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Abstract: This article investigates the combination of magnetic data from the MSS-1 and Swarm satellites for improved investigations of
Earth’s magnetic field and Geospace. The study highlights the complementary nature of polar-orbiting (Swarm) and low-inclination
(MSS-1) satellites in geomagnetic modelling and monitoring large-scale magnetospheric contributions. Data from close encounters
between MSS-1 and Swarm (intersatellite distance < 100 km) confirm the excellent data quality of the two satellite missions (< 1 nT
median difference in scalar intensity F) and allow for data calibration and validation and investigations of in-situ ionospheric currents. The
reason for a small but consistent difference (F as measured by MSS-1 is 0.5 to 1.0 nT larger than that measured by Swarm) is unknown.
Combining MSS-1’s low-inclination data with Swarm’s near-polar observations significantly enhances the spatial−temporal resolution of
Earth’s magnetic field models, allowing for new opportunities for studying both rapid core field variations at low latitudes and the
local-time dependence of large-scale magnetospheric current systems. A joint analysis of magnetic data from six satellites during the May
2024 geomagnetic storm reveals a clear dawn−dusk asymmetry, with equatorial magnetic disturbances during dusk being approximately
150 nT more negative than during dawn.
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1.  Introduction

i = 85°

Most  satellites  for  studying  Earth’s  magnetic  field  operate  from

near-polar  orbits.  Examples  include  the  satellites  Magsat,  Ørsted,

CHAMP,  SAC-C,  and  the Swarm satellite  trio  (e.g. Olsen  and

Kotsiaros, 2011; Olsen and Floberghagen, 2018). While these satel-

lites vary slightly in their orbital inclination and Local Time cover-

age,  their  orbital  inclination  is  above ,  allowing  them  to

sample  the  magnetic  field  along  a  predominantly  North−South

trajectory.

i = 41°

In  contrast,  MSS-1  (Zhang  K,  2023)  stands  out  as  the  first  high-

precision and accuracy geomagnetic satellite mission operating at

a low orbital inclination of . This unique orbit enables MSS-1

to  sample  Earth’s  magnetic  field  along  trajectories  with  a  strong

East−West component. In addition, the low-inclination orbit leads

to a space-time sampling pattern very different from those of near-

polar  orbiting  satellites.  When  selecting  data  for  geomagnetic

field  modelling,  it  is  essential  to  understand  the  peculiarities  of

satellites in near-polar and low-inclination orbits. This is the topic

of  Section  2.  The  orbital  path  of  MSS-1  leads  to  frequent  "close

encounters"  with  the Swarm satellites;  investigation  of  these

encounters  will  be  discussed  in  Section  3.  Section  4  deals  with

modelling the space−time structure of large-scale magnetospheric

contributions  by  a  joint  analysis  of  simultaneous  magnetic  field

observations  from  MSS-1, Swarm and  other  satellites.  The  paper

concludes  with  a  summary  of  the  findings  and  possible  future

perspectives in Section 5. 

2.  Satellites in Near-polar vs. Low-inclination Orbits

i = 90°

±i

90° − i
i = 88.0° 2.0°

A proper global sampling of the entire Earth is only possible with

exactly polar-orbiting satellites ( ). Since only latitudes up to

 are visited, even near-polar orbiting satellites like Swarm never

sample  the  regions  around  the  geographic  poles  with  angular

radius ,  which,  for  example  for Swarm Bravo (also  denoted

as Swarm B, )  corresponds to spherical caps of radius 

(roughly  220  km).  These  unsampled  regions  —  one  centred  on

the Northern and the other  on the Southern geographic  pole  —

will be denoted as "primary polar gaps" since they only depend on

the satellite’s orbital  inclination and thus do only weakly,  if  at all,

change with time.
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10°

η < −10°

η < −10°

33°

When  estimating  models  of  Earth’s  magnetic  field,  there  is
another  cause  of  gaps  in  data  sampling:  During  the  selection  of
magnetic  data  for  geomagnetic  field  modelling,  one  typically
excludes  data  from  regions  exposed  to  solar  irradiation  to
minimise the influence of magnetic disturbances from ionospheric
currents.  Ionospheric  E-layer  conductivity  during  geomagnetic
quiet  conditions  and  at  non-polar  latitudes  is  mainly  caused  by
solar EUV radiation, and the magnetic disturbances of ionospheric
currents  are  minimised  by  selecting  data  from  dark  regions.  A
commonly  used  criterion  is  that  the  Sun  has  to  be  at  least 
below the horizon (i.e. solar elevation angle ) as introduced
by Olsen (2002). Due to the tilt of Earth’s rotation axis with respect
to  the  Sun−Earth  connection  line  and  its  seasonal  variation,  the
regions  centred  at  the  poles  not  fulfilling  the  criteria 
have  an  angular  radius  of  up  to .  For  polar-orbiting  satellites
like Swarm, a data selection according to the "dark" criteria implies
data gaps of  several  months in  the polar  regions,  which severely
hampers  the  determination  of  rapid  core  field  changes.  In  the
following, I will call these regions "seasonal polar gaps" since they
only  exist  during  the  summer  months  in  the  respective  hemi-
sphere.

η < −10°

≈ +65°

Let  us  first  look  at  the  near-polar  orbiting  satellite Swarm Bravo.
The green dots in Figure 1 show the distribution of its "dark" data
for  three  one-week  long  periods  in  May  2024  sampled  every
minute (here I only select data according to solar elevation angle

;  any  additional  data  selection  on  geomagnetic  activity
will  further  decrease the number  of  data  although likely  not  in  a
systematic way regarding geographic coverage). The "dark" selec-
tion criterion removes all  data above  geographic latitude,
leaving  a  large  data  gap  around  the  geographic  North  Pole.  As
expected  when  approaching  solstice  conditions,  this  gap
becomes larger towards the end of May.

η > −10°

Focusing on the distribution in latitude and time,  the upper part
of Figure 2 shows the seasonal dependency of this "dark" selection
criteria; grey represents the latitude and time where Sun elevation
angle  even  during  local  midnight,  i.e.  when  the  "dark"

criteria  can  not  be  fulfilled  regardless  of  the  Local  Time  of  the
satellite.  The  red  and  green  areas  show  periods  for  which  this
criteria is fulfilled for Swarm Alpha and Bravo, respectively; brown
colours  indicate  areas  with  the  criteria  fulfilled  for  both Swarm
Alpha and Bravo.

The Local Time of the satellite’s equator crossings is shown in the
middle  panel  of Figure  2;  the  solid  line  represents  LTAN  (Local
Time  of  the  Ascending  Node,  i.e.  that  of  the  northbound  equator
crossings) and the dashed line being Local Time of the descending
(southbound)  node.  A  satellite  in  a  dawn−dusk  orbit  during
equinoxes will not be able to fulfil the dark-criteria at any latitude
(see  e.g.  the  gap  in Swarm Bravo  data  around  October  2023),
while  the  criteria  may  be  fulfilled  for  some  latitudes  for  a
dawn−dusk orbit configuration during solstices.

i = 41°

±41°

Let  us  now  move  to  the  low-inclination  orbiting  satellite  MSS-1
( ),  for  which  the  situation  is  rather  different  compared  to
Swarm.  The  "primary  polar  gap"  is,  of  course,  much  larger  since
regions  poleward  of  latitude  are  not  visited  by  MSS-1.  This
also implies that the "seasonal polar gap" (which for polar-orbiting
satellites  is  typically  much  larger  than  their  "primary  polar  gap")
has only very limited, if any, influence for MSS-1. However, the fast
orbital drift of MSS-1 and the rapid change in Local Time leads to
yet  another  unsampled  region  when  selecting  data  from  "dark"
areas:  such  data  are  only  available  in  one  hemisphere  for  about
three weeks, while three weeks later only the other hemisphere is
sampled during dark conditions.

This  is  shown  in Figure  1:  MSS-1  "dark"  data  (blue  dots)  are  only
available for southern latitudes during the first week of May 2024,
while  only  northern  latitudes  are  available  at  the  end  of  that
month. LTAN of MSS-1 sweeps over all local times (0 to 24 hours)
in 52 days,  and combining southbound and northbound parts of
each  orbit  implies  that  MSS-1  samples  all  local  times  in  26  days.
These  rapid  changes  in  the  latitudes  of  "dark"  regions  visited  by
MSS-1 are also seen in the top panel of Figure 2.

What is the impact of these data selection criteria on geomagnetic
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Figure 1.   Availability of "dark" 1-minute data provided by Swarm Bravo (green dots) and MSS-1 (blue dots), respectively, for one week at the

beginning of May 2024 (a), in mid-May (b), and at the end of May 2024 (c).
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±i

n m
m = 0

m = 0

i = 87.3° i = 87.4° 88.0°)
n = 60

field modelling? When using data spanning at least one year, only
the "primary polar gap" of near-polar orbiting satellites — no data
are  available  at  latitudes  poleward  of  —  is  of  concern  for  the
determination  of  lithospheric  expansion  coefficients  of  high
spherical harmonic degree  and low order . Since only Legendre
functions  of  order  are  non-zero  at  the  poles,  missing  data
close  to  the  poles  mainly  affect  the  zonal  ( )  spherical
harmonic  expansion  coefficients.  Experience  with  CHAMP
( )  and Swarm (  to  have  shown  that  their
"primary polar  gap" only affects  expansion coefficients of  degree
above  (Olsen  et  al.,  2014)  which  can  be  handled  e.g.  by
model regularisation.

m = 0

m

m ≈ n

m ≈ 0

However,  when studying temporal  variations of  Earth’s  magnetic

field the impact of the dark selection criteria has to be noted. The

lack of  high-latitude satellite  data severely  hampers  the determi-

nation  of  rapid  core  field  changes  during  summer.  This,  again,

mainly affects polar regions and thus the zonal ( )  and near-

zonal  (small )  spherical  harmonic  coefficients.  In  contrast,  low-

latitude  features  are  primarily  described  by  near-tesseral  coeffi-

cients ( ); therefore, the time changes of near-tesseral coeffi-

cients  are  likely  better  determined  than  those  of  the  near-zonal

coefficients ( ).

Although it is not possible to determine global geomagnetic field

models solely using data from low-inclination satellites like MSS-1,

one of  the advantages of  low-inclination satellites  is  their  denser

data sampling at low latitudes and that they span all local times at

±iall  latitudes  between  within  a  few  weeks.  This  is,  for  instance,

advantageous for the determination of low-latitude "Geomagnetic

Virtual  Observatories  in  Space",  GVOs  (Mandea  and  Olsen,  2006;

Hammer et al.,  2021): To minimise disturbances from ionospheric

currents and to avoid a bias introduced by selecting data taken for

specific  local  times  it  is  preferable  to  include  data  from  a  time

segment long enough such that the satellite has sampled all local

times; for Swarm this corresponds to 4 months. 4-monthly Swarm
GVOs are therefore less affected by external magnetic field distur-

bances  compared  to  a  1-monthly  version,  as  demonstrated  by

Hammer et al. (2021). The much faster orbital drift of MSS-1 allows

this  period  to  be  shortened  from  4  months  to  26  days,  and  thus

GVOs determined from MSS-1 magnetic  data  are  expected to be

particularly useful for studying rapid core field changes at low lati-

tudes. 

3.  Close Encounters Between MSS-1 and Swarm

1°

The different orbital inclinations of MSS-1 and the Swarm satellites
result in frequent "close encounters" between two or more satel-
lites.  In  the  following,  I  consider  a  "close  encounter"  when  the
inter-satellite  distance  is  below  100  km.  This  can  only  happen
when the Local Time of the satellites agree within a few minutes
(a Local Time difference of 4 minutes corresponds to a  longitu-
dinal difference, which transforms to about 111 km near the equa-
tor).  Looking  at  the  middle  panel  of Figure  2,  close  encounters
between MSS-1 and Swarm are therefore possible for any combi-
nation of northbound (solid lines) and southbound (dashed lines)
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Figure 2.   Top: Availability of "dark" Swarm Alpha (red), Swarm Bravo (green) and MSS-1 (blue) satellite data as a function of geographic latitude

and time. The grey patches illustrate latitude regions when the "dark" criteria (Sun at least  below the horizon) are not fulfilled. Middle: Local

Time of northbound (solid lines) and southbound (dashed lines) equatorial crossing for Swarm Alpha, (red), Swarm Bravo (green) and MSS-1

(blue), respectively. Bottom: Satellite altitude above a mean Earth radius of  km.
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d

10th

18th

equatorial  crossings,  which  typically  happens  approximately

every  2  to  3  weeks  for  MSS-1  and Swarm A.  The  top  panel  of

Figure  3 shows  the  time  instants  of  these  close  encounters,  i.e.

when  the  distance  between  MSS-1  and Swarm Alpha  is  below

100 km.  Due to  changing orbital  configuration,  close  encounters

occur more frequently (about every  day) towards the end of

the period in consideration, compared to the situation in summer

2023 (about every  day).

The lower part of Figure 3 shows close encounters between MSS-1

5th

and Swarm B; also these occur more frequently towards the end of

the considered period (about every  day).

Most  close  encounters  between  MSS-1  and Swarm occur  in

groups rather  than as  single events.  This  is  illustrated in Figure 4

for  two  periods  in  December  2023  (left)  and  September  2024

(right), respectively. There are five encounters closer than 100 km

with Swarm Alpha on 19  December  2023 (top left)  and five  on 7

September  2024 (top right),  occurring alternately  on the dayside

(red)  and  nightside  (blue)  and  approximately  separated  by  45
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Figure 4.   Similar to Figure 3 but for one week in December 2023 (left) and September 2024 (right), respectively.
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minutes (i.e.  half  of the orbital period).  The situation is similar for
encounters  between  MSS-1  and Swarm Charlie  because  of  the
similar orbit of the latter with Swarm Alpha.

There are no such groups of close encounters between MSS-1 and

Swarm Bravo. The close encounters occur more often, as illustrated

in  the  lower  part  of Figure  4 but  there  are  fewer  than  between

MSS-1  and Swarm Alpha  due  to  the  larger  altitude  difference  of

their orbits.

Close  encounters  provide  a  unique  possibility  not  only  for  inter-

satellite data calibration and validation but also for investigations

of in-situ ionospheric currents. In the following, I look at the statis-

tics of the magnetic field differences sampled at 1 Hz during 198

close encounters between MSS-1 and Swarm (73 encounters with

Swarm Alpha,  56  with  Bravo,  and  69  with  Charlie)  for  the  13
months  starting  in  November  2023.  The  duration  of  these  close
encounters  is  between  4  and  30  seconds  with  an  average  of  13
seconds.

ΔF = δFMSS-1 − δFSW

d δF = Fobs − Fmod

Fobs Fmod

The left  part  of Figure  5 shows the  difference 
of the scalar intensity measurements between MSS-1 and each of
the three Swarm satellites  as  a  function of  inter-satellite  distance

.  Here  is,  for  each  satellite,  the  difference
between  observations  and  model  values  of  the  core,
lithospheric  and  magnetospheric  field  as  given  by  the  CHAOS-7
model of Finlay et al. (2020). Blue curves correspond to nighttime
data  (Local  Time between 18 and 06)  while  red curves  represent
daytime data. The right part of the figure shows the corresponding
normalised histograms (i.e.  estimates of  probability  density  func-
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Figure 5.   Left: Difference in magnetic field intensity, , between MSS-1 and each of the Swarm satellites as a function of inter-satellite distance

. Right: Normalised histogram of the difference in scalar intensity  and in the three vector components .

504 Earth and Planetary Physics       doi: 10.26464/epp2025024

 

 
Olsen N: Joint analysis of data from MSS-1 and Swarm

 



ΔF ΔBBBNEC

ΔF ΔBBBNEC

Ndata

tions) for  and the vector components  in the North, East

and  Center  (NEC)  coordinate  frame.  Median  and  Mean  Absolute

Deviation  (MAD)  of  and  as  well  as  the  number  of  data

points  used in their determination are listed in Table 1.

ΔF

σ

ΔF
d

F

ΔF

Several aspects are interesting to notice: Firstly, there is remarkably

good agreement between the magnetic field measured by MSS-1

and  each  of  the Swarm satellites.  Despite  the  different  platform

designs and instruments, most differences in  during individual

close encounters are very small (left part of Figure 5). They scatter

by  less  than  1  nT  (  between  0.52  and  0.85  nT)  around  their

median  values  (0.47  to  0.87  nT,  see Table  1).  This  convincingly

demonstrates the high quality  of  the magnetic  data collected by

the  two satellite  missions.  Secondly,  depends  only  weakly  on

the inter-satellite  distance ,  which speaks  against  a  geophysical

cause  of  the  difference.  Thirdly,  there  is  hardly  any  difference

between  dayside  and  nightside  data,  and  thus  the  impact  of  in-

situ  ionospheric  currents  at  satellite  altitude  appears  minimal,  at

least  for  the  scenarios  considered  here.  And  finally,  there  is  a

consistent,  although  small,  difference  in  scalar  intensity  as

measured  by  MSS-1  and Swarm for  the  individual  close  encoun-

ters:  most  of  the values of  are positive,  i.e.  the scalar  intensity

measured  by  MSS-1  is  seemingly  slightly  higher  (0.66  nT  when

averaging over  all  three satellites  and considering day and night

data) than that observed by Swarm.

ΔBBBNEC

ΔF

ΔF
BBBNEC

F

The  differences  in  the  magnetic  vector  components, ,

between  MSS-1  and Swarm during  close  encounters  are  larger

than  those  in  scalar  intensity ,  as  shown  by  the  numbers  in

Table  1.  The  scatter,  expressed  by  the  MAD,  is  not  only  larger  in

the vector components (1.0 to 2.8 nT) compared to scalar intensity

(0.45 to 0.61 nT) but there is also less consistency in terms of the

median value compared to the always positive values of . Cali-

bration  and  alignment  of  magnetic  vector  components 

requires,  in  addition  to  magnetometer  readings,  also  attitude

data. This is not the case for scalar magnetic intensity  and could

ΔBBBNEC ΔF

ΔBE

be the reason for  the larger difference in  compared to .
However,  the  cause  of  the  particularly  large  scatter  in  the
magnetic East-component  is not known.

< 1

To conclude: there is excellent agreement between the magnetic
field measurements of MSS-1 and the Swarm satellites, as demon-
strated  by  the  low  median  difference  (  nT)  during  close
encounters.  But  still,  there  seem  to  be  some  consistent  differ-
ences, for instance a slightly larger (by 0.5 to 1.0 nT) magnetic field
intensity  measured  by  MSS-1.  Data  from  the  presently  available
close encounters do not allow for drawing sound conclusions on
the  reason  for  these  differences,  and  future  data  will  hopefully
help  to  further  improve  the  high  quality  of  the  magnetic  data
from both missions further. 

4.  Magnetospheric Currents Monitored by a Joint
Analysis of MSS-1 and Swarm

Let  us  finally  combine  magnetic  data  from  MSS-1, Swarm and
other  satellites  to  determine  the  space-time  structure  of  large-
scale magnetospheric magnetic field contributions.

The map presented in Figure 1 reveals that satellites in Low-Earth
Orbit  (LEO)  provide  a  fairly  complete  sampling  in  latitude  and
longitude,  which is  advantageous  for  modelling Earth’s  core  and
lithospheric  magnetic  field  since  they  are  fixed  with  respect  to
Earth.  However,  contributions  due  to  ionospheric  and  magneto-
spheric current systems are mostly fixed with respect to the posi-
tion of the Sun, and data distribution in such a Sun-fixed frame is
rather different from that in an Earth-fixed frame.

As an example, the left part of Figure 6 shows the spatial distribu-
tion of  1-minute data  from Swarm Alpha (red)  and Bravo (green)
and  MSS-1  (blue)  in  the  Earth-fixed  dipole  latitude  /  longitude
frame  during  the  four  days  10–13  May  2024.  This  period  is  of
special  interest  since  it  covers  one  of  the  largest  geomagnetic
storms of the last decades, the "Mothers Day geomagnetic storm"
that  started  on  10  May.  This  event  has  been  extensively  studied

 

NdataTable 1.   Median and MAD (in nT) and number of data points  of the close encounters between MSS-1 and each of the three Swarm satellites
between November 2023 and November 2024.

Swarm Alpha Swarm Bravo Swarm Charlie

Ndata median σ  (MAD) Ndata median σ  (MAD) Ndata median σ  (MAD)

Night

ΔBN 426 −0.25 1.01 272 −0.69 1.08 460 −0.64 1.10

ΔBE 426 −0.39 1.31 272 0.63 1.56 460 0.94 1.62

ΔBC 426 −0.17 1.02 272 −0.24 1.15 460 0.21 1.29

ΔF 426 0.85 0.45 272 0.52 0.58 460 0.55 0.59

Day

ΔBN 400 0.52 0.94 277 −0.53 1.31 401 −0.56 1.10

ΔBE 400 0.15 1.78 277 0.96 2.80 401 0.54 1.48

ΔBC 400 −0.01 1.54 277 0.16 1.75 401 0.17 1.80

ΔF 400 0.72 0.49 277 0.67 0.61 401 0.74 0.50

All

ΔBN 826 0.07 1.03 549 −0.65 1.18 861 −0.57 1.09

ΔBE 826 −0.24 1.54 549 0.73 2.19 861 0.74 1.56

ΔBC 826 −0.04 1.27 549 −0.06 1.46 861 0.19 1.52

ΔF 826 0.79 0.47 549 0.59 0.59 861 0.59 0.55
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and described; overview articles include Kwak et al. (2024); Gonza-
lez-Esparza et al.  (2024),  and Hayakawa et al.  (2025).  Here, I  focus
on  the  magnetic  field  disturbances  of  this  event  as  seen  by  LEO
satellites.  The Swarm satellites  Alpha  and  Bravo  provide  a  very
dense  distribution  in  latitude  and  longitude;  that  of  MSS-1  is,  of
course, limited to lower latitudes.

Td

Td
Td

Replacing dipole longitude with dipole Local Time  (see Equation
(14)  of Hulot  et  al.,  2015)  leads  to  a  rather  different  picture,  as
shown in the right part of the figure: dipole Local Time of Swarm
Alpha was about 07/19 hours (similar for Charlie) and 10/22 hours
for Swarm Bravo,  which  implies  that  neither  post-midnight  (
between 00 and 07) nor post-noon hours (  between 12 and 19)
were  sampled  by Swarm.  These  gaps  can  be  filled  by  magnetic
data from other polar-orbiting satellites,  including magnetic field
intensity data from CSES and vector field "platform magnetometer
data"  from  CryoSat-2  (CR-2, Olsen  et  al.,  2020)  and  GRACE-FO
(GFO, Stolle et al., 2021). However, the low-inclination MSS-1 satel-
lite is of particular value since it samples all local times during that
period, though not at all latitudes.

Combining Swarm and MSS-1 data for monitoring the time−space
structure  of  large-scale  magnetospheric  field  results  in  a  signifi-
cantly  improved  description  compared  to  results  obtained  with
Swarm alone.

To  demonstrate  this,  I  simulate  a  spherical  harmonic  analysis
using real  satellite  positions  for  one year  from 1 November  2023
to 31 October 2024, using data from all local times and assuming
that  contributions  from  the  core,  lithosphere  and  ionosphere
have  been  removed.  Thus,  only  the  magnetic  fields  of  magneto-
spheric origin and its Earth-induced counterpart are left. They are
described by a scalar potential which is expanded according to

V = a
N

∑
n=1

n

∑
m=0

(gmn (t)cosmTd + hmn (t)sinmTd) (ar )n+1
Pmn (cosθd)

+ a
N

∑
n=1

n

∑
m=0

(qmn (t)cosmTd + smn (t)sinmTd) ( ra )n Pmn (cosθd) , (1)

r a = 6371.2 Pmn

n m N
θd Td{qmn , smn }{gmn , hmn }

where  is radius,  km is a reference Earth radius and 

are  the  Schmidt  semi-normalized  associated  Legendre  functions
of degree  and order .  is the maximum degree and order of
the expansion,  is dipole co-latitude, and  is dipole Local Time.
The  coefficients  describe  external,  magnetospheric,

contributions,  while  describe  internal  contributions  due

mmm

ddd
ddd = GGGmmm GGG

Δt
GGG

GGG

to secondary, induced, currents in Earth’s mantle. Collecting these

coefficients  in  the  model  vector  and  the  measured  magnetic

vector components (after removal of contributions from the core

and  lithosphere  and  rotation  to  the  dipole  frame)  in  the  data

vector , the relationship between model and data vector is given

by  the  linear  relationship .  The  design  matrix  contains

information  on  the  satellite  position  and  time  but  does  not

include  magnetic  data.  To  account  for  temporal  changes  of  the

magnetospheric  and  induced  fields,  I  perform  the  spherical

harmonic  analysis  in  bins  of  length  and assess  the  stability  of

the  solution  from  the  condition  number  of  the  design  matrix 

(The  condition  number  of  a  matrix  is  defined  as  the  ratio  of  its

largest  to  its  smallest  singular  value).  A  robust  determination  of

the coefficients requires a well-conditioned ; the lower its condi-

tion number, the more stable the solution.

GGG
Δt = 90

N = 2

2 × N(N + 2) = 16

I  determine  the  condition  number  of  for  each  bin  of  length

 minutes (which roughly corresponds to one orbital period

of LEO satellites), for a maximum spherical harmonic degree 

(resulting in  expansion coefficients per bin), and

when using only  data from Swarm Alpha and Bravo,  respectively

including MSS-1 data. The data sampling rate is 30 seconds, which

means  that,  for  each  of  the  satellites,  approximately  180  vector

triplets have been used in each 90-minute bin.

The results are shown in the upper part of Figure 7. Starting with

the Swarm-only  solution  (blue),  there  is  a  decrease  of  condition

number from 4.5 in June 2023 to 2.6 in October 2024. This can be

explained  by  the  increasing  separation  of  Local  Time  between

Swarm Alpha/Charlie and Swarm Bravo from 2.6 hours on 1 June

2023 to 4.8 hours on 1 November 2024. The condition number is

expected  to  decrease  further  until  summer  2025  when  the  LT

difference  will  be  6  hours,  corresponding  to  orthogonal  orbital

planes. The condition number during that time will likely be similar

to the value of 2.1 found during the previous 6-hour LT difference

in December 2017.

N = 2

However, determination of expansion coefficients up to spherical

harmonic degree  from Swarm data alone will  probably not

be  possible  for  periods  of  co-rotating  orbital  planes,  as  was  the

case  in  October  2021  and  is  expected  to  occur  again  in  summer

2029.  The  simulation  reveals  a  large  increase  of  the  condition

number  from  values  below  6  (when  the  LT  difference  between

Swarm Alpha/Charlie  and  Bravo  is  larger  than  2  hours)  to  values
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Figure 6.   Left: Dipole latitude / longitude distribution of Swarm Alpha+Bravo and MSS-1 for the 4 days 10−13 May 2024. Right: Dipole latitude /

LT distribution of six LEO satellites during those days. Only dipole latitudes between  are shown.
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≈30

above  30  in  October  2021  (coplanar  orbits).  However,  including

MSS-1 data considerably improves the robustness of the solution,

not only for periods when all Swarm satellites are in similar orbital

planes.  This  is  seen by  the  reduction of  the  condition number  in

Figure 7 for the one year considered here. A simulation for periods

of  coplanar Swarm satellite  orbits  (not  shown  here,  combining

Swarm positions for  October 2021 and synthetic  MSS-1 positions

for  October  2023)  results  in  a  condition  number  below  4  when

including MSS-1 data, compared to the Swarm-only value of ,

demonstrating the large benefit  of  combining MSS-1 and Swarm
data.

≈32.5The periodicity in the condition number seen in Figure 7 of 

days  when  including  MSS-1  data  originates  from  periods  when

the Local Time of near-equatorial MSS-1 data is similar to those of

Swarm. Consequently, this periodicity will vanish when the orbital

planes of Swarm Alpha/Charlie are orthogonal to that of Bravo but

will be largest when they are coplanar.

GGG

GGG

A small condition number of the matrix  indicates that all spheri-
cal  harmonic  coefficients  are  well  determined  and  that  the
derived  model  is  valid  globally.  However,  a  large  condition
number does not necessarily lead to a useless solution: if the large
condition  number  is  caused  by  only  a  few  singular  values  of 
being  small  (i.e.  only  a combination of  spherical  harmonic  coeffi-
cients  can  be  resolved)  the  obtained  model,  although  not  valid
globally,  may still  be acceptable for  certain regions of  Earth.  It  is,
therefore,  worthwhile  to  derive  global  maps  of  uncertainties  of
the  estimated  magnetospheric  and  induced  field  determined
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from various spatial distributions of satellite observations.

σ2

σ2
d

30° 210°

To  this  aim,  I  follow  the  approach  outlined  in Olsen  (2022) and

determine  the  variance  of  the  radial  component  at  Earth’s

surface, assuming uncorrelated measurement variances of ampli-

tude .  As  an  example, Figure  8 shows  maps  of  the  variance  of

the  radial  magnetic  field  component  for  the  90-minute  period

starting on 6 May 2024 at 18:00 UT. Its left panel shows the result

when using only Swarm observations, while the right panel shows

the  corresponding  map  if  data  from  MSS-1  are  included.  During

this  90-minute  segment,  the Swarm satellites  did  not  sample

dipole longitudes around  and , which is the reason for the

increased  variance  around  these  longitudes  (left  panel).  Adding

MSS-1  data  significantly  reduces  the  uncertainties  in  those

regions (right panel).

While  these  maps  indicate  regions  where  model  predictions  are

better constrained by the data, the absolute values of the variances

should  be  taken  with  care  since  the  underlying  assumption  of

uncorrelated data errors is highly simplified. However, experiments

show  that  condition  numbers  below  4  likely  lead  to  a  robust

determination of degree-2 spherical harmonic coefficients.

N = 3

Is it possible to determine magnetospheric coefficients of spherical
harmonic degree  and higher from LEO satellite data? While
a  robust  determination  is  hardly  possible  with Swarm satellite
data alone, and not even when including MSS-1 data — the corre-
sponding condition numbers are well  above 30 in both cases —,
the  inclusion  of  magnetic  data  from  different  Local  Time  sectors
allows it.  The ground observatory  network (e.g.  from INTERMAG-
NET)  and  other  LEO  satellites  can  provide  such  additional  data.
The  right  part  of Figure  6 illustrates  how  magnetic  data  from
CryoSat-2  (Olsen  et  al.,  2020),  GRACE-FO  (Stolle  et  al.,  2021)  and
CSES  (Yang  YY  et  al.,  2021)  nicely  fill  the  Local  Time  gaps  left  by
the Swarm mission.

< ±10°

ΔH

To illustrate the higher spatial  resolution provided by combining
data  from  many  satellites,  the  upper  part  of Figure  9 shows  the
near-equatorial  (  dipole  latitude)  horizontal  magnetic
component  measured  by  the  various  satellites,  after  subtrac-
tion  of  the  core  and  crustal  field  contributions  as  given  by  the
CHAOS-7 field model of Finlay et al. (2020). Each of the 6 satellites
crosses  the  equator  twice  during  its  about  90-minute  long  orbit,
separated by 12 hours in local time. The strongest magnetospheric
current system during geomagnetic storms is arguably that of the
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ΔH

magnetospheric  ring-current,  which  produces  a  southward-
directed magnetic field disturbance at the equator, corresponding
to  a  negative  variation  of  the  horizontal  component .  This  is
obvious when comparing the time changes of the satellite obser-
vation in the top panel  with those of  the Dst-index shown in the
bottom  panel  of  the  figure. Dst is  a  ground-based  index  that
monitors geomagnetic storms.

N = 3 Δt = 90

0°

ΔH

Using  the  data  from  the  six  satellites  under  consideration,  I
performed  a  spherical  harmonic  expansion  up  to  degree  and
order  in bins of length  minutes. From the estimated
expansion coefficients time series of the horizontal magnetic field
disturbance  at  dipole  latitude  as  a  function  of  Local  Time  are
derived  and  presented  in  the  middle  panel  of Figure  9.  The
bottom panel shows time series of the satellite-derived disturbance

 for various dipole Local Times as well as the Dst-index (for this
comparison with satellite data a 20 nT offset correction has been
added to Dst).

ΔH
ΔH

Td
ΔH

ΔH

The  first  hours  of  the  time  series  shown  in  the  figure  reveal
geomagnetic quiet conditions, but on 10 May, just before 11 UT, a
Sudden  Storm  Commencement  (ssc),  characterised  by  a  sudden
increase in  the Dst-index  and  the  horizontal  magnetic  field
component  at  the  equator,  indicates  the  beginning  of  the
storm.  This  increase  in  is,  however,  only  observed  on  the
dayside,  as  expected  for  a  compression  of  the  magnetopause
during an ssc and witnessed by the yellow colour for  between
06 and 18.  The following decrease of  indicates the beginning
of the main phase of the storm; also this part does not start simul-
taneously  at  all  longitudes  but  has  its  beginning  around  local
midnight  and  moves  towards  all  LT  sectors  within  a  few  hours.
The minimum value of  occurs in the morning hours of 11 May
2024;  when  averaging  over  all  longitudes,  the  satellite-derived
value  of  about −450  nT  is  slightly  larger  than  that  seen  in Dst
(−412  nT).  However,  there  is  strong  asymmetry  regarding  Local
Time, with the values during dusk being about 150 nT more nega-
tive than those during dawn.

The recovery phase of the storm is shortest in the evening sector
but  lasts  longer  (until  late  afternoon  on  11  May)  in  the  morning
sector.  Also  the  subsequent  weaker  storms  on  16  and  17  May
reveal  a  significant  Local  Time  dependence,  with  the  strongest
magnetic  field  depletion  around  dawn,  as  seen  in  the  bottom
panel of Figure 9.

For  the  investigations  presented  here,  I  assume  that  ionospheric
contributions are negligible compared to those from the magne-
tosphere, which is likely a valid assumption for strong geomagnetic
storms  at  non-polar  latitudes.  Combining  satellite  and  ground-
based magnetic data allows for separating magnetospheric, iono-
spheric  and  ground-induced  parts,  as  has  been  done,  e.g.  in  the
Comprehensive Model Series (e.g., Sabaka et al.,  2020). Following
the  decomposition  approach  developed  by Min  JT  and  Grayver
(2025),  a  thorough  investigation  of  the  time−space  structure  of
the  May  2024  storm  by  combining  available  ground  observatory
and  satellite  magnetic  data,  including Swarm and  MSS-1,  is
currently under investigation. 

5.  Summary and Conclusions
This  article  investigates  the  combination  of  magnetic  data  from

the  MSS-1  and Swarm satellites  for  improved  investigations  of
Earth’s  magnetic  field  and  Geospace.  The  study  describes  the
complementary nature of polar-orbiting (Swarm) and low-inclina-
tion  (MSS-1)  satellites  in  geomagnetic  field  modelling  and  for
monitoring large-scale magnetospheric contributions.

Combining  MSS-1’s  low-inclination  data  with Swarm’s  near-polar
observations  significantly  enhances  the  spatial−temporal  resolu-
tion of Earth’s magnetic field models, allowing for new opportuni-
ties  for  studying  both  rapid  core  field  variations  at  low  latitudes
and  the  local-time  dependence  of  large-scale  magnetospheric
current systems.

i = 60°

The results presented here use MSS-1 as an example of a low-incli-
nation satellite.  While  MSS-1 is  an important step toward a more
complete  global  geomagnetic  observing  system,  there  are  addi-
tional  exciting  advances  on  the  horizon  with  the  NanoMagSat
mission  (Hulot  et  al.,  2018)  consisting  of  one  near-polar  and  two
low-inclination ( ) satellites. NanoMagSat is in the pipeline as
an  ESA  Scout  mission  for  launch  within  the  next  few  years,  and
many of the findings presented here using MSS-1 are also relevant
for other low-inclination satellites such as NanoMagSat. 
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