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Abstract 
We present the in-�ight scalar calibration and characterisation of the Swarm magnetometry package consisting of the 
absolute scalar magnetometer, the vector magnetometer, and the spacecraft structure supporting the instruments. 
A signi�cant improvement in the scalar residuals between the pairs of magnetometers is demonstrated, con�rming 
the high performance of these instruments. The results presented here, including the characterisation of a Sun-driven 
disturbance �eld, form the basis of the correction of the magnetic vector measurements from Swarm which is applied 
to the Swarm Level 1b magnetic data.
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Introduction
In November 2013 the European Space Agency (ESA) 
launched the three Swarm satellites, named Alpha, 
Bravo, and Charlie, with the objective to provide the 
best ever survey of the geomagnetic �eld and its tempo-
ral evolution (Friis-Christensen et�al. 2006). Each space-
craft carries an Absolute Scalar Magnetometer (ASM) 
for measuring Earth�s magnetic �eld intensity, a Vector 
Fluxgate Magnetometer (VFM) measuring the direc-
tion and strength of the magnetic �eld, and a three-head 
Star TRacker (STR) mounted close to the VFM to obtain 
the attitude needed to transform the vector readings to 
an Earth-�xed coordinate frame. Time and position are 
provided by an on-board GPS receiver. �e payload also 
includes instruments to measure plasma and electric �eld 
parameters as well as non-gravitational acceleration.

One of the purposes of the scalar magnetometer (ASM) 
is to provide the necessary absolute magnetic data to 
calibrate the vector magnetometer (VFM). For this an 
approach similar to that adopted for the previous satel-
lite missions Ørsted and CHAMP was foreseen (c.f. Olsen 

2003; Yin and Lühr 2011) since those missions carried 
equivalent instrumentation. However, soon after launch 
of Swarm it became clear that the magnetic �eld vector 
measurements on all three spacecraft were contaminated 
by unforeseen disturbances which could not be captured 
by the traditional in-�ight calibration methods referred 
to above. Furthermore, the disturbances show systematic 
variation which could impact or map into scienti�c inves-
tigations based on Swarm magnetic data. �e light blue 
symbols in Fig.�1 show time series of the scalar residuals, 
which are the di�erence, �� � ������� � ����, between 
the modulus of the VFM data, �������, and the magnetic 
intensity measurements, ����, taken by the ASM instru-
ment. Based on experience with Ørsted and CHAMP sca-
lar residuals with sub-nanotesla level were expected (rms 
value well below 0.5�nT), while for Swarm the scatter of 
the residuals was observed to reach several nT, resulting 
in an rms value approaching 1�nT, but crucially showing a 
very clear local time dependence. A task force was there-
fore established to investigate and mitigate the e�ect.

Detailed investigations of the scalar residuals ��  and 
of the ASM and VFM measurements separately indicated 
that:

• � the vector readings of the VFM are a�ected by a dis-
turbance vector �eld;
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• � the scalar readings of the ASM are much less, if at all, 
a�ected.

Consequently, the task force concluded to pursue models 
which assume the magnetic disturbance to be a�ecting 
the VFM measurements only. Plotting ��  as a function 
of the Sun incidence angles with respect to the space-
craft, reveals systematic features of the disturbance, as 
shown in Fig.�2. At the start of �Characterisation and cali-
bration with scalar residuals� section we provide detailed 
de�nitions of the two Sun incidence angles � and �. �is 
supports the hypothesis that a magnetic source in the 
vicinity of the VFM magnetometer, with strength and 
direction depending on the direction to the Sun (as seen 
from the spacecraft), is responsible. We refer to such a 
disturbance �eld vector that depends on the direction to 
the Sun, as ������.

�e purpose of this article is to document the details 
of in-�ight calibration of the Swarm magnetometer pack-
age, including an empirical determination and removal of 
the Sun-driven vector disturbance �eld ������, based on 
a mitigation approach proposed by Vincent Lesur (Lesur 
et�al. 2015).

�Characterisation and calibration with scalar residu-
als� section describes the parameterisation of the model 
of the Sun-driven disturbance�in following referred to 

as the characterisation of the disturbance �eld�and of 
the calibration of the VFM instrument, by which means 
determination of its intrinsic scale factors and their 
dependence on time and temperature, and determina-
tion of the sensor-axis non-orthogonalities. We docu-
ment the adopted Iteratively Reweighted Least Squared 
(IRLS) estimation approach that includes a truncated sin-
gular value decomposition (SVD) approach to solving the 
inverse problem. �e results obtained for Swarm Alpha, 
based on data covering the period from launch (22 
November 2013) until end of June 2015 (i.e. 19 months), 
are presented in��Results of model estimation for Swarm 
Alpha� section. Application of the scheme to data from 
the satellites Bravo and Charlie resulted in similar levels 
of residual improvement and statistics, and the estimates 
of the Sun-driven disturbance ������ show generally simi-
lar behaviour and structural features as found for Swarm 
Alpha, although there are also some di�erences. Finally, 
�Conclusions� section summarises the �ndings and pro-
vides perspectives regarding further improvements of the 
method.

Characterisation and�calibration with�scalar 
residuals
�e Sun incidence angles � and � are crucial in our 
approach to characterise the scalar residual. To clarify, 

Fig. 1  Scalar residuals of uncorrected (light blue) and corrected (green) measurements versus time. Local time of the ascending node is shown in 
red (right axis)
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Considering how these angles vary over orbits of the 
Swarm spacecraft during nominal �ight, we �nd that � 
varies rapidly from ���� down to �� within one orbit (i.e. 
within ����min), while � varies slowly up and down typi-
cally by ������ in one day (for Alpha and Charlie, ����� 
for Bravo).

Although the observed scalar residuals clearly vary with 
the Sun incidence angles � and � (see Fig.�2), there is no 
direct mapping of ��  in terms of these parameters. �is 
is a consequence of the scalar residuals �� � ������ � ��� 
being the projection of the magnetic disturbance vector 
������, onto the unit vector ��� of the ambient magnetic 
�eld direction (Earth�s main �eld). �e former is oriented 
relative to the spacecraft, while the latter is oriented rela-
tive to Earth, which results in the variations with the 
spacecraft local time (captured by �) as seen in Fig.�2. �e 
spacecraft local time changes by 12 hours (corresponding 
to a change in � by ����) within approximately � �

� months.
To account for the projection on to the ambient �eld, 

we consider a vector magnetic disturbance ��������� �� , 
with each component depending individually on the 
Sun incidence angles. Mathematically, we describe each 
component of the disturbance �eld vector by a spheri-
cal harmonic expansion in � and � i.e. we consider three 
independent spherical harmonic expansions in all.

�is model characterising the Sun-driven disturbance 
is co-estimated together with a model of the temporal 
evolution of the VFM sensitivity and an adjustment of 
the pre-�ight estimated non-orthogonality angles of the 
VFM sensor. For this we perform a scalar calibration 
via a least squares �t, minimising the discrepancy (��) 
between the fully calibrated and corrected measurements 
from the ASM and the modulus of the vector measure-
ments from the VFM after our model has been applied. 
Huber weights are used iteratively to eliminate the e�ect 
of anomalous measurements (�outliers�) on the estimated 
models.

Model parameterisation
As outlined above, our model characterising the Sun-
driven disturbance vector ������ consists of three spheri-
cal harmonic expansions up to degree and order 25, one 
for each of the magnetic �eld components in the VFM 
magnetometer frame, with the position of the Sun with 
respect to the spacecraft parameterised by the Sun inci-
dence angles � and �. It takes the form
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Fig. 3  Illustration of Sun incident angles � and � that are de�ned w.r.t. the spacecraft. � is the �azimuth� from x about the y-axis, and � is the �eleva-
tion� from the x�z plane
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