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Key Points:
●  Initial magnetic data measured by Macau Science Satellite-1 (MSS-1) were processed and analyzed.
●  Magnetic signals related to geomagnetic storms during March 24−25, 2024 and May 10−12, 2024 were detected clearly by MSS-1.
●  Geoelectric fields induced in the Earth rapidly increased during these geomagnetic storms.
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Abstract:  Geomagnetic storms are rapid disturbances of the Earth’s magnetosphere. They are related to many geophysical phenomena
and have large influences on human activities. Observing and studying geomagnetic storms is thus of great significance to both scientific
research and geomagnetic hazards prevention. The Macau Science Satellite-1 (MSS-1) project includes two high-precision Chinese
geomagnetic satellites successfully launched on May 21, 2023. The main purpose of MSS-1 is to accurately measure the Earth’s magnetic
field. Here, we analyze early MSS-1 geomagnetic field measurements and report observations of two recent geomagnetic storms that
occurred on March 24, 2024 and May 11, 2024. We also calculate the related geoelectric fields as an initial step towards a quantitative
assessment of geomagnetic hazards.
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1.  Introduction
Geomagnetic storms are rapid disturbances of the Earth’s magne-
tosphere caused by enhanced interaction between the solar wind
and  Earth’s  magnetosphere  (Gonzalez  et  al.,  1994).  Many
geophysical  phenomena  are  associated  with  or  caused  by
geomagnetic  storms,  such  as  geomagnetically  induced  currents
(Pulkkinen  et  al.,  2017)  and  ionospheric  disturbances  (Mendillo,
2006).  Super geomagnetic disturbances can lead to disruption of
electrical systems, satellite hardware damage, communication fail-
ures, and navigation problems (Lakhina and Tsurutani, 2016).

The MSS-1 is the world’s first low-inclination (about 41°) geomag-
netic  satellite  mission.  It  is  composed  of  two  satellites,  MSS-1A
and  MSS-1B,  successfully  launched  on  May  21,  2023  into  near-
circular  orbits  of  450  km  altitude  (Zhang  K,  2023).  MSS-1A  is
equipped with a highly stable optical bench, a high-precision flux-
gate magnetometer, and a high-precision scalar magnetometer; it
can measure the Earth’s magnetic field with unprecedented accu-
racy. MSS-1B is equipped with an energetic electron spectrometer
and  a  solar  X-ray  detector;  its  main  objective  is  to  monitor  solar
activities and their effects on the Earth's space plasma.

During  geomagnetic  storms,  the  strength  of  the  ring  current  in

the  magnetosphere  increases  significantly,  generating  large  and

rapid  geomagnetic  disturbances.  Therefore,  high-precision

geomagnetic  observations  such  as  those  of  the  MSS-1  satellites

have significant  potential  to  improve  understanding  of  geomag-

netic storms and to provide warnings early enough to avoid serious

storm damage. In this work, we analyze early MSS-1 geomagnetic

field measurements,  focusing especially on data collected during

two  recent  geomagnetic  storms,  which  occurred  during  March

24−25, 2024 and May 10−12, 2024. We also use two realistic radial

Earth’s  conductivity  models  to  calculate  model-predicted

geoelectric fields induced by the observed geomagnetic storms. 

2.  Data and Method 

2.1  Data Collection and Preprocessing
We  collected  MSS-1  vector  magnetic  field  data  from  March  and

May,  2024,  during  which  intense  solar  activities  were  reported.

The original vector magnetic measurements have been calibrated

and  rotated  from  the  instrument  frame  to  the  north-east-center

frame  (Yan  Q  et  al.,  2023).  The  root-mean-squared  difference

between  scalar  and  vector  magnetic  measurements  is  below

0.5 nT, indicating the good quality of the data. Figure 1 shows the

global  distribution of  MSS-1 vector  data  points  on May 11,  2024.

Due to the unique low-inclination MSS-1 orbit, the measurements

are distributed at middle and low latitudes. This configuration can

provide an excellent  local  time sampling of  the  Earth’s  magnetic

field. 

2.2  Extraction of Geomagnetic Storm-Related Magnetic

Signals
The  observed  magnetic  field  includes  mainly  the  contributions
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from  the  Earth’s core  and  crust,  the  magnetospheric  and  iono-
spheric  current  systems,  and  their  Earth-induced  counterparts
(Finlay et al.,  2020; Sabaka et al.,  2020). To describe the disturbed
magnetic field due to geomagnetic storms, we use the following
magnetic residual

ΔBBB = BBBobs − BBBmod, (1)

BBBobs BBBmod

ΔBBB

V ΔBBB = −∇V

where  denotes  the  observed  magnetic  field  and 
denotes  the  core  and crustal  fields  as  predicted by  the  CHAOS-7
geomagnetic  field model  (Finlay et  al.,  2020).  After  removing the
day-time magnetic field,  the residual  magnetic field  is  mainly
due  to  the  large-scale  magnetospheric  ring  current  and  can  be
represented by the negative gradient of a magnetic scalar potential

, that is . The magnetic scalar potential is approximated
by spherical  harmonic  expansion in  the  geomagnetic  coordinate
system (Laundal and Richmond, 2017):

V(r, θgm, ϕgm, t) = a [e0
1(t) ( ra ) + i01(t)(ar )2] P0

1(cosθgm), (2)

r, θgm, ϕgm

t a
P0

1(cosθgm) = cosθgm

e0
1

i01

where  are  the  radial  distance  from  Earth’s  center,  the

geomagnetic colatitude, and the geomagnetic longitude, respec-
tively;  denotes the time dependence of  the magnetic  field;  is
the Earth’s mean radius;  is the Schmidt quasi-

normalized associated Legendre function of degree 1 and order 0;
 is  the  external  coefficient  describing  the  strength  of  the

magnetospheric ring current; and  is the corresponding induced

coefficient  due  to  electromagnetic  induction  in  the  Earth’s inte-
rior. The magnetic field components can be written as

Br(r, θgm, ϕgm, t) = [−e0
1(t) + 2i01(t)(ar )3] cosθgm,

Bθ(r, θgm, ϕgm, t) = [e0
1(t) + i01(t)(ar )3] sinθgm,

Bϕ(r, θgm, ϕgm, t) = 0,

(3)

Br, Bθ, Bϕwhere  are the  radial,  colatitude,  and  longitude  compo-

nents  in  the  geomagnetic  coordinate  system.  Using  the  residual
field to fit above equations, we can estimate the time series of the
external and induced coefficients (Yao HB et al., 2023). The external

coefficients represent the magnetic signals related to geomagnetic
storms. 

3.  Results 

3.1  Geomagnetic Storms during March 24−25, 2024 and
May 10−12, 2024

Figure  2a illustrates  the  time  series  of  magnetospheric  external
(blue  color)  and  induced  coefficients  (red  color)  recovered  from
MSS-1  vector  magnetic  data  of  March  2024.  Compared  to  the
external  coefficients,  the  induced  coefficients  have  a  smaller
amplitude  but  show  the  same  characteristics.  Therefore,  we
concentrate  on  the  external  coefficients  in  the  following  parts.
Multiple  spikes  on  and  around  March  24  are  observed,  which
reflect temporary disturbances of the Earth’s magnetosphere. The
maximum  external  coefficient  is  greater  than  100  nT  during
16:00−18:00  Coordinated  Universal  Time  (UTC).  The  Disturbance
Storm-Time  (Dst)  index  (https://wdc.kugi.kyoto-u.ac.jp/dstdir/),
which is derived from geomagnetic observatory data and is tradi-
tionally  used  for  monitoring  geomagnetic  disturbances,  is  also
less  than −100  nT  during  16:00−18:00  UTC.  Therefore,  the
observed maximum spike is  associated with the strong geomag-
netic  storm (Loewe and Prölss,  1997)  that  occurred on March 24,
2024.

Similarly, Figure  2b shows  the  time  series  of  magnetospheric
external  and  induced  coefficients  in  May  2024.  Compared  to  the
spike  of  March  2024,  the  spike  at  around  03:00  UTC,  May  11,  is
more clearly visible.  The time series on and around May 11 show
more  distinctly  the  characteristics  of  a  geomagnetic  storm.  At
12:00 UTC, May 10, the external coefficients decrease slowly, indi-
cating the initial phase of a geomagnetic storm. Then, the external
coefficients  increase  rapidly  and  reach  maximum  values  that  are
close  to  400  nT.  This  is  a  typical  characteristic  during  the  main
phase  of  a  geomagnetic  storm.  Finally,  the  external  coefficients
decrease gradually,  indicating  the  recovery  phase  of  a  geomag-
netic  storm.  These  observed  characteristics  are  consistent  with
those of the Dst index. At 03:00 UTC, May 11, the Dst index peaks
at −412  nT.  The  above  results  demonstrate  that  MSS-1  have
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Figure 1.   Illustration of the global distribution of MSS-1 vector magnetic data on May 11, 2024 with colorbar indicating the corresponding

magnetic intensity.
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clearly  observed  that  a  great  geomagnetic  storm  (Loewe  and

Prölss, 1997) occurred on May 11, 2024. 

3.2  The Geoelectric Fields Induced in the Earth
According  to  Faraday's  laws  of  electromagnetic  induction,  time-

varying  magnetic  fields  will  generate  electric  fields  and  induce

currents  in  the  conductive  Earth  and  in  electrical  power  systems

(Pulkkinen et al., 2017). As shown in Figure 2b, the strength of the

external  source coefficients rapidly increased by a factor of  more

than 10 during the geomagnetic storm that occurred on May 11,

2024 (from ~25 nT to ~350 nT).  Therefore,  the induction of  large

electric fields and currents in electrical power systems in that very

short  time  was  to  be  expected.  In  the  absence  of  precautions,

such  geomagnetically  induced  currents  could  lead  to  severe

damage in electric power grids and pipelines.

e0
1

Here,  we estimate  the geoelectric  fields  due to  the  geomagnetic

storm that occurred on May 11, 2024 by solving Maxwell’s electro-

magnetic  induction  equations.  For  simplicity,  globally  averaged

one-dimensional  (1D)  Earth’s  conductivity  models  are  used  to

account for the induction. Here, we consider two different global

1D conductivity models (Civet et al., 2015; Yao HB et al., 2023) that

are  designed  to  show  the  influences  of  conductivity  on  the

induced geoelectric fields (Figure 3). To simulate the time series of

the  geoelectric  fields,  we  implemented  a  simple  time  domain

method, which consists of three steps: (i) transform the time series

of  the  external  source  coefficients  into  the  frequency  domain

by  Fourier  transform;  (ii)  calculate  the  frequency  domain  electric

fields  with  a  recursive  formulation  (Kuvshinov  and  Semenov,

2012) as implemented in a previous forward modeling solver (Yao

HB et al., 2022); (iii) transform the frequency domain electric fields

into the time domain by inverse Fourier transform.

EϕFigure 4 shows the time series of the  component of geoelectric

fields  in  different  regions  of  the  world  in  May,  2024.  It  can  be
observed  that  the  influence  of  geomagnetic  storms  is  global.
During  geomagnetic  storms,  the  geoelectric  fields  show  distinct
oscillation  characteristics.  The  amplitude  of  geoelectric  fields  in
May,  2024,  increased  rapidly  by  a  factor  of  more  than  10
compared  to  that  of  quiet  times,  further  demonstrating  the
potential severe hazards of great geomagnetic storms. The calcu-
lation of geoelectric fields provides an initial step towards a quan-
titative assessment of geomagnetic hazards. We should note that
the result shown in Figure 4 is a rough estimation of the induced
geoelectric fields. Higher accuracy in the modeling of geoelectric
fields due to geomagnetic storms can be achieved in the future by
considering  a  more  realistic  magnetospheric  current  source.
Besides, we can also observe that the amplitudes of the simulated
geoelectric fields are influenced by conductivity structures. There-
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1 i01Figure 2.   Time series of magnetospheric external ( ) and induced ( ) coefficients for March 2024 (left) and May 2024 (right). Spikes that

occurred during March 24−25, 2024 and May 10−12, 2024 are magnetic signals related to geomagnetic storms.
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Figure 3.   Global averaged Earth’s conductivity models (Civet et al.,

2015; Yao HB et al., 2023) used to compute the geoelectric fields due

to geomagnetic storms.
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fore,  considering  a  more  realistic  three-dimensional  (3D)  Earth’s
conductivity  structure  (Püthe  and  Kuvshinov,  2013)  will  also
improve the accuracy of modeling. 

4.  Conclusions
We have  processed  and  analyzed  early  magnetic  field  measure-
ments from the recently-operational MSS-1 mission. After correct-
ing for  the Earth’s  core and crustal  fields  and removing day-time
data,  magnetic  signals  attributable  to  the  large-scale magneto-
spheric  ring  current  were  extracted.  The  extracted  magnetic
signals  show  that  MSS-1  clearly  detected  a  strong  geomagnetic
storm on March 24, 2024 and a great geomagnetic storm on May
11, 2024. We calculated the geoelectric fields due to the geomag-

netic  storm  that  occurred  on  May  11,  2024  by  considering  two

realistic radial Earth’s conductivity models. Our calculations show

that  the  geoelectric  fields  induced  in  the  Earth  increased  rapidly

during the May 11, 2024 geomagnetic storm. Based on the above

results, MSS-1 observations may be able to play an important role

in assessing geomagnetic  storms and preventing the disruptions

and  damage  that  some  storms  could  cause  to  important  social

infrastructure.

We  should  note  that  the  results  reported  here  are  preliminary.

Future  work  should  focus  on  the  following  aspects.  First,  data

quality  may  be  further  improved  by  optimizing  data  processing

procedures.  Second,  accuracy  of  the  calculation  of  geoelectric
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EϕFigure 4.   Time series of Earth’s surface  component of geoelectric fields in different regions, as simulated using the two different conductivity

models (see Figure 3).
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fields  due  to  geomagnetic  disturbances  can  be  improved  by

considering  a  more  realistic  magnetospheric  current  source  and

by  using  a  more  realistic  3D  Earth’s  conductivity  model.  Finally,

quantitative  estimation  of  geomagnetic  induced  currents  and

assessment of geomagnetic hazards can be achieved by incorpo-

rating power grid system models. 
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