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●  Using the MSCM, we show newly identified west–east differences in the behavior of the South Atlantic Anomaly.
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Abstract:  Measurements from geomagnetic satellites continue to underpin advances in geomagnetic field models that describe Earth’s
internally generated magnetic field. Here, we present a new field model, MSCM, that integrates vector and scalar data from the Swarm,
China Seismo-Electromagnetic Satellite (CSES), and Macau Science Satellite-1 (MSS-1) missions. The model spans from 2014.0 to 2024.5,
incorporating the core, lithospheric, and magnetospheric fields, and it shows characteristics similar to other published models based on
different data. For the first time, we demonstrate that it is possible to successfully construct a geomagnetic field model that incorporates
CSES vector data, albeit one in which the radial and azimuthal CSES vector components are Huber downweighted. We further show that
data from the MSS-1 can be integrated within an explicitly smoothed, fully time-dependent model description. Using the MSCM, we
identify new behavior of the South Atlantic Anomaly, the broad region of low magnetic field intensity over the southern Atlantic. This
prominent feature appears split into a western part and an eastern part, each with its own intensity minimum. Since 2015, the principal
western minimum has undergone only modest intensity decreases of 290 nT and westward motion of 20 km per year, whereas the
recently formed eastern minimum has shown a 2–3 times greater intensity drop of 730 nT with no apparent east–west motion.

Keywords: geomagnetism; Swarm; CSES; MSS-1; geomagnetic field model

 
 

1.  Introduction
Earth’s  magnetic  field  is  a  complex  system  involving  multiple

sources:  from  the  core,  lithosphere,  ionosphere,  and  magneto-

sphere, over a range of spatial and temporal scales (Constable and

Constable,  2023).  The  strongest  source  is  Earth’s  core,  where  the

magnetic field is generated by the geodynamo process, driven by

the  convection  of  electrically  conductive  liquid  iron  in  the  outer

core  (Hulot  et  al.,  2010).  Its  temporal  variations,  known  as  the

geomagnetic  secular  variation  (SV),  reflect  the  slow  evolution  of

the geomagnetic field and provide critical insights into the geody-

namo  mechanism.  Studying  these  changes  requires  separating

the core field from other magnetic sources and monitoring it over

extended  periods.  Satellites  are  essential  for  observing  Earth’s

magnetic field globally, providing time-series data long enough to

analyze decadal variations in the core field with continuous cover-

age  since  1999.  Global  geomagnetic  field  models,  built  using

satellite  data,  have  provided  new  and  unprecedented  insights

into the geodynamo (Finlay et al., 2023).

Current monitoring of the geomagnetic field by advanced satellite

technology  has  built  on  the  successes  of  previous  geomagnetic

missions over  the last  few decades,  including Ørsted (Neubert  et

al., 2001) and Challenging Minisatellite Payload (CHAMP; Rygaard-

Hjalsted  et  al.,  2000).  At  present,  three  missions  are  collecting

both scalar and vector geomagnetic data: the Swarm (Olsen et al.,

2013),  China  Seismo-Electromagnetic  Satellite  (CSES; Yang  YY  et

al.,  2021b),  and Macau Science Satellite-1  (MSS-1; Zhang K,  2023;

Livermore et al., 2024) missions. Their high-precision observations

enable  detailed  investigations  into  Earth’s  magnetic  field  and  its

underlying processes (Whaler et al., 2022; Finlay et al., 2023).

The Swarm mission, launched on November 22,  2013, consists of

three low-Earth orbit satellites — Swarm Alpha, Bravo, and Charlie
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(A,  B,  and  C)  —  designed  to  provide  comprehensive  magnetic
field observations (Olsen et al., 2013). Swarm A and C form a lower
pair of satellites, flying side-by-side with a 1.4° separation in longi-
tude at the equator, at an initial altitude of 462 km and an inclina-
tion of 87.35°, whereas Swarm B orbits independently at a higher
altitude of 511 km, with an inclination of 87.75°. The Swarm satel-
lites are equipped with the Absolute Scalar Magnetometer (ASM)
and  the  Vector  Field  Magnetometer  to  conduct  high-precision,
high-resolution measurements of the magnetic field. The primary
goal  of  the  Swarm  mission  is  to  provide  the  best  survey  of  the
global  geomagnetic  field  and  its  temporal  variations,  offering
valuable insights into the Earth’s interior and its surrounding envi-
ronment.

The CSES,  launched on February  2,  2018,  is  positioned in  a  near-
polar, Sun-synchronous orbit with an initial altitude of 507 km and
an  inclination  of  97.4°  (Shen  XH  et  al.,  2018).  It  features  a  5-day
revisiting  period.  The  satellite  is  equipped  with  a  high-precision
magnetometer  package,  which  includes  a  dual  Fluxgate  Magne-
tometer (FGM) for measuring the vector field and a Coupled Dark
State  Magnetometer  (CDSM)  for  measuring  the  scalar  field.  The
objective  of  the  CSES  is  to  collect  data  on  electric  and  magnetic
fields, as well as plasma and high-energy particles, to support the
study  of  signals  related  to  earthquakes,  geophysics,  and  space
science.  Compared  with  the  Swarm  satellite  data,  the  quality  of
the magnetic field data from the CSES is lower, particularly in the
high  southern  latitudes.  The  quality  gradually  improves  toward
the equator and is relatively better in the northern latitudes (Yang
YY et al., 2021a).

The  MSS-1  mission,  launched  on  May  21,  2023,  consists  of  two
satellites,  the  MSS-1A  and  MSS-1B,  placed  in  near-circular  orbits
with a 41° inclination at an altitude of 430 km. The MSS-1A main-
tains  a  stable  circular  orbit  to  ensure  consistent  measurements,
whereas  the  MSS-1B  has  transitioned  to  a  slightly  elliptical  orbit,
ranging from 400 to 500 km, to improve ionospheric sampling at
different altitudes (Zhang K,  2023).  The MSS-1A is  equipped with
vector  and  scalar  magnetometers  as  its  primary  instruments,
whereas the MSS-1B, a smaller cube-shaped satellite approximately

3  m  in  size,  carries  instruments  designed  to  measure  plasma

density  and  energetic  electrons  (Livermore  et  al.,  2024).  One  of

the main aims of the mission is to measure and map the evolution

of  the  South  Atlantic  Anomaly  (SAA),  a  region  of  low  magnetic

intensity  stretching  broadly  between  Africa  and  South  America.

Over the past 200 years, the SAA has been expanding and drifting

southwest (Amit et al., 2021), with its minimum intensity decreas-

ing  at  a  rate  of  approximately  30  nT  per  year  (Kakad  and  Kakad,

2022).  The  SAA  is  important  for  the  environment  of  near-Earth

space because it is linked to locally enhanced radiation and equip-

ment malfunction on spacecraft (Domingos et al.,  2017; Heirtzler,

2002). The equatorial focus of the MSS-1 orbit is ideal for studying

the  temporal  evolution  of  this  feature. Figure  1 illustrates  a

comparison  of  the  orbital  distribution  of  the  Swarm  A  satellite,

CSES, and MSS-1A over one day.

Despite the advances in satellite measurement, the observational

datasets remain sparse, and using them to constrain geomagnetic

field models  provides a  tool  not  only to interpolate between the

data, but also downward to continue the data through the mantle

to study the time dependence of  core field  variations.  In  the last

decade,  a  variety  of  field  models  have  been  produced  using  a

range  of  methodologies  and  datasets.  The  CHAOS  series  of

models  represents  Earth’s  time-dependent  geomagnetic  field

from  1999  (Olsen  et  al.,  2014; Finlay  et  al.,  2020),  constrained  by

both  ground-based  observatory  and  satellite  data.  The  CHAOS-7

model  (Finlay  et  al.,  2020)  represents  the core  field  from 1999 to

2024 using satellite data from Ørsted, CHAMP, SAC-C (Satélite de

Aplicaciones Científicas-C), CryoSat-2, and Swarm; it is parameter-

ized by spherical harmonics smoothed by minimizing the second-

and  third-order  temporal  derivatives.  The  CHAOS-8  model,  the

latest  generation,  extends  the  CHAOS-7  model  by  incorporating

CSES scalar  data and MSS-1 vector data (Kloss et  al.,  2024),  but it

uses  dynamo a  priori information  rather  than  explicit  smoothing

to regularize the spherical harmonic coefficients. The comprehen-

sive  models  (CMs),  based on Ørsted,  CHAMP,  SAC-C,  and Swarm,

offer a continuous core field representation from 1999 to 2019.5,

inverting  simultaneously  for  sources  from  the  core,  lithosphere,
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Figure 1.   Comparison of orbit trajectories over one day for the Swarm A, CSES, and MSS-1A spacecraft. Although CSES is on a polar orbit, only

data between −65° and 65° are currently available.
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oceanic tidal components (M2, N2, and O1), ionosphere, magneto-
sphere,  and  associated  induced  magnetic  fields  (Sabaka  et  al.,
2015, 2020).  The  Kalmag  model,  utilizing  Kalman  filtering  and
smoothing  algorithms,  provides  a  methodologically  different
(second-order autoregressive) approach, spanning from 2000.5 to
2022.2  (Baerenzung  et  al.,  2022).  The  CSES  global  geomagnetic
field  model  (CGGM)  utilizes  magnetic  field  data  from  the  CSES
alone  to  describe  the  Earth’s  main  magnetic  field  and  its  linear
temporal evolution over the period from March 2018 to September
2019  (Yang  YY  et  al.,  2021a).  Finally,  the  Macau  Scientific
Satellite-1 Initial  Magnetic  Field Model  (MIFM) characterizes both
lithospheric  anomalies  and  the  linearly  time-dependent  core
surface field by using data from the MSS-1 and Swarm (Jiang Y et
al., 2024).

Despite the differences in data sources, data selection, and model
construction highlighted by the aforementioned range of models,
geomagnetic field models largely agree on the large-scale behavior
of the SV and core field (Alken et al., 2021), indicating its robustness
under the different modeling choices. However, differences in the
models  do  persist,  particularly  at  small  length-scales  and  rapid
timescales, indicating the importance of making the most effective
use of the data available.

In  this  work,  we  introduce  a  new  geomagnetic  model  over  the
span  from  2014.0  to  2024.5  called  MSCM:  a  model  defined  by
using  vector  and  scalar  data  from  the  Swarm,  CSES,  and  MSS-1
missions. Our aims are threefold. First, we aim to test whether it is
possible to use CSES vector data with other data sources to build a
global  model.  In  a  previous  study, Yang  YY  et  al.  (2021a)
constructed a model based purely on CSES data,  but it  is  unclear
whether  it  can  be  integrated successfully  into  a  broader  dataset.
Second, we aim to test whether we can include MSS-1 data into a
fully  time-dependent  smoothed  geomagnetic  field  model  by
building  on  successful  studies  in  which  MSS-1  data  have  been
incorporated into a temporally linear initial field model (Jiang Y et
al.,  2024)  or  the  CHAOS-8  model  regularized  by  using  dynamo
priors  (Kloss  et  al.,  2024).  Last,  we  aim  to  use  our  new  model  to
study the evolution of the SAA over the last decade.

The  article  is  structured  as  follows.  In  Section  2,  we  outline  the

criteria  for  data  selection  and  describe  the  modeling  strategy

utilized  in  the  MSCM  model.  In  Section  3,  we  introduce  the

magnetic  sources considered,  the parameterization of  the MSCM

model,  and  our  algorithm  for  model  fitting.  We  present  our  new

model in Section 4, including data misfit statistics, model diagnos-

tics, and comparisons with other models. We end with a discussion

of new geophysical insights into the SAA and present our conclu-

sions on how best to use both the MSS-1 and CSES data. 

2.  Data
In  our  study,  we  use  data  from  three  independent  satellite

missions: Swarm, CSES, and MSS-1. Although we report our model

over  the  period  from  2014.0  to  2024.5,  our  model  is  fit  to  data

over the slightly longer period of November 25, 2013, to September

30,  2024.  Below,  we  summarize  the  data  used  from  the  three

missions and describe our data selection procedure. 

2.1  Swarm Data
From  the  Swarm  satellite  mission,  we  use  vector  and  scalar  data

(versions  0602/0605/0606)  from  three  satellites:  Swarm  A  and

Swarm  B  for  the  period  between  November  25,  2013,  and

September  30,  2024,  and  Swarm  C  for  the  period  between

November  25,  2013,  and  November  5,  2014.  No  data  were  used

from Swarm C after November 5, 2014, because of an ASM instru-

ment  malfunction.  We  noted  that  during  July  and  August  2023,

both Swarm A and Swarm B had several orbital changes, including

multiple  collision  avoidance  and  return  maneuvers,  and  they

occasionally  operated  the  ASM  in  burst  mode  (Stevanović et  al.

2023).  These  issues  meant  not  only  that  the  number  of  usable

data  points  was  small  (see Figure  2),  but  also  that  the  data

contained substantial  unmodeled signals  (as  we show in  Section

2.4). For Swarm A, Swarm B, and Swarm C, we use calibrated scalar

and vector data, which were subsampled to 1-minute intervals. 

2.2  CSES Data
From  the  CSES  mission,  with  data  availability  limited  to  latitudes

below  ±65°,  we  utilize  vector  and  scalar  data  between  January

2019  and  April  2021.  However,  no  scalar  data  were  available
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Figure 2.   Monthly count of scalar and vector data, after data selection, for each satellite mission.
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between  February  and  April  2020,  resulting  in  data  gaps  during
these  months  (see  the  dashed  red  line  in Figure  4).  These  data,
initially  sampled  at  1-second  intervals,  were  subsampled  to
1-minute  intervals.  The  calibrated  scalar  and  vector  data  include
temperature  and  linear  corrections  from  ground  calibration.  The
calibration  also  applies  a  steering  error  correction  for  total  field
detection,  along  with  an  orthogonal  correction,  the  removal  of
magnetic  interference,  and  coordinate  transformations  (Yang  YY
et al., 2024). 

2.3  MSS-1 Data
From  the  MSS-1  mission,  with  coverage  restricted  to  latitudes
below ±40°, we use vector and scalar data from the MSS-1A satellite
for  the period between November 2,  2023,  and August  31,  2024.
These data were also subsampled to 1-minute intervals. The scalar
and vector data are calibrated by using Euler angle estimation to
correct  the  misalignment  between  the  satellite’s  magnetometer
and star tracker reference frames (Yan Q et al., 2023). 

2.4  Data Selection
To  minimize  the  influence  of  field-aligned  currents  in  polar
regions during modeling, satellite data were divided into nonpolar
and polar subsets based on quasi-dipole (QD) latitude (Richmond,
1995);  we  defined  nonpolar  data  by  QD  latitude  ≤55°  for  Swarm
and  MSS-1,  whereas  challenges  with  CSES  data  highlighted  by
Yang YY et al. (2021a) limited us to ≤20°. Polar data were defined
by all other (higher) latitudes. Vector and scalar data were used at
low  latitudes,  whereas  only  scalar  data  were  used  at  high  lati-
tudes. Data from each subset were selected under quiet geomag-
netic  conditions  according  to  specific  criteria  common  to  each
satellite mission.

Nonpolar subset data selection was based on the following crite-
ria:
• Kp index ≤2°;
• Only data from dark regions (sun at least 10° below the horizon);
•  RC index rate of change in absolute terms ≤2 nT/h (Olsen et al.,
2014).

Polar subset data selection was based on the following criteria:
• Only data from dark regions (sun at least 10° below the horizon);
• RC index rate of change in absolute terms ≤2 nT/h;
•  Merging  of  the  electric  field  at  the  magnetopause Em ≤ 2.4
mV/m, averaged over the previous 2 hours;
•  Interplanetary  magnetic  field  (IMF)  component BIMF,z in  GSM
coordinates positive on average over the previous 2 hours.

FLAG_TBB = 1

For CSES data, we imposed a quality control measure of removing
any  data  for  which  the  magnitude  of  the  vector  difference
compared  with  a  prediction  from  the  CHAOS-8  model  exceeded
100  nT.  Additionally,  any  data  flagged  with  were
excluded. This flag indicates magnetic disturbances caused by the
Tri-Band Beacon (TBB) instrument, which produces an unmodeled
signal measured by the FGM, which manifests as biased noise that
we cannot remove (Yang YY et al., 2021b).

After  data  selection,  our  MSCM  model  was  defined  by  using  3  ×
1,367,511  vector  data  points  and  1,726,813  scalar  data  points.
When model fitting,  all  satellite data were also weighted propor-

tionally  to  sinθ,  where θ is  geographic  colatitude,  simulating  an

equal-area distribution. Figure 2 shows the number of data points

contributing to the MSCM model as a function of time, separated

according to either scalar or vector data from each mission. 

3.  Model Parameterization and Estimation
Separating  the  various  magnetic  sources  whose  sum  defines  the

measured  geomagnetic  signal  is  challenging  because  of  their

overlapping  spatial  and  temporal  scales.  Numerically,  separation

of these contributions requires appropriate temporal parameteri-

zation  for  each  source.  The  MSCM  modeling  approach  builds  on

the CHAOS-7 model (Finlay et al., 2020), in which we describe the

core  field,  lithospheric  field,  and  magnetospheric  field,  including

its  induced  field.  We  do  not  take  into  account  the  ionospheric

field or any other fields induced in the oceans and solid earth. 

3.1  Internal Field
The  Earth’s  internal  magnetic  field  includes  the  core  and  litho-

spheric  fields  and  can  be  expressed  as  a  spherical  harmonic

expansion:

Vint(r, θ, ϕ, t) = a
Nint

∑
n=1

n

∑
m=0

(ar )n+1 [gmn (t)cosmϕ + hmn (t)sinmϕ]Pmm(cos θ),
(1)

(r, θ, ϕ)
Pmn (cos θ)

{gmn (t), hmn (t)}
Nint = 40

where a is the Earth radius, equal to 6371.2 km, and  repre-

sent the radial distance, colatitude, and longitude, respectively, in

the spherical geographical coordinate system. The term 

defines  the  Schmidt  seminormalized  associated  Legendre  func-

tions  of  degree n and  order m (Winch  et  al.,  2005),  whereas

are  the  Gaussian  coefficients  describing  internal

sources  truncated at .  We represent  the time-dependent

core field by using degrees 1–15, whereas degrees 16–40 represent

the time-independent lithospheric field.{gmn (t), hmn (t)}The  time-dependent  coefficients  are  parameterized

in terms of B-splines (De Boor, 1978). For example,

gmn (t) = I

∑
i=1

gmn,iBk,i(t), (2)

Bk,i(t) i = 1, 2,⋯, I
gmm,i

ts = 2013.8 te = 2024.8

where  for  are  predefined  order-6  B-splines  and

 are  the  B-spline  coefficients.  The  B-spline  basis  functions  are

defined on knots  at  6-month intervals  and six-fold multiplicity  at

the model endpoints at  and . 

3.2  External Potential Fields

q̂0
1, q̂

1
1, ŝ

1
1

Δq0
1,Δq

1
1 Δs1

1

To  describe  the  external  (magnetospheric)  and  corresponding

Earth-induced  fields,  we  adopt  the  parameterization  of  the

CHAOS-7 model (Finlay et al., 2020) based on spherical harmonics.

The  scalar  potentials  for  near- and  far-magnetospheric  sources

were truncated at degrees Nnear = 2 and Nfar = 2, respectively. We

coestimate,  along  with  the  internal  field,  the  static  regression

factors  and  the  time-varying  RC  baseline  corrections

 and  in bins of 30 days.
 

3.3  Model Estimation
Our least squares estimation approach minimizes a cost function,
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a combination of data residuals and regularization terms:[ggg(mmm) − ddd]TCCC−1
d [ggg(mmm) − ddd] + λ3mmm

TΛ
3
mmm + λ2mmm

TΛ
2
mmm, (3)

ggg(mmm)
mmm ddd CCC−1

d

Λ
3

Λ
2

Br
mmmTΛ

3
mmm

mmmTΛ
2
mmm

t = 2013.8

where  represents model predictions based on geomagnetic
field model coefficients ,  are the observed data, and is the

inverse of  the data error  covariance matrix  (Holme and Bloxham,

1996).  The  matrices  and  are  the  inverses  of  the a  priori

model covariance matrices (also sometimes called the regulariza-
tion matrices), which penalize the squared values of the third and
second  time  derivatives  of  the  radial  field  at  the  core  surface,

respectively.  Specifically,  implements  the  squared  third

time derivative of  the internal  radial  field  across the core surface

and  integrated  over  the  time  span  of  the  model,  and 

implements the squared second time derivative only at the model
endpoints  and 2024.8.

mmm

cσ i wi,k

Although the vector data are linearly related to the model , the
scalar intensity data are nonlinearly related to the Gaussian coeffi-
cients. Overall,  Equation (3) is nonlinear and not quadratic, and it
cannot be directly minimized in a single step.  Instead,  we use an
iterative  Gauss–Newton  approach,  at  each  step  solving  the
linearized  system.  The  data  error  covariance  matrix  is  estimated
by  using  an  iteratively  reweighted  least  squares  algorithm  incor-
porating  Huber  weights  (Constable,  1988; Sabaka  et  al.,  2020)  to
enhance  the  robustness  against  outliers.  In  the ith  iteration,
outliers were downweighted by assigning lower weights to resid-
uals  exceeding  the  threshold .  The  weights  for  the kth
residual were calculated as

wi,k =
1

σ2
i

min ( cσ i∣ei,k∣ , 1) (4)

ei,k
σ i

(Sabaka et al., 2020), where  is the residual of the kth observation
in the ith iteration, and  is the standard deviation of the residuals
in the ith iteration. We chose the threshold parameter (c) to equal
1.5.

λ3 λ2

λ2 λ3

λ3 = λlat
3
(n) × λlong

3
(m)(n,m)

The  regularization  parameters  and  then  determine  the
strength  of  temporal  regularization.  The  choice  of  and  is
subjective  and  defines  the  smoothness  of  the  model.  We  tested
several  values  for  the parameters  and chose λ2 =  50 (nT/year2)−2.
Additionally, we applied a special treatment to the time-dependent

coefficients,  allowing  to  vary  with  spherical

harmonic degree and order :

λlat
3
(n) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
1, n < nmin

0.995
2

[1 + cos (π n − nmin

nmax − nmin
)] + 0.005, nmin ⩽ n ⩽ nmax

0.005, n > nmax

,

(5)

where nmin = 3 and nmax = 6 are the chosen limits of a half-cosine
taper (Kloss, 2021). In addition to the degree-dependent temporal
regularization,  zonal  and  nonzonal  coefficients  were  treated
differently as

λlong
3

(m) = {0.3, m = 0

0.03, m ≠ 0
. (6)

These parameter choices are ultimately subjective but were based

on  the  methodology  of  CHAOS-7  (Finlay  et  al.,  2020).  They  were
chosen  such  that  our  model  was  approximately  consistent  with
the  CHAOS-7  and  CHAOS-8  models,  in  terms  of  spatial  power
spectra and time-dependent features. 

4.  MSCM Diagnostics
We now describe key diagnostics of the resulting MSCM geomag-
netic model. First, we quantify the fit of the model to the data, and
then  we  present  spatial  and  temporal  power  spectra.  Finally,  we
show  the  time-dependent  part  of  the  model  on  the  core  and
Earth’s surface in Section 4.3. 

4.1  Fit to Satellite Data
We  begin  by  reporting  the  fit  of  the  MSCM  to  its  satellite  data
sources.  Weighted residual  statistics  for  CSES,  MSS-1,  and Swarm
A, B,  and C are provided in Tables 1 to 3,  respectively.  Each table
shows  the  number  of  satellite  data  points  (Ndata),  the  Huber
weighted  mean  residual  (Mean),  and  the  Huber  weighted  root
mean  square  (RMS)  residual,  each  of  which  is  normalized  by  the
sum  of  the  Huber  weights.  A  nonzero  mean  residual  indicates  a
biased  unmodeled  signal,  whereas  a  large  RMS  value  indicates  a
significant difference between the model and the data. We show
the  individual  vector  components,  and  we  separate  the  scalar
components into polar and nonpolar (see Section 2.4).

Our  Swarm residuals  (Table  3)  are  3–6 nT,  which are  comparable
to (but slightly higher than) those reported by CHAOS-7 of 2–3 nT
(Finlay et al.,  2020).  Of particular note is that the residuals have a
low mean, indicating unbiased noise in the Swarm data. Discrep-
ancies  between  the  MSCM  and  CHAOS-7  may  result  from  not
fully  accounting  for  the  effects  of  ionospheric  currents,  tidal
constituents,  and  the  treatment  of  induced  fields.  Despite  our
larger data residuals compared with CHAOS-7, the MSCM residuals
remain  approximately  0.01%  of  the  maximum  field  strength  at
satellite altitude.
 

Table 1.   Model statistics of the misfit between MSCM and CSES data.

Component
CSES

Ndata Mean RMS

Fpolar (nT) 40,993 1.47 2.76

Fnonpolar (nT) 42,512 0.02 3.60

Br (nT) 42,512 −0.41 8.42

Bθ (nT) 42,512 −2.05 5.81

Bϕ (nT) 42,512 0.55 8.99

 

Table 2.   Model statistics of the misfit between MSCM and MSS-1
data.

Component
MSS-1

Ndata Mean RMS

Fnonpolar (nT) 106,660 0.65 4.65

Br (nT) 106,660 0.05 3.32

Bθ (nT) 106,660 −0.52 5.90

Bϕ (nT) 106,660 −0.13 5.00
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Br
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Br Bϕ

Table  2 shows  slightly  larger  diagnostics  for  MSS-1,  which
confirms  the  comparable  data  quality  of  the  MSS-1  mission  and
the Swarm mission (Jiang Y et al.,  2024). In comparison, the CSES
vector components (Table 1) are either biased and have a moderate
RMS (6 nT for ) or are unbiased and have a large RMS (8–9 nT for

, ).  Both  polar  and  nonpolar  CSES  scalar  data  have  an  RMS

smaller  than the equivalent data from Swarm, but the polar data
show  biased  noise.  Overall,  the  best  fitting  CSES  data  are  the
nonpolar scalar data (QD latitude ≤20°). Figure 3 shows information
similar  to  that  contained  in  the  tables  but  as  histograms  of
unweighted residuals. Overall, the residuals for Swarm A, B, and C
exhibit  narrow,  near-zero-centered  peaks  with  and  the
magnetic  intensity  (F)  showing  the  smallest  residuals.  This  result
highlights  the  high  quality  and  low  noise  levels  of  the  Swarm
datasets.  The  MSS-1  residuals  are  slightly  broader  than  those  of
the  Swarm  satellites  and  show  the  smallest  residuals  for .  In
contrast, the residuals for CSES display significantly broader peaks,
indicating higher noise levels in the data. Notably, the residuals of

 and  in our model compared with CSES data lack sharp peaks

and exhibit a very large spread. This is likely due to issues with the
mechanical  link  between  the  FGM  and  the  star  tracker  on  the
CSES,  which  have  already  been  documented  (Yang  YY  et  al.,
2021a).

We  now  turn  to  the  mutual  consistency  of  the  data  from  each

satellite.  The reweighted Huber scheme,  at  each iteration,  down-

weights  any  data  that  have  a  residual  exceeding  1.5  times  the

overall  RMS  misfit,  giving  higher  value  weights  to  data  that  are

consistent with the model. This means that the data are, in effect,

self-selecting:  if  there  are  few  poor-quality  data  points  (with

greater  noise),  these  will  be  downweighted  compared  with  the

majority  of  higher  quality  data  that  define  the  model.  This  step

allows  us  to  examine  the  mutual  data  quality  among  the  three

different missions. We quantify the final data weights in Figure 4,

which  illustrates  the  monthly  average  Huber  weights  for  vector

and scalar data from each satellite. We note for comparison that if

all  data  were  the  same  quality,  the  Huber  weights  would  be

uniform.

Bϕ

Bθ

The  Huber  weights  for  each  data  type  are  all  time  dependent,

showing variations on monthly timescales. The magnitudes of the

variations  are  typically  up  to  10%  of  the  signal.  The  weights

appear  to  follow  the  temporal  distribution  of  the  data  counts

(Figure 2), with a significant downweighting of Swarm component

weights  in  July–August  2023,  particularly  in  the  components,

which  align  with  the  period  of  Swarm  data  sparsity  (see  earlier

discussion about Swarm data in Section 2.1). Overall,  and Fpolar

 

Table 3.   Model statistics of misfit between MSCM and Swarm data.

Component
Swarm-A Swarm-B Swarm-C

Ndata Mean RMS Ndata Mean RMS Ndata Mean RMS

Fpolar (nT) 153,505 −0.88 5.79 151,210 −0.84 5.55 13,598 −0.78 4.88

Fnonpolar (nT) 588,720 −0.08 3.99 579,660 0.01 3.98 49,964 0.00 3.55

Br (nT) 588,720 −0.10 2.80 579,660 0.08 2.76 49,964 0.13 2.64

Bθ (nT) 588,720 0.13 5.43 579,660 0.33 5.49 49,964 0.14 5.02

Bϕ (nT) 588,720 −0.15 4.75 579,660 −0.06 4.80 49,964 −0.33 4.39
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Figure 3.   Histograms of the unweighted residuals between the MSCM and each satellite. Blue represents radial component differences, orange

represents north–south component differences, green represents east–west component differences, red represents nonpolar scalar data

differences, and purple represents polar scalar differences.
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are the most downweighted of the data.

In  terms  of  the  different  geomagnetic  missions,  the  weights  for
Swarm  A,  B,  and  C  and  MSS-1  are  comparable  at  all  times.  In
comparison, the weights for Br and Bϕ of CSES data are 15%–20%
lower than those of the other satellites, consistent with their large
RMS  residuals  in Table  1.  Finally,  the  weight  of Fpolar for  CSES  is
higher  than those of  the  Swarm satellites,  indicating higher  data
quality. However, it is important to note that the CSES data cover
only regions between 20° QD latitude and 65° geographic latitude
in  the  northern  hemisphere,  and  between −20°  QD  latitude  and
−65° geographic latitude in the southern hemisphere. In high-lati-
tude regions,  particularly in the polar areas,  modeling the Earth’s
magnetic field becomes more complex because of external fields,
such  as  field-aligned  currents.  The  higher  weight  of  the  CSES
scalar  data compared with Swarm data is  likely more a reflection
of  the  different  definitions  of “polar” data  than  instrumentation
accuracy.  Because  CSES  polar  data  do  not  extend  as  far  north  as
those from Swarm, the CSES polar data contain a weaker unmod-
eled external signal compared with Swarm data, leading to higher
weights. 

4.2  Spectra of the Internal Field
The  Lowes–Mauersberger  spectra  (Mauersberger,  1956; Lowes,
1966) of the core and lithospheric fields at 2024.0 from the MSCM,
CHAOS-7, CHAOS-8, and MIFM models are shown in Figure 5, with
the MSCM model represented in black. All models show very similar
spectra  up  to  degree  40.  The  figure  also  shows  spectra  of  the
differences  between  the  models  and  highlights  in  particular  the
close  agreement  across  all  degrees  between  the  MSCM  and
CHAOS-7 models,  and between the MSCM and CHAOS-8 models.
The coefficients of the CHAOS-7 and CHAOS-8 models are identical

for degrees ≥26 (static lithospheric field), which explains the over-

lap of the blue and red dashed lines (Figure 5).

Figure  6 presents  Lowes–Mauersberger  spectra  for  the  first  time

derivative  of  the internal  field  (SV)  at  epochs  2015.0,  2020.0,  and

2024.0.  At  all  epochs,  the  MSCM  demonstrates  a  high  level  of

consistency  in  large-scale  SV  features  compared  with  all  models

shown.  The  figure  also  shows  that  the  SV  spectra  of  the  model

differences  between  the  MSCM  and  CHAOS-7/CHAOS-8  models

are small (<1%) compared with the spectra of the SV itself, partic-

ularly  for  degrees n ≤ 10,  for  all  times  shown.  In  2020.0,  the  SV

difference  between  the  MSCM  and  CGGM  is  noticeably  higher

than the difference with the CHAOS models. This result might be

expected because the CGGM is based on poor-quality data over a

short period of time (from March 3, 2018, to September 20, 2019).

In 2024.0, there is a relatively large difference between degrees 5

and  8  between  the  MSCM  and  MIFM  compared  with  the  MSCM

and CHAOS models. This is likely due to the lack of temporal regu-
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Figure 4.   Monthly average data weights for each satellite dataset. The dashed red line indicates the period between February and April 2020

during which CSES data were unavailable.
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Figure 5.   Lowes–Mauersberger spectra of a variety of models and

their differences for degrees n = 1–40 at epoch 2024.0 for the

magnetic field (MF).
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larization applied in the MIFM. 

4.3  Core Fields in 2024
Figures 7 and 8 present maps of the core radial magnetic field, SV,
and  secular  acceleration  (SA)  derived  from  the  MSCM  and  their

differences with CHAOS-7 and CHAOS-8 at epoch 2024.0, at both
the  Earth’s  surface  and  the  core–mantle  boundary  (CMB).  To

maintain  consistency,  all  models  are  truncated  at  degree  15.  At
the Earth’s surface, the core field from the MSCM agrees well with

that from the CHAOS models, with a difference of 0.02%. This rela-
tive difference increases with the increasing time derivative, with

the  SA  differing  by  up  to  50%,  a  reflection  of  the  challenges  in
constraining the SA through any geomagnetic field model (Gillet

et al., 2010; Lesur et al., 2022). The comparison for the CMB shows
similar trends but with higher amplitudes because of being closer

to the internal source.

At the Earth’s surface, regions such as the western Pacific, northeast

of Australia, and parts of the Southern Ocean display increasingly
positive SA, whereas the central Pacific (near Hawaii) and parts of

the  North  Atlantic  exhibit  negative  SA.  In  the  map  of  SV,  the
strongest  features  are  in  the  south  Atlantic,  close  to  the  SAA.  At

the  CMB,  the  SV  reveals  intense  structures  at  high  latitudes
beneath  the  Bering  Strait  and  northeastern  Siberia,  along  with
strong patches of alternate signs in the equatorial Atlantic region,

which  are  comparable  to  those  observed  in  the  CHAOS  models.
The  difference  maps  reveal  strong  zonal  structures,  which  may

stem  from  differences  in  how  induction  signals  are  modeled
(Sabaka et al., 2020). The CHAOS-7 incorporates an induction field,

whereas the CHAOS-8 also includes ionospheric currents and their
associated  induction  potentials.  In  contrast,  the  MSCM  does  not

account for ionospheric effects and the associated induction. 

5.  South Atlantic Anomaly
We  now  turn  to  how  our  model  describes  the  SAA,  the  region

characterized by a weakened magnetic intensity extending across
eastern  Africa,  the  Atlantic  Ocean,  and  South  America  (Nasuddin

et al., 2019). Within the SAA, low Earth orbit satellites are at risk of
damage,  and astronauts  face  increased radiation exposure  when
passing  through  this  region  (Heirtzler,  2002).  Over  the  past  two
centuries,  a  decay  in  the  geomagnetic  axial  dipole  has  been
observed, and it is anticipated that this weak-intensity region will
continue to expand and shift westward over time (Aubert, 2015; Yi
SQ et al., 2023).

Figures 9a–9d show the total intensity of the surface geomagnetic
field  for  2015,  2020,  and  2024,  and  the  difference  in  intensity
between  2024  and  2015,  respectively.  The  SAA,  prominently
depicted  in  blue,  stands  out  as  the  region  with  the  weakest
magnetic  field  strength,  with  an  overall  (principal)  minimum  at
approximately (25°S, 60°W). Figure 9 illustrates that the magnetic
field strength in the SAA region has decreased from 2015 to 2024,
accompanied by an expansion of the area of the region,  as seen,
for example, in the monotonic growth of the area enclosed by the
22,500  nT  contour  line  close  to  its  overall  minimum.  In  2020,  a
distinct  secondary minimum emerged at  approximately  0°  longi-
tude  and  40°S  latitude,  first  reported  when  using  the  CHAOS-7
model (Finlay et al., 2020). Figure 9d shows that the SAA principal
minimum  lies  within  a  region  of  field  intensity  that  has  changed
by  290  nT  over  the  period  of  2015  to  2024.  The  secondary  mini-
mum,  although  a  smaller  feature,  lies  within  the  eastern  SAA
region showing larger intensity changes of 730 nT, approximately
2.5  times  greater  than  that  of  the  principal  minimum.  We  note
that  the  greatest  absolute  changes  in  intensity  do  not  occur
within the SAA, but north of it (over North America) and east of it
(over  the  South  Indian  Ocean).  It  is  also  striking  that  the  global
change  in  intensity  is  mostly  hemispheric:  negative  between
180°W and 0°W, and positive between 0°E and 180°E.

In Figure  10,  we  examine  the  changes  in  both  the  principal  and
secondary  intensity  minima  within  the  SAA  over  time.  For  the
years 2015.0,  2020.0,  and 2024.0, we show the profile of the field
intensity  along  the  great  circle  that  connects  both  minima  in
2020.  For  this  comparison,  we  use  the  same  great  circle  for  all
times,  even  though  the  minima  change  very  slightly  in  position
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Figure 6.   Lowes–Mauersberger spectra of the SV (n = 1–15) from various models (solid lines) and their differences from the MSCM (dashed lines)

at the Earth’s surface at epochs 2015.0 (left), 2020 (middle), and 2024.0 (right).
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Figure 7.   At epoch 2024.0, evaluated at the Earth’s surface (up to degree 15), the core radial magnetic field (top), its first time derivative (SV,

middle row), and its second time derivative (SA, bottom row) from the MSCM (left) and from the MSCM minus CHAOS-7 (middle) and CHAOS-8

(right).
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Figure 8.   At epoch 2024.0, evaluated at the CMB (up to degree 15), the core radial magnetic field (top), its first time derivative (SV, middle row),

and its second time derivative (SA, bottom row) from the MSCM (left) and from the MSCM minus CHAOS-7 (middle) and CHAOS-8 (right).
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(Figure  10a). Figure  10b shows  the  persistence  of  the  secondary

minimum throughout the entire time period.  The absence of the

secondary  minima  in  the  white  contours  of Figures  9a and 9c is

caused  only  by  the  choice  of  contour  level.  Between  2015  and

2024, from approximately 90°W to 50°W (distance 0 to 5000 km),

the three curves indicate a gradual decline in magnetic field inten-

sity over time, accompanied by a noticeable westward shift of the

principal minimum. Over the 9 years of our model, this minimum

has  moved  westward  a  distance  of  approximately  165  km,  at  an

average  speed  of  approximately  20  km  per  year,  similar  to  the

typical  westward drift  speed (Dumberry  and Finlay,  2007; Rogers

et al., 2025). The western edge of the SAA also moves westward at

a similar rate. A greater change in the intensity is identified for the

secondary minimum at approximately 20°W to 35°W (a distance of

8000  to  12,000  km),  where  the  three  curves  indicate  a  relatively

large drop in intensity.  In contrast to the principal minimum, this

secondary minimum does not appear to move westward, instead

decreasing in intensity in situ. This distinct behavior is also consis-

tent with the eastern edge of the SAA at 12,000 km (approximately

23°E  to  30°E),  where  the  intensity  remains  relatively  stable  with

the three curves closely aligned.

A main finding from our model is that the time dependence of the

SAA  appears  to  be  split  into  two.  The  principal  minimum  on  the

western side is deepening slowly while moving westward. Mean-

while,  the  secondary  minimum  is  decreasing  in  intensity  more

rapidly but remaining in situ. This finding is supported by CHAOS-

7  (Figure  16  in Finlay  et  al.,  2020),  which  shows  a  field  intensity

difference  similar  to  our Figure  9d.  Their  contours  of  intensity

overlap with the 0 nT intensity change on the eastern edge of the

SAA and overlap with the nonzero (negative) intensity change on

the western edge. This characteristic therefore seems to be inde-

pendent  of  the  model  and  persistent  over  the  last  decade.

Whether a different mechanism for the intensity decrease operates
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Figure 9.   Field intensity at the Earth’s surface in (a) 2015, (b) 2020, and (c) 2024, and (d) intensity difference between 2024 and 2015,

highlighting changes in the SAA. The contour lines (white) are plotted every 500 nT between 22,000 to 28,000. In (d), the contour lines are taken

from (c) for reference.
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Figure 10.   The 2020 geomagnetic field intensity of the SAA (left) with a red line marking a great circle through the two minimum intensity

points, and the intensity profile along this circle (right) illustrating variations with distance for 2015.0 (blue line), 2020.0 (orange line), and 2024.0

(green line). The principal and secondary minima are marked by small colored circles (right) for each epoch shown.
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to  the  east  and  west  of  the  SAA  needs  to  be  explored  further.

Nevertheless,  this  could  have  implications  for  the  long-lived

nature  of  the  SAA  (Nilsson  et  al.,  2022; Engbers  et  al.,  2024)  and

spacecraft passing through this region (Heirtzler, 2002).

To investigate the cause of any change to the SAA, we would like

to  link  the  core  field  evolution  to  the  structure  of  the  SAA.  It  is

important to remember that features on the CMB are smeared as

the  field  is  upward continued to  the  Earth’s  surface,  represented

formally  by  averaging  kernels  or  Green’s  functions  (Gubbins  and

Roberts,  1983).  Therefore,  the  linearized  sensitivity  of  the  SAA  is

not linked to specific features on the CMB but are instead averages

over the CMB. The Green’s functions were reported by Finlay et al.

(2020) for the two minima of the SAA, which showed the underlying

importance of time-dependent reversed flux patches.  It  is  impor-

tant to note that these Green’s functions had maximum sensitivity

almost  directly  underneath  the  two  SAA  minima,  showing  their

dependence on only local features.

In view of better understanding the evolving SAA, it is of interest

to explore the time dependence of the core field directly beneath

the  SAA  at  the  CMB.  We  focus  only  on  changes  underneath  the

principal  SAA  minimum.  Accordingly, Figures  11 and 12 show  a

comparison  of  time–longitude  and  time–latitude  maps  of  the
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Figure 11.   Time–longitude diagrams of radial SV (top) and SA (bottom) along latitude 25°S at the CMB for the MSCM (left), CHAOS-7 (middle),

and CHAOS-8 (right) models.
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CMB radial SV and SA centered at 25°S, 60°W with the MSCM (left),
CHAOS-7 (center), and CHAOS-8 (right)

Overall, the MSCM SV closely aligns with the CHAOS-7 and CHAOS-
8  SV.  In  particular,  all  models  show  persistent  features  in  the  SV,
which  present  as  stripes  (either  vertical  or  horizontal,  respec-
tively),  although  there  is  evidence  of  change  on  decadal
timescales.  There  is  a  greater  difference  between  the  models  in
the SA. Although all models show similar stripe-like features, there
is  significant  spatiotemporal  variability.  The  CHAOS-8  has  the
highest amplitudes and more structure indicating rapidly changing
SA.  The  CHAOS-7  has  the  lowest  amplitudes  and  its  SA  changes
most  slowly  (of  the models  compared)  over  time.  The MSCM lies
in between the CHAOS-7 and CHAOS-8 models in terms of ampli-
tude and variability. Each of the three models fits the data reason-
ably but makes different choices regarding data sources and regu-
larization. This figure shows the challenges in uniquely identifying
the SA on the core surface (Lesur et al., 2022).

Regarding  the  SAA,  the  changes  we  observed  over  the  period
from 2015 to 2024 are likely not caused by significant changes in
the core field on the CMB because of the persistence of features in
the SV over  the  same timescale.  Instead,  the  cumulative  average
of possibly multiple small changes in both amplitude and structure
over  this  timescale  produces  the  changes  identified  in  the  SAA
(Finlay et al., 2020). 

6.  Conclusions
In  this  article,  we  present  the  MSCM  geomagnetic  field  model,
which  incorporates  vector  and  scalar  data  from  the  Swarm  A,
Swarm B, Swarm C, CSES, and MSS-1 satellites. It accounts for the
time-varying core magnetic field, lithospheric magnetic field, and
magnetospheric field, covering a time span from 2014.0 to 2024.5.
We  use  the  MSCM  to  analyze  decadal  variations  in  the  Earth’s
magnetic field, including changes to the SAA.

The MSCM integrates both vector and scalar data from the Swarm,
CSES, and MSS-1 spacecraft, exploring for the first time the poten-
tial  of  combining  CSES  vector  data  with  other  data  sources  to
develop  a  global  model.  Although  our  results  indicate  that  CSES
scalar  data  are  comparable  in  quality  to  Swarm  scalar  data,  the
CSES  vector  data,  in  particular  the  radial  and  the  azimuthal
components,  contain  significant  unmodeled  signals  leading  to
relatively  high  residuals  and  associated  low  weighting.  Despite
this issue,  we successfully constructed a large-scale geomagnetic
field model utilizing CSES vector data, extending the CGGM (Yang
YY  et  al.,  2021a)  to  include  other  data.  Additionally,  with  the
MSCM,  we  show  that  MSS-1  data  —  notably,  both  vector  and
scalar  data  from  the  MSS-1  —  can  be  successfully  incorporated
into  our  fully  time-dependent  smoothed  geomagnetic  field
model and are of high quality, comparable to those of Swarm A, B,
and C. Our modeling strategy was to create a hybrid of CHAOS-7
and CHAOS-8: we used a regularization similar to that of CHAOS-7
but applied it to a dataset most similar to the satellite data used in
CHAOS-8  (because  of  the  inclusion  of  MSS-1  data).  Our  model
shows  geomagnetic  field  behavior  that  is  intermediate  between
the CHAOS-7 and CHAOS-8 models.

Using the MSCM, we report the newly identified time-dependence

of  the  SAA.  In  particular,  we  found  that,  behaviorally,  the  SAA
appears  to  be  split  into  two:  the  western  part  shows  a  modest
intensity  drop  and  westward  drift,  whereas  the  secondary  mini-
mum  in  the  eastern  part  shows  a  significant  intensity  drop  (2.5
times larger) and no drift. These features have been constrained in
part by data from the MSS-1, whose equatorial orbit will continue
to provide coverage of the SAA in the coming years. 
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