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Key Points:

e We introduce a method to incorporate the magnetic field induced by ocean circulation into geomagnetic field modeling.
e We show that neglecting the ocean circulation-induced magnetic field in geomagnetic field modeling results in leakage into the core

field model.

¢ A new multisource geomagnetic field model (MGFM) is derived using over 20 years of magnetic data from MSS-1, Swarm, CryoSat-2,

and CHAMP satellites.
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Abstract: The movement of global ocean circulation in the Earth’s main magnetic field generates a measurable induced magnetic field
(about 2 nT at geomagnetic satellite altitudes). However, this ocean circulation-induced magnetic field has not been previously estimated
or incorporated into geomagnetic field models, potentially causing leakage into the core field model. Here, we present a method to
account for the circulation-induced magnetic field during geomagnetic field modeling. First, a forward model of the circulation-induced
magnetic field is constructed by numerically solving electromagnetic induction equations based on a realistic ocean circulation model.
Then, this forward model is subtracted from the observed data. Finally, the core and lithospheric fields, magnetospheric and Earth’s
mantle-induced fields, and the ocean tide-induced magnetic field are co-estimated. Applying our method to over 20 years of MSS-1,
Swarm, CryoSat-2, and CHAMP satellite magnetic data, we derive a new multisource geomagnetic field model (MGFM). We find that
incorporating a forward model of the circulation-induced magnetic field marginally improves the fit to the data. Furthermore, we
demonstrate that neglecting the circulation-induced magnetic field in geomagnetic field modeling results in leakage into the core field
model. The highlights of the MGFM model include: (i) a good agreement with the widely used CHAOS model series; (i) the incorporation
of magnetic fields induced by both ocean tides and circulation; and (iii) the suppression of leakage of the circulation-induced magnetic

field into the core field model.

Keywords: Macau Science Satellite-1 (MSS-1); geomagnetic field modeling; ocean tides; ocean circulation

1. Introduction

Dedicated geomagnetic satellites like CHAMP (Reigber et al,
2002) and Swarm (Friis-Christensen et al., 2006) can measure high-
precision and globally covered Earth’s magnetic field. Earth’s
magnetic field measurements contain contributions primarily
from the core, lithosphere, and current systems in the ionosphere
and magnetosphere. High-precision satellite magnetic data have
facilitated the development of numerous geomagnetic field
models such as CHAOS (Finlay et al., 2020), CM (Sabaka et al,,
2020), POMME (Maus et al., 2010), and GRIMM (Lesur et al., 2015).
These models provide significant insights into the structures and
dynamics of the Earth’s interior (Purucker et al., 2002; Olsen and
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Mandea, 2008; Lesur et al., 2022; Li JF et al., 2024) and are crucial
for geomagnetic heading and navigation systems (Maus et al.,
2012). Inspired by the successful launch of the Macau Science
Satellite-1 (MSS-1) on May 21, 2023 (Zhang K, 2023), we aim to
develop a new multisource geomagnetic field model using the
latest MSS-1 and other satellite magnetic data.

Motion of electrically conducting ocean water in the Earth’s main
magnetic field also generates a measurable induced magnetic
field with an amplitude of about 2 nT at satellite altitudes. There
are two types of global ocean-induced magnetic fields: the tide-
induced magnetic field, driven by the gravitational forces of the
Sun and Moon, and the slowly time-varying circulation-induced
magnetic field, driven by wind, temperature, and salinity differ-
ences. These magnetic fields carry valuable information about
ocean dynamics. Currently, the tide-induced magnetic field has
been extracted from satellite magnetic data due to its periodic
characteristics (Tyler et al., 2003; Sabaka et al., 2015, 2018; Grayver
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and Olsen, 2019; Sabaka et al., 2020; Saynisch-Wagner et al., 2021;
Grayver et al,, 2024; Ren ZY et al.,, 2025). However, the circulation-
induced magnetic field lacks periodic characteristics, making its
extraction from satellite data challenging. Although some
attempts have been made to monitor it (Hornschild et al., 2022;
Finlay et al., 2024), there has been no successful extraction of the
circulation-induced magnetic field from real satellite data. Conse-
quently, this field has not been previously estimated or incorpo-
rated into geomagnetic field models, potentially causing leakage
into the core field model.

In this study, we integrate a forward model of the circulation-
induced magnetic field into geomagnetic field modeling. This
approach enables us to separate the circulation-induced magne-
tic field from other internal magnetic fields, thereby improving
the accuracy of geomagnetic field models. Subsequently, we
develop a new geomagnetic field model that accounts for multiple
magnetic sources, utilizing data from MSS-1, Swarm, CryoSat-2,
and CHAMP satellites. Additionally, we investigate the influence of
neglecting circulation-induced magnetic field on geomagnetic
field modeling.

2. Data and Method

2.1 Data Selection

We utilized magnetic data from MSS-1 (Zhang K, 2023), Swarm
(Friis-Christensen et al., 2006), CryoSat-2 (Olsen et al., 2020), and
CHAMP (Reigber et al., 2002) satellites. The timespans and the
number of data points for each satellite are detailed in Table 1. For
vector data, we used pre-aligned vector components in the North-
East-Center (NEC) frame as provided in the data product files. All
data were downsampled to a 1-minute interval. To select data
from geomagnetically quiet times in dark regions, we applied the
following criteria (Finlay et al., 2020) to all datasets:

e Data from dark regions where the sun is 10° below the horizon.
e The 3-hour planetary Kindex Kp < 2°.

e The magnetospheric ring current index RC changes by at most
2nT/h,i.e, |[dRC/dt| < 2 nT/h.

e The merging electric field E, averaged over the previous
2 hours is no more than 0.8 mV/m, i.e., E,, < 0.8 mV/m.

e The interplanetary magnetic field B, averaged over the previous
2 hours is positive.

e Vector data were used for quasi-dipole latitudes equatorward of

Table 1. Timespans and the number of vector and scalar data points
for different satellites.

Satellite Timespan Vector Scalar
CHAMP 2001.01.01-2010.08.31 529,186 186,730
CryoSat-2 2010.09.01-2013.11.30 114,453 60,246
Swarm Alpha 2013.12.01-2024.10.31 341,502 172,331
Swarm Bravo 2013.12.01-2024.10.31 332,811 166,722
Swarm Charlie 2013.12.01-2024.10.31 341,981 16,596
MSS-1 2023.11.02-2024.10.31 40,327 -
Total 2001.01.01-2024.10.31 1,700,260 602,625
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+55°, while scalar data were used for quasi-dipole latitudes pole-
ward of +55°.

After applying these selection criteria, the total number of vector
and scalar data points are 1,700,260 and 602,625, respectively. The
stacked histogram of the monthly number of data points and the
altitudes of different satellites are shown in Figure 1.

2.2 Constructing Forward Model of the Ocean Circulation-
Induced Magnetic Field

The circulation-induced field cannot be separated using the regular
geometric spherical harmonic method, as it may be masked by
the internal core and lithospheric fields. Therefore, we propose
incorporating a forward model of the circulation-induced field
into geomagnetic field modeling. This forward model involves
predicting the circulation-induced magnetic field by numerically
solving Maxwell’s equations

V xE=—-iwB, (1)

leB=aE+J5, (2)
Ho

where E and B represent the electric and magnetic fields induced
by global ocean circulation, y, is the magnetic permeability of
free space. w=2x/T is the angular frequency with T being the
period. To mimic steady ocean flow while ensuring numerical
stability, the period was set to a large value of 10° seconds (about
32 years). o is an Earth’s conductivity model used to account for
electromagnetic induction. We use a 3-D conductivity model that
includes a realistic distribution of surface oceans and continents
Swarm scalar === Swarm vector

CryoSat-2 vector
mmm CHAMP vector

mmm MSS-1 vector
mmm CryoSat-2 scalar
mmm CHAMP scalar

x 10*

25

N
o Un o

Number of data points
per month

0.5

il

2002 2005 2007 2010 2012 2015 2017 2020 2022
Year

800 T

CHAMP

700 - CryoSat-2 ]

600 - Swarm Alpha + Charlie
Swarm Bravo

soof - Mo p ———

_
400 \ 1
300 b

2002 2005 2007 2010 2012 2015 2017 2020 2022
Year

Altitude (km)

Figure 1. Top: stacked histogram of monthly number of MSS-1,
Swarm, CryoSat-2, and CHAMP satellite magnetic data points. Bottom:
altitude (with respect to a mean geocentric radius of a = 6371.2 km) of
different satellites. The lines denote mean altitude while the shaded
regions indicate altitude range.
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(Yao HB et al., 2022) and an underlying 1-D mantle conductivity
model (Grayver et al., 2017). The electric current J; due to ocean
circulation is expressed as (Manoj et al., 2006)

Js = Oocean (V X Bm)l (3)

where 0ycean = 3.2 S/m is the mean seawater conductivity, B, is
the Earth’s main magnetic field at the surface estimated from the
IGRF-13 magnetic field model (Alken et al,, 2021), and v = U/h is
the ocean circulation velocity taken from the ECCO ocean circula-
tion model (Forget et al.,, 2015), where U is the depth-integrated
velocity and h the height of the water column. In this study, we
consider the primary steady part of the circulation-induced field
and ignore the slowly time-varying part. Mean velocity and main
field models as averaged from 2001 to 2017 (the latest epoch of
the ECCO V4r4 model) are used to obtain the mean electric
current. Figure 2 illustrates the eastward and northward compo-
nents of the depth-integrated velocity averaged over 18 years
from the ECCO circulation model. The largest amplitudes of the
circulation velocity are located in the region of the Antarctic
Circumpolar Current (ACC).

The spherical computational domain is composed of the atmo-
sphere, oceans, and Earth’s crust and mantle. The lower boundary
is set to the core-mantle boundary, while the upper atmosphere

-200 -150 -100 -50 0 50 100 150 200
Eastward depth-integrated velocity component (m?/s)

boundary is set to five Earth’s radii. To solve the above electro-
magnetic induction problem, we updated a previously developed
finite-element code (Yao HB et al., 2022). The different parts of the
forward model are saved to files, including the mesh and the finite-
element operator. Thus, without repeatedly solving Maxwell's
equations, we can predict rapidly the circulation-induced
magnetic field for each given time and location. We should note
that the prediction of circulation-induced magnetic signals relies
on the velocity model, which can introduce some discrepancies
into the model predictions.

Figure 3 presents global maps of the radial circulation-induced
magnetic field of the MGFM model at an altitude of 450 km. The
predicted amplitude and spatial distribution are in agreement
with previous numerical modeling results (Manoj et al., 2006;
Sachl et al., 2019). The amplitude of the circulation-induced
magnetic field at this altitude is within 2 nT. The largest amplitudes
of the magnetic field are found in the region of the ACC. The most
prominent feature of the radial circulation-induced magnetic field
is a large-scale negative anomaly in the southern Indian Ocean
and a positive anomaly in the southern Pacific Ocean, attributed
to the significant ocean transports in the ACC region. Additionally,
there are smaller magnetic anomalies near Australia.
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Northward depth-integrated velocity component (m?%/s)

Figure 2. The eastward (left) and northward (right) components of the depth-integrated ocean circulation velocity averaged over 18 years (from

2001 to 2017) of the ECCO model.

2.3 Constructing Core, Lithospheric, Magnetospheric, and

Ocean Tide-Induced Magnetic Field Models
The above forward model of the circulation-induced magnetic
field was subtracted from observed data. Then, we co-estimate
Earth’s core, lithospheric, magnetospheric, and tide-induced
magnetic fields. In this study, we do not model the ionospheric
field but attempt to minimize its contribution through data selec-
tion. The magnetic field model B,,qq(r, t) at location r and time t
may be expressed as

Bmodel(rr t) = Bcore(r' t) + Blitho(r) + Bmagneto(rf t) + Btide(’l t), (4)

where r = (r, 9, ¢) with r, 8, and ¢ representing the radius, colati-
tude, and longitude, respectively. B,.(r, t) is the slowly time-vary-
ing magnetic field due to the core dynamo. Byy,(r) is the static
lithospheric magnetic field due to the magnetization of the litho-
sphere. B .gneto represents the rapidly time-varying magnetic

Figure 3. Global map of the radial ocean circulation-induced
magnetic field of the MGFM model at 450 km altitude.
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fields due to current systems in the magnetosphere and their
electromagnetic induction in the Earth’s mantle. Byg(r, t) is the
time-varying tide-induced magnetic field due to periodic tidal
transports (with typical periods of around 12 and 24 hours).

The Earth’s mantle-induced magnetic field, resulting from time-
varying magnetospheric current systems, depends on the mantle
conductivity structure. To produce self-consistent models of
Earth’s magnetic field and mantle conductivity structure, we have
developed a framework for co-estimating the core, lithospheric,
and magnetospheric fields, as well as mantle conductivity structure
(Yao HB et al,, 2025). With this framework, a geomagnetic field
model, referred to as the MGFM-alpha model, has also been
derived from the MSS-1 and Swarm magnetic data. In this study,
we extend this framework to incorporate magnetic fields induced
by both ocean tides and circulation. The model parametrization
for different magnetic sources is described as follows.

2.3.1 Core and lithospheric fields

In source-free regions, the magnetic field B can be written as the
negative gradient of a magnetic scalar potential V, i.e. B=-VV.
This magnetic potential consists of an internal part V™ for core
and lithospheric fields, an internal part V% for the tide-induced
field, and an external part V™ for magnetospheric and their Earth
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internal mantle-induced fields. The core and lithospheric field
potential V™ is described by a spherical harmonic (SH) expansion
in the Earth-centered, Earth-fixed (ECEF) geographic coordinate
system

Nint n

V™ (rt)=a Z Z(g,,m(t)cosmqﬁ + hy (t)sinmg) (%)n+1 P(cosB),  (5)
n=1m=0

where a = 6371.2 km is the Earth’s mean radius, Py (cos8) is the
Schmidt quasi-normalized associated Legendre function of
degree n and order m (Winch et al., 2005), Ni,, = 80 is the maximum
degree used to describe the internal lithospheric field, g’ and h;'
are the model coefficients. Coefficients up to degree Ny, =20
represent the time-dependent core field and are represented by
order 6 B-splines (De Boor, 2001) with 6-month knot intervals and
fivefold knots at the endpoints, while coefficients for degrees
n=21-80 are time-independent and represent the static litho-
spheric field.

2.3.2 Magnetospheric and associated induced fields

The magnetic potential V™' for the magnetospheric and induced
fields is similar to that used in the CHAOS geomagnetic field
model series (Olsen et al., 2006, 2014) and is written as follows

Vr, t) = ai i [ ™M (t)cosmepey + sf,"’SM(t)sinm¢SM] (é)n P} (cosBep)

n=1m=0
2

+02q GSM( )

n=

where the first part describes the magnetic field due to the
magnetospheric ring current in the solar magnetic (SM) coordinate
system, the second part describes the magnetic field due to the
magnetotail and magnetopause currents in the geocentric solar
magnetospheric (GSM) coordinate system; g™*", s™M, and g2%"
represent external model coefficients. The time variability of the
model coefficients is a linear function of the RC index (Olsen et al.,
2014). The Earth’s mantle-induced magnetic field is considered by
solving Maxwell’s equations for a given conductivity model. For
more details, interested readers are referred to Yao HB et al.
(2025).

2.3.3 Ocean tide-induced field

The tide-induced magnetic field is internal to the satellite
measurements. Due to its periodicity, the magnetic potential can
be described in the ECEF geographic coordinate system by
(Sabaka et al., 2015)

Niide n

V% (r, ) Re[e GZ Z

n=1 m=-n

( ) P (cosB)e W}, @

where the Re operator takes the real part, 7, represents the
complex-valued model coefficients, and N4 = 15 is the maximum
degree used to describe the large-scale tide-induced magnetic
field. The angular frequency of a specific tidal component is
denoted by w. In this study, we co-estimate the M, tidal magnetic
field with w = 21/12.42060122 rad/h. Future studies using along-
track and cross-track magnetic gradient data will enable the

n(COsOcsm),

extraction of signals with a higher spatial resolution (higher cutoff
degree N;q4.) and additional tidal components (Sabaka et al., 2016;
Grayver and Olsen, 2019; Grayver et al., 2024).

2.3.4 Model estimation

Given the observed magnetic data, we estimate a geomagnetic
field model by minimizing the following objective function (Olsen
etal., 2014)

é(m) = eTC(;]e + /\3mTA3m + )\zmTAzm, (8)

where m is the model parameter vector describing the coefficients
of spherical harmonic expansion, and e = d®> - d™ is the data
residual vector, with d®® and d™® denoting the observed
magnetic data and model predictions, respectively. The matrix
Cj is the inverse of the data error covariance matrix, accounting
for anisotropic errors due to attitude uncertainty (Holme and Blox-
ham, 1996). Details of the construction of C;' can be found in
Olsen (2002) and Kloss et al. (2023). The matrices A; and A, are
block diagonal regularization matrices that constrain the third
and second-time derivatives of the core field, respectively. Follow-
ing the CHAOS modeling approach (Olsen et al,, 2014; Finlay et al.,
2020), A; implements a quadratic measure of the third time
derivative of the core radial field integrated over the core surface
and throughout the model timespan, while A, implements a
quadratic measure of the second time derivative of the core radial
field integrated over the core surface but only at the model
endpoints ty,, = 2001.0 and t.,q = 2025.0.

Yao HB and Zhang K et al.: The MGFM geomagnetic field model
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The trade-off parameters A; and A, control the strength of regu-
larization. We tested several values for these parameters and
selected A; = 1 (nTyr >) and A, = 100 (nTyr >)>. As an example,
Figure 4 shows the trade-off curve between data misfit e'C;;'e and
model roughness m' A;m for A, = 100 (nTyr %)™ It demonstrates
that A; =1 (nTyr)* provides a good balance between data
misfit and model roughness. To minimize the objective function,
we implemented an iteratively reweighted least squares method
with Huber weights (Constable, 1988) and Gauss-Newton iteration
(Farquharson and Oldenburg, 1998; Olsen, 2002).

X 10°

Data misfit
w
[0
o

3.72 . . .
0.0 0.5 1.0 1.5 2.0

Model roughness x10°

Figure 4. Trade-off curve between data misfit e'C;'e and model
roughness m' A;m for A, = 100 (nTyr2)™2.

3. Results and Discussion

3.1 Residual Statistics

Table 2 records the number of data points (N,), Huber-weighted
residual mean, and RMS misfit (see Equations (6)—(7) in Olsen et al.
(2009) for definitions) at the last iteration of field modeling. For
comparison, residual statistics for field modeling with and without
incorporating the circulation-induced magnetic field are shown.
The residual means for all field components are near zero, and the
RMS are comparable with those observed in previous studies
(Finlay et al., 2020; Sabaka et al., 2020), indicating a reasonable fit
of the geomagnetic field model to the data. The scalar data (F)
shows a slightly higher RMS misfit, which is due to the unmodeled
polar magnetic fields, such as those caused by the field-aligned
current. Including the polar current field in the model would
reduce the RMS misfit in polar regions. Despite the circulation-
induced magnetic field being weak (about 2 nT at satellite alti-
tudes, which is very small compared to 20,000-60,000 nT of the
core field), incorporating it into the geomagnetic field model
reduces the data misfit e C;'e by approximately 0.04%.

3.2 Core Field

The core field dominates on large spatial scales and exhibits secular
variations (SV). We evaluate our core field model by comparing its
temporal and spatial structures with previous models. Figure 5
shows our core field SH coefficients from 2001.5 to 2024.5 derived
with different regularization parameters and the comparison with

Table 2. Number of data points (N,), Huber-weighted residual mean,
and RMS misfit for geomagnetic field modeling with and without
incorporating ocean circulation-induced magnetic field.

Without With
Satellite  Component Ny circulation circulation
Mean RMS Mean RMS
F 602,625  0.04 3.91 0.01 391
B, 1,700,260  0.01 2.80 0.01 280
All
B 1,700260 -0.04  3.35 -0.04 335
B, 1,700,260 —-0.06 251 -0.06 251
F 186,730 007  4.85 -0.10 485
B, 529,186 —0.08  4.03 -0.08 4.03
CHAMP
B 529,186 —0.09  4.61 -0.10 461
By 529,186 —0.07  2.96 -0.07 296
F 60,246  0.34 450 032 450
B, 114,453 -034 378 -033 378
CryoSat-2
Bg 114,453 -027  3.76 -0.28 3.76
By 114,453  -008  3.21 -0.08 3.20
F 172,331 -0.04 335 -0.08 335
s B, 341,502 0.12 1.70 012 170
warm
Alpha By 341,502  0.06 240 0.06 240
B, 341,502  0.05 2.08 0.05 2.08
F 166,722  0.12 3.10 0.10  3.10
S B, 332,811  —0.00  1.68 -001 1.68
warm
Bravo Bo 332,811  —0.04 240 -0.05 240
B, 332,811 0.03 2.15 0.03 215
F 16,596  —-0.08  2.82 -0.11 282
S B, 341,981  0.15 1.74 015 1.74
warm
Charlie Bo 341,981 —0.02 242 —-0.03 242
B, 341,981 —023 215 -024 215
B, 40327 007 229 006 229
MSS-1 By 40,327 040 3.10 040 3.10
B, 40327  0.00 2.81 0.00 281

the widely used CHAOS-7 model (Finlay et al., 2020). Our model’s
coefficients agree well with the CHAOS-7 model, particularly for
low SH-degree coefficients.

Figure 6 illustrates the time dependence of the SV field SH coeffi-
cients. Since the time derivative of the core field is explicitly
constrained during modeling, the SV field coefficients' temporal
changes are distinctly influenced by different regularization
parameters. Smaller regularization parameters result in more
oscillations in model coefficients, such as in the zonal coefficients
dg®/dt and dg/dt, and the sectoral coefficient dgj/dt. Conversely,
larger regularization parameters produce overly smooth temporal
changes in the SV field coefficients. We find that A; = 1 (nTyr )
strikes a good balance between data misfit and model roughness.

Yao HB and Zhang K et al.: The MGFM geomagnetic field model
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Figure 5. Time-dependence of SH coefficients for the core field from 2001.5 to 2024.5. The top two rows are zonal coefficients, the middle two
rows are tesseral coefficients, and the bottom two rows are sectoral coefficients. Models of this study derived with different regularization
parameters are shown in green line (A;=0.1), red line (A;= 1, our preferred model), cyan line (A;=5), and magenta line (A;= 10). For reference, the
CHAOS-7 model is shown in blue dashed line.

Yao HB and Zhang K et al.: The MGFM geomagnetic field model



556 Earth and Planetary Physics  doi: 10.26464/epp2025029
15 | dg¥/dt dg¥/dt
2
<10
'E O
-2
2000 2010 2020 2000 2010 2020
0.2
A 0.10
5
2 00 0.05
P .
_0.2 |dgy/dt 0.00 }dgi/dt
2000 2010 2020 2000 2010 2020
-2
dgl/dt 2
5 -4
2 0
<
-6
dhi/dt
-2
2000 2010 2020 2000 2010 2020
0.0 | dgy/dt 0.10 Fdhs/dt
s
2 0.05
= -0.2 -
e
-0.4 0.00
2000 2010 2020 2000 2010 2020
5 =5
dg¥/dt dg¥/dt
= 0
g -10
~
T s
-15
-10
2000 2010 2020 2000 2010 2020
0.0
05 dhi/dt dgy/dt
g
2 00 -0.2
=
-0.5 -0.4
2000 2010 2020 2000 2010 2020
Year Year

-1.0

-1.5

-2.0

0.0

-0.2

-0.4

-0.6

0.00

-0.02

-0.04

N

0.02

0.00

-0.02

dgiZt‘/,”’14;‘§7’.§\\§~§§§‘

2000 2010

x 103

2000 2010 2020
dg%\ﬁ/\
2000 2010 2020
dgiz/dt .
/
-
2000 2010 2020
2000 2010 2020
dhig/dt =
4
P
b d
2000 2010 2020
Year

Figure 6. Time-dependence of SH coefficients for the core secular variation from 2001.5 to 2024.5. The top two rows are zonal coefficients, the
middle two rows are tesseral coefficients, and the bottom two rows are sectoral coefficients. Models of this study derived with different
regularization parameters are shown in green line (A;=0.1), red line (A;= 1, our preferred model), cyan line (A;=5), and magenta line (A;= 10). For

reference, the CHAOS-7 model is shown in blue dashed |

This model, referred to as the MGFM core field model (red line in
Figure 6), was selected as our preferred model. The main difference
between our model and the CHAOS-7 model is smoother variation

in high SH degree coefficients in our results. This difference is due

ine.

to the relaxed temporal regularization applied at higher SH
degrees in the CHAOS-7 model. Overall, there is a good agreement
between the MGFM and CHAOS-7 SV field time-dependence.

Figure 7 displays the spherical harmonic spectra of the core field

Yao HB and Zhang K et al.: The MGFM geomagnetic field model
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Figure 7. Spherical harmonic spectra of the core field (left) and the secular variation field (right) at the Earth'’s surface and epoch t = 2024.0 for

the MGFM model, CHAOS-7 model, and model difference.
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Figure 8. Top: global maps of the radial core magnetic field (left) and the radial secular variation field (right) of the MGFM model at the Earth’s
surface and epoch t = 2024.0, up to SH degree n = 20. Bottom: radial core field differences (left) and the radial secular variation field differences

(right) between the MGFM and CHAOS-7 magnetic field models.

and the SV field at the Earth’s surface for epoch t = 2024.0 for the
MGFM model, the CHAOS-7 model and model difference. Both the
core and SV fields show good agreement, with overall spectral
differences below 1 nT? and 1 (nT/year)* across all SH degrees. The
largest discrepancies occur at low SH degrees, likely due to (i)

minor differences in handling magnetospheric and associated
induced fields (Yao HB et al., 2025), and (ii) the use of different
satellite data during the MSS-1 timespan.

The top panel of Figure 8 presents global maps of the radial core
magnetic field and the radial SV field of the MGFM model at the
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Earth’s surface for epoch t = 2024.0, up to SH degree n = 20. The
MGFM model successfully captures key features of the core field
evaluated on Earth'’s surface, such as high-latitude patches and
the weak field in the South Atlantic. It also represents significant
features of the core SV field on the Earth’s surface, including the
large SV in the northeast corner of South America, the contrasting
SVfields in the west and east of South Africa, and a notable negative
anomaly in the southeast Pacific and South America. The bottom
panel of Figure 8 shows differences between the MGFM and
CHAOS-7 magnetic field models. These differences are within
%5 nT for the core field and +4 nT/year for the SV field, both below
0.02% of the MGFM field values. In summary, our core and SV field
models exhibit excellent agreement with the widely used CHAOS-
7 model in both temporal and spatial structures.

3.3 Lithospheric Field
Figure 9a shows the spherical harmonic spectra of the lithospheric
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field at the Earth'’s surface for various models, along with the spec-
tra differences between our MGFM model, MF7 (Maus et al., 2008),
and LCS-1 (Olsen et al., 2017). Note that MF7 and LCS-1 were
derived using different modeling techniques and datasets. LCS-1
was entirely derived from CHAMP and Swarm magnetic gradient
data using an equivalent source method (Kother et al., 2015; Olsen
et al., 2017), while MF7 was derived from CHAMP magnetic data
using specific pre-processing techniques such as along-track
filtering and line leveling (Maus et al., 2008).

Despite these differences, our model shows very good agreement
with the published models up to SH degree n =70. The corre-
sponding degree correlation, as shown in Figure 9b, is greater
than 0.9. For SH degrees n=71-80, the degree correlation
remains above 0.85. Our model aligns more closely with the LCS-1
model than with the MF7 model. The sensitivity matrix (normalized
coefficient differences in percent), shown in Figures 9c—d,
provides a detailed view of coefficient differences, which mainly
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Figure 9. (a) Top left: spherical harmonic spectra of the lithospheric field at the Earth’s surface for MF7, LCS-1, and MGFM models and the spectra
differences for various models. (b) Top right: degree correlation between various model pairs. (c) Bottom left: sensitivity matrix (normalized
coefficient differences in percent) between MGFM and MF7 models. (d) Bottom right: sensitivity matrix between MGFM and LCS-1 models.
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occur at high SH degrees. These figures also demonstrate better
agreement between MGFM and LCS-1 compared to MF7, likely
due to the pre-processing techniques used by MF7 that are not
employed in our model or LCS-1, and also due to the use of differ-
ent data. These results indicate that our model reliably estimates
the lithospheric field, at least up to SH degree n = 70.

The top panel of Figure 10 displays the global map of the radial
lithospheric magnetic field of the MGFM model at the Earth'’s
surface, calculated from coefficients of degrees n=21-80. The
bottom panel shows differences between the MGFM model and
the LCS-1 model. These differences are minor at middle and low
latitudes but become more pronounced at high latitudes, espe-
cially in regions near Antarctica. This finding is consistent with
Olsen et al. (2014), which compared the CHAOS-4 lithospheric
field with MF7. The reason for the large difference near Antarctica
is not clear; it could be caused by regularization or external
magnetic field perturbations. The largest difference at high lati-
tudes is about 58 nT, which is lower than the maximum difference
of 75 nT between the CHAOS-4 lithospheric field and MF7 (Olsen
et al,, 2014). As shown in the top panel, our model successfully
reconstructs many magnetic anomalies, including the Bangui
anomaly in central Africa.

Figure 10. Top: global map of the radial lithospheric magnetic field
of the MGFM model at the Earth’s surface calculated from coefficients
of degrees n = 21-80. Bottom: radial lithospheric field differences
between the MGFM and LCS-1 magnetic field models.
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3.4 Magnetospheric and Associated Induced Fields

To evaluate the MGFM magnetospheric field model, we predicted
the time series of the radial magnetospheric and associated
induced fields at four different locations and an altitude of 450
km, using both the MGFM and CHAOS-7 (Finlay et al., 2020)
models. The results are presented in Figure 11. For comparison,
the Disturbance Storm-Time (Dst) index (https://wdc.kugi.kyoto-
u.ac.jp/dstdir/), which is derived from ground observatory data
and monitors the strength of the magnetospheric ring current, is
also shown in the top panel.

Our model predictions align well with those of the CHAOS-7
model across different locations, with differences being close to
zero. Notably, the Dst index shows a sharp decrease on May 11,
2024, reaching a peak of —412 nT, corresponding to a significant
geomagnetic storm on that date (Yan Q and Yao HB, 2024). Both
the MGFM and CHAOS-7 models exhibit distinct peaks on May 11,
2024, indicating that the MGFM model successfully captures the
key characteristics of the magnetospheric disturbance magnetic
field.

3.5 Ocean Tide-Induced Field

Figure 12 shows the real and imaginary parts of the radial compo-
nent of the M, tide-induced magnetic field at a 450 km satellite
altitude for various models. The amplitude of this field at 450 km
altitude is within 2 nT, consistent with the findings of Grayver and
Olsen (2019) and the CM6 model (Sabaka et al., 2020). The field is
nearly zero over continents and primarily distributed over oceans,
reflecting its oceanic origin. The real part of the radial tide-
induced magnetic field is characterized by large-scale structures,
such as a significant negative anomaly in the Indian Ocean, and
surrounding positive and negative anomalies in eastern and
southeastern Australia, as well as several anomalies in the Pacific
Ocean. Similarly, the imaginary part is dominated by large-scale
structures in the Indian and Pacific Oceans. These features are well
captured by the MGFM model, demonstrating that we have effec-
tively extracted the M, tide-induced magnetic field from MSS-1,
Swarm, CryoSat-2, and CHAMP multi-satellite magnetic data.

3.6 Discussion

3.6.1 Influence of neglecting ocean circulation-induced magnetic
field

The results shown in Figure 3 indicate that high-precision
geomagnetic satellites like MSS-1 and Swarm can detect large-
scale circulation-induced magnetic field. However, similar to the
core field, the circulation-induced magnetic field is internal to the
satellite measurements, making it challenging to separate these
signals from the core field using potential field modeling meth-
ods. Consequently, the large-scale circulation-induced magnetic
field could potentially leak into the core field.

In contrast to previous comprehensive (or combined) geomagnetic
field modeling approaches such as CHAOS (Olsen et al., 2006;
Finlay et al., 2020), CM (Sabaka et al., 2004, 2020), POMME (Maus
et al.,, 2006, 2010), and GRIMM (Lesur et al., 2008, 2015), we incor-
porated a forward model of the circulation-induced magnetic
field into the MGFM model. This was achieved by numerically
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Figure 11. Time series of the Dst index (top) followed by the radial magnetospheric magnetic field at four different locations and 450 km altitude

predicted by the MGFM and CHAOS-7 magnetic field models.

solving the electromagnetic induction equations excited by the
circulation-induced current using a finite-element solver (Yao HB
et al., 2022). To assess the impact of neglecting the circulation-
induced magnetic field on the estimated core field model, we also
performed geomagnetic field modeling without incorporating the
circulation-induced magnetic field.

Figure 13 shows the global map of the radial core field differences
at 450 km altitude and epoch t = 2024.0 between models with and
without incorporating circulation-induced magnetic field. The
amplitude of the core field difference aligns with that of the circu-
lation-induced magnetic field as shown in Figure 3. Importantly,
the spatial distribution of the core field difference closely matches
that of the circulation-induced magnetic field. The only notable

discrepancy is that the negative anomaly in the southern Indian
Ocean is smaller in scale, while the positive anomaly in the south-
eastern Indian Ocean is larger. This discrepancy likely relates to
the significant core field anomaly in the southeastern Indian
Ocean (see the top left panel of Figure 8). These results suggest
that previous core field models like the widely used IGRF model
(Alken et al., 2021), which were derived without accounting for
the circulation-induced magnetic field, also include a small contri-
bution from this field. The strong correlation between Figure 3
and Figure 13 and the reduced data misfit demonstrate that incor-
porating the physics of equations into geomagnetic field modeling
effectively suppresses the leakage of the circulation-induced
magnetic field into the core field model.
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Figure 12. Real (left) and imaginary (right) parts of the radial component (B,) of the M, oceanic tidal magnetic field at 450 km satellite altitude
from this study (top), Grayver and Olsen (2019) (middle, denoted as GO19), and the CM6 model (bottom) (Sabaka et al., 2020).

3.6.2 Influence of annual and seasonal variations of ocean
circulation model

The electric current generated by ocean circulation depends on
oceanic electrical conductivity, circulation velocity, and the main
magnetic field (see Equation (3)), with circulation velocity being
the dominant factor. We used a mean ocean conductivity value of
3.2 S/m to compute the circulation-induced magnetic field. Previ-
ous studies (Grayver et al., 2016) have shown that the impact of
seasonal and spatial variations in ocean conductivity on the tide-
induced magnetic field is small, with differences due to lateral

conductivity variations being less than 0.3 nT at satellite altitude,
and those due to seasonal variations being less than 0.03 nT. Thus,
using a mean ocean conductivity is also a reasonable approach for
accounting for the large-scale circulation-induced magnetic field
at satellite altitudes.

The circulation-induced magnetic field consists of a steady mean
part and a slowly time-varying part. In this study, we accurately
constructed the forward model of the steady mean part (primary
part) and ignored the slowly time-varying part (perturbation part).

Yao HB and Zhang K et al.: The MGFM geomagnetic field model
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Figure 13. Global map of radial core field differences at 450 km
altitude and epoch t = 2024.0 between models with and without
incorporating ocean circulation-induced magnetic field.

The mean circulation velocity and main magnetic field were
obtained by averaging 18 years of the ECCO circulation velocity
model and the IGRF main field model. It has been found (Manoj et
al., 2006) that the circulation-induced field difference caused by
annual variations in the ocean circulation model is within
0.5 nT, and that caused by seasonal variations is within 0.2 nT.
Therefore, considering only the primary mean part is a reasonable
first-order approximation.

Nevertheless, it is important to note that annual and seasonal vari-
ations in the ocean circulation model may have a small influence
on the estimated magnetic field model. For higher accuracy, our
method can be extended to account for these variations,
although this would require more computational resources to
solve the electromagnetic equations for annually and seasonally
varied electric currents.

4. Conclusions

We have developed a method to integrate the ocean circulation-
induced magnetic field into geomagnetic field modeling. Our
framework co-estimates the core and lithospheric fields, the
magnetospheric and associated Earth’s mantle-induced fields,
and the ocean tide-induced magnetic field. A realistic forward
model was employed to account for the circulation-induced
magnetic field. Using this method, we constructed the first
version of the multisource geomagnetic field model (MGFM)
based on over 20 years of continuous satellite magnetic data from
MSS-1, Swarm, CryoSat-2, and CHAMP. Comparisons with previ-
ously published models showed good agreement, demonstrating
the reliability of our method and model.

We also examined the impact of neglecting the ocean circulation-
induced magnetic field. Our results indicate that excluding this
field leads to its leakage into the core field model. Our method
effectively suppresses this leakage, thereby enhancing the accu-
racy of geomagnetic field modeling. In the future, by co-estimating
the ionospheric field, our method will produce more comprehen-
sive and accurate geomagnetic field models.
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