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During their 24 years mission of investigating the Earth’s magnetosphere
the four Cluster satellites delivered high quality magnetic field data measured
by the onboard fluxgate magnetometers. To achieve the accuracy required
for scientific studies, the raw magnetic field data need to be calibrated on a
regular basis. We briefly review the methods used for the Cluster in-flight
magnetic field data calibration, introduce the Cluster magnetometer calibra-
tion software, and present a statistical analysis of the calibration parameters
and their long-term trends. This work aims to serve as a guide for researchers
using the Cluster FGM data in the future, as well as a general reference for
long-term behaviour of the calibration parameters of fluxgate magnetome-
ters.

1 Introduction

The Fluxgate Magnetometer (FGM) calibration is the process of conversion of the raw
digital output from a triad of sensor coils aligned along nonorthogonal axes into magnetic
field vectors expressed in physical units in an orthogonal frame with a known orientation
with respect to the spacecraft. This transformation is dependent on a number of param-
eters encoding scaling factors, sensors offsets, orientation, and nonorthogonality. In total
there are 12 calibration parameters for each sensor triad and each measurement range.



Table 1: Cluster FGM instrument ranges.

range Bpax (nT) resolution (nT) in operation since

2 64 1/128 2000
3 256 1/32 2000
4 1024 1/8 2000
5 4096 1/2 2006
6 16384 2 2009
7 65536 8 2009

Since Cluster FGM uses 6 ranges, there are in total 2 x 4 x 6 x 12 = 576 parameters
needed for the Cluster FGM calibration. These parameters were determined on ground
before launch. Most of these parameters change in time, many of them from day to day.
It is therefore necessary to determine a subset of the calibration parameters on a daily
basis. Because routine daily calibration is only carried out for the outboard sensors the
number of needed parameters is reduced to half. Over the course of the mission, over
35000 calibration files, each containing the parameters for one day for the outboard
sensor of one spacecraft were produced.

... Niklas ...

In this work we describe the techniques used for the Cluster FGM in-flight calibration,
introduce the dedicated FGM calibration software, and discuss the long-term behaviour
of the instruments.

2 Instrument description

The Cluster FGM experiment (Balogh et al., 1997) consists of eight tri-axial fluxgate
sensors and the associated electronics units onboard the four Cluster spacecraft. Each
spacecraft accommodates a pair of tri-axial sensors on a 5.2m long radial boom lying in
the spin-plane. The outboard sensor triad is placed at the end of the boom, while the
other triad is placed 1.5 m inboard from the boom end. To cover a wide range of magnetic
field strengths the instruments automatically switch between six ranges with different
digital resolutions, as shown in Table 1. One of two Analog to Digital Converters (ADC)
can be selected to translate the measurements from voltages to digital units. For further
technical details see Balogh et al. (1997)

3 In-flight magnetometer calibration

The production of calibrated magnetic field data involves two separate major steps:
First, the calibration parameters need to be determined based on pre-flight ground mea-
surements and on analysis of the in-flight data, then the estimated parameters must be
used to calibrate the data.



3.1 The calibration equation

Let (gl, S,, §3) denote the unit vectors of the sensor coils axes. They define a spin-
ning, nearly orthogonal sensor system roughly aligned with an orthogonal frame (X, ¥, 2)
rigidly fixed to the sensor triad. Given a magnetic field vector B in the (X,§,2) frame,
the sensor j will measure the projection of B on the sensor’s axis Sj, affected by the the
sensor’s gain G; and offset Oj:

B;=G;8; B+0;. (1)

Following the existent Cluster FGM calibration software choice of an orthogonal sensor
frame with the z-axis aligned with the spacecraft spin, the components of S; in the
orthogonal frame are:

S; = (cos;,sin 6; cos p;, sin B sin ;) . (2)

The elevation angles ¢; are measured with respect to the spin axis. The azimuth angles
; are measured with respect to the y-axis in the spin plane, positive towards the z-axis
(i.e. positive in the direction of spin rotation).

Eq.(1) can be written in matrix form as

B'=7TB+0 (3)
which is the inverse calibration equation. The transformation matrix 7 = Tgain Tortho is:

G, 0 0 cosf, sinf,cosp, sinb,sinp,
T=(0 G, © cosf, sinb,cosyp, sinb,sinp, (4)
0 0 G, cosf, sinf,cosyp, sind,sing,

Because the deviation from orthogonality is small, 8, ~ 0 and ¢, ~ 0. It is advanta-
geous to do the following change of variables: 6, — 7/2 -6, ~0; 6, — 7/2 -0, = 0;
v, = /2 —p, ~ 0. In addition we introduce the following notations:

AGy, =G, —G, ~0 spin plane gain mismatch (5)
Apy. =@y —¢. =0 spin plane nonorthogonality

In practice the digital units from the Analog to Digital Converters (ADC) are already
transformed to nominal nT using ground determined parameters before B is introduced
in Eq.(3), therefore the gains are close to unity (G = 1 + ¢;). With this in mind, the
first order approximation of the transformation matrix is

Gy 0pcosp, 0, sin @,
T=10 Gy Py (6)
0: ¢y —Apy. Gy — AGy:

which is the equivalent of the matrix in Eq.(8) of Kepko et al. (1996).



The calibration equation associated to Eq.(3) is
B=M(B -0), (7)

where the calibration matrix M is equal to 7~!. In the first order, the calibration
matrix is:

1 Opcosp, Orpsine, ! G, O 0 -
M= 1|0, 1 Py 0 Gy 0
0. vy —Apy, 1 0 0 Gy—AGy: ®)
g,  —0ycosqy —0, sin g,
= _9y I/Gy —Py

—0, _(SDy - A@yz) 1/(Gy—AGyz)

Eq.(7) in the first order is the basis for both determining the calibration parameters
and for the production of calibrated data.

3.2 Determination of the calibration parameters

In-flight calibration consists in determining calibration parameters, i.e., the elements of
the transformation matrix M and of the offset vector O, in total 12 values. In the
ideal case when all gains are equal to one and all sensor coils axes are perfectly aligned
with the orthogonal frame axes, the transformation matrix is the unit matrix. Incorrect
values of some calibration parameters lead to clear coherent signals at spin and double
spin frequency in the calibrated magnetic field (Farrell et al., 1995; Kepko et al., 1996;
Auster et al., 2002; Plaschke et al., 2019). Other parameters, if assigned incorrect values
lead to flawed measurements contradicting known properties of physical phenomena such
as the incompressible nature of Alfvén waves in the solar wind (Belcher, 1973; Hedgecock,
1975; Leinweber et al., 2008) or the compressible nature of mirror mode waves in the
magnetosheath (Plaschke and Narita, 2016). These are the keys to adjust the calibration
parameters to their correct values.

3.3 Specific implementation for Cluster FGM

There are several relevant reference systems for the Cluster FGM in-flight calibration:

SMB - The Spacecraft Mechanical Build system is fixed to the spacecraft body with the
rsvp-axis defined by the nominal spin axis. The zgyp-axis leads the ygyp-axis in
the direction of rotation.

FS - The nonorthogonal FGM Sensor system is defined by the three sensor coil axes
and is roughly aligned with the SMB system. The measurements are made in this
system.

OS - The Orthogonalized Sensor system shares the z-axis with the FS system. The
yos is orthogonal to the zog in the (zrs, yrs)-plane, and zpg completes the system.




FSR - The FGM Spin Reference system has the xpggr-axis defined by the maximum
principal inertia axis. The ypsg and zpsr complete the right-handed orthogonal
system roughly aligned with the SMB system.

More information about the reference frames used for the FGM data processing can be
found in the FGM Data Processing Handbook (FGMDP, Fornacon et al., 2011).

The transformation from the digital units produced by the ADC to nominal nT in the
FS system involves range-dependent, ADC-characteristic scaling matrices and offsets:

B™ = M") D-00),). 9)

The superscript (") denotes range dependence. The scaling matrices and the ADC offsets
were determined during ground calibration campaigns at the TU-Braunschweig Magnet-
srode facility (Glassmeier et al., 2007) and are not subject to be changed by the in-flight
calibration.

The in-flight calibration takes the magnetic field resulted from Eq.(9) as starting point
and computes the calibrated magnetic field in the FSR system.

B = My Moo (M) (BT = O0) — 0%) (10)

There are two nested calibrations in Eq. (10): First a range specific (inner) calibra-
tion is applied to the magnetic field in the nonorthogonal FS system, resulting in an
intermediate range-calibrated magnetic field in the OS system. The range-specific pa-
rameters are related the orthogonality and to the electronics and do not arise from real
physical magnetic fields. The artificial magnetic fields generated by the spacecraft af-
fect all ranges in the same way and are dealt with by the outer calibration. The outer
calibration also transforms the measurements into the FSR system by aligning the OS
z-axis to the inertial spin axis.

The input calibration parameters are:

Mot converts from the OS to the FSR system (spin axis alignment). It is deter-
mined by two Euler rotation angles: «, around the y-axis and a, around the

zZ-axis.
cosa, Sina, 0 cosay 0 sinay
Mot = | —sina, cosa, 0 0 1 0 (11)
0 0 1 —sinay 0 cosay

M. was introduced to correct for any residual nonorthogonality still present after
the inner range-specific calibration. However, it was found not to be necessary,
therefore Mg, remained set to the identity matrix throughout the mission for all
spacecraft and will be ignored from now on.

M) is the range-specific calibration matrix Eq.(8) converting from the FS to the

cal

OS system and applying the gain correction. From the definition of the OS and



FS systems results that the angles 6, and ¢, are equal to zero. Therefore the
range-specific calibration matrix is:

G, 0 0
M = =6, vao, 0 (12)
_92 Agpyz 1/(Gy_AGyZ)

Any deviation of the z-axis direction from the inertial spin axis is corrected by the
Mot matrix. In this way, the orthogonalization is fully separated from the spin
axis alignment.

0O is the range-specific offset in the FS system.
O%¢ is the spacecraft generated offset in the OS system.

The calibration parameters have been accurately determined at the TU-Braunschweig
Magnetsrode facility, prior to the lunch. However, various factors such as temperature
changes, mass redistribution due to fuel consumption, and ageing of instrument compo-
nents lead to changes of the parameters. It is therefore necessary to periodically check
and adjust in-flight these calibration parameters.

The calibration parameters can be divided into three categories according to the cal-
ibration method used to determine them:

1. Parameters which can be determined through Fourier analysis of the first and
second harmonic of the spin tone w:
wi ay, az, 057,00, 05, 08 | o, O
2w: Agl), AGY)
2. Parameters which can be determined through solar wind analysis:
oy, o
3. Parameters which can be determined through comparison with geomagnetic models
if close enough to Earth.
&, Gl

In the next subsections we outline the methods used to determine the Cluster FGM
calibration parameters in the first two categories.

3.3.1 Power spectrum analysis

As noted above, deviations of the calibration parameters in the first category from their
correct values lead to coherent signals at the first and second harmonic of the spin
frequency. More precisely, a spin-tone signal results from errors in the elevation angles
6, and 6., or in the spin plane offsets O, and O.. Errors in the spin plane gain mismatch
AG,, and in the spin plane nonorthogonality Ay, . result in a signal at the double spin
frequency.



These effects do not affect all components of the calibrated magnetic field in the same
way, allowing for a more precise decoupling of the calibration parameters. A look at
the Eq.(12) shows that errors in the calibration matrix M cannot lead to coherent spin
related signals in the calibrated spin aligned B, component. They can only affect the
spin plane component By, = B; + B2. When the first harmonic of the spin frequency
is observed in the spin plane component, an ambiguity still arises as of which calibration
parameter is responsible for it. Both the spin plane elevation angles 6, 6. and the spin
plane offsets O, O, could cause it. However, the effect is dependent on the magnetic
field magnitude. Offsets are adjusted for low field intervals, orthogonality is adjusted for
high field intervals. A spin tone signal in the spin aligned component can only originate
from errors in the spin alignment matrix Mot.

In summary, the calibration parameters in the first category are determined as follows:

e spin axis alignment o, a.:
minimize spin tone in the spin axis component B,

« spin plane angles 0, 0.:
minimize spin tone in the spin plane component B, at high fields

« spin plane offsets Oy, O.:
minimize spin tone in the spin plane component B, at low fields

« spin plane nonorthogonality and spin plane gains mismatch Ag,., AG,.:
minimize the second harmonic in the spin plane component B, .

3.3.2 Solar wind analysis

The spin axis offset O, can be determined from the incompressibility properties of the
Alfvén waves (Belcher, 1973; Hedgecock, 1975; Leinweber et al., 2008). Because of
their orbits, the Cluster spacecraft are immersed into the solar wind only during the
“dayside season” lasting roughly from November to June each year. This precludes the
determination of the spin axis offsets on a daily basis. To obtain an accurate offset
estimation, the spacecraft should spend intervals of at least one day in the unperturbed
solar wind (foreshock excluded). This only occurs towards the middle of the dayside
season. Therefore an accurate calibration of the spin axis offsets is not possible on a daily
basis neither during the entire dayside season. As a compromise, the spin plane offsets
were determined once per year based on several hours intervals of measurements in the
solar wind for all instrument ranges. For this purpose the instrument was set via ground
commands into a special calibration mode which switches through all ranges at low
fields. The obtained data was analysed and the offset minimizing the correlation between
changes in the field magnitude and changes in the inclination of the field (Hedgecock,
1975) was selected. The determined spin axis offsets were considered valid until the
following year solar wind calibration.

As more years of data were collected, it become possible to make a better estimation
of the spin axis spacecraft offset O3° using all available measurements in the solar wind.



The idea is to determine an offset for each dayside season using all the available data
and to calculate the daily spin axis offsets through an interpolation of the estimated
yearly offsets.

For the selection of the solar wind intervals (SWI) we use the Geospace Region and
Magnetospheric Boundary (GRMB) dataset (Grison et al., 2025). For each SWI (with
length spanning roughly from 30min to 30h) we calculate a set of spin axis offsets
using a 6 min widow slid with a 10s step. For each window we apply the Davis-Smith
method (Leinweber et al., 2008) and minimize the variation of the calibrated magnetic
field magnitude while keeping the spin plane offsets constant at their already calibrated
values.

The offset associated with each SWI is obtained through a Kernel Density Estimation
(KDE, Scott, 2015) of the resulting set. Since during the dayside season there are
typically multiple SWIs in one day, the daily offset is computed as a weighted average
of the SWIs offsets in that day. For the weighting, the standard deviation of each set
and the SWI length are used.
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Figure 1: The spin axis spacecraft offsets O} adjustments from the beginning of mission
values. The blue dots are the dayside season daily offsets resulted from the
Davis-Smith method. The orange dots are the yearly offsets estimated from
the maximum KDE of the daily offsets in the respective dayside season. The
green line shows the final adjustments to the spin axis offsets.

Since no selection of intervals which are likely to contain Alfvén waves among the
SWIs in the GRMB dataset is done, the daily offsets show a significant spread around



the real offset. Therefore we use again a kernel density estimation of the daily offsets for
each dayside season and we assign the result to the approximate middle of each season,
1st of March. These are the new yearly spin axis offsets.

To arrive at the final daily spin axis offsets we fit a cubic spline function to the yearly
offsets. The spin axis offsets relative to their values at the beginning of the mission
are shown in Figurel for all four Cluster spacecraft. The blue dots are the (dayside
season) daily offsets. The orange dots are the yearly offsets, with error bars showing the
standard deviation of the daily offsets for the respective season. The final daily offsets
are depicted with the green line.

4 Cluster FGM daily calibration software

Much of the Cluster FGM calibration and data processing software developed organically
inheriting code used for magnetometers onboard other missions such as the FGM onboard
the Equator-S spacecraft (Fornagon et al., 1999; Haerendel, 2000). As a consequence, it
incudes code written in C, Fortran, IDL, Perl, and Python. The software used to extract
the raw data from the telemetry frames, to apply the calibration and to transform the
calibrated magnetic field into various coordinate systems is written in C and Fortran.
The software used to determine the calibration parameters based on Fourier analysis
is written in IDL. Determination of the spin-axis offset in the solar wind is done using
software written in Python. Automatization of the daily calibration of the spacecraft
offset is done using Perl scripts.

4.1 Calibration applying software

The raw data processing software is composed of modules which can be chained together
to form a data processing pipeline. Various pipelines are used to produce the input data
for calibration and the final calibrated data. All modules are described in the FGMDP.
The modules and the FGMDP can be downloaded from the archive (reference?).

The fgmcal module applies the calibration to the measured data. When applying the
calibration it is no longer necessary to keep the parameters decoupled. Therefore the
calibration equation Eq. (10) is condensed into a simpler form:

BFSR = Mgr)ncalBFS - Ogr)ncal : (13)
(r)

where the range specific calibration matrix Mf;mcal contains the scaling, the orthog-

(r)

onalization, and the alignment information. From Eq.(10) the first order of My, .

is:
a, a, Qy
M = MeotMG) = | 0. =0, /e, 0 (14)
Oy — 0, A(;Dyz 1/(Gy*AGyZ)

which is the calibration matrix in Eq.(8) with explicit rotations around the y and z axes.
The range offset vector in the FSR frame is:

o Mot 0% + Mgt MO0 (15)

fgmcal — cal



The compact form of the daily calibration parameters are red from text files with the
fgmcal extension.

4.2 Calibration parameters estimation software

The manual tuning of the calibration parameters can be done using the graphical user
interface (GUI) of the IDL calibration script cls.pro illustrated in Figure2. The main
window serves for the visualization of the calibration results and for running the power
spectrum analysis and optimizations described in Section 3.3.1 to determine the cali-
bration parameters. The calibration parameters are shown in a separate window. The
parameters can be loaded and saved to text files with the extension cfgnew. Each pa-
rameter can be individually modified and the result of applying the modified parameters
is displayed in the main window.

In addition, the spin axis spacecraft offsets O5° must be estimated ar described in
Section 3.3.2. This is done by the Cluster calibration Python package which can be
downloaded from the archive (reference?). The modules and the scripts included in the
package contain detailed documentation.
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Figure 2: The main window (left) and the calibration parameters window (right) of the
IDL cls.pro calibration GUI
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4.3 Daily calibration automatization software

The routine of daily calibration follows the steps below:

1.

7.

Identify daily 5min long intervals for spacecraft spin plane offsets calibration (O3
and O%°). These should be quiet, low field intervals with the instrument operating
in range 2.

. Estimate the spacecraft spin plane offsets for these intervals by minimizing the

spin plane spin tone.

. Produce daily spectrograms and time series plots around the range changes.
. Visually inspect the daily spectrograms and the range change plots.

. If anomalous spectral power is observed at the first or second harmonic of the spin

frequency use the IDL cls.pro GUI to adjust the corresponding parameters.

. If discontinuities are observed in the range changes plots adjust the corresponding

parameters.

Archive the estimated calibration parameters in both cfgnew and fgmcal formats.

A number of Perl scripts were developed to automatize the first three items in the list
above. All scripts have extensive manual pages and can be downloaded from the archive
(reference?). The flowchart of the Cluster FGM daily calibration is sketched in Figure 3.
The tasks of the software modules making up the data processing chain are:

findr2 identifies suitable data intervals for spacecraft spin plane offset estimation.

mkuncal produces 5min long data intervals using the times identified by the findr2

script.

cls_ini estimates the spacecraft spin plane offsets using the data intervals produced

by the mkuncal script. Saves the calibration parameters in the cfgnew and fgmcal
formats.

makecal applies the calibration parameters saved in the fgmcal files and produces the

spectra for visual inspection.

listfgm produces the log files needed to identify instrument ranges.

findRC produces 5 min long data intervals around the range changes.

plotrc produces the range changes plots for visual inspection.
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Figure 3: The flowchart diagram of the Cluster FGM daily calibration. The green boxes
represent software able to process data from multiple days, usually one month.
The red boxes need human intervention.

5 Long-term trends and seasonal variations

The nearly quarter century long dataset of FGM calibration parameters for the four
Cluster spacecraft reveals the exceptional stability of the instruments. The long-term
variations were already investigated by Alconcel et al. (2014) based on the dataset avail-
able at the time, covering the first half of the mission. We extend the survey for the entire
duration of the mission and can confirm most of the conclusions reached by Alconcel
et al..

For each parameter we produced time series plots of the daily values over the entire
mission duration together with the yearly averages and the yearly standard deviations.
Only the plots of the spin axis alignment angles, spacecraft offset, range4 offset and
range 4 matrix for C1 are shown here. The rest of the parameters plots are included in
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the accompanying Supporting Information (SI).

Basic statistics were computed for each parameter and are presented in Tables 2 to 5.
The columns mission average and mean yearly standard deviation are self-explanatory.
Note that for some infrequently changed parameters — especially for ranges 6 and 7, but
not only — statistical concepts such as the standard deviation loose their conventional
meaning. The decadal trend column aims to quantify systematic overall drifts of the
parameters from the beginning to the end of the mission, if present. A glance over
the parameters plots shows that most parameters do not display an actual increasing
or decreasing trend. For these parameters, the trend is set to zero in the tables. The
remaining parameters tend to show a higher rate of change in the first years of the
mission, followed by a lower rate or even quasi-constant values during the second half
of the mission. This behaviour makes it problematic to describe the parameters trends.
To keep the tables easy to digest, we decided to restrict the presented trend information
to the slope of the linear trend. If the overall change is larger than three mean yearly
standard deviations of the parameter, it is considered that a trend exists and the ten-
year change is filled in the table. Otherwise the trend is set to zero in the table. To aid
visualization of the tables, all zero values are greyed-out.

Below we discuss the long-term behaviour of a subset of calibration parameters.

5.1 Spin plane offsets

(r)

3¢, as well as the range spin plane offsets Oy 7,

The spacecraft spin plane offsets O;°, O,
Oy) are estimated through the minimization of the spin tone signal in the calibrated
spin plane component B,..

The spacecraft spin plane offsets are illustrated in Figure4 for C1 and in Figure S15,
Figure S28, and Figure S41 of the accompanying SI for the other spacecraft. For C1 an
overall trend is clearly observable in both components. From Table2 we see that the
trend of the O} component is about 1.7nT decade™! and the trend of the O3 component
is about —0.8nT decade™'. The spacecraft spin plane offsets of the other spacecraft do
not show any relevant trend, except for the O3 component of C4 which has a trend
of —0.3nT decade™!. Where a trend is present, the rate of change tends to decrease
towards the end of the mission.

All spin plane spacecraft offsets exhibit a clear seasonal variation which was linked by
Alconcel et al. to the warming/cooling temperature cycles of the sensor temperature.
The amplitude of the cycles changes significantly over the course of the mission. The
largest peak to peak amplitude of the seasonal cycles, almost 2nT, is reached for the
Cl Oy component in the last years of the mission. During the first years the amplitude
of the seasonal cycles of both spin plane offset components is significantly lower. The
pattern of the seasonal variations is different from spacecraft to spacecraft and from
component to component.

The yearly standard deviation of the spin plane offsets reflects the amplitude of the
seasonal variation. C1 has the largest mean yearly standard deviation of the spin plane
spacecraft offsets, equal to 0.3nT for O and 0.2nT for OF°. For the other spacecraft
this quantity is around 0.1nT.
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Since the spacecraft offsets are always determined using range?2 data, the range2
offsets are directly tied to the spacecraft offsets and are kept constant during the mission.
No trends of the spin plane offsets are observed in range 3 and their overall variation in
this range is below 0.3nT for all spacecraft. The mean yearly standard deviations for
the range 3 offsets are insignificant for all four spacecraft (below 0.05nT).

Reaching values of 2.7nT decade™ and —1.4nT decade™! the spin plane offsets of
range 4 of C1 display some of the strongest offset trends. Figure 5 shows a very clear

)

long-term trend of all offset components. An overall change in O§4 of roughly 8 nT and

in 024) of roughly 3nT takes place before 2012. After this date only seasonal cycles
affect the offsets. Similar but much weaker variations can be observed for range 4 of C2
in Figure S17. No significant trends are observed for the spin plane offsets in range 4 of
C3 and CA4.

Even though range 5 commenced operating only in 2006, the range 5 spin plane offset
of C1 behaves similarly to the range4 spin plane offset, as it can be seen in Figure S5.
No clear trends are observed for the range5 spin plane offsets of the other spacecraft
though.

While the variations of the range 6 and range7 offsets are significant, no clear trend
can be identified for these ranges.

5.2 Spin axis offsets

The spacecraft spin axis offsets OS¢ are estimated as described in Section3.3.2. The
estimation procedure obscures potential seasonal cycles likely similar to the spin plane
component offsets variations. The overall trend however follows the trends observed in
the spin plane components.

The spin axis offsets of the ranges are determined by requiring that no discontinuity
of the measurements occurs when the instrument switches between the ranges. As in
the case of the spin plane offsets, range 2 offsets are kept constant. The spin axis offsets
of the higher ranges mirror the behaviour of the spin plane offsets. The range4 offset
of C1 presents the strongest trend among all ranges and all spacecraft reaching over
10nT decade™! with the bulk of the change occurring in the first half of the mission.

5.3 Spin axis alignhment angles

Despite being placed at the tips of 5m long booms, the alignment relative to the inertial
spin axes of the sensor coils measuring the spin aligned magnetic field is better than 1°.
The in-flight determination of the alignment angles is done by minimizing the spin tone
signal in the spin axis component of the calibrated magnetic field. If the alignment is
done using high field data this method delivers arcsecond order precision. The largest
mean yearly standard deviations of the determined spin alignment angles are around 1’
for C1. For the other spacecraft the mean yearly standard deviations are between 7”
and 14”. The long term trends of the spin alignment angles are below 1’ decade™! for
all spacecraft.
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Figure 4: The spacecraft offsets for C1. The daily offsets are represented by the blue
dots, the yearly averages are plotted with orange dots. The error-bars are the
standard deviations for each year.

5.4 Spin plane angles

Figure 7 illustrates the range4 calibration matrix of Cl. The subplots are arranged
following the order of the matrix elements. The lower two elements of the first column
of the range calibration matrices are linked to the deviations from orthogonality of the
angles between ypg and xpg, and between zpg and xpg axes of the FGM sensor system,
expressed in radians. These elements are determined through the minimization of the
spin tone in the spin plane component of the calibrated magnetic field. To separate from
the effects of errors in the spin plane offsets, the estimation of the spin plane angles is
done using the highest fields measured by the range being calibrated. The variations of
these angles over the course of the the mission are very low, as are also the observed
trends. This applies for the other spacecraft and other ranges too. While the conditions
set by us to identify trends are met for some spin plane angle of some of the spacecraft,
because the changes of these elements are very small and infrequent, the existence of
trends is sometimes not evident from the plots.
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Figure 5: The range 4 offsets for Cl. The daily offsets are represented by the blue
dots, the yearly averages are plotted with orange dots. The error-bars are the
standard deviations for each year.

5.5 Spin plane nonorthogonality

The deviation from orthogonality of the angle between the yrg and zpg axes of the FGM
sensor system affects the middle element of the last row of the calibration matrix M ™).
This element is determined together with its right neighbour by minimizing the spectral
power of the second harmonic of the spin frequency. For C1 the long-term variation
of the ranges 2 to 5 spin-plane nonorthogonality resembles the variation of the range
offsets, with almost all the change concentrated in the first half of the mission. The
other spacecraft exhibit similar behaviour in these ranges, albeit not always displaying
such a clear variation. Ranges 6 and 7 do not show any consistent trend for neither
spacecraft.

5.6 Spin plane gain mismatch

The difference between spin plane gains, AGZ(,TZ) affects the other matrix element which is
determined through the minimization of the second harmonic, the last diagonal element.

The long-term variations of AG?(J;) is are less ordered than the variations of the spin
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Figure 6: The spin axis alignment angles as rotation angles around the z, y, and x axes
in this order for C1. The daily values are represented by the blue dots, the
yearly averages are plotted with orange dots. The error-bars are the standard
deviations for each year.

plane nonorthogonality with the exception of range 3 of C2 as seen in Figure S22. Both
the mean yearly standard deviations and the overall change of the spin plane mismatch
during the mission are not significant for any Cluster spacecraft.

5.7 Comparison with previous analysis

Our analysis of the calibration parameters generally agrees with the analysis carried
out by Alconcel et al. (2014). It is important to note though, that the calibration
strategy adopted by Alconcel et al. is slightly different from the procedure presented
in Section 3.3. Instead of determining the calibration parameters in Eq.(10), Alconcel
et al. determined the elements of the compact calibration matrix Eq.(14) and the offsets
Eq.(15).

This approach turns all the calibration parameters in range-specific parameters, mix-
ing in the spacecraft influence with electronics related effects. Moreover, now a change
in the spin-axis angles implies a change in the orthogonality. With this in mind, there
is a good agreement between the statistical analysis results presented in this work and
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Figure 7: The range 4 calibration matrix for C1. The panel order follows the actual order

of the matrix elements. The daily values are represented by the blue dots, the
yearly averages are plotted with orange dots. The off-diagonal elements are
expressed in radians. The diagonal elements are dimensionless. The error-bars
are the standard deviations for each year.

those of Alconcel et al. (2014).

5.8 Calibration impact on the accuracy of the calibrated magnetic field

The errors of the calibrated magnetic field due to deviations of the calibration parameters
from their correct values can be computed based on the calibration equation Eq.(10).
The individual effect of a deviation § of a single calibration parameter p from its correct
value pg can be estimated as
1

&(0) = §(|Bcal(p0) — Beai(po — 6)| + [Beai(po) — Bear(po + 5)|) ) (16)
where Bea(p) is the result of the magnetic field calibration using the correct values
for all parameters except for parameter p. The upper limit of the calibration error

in the magnetic field is obtained by summing the individual effects for all calibration
parameters.
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We use the mission average of the calibration parameters as etalon, and the mean
yearly standard deviations to represent the deviations 6. The mean yearly standard
deviations depart from the real deviations of the calibration parameters as used in the
daily calibration in two circumstances:

(1) For parameters going through seasonal cycles the yearly standard deviation overes-
timates the real deviations of the calibration parameters from their correct values. This
leads to a gross overestimation of the spin plane error due to the spacecraft offsets.

(2) As noted at the beginning of this section, the standard deviations computed for
infrequently changed parameters is not an accurate representation of their statistical
behaviour. As a result, the calibration errors estimated for the ranges 6 and 7 are not
reliable.

The magnetic field calibration errors computed using Eq.(16) are shown for C1 in
Figure8. The errors are displayed split on six stacked groups of parameters: 0%, O®),
(o, ), (0y,0;), Apy., and AG,,. The spin axis component errors are shown in the
top panel, the spin plane component errors are shown in the bottom panel. Due to the
issues mentioned above, the derived errors represent a reasonable error estimation only
for ranges 2 to 5. One should also keep in mind the overestimation of the spin plane error
due to the spacecraft offset. Note that his errors are linked to the daily calibration and
do not reflect the accuracy of the data archived at the Cluster Science Archive (ESA,
2013) which was calibrated based on a different set of calibration parameters.

6 Summary and conclusions

This work reviews the theoretical basis of the algorithms used to calibrate the Cluster
FGM instruments and presents their specific implementation. In addition, the behaviour
of the calibration parameters determined over the course of the 24 years long mission is
analysed. The raw magnetic field data, the calibration parameters and the related data
processing and calibration software are available for download at (reference?).

The statistical analysis of the long-term variations of the calibration parameters of the
Cluster FGM instruments demonstrate a remarkable stability of both the instruments
and of the spacecraft over a very long period of space flight. Interestingly, the stability
improves in time, with much reduced variations after the first 12 years.

Systematic long-term trends were observed for the spacecraft offsets, most probably
stemming from magnetic fields produced by soft magnetic materials onboard the space-
craft. Systematic trends were also observed for range specific offsets, most probably
related to the electronics response to temperature changes. The largest trend was about
10nT decade™! observed for the C1 range 4 spin axis offset. The largest spacecraft offset
trend was about 2nT decade™! observed for the O;° component for the same spacecraft.

Clear long-term trends were also observed for the spin plane nonorthogonality angles
for all spacecraft. The largest trend for this parameter was also observed for C1. In
range 3 the observed trend was about 8’decade™".

The long-term trends of the other parameters are negligible.

Seasonal cycles of the spin plane components of the spacecraft offsets were observed
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Figure 8: The maximum expected calibration errors for CI.
calibration parameter are stacked vertically. SP stands for spin plane, SA
stands for spin axis. The boxed numbers are the maximum errors for each
range. Ranges 6 and 7 are included only for reference, the estimated errors for

these ranges are not reliable.

The effects due to each

for all spacecraft. The largest peak to peak seasonal variation was about 2nT, observed
for C1. Seasonal variations of range offsets were observed only for ranges 4 and 5 of C1
for all offset components. The amplitudes of the cycles were below 1nT.
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