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Abstract 

We describe and discuss the preprocessing and calibration steps applied to the magnetic data measured by the 
three “platform magnetometers” on-board the CryoSat-2 satellite. The calibration is performed by comparing the 
magnetometer sensor readings with magnetic field values for the time and position of the satellite as given by the 
CHAOS-6 geomagnetic field model. We allow for slow temporal variations of the calibration parameters by solving for 
scale values, offsets, and non-orthogonalities in monthly bins, and account for non-linearities as well as the mag‑
netic disturbances caused by battery, solar panel and magnetorquer currents. Fully calibrated magnetic vector data, 
together with time and position, are provided as daily files in CDF data format at swarm-diss.eo.esa.int. The data show 
good agreement with Swarm satellite magnetic measurements during close encounters (rms difference between 1 
and 5 nT for inter-satellite distances below 300 km).
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Introduction
Measurements of Earth’s magnetic field enable the study 
of Earth’s interior (e.g. the dynamics in Earth’s fluid outer 
core) and its environment (e.g. space-weather effects). 
Such measurements are routinely performed by a net-
work of geomagnetic ground observatories, their geo-
graphical distribution is, however, rather uneven, with 
large gaps in oceanic areas.

A global coverage of magnetic field measurements is 
only possible from space. Various dedicated satellites for 
exploring Earth’s magnetic field have been flown over 
the past two decades, including the Ørsted (1999–2014, 
e.g. Neubert et  al. 2001; Olsen 2007), CHAMP (2000–
2010, e.g. Reigber et  al. 2005; Maus 2007) and Swarm 
(since 2013, e.g. Friis-Christensen et al. 2002; Olsen and 
Floberghagen 2018) satellites. However, geomagnetic 
field measurements from space may also be obtained 

from other low Earth orbiting satellites, since most 
spacecraft carry magnetometers as part of the attitude 
control system. Data collected by these so-called “plat-
form magnetometers” can often be use—after careful 
calibration—for scientific purposes. This paper describes 
the preprocessing and calibration of platform magnetom-
eter data collected by the CryoSat-2 satellite operated by 
the European Space Agency (ESA).

CryoSat-2 was launched on 8 April 2010 into a near-
polar orbit with mean altitude of 717  km. The orbital 
inclination of 92◦ implies a Local Time (LT) drift rate of 
the ascending node of 1.5  h/month; all local times are 
thus covered every 8  months. Even if the primary sci-
entific objective of CryoSat-2 is to precisely measure 
changes in polar ice thickness (Wingham et  al. 2006), 
after 10 years of operation the mission has demonstrated 
its value as a source of observations for other applications 
over the ocean and inland water (Parrinello et al. 2018). 
In addition to its main instrument (a SAR/Interferomet-
ric Radar Altimeter, SIRAL, not discussed further here), 
the satellite carries three star trackers (STR) and three 
3-axis fluxgate magnetometers (FGM) of type Billingsley 
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TFM100S (https​://magne​tomet​er.com/produ​cts/fluxg​
ate-magne​tomet​ers/tfm10​0s/). Figure  1 shows the loca-
tion of these instruments. Data from each of the three 
FGM magnetometers are available at a sampling rate of 
4 s, while data from the three star trackers are available at 
1 s sampling. In this study we use these data covering the 
period August 2010 to December 2018.

This paper presents a calibration of the CryoSat-2 mag-
netic data and provides information on the contents of 
the CryoSat-2 magnetic data files in version 0102, avail-
able at swarm-diss.eo.esa.int in the folder./#CryoSat-2/.

The content of this paper is as follows: "Theory: calibra-
tion of magnetometer data" section describes the math-
ematical model used to calibrate magnetometer data, 
including taking account of temperature and non-linear 
effects and of spacecraft disturbance fields. A descrip-
tion of the CryoSat-2 data used in the calibration effort 
and their preprocessing is provided in  "Data and data 
preprocessing" section, while  "Determination of the 
calibration parameters" section presents the calibration 
parameter estimation procedure. Results are discussed 
in  "Results and discussion" section. A validation of the 
calibrated CryoSat-2 magnetic data through comparison 
with independent simultaneous measurements taken by 
the Swarm Bravo satellite during close conjunctions is 

reported in  "Close conjunctions between the CryoSat-2 
and Swarm Bravo satellites" section. The paper concludes 
with a summary and outlook.

Theory: calibration of magnetometer data
Let E be the three-dimensional vector of magnetom-
eter sensor readings, given in the (usually non-orthog-
onal) sensor frame of the instrument. Starting with the 
assumption of a linear instrument response and follow-
ing the notation of Olsen et al. (2003), the (uncalibrated) 
sensor output E is related to the ambient magnetic field 
vector BFGM (in the orthogonal magnetometer coordi-
nate system) according to

where 

is the vector of offsets (in engineering units [eu] or in 
[nT] if some pre-flight calibration parameters have been 
applied to the data),

(1)E = S P B
FGM

+ b,

(2a)b =





b1
b2
b3





Fig. 1  The location of the three magnetometers (FGMx , x = 1− 3 ) and star trackers (STRx , x = 1− 3 ) on the CryoSat-2 satellite (Credit: ESA/AOES 
Medialab, modified)

https://magnetometer.com/products/fluxgate-magnetometers/tfm100s/
https://magnetometer.com/products/fluxgate-magnetometers/tfm100s/
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is the (diagonal) matrix of scale values (dimensionless in 
case the sensor readings E are given in physical units of 
[nT]), and

 is a matrix which transforms a vector from the orthogo-
nal magnetometer frame to the non-orthogonal sensor 
axes frame. Sensor axis 1 is assumed to be projection 
invariant, axis 2 has a single degree of freedom in the 
1–2 plane, and sensor axis 3 has two degrees of freedom. 
The projection consists of three angles, the first ( u1 ) 
being between the orthogonal and non-orthogonal axes 
2, and the second ( u2 ) and third ( u3 ) being between the 
orthogonal and non-orthogonal axes 3, cf. Fig. 1 of Olsen 
et  al. (2003). The nine parameters bi, Si,ui, i = 1, 2, 3 
completely describe a linear magnetometer. However, 
these parameters may vary, e.g. with time and instrument 
temperature. Note that the scale values Si are often also 
called “sensitivities”.

Once the calibration parameters are known, it is pos-
sible to determine the magnetic field vector BFGM in the 
(orthogonal) magnetometer frame by inverting Eq. 1:

with 

and

 with w =
√

1− sin2 u2 − sin2 u3.
To obtain the magnetic field in the North–East–Center 

(NEC) coordinate system fixed to Earth, a rotation of the 
calibrated magnetometer vector magnetic field BFGM 
from the magnetometer frame to the NEC frame is nec-
essary. This requires information about the attitude of 
the magnetometer frame. CryoSat-2 attitude is measured 
by three star trackers (STRs) which provide quaternions 
describing the rotation between the International Celes-
tial Reference Frame (ICRF) and the frame of each of the 

(2b)S =





S1 0 0
0 S2 0
0 0 S3





(2c)

P =







1 0 0
− sin u1 cosu1 0

sin u2 sin u3

�

�

1− sin2 u2 − sin2 u3
�







(3)BFGM =P−1 S−1 (E− b)

(4a)S−1 =





1/S1 0 0
0 1/S2 0
0 0 1/S3





(4b)

P−1 =





1 0 0
sin u1
cosu1

1
cosu1

0

− sin u1 sin u3+cosu1 sin u2
w cosu1

− sin u3
w cosu1

1
w





three STRs. In order to minimise measurement noise and 
to avoid data gaps, e.g. by blinding of one or two of the 
three star trackers, we combine the attitude information 
of the three STRs to obtain attitude quaternions qJ2000 of 
a Common Reference Frame (CRF) with respect to ICRF. 
Details of this merging process are described in "Pre-
processing of attitude data" subsection below. A further 
rotation has to be applied to transform the magnetic field 
vector BFGM from the magnetometer frame to the CRF 
frame. Finally, a rotation from the ICRF to the Interna-
tional Terrestrial Reference Frame (ITRF), and further to 
the North–East–Center Frame (NEC) is needed, too. To 
summarise, the following steps are required for rotat-
ing the magnetic field vector BFGM in the magnetometer 
frame to the magnetic vector BNEC in the NEC frame:

which can be written in matrix form as 

where the rotation matrix R
A

 (corresponding to the qua-
ternions qA ) describe the rotation between the FGM and 
the CRF reference frame (typically parameterised by 
three Euler angles); the rotation matrix R

J2000
 (corre-

sponding to the quaternions qJ2000 ) describe the com-
bined attitude information provided by the three star 
trackers and provides the rotation from CRF to ICRF; 
and R

NEC
 (corresponding to qNEC ) describe the rotation 

from ICRF to NEC. The latter is calculated using the 
IERS (International Earth Rotation and Reference Sys-
tems Service) software (Vallado et al. 2006).

Note that the combination of R
NEC

 and R
J2000

 corre-
sponds to the information given in the Swarm L1b data 
files, where quaternions qNEC←CRF (describing the rota-
tion matrix R−1

J2000
R−1
NEC

 ) are given. We follow a similar 
approach and provide quaternions qNEC←CRF (which is 
the inverse of qCRF←NEC ) in the CryoSat-2 magnetic data 
product.

Scalar calibration
Estimation of the nine calibration parameters involved in 
Eq. 3 (including their dependence, e.g. on time and temper-
ature) is possible by minimising the difference �F between 
the scalar intensity of the calibrated magnetometer 

BNEC
qNEC←−−−BICRF

qJ2000←−−− BCRF
qA←− BFGM,

(5a)BCRF =R
A
BFGM

(5b)=R
A
P−1 S−1 (E− b)

(5c)BNEC =R
NEC

R
J2000

R
A
BFGM

(5d)=R
NEC

R
J2000

R
A
P−1 S−1 (E− b),
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data |BFGM| and some reference magnetic field intensity 
Fref = |Bref| . This approach is called a scalar calibration 
of the magnetometer. For dedicated magnetic field satel-
lites like Ørsted, CHAMP and Swarm the reference field 
intensity Fref is provided by an on-board absolute scalar 
magnetometer; see Olsen et al. (2003) and Tøffner-Clausen 
et  al. (2016) for details. However, satellites like CryoSat-2 
do not carry such an absolute scalar magnetometer, and 
therefore the reference magnetic field has to be taken from 
a geomagnetic field model.

Vector calibration
In contrast to such a scalar calibration a vector calibra-
tion uses the full vector information and determines the 
calibration parameters by minimising the vector residu-
als |�B| = |BFGM − Bref,FGM| . This, however, requires 
knowledge of the magnetic reference field vector Bref,FGM 
in the magnetometer frame. The necessary rotation, which 
does not affect the magnetic field intensity (and thus has 
no influence on a scalar calibration), can be described by 
3 additional parameters (Euler angles). A vector calibra-
tion therefore involves 9+ 3 = 12 calibration parameters: 
9 parameters (offsets, scale values and non-orthogonalities) 
necessary to obtain the magnetic field vector BFGM in the 
FGM frame, plus 3 Euler angles for rotating BFGM into the 
CRF frame (and further into the NEC frame). These 12 
parameters are estimated by minimising the average of the 
squared residuals

in a least-squares sense (see Eq. 17 below for details).
As reference magnetic field vector Bref we use model field 

values Bmod for the time and position of the satellite mag-
netometer readings as given by the CHAOS-6 geomagnetic 
field model (Finlay et al. 2016) in version x9. These model 
values include contributions from the core, lithospheric 
and large-scale magnetospheric (plus induced) fields, the 
time dependence of which is parameterised by the RC-
index (Olsen et al. 2014).

The reference model magnetic field vector is rotated 
from NEC into the CRF frame,

and compared with BCRF as given by Eq. 5b. The 12 model 
parameters (3 offsets, 3 scale values, 3 non-orthogonali-
ties and 3 Euler angles) may then be estimated by solving 
a non-linear inverse problem minimising the data misfit, 
Eq. 6, in a least-squares sense.

However, Eq. 5b can be rewritten as 

(6)|�B|2 = |BCRF − Bref,CRF|2

(7)Bmod,CRF = R−1
J2000

R−1
NEC

Bmod,NEC

(8a)BCRF =R
A
P−1 S−1 (E− b)

 where the 9 elements of the 3× 3 matrix A = R
A
P−1 S−1 

and the 3 values of b̃ = −Ab can be estimated as part of 
a linear inverse problem. This is advantageous compared 
to a direct but non-linear estimation of the 12 calibration 
parameters (offsets, scale values, non-orthogonalities 
and Euler angles) since there is no need to specify start-
ing values initiating the iterative non-linear inversion 
scheme.

Once the 12 model parameters (the 9 elements of the 
matrix A plus the three elements of the vector b̃ ) have been 
found, a determination of the 12 “classical” calibration 
parameters (3 offsets, 3 scale values, 3 non-orthogonalities 
and 3 Euler angles) can be efficiently achieved via a QL 
decomposition of A = Q L = R

A
P−1 S−1, where Q = R

A
 

is the rotation matrix parameterised by the 3 Euler angles 
and L = P−1S−1 is a lower triangular matrix. The offsets 
follow from b = −A−1b̃ . Since P−1 is lower triangular and 
S−1 is diagonal (and all scale values Si have to be positive), a 
unique determination of scale values and non-orthogonali-
ties is possible using this decomposition.

Accounting for time dependence, temperature effects 
and s/c disturbance fields
Up to now we assumed that the platform magnetometers 
on-board CryoSat-2 are linear instruments and that their 
calibration parameters do not depend on time or instru-
ment temperature. In the following, we include such a 
dependency and also account for spacecraft disturbance 
magnetic fields.

A possible temporal variation of the 12 “basic” calibra-
tion and alignment parameters (3 offsets, 3 scale values, 3 
non-orthogonalities and 3 Euler angles) is accounted for 
by solving for these 12 parameters in monthly bins. This 
is implemented by estimating the 9 elements of A and 
the 3 elements of b̃ of Eq.  8b separately for each of the 
101 months spanning August 2010 to December 2018. 
However, we regularise the month-to-month variation by 
damping the temporal first differences of each of these 12 
parameters.

To allow for temperature effects and spacecraft magnetic 
disturbance fields, we add to the offset a term that depends 
on magnetometer temperature TFGM , the electric current 
strengths ISA1,2 of the two solar arrays of CryoSat-2, on bat-
tery current IBatt , and on the currents IMTQ,i, i = 1− 3 , in 
each of the three magnetorquer coils. The magnetometer 
offset b̃ is thus decomposed as

(8b)=A E+ b̃,

(9)b̃ = b̃0(tk)+�b̃(TFGM, IMTQ, ISA1, ISA2, IBatt)
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and consists of an explicitly time-dependent part b̃0(tk) 
determined in monthly bins ( k = 1, 2, . . . ,K  with 
K = 101 as the number of months) and a contribution 
�b̃ assumed to be valid for the entire mission (but also 
changed implicitly with time due to the time depend-
ence of the currents IMTQ(t) , ISA1(t) , ISA2(t) , IBatt(t) and 
of temperature TFGM(t) ). The latter is described by 21 
parameters (representative of the entire mission period) 
by a further decomposition into b̃T which depends on 
the FGM instrument temperature TFGM (3 parameters, 
with T0 = 5◦ C as reference temperature), a 3× 3 matrix 
M (i.e. 9 parameters) that describes the magnetic distur-
bance at the FGM sensor caused by the magnetorquer 
coil currents IMTQ (separate currents for each of the 
three coils), and contributions due to the magnetic dis-
turbances of the electric currents in solar array 1 and 2 
( ISA1 and ISA2 ) and of the battery current IBatt (3 param-
eters for each of ISA1 , ISA2 and IBatt).

In a similar way, the scale values

of Eq.  (2b) are split into a part Sn,0(tk) that varies on a 
monthly basis and a temperature-dependent part, where 
�Sn,T is constant for the entire mission. This yields an 
additional 3 model parameters. (Note that estimation of 
these parameters requires solving a weakly non-linear 
problem which requires decomposition of the matrix A . 
However, the strictly linear problem of Eq.  8b is in any 
case solved iteratively due to the introduction of robust 
weights to account for data outliers—cf. Eq.  17 and the 
related text—and thus iterative estimation of the three 
non-linear parameters �Sn,T by linearisation comes at no 
additional cost.)

Non‑linearities, sensor cross‑talk and the transverse field 
effect
The high-precision magnetometer on-board recent dedi-
cated satellites for measuring Earth’s magnetic field like 
Ørsted, CHAMP and Swarm are all of the “spherical coil 
compensated” magnetometer type (e.g. Nielsen et  al. 
1995). In that instrument design the three fluxgate sen-
sors are placed in a tri-axial coil system which generates 
a zero field in its centre, thus compensating the full mag-
netic field vector in all directions. However, other flux-
gate magnetometers such as the Billingsley TFM100S 
on-board CryoSat-2 use single-sensor compensation, 
which means that for each of the three sensors only the 

(10)
�b̃ = b̃T · (TFGM − T0)+M IMTQ + b̃SA1ISA1

+ b̃SA2ISA2 + b̃BattIBatt

(11)
Sn = Sn,0(tk)+�Sn,T · (TFGM − T0), n = 1− 3

magnetic field in the direction of that sensor is compen-
sated. This may lead to a Transfer Field Effect (TFE) as 
described, e.g. by Brauer et al. (1997). A TFE implies that 
the sensor output in one axis depends non-linearly on the 
magnetic field strength in directions perpendicular to the 
sensor axis. In addition, the electronics of the magnetom-
eters may introduce non-linear effects, too.

To model these effects, we augment the linear equation 
of Eq. 8 as follows:

 where the vectors ξ and η describe quadratic, and respec-
tively, cubic, effects in sensor output E . The ith compo-
nents ( i = 1− 3 ) of ξ and η are parameterised according 
to 

 There are thus 6 coefficients ξ ikn, k = 1 . . . 3, n = k . . . 3 
per sensor axis (which yields 18 parameters in total) 
describing quadratic effects, and 10 coefficients 
ηiknm, k = 1 . . . 3, n = k . . . 3,m = n . . . 3 per sensor axis 
(which yields 30 parameters in total) describing cubic 
effects. The sensor output Ek is scaled according to 
Êk = Ek/E0 with a scaling constant E0 = 104  nT. This 
scaling transforms the sensor output Ek (which may 
reach values up to 5 · 104  nT near the magnetic poles) 
to non-dimensional quantities Êk of order O(1) and thus 
leads to quadratic and cubic coefficients ξ ikn and ηiknm of 
similar magnitude, thereby reducing numerical instabili-
ties in estimating these parameters.

The calibration effort described here is performed 
using an a priori model of Earth’s magnetic field. Alter-
natively, a geomagnetic field model can be co-estimated 
with (at least some of ) the magnetometer calibration 
instead of using an a priori model. Such an approach has 
been used by Alken et  al. (2020) and Kloss et  al. (to be 
submitted to Earth Planets and Space) for estimation of 
the 12 “basic” calibration parameters of CryoSat-2, after 
correcting for temperature effects, spacecraft disturbance 
fields and non-linearities using the “common” calibration 
parameters determined in the present paper.

(12a)BCRF =R
A
P−1 S−1 (E− b)+ ξ + η

(12b)=A E+ b̃+ ξ + η,

(13a)
ξ i = ξ i11Ê

2
1 + ξ i22Ê

2
2 + ξ i33Ê

2
3 + ξ i12Ê1Ê2 + ξ i13Ê1Ê3 + ξ i23Ê2Ê3

(13b)

ηi = ηi
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Ê
3

1
+ ηi
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Data and data preprocessing
CryoSat-2 data spanning the 101 months between August 
2010 and December 2018 have been used in this study. 
Most of the observed quantities are available with a 4-s 
sampling rate; these include the 3-axis sensor readings 
for each of the three FGM magnetometers, satellite posi-
tion, and the auxiliary current data (solar array currents 
ISA1 and ISA2 , battery currents IBatt and three-axis mag-
netorquer currents IMTQ ). Magnetometer temperature 
TFGM is available every 15th  second, while star-tracker 
attitude (quaternions) is available with a 1-s sampling 
rate.

All data have been spline-interpolated to the 4-s time 
instant of the FGM magnetometer readings. The special 
treatment of the attitude data is described in  "Preproc-
essing of attitude data" subsection below.

The top panel of Fig. 2 shows the temperature of each 
of the three FGM magnetometers. As expected due to the 
close proximity of FGM1 and FGM2, the temperatures of 
these two magnetometers are more similar compared to 
that of FGM3 which is located on the other side of the 
spacecraft, as shown in Fig. 1.

The second panel from top shows the current of the 
three magnetorquers. Improved attitude control after 
uploading a STR software update in the second half of 
2016 is the reason for the weaker magnetorquer currents 
after that period.

The third panel from the top presents the currents 
ISA1,2 of the two solar arrays—one on each side of the 
satellite—and the battery current IBatt . There is generally 
maximum illumination (and thus currents) of solar array 
1 (located on the right side of the satellite seen in flight 
direction) when the ascending node of the spacecraft 
orbit is around 06  Local Time (LT), while solar array  2 
(located on the left side) is at maximum illumination 
around 18 LT.

Local time of the equatorial crossing of the ascending 
orbit track is shown in the bottom panel.

Preprocessing of attitude data
The attitude data used in this study and provided in the 
data files, for the rotation from the Common Reference 
Frame (CRF) to inertial space (J2000) specified by R

J2000
 , 

are based on measurements taken by three star trackers 
(STRx, x = 1− 3 ) on-board CryoSat-2. Each star tracker 
provides uncorrected attitude information at a rate of 1 s. 
The following correction steps are applied to the attitude 
data: first, the data of each star tracker are corrected for 
relativistic aberration (Shuster 2003). Second, the cor-
rected attitudes from the individual camera units are 
combined to form the attitude of the CRF using the 

method described in more detail below. Finally, the CRF 
attitudes are interpolated to the time-instants of the cor-
responding FGM measurements.

The combination of the individual attitudes measured 
by the three STR units follow the scheme developed for 
the Swarm satellites as described in detail in the Swarm 
Level 1b Processor Algorithm (Nielsen and Tøffner-Clausen 
2019). This scheme takes into account the anisotropic 
uncertainty of the STR attitude data: uncertainty of the 
direction of the camera boresight is typically 5− 10 times 
smaller than uncertainty of the rotation about the bore-
sight. Attitude data from the three STRs are combined 
into a single attitude solution using spatial data weights in 
accordance to the anisotropic uncertainty, the estimated 
uncertainty and the validity of the individual attitudes. The 
combined attitude solution refers to the Common Reference 
Frame (CRF).

The attitude combination for CryoSat-2 is a three-step 
process: (1) establish a CRF and determine the rotation 
from the individual STR heads to CRF, (2) produce esti-
mates of the individual STR attitude uncertainties, and 
(3) compute the combined CRF attitude.

Step 1: we define CRF to be equal to the instrument 
frame of STR1, hence the rotation from STR1 to CRF, 
averaged over the entire mission, is the identity transfor-
mation. The transformations from STR2 and STR3 to CRF 
are computed as the robust mean over the entire mission 
of the rotations described by R−1

STR1,J2000
R
STR2,J2000

 , 
respectively R−1

STR1,J2000
R
STR3,J2000

 , when both involved 
attitude samples are valid.

Step 2 is more complicated since consistent attitude 
uncertainty information associated with the individual 
STR samples is not available. We therefore developed a 
heuristic approach to estimate attitude uncertainty qerror . 
It involves the following steps: for each of the three STR, 
the on-board computed STR Penalty provides an indica-
tion of the accuracy of the attitude. Penalty gives for each 
sample the average deviation of the star centroids w.r.t. 
the star catalogue (in units of pixels of the star imager 
CCD); a value below 0.1 pixels is generally considered 
good. However, analyses have shown that this measure 
alone does not provide a reliable absolute indicator of 
attitude uncertainty. We therefore also looked at the tem-
perature TSTR of the star trackers: accurate attitudes are 
generally obtained when TSTR is below 0 °C, in particular 
during the first half of the mission before a STR software 
update was uploaded after which accurate attitudes were 
also obtained at higher temperatures.

Based on this, a heuristic uncertainty estimate of the 
individual STR attitudes, σ̂ (in units of arcsecs), has been 
computed as:
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Fig. 2  From top to bottom: instrument temperature TFGM for the three magnetometers. Magnetorquer currents IMTQ . Solar array currents ISA1,2 and 
battery current IBatt . Shown are daily minimum/maximum values. Bottom: Local Time of ascending node.
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with 

Step 3 is the actual computation of the combined atti-
tude solution which is done in the same manner as for 
the Swarm mission. Basically, the method merges the 
corrected attitudes from the STRs providing valid atti-
tude data for which σ̂ < 255 arcsecs by rotating the single 
STR attitudes and their anisotropic covariance matrices 
weighted by σ̂ into the CRF and solving a weighted least-
squares problem. The thus computed combined attitude 
quaternion qj2000 is assigned a scalar uncertainty estimate

The special treatment of single-unit STR data accounts 
for the large uncertainty in the rotation about the STR 
camera boresight. qerror aims at a crude estimate of the 
attitude uncertainty expressed in arcseconds, however it 
is a rather coarse quantity and for qerror � 30 arcsecs the 
actual uncertainty may be larger or smaller. qerror is pro-
vided in the distributed CryoSat-2 data product files. We 
recommend to use attitude data (and thus magnetic vec-
tor data in the NEC frame) only when qerror < 30 arcsecs.

Determination of the calibration parameters
The 12 “basic” calibration parameters are determined sep-
arately for each of the 101 months (August 2010 to Decem-
ber 2018) in consideration; this results in 101× 12 = 1212 
model parameters. In addition, we determine 72 “common 
parameters” which are assumed to be constant for the 
entire time period. These common parameters consist of

•	 6 parameters describing the temperature depend-
ency of the offsets (3 parameters) and scale values (3 
parameters);

•	 9 parameters describing the 3× 3 magnetorquer 
coupling matrix M;

•	 9 parameters describing the dependency on solar 
array currents (3+3 parameters) and battery currents 
(3 parameters);

•	 48 parameters describing non-linearities.

(14)

σ̂ =
{

σ̂Penalty + σ̂T if σ̂Penalty + σ̂T ≥ 4 arcsecs
4 arcsecs otherwise

(15a)σ̂Penalty = 200
arcsecs

pixel
× Penalty

(15b)

σ̂T =
{

3× (TSTR/
◦C+ 5) arcsecs if TSTR > −5 ◦C

0 arcsecs otherwise

(16)qerror =
{ √

3/2
∑

1/σ̂
if data from more than one STR unit have been used

10× σ̂ if only one STR is used

In total there are thus 1284 parameters for calibrating the 
data of each of the three FGM instruments.

For the estimation of these model parameters, we 
use measurements downsampled at 60  s (which means 
taking every 15th value of the 4-s data). This yields 
13.3  mio observations (corresponding to 3× 4.4  mio 
vector triplets) from which we estimate the 1284 model 
parameters by minimising the squared difference, 
|�B|2 = |BCRF − Bmod,CRF|2, averaged over all data 
points, where the calibrated magnetic field vector BCRF 
depends on the sensor output E and on the model param-
eters as indicated by Eq.  12. The reference (model) val-
ues Bmod,CRF are calculated for each measured vector 
E (i.e. each satellite position and time instant) using the 
CHAOS-6 field model (Finlay et al. 2016) which consists 
of contributions from the core, lithosphere and large-
scale magnetosphere (plus Earth-induced counterparts) 
after rotation to the CRF frame according to Eq. 7 using 
the merged attitude quaternions qJ2000.

The CHAOS-6 model does not include magnetic field 
signatures caused by polar ionospheric and field-aligned 
current systems and thus Bmod,CRF cannot be expected 
to provide as good a reference magnetic field vector at 
polar latitudes. For estimating the calibration parameters, 
we therefore only use data at quasi-dipole (QD) latitudes 
(Emmert et  al. 2010) equatorward of ± 60◦ . Other than 
that we have not further selected data, which means we 
use data from all local times and geomagnetic activity 
conditions.

We use an Iteratively Reweighted Least-Squares 
approach with Huber weights (Huber 1981), minimising 
the Chi-squared misfit

where the model vector m contains the model param-
eters and the residuals vector e = dobs − dmod is the 
difference between the data vector dobs (containing 
all elements of BCRF ) and the model prediction vector 
dmod (containing all elements of Bmod,CRF ). The diago-
nal weight matrix W  contains the Huber weights (to 
account for data outliers). � is a block diagonal matrix 
which regularises the month-to-month variation (first 
differences) of the 12 “basic” model parameters off-
sets, scale values, non-orthogonalities and Euler angles. 
We use different regularisation parameters for offsets b̃ 

(17)χ2 = eTW e+mT�m,
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( �b = 5 · 104/ nT 2 ) and for the 9 elements of the matrix 
A (combining scale values, non-orthogonalities and Euler 
angles, �A = 3 · 1012 ) due to their different magnitude; 
the values of these regularisation parameters were found 
by visual inspection of the month-to-month variations of 
the estimated calibration parameters and the achieved 
rms data misfit.

Results and discussion
Table 1 lists Huber-weighted rms data misfits (consider-
ing all three magnetic vector components) for various 
combinations of calibration parameter estimates when 

applied to the full CryoSat-2 data set spanning August 
2010 to December 2018. In the following, we will focus 
on the results for FGM1 as they are representative of all 
three magnetometers.

Estimating the full set of common parameters (72 
parameters, describing temperature dependencies, non-
linearities and accounting for the magnetic disturbances 
due to solar array, battery and magnetorquer currents, 
denoted as case # 1) results in estimating 1284 model 
parameters and leads to an overall rms misfit of 6.43 nT. 
This is our preferred model, estimated by applying a weak 
temporal regularisation of the month-to-month variation 

Table 1  Huber-weighted rms misfit (in nT) for various model parameterisations. Npara is the number of model parameters

# Parameterisation Npara FGM1 FGM2 FGM3

1 Weak temporal regularisation, all common parameters 1284 6.43 7.23 6.72

2 Same, no T dependence 1278 6.57 7.23 6.80

3 Same, no SA and Batt current dependence 1275 6.51 7.30 6.80

4 Same, no MTQ current dependence 1275 6.81 7.60 7.13

5 Same, no quadratic and cubic terms 1236 7.20 7.78 7.30

6 Same, no common parameters 1212 7.85 8.32 7.81

7 No temporal regularisation, all common parameters 1284 6.39 7.07 6.67

8 No temporal regularisation, no common parameters 1212 7.75 8.18 7.71
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Fig. 3  Time dependence of the 12 “basic” calibration parameters for FGM1. Shown are deviations from their mean values as indicated in the figure 
legend
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of the 12 “basic” model parameters. Figure  3 shows the 
temporal variation of these parameters in terms of the 
deviation from their mean values. Typical variations are 
up to ±6  nT variation for the offsets, up to ± 200  ppm 
variation for the scale values, and up to ± 0.03◦ (corre-
sponding to about ± 100 arcsecs) variation in the non-
orthogonalities and Euler angles.

Discarding any temporal regularisation (case #  7 in 
Table  1) results in a slight reduction of the data misfit 
by 0.6% to 6.39 nT, but leads to an increased month-to-
month scatter of the parameters (e.g. scale values varying 
by more than ±500 ppm). We therefore consider the cho-
sen weak regularisation (case #1) to be justified.

How important are the common parameters? To inves-
tigate this we derived various models for which we only 
estimate a subset of the common parameters—or none 
at all. Ignoring the temperature dependence (case #  2 
in Table  1) increases the rms misfit by 2.1% to 6.57  nT 
while reducing the number of model parameters by 6 
to 1278; ignoring any dependency on solar array and 
battery currents (case #  3, 9 fewer model parameters) 
increases the rms misfit by 1.4 %; discarding the distur-
bance of magnetorquer (case # 4) increases the rms misfit 
by 5.9% to 6.81 nT, and ignoring non-linear effects (case 
#  5) increases the misfit by 10.9% to 7.13  nT compared 
to the rms misfit of case #1. Finally, ignoring any com-
mon parameters (case # 6) results in an rms increase of 

22.1% while reducing the number of parameters by only 
5% (from 1284 to 1212). From this we conclude that con-
sideration of magnetic disturbance effects as described 
by the common parameters significantly improves the 
results.

The data improvement when considering magnetic 
signature of spacecraft disturbances, temperature effects 
and non-linearities measured by statistical means is 
shown in Table  1: for FGM1 the rms decreases from 
7.85 nT when discarding such effects (case #6) to 6.43 nT 
(case #1). This improvement is also visible when looking 
at residual plots vs QD-latitude. The top panel of Fig.  4 
shows residuals (observations minus CHAOS-6 model 
predictions) in the vertical component BC for case  #6 
(blue) and the fully calibrated data of case  #1 (red), for 
the two days 3 and 4 April 2011. The improvement is par-
ticularly obvious at non-polar latitudes (here a reduction 
from 5.98 nT to 4.10 nT). In particular, some “excursions” 
(e.g. between latitude −20◦ and 0◦ ) can be attributed to 
magnetorquer action, as indicated by the corresponding 
magnetorquer current strengths shown in the bottom 
panel.

The left panel of Table 2, labelled “2010–2018”, lists the 
72 common parameters for each of the three FGM mag-
netometers, obtained from the entire data set. But how 
robust are these estimates of the common parameters? 
In order to investigate this, we derived separate models 

Fig. 4  Top: residuals �BC = BC − BC ,mod in dependence on QD-latitude for the 2 days 3 to 4 April 2011, for FGM1. Blue dots present results when 
discarding “common calibration parameters” (i.e. not accounting for spacecraft disturbance fields and magnetometer non-linearities—case #6 of 
Table 1) while red dots present results for the fully calibrated data (case #1). Bottom: magnetorquer currents in dependence on QD-latitude for the 
same data span.
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Table 2  Values of the common calibration parameters

2010–2018 2010–2014 2015–2018

i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3

FGM1

ST ,i [ppm/◦C] 72.9 − 1.4 112.7 77.8 15.4 121.0 67.5 − 12.6 103.9

bT ,i [nT/◦C] − 1.53 − 0.43 2.42 − 1.75 − 0.35 2.53 − 1.37 − 0.52 2.35

bSA1,i [nT/mA] − 0.14 0.63 0.23 − 0.21 0.67 0.20 − 0.04 0.58 0.26

bSA2,i [nT/mA] 0.96 − 0.09 − 0.41 0.98 − 0.12 − 0.34 0.94 − 0.07 − 0.48

bBatt,i [nT/mA] − 0.13 0.09 0.09 − 0.15 0.08 0.09 − 0.10 0.11 0.09

M1i [nT/A] − 0.783 0.110 0.100 − 0.774 0.117 0.098 − 0.797 0.100 0.105

M2i [nT/A] 0.210 0.576 − 0.035 0.211 0.574 − 0.032 0.207 0.582 − 0.041

M3i [nT/A] − 0.080 0.028 0.391 − 0.081 0.031 0.394 − 0.080 0.024 0.386

ξ i11 6.38 − 0.24 − 7.25 5.84 0.91 − 7.97 6.98 − 1.73 − 6.39

ξ i22 0.22 0.40 − 0.79 0.15 0.38 − 0.73 0.29 0.41 − 0.85

ξ i33 0.14 − 0.40 0.31 0.12 − 0.39 0.34 0.17 − 0.41 0.28

ξ i12 − 2.17 − 2.08 0.49 − 2.04 − 2.10 0.59 − 2.32 − 2.04 0.38

ξ i13 0.15 − 0.49 − 1.18 − 0.04 − 0.27 − 1.15 0.37 − 0.78 − 1.21

ξ i23 0.41 0.09 − 0.63 0.39 0.06 − 0.63 0.42 0.11 − 0.62

ηi111 − 2.97 − 12.73 11.36 − 2.15 − 13.89 11.37 − 3.78 − 11.27 11.33

ηi222 − 0.13 0.22 − 0.86 − 0.10 0.21 − 0.88 − 0.15 0.23 − 0.83

ηi333 − 0.03 0.37 − 0.10 − 0.02 0.36 − 0.11 − 0.05 0.38 − 0.09

ηi112 0.03 − 1.92 2.79 0.23 − 1.88 2.84 − 0.18 − 1.97 2.72

ηi113 − 0.26 − 0.41 0.55 − 0.26 − 0.41 0.54 − 0.27 − 0.41 0.56

ηi223 0.56 − 2.17 − 2.49 0.08 − 2.04 − 2.61 1.11 − 2.34 − 2.34

ηi122 − 0.06 0.38 − 0.10 − 0.05 0.35 − 0.08 − 0.08 0.41 − 0.12

ηi133 − 1.20 2.47 1.14 − 1.03 2.15 1.33 − 1.41 2.89 0.91

ηi233 − 0.11 1.30 − 0.34 − 0.08 1.28 − 0.33 − 0.15 1.33 − 0.36

ηi123 − 0.45 − 1.10 1.21 − 0.36 − 1.10 1.21 − 0.55 − 1.10 1.21

FGM2

ST ,i [ppm/◦C] − 2.2 8.4 − 58.6 − 3.4 24.7 − 51.0 − 1.4 − 7.6 − 64.5

bT ,i [nT/◦C] 0.35 0.05 0.36 0.52 0.13 0.27 0.16 − 0.10 0.53

bSA1,i [nT/mA] − 0.23 0.71 0.21 − 0.35 0.73 0.21 − 0.07 0.67 0.24

bSA2,i [nT/mA] 0.97 − 0.00 − 0.20 1.01 − 0.04 − 0.16 0.94 0.05 − 0.25

bBatt,i [nT/mA] − 0.09 0.13 0.03 − 0.10 0.13 0.03 − 0.06 0.15 0.03

M1i [nT/A] − 0.811 0.114 0.078 − 0.797 0.121 0.077 − 0.833 0.103 0.082

M2i [nT/A] 0.207 0.574 − 0.018 0.206 0.572 − 0.021 0.209 0.579 − 0.010

M3i [nT/A] − 0.119 0.030 0.386 − 0.117 0.033 0.387 − 0.123 0.025 0.385

ξ i11 8.25 − 0.77 − 7.06 7.36 0.30 − 7.50 9.31 − 2.19 − 6.45

ξ i22 − 0.00 0.32 − 0.99 − 0.05 0.34 − 0.89 0.04 0.29 − 1.10

ξ i33 0.06 − 0.33 0.24 0.05 − 0.32 0.27 0.07 − 0.34 0.22

ξ i12 − 1.70 − 2.46 0.10 − 1.60 − 2.56 0.21 − 1.82 − 2.33 − 0.01

ξ i13 0.19 − 0.87 − 0.33 − 0.03 − 0.71 − 0.25 0.45 − 1.07 − 0.41

ξ i23 0.38 0.31 − 0.77 0.38 0.30 − 0.80 0.38 0.32 − 0.74

ηi111 − 4.32 − 10.11 5.67 − 3.38 − 11.22 5.18 − 5.34 − 8.71 6.17

ηi222 − 0.17 0.02 − 0.69 − 0.15 0.02 − 0.70 − 0.19 0.02 − 0.69

ηi333 0.03 0.35 − 0.21 0.04 0.34 − 0.23 0.03 0.36 − 0.19

ηi112 − 0.17 − 1.43 1.59 0.04 − 1.36 1.57 − 0.41 − 1.50 1.59

ηi113 − 0.35 − 0.32 0.34 − 0.34 − 0.31 0.32 − 0.35 − 0.34 0.38

ηi223 1.06 − 1.91 − 2.56 0.56 − 1.83 − 2.73 1.64 − 2.02 − 2.36
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using data from the first half of the mission (August 2010 
to December 2014, i.e. 53 months) and from the second 
part (January 2015 to December 2018, i.e. 48 months), 
respectively. The middle and right panel of Table  2, 
labelled “2010–2014” and “2015–2018”, respectively, 
show the results of these completely independent esti-
mates of the 72 common parameters.

The estimated values of many of these parameters are 
quite similar for the two data sets, which gives us some 
confidence that their inclusion in the calibration pro-
cess is justified. However, a detailed analysis of the sig-
nificance of each of these parameters is beyond the scope 
of the present paper, and an interpretation of these esti-
mated values has to be done with care. We therefore 

consider the co-estimation of these common calibra-
tion parameters merely as a tool to obtain an improved 
calibration of the magnetic data—similar to the usual 
approach of co-estimating “nuisance parameters” in 
statistics.

The rms data misfit values listed in Table  1 are mean 
values for the entire mission and all components. The 
misfit of FGM2 seems to be slightly higher than those of 
the other two fluxgate magnetometers. This tendency is 
confirmed when looking at daily values of the rms mis-
fit at non-polar latitudes (QD-latitude equatorward of 
±60◦ ), shown in Fig.  5. In particular, the rms misfit of 
the vertical magnetic field component BC is systemati-
cally higher for FGM2 compared to FGM1 and FGM2; a 

Table 2  (continued)

2010–2018 2010–2014 2015–2018

i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3

ηi122 − 0.06 0.37 − 0.00 − 0.05 0.34 0.01 − 0.07 0.41 − 0.01

ηi133 − 1.08 3.35 0.20 − 0.89 3.11 0.32 − 1.32 3.67 0.03

ηi233 − 0.08 1.23 − 0.14 − 0.06 1.22 − 0.14 − 0.11 1.25 − 0.15

ηi123 − 0.47 − 0.82 1.05 − 0.36 − 0.83 1.03 − 0.60 − 0.81 1.07

FGM3

ST ,i [ppm/◦C] 73.4 − 46.6 32.9 76.4 − 34.6 36.8 66.8 − 57.1 27.8

bT ,i [nT/◦C] 0.59 0.55 1.57 0.55 0.41 1.54 0.64 0.75 1.59

bSA1,i [nT/mA] − 0.99 0.30 0.69 − 1.04 0.24 0.72 − 0.90 0.37 0.65

bSA2,i [nT/mA] 0.16 0.38 − 0.01 0.18 0.45 − 0.02 0.17 0.32 − 0.01

bBatt,i [nT/mA] − 0.08 − 0.00 0.10 − 0.11 − 0.00 0.10 − 0.04 0.01 0.09

M1i [nT/A] − 0.816 − 0.149 0.111 − 0.805 − 0.143 0.104 − 0.834 − 0.156 0.123

M2i [nT/A] − 0.233 0.590 0.033 − 0.232 0.588 0.031 − 0.235 0.595 0.037

M3i [nT/A] − 0.109 0.011 0.432 − 0.110 0.011 0.432 − 0.108 0.011 0.432

ξ i11 − 4.80 4.16 6.52 − 4.18 4.80 7.53 − 5.47 3.41 5.21

ξ i22 − 0.33 0.12 0.88 − 0.25 0.14 0.81 − 0.41 0.10 0.94

ξ i33 − 0.38 − 0.28 0.62 − 0.36 − 0.27 0.57 − 0.40 − 0.30 0.66

ξ i12 − 1.84 0.85 0.63 − 1.74 0.94 0.73 − 1.96 0.74 0.52

ξ i13 − 0.29 0.46 0.82 − 0.09 0.57 0.82 − 0.51 0.32 0.81

ξ i23 0.43 − 0.35 − 0.52 0.44 − 0.33 − 0.55 0.42 − 0.37 − 0.48

ηi111 − 3.26 − 0.83 11.74 − 2.39 0.05 11.83 − 4.16 − 1.82 11.52

ηi222 0.16 0.12 0.69 0.13 0.12 0.70 0.19 0.12 0.67

ηi333 − 0.09 − 0.28 − 0.11 − 0.08 − 0.27 − 0.13 − 0.10 − 0.28 − 0.10

ηi112 − 0.03 0.89 2.73 0.14 0.83 2.82 − 0.22 0.95 2.63

ηi113 − 0.13 0.32 0.40 − 0.15 0.30 0.39 − 0.11 0.34 0.41

ηi223 0.36 − 1.67 1.67 0.80 − 1.59 1.75 − 0.15 − 1.77 1.58

ηi122 0.06 0.11 0.07 0.04 0.09 0.07 0.07 0.14 0.08

ηi133 − 1.17 − 1.00 0.20 − 0.96 − 0.85 0.44 − 1.42 − 1.19 − 0.13

ηi233 − 0.11 − 1.18 − 0.11 − 0.09 − 1.17 − 0.08 − 0.14 − 1.19 − 0.14

ηi123 0.51 − 0.47 − 0.64 0.47 − 0.49 − 0.64 0.55 − 0.44 − 0.63

Values listed in the left panel labelled “2010–2018” are estimated from the entire data set, while values in the middle and right panels are determined from data 
subsets spanning the first, respectively, last, part of the mission
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tendency that is also visible in the rms of the scalar inten-
sity F. The reason for this increased rms in FGM2 is pres-
ently unknown.

The obtained rms data misfit comprises contribu-
tions from unmodeled magnetic disturbances and from 
magnetometer noise. In order to investigate the noise 
behaviour at periods shorter than a few minutes, we 
select data segments of length 320 s (i.e. 80 samples) of 
�B = Bobs − Bmod at non-polar latitudes. After detrend-
ing each data segment, we calculated its auto-covariance 
function. As an example, Fig.  6 shows the results for 5. 
January 2011. Each grey curve presents the auto-covar-
iance function of a single data segment (255 samples of 
length 320  s each), calculated, respectively, for the sca-
lar field intensity (left side) and for the magnetic vertical 
component (right side) and for the difference between 
the magnetic field measured by FGM1 and CHAOS-6 
model predictions (top panel) and for the difference 
between the field measured by FGM1 minus that meas-
ured by FGM2 (bottom panel). The red curve presents 
the median, determined by averaging all 255 sample 
auto-covariance functions.

The peak at zero lag indicates a significant amount of 
white noise in the data, of variance σ 2

F ≈ 10 nT2 for the 
scalar intensity and σ 2

BC
≈ 12 nT2 for the magnetic ver-

tical component (top part of Fig.  6). Averaging over 
successive data points reduces this random noise con-
tributions considerably: averaging over 5 samples, which 
leads to the median auto-covariance function shown in 
yellow, results in a random noise reduction by a factor 
of about 3 (from σ 2

F ≈ 10 nT2 to σ 2
F ≈ 3 nT2 , resp. from 

σ 2
BC

≈ 12 nT2 to σ 2
BC

≈ 3.5 nT2 ). This reduction is, how-
ever, slightly lower than the expected fivefold reduction 
for purely Gaussian random errors.

The auto-covariance functions of the vector component 
BC reveal secondary peaks at time lags of 12-s and multi-
ples, which indicates a 12-s period in the magnetic vec-
tor components (the same periodicity is seen in the two 
other magnetic vector components and on other days). 
The reason for this is probably a 3-s periodicity in the 
1  Hz star tracker data which, when combined with the 
FGM data (sampled at 4 s) leads to a 12-s “beat pattern”.

The existence of a large amount of uncorrelated noise is 
confirmed by the variance (at zero time lag) of the differ-
ence between the magnetic data of FGM1 minus FGM2, 

Fig. 5  Daily rms of difference �B = Bobs − Bmod at non-polar latitudes for the three vector components in the NEC frame and for scalar intensity 
�F = Fobs − Fmod (bottom), for all three FGM fluxgate magnetometers.
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shown in the lower panel of Fig. 6. Any contribution due 
to unmodeled spacecraft disturbances, attitude errors or 
geophysical signals will be removed when analysing these 
differences since such contributions would be identi-
cal for the two magnetometers. Consequently, the 12-s 
periodicity in the auto-covariance function of BC (right 
panel) has disappeared. However, the variance at zero 
time lag has increased considerably by almost a factor 
of two (which is the expected value for the difference of 
two Gaussian-distributed signals of same variance), con-
firming the origin of this noise as intrinsic to the FGM 
magnetometers.

When using the calibrated CryoSat-2 magnetic data 
products for geophysical investigations, we recommend 
averaging over, e.g. 5 successive values in order to reduce 
the random noise. It may also be useful to average data 
from the 3 FGMs since this further reduces the noise. 
This is shown by the blue curves in the top panel of Fig. 6. 
A 20-s robust running mean (i.e. over 5 samples in time) 
of the calibrated and aligned data from all three FGMs (if 
available) is therefore included in the provided CryoSat-2 
magnetic data product.

Close conjunctions between the CryoSat‑2 
and Swarm Bravo satellites
An independent validation of the calibrated CryoSat-2 
magnetometer data is possible by comparing with close-
by magnetic measurements taken by the Swarm Bravo 
satellite. This is one satellite of the Swarm constellation 
trio, flying at an altitude of about 530 km (which is more 
than 50  km higher than the side-by-side flying lower 
pair Swarm Alpha and Charlie). The different orbital 
inclination of Swarm Bravo ( i = 88.0◦ ) and CryoSat-2 
( i = 92.0◦ ) results in different drift of the Local Time of 
the orbital planes. Roughly every 22 months the LT of 
the ascending tracks of the two satellites are equal (which 
corresponds to co-rotating satellite orbits), and likewise 
every 22 months they are separated by 12 h in LT (which 
corresponds to counter-rotating orbits). Of particular 
interest are these counter-rotating orbits, a situation that 
so far occurred three times since the launch of the Swarm 
satellites in November 2013: around 15 December 2014, 
11 October 2016 and 8 August 2018.

Fig. 6  Auto-covariance function for 320-s-long data segments at non-polar latitudes from 5. January 2011. Grey curves show the auto-covariance 
functions of each data segment; red curve presents the median curve. See text for details
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We consider as “close conjunction” when the distance 
between the two satellites is smaller than some threshold 
d0 = 300 km. Since the altitude difference between Cryo-
Sat-2 and Swarm Bravo is roughly 200 km, the distance 
of the footprints is much smaller during these conjunc-
tions and reaches values down to 30 km. However, since 
the satellites are in counter-rotating orbits their relative 
velocity is about 16  km/s, which means that each con-
junction only lasts for a few values, given the 4-s data 
sampling rate of CryoSat-2. This is, however, compen-
sated by the number of 30 conjunctions per day during a 
period of counter-rotating orbits.

As an example, Fig. 7 shows results for close conjunc-
tions in August 2018. This was a geomagnetic quiet 
period, with Kp ≤ 20 and |Dst| < 20 nT, as shown in the 
top panel of the figure. In the following we only consider 
conjunctions at non-polar latitudes with QD-latitude 
equatorward of ±60◦ . Inter-satellite distance d (yellow), 
and the separation dF of the footprints (magenta) are 
shown in the second panel. The two satellites are closest 
on 8  August, with dF ≤ 30  km during 28 conjunctions. 
Including neighbouring days, dF ≤ 100 km occurred for 
90 conjunctions, during which the inter-satellite distance 
was d ≤ 250 km.

The third panel presents the QD-latitude at which the 
conjunctions occurred during the dayside part of the 
orbit (red, ≈ 11  h LT), resp. the nightside (blue, ≈ 23  h 
LT).

The lower three panels show the difference 
�B = BCr − BSw of the magnetic vector residuals (obser-
vations minus CHAOS-6 model values) as measured 
by CryoSat-2 and Swarm Bravo, for day- and night-
side conjunctions. These differences are below ±10  nT, 
with slightly smaller mean values during night-time 
( �B = (�BN ,�BE ,�BC) = (−0.8, 3.9, 1.0)  nT) com-
pared to the dayside ( �B = (1.4, 6.5, 1.3)  nT). The 
larger dayside values may indicate ionospheric F-region 
currents flowing on the dayside in the altitude region 
between Swarm Bravo and CryoSat-2.

The close agreement between the calibrated magnetic 
field measurements taken by CryoSat-2 and Swarm Bravo 
gives us confidence in the validity of the calibration 
approach presented here.

Summary and outlook
We have described and discussed the preprocessing and 
calibration steps applied to the magnetic data meas-
ured by the three “platform magnetometers” on-board 
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Fig. 7  Close conjunctions between the CryoSat-2 and Swarm Bravo satellites in August 2018. From top to bottom: geomagnetic activity indices Kp 
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the CryoSat-2 satellite. The calibration is performed by 
comparing the magnetometer sensor readings with mag-
netic field values for the time and position of the satel-
lite as given by the CHAOS-6 geomagnetic field model 
(Finlay et al. 2016). Fully calibrated magnetic vector data, 
together with time and position, are provided as daily 
files in the Common Data Format (CDF, see Goucher 
and Mathews (1994) and cdf.gsfc.nasa.gov) in a format 
similar to that used for distribution of the Swarm satel-
lite constellation magnetic Level 1b data (e.g. Olsen et al. 
(2013) and http://www.earth​.esa.int/swarm​). The prod-
uct name follows that used for the Swarm Level 1b data: 
file CS_OPER_MAG_20180123T000000_201801
23T235959_0102.cdf contains data for 23 January 
2018 (more precisely from 00:00:00 UT to 23:59:59 UT 
on that day). The last four digits of the filename—here 
0102—indicate product version 0102.

Table 2 lists the content of the CryoSat-2 magnetic data 
product, which have been calibrated using the approach 
described in  "Determination of the calibration param-
eters" section, case #1 of Table 1. In addition to time and 
position, it contains the three components of the cali-
brated magnetic vector in the FGM instrument frame as 
well as in the NEC frame, for each of the three FGMs. To 
reduce the intrinsic noise of the magnetometers a 20-s 
robust average (i.e. average over 5 successive data points 
in time) of the magnetic field vectors of up to 3 FGMs, for 
qerror < 30  arcsecs, is provided as variable BNEC . Scalar 
intensity F = |BNEC| is also provided.

The CryoSat-2 data product files are freely available at 
swarm-diss.eo.esa.int in the folder /#CryoSat-2. Since 
the data format follows that used for the Swarm Level 1b 

data, a visualisation of the CryoSat-2 magnetic data 
is possible by uploading the CDF files to the VirES for 
Swarm web service available at http://www.vires​.servi​ces.

We hope that the calibrated and aligned CryoSat-2 
magnetic data will prove useful to the scientific commu-
nity, both regarding investigations of the dynamics of the 
core field, the time–space structure of ionospheric cur-
rents, in unravelling the various magnetospheric con-
tributions, for induction studies and more. Examples of 
scientific research that make use of the CryoSat-2 mag-
netic data include several geomagnetic field models (e.g. 
Alken et al. 2020), the determination of “virtual Geomag-
netic Observatories in Space” from CryoSat-2 data and 
their application for studying core-field variations (Ham-
mer et al., to be submitted to Earth Planets and Space), as 
well as improved determination of the space–time struc-
ture of large-scale magnetospheric field contributions 
and their use to determine the electrical conductivity of 
Earth’s mantle (Kuvshinov et al., to be submitted to Earth 
Planets and Space).

As one example, we show an application of CryoSat-2 
magnetic data for studying the magnetospheric ring-
current. Its strength is monitored by the Dst-index (Sugi-
ura and Kamei 1991) which is routinely derived from the 
magnetic horizontal component �H (after removal of 
contributions from the core and lithosphere) at four low-
latitude ground geomagnetic observatories. For a given 
time instant Dst is defined as the average of �H at these 
four stations, divided by cos �d (where �d is the dipole 
latitude of the observatory location) in order to extrap-
olate to the magnetic dipole equator. Dst thus provides 

Table 3  Content of CryoSat-2 magnetic data product

Element Contents Units

Timestamp Time of observation CDF_EPOCH

Latitude Latitude of observation in the International Terrestrial Reference Frame (ITRF) degree

Longitude Longitude of observation in the ITRF degree

Radius Radius of observation in ITRF m

B_FGM1 Magnetic field vector in the instrument frame of the FGM1 magnetometer nT

B_FGM2 Magnetic field vector in the instrument frame of the FGM2 magnetometer nT

B_FGM3 Magnetic field vector in the instrument frame of the FGM3 magnetometer nT

B_NEC1 Magnetic field vector in the NEC (North, East, Center) frame based on FGM1 data nT

B_NEC2 Magnetic field vector in the NEC (North, East, Center) frame based on FGM2 data nT

B_NEC3 Magnetic field vector in the NEC (North, East, Center) frame based on FGM3 data nT

B_NEC Magnetic field vector in the NEC (North, East, Center) frame, 5-sample (i.e. 20 s) robust running average of data from 
up to 3 FGMs (only for q_error < 30)

nT

F Magnetic field intensity determined from B_NEC nT

B_mod_NEC Model magnetic field vector in the NEC (North, East, Center) frame based on CHAOS-6 geomagnetic field model nT

q_NEC_CRF Rotation from NEC frame to STR Common Reference Frame (CRF), quaternion (NEC ← CRF) –

q_error Error estimate on attitude information Arcsecs

http://www.earth.esa.int/swarm
http://www.vires.services
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the magnetic signature of the ring-current at the dipole 
equator.

A similar approach can be applied to satellite mag-
netic data. As an example, Fig. 8 shows, for September 
2017, time series of Dst (magenta curve) and estimates 
obtained from magnetic data taken by CryoSat-2 (blue), 
Swarm Bravo (red) and Swarm Alpha (yellow) between 
±60◦ dipole latitude. A major geomagnetic storm 
started around 00 UT on 7. September, with a second-
ary, even stronger, minimum in the afternoon of that 
day, and a slow recovery during the following days. 
CryoSat-2 and Swarm Bravo have been in the same 
orbital plane (03:45/15:45  h LT) during these days, 
while Swarm Alpha was in an orbital plane separated by 
almost 90◦ (10:15/22:15 h  LT), which provides a unique 
opportunity to study this major geomagnetic storm 
from space.

There is excellent correlation between the time series 
obtained using CryoSat-2 and Swarm Bravo (cor-
relation coefficient of ρ = 0.927 ) and slightly lower 
correlation with Swarm Alpha ( ρ = 0.920 ) and Dst 
( ρ = 0.915 ). This may indicate a dependence of the 
ring-current strength on Local Time (i.e. an asymmetric 

ring-current, e.g. Luehr et al. (2016)). Differences are in 
particular present during the main phase of the storm 
(shown in the figure inset), indicating an increasing 
asymmetry (as seen in the difference between Swarm 
Alpha and CryoSat-2/Swarm Bravo) or storm-time 
contributions from ionospheric currents (i.e. enhanced 
F-region currents which result in different magnetic 
signature at the various satellite heights, e.g. Fukushima 
(1989), as seen in the difference between CryoSat-2 
and Swarm Bravo). A detailed investigation of these 
phenomena is beyond the scope of the present article, 
but clearly demonstrates the potential of the CryoSat-2 
magnetic data for geophysical studies.

Platform magnetometer data like those from CryoSat-2 
are a highly valuable augmentation to high-precision 
magnetic data from dedicated satellites like Swarm. It is, 
however, important to note that they never can be a sub-
stitute for dedicated satellite missions, since the proper 
calibration of platform magnetometer data requires 
good global geomagnetic field models which can only 
be obtained with data from high-precision magnetic 
satellites.
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Fig. 8  Signature of the magnetospheric ring-current for September 2017 as determined from various satellites. For comparison the Dst-index 
(shifted by − 40 nT in order to correct for the well-known baseline-instabilities of that index) is also shown.
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