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Abstract The South Korean meteorological and environmental satellite GEO-KOMPSAT-
2A (GK-2A) was launched into geostationary orbit at 128.2◦ East on 4 December 2018. The
space weather observation aboard GK-2A is performed by the Korea Space Environment
Monitor. It consists of three particle detectors, a charging monitor and a four-sensor Service
Oriented Spacecraft Magnetometer (SOSMAG).

The magnetometer design aims for avoiding strict magnetic cleanliness requirements for
the hosting spacecraft and an automated on-board correction of the dynamic stray fields
which are generated by the spacecraft. This is achieved through the use of two science grade
fluxgate sensors on an approximately one meter long boom and two additional magnetore-
sistance sensors mounted within the spacecraft body.

This paper describes the instrument design, discusses the ground calibration methods and
results, presents the post-launch correction and calibration achievements based on the data
which were acquired during the first year in orbit and demonstrates the in-flight performance
of SOSMAG with two science cases.

The dynamic stray fields from the GK-2A spacecraft, which was built without specific
magnetic cleanliness considerations, are reduced up to a maximum factor of 35. The magni-
tude of the largest remnant field from an active spacecraft disturber is 2.0 nT. Due to a daily
shadowing of the SOSMAG boom, sensor intrinsic offset oscillations with a periodicity up
to 60 minutes and peak-to-peak values up to 5 nT remain in the corrected data product.

The comparison of the cleaned SOSMAG data with the Tsyganenko 2004 magnetic field
model and the magnetic field data from the Magnetospheric Multiscale mission demon-

B W. Magnes

1 Space Research Institute, Austrian Academy of Sciences, Graz, Austria

2 Magson GmbH, Berlin, Germany

3 Institut für Geophysik und extra-terrestrische Physik, Technische Universität Braunschweig,
Braunschweig, Germany

4 Blackett Laboratory, Imperial College London, London, UK

5 European Space Agency, Paris, France

6 School of Space Research, Kyung Hee University, Suwon, Korea

http://crossmark.crossref.org/dialog/?doi=10.1007/s11214-020-00742-2&domain=pdf


119 Page 2 of 36 W. Magnes et al.

strates that the offset error is less than the required 5 nT for all three components and that
the drift of the offsets over 10 months is less than 7 nT.

Future work will include a further reduction of the remaining artefacts in the final data
product with the focus on lessening the temperature driven sensor oscillations with an epoch
based identification and correction.

Keywords Space weather · Geostationary orbit · Radiation belt · Multi-sensor
magnetometer · Fluxgate sensor · Anisotropic magnetic resistance

1 Introduction

Space weather science deals with the time varying conditions within the solar system driven
by the dynamics of the Sun (Knipp 2011; Moldwin 2008). It directly affects the stream
of charged particles released from the upper atmosphere of the Sun which again connects
the solar dynamics to the space surrounding the Earth with its magnetosphere, ionosphere,
thermosphere and exosphere (e.g., Eastwood et al. 2017a).

Space weather has a nearly permanent influence on space-borne and ground-based as-
sets (e.g., Eastwood et al. 2017b). To give just a few examples, it causes spacecraft fail-
ures through radiation damage and spacecraft charging, affects the level of friction between
spacecraft’s surfaces and the outer layer of the Earth’s atmosphere in low Earth orbits, mod-
ulates the radiation environment for humans in space, generates ground induced electric
currents and disturbs spacecraft as well as long-distance radio signals.

Forecast as well as nowcast of space weather driven events based on magnetic field mea-
surements (amongst others) is therefore an important service for our modern society with
its advanced technological systems (Eastwood et al. 2017b; Hapgood 2012). The measure-
ment of the magnetic field in geostationary orbit at a geocentric distance of 6.6 Earth radii is
of specific importance since it can be the first indication that significant space weather has
reached Earth (Singer et al. 1996).

GEO-KOMPSAT-2A (GK-2A) is a South Korean meteorological and environmental
satellite in geostationary orbit at a geographic longitude of 128.2◦ East. GK-2A is managed
by the Korea Meteorological Administration, and it was built by the Korea Aerospace Re-
search Institute (KARI). The satellite hosts the Korea Space Environment Monitor (KSEM)
instrument suite, which was developed under the lead of the Kyung Hee University. It
consists of three particle detectors, a charging monitor and a four-sensor Service Oriented
Spacecraft Magnetometer (SOSMAG).

The functional composition of the KSEM instrument suite is illustrated in Fig. 1. A ded-
icated Instrument Data Processing Unit (IDPU) is allocated for the three particle detectors
(Seon et al. 2020) and the charging monitor to handle scientific data, telemetry and space-
craft command, whereas another independent Data Processing Unit within the SOSMAG
electronics box handles data, telemetry and commands for the four-sensor magnetometer.
All SOSMAG commands and data are routed via the IDPU. The SOSMAG development
was initiated and conducted by the European Space Agency and built by the SOSMAG
consortium: Magson GmbH, Austrian Academy of Sciences, Technische Universität Braun-
schweig and Imperial College London.

The instrument has been designed as a ready-to-use space magnetometer with multiple
magnetic field sensors, a short deployable boom, a large magnetic field range to cover full
Earth’s field in low Earth orbit, a low noise floor, a suitable radiation hardness for orbits
crossing the radiation belts and a flexible digital as well as power interfaces. The instrument
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Fig. 1 Configuration of the Korea Space Environment Monitor (KSEM). KSEM consists of three Particle
Detectors (PDs), a Charging Monitor (CM) and the Service Oriented Spacecraft Magnetometer (SOSMAG)
(figure from Seon et al. 2020)

concept shall enable suitable measurements of the natural magnetic field in space aboard
spacecraft which are not directly related to space weather investigations (e.g. meteorologi-
cal satellites). Such missions are often placed in orbits which are relevant for doing space
science in general as well as space weather now- and forecasting in particular.

The combination of multiple sensors and an approximately one meter long boom, which
can hold two magnetic field sensors, was chosen to avoid the need of imposing costly mag-
netic cleanliness requirements onto the hosting spacecraft. The instrument configuration
aboard the GK-2A mission contains two science grade fluxgate sensors on the boom and
two additional magnetoresistance sensors mounted within the spacecraft body. The two lat-
ter sensors are ideally located in the vicinity of dynamic magnetic field sources like reaction
wheels, heater elements and magnetic actuators. The measurements of the two spacecraft
sensors together with the inner boom sensor enable an automated correction of the dynamic,
spacecraft generated disturbances from the measurements of the outer boom sensor. The
correction can be done by the on-board software.

The first power-on of SOSMAG including successful boom release took place on 4 Jan-
uary 2019. After the commissioning of all KSEM sensors as well as the primary payload
of GK-2A, SOSMAG started regular operation on 25 February 2019 with all four sensors
taking data at one vector per second.

In this paper, Sect. 2 discusses the science objectives for the magnetic field measure-
ments aboard GK-2A and the derived performance requirements for the SOSMAG instru-
ment. Section 3 explains the instrument design with a brief description of all main hardware
elements while Sect. 4 deals with the on-ground calibration. Section 5 outlines the flight
operation with a detailed discussion of the removal of the magnetic contamination from the
spacecraft as well as the determination of offsets and alignment of the cleaned SOSMAG
data. The description of exemplary science observations complement this section. The data
product flow of SOSMAG is explained in Sect. 6, and Sect. 7 summarizes this review.
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Fig. 2 Superposed plot of the
local time distribution of the
magnetic field magnitude
measured by GOES-12 on GEO.
Gray points are the data for the
year 2007. Red curve is the
average value of the data. Green
and blue curves are the averages
for the summer and winter
seasons, respectively. The dashed
yellow line indicates the intrinsic
field of the Earth. (Figure from
Borovsky and Denton 2010)

2 Science Objectives and Performance Requirements

The circular GEostationary Orbit (GEO) is located at a distance of approximately 42,164 km
(or 6.6 Earth radii, RE) from the Earth’s centre. Under most conditions, GEO lies within
the Earth’s outer magnetosphere, as the subsolar standoff distance of the dayside magneto-
spheric boundary (the magnetopause) is typically on the order of 10 RE (or about 63,500 km
from the Earth’s centre). Along GEO, the magnetic field ranges from about ±100 nT to
±2,000 nT (Singer et al. 1996; Pulkkinen et al. 2006). The local time distribution of the
magnetic field magnitude at GEO, based on GOES-12 measurements of 2007, is shown in
Fig. 2. Under more unusual, specific solar wind conditions, such as high-speed streams and
coronal mass ejections, the magnetosphere can be severely compressed due to the intense
dynamic and magnetic pressures of the solar wind. Consequently, the magnetopause may
sweep over the dayside part of GEO, and spacecraft on that orbit may find themselves lo-
cated outside the magnetosphere, in the magnetosheath. This is a transition region between
the bow shock and the magnetopause where heated and compressed solar wind flows around
the magnetospheric obstacle.

Compression yields one option for energy input to the magnetosphere. A more significant
energy and particle input occurs, however, by means of magnetic reconnection (Eastwood
et al. 2017a). At the dayside magnetopause, reconnection is enhanced when the interplane-
tary magnetic field (IMF) and the terrestrial magnetic field are anti-parallel, i.e., when the
IMF points in southward direction. This leads to energy and magnetic flux input to the mag-
netospheric tail until tail reconnection occurs. Thereby, particles and energy flow from the
tail towards Earth in what is called a magnetospheric substorm.

A southward rotation of the IMF is known to trigger substorms. When a substorm occurs,
a sudden decrease can be seen in the northward component of the Earth’s magnetic field (i.e.,
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Fig. 3 Four days of magnetic field data obtained by GOES-14 and -15 spacecraft with magnetic activity on
11 May 2019 (data from NOAA Space Weather Prediction Center; http://www.swpc.noaa.gov/)

the component parallel to the Earth’s rotation axis) in the magnetotail, reaching nearly zero
or even negative values at GEO. This can be in principle be used as a detection method for
substorms.

Magnetotail reconnection can even occur as close to Earth as ∼ 6.6–10 RE. As shown
recently, near-Earth reconnection powered an intense magnetic storm (Angelopoulos et al.
2020), supporting the importance of space weather measurements in GEO.

Figure 3 displays the magnetic field variation measured by the GOES-14 and 15 mag-
netometers during four days in May 2019 with magnetic activity on 11 May. The parallel
component (Hp) recorded by GOES-14 (15) is shown in red (blue) in the uppermost plot.
This component is perpendicular to the satellite orbital plane and is essentially parallel to
Earth’s rotation axis. If this component drops to near zero or even below (i.e., field direction
change into the anti-parallel direction) whilst on the dayside, the Earth’s magnetosphere is
likely so compressed that the magnetopause is located within the radius of GEO. If the de-
crease in the parallel component occurs on the nightside, it is an indication for the presence
of strong currents flowing in the magnetotail, likely associated with magnetic substorms.

The magnetic field measurements on a network of GEO satellites that enable

1. the detection of magnetopause crossings for very active geomagnetic storms,
2. the detection of shocks and sudden impulses in the solar wind, and
3. the assessment of the level of geomagnetic activity from related variations of the field,

are therefore essential for monitoring space weather and for supporting, e.g., rocket launch
decisions and other real-time activities (Singer et al. 1996). This has led to a number of
performance requirements for the final data product (Table 1) and related design require-
ments for the magnetometer aboard the GK-2A spacecraft (Table 2) during the design phase.
Lessons learned in this regard during the first year in operation are discussed in Sect. 7.

http://www.swpc.noaa.gov/
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Table 1 Performance requirements for the final data product

Parameter Requirement

Dynamic range ±1,000 nT

Error (signal frequency < 0.1 mHz)a |El | < 5 nT per axis

Error (0.1 mHz < signal frequency < 64 Hz)b |Eh| < 1 nT per axis

Precision < 15 pT Hz−0.5 at 1 Hz

Life time 10 years

Knowledge of alignment |Ea | < 10 degrees

Vector rate ≥ 1 Hz

aFrequency range relevant for the classical offset determination

bImportant for the accurate measurement of the field variations

Table 2 Design requirements for the SOSMAG magnetic field sensors

Parameter Requirement

Dynamic rangea ±50,000 nT

Amplitude spectral density of boom sensors < 15 pT Hz−0.5 at 1 Hz

Amplitude spectral density of spacecraft sensors < 150 pT Hz−0.5 at 1 Hz

Offset stability vs. sensor temp. of the boom sensorsb < 0.1 nT K−1

Offset stability vs. sensor temp. of the spacecraft sensorsc < 3 nT K−1

Offset stability vs. electronics temp. of the boom sensors < 0.05 nT K−1

Offset stability vs. electronics temp. of the spacecraft sensors < 0.5 nT K−1

Gain stability vs. sensor temp. of the boom sensorsd < 20 ppm K−1

Gain stability vs. sensor temp. of the spacecraft sensorsd < 70 ppm K−1

Digital resolution < 0.1 nT

Life time 10 years

aTo allow for functional tests in full Earth’s field on ground and to cover unexpectedly large background
fields from the spacecraft
bThe offset stability requirement for the boom mounted fluxgate sensors is defined by dividing max. |El | of
5 nT in Table 1 by the expected temperature swing which was assumed 50 K for the fluxgate sensors before
launch
cThe offset stability requirement for the spacecraft sensors can be relaxed by a factor of 30 because the
spacecraft related disturbances are at least by this factor larger at the position of the spacecraft sensors than
they are at the position of the outer fluxgate sensor on the boom
dThe gain stability requirements are defined by taking max |El | (from Table 1), the realistic dynamic range
at the sensor positions, a temperature uncertainty of 10 K and a relaxation factor for the spacecraft sensors
into account

3 Instrument Description

3.1 Overview

SOSMAG is a multi-sensor magnetometer with an approximately one meter long boom. The
configuration as built for the GK-2A spacecraft as part of the KSEM instrument suite con-
tains two science grade, boom mounted fluxgate sensors, two anisotropic magnetoresistance



Space Weather Magnetometer Aboard GEO-KOMPSAT-2A Page 7 of 36 119

Fig. 4 Block diagram of the SOSMAG instrument (AMR: Anisotropic Magneto-Resistance, DPU: Digital
Processing Unit, FG: FluxGate, IB: InBoard, OB: OutBoard)

sensors which are mounted within the spacecraft body, a deployable boom, which includes a
specific mounting interface to avoid mismatches of the thermal expansion coefficients, and
an electronics box with the data processing, power conversion and sensor front-end elec-
tronics.

The block diagram of the SOSMAG instrument is shown in Fig. 4 and the main instru-
ment parameters are listed in Table 3. Pictures of the SOSMAG qualification model and the
boom mounted to the +X sidewall of the spacecraft are depicted in Fig. 5 and Fig. 6, respec-
tively. The modular concept of SOSMAG would allow for one additional sensor front-end
electronics board within the electronics box, which connects to either one more fluxgate
sensor or two more Anisotropic Magneto-Resistance (AMR) sensors.

SOSMAG measures the magnetic field continuously with a maximum vector rate of 128
vectors per second at all four sensors, and it generates adequate housekeeping information.
Within the Data Processing Unit (DPU), the magnetic field data can be filtered and deci-
mated by a commandable integer factor. With e.g. a decimation factor of 128, it is reduced
to 1 vector per second. The filter coefficients are equal to one over the decimation factor.
It results in a transfer characteristics which is equivalent to a boxcar filter with rectangular
windowing.

In addition, a cleaned vector can be calculated by the SOSMAG DPU. It is a linear
combination of the measurements from all sensors. The data from the magnetic sensors are
multiplied with a 3 × 3 calibration matrix and corrected for a static offset value before the
cleaned vector is processed.

All SOSMAG commands and data are routed via the Instrument Data Processing Unit
(IDPU) of the KSEM instrument suite (Fig. 1). Also the power switching for SOSMAG is
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Fig. 5 Picture of the SOSMAG qualification model with (a) electronics box, (b) boom with carbon fibre
based interface plate, (c) two fluxgate sensors mounted onto the boom and (d) two anisotropic magnetoresis-
tance sensors

Table 3 Main instrument
parameters

aAverage power consumption
from 50 V at room temperature
which includes the power loss in
a linear voltage regulator circuit
which reduces the voltage from
50 V to 28 V. The power
consumption of SOSMAG from
28 V is 4.6 W
bThe wall thickness was
increased to 4 mm for a better
radiation protection in
geostationary orbit
cIncluding sensor harness along
the boom but without thermal
protection
dThe maximum vector rate of
128 vectors per second can be
decimated by a commandable
integer factor by the DPU (with
e.g. 128 it is reduced to 1 vector
per second)

Parameter Performance

Power consumptiona 8.25 W

Mass:

Electronics boxb 3211 g

Boom with two fluxgate sensorsc 1316 g

AMR sensors 1 and 2 with harness 366 g

Fluxgate and boom release harness 589 g

Total 5482 g

Envelope dimensions

Electronics box 170 × 255 × 110 mm3

Boom with two fluxgate sensors 1182 × 96 × 147 mm3

Maximum vector rated 128 vectors/second

Noise density at 1 Hz

Fluxgate sensors < 10 pT Hz−0.5

AMR sensors < 220 pT Hz−0.5

Range ±65,000 nT

Quantization resolution

Fluxgate sensors 7.8 pT

AMR sensors 62 pT

included in the IDPU electronics. The data routing through the IDPU implies a bandwidth
limitation which reduces the maximum possible vector rates transmitted from the GK-2A
spacecraft to ground. All operational modes and their respective vector rates are listed in Ta-
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Fig. 6 GK-2A spacecraft during
a pre-launch test campaign. The
stowed SOSMAG boom with the
two fluxgate sensors is indicated
with a dotted rectangle. The
approximate mounting position
of the two AMR sensors within
the spacecraft is shown by two
white dots. The AMR 1 sensor is
located near the +X/+Y corner of
the spacecraft and the AMR 2 is
mounted close to the +X side
wall next to the launch lock of
the boom. This image is provided
by the Korea Aerospace Research
Institute (KARI) and is publicly
available at https://www.kari.
re.kr/eng/sub03_02_02.do#link

ble 4. They are defined via the number of sensors, the commanded data rate and the optional
transmission of the additionally processed cleaned vector. In principle, there is no transmis-
sion of the cleaned vector foreseen in the commissioning modes except for one specific mode
in which the vector rate of the four magnetic field sensors is reduced to eight. Transmission
of the cleaned vector is mandatory for the nominal operational modes of SOSMAG.

The commissioning modes, which can only be enabled when the other KSEM sensors are
turned off, are used for instrument check-out and the characterisation of potential dynamic
disturbers especially during the early phase of the mission. The two nominal modes, all four
sensors plus cleaned vector with one vector per second or just the cleaned vector with 4
vectors per second, are to be run during the science phase.

The data from the first 12 months of nominal operation were studied on ground to char-
acterize the dynamic spacecraft disturbances and to determine correction factors for each
specific disturber (see Sect. 5.2). The correction factors can be uploaded to SOSMAG so that
an automated correction of these dynamic effects can take place on-board. The cleaned vec-
tors are a linear combination of measurements from all sensors with the coefficients tuned
such that the spacecraft disturbance is removed. The two AMR sensors mounted within the
spacecraft see in principle larger disturbances and have thus less weight in the corrected

https://www.kari.re.kr/eng/sub03_02_02.do#link
https://www.kari.re.kr/eng/sub03_02_02.do#link
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Table 4 Operational modes of SOSMAG aboard GK-2A

Mode name # Sensors Cleaned vector Vector rate [vectors/sec.]

Commissioning 1S_64H 1 No 64

Commissioning 1S_32H 1 No 32

Commissioning 2S_32H 2 No 32

Commissioning 2S_16H 2 No 16

Commissioning 4S_16H 4 No 16

Commissioning 4S_8H 4 No 8

Commissioning 5V_8H 4 Yes 8

Commissioning 4S_1H 4 No 1

Normal 1 V 0 Yes 4

Normal 5 V 4 Yes 1

Standby 0 DPU on and sensors off

measurements. This is why the accuracy requirements for the spacecraft sensors could be
relaxed (Table 2) which made it possible to select AMR sensors for the measurements within
the spacecraft.

3.2 Electronics Box and AMR Sensors

The SOSMAG electronics is housed in one metal box fabricated from Aluminium. The
upper left picture of Fig. 7 shows the flight model of the electronics box with bottom plate,
data processing and power distribution frame, two fluxgate front-end electronics frames,
AMR front-end electronics frame and lid. The box design allows for a flexible scaling of the
number of frames between two and five according to the target application.

The fully redundant processing and power distribution unit is accommodated on a single
printed circuit board (upper right picture of Fig. 7). The power distribution section reduces
the supply voltage provided by the KSEM IDPU (Fig. 1) from 50 V to less than 30 V via a
linear voltage regulator and connects it to the instrument internal interface bus. Each of the
four electronics boards has its own power converter with an output voltage of ±5 V (Fig. 4).

The main functionalities of the Data Processing Unit (DPU) are the commanding of the
three clients including the enabling of the power converter outputs of each client separately,
the measurement of the primary supply currents and voltages, the activation of the release
mechanism of the boom, the DPU internal housekeeping measurements, which includes
boom related status information, and the processing of the magnetic field vectors from the
clients (Sect. 3.1). The raw data from the magnetic sensors, which are received with 128
vectors per second, can be multiplied with a 3 × 3 calibration matrix and corrected for a
static offset value before the cleaned vector is processed (Sect. 3.1). All required parameters
can be uploaded to the instrument from ground. The instrument firmware is compiled to a
custom-made processor with a reduced set of instructions (Auster et al. 2008), which runs
as a core element in the field programmable gate array.

The front-end electronics of the two fluxgate sensors (Primdahl 1979) features a direct
digitization of the amplified voltage from the pick-up coils (Sect. 3.3) at a sampling fre-
quency which is four times the excitation frequency (Auster et al. 1995). Analogue cir-
cuitries like filters and phase-sensitive demodulators are replaced by digital signal process-
ing to improve measurement stability. The excitation frequency is 9.6 kHz and digital-to-
analogue converters are used to null the field within the centre of the fluxgate sensor via the
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Fig. 7 Pictures of the SOSMAG electronics box (upper left), the combined data processing and power distri-
bution unit (upper right), the front-end electronics for the fluxgate sensors (lower left), which is implemented
twice, and the front-end electronics for the two AMR sensors (lower right). The envelope of the electronics
box is 170 × 255 × 110 mm3

feedback coils within the sensor to increase the overall linearity and stability. The primarily
digital electronics design was first developed for the Rosetta Lander magnetometer (Auster
et al. 2007) and has already been used for a number of other space missions (Auster et al.
2008).

For SOSMAG, two different hybrid chips are used. The ADC hybrid contains the pre-
amplifier and the analogue-to-digital converter (18 bits, 1 MSPS), and the DAC hybrid is
made up from two 16-bit digital-to-analogue converters and a current source for the feed-
back system. The hybrids are enclosed in a specific package which increases the radiation
hardness of the hybrid electronics.

The electronics box and both, DPU and fluxgate electronics, have been developed by
Magson GmbH in Berlin.

For the close-up measurement of the magnetic disturbers on the spacecraft, a dual-sensor
magnetometer based on the Anisotropic Magneto-Resistance (AMR) effect (Brown et al.
2012; Lenz and Edelstein 2006) was developed by the Austrian Academy of Sciences in co-
operation with Imperial College London. The two sensors are each composed of three Hon-
eywell HMC1021 sensor elements, a temperature sensor and a die of a full-bridge MOSFET
driver circuit with one corresponding non-magnetic bypass capacitor (Fig. 8).

The HMC1021, which is supplied with a bridge voltage of 5 V in this design, had to
be selected as sensing element even though it has a higher noise floor than the HMC1001
(Stutzke et al. 2005). The advantage of the HMC1021 is the higher coil constant of the chip
internal offset straps which are used as feedback coils in the closed loop design of the AMR
magnetometers. With the HMC1001 as well as with a higher bridge voltage it wouldn’t have
been possible to stay within the 1.5 W total power consumption limit which is set via the
power converter circuit on each of the front-end electronics boards.

The AMR sensors connect to a single front-end electronics board (lower right picture
in Fig. 7) which hosts two mixed-signal application-specific integrated circuits as core el-
ements (Magnes et al. 2008), a field programmable gate array and six digital-to-analogue
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Fig. 8 Photo of the triaxial
AMR sensor with opened lid. It
consists of a ceramics based
printed circuit board, three
HMC1021 sensor elements,
a bypass capacitor, a temperature
sensor, a MICREL 4424 die
mounted in chip-on-board
technology and a small Tantalum
plate for the radiation shielding
of the die. The circumference of
the baseplate has a diameter of
72 mm

converters with improved Howland current sources. A detailed description of the AMR
magnetometer design with its pulsed driver circuit for the periodic magnetization of the
ferromagnetic elements in the Honeywell sensor elements can be found in Leitner et al.
2015.

3.3 Instrument Boom and Fluxgate Sensors

The SOSMAG boom, which was developed and fabricated by the Technical University
Braunschweig, bears the heritage of the Rosetta Lander (Auster et al. 2007; Bibring et al.
2007) and Venus Express magnetometer (Zhang et al. 2006) booms. The main elements
of the boom are a one meter long carbon fibre tube, the boom hinge, the launch lock, two
fluxgate sensors and a base plate with one fixed and one slightly flexible mounting point
to balance out the difference between the thermal expansion coefficients of the carbon fi-
bre base plate and the Aluminium based side panel of the spacecraft to which the boom is
mounted to (Fig. 9). The outboard fluxgate sensor is mounted to the boom tip. For boom
deployment, the launch lock is opened by breaking the notch of a Nickel-Titanium fastener
via a shape memory alloy (i.e. a Frangibolt release system) which is heated up for boom
release. In the deployed position the boom is locked by a lever arm (Fig. 10). A number of
design updates have been implemented compared to the Venus Express boom. It includes
the addition of the inboard fluxgate sensor, the substitution of a pyro element based with a
Frangibolt based boom release initiator, the redesign of the boom hinge for increasing the ro-
bustness concerning mounting and adjustment tolerances and the inclusion of the additional
interface plate.

The inboard fluxgate sensor is also mounted on the boom but closer to the spacecraft,
(1) to benefit from the effect of the magnetic field dependence along the (radial) distance
from sources on the spacecraft, exactly as initially suggested by Ness et al. (1971), (2) to
have it further away from the sources than the spacecraft mounted AMR sensors and (3) to
reduce the number of mechanical interfaces with the spacecraft.

The two fluxgate sensors mounted on the boom are nearly identical to the ones of the
Rosetta Lander (Auster et al. 2007), Venus Express (Zhang et al. 2006), Themis (Auster
et al. 2008) and BepiColombo magnetometers and similar to the ones flown on Equator-S
(Fornacon et al. 1999).

The sensor consists of two crossed ring-cores, three pickup coils and a vector compensat-
ing feedback coil system, which is used to keep the ring-cores in nearly zero field (Fig. 11).
The ring-core elements contain a soft-magnetic and ultra-stable Permalloy band with 13%
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Fig. 9 SOSMAG boom with (a) carbon fibre tube, (b) outboard fluxgate sensor, (c) inboard fluxgate sen-
sor, (d) launch lock with release mechanism, (e) boom hinge and (f) carbon fibre interface plate. In flight
configuration, boom and sensors are fully covered with multi-layer insulation. The envelope of the boom is
1182 × 96 × 147 mm3

Fig. 10 Drawings of the
deployed boom root which is
locked via the lever arm (left) and
the launch lock with Frangibolt
based release mechanism (right)

Fig. 11 3-D models of the fluxgate sensor with ring-cores and pickup coil system on the left and a fully
functional sensor including the triaxial Helmholtz feedback coils on the right (from Auster et al. 2008)

Iron, 81% Nickel and 6% Molybdenum, which has a thickness of 20 µm. They have a dif-
ferent diameter so that the smaller core can be placed perpendicularly within the larger one
to reduce size and mass of the sensor unit. The excitation coils are wound directly on the
ring-cores to produce high excitation fields for a proper saturation of the soft-magnetic ma-
terial. One pair of copper wire based pickup coils is placed around the larger core for sensing
the magnetic field along the Y direction as shown in the left drawing of Fig. 11. Another
pair of pickup coils does the sensing along the X direction around the smaller core and one
pickup coil for the Z direction envelopes both ring-cores. A 3-axes Helmholtz coil system
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is put over the inner part of the sensor. It generates the feedback field for the compensation
of the environmental magnetic field at the centre of the sensor which increases the linearity
and stabilizes the alignment. The feedback system is made from Copper and Aluminium
only. Both materials have thermal expansion coefficients of about 20 ppm per Kelvin which
guarantees a wide temperature range and a temperature independent axes alignment. The
ring-cores have been used under extreme environmental conditions aboard numerous space
missions as well as in applied geophysics.

4 On-ground Calibrations

The on-ground calibration of vector magnetometers based on the fluxgate and especially
of the AMR principle is mandatory to resolve the relation between the measured and the
true magnetic field vector at the position of the sensor. The mathematical relation between
the two vectors in the most compact form is expressed by a 3 × 3 transformation matrix
and an offset vector (e.g., Balogh 2010). The transformation matrix includes information
about scale factors, orthogonality and alignment. The latter is the rotation between the or-
thogonalised magnetic coordinate system of the sensor and e.g. the mechanical coordinate
system of the interface plate to which the sensor is mounted to. The orthogonality can vary
with sensor temperature. Scale factors and offsets can change with sensor and electronics
temperature. The noise floor and the transfer function with amplitude and phase character-
istics are calibration parameters which are not directly covered by the mathematical relation
discussed above.

The ground calibration of the SOSMAG sensors was done at Magson GmbH with several
multi-layer shielding cans (right picture of Fig. 12) and a thermal control chamber, at the
Space Research Institute (IWF) with a sensor temperature test facility (left picture of Fig. 12)
and at the calibration site of TU-Braunschweig (often referenced as “Magnetsrode”) which
is built around a 2.5 m triaxial Braunbek coil facility (Glassmeier et al. 2007 and Fig. 13).

Temperature dependence of the scale factors, the offsets (Fig. 14) and the orthogonality
were determined by repeating the calibration steps over a series of uniformly spaced tem-
perature steps from the minimum to the maximum calibration temperature. The sensor and
electronics temperature calibrations were done roughly from −40 ◦C to 60 ◦C (5 levels)
and from −30 ◦C to 60 ◦C (6 levels), respectively. High field (within ±60,000 nT with
10,000 nT steps) and low field sequences (within ±9,000 nT with 1,500 nT steps) were
used for the calibration with the coil system in Magnetsrode. Even though the scientifically
required dynamic range is below ±500 nT, SOSMAG has been built for Earth’s field range
to cover ground testing and unexpectedly large disturbers on the spacecraft especially at the
position of the AMR sensors.

A concise summary of the on-ground calibration parameters is listed in Table 5. The
SOSMAG instrument is complaint with all performance requirements as outlined in Ta-
ble 2 except for the noise floor of the AMR sensors which is < 220 pT Hz−0.5 instead of
< 150 pT Hz−0.5.

5 Flight Operation

After launch of GK-2A from Kourou in French Guiana on 4 December 2018, SOSMAG was
first taken into operation with stowed boom on 4 January 2019. Boom release was performed
successfully on the same day. SOSMAG was then kept in commissioning mode with all
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Fig. 12 Pictures of the calibration set-up at IWF (left) and at Magson GmbH (right); The IWF facility enables
calibration of offsets, noise, linearity and transfer function for sensors over a temperature range between
−150 ◦C and 200 ◦C in a low-field environment. The facility consists of a temperature controlled Dewar
vessel within a three-layer magnetic shielding and a stimulus coil. At Magson, the magnetic field sensors
and the electronics box were placed in three different shielding cans and a temperature control chamber,
respectively, for drift measurements at different electronics temperatures

Fig. 13 Braunbek coil system at Magnetsrode with thermal control box in the centre (left) and fluxgate
(upper right; before boom installation) as well as AMR sensor (lower right) mounted in the thermal control
box

four sensors taking data with 16 vectors per second to monitor the back ground field of the
spacecraft up to 8 Hz. On 7 January 2019, the vector rate was reduced to 1 vector per second
for all four sensors (instrument mode Normal 1V according to Table 4) to open up enough
telemetry bandwidth for the commissioning of the KSEM particle sensors. From 25 January
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Fig. 14 Drift of the sensor offsets with changing sensor temperature; the maximum drift of the outboard
fluxgate (upper plot) and the AMR 1 (lower plot) sensors over a temperature range of about 100 ◦C is less
than 2 nT and 156 nT, respectively

until 25 February 2019 all KSEM sensors were powered down for the commissioning of the
Advanced Meteorological Imager, the primary payload of GK-2A.

From 25 February 2019, SOSMAG has been operating in Normal 1V almost continu-
ously. The first parameter upload for the on-board data cleaning took place on 2 May 2019.

The following subsections describe the required coordinate systems, the removal of the
magnetic disturbances from the spacecraft with the four-sensor approach, the determination
of the low frequency offsets by a comparison with the Tsyganenko Earth’s field model 2004,
two examples of scientific events measured by SOSMAG and the data product flow.

5.1 Coordinate Systems

The magnetic field at each sensor is measured in its specific single sensor reference frame
and transformed to the reference frame of the outboard fluxgate sensor (FG OB). The four
vectors in this common outboard sensor reference frame (OSRF) are then used for the clean-
ing of the dynamic (AC) disturbances, yielding the cleaned vector in OSRF (B_ACclean).
The final vector for physical interpretation shall be given in the physical reference frame
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Table 5 Calibration parameters which were determined on ground

Parameter Performance

FG 1, 2 AMR 1, 2

Abs. value of offsets at room temperature < 21.4 nT; < 730.5 nT

Noise density at room temperature and 1 Hz < 10 pT Hz−0.5; < 220 pT Hz−0.5

Offset drift with electronics temperaturea < 0.043 nT ◦C−1; < 0.19 nT ◦C−1

Offset drift with sensor temperaturea < 0.016 nT ◦C−1; < 1.56 nT ◦C−1

Gain drift with electronics temperaturea < 26 ppm ◦C−1; < 13 ppm ◦C−1

Gain drift with sensor temperaturea < 20 ppm ◦C−1; < 4.9 ppm ◦C−1

Orthogonality drift with sensor temperaturea < 0.19′′ ◦C−1; < 3.1′′ ◦C−1

3 dB corner frequency of 128 Hz data 57 Hz; 28 Hz

3 dB corner frequency of 4/1 Hz data 1.76/0.44 Hz; 1.76/0.44 Hz

Linearityb < 4 × 10−5 < 6 × 10−5

aMaximum linear regression coefficient of all six components of one type of sensor

bFor a dynamic range of ±10,000 nT

Hpen, with axes directions only depending on the geographical position of the spacecraft,
and in the dynamic Geocentric Solar Ecliptic reference frame (GSE), with axes defined by
the direction to the Sun, i.e. changing with position of the Earth relative to the Sun.

The physical reference frame Hpen is defined as follows: Hp is the magnetic field compo-
nent tangent to the Earth meridian, positive to the North Pole; the component He is pointing
to the Earth, positive to Nadir, and Hn is normal to the above, tangent to the parallel circle
and positive to East.

The standard transformation from OSRF to the Hpen reference frame for the nominal
attitude of GK-2A (XSC in direction of the spacecraft’s velocity positive to East, YSC tangent
to meridian positive to South Pole and ZSC positive to Nadir) is given by the equations:

Hp = −ByOSRF Hp = −BySC

He = BxOSRF He = BzSC

Hn = −BzOSRF Hn = BxSC

The dynamic GSE reference frame has its XGSE axis pointing from Earth to Sun, YGSE

axis opposite to the orbital velocity of Earth and ZGSE axis normal to XGSE and YGSE. The
transformation from OSRF to GSE requires the longitude of the Earth relative to the equinox
and the obliquity of the ecliptic, both in the standard reference frame and epoch J2000.

5.2 Removal of Dynamic Magnetic Disturbances

The short length of the boom and the absence of magnetic cleanliness measures result in
rather strong spacecraft-generated dynamic (AC) magnetic disturbances at all sensors. How-
ever, multi-sensor measurements allow for the removal of these disturbances. While the am-
bient magnetic field is the same at all sensors, independent on their position, the measured
magnitude and direction of each artificial disturbance depends on the position of the sensor
where it is measured. As a result, the difference �B0,ij = B0,i − B0,j between measure-
ments taken by sensors i and j contains the spacecraft disturbances without any contribution
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from the ambient magnetic field. It can be shown that pure single dipole or quadrupole con-
tributions from on-board magnetic field disturbers can always be corrected for by applying
an appropriate linear transformation to the �B0,ij differences:

B i
corrected(t) = B0,i (t) + Aij�B0,ij (t) (1)

where the coefficient matrix Aij depends only on the positions of the magnetic field source
and of the sensors.

In contrast to the single multipole disturber case, there is no general recipe to remove
more complex disturbances, i.e. disturbances originating from multiple sources with random
multipole contributions placed at different positions. Fortunately, most artificial magnetic
field disturbances on-board spacecraft are far from random. Some of the characteristics of
the artificial disturbers can help isolate their contribution to the measured magnetic field.
One method taking advantage of commonly encountered properties of magnetic disturbers
on-board spacecraft is the Principal Component Gradiometer (PiCoG) method described
by Constantinescu et al. (2020) which we use to clean the magnetic field data acquired by
SOSMAG.

The PiCoG method can remove up to three linearly polarized disturbances for each pair
of sensors and it is based on the assumption that each disturber can be represented by a
time varying magnetic dipole or quadrupole which keeps constant orientation. At the sensor
locations, such disturbers will produce linearly polarized magnetic fields and therefore each
disturbance will only affect one component of the measured magnetic field if represented
in a coordinate system aligned with its local polarization direction. Multiple disturbances
coming from locations far apart from each other can be removed only if their polarization
directions are mutually orthogonal. Non-orthogonal disturbances can be nevertheless re-
moved together if they come from sources close to each other compared with the distance to
the sensors. To identify the polarization directions of the disturbances it is further assumed
that, at time scales characteristic to each disturbance, the maximum variance direction of the
measured magnetic field is determined by the targeted disturbance.

If the conditions stated above are met, then the coefficient matrix Aij can be estimated
based only on the measurements taken by the sensors i and j . For each pair of sensors
the corrections are applied iteratively. The n-order correction of the measurements taken by
sensor i using measurements taken by sensor j can be written as:

Bn,ij = Bn−1,ij + An−1,ij�Bn−1,ij ; n = 1, . . . ,3; B0,ij = B0,i (2)

The corrected values replace then the measurements of the next sensor pair until all distur-
bances are removed.

One must be aware that the correction does not come without cost. Disturbances present
at only one of the sensors, such as sensor specific noise or offset oscillations triggered by
environment changes, are transferred to the corrected measurements either reduced or en-
hanced, depending on the geometry of the sensors-source system. As a rule of thumb, the
amount of the introduced perturbations is roughly proportional to the ratio between the mag-
nitudes of the variations of the disturbance being corrected at the two sensors. Similarly,
perturbations with a spatial variation different from the spatial variation of the targeted dis-
turbance will be transferred to the corrected measurements. This can be e.g. a quadrupole
disturbance superposed on a dipole disturbance to be removed. Therefore it is best to remove
the disturbances using the minimum necessary number of steps.

The magnetic field measurements taken by the FG sensors on 04 March 2019 between
13:00 and 21:00 UT and the correction result are displayed in Fig. 15. The disturbances
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Fig. 15 The magnetic field in OSRF measured on 04 March 2019 by the FG IB (grey lines) and FG OB
(black lines) together with the final result of the AC correction (red lines)

have larger amplitudes at the inboard sensor but both sensors are affected. Below we discuss
four types of disturbances which we removed from the measured data: the large disturbance
starting shortly after 15:00 UT, the step-like disturbances such as the ones around 17:30 UT
and 19:00 UT, the spikes repeating every 10 min, and the noise which can be seen in the
top panel of Fig. 16, affecting a broad frequency band higher than the characteristic fre-
quencies of the other disturbances, corresponding to periods from minutes up to the Nyquist
frequency of the 1 s resolution data.

The largest disturbance begins suddenly around 15:15 UT as a step of several tens of nT
in all components. Because 15:00 UT corresponds to the local midnight, we refer to this
disturbance as the Midnight Disturbance (MD). The disturbance remains high until around
16:00 UT when it drops back, overshooting by about 5 nT, keeping the nearly constant value
until 4 h later at 20:00 UT when it ends. This disturbance appears only once per day and
affects much more the AMR sensors then the FG sensors, reaching an amplitude roughly 5
times larger at AMR 2 and 40 times larger at AMR 1.

Because the AMR sensor specific noise – which is 20 times larger than the FG sensor
noise – is going to be introduced inversely proportional to these factors, we pick the AMR
1 sensor to correct this disturbance at both FG sensors. All other disturbances detected by
the AMR sensors are much smaller and using AMR data to correct them would therefore
introduce unacceptable high noise levels. The disturbance is removed in one iteration from
FG OB and FG IB and the result is used as initial data for the next step.

The next disturbance to be removed is the higher frequency (periods less than several
minutes) disturbance visible in the top panel of Fig. 16 as a constant broadband noise en-
hanced around 0.3 Hz and below 0.2 Hz over the entire data interval of one day. To isolate
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Fig. 16 Total spectral power density of the magnetic field data before and after AC cleaning on 04 March
2019

this disturbance we use a sliding window of 100 s, below the characteristic time scales of all
other targeted disturbances. From the resulting ensemble of cleaning parameters we com-
pute the correction matrix A0,ij which is then used to remove this disturbance by the first
order correction.

The resulting first order corrected data is then processed using a window of 700 s to
determine the cleaning parameters for the spikes which are then removed by the second
order correction.

The last disturbance to be removed are the steps occurring at non-regular intervals
slightly larger than one hour. A window length of 16,000 s is used to insure that at least
one step is always included.

Table 6 lists the magnitudes of the identified disturbances as measured initially by FG
OB and after the full AC correction (single order AMR1-FGOB/AMR1-FGIB plus third
order FGOB-FGIB). The remnants of the MD are less than 2 nT. These were determined
as the difference between the medians over 90 s intervals immediately before and after the
ramps. The remnants from the steps, determined in a similar fashion are about 1.3 nT. The
mean magnitude of the spikes after cleaning, which is determined as the difference between
the spike peak and the median over the 20 s intervals before and after the spike, is reduced
to about 0.3 nT. The remaining magnitude of the high frequency disturbance is determined
as the peak-to-peak amplitude of the disturbed data from which the peak-to-peak amplitude
during a time interval when the disturbance is absent is subtracted.

Not all AC disturbances can be corrected using the PiCoG method. One class of such
disturbances is represented by the sensor offset oscillations (SOO) triggered by large tem-
perature gradients. The accommodation of the SOSMAG boom combined with its short
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Table 6 The magnitude of the
identified disturbances as initially
measured by the FGOB and the
final magnitudes after AC
cleaning. The magnitudes of the
MD and of the steps are defined
as the mean size of the ramps.
The magnitude of the spikes is
defined as the mean size of the
spikes. The magnitudes of the
high frequency disturbance, of
the 6 s tone and of the reaction
wheels disturbance are computed
as peak-to-peak amplitudes. The
magnitudes of the MD edges and
for the SOO are defined as
maximum peak-to-peak values

Disturbance class FG OB Corrected

(nT) (nT)

Corrected using PiCoG

MD leading ramp 33.59 1.81

MD trailing ramp 39.97 1.15

Steps 2.54 1.30

Spikes 4.93 0.30

High frequency 0.86 0.09

Not corrected

SOO 4.00 5.00

MD edges 2.00 2.00

6 s tone 0.05 0.08

Reaction wheels 0.04 0.04

length in relation to the size of the GK-2A spacecraft (Fig. 6) has resulted in unexpected
shadowing of the entire boom for more than 8 hours every day. The temperature of the out-
board fluxgate sensor drops from +30 ◦C to −90 ◦C during this period. Since the sensor
was not designed and the ring-cores were not pre-selected for these extreme temperature
changes, SOO with peak-to-peak values up to 4 nT in the FG OB measurements before cor-
rection are triggered. Because of the factors applied to the FG OB measurements, the PiCoG
correction actually increases the SOO disturbance up to 5 nT. The oscillations for ten days
in a row during Aug. 2019 are illustrated in Fig. 17.

Another disturbance class which could not be treated by PiCoG are disturbances pro-
duced by sources which are located too far from the AMR sensors and therefore the signal
ratio between the AMR and the FG sensors is smaller than the noise ratio (about 20) be-
tween the sensor types. Three of those interferences could be identified: A triangular-shape
pulse centred on the MD ramps, lasting about three minutes and reaching an amplitude of
about 2 nT, a tone around 0.166 Hz (6 s period) with a peak-to-peak amplitude of about
0.08 nT showing up in the spectrogram of the cleaned data, and a disturbance generated by
the reaction wheels, with a peak-to-peak amplitude of 0.04 nT visible around noon in the
spectrogram of the cleaned magnetic field data in Fig. 16.

An overall measure of the effectiveness of the cleaning is the mean reduction of the
Power Spectral Density (PSD) over a given frequency range. For periods in the range of 2
sec to 1 min the mean PSD of the cleaned data is 7.8 times lower than the mean PSD of
the initial measurements of the outboard fluxgate sensor. Since the presence of the ambient
magnetic field only worsens this ratio, we conclude that in this period range the PiCoG
cleaning reduced spectral power of the disturbances at least by a factor of 7.8. For longer
periods, in the range of 1 min to 6 hours, we find a reduction factor of the spectral power of
at least 3.9.

Because the correction consists simply of a linear combination of the measured values,
it can be applied on-board, allowing for real-time delivery of cleaned magnetic field data.
To limit updating of the on-board software, of key importance is the stability of the cleaning
parameters. The stability was examined by computing the standard deviation of the clean-
ing parameters determined for every Sunday with available data in 2019. The maximum
change in the corrected magnetic field corresponding to the computed deviations was less
than 0.2 nT.
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Fig. 17 Example of sensor offset oscillations triggered by temperature gradients around dawn during ten
consecutive days with relatively quiet geomagnetic conditions

5.3 Offset Determination and Alignment

After correction for the dynamic (AC) spacecraft disturbances, an unknown static offset con-
tribution is still contained in the data: the AC cleaned data are deviating from the real space
field only by a constant or slowly varying offset in all three components. Each “DC offset”
is a sum of three contributions: the offset of the sensor, the spacecraft background DC field
and an offset induced through the AC correction, since fractions of the main DC level at the
other sensors are subtracted from the outboard fluxgate sensor during the cleaning process.
It is impossible but also not necessary to determine each single contribution separately; only
the total sum of the contributions needs to be processed for each component.

The DC offsets are determined through comparison of the AC cleaned data, averaged to
1 min. resolution, with model data for times with low geomagnetic activity by a selection
of data with low Kp-index values (taken from ftp.swpc.noaa.gov/pub/indices). The Tsyga-
nenko model 2004 (Tsyganenko 1989; Tsyganenko and Sitnov 2005) is chosen as a standard.
It allows the use of measured solar wind parameters from e.g. the WIND spacecraft (Lep-
ping et al. 1995) for the calculation of the magnetic field at large distances from the Earth,
i.e. here at the geostationary position of the GK-2A spacecraft and for the time when the
magnetic field was measured by SOSMAG. The Tsyganenko model (T04) uses the Hpen
reference frame. To enable a proper comparison, all AC cleaned data are transformed to
Hpen too.

As an example, Fig. 18 shows the AC cleaned SOSMAG data compared to T04 for
November 2019. The observed and model data have been selected for times with Kp-index
≤ 1.0 and the differences between them were calculated. The medians of the differences

http://ftp.swpc.noaa.gov/pub/indices
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Fig. 18 AC cleaned and DC offset corrected data for November 2019 in Hpen (upper three panels, black
lines) compared to the Tsyganenko model data (red lines). DC offsets (14.8, 38.4, −89.8 nT) were deter-
mined from selected times with Kp ≤ 1.0 (shown in bottom panel, 68.0% of data selected) as median of the
difference between observed and model magnetic field data. The standard deviation of the difference between
the two plotted data sets for Kp ≤ 1.0 is 6.7, 2.3 and 2.0 nT for Hp, He and Hn, respectively

were adopted as DC offsets valid for this time interval. The offsets were subtracted from the
data to yield the correct data level.

Since the values of the DC offsets were determined only from the restricted data set
with Kp-index ≤ 1.0, it is clear that the data obtained at times with active magnetosphere
may deviate substantially from the model. Especially the Hp component shows systematic
deviations from the model data. For example, the minimum and maximum values of the Hp
component are lower and higher, respectively, in the observed data than in the model data.

Moreover, looking closer at the difference between the black and red lines for the Hp
component in Fig. 18, there seems to be a systematical difference depending on the day
time also during days with quiet magnetosphere. This could be due to day time dependent
disturbers on the spacecraft. To check this in more detail, the differences between the AC
cleaned and the T04 model data were investigated for 10 months (2019-03 to 2019-12);
per month, the mean values of the difference were determined as a function of local day
time (geographical longitude of GK-2A spacecraft is 128.2◦ East). The results are shown in
Fig. 19, left three panels, which clearly reveal a systematic variation as a function of local
time. Especially the deviation of the Hp component from the model is varying with local
time by 8 to 10 nT peak-to-peak. The variation has a minimum for local night times and a
broadened maximum around local noon. Overall, the He component shows an inverse trend
with the maximum of the variation, which is about 5 nT peak-to-peak, around local mid
night and the minimum before noon. The daily variation is clearly the smallest in Hn with
just 1–2 nT peak-to-peak and no clear trend during the day.

Since from this result it cannot be distinguished if the daily variation is generated by
the sensors, the spacecraft or the model, we did the same analysis with the data from the
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Fig. 19 Left: SOSMAG AC cleaned data difference to T04 as a function of local time at the spacecraft for
2019-03 to 2019-12 with one curve per month. Right: GOES-14 data difference to T04 as function of local
time, for 2019-03 to 2019-12 with one curve per month. The scale of the y-axis is the same in all six panels

GOES-14 magnetometer. The GOES-14 satellite is at geostationary position with 255.6◦

eastern longitude (Singer et al. 1996; GOES-14 data from www.swpc.noaa.gov/products/
goes-magnetometer). Again, the model magnetic field is calculated with T04 using the
WIND data as input for the solar wind conditions. The three panels on the right of Fig. 19
show the deviation of the GOES-14 data from the model as a function of local time at the
spacecraft. A dependence of the differences on the local time can be seen here as well.

Similar to SOSMAG, the daily variation in the Hp component is about 8 nT peak-to-
peak with the minimum at local midnight and a broadened maximum around noon. The
He component also shows a significant daily variation (5–8 nT peak-to-peak) but with the
maximum around local noon, as for Hp. The variation in Hn is less than 5 nT peak-to-peak
but with two maxima during 24 hours. It is also obvious that the GOES-14 data do not vary
around zero nanotesla which indicates that the GOES-14 offset processing is not linked to
the T04 model.

The daily variations of GOES-14 compared to SOSMAG are about the same in Hp but
different in He and Hn. This may be explained by the tilt of the magnetic axis relative to
the rotational axis of the Earth with GOES-14 being located slightly north of the magnetic
equator and GK-2A slightly south of it.

Taking into account that the peak-to-peak variation is nearly the same for both, measure-
ments on GOES-14 and GK-2A, it can be concluded that the local time dependence of the
deviation of the SOSMAG data from the model data is to a large extend neither caused by
the SOSMAG sensors nor by spacecraft interferences but is inherent to the model data. In
other words, the daily variation of the Tsyganenko model data is not fully representing the
real daily variation at the position of the spacecraft. A similar effect was reported for the
GOES-16 magnetometer data (Loto’aniu et al. 2019). A comparison of these data with the

http://www.swpc.noaa.gov/products/goes-magnetometer
http://www.swpc.noaa.gov/products/goes-magnetometer
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Fig. 20 Final values for DC offsets (in Hpen) determined from times with Kp-index ≤ 1.0 for 10 months
of data (2019-03 to 2019-12) using sliding windows; same scale on y-axis in all panels. Standard deviations
were determined from the selected data points (Kp ≤ 1.0) only

T04 model revealed differences to the model, where the Hp component showed the strongest
and diurnally varying deviations.

To enable a smooth transition of the final SOSMAG offsets from month to month, it was
decided to use a sliding window approach for the processing. A rectangular window with
a length of 28 days was chosen for each DC offset determination. The window is shifted
by seven days for the next calculation, leading to a value every seventh day. For all data
in 2019 the thus obtained DC offsets are shown in Fig. 20. The offsets vary with less than
about 8 nT in Hp, 5 nT in He and 2 nT in Hn. The behaviour among the three components is
comparable to the daily variations in Fig. 19 for which the largest and the smallest variation
are also seen in Hp and Hn, respectively. In general, the long-term variation is fairly low
and as such not much worse compared to offset drifts of e.g. a magnetospheric mission like
Cluster (Alconcel et al. 2014). The subtraction of the DC offsets from the AC cleaned data
is done with linear interpolation between the calculated offset points to produce the fully
corrected SOSMAG data.

The final SOSMAG data were compared with the magnetic field measurements aboard
the four-satellite Magnetospheric Multiscale (MMS) mission (Burch et al. 2016) on a spe-
cific day when the highly elliptical orbits of the MMS satellites came close to the position
of GK-2A. The main goal of the MMS mission is to investigate the small-scale physics of
magnetic reconnection. Therefore, the four spacecraft fly in tight tetrahedral configuration
along a common orbit. To achieve their goal, highly accurate magnetic field measurements
with accuracies better than 0.5 nT are required (Russell et al. 2016; Torbert et al. 2016a).
Each MMS spacecraft is equipped with two science grade magnetometers mounted on the
tips of two five meter long booms. The spin stabilization of the MMS spacecraft enormously
aids the in-flight calibration of the magnetometers (Plaschke et al. 2019), including the de-
termination of the spin plane offsets to accuracies of the order or better than 0.1 nT. The
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Fig. 21 The purpose of the plot is to assess the uncertainty of the GK-2A offset calibration, by comparing
Tsyganenko 2004 model data with GK-2A and Magnetospheric Multiscale (MMS) 4 data when that latter
spacecraft was relatively close to GK-2A on 1 March 2019 around 22:15:19 UT. At this time, the distance
between the two spacecraft became as low as 2857 km

comparison of the fluxgate magnetometer with electron drift instrument (EDI) data (Torbert
et al. 2016b) allows for regular in-flight calibration of the spin axis offsets, as well. Thereby,
overall uncertainties on the order of 0.1 to maximally 0.3 nT are regularly achieved in low
fields within the regions of interest for the MMS mission (Plaschke 2019). Hence, we can
use the MMS data as a standard against which the accuracy of the Tsyganenko model as
well as of the GK-2A magnetometer offset calibration can be judged.

For this comparison, we used SOSMAG AC cleaned data of 1 March 2019 of which the
offset vector (10.9, 37.6, −90.6) nT in Hpen and the T04 model field were subtracted. The
Kp index at this time was 4. The result is shown in blue in the top three panels of Fig. 21. In
red we show the difference between the fluxgate magnetometer data of MMS spacecraft four
and the corresponding T04 field data, also in Hpen coordinates. Within the interval shown,
the two spacecraft were located at distances below one Earth radii.

As it can be seen, the instantaneous difference between the measured data and the model
field can easily become as large as a few nT. Even the MMS 4 data show this, which we
regard as a highly accurate standard for comparison. If the GK-2A magnetometer data were
equally accurately calibrated, then we would expect the differences to the model field to be
equal to those determined from MMS 4 data during closest approach. For the Hp and He
components this is indeed approximately the case within MMS accuracy margins. For the
Hn component, however, we see a systematic difference between GK-2A and MMS data
of approximately 2 nT. Hence, at this particular moment, an Hn-component offset value of
−92.6 nT would be more accurate.

Taking into account that (a) the daily variations of the SOSMAG offsets relative to the
Tsyganenko model are mainly caused by the model, (b) the comparison with the MMS data
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Fig. 22 Effect of a substorm in the magnetotail, observed in the SOSMAG data on 8 August, 2019 around
22:30 local time

on 1 March show a maximal difference of 2 nT and (c) the long-term trend of the offset drift
is fairly smooth based on good statistics, we conclude that the low frequency error (signal
frequency < 0.1 mHz) of the SOSMAG final data is below the required 5 nT (cf. Table 1).

The alignment of the cleaned and DC offset corrected data against the Hpen coordinate
system of T04 was evaluated for the entire data from 2019. The derived angles (standard
deviation in brackets) for the rotation around Hp, He and Hn are 1.7◦ (4.0◦), −0.5◦ (1.4◦)
and −0.5◦ (1.9◦), respectively. Due to the fact that the standard deviation is by a factor of 2
to 4 larger than the misalignment, it was decided to leave it uncorrected. The investigation
has also shown that the alignment accuracy is within the requirement, 10 degrees, of Table 1.

5.4 Science Observations

Two science events are discussed in this chapter for an exemplary demonstration that the
cleaned SOSMAG data, which are measured on an industry standard satellite without much
thoughts on magnetic cleanliness, are very useful to diagnose variations of the magnetic
field and to investigate space-weather disturbance events such as magnetic storms and mag-
netospheric substorms at the geostationary orbit.

Figure 22 shows an example of a magnetospheric substorm recorded by SOSMAG at
128.2◦ East longitude, 0◦ latitude and R ≈ 6.6 Re on 8 August, 2019. The northward com-
ponent (Hp component, top panel) is dominant at the spacecraft location (in the pre-midnight
sector with a local time of 22:30) and moderately decreases from about 100 nT at 06:00 UT
to 80 nT at 13:00 UT. Then, the Hp component suddenly but smoothly falls down to about
50 nT between 13:00 UT and 14:00 UT and recovers quickly to a level of about 80 nT at
14:00 UT, accompanied by turbulent disturbance in the earthward (He) and eastward (Hn)
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components. The Hp component falls again to about 60 nT until 15:30 UT and gradually
recovers to 100 nT by the midnight (9 August, 2020, 00:00 UT).

At the same time, the MMS spacecraft are located between 00:00–01:00 LT in the
Earth’s magnetotail approximately X = −25 Re. MMS observes a very disturbed magneto-
tail with many flow bursts created by magnetic reconnection (substorms; see middle panels
of Fig. 23).

As GK-2A moves into the pre-midnight sector of the magnetosphere, the magnetic field
starts to decrease at ∼ 13:00 UT (approximately 22:30 local time), which corresponds to the
growth phase. Looking at the solar wind data in Geocentric Solar Magnetospheric (GSM)
coordinate system (Fig. 24), it shows that the Bz component of the Interplanetary Magnetic
Field (IMF) becomes negative at ∼ 13:00 UT, which means that dayside reconnection is
taking place and field lines are transported to the tail. At the same time ground based mag-
netometers show the start of a negative bay (lowest panel of Fig. 23).

When the SOSMAG magnetic field reaches its minimum, the MMS plasma instrument
shows the start of a strong tailward flow, V x ≈ −500 km/s, which changes to a strong
Earthward flow, V x ≈ 500 km/s, indicating that the MMS spacecraft were crossed by the
tailward moving X-line. The SOSMAG field, however, has already recovered before the
Earthward flow measured by MMS.

The measurements by SOSMAG at geostationary location are important for this kind of
investigation because they show the response of the inner magnetosphere to the flow burst
that was observed in the tail. For example, the decrease in total magnetic field is either
related to the stretching of the tail, “pulling out the inner magnetosphere field” during the
growth phase, which then returns with a “bang” when reconnection starts. This can probably
also be described by the set-up of a current system, the substorm current wedge.

Space weather at Earth is largely driven by magnetic reconnection at the dayside
magnetopause and, consequently, in the geomagnetic tail. However, magnetic reconnec-
tion is not the only reason for geomagnetic variations. Solar wind pressure pulses or
periodic variations may set off magnetospheric Ultra-Low Frequency (ULF) waves (e.g.
Sibeck et al. 1989), so may IMF rotations (e.g. Farrugia et al. 2008). The bow shock
and the region upstream of it that is magnetically connected to the shock, the fore-
shock, are also sources of phenomena that have been associated with ULF wave ac-
tivity in the magnetosphere (Eastwood et al. 2011). These phenomena include hot flow
anomalies, foreshock bubbles, or compressional foreshock waves (e.g. Sibeck et al. 1999;
Turner et al. 2013). For the foreshock to have a major influence on the magnetosphere, it
should be located in the subsolar region upstream of the shock. Therefore, IMF cone angle
should be low; that is the angle between the Earth-Sun-line and the IMF direction. Under
these low cone angle conditions, magnetosheath jets are oftentimes observed inside the mag-
netosheath (e.g. Plaschke et al. 2018). They are generated at the bow shock and are able to
propagate through the entire magnetosheath, thereby impacting on the magnetopause. There,
they are able to set off (standing) magnetopause surface waves and/or ULF waves inside the
magnetosphere (e.g. Archer et al. 2019). In particular under northward IMF and fast solar
wind conditions, the Kelvin-Helmholtz-instability developing along the flanks of the mag-
netopause is also known to be a major source of ULF wave activity inside the magnetosphere
(e.g. Kavosi and Raeder 2015).

SOSMAG aboard GK-2A is able to measure and clearly resolve even small-scale ULF
wave activity on geostationary orbit. This can be seen in Fig. 25, which displays the SOS-
MAG IMF data for 11 May 2019 in the dayside noon and afternoon local time sectors. The
ULF fluctuations can be discerned already in the Hpen time series (top panel). After sub-
tracting a 10 minute moving average, they are more clearly visible in the second panel. The
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Fig. 23 Comparison of SOSMAG (top panel), MMS (four middle panels) and ground based data (lowest
panel) during a substorm event on 8 August 2019

first wave packet between 2:20 and 4:20 UT occurs during southward IMF conditions (see
GSM Z in third panel), and may therefore be associated to reconnection or to resulting flux
transfer events (e.g. Lockwood and Wild 1993). Such an explanation would, however, raise
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Fig. 24 Solar wind data processed for the nose of the magnetopause on 8 August 2019 (data from the
OMNIWeb of NASA; https://omniweb.gsfc.nasa.gov/)

the question of why the wave activity did not start earlier when the IMF was pointing even
more in southward direction. The second wave packet, starting approximately at 5:00 UT, is
initiated however during northward IMF at the flanks. There, Kelvin-Helmholtz-instability
is known to be a major source of wave activity, but in this case the solar wind velocity
(bottom panel) is only about 360 km/s and, therefore, very low. Foreshock phenomena or
magnetosheath jets are unlikely to be the cause of the observed wave activity as the IMF
cone angle was consistently large during the entire time interval of interest (fourth panel).
This example shows that the reason for ULF wave activity may not always be straightfor-
wardly identifiable, justifying the need for future scientific research and a larger density of
in-orbit measurement points.

6 Data Product Flow

SOSMAG data are transmitted from GK-2A to the South Korean ground station in real-time
and first stored in the GK-2A ground system managed by the National Meteorological Satel-
lite Center of the Korea Meteorological Administration (KMA). From there, the data are
retrieved by the SOSMAG Ground Processor (GP), which is installed at the Space Weather
Service Centre of ESA, every minute.

Data within the GP is processed according to the flow presented in Fig. 26. Data which
are retrieved from KMA are used to process both, on-board cleaned and raw data (dependent
on availability) from binary data to magnetic field data in nT. The presented processing flow
is executed three times with different delays as well as different parameter qualities. The
properties of the resulting data sets are summarized in Table 7. Real-time and preliminary
data use preliminary calibration and cleaning parameters from a previous determination

https://omniweb.gsfc.nasa.gov/
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Fig. 25 From top to bottom with time in UT: GK-2A SOSMAG magnetic field in Hpen, top panel mea-
surements from which 10 minute averages have been subtracted, NASA OMNIWeb high resolution IMF
measurements in Geocentric Solar Magnetospheric coordinate system, IMF cone angle and solar wind pro-
ton velocity

to provide data as early and complete as possible. Final data are processed using updated
parameters, which were generated with the procedures described in Sects. 5.2 and 5.3. In
addition, periods with higher distortion levels are flagged to indicate those data which have
lower accuracy.

The resulting three data sets are available as level 2 science data products in Hpen
and GSE coordinate systems and are complemented with satellite attitude information.
From October 2020, the processed data will be made available within the frame of ESA’s
Space Weather Portal (http://swe.ssa.esa.int/) which is open to registered public users free
of charge. A Representational State Transfer (REST) Application Programming Interface
(API) like the Heliophysics Application Programming Interface (HAPI) managed by NASA
is currently in discussion, but not yet decided.

In parallel to the provision of the data via the Space Weather Portal, which mainly sup-
ports the space weather application driven activities, it is planned to make the final data
(Table 7) available in Common Data Format from a server at the Space Research Institute
of the Austrian Academy of Sciences.

7 Summary and Conclusions

The Service Oriented Spacecraft Magnetometer (SOSMAG) is equipped with four magnetic
field sensors whereas two sensors are mounted on an approximately one meter long boom,
which was developed as part of the instrument. Aboard the South Korean meteorological

http://swe.ssa.esa.int/
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Fig. 26 Data flow within the
SOSMAG ground processor

Table 7 Output data types of the SOSMAG ground processor

Data type Generation delay Description

Real-time < 5 minutes Real-time data are generated almost immediately, but uses cleaning and
calibration parameters which were determined with data which were
measured up to 98 days before.

Preliminary 1–2 days Preliminary data are generated in the same way as real-time data, but they
include data that might have arrived late, e.g. due to service outages.

Final 98 days Final data are processed using the newest parameter sets that were generated
specifically for these data. In addition, data quality flags are added.

and environmental satellite GEO-KOMPSAT-2A (GK-2A), SOSMAG was launched into a
geostationary orbit at a geographic longitude of 128.2◦ East as part of the Korea Space Envi-
ronment Monitor instrument suite on 4 December 2018. The nominal operation of SOSMAG
started on 25 February 2019.

The hosting spacecraft was designed and built without magnetic cleanliness require-
ments, and the location of the boom and of the two magnetic sensors within the spacecraft
was chosen without magnetic cleanliness related considerations. Furthermore, the SOSMAG
team had no access to operation time tables and housekeeping data of the spacecraft during
the first 12 months of operation.

The combination of multiple sensors with at least two sensors on a short boom was
chosen to achieve an accuracy level which is good enough for space weather related forecast
and science under conditions which are not ideal for spaceborne magnetic measurements.
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It has been the goal to derive the correction and calibration parameters during the first
months of operation with post-processing on ground so that, after an upload of the parame-
ters to the spacecraft, SOSMAG is able to process corrected and cleaned magnetic vectors
on board. In an ideal case, this should allow for a change of the data transmission mode from
the raw data of the four sensors with one vector per second each to a cleaned data product
from a virtually single sensor with four vectors per second.

The cleaning of the SOSMAG data from dynamic disturbances generated by the GK-
2A spacecraft is done with a newly developed Principal Component Gradiometer (PiCoG)
method which employs principal component analysis to decouple multiple disturbance
sources and to minimize the introduction of artefacts to the components free of the tar-
geted disturbance. The magnitudes of the identified disturbances, which can be as large as
40 nT in the sensor furthest away from the spacecraft, are reduced by a minimum factor of 2
and a maximum factor of 35, depending on the location and the signature of the disturbance.
The magnitude of the largest remnant field in the cleaned data from a spacecraft disturber
is 2.0 nT. A better reduction is hindered by the quite high intrinsic noise as well as by the
non-ideal mounting location of the two AMR based spacecraft sensors.

A magnetic screening campaign has been conducted at KARI facilities pre-flight. The
magnetic signatures of the reaction wheels and the Advance Meteorological Imager (AMI),
which is the primary payload of GK-2A, have been investigated by the SOSMAG sensors
and two fluxgate based gradiometers which were placed nearby the spacecraft. While the
amplitude of the magnetic stray field of the reaction wheels was low, recurrent spikes of
the AMI (about 10 nT peak at the inboard fluxgate sensor) could be detected. Both, the low
level of reaction wheel interference and the peak values of the AMI generated spikes, are
confirmed by the inflight measurements. These interferences can be eliminated by the multi-
sensor arrangement as expected and even though not all potential spacecraft disturbers could
be switched on during this magnetic screening campaign on ground, it was an important first
step for validating the SOSMAG concept.

Due to a daily shadowing of the SOSMAG boom, the temperature of the outboard sensor
cycles every day between +30 ◦C and −90 ◦C. This causes a specific dynamic disturbance,
which cannot be corrected using the PiCoG method. Since the sensor has not been designed
for extreme temperature changes, sensor intrinsic offset oscillations with a periodicity up
to 60 minutes and peak-to-peak values up to 5 nT are generated and still present in the
corrected data product especially during the cooling phase.

Taking the currently remaining artefacts into account, the error requirement of less than
1 nT for frequencies higher than 0.1 mHz has not been met yet but the leftovers are well
characterized and will be flagged accordingly in the final data product.

The low frequency error of the corrected SOSMAG data for signal frequencies of less
than 0.1 mHz (i.e. the offset) was evaluated by verifying the SOSMAG data against the
Tsyganenko Earth’s field model on a daily and a long-term basis with a 28 days long sliding
window, as well as by comparison with the magnetic field measurements aboard the four-
satellite Magnetospheric Multiscale mission. It was demonstrated that the offset is below the
required 5 nT. Furthermore, the drift of the offsets over 10 months is less than 7 nT.

The discussion of two science phenomena observed by SOSMAG, a substorm event and
ultra-low frequency waves, clearly demonstrate the suitability of the SOSMAG data for
space weather forecast applications in particular and magnetospheric science in general.
This is of specific importance because the magnetic field measurements aboard GK-2A
complement the measurements of the geostationary GOES satellites in a completely dif-
ferent longitudinal sector.

Future work could include a further reduction of the remaining artefacts in the final data
product with a focus on lessening the temperature driven sensor oscillations with an epoch
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based identification and correction of the offset drift. While this work is ongoing, the trans-
mission of the raw data from all four sensors with one vector per second is maintained and
the mode change to a virtually single sensor with four vectors per second is envisaged for a
later point in time.
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