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Abstract: The High Precision Magnetometer (HPM) on board the China Seismo-Electromagnetic Satellite (CSES) allows highly accurate
measurement of the geomagnetic field; it includes FGM (Fluxgate Magnetometer) and CDSM (Coupled Dark State Magnetometer)
probes. This article introduces the main processing method, algorithm, and processing procedure of the HPM data. First, the FGM and
CDSM probes are calibrated according to ground sensor data. Then the FGM linear parameters can be corrected in orbit, by applying the
absolute vector magnetic field correction algorithm from CDSM data. At the same time, the magnetic interference of the satellite is
eliminated according to ground-satellite magnetic test results. Finally, according to the characteristics of the magnetic field direction in
the low latitude region, the transformation matrix between FGM probe and star sensor is calibrated in orbit to determine the correct
direction of the magnetic field. Comparing the magnetic field data of CSES and SWARM satellites in five continuous geomagnetic quiet
days, the difference in measurements of the vector magnetic field is about 10 nT, which is within the uncertainty interval of geomagnetic
disturbance.
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1.  Introduction
Utilizing low Earth orbit satellites to measure the magnetic field of
the Earth is  an important means for geomagnetic exploration. At
present  the  mainstream  geomagnetic  models  are  all  based  on
satellite  magnetic  field  data.  Satellite  magnetic  data  processing
solves mainly problems of sensor linear correction, residual mag-
netic interference, and vector orientation; the processing method
depends on the size of target magnetic field and the payload con-
figuration and platform features, and requires specific design.

If the target magnetic field is relatively weak and the requirement
for data processing is relatively low, the linear correction is gener-
ally  done by using ground calibration data,  and the temperature
drift is  handled  by  linearization.  However,  at  low  Earth  orbit  alti-
tude,  the Earth’s  magnetic  field  is  in  the range from 20000 nT to
60000  nT,  while  the  requirements  for  magnetic  field  resolution
differs  by  4–5  orders  of  magnitude  between  that  from  magnetic
field  fine  structure  and  that  from  the  space  environment;  this
raises  very  strict  requirements  for  satellite  platforms,  payloads,
and data processing. All the low Earth orbit magnetic satellites in
the  world,  such  as  MAGSAT,  ORSTED,  CHAMP,  and  SWARM,  are
equipped  with  scalar  as  well  as  vector  fluxgate  magnetometers

(Potemra et al.,  1980; Olsen et al.,  2003; Merayo et al.,  2000; Friis-
Christensen et al., 2006). In addition, they also make linear correc-
tions of  the  vector  magnetic  field  data  by  some  algorithm  utiliz-
ing accurate scalar  magnetic data based on characteristic  atomic
parameters, thus  greatly  improving  the  accuracy  of  vector  mag-
netic data (Merayo et al., 2000; Yin F, 2010).

Magnetic data  processing  should  also  handle  the  issues  of  plat-
form interference and coordinate transformation. All the magnet-
ic satellites pay great attention to the influence of remnant mag-
netism; and magnetic cleanness control and configuration optim-
ization  are  made  to  reduce  the  interference;  on  the  other  hand,
ground magnetic measurement is carried out to assess its impact
(Chen SW, 2009; Zhou B and Wang JD,  2013; Xiao Q et  al.,  2018).
When  the  target  magnetic  field  is  relatively  weak  or  if  magnetic
cleanness  control  is  relatively  good,  linear  correction  based  on
ground  test  data  can  be  used.  The  determination  of  the  vector
magnetic  field  direction  is  generally  based  on  satellite  attitude
measurement; the  precision  of  near-Earth  magnetic  field  direc-
tion is generally required to be better than 0.01 degrees;  accord-
ingly, in data processing the measurement error of the star sensor
and the  impact  of  thermal  deformation  on  the  coordinate  trans-
formation matrix should be considered.

The  CSES  is  a  low  Earth  orbit  satellite,  with  geomagnetic  field
measurement  as  one  of  its  main  scientific  tasks  (Shen  XH  et  al.,
2018). According to the task and platform characteristics, the HPM
includes FGM (Fluxgate Magnetometer) and CDSM (Coupled Dark
State  Magnetometer)  probes,  designed  to  be  used  with  specific
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in-orbit data processing methods (Zhou B, 2013). HPM data collec-
ted during the satellite’s commissioning phase, after its launch on
February 2, 2018, were processed using ground calibration results
(Cheng  BJ,  2018).  The  processing  method  has  been  found  to  be
robust  and  appropriate  to  produce  high  quality  magnetic  field
data. The details are presented in this paper.

2.  HPM Data Processing
The  high  precision  magnetometer  of  CSES  consists  of  two  FGM

and one CDSM probes, as shown in Figure1.

The  FGM  probe  consists  of  three  single-component  sensors,
based on Faraday’s electromagnetic induction law, arrayed ortho-
gonally  to  constitute  a  vector  magnetic  sensor.  The probe’s  data
are processed mainly to solve the problems of thermal drift of the
instrument  gain  factors  and  offsets,  as  well  as  the  orthogonality
problem of its three components. The scalar data from the CPT ef-
fect-based CDSM sensor can be used for FGM sensor linear correc-
tion;  in  principle  the  accuracy  of  scalar  data  is  guaranteed  (Lam-
megger,  2008). The actual  in-orbit  assessments of  the HPM’s ma-
jor specifications are listed in Table 1.

The data needed in data processing are listed in Table 2, they are

mainly from three sources.

(1) In-orbit  observations  from  the  FGM  and  CDSM  sensors,  tem-

perature  data  inside  the  FGM  probes  and  electronic  box,  star

sensor data,  attitude  data,  and  platform  housekeeping  paramet-

ers.

(2)  Ground  calibration  data  of  the  HPM,  including  temperature

correction  curves,  the  basic  linear  parameters  of  the  fluxgate

sensor, and the heading error correction parameters of the CDSM.

(3) Platform  test  data,  mainly  including  the  magnetic  field  in-

duced by  the  platform  at  the  CDSM  sensor,  the  magnetic  induc-

tion coefficient, and the payload installation matrix.

The processing of HPM data is divided into three main stages. The

first  stage  is  correction  at  the  sensor  level:  the  6  components  of

the 2  FGM probes  and the CDSM probe are  corrected for  factors

such as  temperature.  Then FGM linear  parameters  correction fol-

Table 1.   HPM performance in-orbit

Item Performance

FGM

Range ±70000 nT

Frequency band 15 Hz

Resolution 0.09 nT

Noise 18 pT·Hz–1/2@1 Hz

Linearity 0.004%

Gain drift 20 ppm/℃

Offset drift 0.05 nT/℃

Offset stability 1 nT/Month

CDSM

Range 100000 nT

Noise 29.9 pT·Hz–1/2@1Hz

Accuracy 0.19 nT

Vector magnetic field
data precision

Magnitude 0.5 nT

Orientation 0.05°

Table 2.   Required data list in HPM data processing

No. Item Symbol Source

1. Magnetic field from FGM F1 F2, In-orbit measurement

2 Magnetic field from CDSM S In-orbit measurement

3 HPM temperature tp1, tp2, te In-orbit measurement

4 Star sensor attitude data Q In-orbit measurement

5 Orientation vector of magnetic torque I In-orbit measurement

6 Gain drift correction charts for FGM AT1,AT2, HPM calibration

7 Offset drift correction charts for FGM CT1,CT2, HPM calibration

8 Heading error correction curve for CDSM H HPM calibration

9 Interference matrix between sensor M12,M21,M2c HPM calibration

10 Transformation matrix from FGM to star sensor Mps Satellite test

11 Interference parameters from satellite MA,MB,MC Satellite test

HPM Electronics

CDSM Probe

FGM Probe 1

FGM Probe 2

 
Figure 1.   Schematic of HPM, consisting of two FGM probes, one

CDSM probes and an electronics box.
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lows, using  the  absolute  vector  magnetic  field  correction  al-
gorithm based on CDSM data; other interferences are also elimin-
ated at this stage. The third stage is coordinate system transform-
ation—from the  sensor  coordinate  system  to  the  physical  co-
ordinate system  as  required  by  users.  This  last  stage  is  very  im-
portant for the magnetic field data to be of optimum use.

2.1.  Sensor Correction

2.1.1  Temperature correction of the FGM sensors
Theoretically,  the  raw  signal  observed  by  FGM  sensors F is lin-
early  related  to  the  magnetic  field.  Taking  the x component  of
FGM Probe 1 (F1x) as an example, it is related to the magnetic field
as shown by equation (1):

B1x = aF1x+ c, (1)

where B1x is the magnetic field, in nT, observed by the x compon-
ent  of  the fluxgate  sensor  after  physical  quantity  transformation.
According to the principle  of  FGM,  gain factor a and offset c will
change  with  temperature t.  Ground  calibration  indicates  that a
drifts at a rate of 20 ppm/°C, while c is about 0.05 nT/°C, which is
not  negligible  in  the  near  Earth  orbit  environment.  At  the  same
time, these two parameters also change with the temperature of
the  electronics  box.  The  temperature  correction  chart  for  each
coefficient  of  the  HPM sensor  is  obtained via  ground calibration,
such as shown by Figure 2 (Zhou B et al., 2018).

The  final  correction  result  can  be  obtained  by  interpolation  of
electronics temperature te and sensor temperature tp. The temper-
ature correction of the FGM sensor is shown in equation (2):

B1x = AT1x
(
te, tp1
)
F1x+CT1x

(
te, tp1
)
. (2)

2.1.2  CDSM heading error correction
Theoretically, the  measurement  error  caused  by  Zeeman  nonlin-
ear  frequency  shift  of  the  Rb87 atom  can  be  eliminated  utilizing
signal  superposition  produced  by  the  double  CPT  effect  of  the

CDSM. However the change of the angle between magnetic field
direction  and  probe  laser  incidence  direction  will  still  produce
small  measurement  errors,  which  can  be  accurately  determined
and corrected by ground calibration (Pollinger et al., 2018).

During the  in-orbit  operation  of  the  satellite,  the  overall  opera-
tion  temperature  of  the  CDSM  sensor  and  its  electronics  box  is
very  stable,  the  measurement  error  being  mainly  related  to  the
direction  of  the  magnetic  field.  Generally  the  data  from  FGM
Probe 2, which is closer to the CDSM, are used as the input for de-
termining magnetic field direction; the correction formula for the
CDSM sensor is expressed as

Bs = aS −H
(
B2x,B2y,B2z

)
. (3)

2.2.  Linear Correction of Vector Magnetic Field

2.2.1  Absolute vector magnetic field correction algorithm
During the development of the CSES, methods by which accurate
scalar magnetic data could be used to correct the vector magnet-
ic  field  data  of  FGM  were  studied  (Zhang  ZQ  et  al.,  2014). An  al-
gorithm was developed and verified by numerical simulation. The
basic  principle  of  this  method  is  the  mathematical  relation
between vector and scalar quantities, as shown by equation (4):

B2
s = B2

X +B2
Y +B2

Z , (4)

where BX, BY,  and BZ represent  the  three-component  magnetic
field  in  an  orthogonal  coordinate  system.  The  FGM  sensor  is  not
strictly  orthogonal,  and  the  gain  factor  and  offset  calibrated  on
the ground may change slightly in orbit; therefore, the Bx, By, and
Bz from the FGM are mathematically related to the orthogonal 3-
component magnetic field by equation (5):BX

BY

BZ

 = M
(
θxy, θyz, θxz

)
 ax 0 0

0 ay 0
0 0 az

  Bx

By

Bz

+
 bx

by

bz


 . (5)

Utilizing equations (4)  and (5)  simultaneously gives the mathem-
atical  relation  between  the  scalar  magnetic  data  and  the  vector
magnetic  field  data,  which  includes  9  parameters  to  be  solved.
The solution can be obtained by fitting multiple observation data.
The conditions of data fitting are as follows.

(1)  The  fitting  data  evenly  cover  the  whole  magnetic  sphere  (a
unit sphere in the Bx, By, Bz coordinate system).

(2) The  vector  sensors  and  scalar  sensor  observe  the  same  mag-
netic field.

(3)  The  parameters  of  the  vector  sensor  are  stable  and  do  not
change.

(4) The data from scalar sensor are accurate.

The  CSES  is  a  3-axis  stabilized  platform,  with  a  sun-synchronous
orbit.  Under  the  FGM  probe  coordinate  system  on  the  satellite,
the distribution of observed magnetic field data on the magnetic
sphere is shown in Figure 3. In principle, the in-orbit data can sat-
isfy  the  requirements  of  the  algorithm.  The  coverage  on  axis By

and Bz (approximately the Earthward and forward direction of the
satellite)  is  satisfied;  however,  the  coverage  on  the Bx axis  is  not
good enough.  As  a  result,  larger  fitting  errors  in  parameters  re-
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Figure 2.   Linear coefficient thermal drift results: Gain factor, after

interpolating with both sensor thermal drift and electronics thermal

drift of FGM sensor 1x.
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lated to Bx axis are expected.

Payload  performance  assessment  indicated  that  the  stability  of

vector magnetic observations is within 0.5 nT, and the accuracy of

the scalar value can reach 0.19 nT; these meet the requirements of

the algorithm. As long as the data from different sensors are nor-

malized  in  data  processing,  all  the  algorithm  conditions  can  be

satisfied.

2.2.2  Interference elimination
Before its launch, CSES was operated with several magnetic tests,

in which the effects  of  satellite  residual  magnetism, magnetic  in-

duction, and  magnetic  torque  were  measured.  The  magnetic  in-

terference produced by the satellite at the CDSM sensor is about

0–3  nT  with  an  uncertainty  of  0.26  nT  (Xiao  Q  et  al.,  2018).  The

magnetic field, produced by the satellite, at the tip of the boom is

approximated as that of a dipole; its interference decays with cu-

bic  distance,  so  the  interference  fields  at  FGM  Probe  1  and  FGM

Probe 2 are all greater than that at the CDSM probe.

The  FGM  sensor  includes  a  feedback  coil,  which  reduces  to  zero

the magnetic field inside the sensor, at the same time it produces

a  magnetic  field  outside.  Mutual  interference  tests  between  the

sensors of the HPM were carried out on ground, which found that,

under  the  present  configuration  of  the  sensors,  the  interference

on the neighboring sensor is about 0–2 nT.

Therefore, the  three  probes  of  HPM  are  situated  in  a  superim-

posed magnetic field of space ambient field, satellite interference

field,  and  sensor  interference  field. Figure  4 is a  schematic  dia-

gram of this superimposed magnetic field.
B1 = Bspace+Bsat−>FGM1+BFGM2−>FGM1

B2 = Bspace+Bsat−>FGM2+BFGM1−>FGM2

Bc = Bspace+Bsat−>CDSM+BFGM2−>CDSM

Bsat−>FGM1 : Bsat−>FGM2 : Bsat−>CDSM = 1/L3
1 : 1/L3

2 : 1/L3
c

⇒

Bc = B1−BFGM2−>FGM1+Bsat−>CDSM−
(
L3

c/L
3
1 −1
)

Bsat−>CDSM

Bc = B2−BFGM1−>FGM2+Bsat−>CDSM−
(
L3

c/L
3
2 −1
)

Bsat−>CDSM

(6)

The CDSM data are scalar and do not need vector processing. The

magnetic  field  at  the  FGM  sensor  is  extended  to  the  position  of

the  CDSM—see  equation  (6).  Based  on  these  data  the  absolute

vector magnetic field correction is applied to get the linear para-

meters  of  the  FGM.  After  correction,  the  FGM data  represent  the

vector magnetic  field  at  the  CDSM  sensor,  which  is  further  pro-

cessed with equation (7) to get the ambient space magnetic field.

Bspace = Bc−Bsat−>CDSM−BFGM2−>CDSM. (7)

The  normalization  processing  also  includes  synchronization  of

vector and scalar  data.  The sample rate of  the FGM data is  60 Hz

and that of CDSM is 30 Hz; the time difference of the two raw re-

cords is about 10 ms. The average variation of the Earthward com-

ponent of the geomagnetic field is 40 nT/s with a maximum up to

80 nT/s; a time difference of 10 ms may cause a magnetic field bi-

as close to 1 nT, which should not be neglected in the processing.

2.2.3  Result of FGM linear correction
Absolute vector magnetic field correction can greatly improve the

accuracy of in-orbit vector data. Figure 5 compares the scalar dif-

ferences of raw FGM data, FGM data corrected with ground calib-

ration  coefficients,  and FGM data  corrected by  using the  in-orbit
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Figure 3.   Global geomagnetic vector direction coverage of CSES. Left: Satellite orientation relative to the geomagnetic field; Right: Normalized

geomagnetic vector in the FGM probe coordinates.
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Figure 4.   The influences of remanence of S/C are reduced with the

distance increase, and the FGM feedback coils generate the magnetic

interferences outside around too. The disturbances measured by HPM

sensors are accumulation both from the S/C remanence and FGM

feedback interferences.
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absolute vector magnetic field correction method with CDSM. The
residual error of FGM data corrected by the in-orbit absolute vec-
tor field is only 0±0.5 nT. Figure 6 shows the results on 50 consec-
utive  days,  indicating  that  the  algorithm  using  CDSM  scalar  data
to  correct  FGM  vector  magnetic  data  suits  the  in-orbit  data  very
well and produces stable results.

Table  3 lists  the  statistic  evaluation  result  of  9  linear  parameters
on 50 consecutive days. It can be seen that the linear parameters
are also very stable.

2.3.  Coordinate System Transformation
Considering the  differences  between  ground  and  in-orbit  condi-
tions, the transformation matrix  of  FGM to star  sensor  is  determ-
ined by in-orbit fitting. Utilizing the magnetic field relation at the
intersection  of  ascending  and  descending  orbits  and  the  diurnal
variation features of the magnetic field, the matrix can be determ-
ined. Transforming the magnetic data to the star sensor coordin-
ate  system,  the  star  sensor  attitude  quaternion  characterizes  the
transformation matrix between the star sensor coordinate system
and the inertial coordinate system; the magnetic data can then be
further transformed to the inertial coordinate system, as shown by
equation (8):

Bintertial = M (Q) MFGM−>ssBFGM. (8)

The transformation from inertial coordinate system to Earth-fixed
coordinate system depends on time and the rotation of the Earth.
The  transformation  matrix  is  calculated  according  to  the  IAU-
2000/2006  precession  and  nutation  model  (Liu  JC  and  Zhu  Z.,
2012) and data acquisition time. The data are then transformed to
the  Earth-fixed  coordinate  system.  Further  transformation  from
the  Earth-fixed  coordinate  system  to  other  coordinate  systems,
such  as  the  North-East-Down  geographic  coordinate  system  and
geomagnetic  coordinate  system,  is  relatively  simple  and  will  not
be elaborated here.

3.  Analysis of Data Processing Results
According  to  the  definition  of  satellite  data  level,  the  corrected
data from  sensors,  which  represent  just  the  physical  values  ob-
served by the sensors, are Level 1 data. The data after orthogonal-
ity  correction  and  coordinate  transformation  are  Level  2  data,
which  represent  the  space  magnetic  field  at  the  position  of  the
satellite.  Evaluation  of  the  final  result  of  data  processing  can  be
made by comparing Level  2  data with data from other  magnetic
measuring satellites in the ionosphere.

SWARM is  a  triple-satellite  constellation for  magnetic  field  meas-
urement, with a vector field accuracy of 0.5 nT. The orbit altitude
of the SWARM B satellite is  530 km (Friis-Christensen et al,  2006),
close to the altitude of CSES, so its data are used for comparison.

Figure 8 shows the geomagnetic  field observed by the CSES in a
5-day re-visiting period from May 19 to May 24 in 2018. As shown
in Figure 7, the Dst index was very stable during those days, mak-
ing this  period  favorable  for  data  comparison.  At  the  orbit  inter-
section  points  of  these  two  satellites,  the  data  are  neither  time
synchronous nor at the same altitude. Therefore, before the com-
parison  they  are  normalized  using  the  geomagnetic  model

Table 3.   Statistics of linear correction parameters of FGM2

Evaluated value Uncertainty

X gain factor 1.0025461 0.0000573

Y gain factor 1.0008000 0.0000020

Z gain factor 1.0003115 0.0000095

Angle between X & Y (°) 89.3484 0.0005

Angle between Y & Z (°) 91.1107 0.0012

Angle between Z & X (°) 90.6544 0.0022

X offset (nT) 2.00 0.54

Y offset (nT) –6.70 0.24

Z offset (nT) –2.17 0.22
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Figure 5.   Scalar residual errors of sensor FGM2, compared under

different corrections.
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Figure 6.   Temporal variation of fitting residuals of scalar magnetic

field of FGM2.
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Figure 7.   Dst index from May 19, 2018 to May 24, 2018.
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CHAOS,  which  is  based  on  the  observation  data  of  Orsted,

CHAMP,  and  SWARM  satellites  and  combined  with  Earth’s  main

magnetic  model,  lithospheric  magnetic  model,  and  ring  current

model (Olsen et al., 2006). Figure 9 and Table 4 show the compar-

ison of the magnetic field as measured by CSES and by SWARM B

during these 5 days. In middle and low latitude areas the consist-

ency is good; in the areas around 45°N and 45°S the difference is

larger.  The  main  reason  is  that,  on  one  hand,  the  transformation

matrix to the star sensor is based on low latitude data; on the oth-

er hand,  the high latitude area is  more disturbed due to the cur-

rents in the polar regions. We put the comparison result and Kp in-

dex  together  for  analysis,  as  shown  in Figure  10, where  the  ab-

scissa is the sum of the Kp index at the time of the two satellite ob-

Table 4.   Comparison of HPM data and SWARM data

For all intersections For intersections below
magnetic latitude 10°

Average Variance Average Variance

North 6.09 nT 24.37 nT –3.69 nT 9.13 nT

East –6.12 nT 29.15 nT –5.72 nT 21.26 nT

Down –3.83 nT 12.36 nT –8.91 nT 10.83 nT

Saclar –1.35 nT 7.47 nT –3.28 nT 7.62 nT

Angle 0.055° 0.041° 0.001° 0.0004°

North East

Down Scalar

180° 135°W90°W 45°W 0° 45°E 90°E 135°E 180°

90°S

45°S

0°  

 45°N

90°N

180° 135°W90°W 45°W 0° 45°E 90°E 135°E 180°

90°S

45°S

0°  

 45°N

90°N

180° 135°W90°W 45°W 0° 45°E 90°E 135°E 180°

90°S

45°S

0°  

 45°N

90°N

180° 135°W90°W 45°W 0° 45°E 90°E 135°E 180°

90°S

45°S

0°  

 45°N

90°N

0

1

2

3

×104

-1.0

-0.5

0.0

0.5

1.0

-5

0

5

2

3

4

5

×104

×104 ×104

 
Figure 8.   Geomagnetic field components (North, Ease and Down) and strength (Scalar) observed by CSES-HPM in a 5-day re-visiting period from

May 19 to May 24 in 2018.
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Figure 9.   Magnetic field components (North, South and Down) and strength (Scalar) differences at orbit intersections between CSES and

SWARM in May 19-24, 2018.
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servations.  It  can be seen that  with increasing Kp the variance of

the difference between the two data sets increase, indicating that

the CSES data and SWARM data are highly consistent.

4.  Conclusion
Based  on  the  in-orbit  observation  data,  the  ground  calibration

data  of  the  CSES  HPM,  the  characteristics  of  the  FGM  probes,

CDSM probe,  and  satellite  platform,  we  developed  the  data  pro-

cessing method.  According  to  the  processing  results,  the  accur-

acy of scalar magnetic data is assessed to be 0.5 nT, while the ac-

curacy  of  alignment  is  0.05°,  and  the  data  are  consistent  with

SWARM B data.

The current method is applicable to the first half year of CSES data

after  the  satellite’s  launching.  Referred  to  the  experience  of  the

SWARM satellite,  some parameters may change after a long time

in orbit due to impact of aspects of the space environment, such

as  solar  radiation.  After  a  certain  time  in  orbit,  we  will  analyze

long-term CSES data and update our algorithm, which will further

improve the quality of CSES magnetic exploration data.

The  MAGSAT,  CHAMP,  and  SWARM  satellites  are  dedicated  to

magnetic field  measurement.  The  accuracy  of  their  vector  mag-

netic field measurments reach respectively to 6 nT, 3 nT, and 1 nT

(Mandea,  2006),  which  means  that  the  pointing  accuracy  should

be  in  the  order  of  0.001°.  As  a  general-purpose  electromagnetic

field monitoring platform, CSES has not reached this level yet. So

specific design is needed in the future to enhance the pointing ac-

curacy of the platform.
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Figure 10.   Variances of scalar magnetic field differences between

CSES and SWARM increase with sum of Kp index at orbit intersections.
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