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Key Points:
●  The 41° orbital inclination of the Macau Science Satellite-1 (MSS-1) provides near east–west gradient data.
●  The modeling process incorporates data from the MSS-1, CHAMP (CHAllenging Minisatellite Payload), Swarm-A, and Swarm-C

satellites.
●  The models generated using east–west and north–south gradient data exhibit good agreement with existing models.
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Abstract: We combine gradient data from the Macau Science Satellite-1 (MSS-1), CHAllenging Minisatellite Payload (CHAMP), Swarm-A,
and Swarm-C satellites to develop a 110-degree lithospheric magnetic field model. We then comprehensively evaluate the performance
of the model by power spectral comparisons, correlation analyses, sensitivity matrix assessments, and comparisons with existing
lithospheric field models. Results showed that using near east–west gradient data from MSS-1 significantly enhances the model
correlation in the spherical harmonic degree (N) range of 45–60 while also mitigating the decline in correlation at higher degrees (N > 60).
Furthermore, the unique orbital characteristics of MSS-1 enable its gradient data to provide substantial contributions to modeling in the
mid- to low-latitude regions. With continued data acquisition from MSS-1 and further optimization of data processing methods, the
performance of the model is expected to improve.
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1.  Introduction
The lithospheric magnetic field arises from the induced and rema-
nent magnetization of rocks, and its strength and distribution are
largely  influenced  by  factors  such  as  mineralogy,  temperature,
chemical  alteration,  age,  deformation,  and the  orientation of  the
Earth’s main field (Dunlop and Özdemir, 2015). This magnetic field
is  crucial  for  geophysical  exploration  and  geological  structural
interpretation.

High-quality  modeling  data  are  essential  for  developing  litho-
spheric  field  models.  Low  earth  orbit  satellites  are  currently  the
most  effective  way  to  acquire  global  lithospheric  magnetic  field
data.  Early  scalar  measurements  from  the  POGO  (Polar  Orbiting
Geophysical  Observatories)  satellites  resulted  in  the  first  global
magnetic  anomaly  map  (Regan  et  al.,  1975).  Subsequently,  the
Magsat  satellites  provided  simultaneous  vector  and  scalar  data,

enabling  the  creation  of  global  vector  and  scalar  magnetic
anomaly maps (Arkani-Hamed et al.,  1994).  Data from the Ørsted
satellite  (Neubert  et  al.,  2001),  launched  in  February  1999,  facili-
tated  the  development  of  early  internal  field  spherical  harmonic
models (Olsen et al., 2000). The CHAMP (CHAllenging Minisatellite
Payload)  satellite  (Reigber  et  al.,  2002),  launched  in  July  2000,
delivered high-quality coverage that enabled the development of
detailed  lithospheric  magnetic  field  models,  including  the  MF
(Magnetic  Field  Model)  series  (Maus  et  al.,  2007, 2008),  the  CM
(Comprehensive Model) series (Sabaka et al., 2004, 2015), and the
CHAOS (the CHAMP, Ørsted and SAC-C model ) series (Olsen et al.,
2006, 2009, 2010, 2014). The Swarm satellites (Friis-Christensen et
al.  2006)  were  launched  in  November  2013.  The Swarm satellite
constellation  consists  of  three  near  polar-orbit  satellites,  with
Swarm-A and Swarm-C flying  side  by  side.  The  orbital  altitude  is
approximately  465  km,  with  a  local  time  difference  of  6  minutes
between  them.  Their  longitude  difference  is  approximately  1.4°,
and the east–west distance is 155 km.

Satellites  cannot directly  observe gradient  data,  so such data are
typically  derived  from  along-track  magnetic  field  differences.
Since Kotsiaros et al.  (2015) first demonstrated the advantages of
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along-track  magnetic  field  differences,  such  measurements  have
become an essential component of magnetic field modeling. The
Swarm satellite constellation enabled multi-satellite observations,
thereby  extending  gradient  data  applications  beyond  the
north–south  direction,  as  shown  in  the  studies  by Olsen  et  al.
(2016) and Kotsiaros (2016). Moreover, Olsen et al. (2015) demon-
strated  that  using  spatial  differences  in  scalar  data  significantly
improved the quality of lithospheric field and long-term variation
models  in  the  SIFM  (Swarm Initial  Field  Model).  Consistent  with
these findings, spatial gradients in scalar data have been shown to
enhance model accuracy in the CHAOS-6 (the CHAMP, Ørsted and
SAC-C  model-6; Finlay  et  al.,  2016),  DLFI  (Dedicated  Lithospheric
Field  Inversion; Thébault  et  al.,  2016),  and  LCS-1  (Lithospheric
model derived from CHAMP and Swarm satellite data-1; Olsen et
al.,  2017)  models.  The  LCS-1  model  improves  spatial  resolution
and  suppresses  noise  through  the  integration  of  high-quality
datasets from the Swarm and CHAMP missions. It utilizes L1-norm
regularization. Compared with traditional L2-norm regularization,
the  L1-norm  better  preserves  localized  high-amplitude  features
while  suppressing  spurious  signals  in  low-amplitude  regions.
Overall, the LCS-1 model substantially improves model accuracy.

The Macau Science Satellite-1 (MSS-1), which focuses on geomag-
netic  field  research  at  the  middle- and  low-latitude  areas  with
unprecedented  high-precision  data  (Zhang  K,  2023)  ,  was
launched  in  May  2023.  Its  orbital  inclination  is  41°,  and  by
performing along-track differencing on its observational data, we
can obtain preliminary gradient data in both the northeast–south-
west  and  northwest–southeast  directions.  These  near  east–west
gradient  data  may  largely  make  a  substantial  contribution  to
lithospheric  magnetic  field  modeling,  especially  by  improving
model accuracy in the mid- to low-latitude regions.

Division of the different sources of the geomagnetic field is a diffi-
cult  issue  in  modeling,  especially  for  low-intensity  fields  such  as
the  tidal  magnetic  field. Grayver  and  Olsen  (2019) reported  that
tidal  field  perturbations  at  satellite  altitudes  can  reach  up  to
3–4 nT. However, few existing models remove tidal fields from the
modeling data. In this study, we address this limitation by applying
models to eliminate tidal  fields,  thereby maximizing data quality.
Moreover,  we  combine  gradient  data  from  the  CHAMP, Swarm,
and MSS-1 to construct a lithospheric magnetic field model up to
spherical  harmonic  degree  110,  with  particular  focus  on  the  role
of  MSS-1  gradient  data.  Section  2  details  the  criteria  for  satellite
data  selection  and  processing,  whereas  Section  3  describes  the
modeling methodology.  Section 4 presents  the results,  including
comparisons with existing models and an analysis of the contribu-
tions  of  MSS-1  data.  Finally,  Section  5  summarizes  the  findings
and discusses the potential of MSS constellation data for advancing
future geomagnetic research. 

2.  Data Selection
To construct the lithospheric magnetic field model, we used data
from  three  satellite  missions.  We  selected  CHAMP  data  from
January 2008 to September 2010, when solar activity was low (to
reduce ionospheric  and magnetospheric  influences)  and the alti-
tude  was  relatively  low.  Meanwhile, Swarm data  collected  from
March  2022  to  October  2024  provided  the  most  recent  dataset
available  at  the  time  of  selection.  These  data  were  aligned  as
closely as possible in time with the MSS-1 data to minimize errors

caused  by  temporal  variations.  Additionally,  we  selected  one  full
year  of  MSS-1  observations,  from  November  2023  to  October
2024, for modeling.

For consistency, we adopted the data selection criteria used in the
CHAOS  model  series  (Finlay  et  al.,  2020)  by  regarding  them  as
geomagnetically  quiet  periods.  The  specific  selection  criteria  are
as follows:
(1)  Data  with  a  solar  zenith  angle  at  least  10°  below  the  horizon
were selected, to minimize ionospheric current contributions;
(2) The variation in the ring current (RC) index across all  latitudes
was restricted to ≤2 nT/h;
(3) The geomagnetic activity index (Kp) was required to be ≤2°;
(4) The 1-minute average of the magnetospheric merging electric
field  (Em),  calculated  over  the  preceding  2  hours,  was  limited  to
≤0.8 mV/m;
(5) The 2-hour averaged interplanetary magnetic field (IMF) Bz > 0;
(6) For quasi-dipole (QD) latitudes > 0 (Richmond et al., 1995), the
2-hour  averaged  IMF By <  3  nT;  for  QD  latitudes  <  0,  IMF By >
−3 nT;

±55°(7) Within the equatorial QD latitude  region, both vector and
scalar data were utilized;

±55°(8) Beyond the equatorial QD latitude  region, only scalar data
were used.

The  data  selection  criteria  were  fully  applied  to  the  CHAMP  and
Swarm datasets.  However,  because  of  the  relatively  limited
number  of  MSS-1  data  since  launch,  we adopted slightly  relaxed
selection criteria to broaden its observational coverage and maxi-
mize  its  contribution  to  the  modeling.  The  MSS-1  data  selection
excluded the Em and IMF conditions.

Bcore

Bext Bobs

Btid

Before modeling, we removed the core field  and the external
fields  from observational data  by using the first 15 spheri-
cal  harmonic  degrees  and  the  external  part  of  the  CHAOS-7.18
model (Finlay et al. 2020). We also utilized the tidal field model by
Grayver  and  Olsen  (2019) to  remove  tidal  field  contributions
from the observational data:

Blith = Bobs − Bcore − Bext − Btid − ε. (1)

Blith

ε

Here,  represents  the  lithospheric  field  signal  required  for
modeling,  whereas  denotes  the  residual  error,  primarily  origi-
nating from unmodeled fields.

ΔBNS = B (t2) − B (t1) , (t2 > t1)
ΔBSwarm−EW = B (A) − B (C)

ΔBMSS−EW = B (t2) − B (t1) , (t2 > t1)

The  north–south  gradient  approximated  by  the  differences
 was  calculated  from  CHAMP  and

Swarm-A observations,  whereas  the  east–west  gradient  approxi-
mated  by  the  differences  was  derived
from Swarm-A and Swarm-C observations,  respectively,  within  a
50-second temporal  difference at  the same latitude.  Because the
MSS-1 has an orbital inclination of only 41°, the along-track differ-
ences  were the approximations of
east–west gradients.

Finally, because external magnetic fields are generally large-scale
phenomena  and  tend  to  cancel  out  when  differencing  adjacent
measurements,  we  assigned  a  relatively  small  prior  error  to  the
gradient  data  (Olsen  et  al.,  2015). Figure  1 presents  the  total
volume  of  gradient  data  selected  and  calculated  for  modeling,
along with their latitudinal distribution. Because the MSS-1 vector
data  were  less  than  10,000  after  the  final  selection,  we  did  not
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combine them into the modeling process. To address data gaps in
the  high-latitude  polar  regions  (87.3°–89.9°),  we  supplemented
these  areas  with  3600  model-generated  data  points  from  the
CHAOS-7.18 model. 

3.  Modeling Methods

BBB

V

The  lithospheric  field  of  the  internal  source  field  is  generally

assumed  to  be  unchanging.  Furthermore,  the  data  sampling

region  is  considered  free  of  current  influences  (Kotsiaros  et  al.,

2015). Under these assumptions, a potential field model is utilized,

allowing  the  vector  magnetic  field  at  any  location  within  the

region to be expressed as the gradient of a scalar magnetic poten-

tial :

BBB =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
−Bθ
+Bϕ
−Br

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ = −∇V. (2)

VThe potential  satisfies Laplace’s equation and can be expanded

in the geocentric Earth-fixed coordinate system as follows:

V(r, θ, ϕ) = a
Nint

∑
n=1

n

∑
m=0

(ar )n+1[gmn cos(mϕ) + hmn sin(mϕ)]Pmn (cos θ). (3)

a = 6371.2 km(r, θ, ϕ)
θ ϕ
Pmn

{gmn , hmn }
Nint

Nint = 110

Here,  is  chosen  as  the  reference  radius  of  Earth’s
surface;  represents the geographic coordinates,  where r is
the  geocentric  distance,  is  the  colatitude,  and  is  the
geographic  longitude;  and  denotes  the  associated  Schmidt
seminormalized  Legendre  functions  (Winch  et  al.  2005).  Set

 corresponds  to  the  Gauss  coefficients  describing  the

internal  source  field,  and  represents  the  maximum  degree
and order of  the expansion.  In this  study,  the lithospheric  field is
truncated at ,  resulting in a  total  of  110 × 112 = 12,320
coefficients used to describe the lithospheric field.

Thus, the determination of spherical harmonic coefficients can be

formulated as a linear system:

GGGmmm = ddd, (4)

GGG
mmm

where  represents  the  kernel  matrix  containing  the  basis  func-

tion,  denotes the vector of modified spherical harmonic coeffi-

ddd
mmm = {gmn , hmn }

BBBobs

dddobs

BBBm
dddm eee = dddobs − dddm

cients,  and  is  the vector  of  observational  data.  To estimate the

model coefficients  from satellite magnetic field data,

we apply the least-squares method. All observational data  are

consolidated  into  a  single  vector ,  and  similarly,  the  model-

computed data at  the same locations  are consolidated into a

single vector . The residual vector  is minimized to

achieve the best fit.

eee
However, because of the incompleteness of our model (unmodeled

fields exist), the residual  does not follow a Gaussian distribution.

Under such conditions, the standard least-squares method cannot

reliably  estimate  the  model  parameters  (Walker  and  Jackson,

2000). To address this issue, we used an iterative reweighted least-

squares  (IRLS)  method  (Constable,  1988),  which  provides  a  more

robust fit to the satellite data:

mmm = (GGGTWWWT
dWWWdGGG)−111GGGTWWWT

dWWWdddd, (5)

WWWd

where the superscript T denotes the transpose of the matrix, and

 denotes the initial data weighting matrix:

WWWd = diag ( sin θ
σi

) , (6)

σi ith

θ

sinθ

where  represents the standard deviation of the  observation,

and  denotes  the  colatitude  of  the  observation  point  in  the

spherical  coordinate  system.  If  the  data  are  sampled  based  on  a

regular grid in longitude and latitude, the data distribution will be

denser  in  high-latitude  regions.  To  prevent  overfitting  in  these

densely  sampled  areas  during  the  inversion  process,  a  weight

proportional to  is applied to each data point. 

4.  Results and Discussion
To  evaluate  the  potential  contribution  of  the  newly  acquired

MSS-1 data to lithospheric magnetic field modeling, in this study

we designed a  series  of  analyses  aimed at  comparing the effects

of  different  gradient  datasets  on  model  accuracy.  In Table  1,  we

list the modeling of gradient data and related results.

Table 1 provides the total number of data points from each satel-

lite,  along  with  residual  fitting  errors  between  observed  values
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Figure 1.   Variation in data numbers with latitude.
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eee = dddobs − dddm

and  final  model  predictions.  These  errors  are  quantified  by  their
mean and root mean square (RMS) values of  unweighted results,
computed from the model  residuals .  Among all  the
scenarios,  the  combination  of  vector  and  scalar  gradient  data
demonstrated the best-fitting performance.

North–south gradient data, primarily from the CHAMP and Swarm-
A satellites, achieved the lowest RMS fitting errors (approximately
0.25–0.35 nT).  In contrast,  using only scalar gradient data yielded
relatively  larger  fitting  errors  for  east–west  gradients,  0.55  nT  for
MSS-1 and 0.47 nT for Swarm-A and Swarm-C.

It  should  be noted that  because of  the  limited number  of  MSS-1
data, the selection criteria were suitably relaxed during processing
and  filtering  to  maximize  the  inclusion  of  MSS-1  measurements.
Within  this  framework,  the  results  aligned  with  expectations,
confirming  both  scientific  validity  and  reasonable  accuracy.
Consequently,  MSS-1  data  could  be  effectively  combined  with
other satellite datasets, offering a valuable addition to lithospheric
magnetic field modeling data.

We  conducted  a  series  of  analyses  by  using  different  gradient

datasets.  Specifically,  we  compared  two  scenarios:  (1)  modeling
based  solely  on  gradient  data  from  the  CHAMP, Swarm-A,  and
Swarm-C satellites; and (2) modeling that additionally incorporated
MSS-1 gradient data.  The model including MSS-1 data is  referred
to  as  the  MSS-1, Swarm,  CHAMP  Magnetic  Gradient  Model
(MSCMGM), whereas the model without MSS-1 data is named the
Swarm, CHAMP Magnetic Gradient Model (SCMGM).

We examined the modeling results from three perspectives: (1) by
comparing power spectra with existing models, (2) by evaluating
correlations  with prior  spherical  harmonic  coefficients  and corre-
sponding sensitivity matrices,  and (3)  by comparing global  radial
component  distribution  maps  obtained  by  forward  modeling  of
the final coefficients.

To  assess  the  reliability  of  our  final  model,  we  first  conducted  a
comparative  analysis  of  its  power  spectrum  with  those  of  other
models.  The  detailed  results  are  shown  in Figure  2. Figure  2
compares  the  power  spectrum  of  the  MSCMGM,  constructed
using  gradient  data  from  four  satellites,  with  those  of  previous
models (LCS-1,  MF7 (Maus,  2010),  and CM6 (Sabaka et al.,  2020)),
and  it  shows  the  differences  among  these  power  spectra.  For

 

Table 1.   The vector (X, Y, Z) and scalar (F) gradient data points used for modeling from different satellites, along with their mean fitting error (in
nanoteslas) and root mean square error (RMS, in nanoteslas).

Variable
CHAMP Swarm-A MSS-1 Swarm-A − Swarm-C

N Mean RMS N Mean RMS N Mean RMS N Mean RMS

X (NS) 543,179 0 0.30 547,666 −0.04 0.28

Y (NS) 543,179 0 0.35 547,666 −0.01 0.32

Z (NS) 543,179 0 0.29 547,666 −0.09 0.31

F (NS) 272,959 −0.01 0.25 246,190 −0.02 0.33

F (EW) 220,097 0 0.55 223,955 −0.07 0.47
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Figure 2.   Comparison of the Mauersberger–Lowes power spectrum (in nT2) for lithospheric field models MSCMGM (black), LCS1 (purple), MF7

(green), and CM6 (red), along with their difference spectra: LCS1–MF7 (purple dashed), MSCMGM–MF7 (black dashed), MSCMGM–CM6 (dark blue

dashed), and MSCMGM–LCS1 (light blue dashed).
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spherical  harmonic  degrees N ≤ 70,  the  power  spectrum  of  the
MSCMGM aligns well with other models, indicating a high degree
of  consistency.  However,  as N increases  beyond  70,  deviations
from the prior models become increasingly apparent, particularly
in the range of N = 90 to N = 110.

These deviations may arise from various steps in the data process-

ing  phase.  Additionally,  interference  from  unmodeled  geomag-

netic  signals,  such  as  those  originating  from  the  ionosphere,  the

magnetosphere,  or  small-scale  geomagnetic  anomalies,  may

further contribute to the observed discrepancies.

Overall,  these  findings  suggest  that  although  the  new  model

performs reliably  when the degree is  less  than 70,  further  refine-

ments  in  data  processing  methods  or  the  incorporation  of  addi-

tional prior information may be necessary to improve high-degree

modeling  and  mitigate  the  impact  of  external  unmodeled  fields

on the results.

In  addition  to  comparing  the  power  spectra,  common  methods
for assessing model reliability include calculating correlation coef-
ficients and sensitivity matrices. These methods were also applied
in this study, where we compared the scenarios with and without
MSS-1 data, as shown in Figures 3a and 3b.

Figure  3a illustrates  the  variation  in  correlation  coefficients
between  the  MSCMGM  and  three  prior  models  (LCS-1,  MF7,  and
CM6). For N ≤ 60,  these coefficients remain high, even close to 1,
across  all  comparisons.  As  the  spherical  harmonic  degree

increases  beyond  61,  the  correlation  coefficients  gradually
decrease but still  remain above 0.9 until N = 90.  Between N = 90
and N =  110,  the  coefficients  with  the  CM6  model  show  a  more
pronounced decline, consistent with the power spectrum results.
When N >  110,  the  correlation  coefficients  for  each  model
decrease rapidly. Consequently, we regard the subsequent coeffi-
cients as unreliable and establish the maximum order at 110.

Overall, the correlation coefficients with LCS-1 remain the highest,
which  aligns  with  the  choice  of  using  LCS-1  as  the  prior  model
during data processing.  Even at N = 110,  correlations with LCS-1,
MF7,  and  CM6  exceed  0.73,  indicating  that,  despite  variations  in
satellite  data  sources  and  modeling  methods,  the  lithospheric
magnetic field solutions from different models are largely consis-
tent.  Furthermore,  the  four-satellite  model  demonstrates  robust
reliability.

Figure 3b shows the correlation coefficients between the SCMGM
(based  solely  on  CHAMP, Swarm-A,  and Swarm-C data)  and  the
same set of prior models. In comparison with the correlation coef-
ficients in Figure 3a, incorporating MSS-1 gradient data raises the
correlation coefficients in the N = 45–60 range and alleviates the
downward trend beyond N = 60. By N = 110, the correlation coeffi-
cients  in  the  four-satellite  scenario  surpass  those  of  the  three-
satellite  scenario,  with  the  minimum  coefficient  increasing  from
0.70 to 0.73. This result underscores the positive impact of MSS-1
data on improving model accuracy.

Additionally, Figures  3c and 3d present  sensitivity  matrices  of
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Figure 3.   Correlation of models constructed from different gradient datasets with established models (LCS-1, MF7, CM6), and sensitivity matrices

(normalized coefficient differences in percent) of Gauss coefficients on degree n and order m. (a) Correlation coefficients of the MSCMGM

compared with LCS-1, MF7, and CM6; (b) correlation coefficients of the SCMGM compared with LCS-1, MF7, and CM6; (c) sensitivity matrix of the

MSCMGM against MF7; (d) sensitivity matrix of the SCMGM against MF7.
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Figure 4.   Global distribution maps of the radial component at the surface. (top) Global distribution of the MSCMGM; (middle) global distribution

of the SCMGM; (bottom) global distribution of the LCS-1.
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models  constructed  from  different  datasets  with  respect  to  the
MF7 model. Comparisons of these matrices revealed no substantial
discrepancies,  which  can  be  attributed  to  the  currently  limited
volume  of  MSS-1  observations.  As  MSS-1  data  continue  to  accu-
mulate,  we  anticipate  further  enhancements  in  model  accuracy
and the identification of additional geomagnetic features.

Finally,  we  analyzed  the  contribution  of  MSS-1  gradient  data  to
the  modeling  by  comparing  the  forward  modeling  results.
Because  of  the  high  consistency  between  the  coefficients,  we
refrained from comparing the differences with other models and
instead  focused  solely  on  the  differences  between  the  scenarios
with  and  without  MSS-1  data.  The  forward  modeling  results  for
the global surface radial component are presented in Figure 4.

Figure  4 presents  the  forward  modeling  results  of  the  radial
component  at  the  Earth’s  surface  for  different  models.  The  top
panel shows the global surface radial component obtained by the
MSCMGM,  offering  a  detailed  depiction  of  lithospheric  magnetic
field  features.  The  distribution  is  highly  consistent  with  those  of

other global models.

The  middle  panel  displays  the  global  surface  radial  component

when using only the gradient data from the SCMGM. The bottom

panel  displays  the  global  surface  radial  component  from  the

LCS-1  model,  which  is  also  a  model  derived  from  gradient  data

from  CHAMP  and Swarm.  By  comparing  these  three  images,  we

can observe that their overall trends and structures remain highly

consistent, with no discernible large-scale differences in prominent

magnetic anomalies.

To investigate the specific differences, we subtracted the forward

results  and  present  the  differences  between  these  models  in

Figure  5. Figure  5 shows  that  significant  differences  in  both

comparisons are mainly found in the mid- to low-latitude regions,

consistent  with  the  orbital  coverage  of  the  MMS-1  mission.  We

believe  this  result  intuitively  reflects  the  contribution  of  MMS-1

data  to  the  modeling  process.  These  differences  may  arise  from

unmodeled  disturbances  in  external  magnetic  fields,  such  as  the
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Figure 5.   Difference map between the two forward results. (top) Differences between the MSCMGM and LCS-1; (bottom) differences between

the MSCMGM and SCMGM.
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effects of equatorial electrojets. Although using along-track differ-
ences  and  gradient  data  helps  address  this  issue,  it  cannot
completely  eliminate  the  effects  of  rapid  variations  and  small-
scale  disturbances.  Because  of  the  unique  orbit  of  the  MMS-1,  it
can observe more features in the equatorial region.

The differences exhibit a north–south striping pattern, which does
not  align  with  the  expected  southeast–northwest  or  northeast–
southwest  striping  along  the  MMS-1  trajectory.  We  attribute  this
result  to  the  dominance  of  north–south  gradient  data  in  the
dataset.  It  is  significant  that  the  most  pronounced  differences
between  the  MSCMGM  and  SCMGM  are  found  on  either  side  of
the  Bangui  magnetic  anomaly  in  Africa.  We  cannot  currently
determine  whether  these  differences  are  due  to  the  MMS-1
capturing  more  magnetic  anomaly  information  or  other  influ-
ences.  Further  validation  with  additional  datasets  is  necessary  to
clarify this observation.

Overall,  the  observed  discrepancies  largely  stem  from  various
unmodeled  fields,  such  as  those  produced  by  ionospheric  and
magnetospheric  current  systems.  This  outcome  points  to  areas
requiring improvement  in  current  data  processing and selection,
particularly  the  need  to  further  suppress  nonlithospheric
magnetic  signals  in  high-precision  modeling.  In  future  work,  we
plan  to  adopt  more  advanced  filtering  and  decomposition  tech-
niques  to  minimize  the  effects  of  unmodeled  fields,  thereby
boosting the reliability and accuracy of our model. 

5.  Conclusions and Outlook
In  this  study,  we  assessed  the  potential  contribution  of  MSS-1
gradient data to lithospheric magnetic field modeling by integrat-
ing  it  with  data  from  CHAMP, Swarm-A,  and Swarm-C.  Through
correlation  coefficient  analyses,  sensitivity  matrices,  power  spec-
trum  comparisons,  and  forward  radial  component  distributions,
we found that MSS-1 data substantially improves model accuracy,
especially in the spherical harmonic degree range of N = 45 to 60.
Furthermore,  these  data  enhance  correlation  coefficients  and
mitigate their  decline at  higher  degrees (N >  60).  This  is  because
gradient data can enhance the recovery of small-scale features in
lithospheric  magnetic  field  models  and  substantially  reduce  the
need for corrections of external field contributions.

Power  spectrum  comparisons  indicate  a  strong  agreement  with
established  models  (e.g.,  LCS-1,  MF7,  CM6)  for N ≤ 70.  However,
discrepancies emerge when N > 90, likely attributable to unmod-
eled fields.  Forward difference analyses also reveal  certain limita-
tions in the MSS-1 dataset, which is affected by external fields and
constrained by its limited volume. Nonetheless, MSS-1 data make
a  substantial  contribution  to  mid- to  low-latitude  modeling,
underscoring their value in bolstering overall model reliability.

Future efforts should focus on expanding MSS-1 data collection to
enlarge  the  database,  whereas  advanced  techniques,  such  as
temporal  filtering  and  singular  spectrum  analysis,  could  further
suppress external field interference. Additionally, combining data
from  satellites  with  complementary  orbits  may  enhance  both
model  resolution  and  reliability.  By  pursuing  these  strategies,
researchers  can  more  effectively  exploit  MSS-1  gradient  data  for
high-precision lithospheric magnetic field studies. We also expect

the  upcoming  MSS  satellite,  MSS-2,  to  be  able  to  provide  more
high-quality gradient data to make a better model. 
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