initial point (and at its antipode). Even better, flying three satellites (in the same orbital
plane) in an optimized cartwheel configuration could allow for simultaneous measurements
of field gradients along three different directions in the orbital plane. Adding a fourth satel-
lite in a slightly different orbital plane could then finally also allow for a determination of
the East-West gradient of the field. Such a four-satellite constellation would therefore be
able to provide nine different measures of the magnetic gradient tensor in the 3D space, thus
allowing for the reconstruction of the full tensor. (Note that in addition, advantage could
further be taken of the fact that even in the general case with in-situ electrical currents, there
are only 8 independent elements of the magnetic gradient tensor, because of divB = 0, cf.
Olsen and Kotsiaros (2010).)

Constellation flying is, however, very demanding in terms of satellite control. In this re-
spect, a “fleet” of free-flying satellites measuring the field at various altitudes and local times
(as opposed to a constellation with control of inter-satellite distances) could also be consid-
ered. By combining the measurements taken by various satellites it would still be possible
to obtain gradient information at some points in space and time. But the specific advantage
of such a many free-flying satellite configuration would mainly lie in its ability to better
determine the large-scale magnetospheric currents, which still currently constitute a major
source of errors for modeling the geomagnetic field. In fact, if any even more ambitious con-
cept could possibly be implemented, there is no doubt that adding at least one constellation
of four satellites (in the configuration described in the previous paragraph) to such a fleet,
would provide a most optimal scientific return.

Finally, it is worth recalling that measuring the magnetic field intensity can still be highly
beneficial from a scientific point of view, and technically much simpler and cheaper, if
low latitudes vector data are also available to alleviate the Backus effect (recall Sect. 3).
A combination of a few very cheap polar orbiting scalar-only satellites augmented by a
low-inclination satellite measuring the field vector could be a good and relatively cheap
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compromise. This would at least ensure a permanent monitoring of the geomagnetic field
from space, with comparable and perhaps even enhanced quality to what has already been
achieved with Ørsted and CHAMP.

Each of the above outlined mission scenarios would certainly deserve some further inves-
tigation to better assess their feasibility, cost and specific advantages in terms of scientific
return. What can nevertheless be stated for sure from what has already been learned over
the past 50 years of space LEO magnetometry is that independently of the concept finally
retained for future implementation, continuation of magnetic field observation from space
remains a very high scientific priority.
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