
Hornschild et al. Earth, Planets and Space          (2022) 74:182  
https://doi.org/10.1186/s40623-022-01741-z

FULL PAPER

On the detectability of the magnetic fields 
induced by ocean circulation in geomagnetic 
satellite observations
Aaron Hornschild1*  , Julien Baerenzung1, Jan Saynisch‑Wagner1, Christopher Irrgang1 and Maik Thomas1,2 

Abstract 

Due to their sensitivity to conductivity and oceanic transport, magnetic signals caused by the movement of the 
ocean are a beneficial source of information. Satellite observed tidal‑induced magnetic fields have already proven to 
be helpful to derive Earth’s conductivity or ocean heat content. However, magnetic signals caused by ocean circula‑
tion are still unobserved in satellite magnetometer data. We present a novel method to detect these magnetic signals 
from ocean circulation using an observing system simulation experiment. The introduced approach relies on the 
assimilation of satellite magnetometer data based on a Kalman filter algorithm. The separation from other magnetic 
contributions is attained by predicting the temporal behavior of the ocean‑induced magnetic field through pre‑
sumed proxies. We evaluate the proposed method in different test case scenarios. The results demonstrate a possible 
detectability of the magnetic signal in large parts of the ocean. Furthermore, we point out the crucial dependence 
on the magnetic signal’s variability and show that our approach is robust to slight spatial and temporal deviations of 
the presumed proxies. Additionally, we showed that including simple prior spatial constraints could further improve 
the assimilation results. Our findings indicate an appropriate sensitivity of the detection method for an application 
outside the presented observing system simulation experiment. Therefore, we finally discussed potential issues and 
required advances toward the method’s application on original geomagnetic satellite observations.

Keywords: Electromagnetic induction, Ocean circulation, Satellite magnetometer observations, Kalman filter, 
Assimilation, Observing system simulation experiment

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Open Access

*Correspondence:  aaron.hornschild@gfz‑potsdam.de

1 Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, 
Section 1.3: Earth System Modelling, Potsdam, Germany
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-3222-4407
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-022-01741-z&domain=pdf


Page 2 of 19Hornschild et al. Earth, Planets and Space          (2022) 74:182 

Introduction
The motion of conductive saltwater through the Earth’s 
ambient magnetic field induces electric and magnetic 
fields. These electromagnetic induction processes in the 
ocean were the subject of various theoretical research 
studies (Larsen 1968; Sanford 1971). Typically one dis-
tinguishes between two types of ocean-induced magnetic 
fields (OIMF): the one associated with tidal motion and 
the one caused by ocean circulation. Several research 
activities were already dedicated to both tidal electro-
magnetic signals (e.g., Tyler et al. 2003; Dostal et al. 2012; 
Schnepf et  al. 2014) as well as OIMF from circulation 
(e.g., Stephenson and Bryan 1992; Flosadottir et al. 1997; 
Tyler et al. 1997; Vivier et al. 2004; Manoj et al. 2006; Irr-
gang et al. 2016, 2017, 2018).

Of particular importance is the dependence of these 
induced electromagnetic fields on electric conductiv-
ity and transport in the ocean and the electromagnetic 
structure in the Earth. Primarily because the poloidal 
secondary magnetic field can reach outside the ocean, 
the radial component of OIMF provides a remote 
observation possibility. For this reason, oceanic elec-
tromagnetic signals are an exciting source of indirect 
observation. Consequently, many additional research 
activities addressed ocean-induced magnetic signals, cov-
ering a broad spectrum of topics. For example, Schnepf 
et al. (2015) and Grayver et al. (2016) used tidal magnetic 
signals to explore characteristics of the Earth structure; 
Saynisch et al. (2016) used the sensitivity on the electric 
conductivity to investigate the impact of climate variabil-
ity; Petereit et  al. (2018) analyzed the El Niño Southern 
Oscillation; and Irrgang et al. (2019) estimated the ocean 
heat content from magnetometer satellite observations.

Furthermore, OIMF gained increased interest since the 
beginning of the satellite era and high-precision mag-
netometer missions, like CHAMP and Swarm. But using 

magnetometer observations always requires a separation 
of the oceanic magnetic component from other parts of 
the geomagnetic field. Due to the small magnitude of 
OIMF compared to other magnetic contributions, this 
is a challenging task, especially for signals arising from 
ocean circulation. Regarding this separation, there is a 
clear advantage for the tidal OIMF due to the well-known 
temporal behavior of oceanic tides. Tyler et al. (2003) and 
Sabaka et al. (2016, 2018, 2020) could successfully extract 
the tidal magnetic signals from CHAMP and Swarm sat-
ellite data. However, up to now, OIMF from oceanic cir-
culation could not be identified in satellite data. Not only 
was a successful separation not realized yet, but there is 
also a lack of ideas on how to achieve this (Kuvshinov 
2008). Therefore, we propose a novel method to identify 
the magnetic signals from ocean circulation in satellite 
data. This paper aims to present our ideas towards a pos-
sible detection method in an observing system simulation 
experiment (OSSE). For the essential part of separating 
the magnetic contributions, we used the Kalman filter 
method from Baerenzung et al. (2020). This assimilation 
uses a Bayesian approach and prior spatial and temporal 
correlations to distinguish the different magnetic con-
tributions. A principal difficulty concerning the separa-
tion of OIMF from circulation, especially compared to 
OIMF from tides, is their complex temporal behavior due 
to the irregular ocean flow. Hence, the crucial aspect of 
the proposed method is to predefine the temporal behav-
ior of the OIMF from circulation. Saynisch et al. (2018) 
already suggested to predict magnetic signals from circu-
lation and to use these proxies for a fit on magnetometer 
data. Saynisch et al. (2018) also pointed out the possibil-
ity of constructing the proxy OIMF from independent 
observations like satellite altimetry. However, in the 
OSSE presented here, we decided to use ocean model 
data in the first place to derive magnetic signals from 
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circulation. Subsequently, we impose these proxy OIMF’s 
to the Kalman filter to constrain the temporal behavior. 
Furthermore, we aim to determine a scale factor by the 
assimilation of magnetometer data so that the imposed 
field finally matches the observations as best as possible. 
In the OSSE presented here, this factor is considered as a 
measure of detectability in the first place. In future steps, 
this scale factor could also provide several opportunities 
for further analysis. As the induced magnetic signals are 
first-order proportional to conductivity-weighted and 
depth-integrated ocean velocities, the scale factor can be 
understood as a proportional factor related to conductiv-
ity or depth. Moreover, because the Bayesian approach 
allows access to uncertainties, one could also analyze it 
as a quality factor containing information on how well a 
given proxy can explain the observations.

In the next section, we describe the data and methodol-
ogy used in this study. Firstly, we specify the ocean model 
data; secondly, introduce an appropriate electromagnetic 
induction framework to derive OIMF (Fig. 2) and finally 
explain our OSSE with the employed Kalman filter-based 
assimilation. Afterward, the subsequent section presents 
and discusses the result of different test case scenarios of 
our OSSE. In the end, we discuss the results of our exper-
iments and provide some concluding remarks as well as 
propositions for future work.

Data and methodology
Global ocean model data
The calculations of the OIMF in this study rely on data 
from an ocean general circulation model (OGCM). We 
took the OGCM data from the Estimating the Circula-
tion and Climate of the Ocean, Phase II (ECCO2) project 
(https:// ecco. jpl. nasa. gov/ drive/ files/ ECCO2/ cube92_ 
latlon_ quart_ 90S90N). The ECCO2 model uses a Greens 
function approach to estimate the ocean state (Men-
emenlis et al. 2005) and is constrained by several in situ 
and remote observational data (Menemenlis et al. 2008). 
The optimized solution “cube92” was used for this study. 
The Jet Propulsion Laboratory provides this solution 
on a latitude–longitude grid with a spatial resolution of 
0.25◦ degree and 50 depth levels. We reduced the spatial 
resolution by interpolation onto a 1◦ grid to calculate the 
OIMF. The 3D output fields of the ocean model has been 
provided as 3-day averages. We considered a data period 
of 7.1 years (from 2013.9 until 2021.0) correspond-
ing to the Swarm satellite mission, which results in 865 
timesteps. Our OIMF calculations made use of the four 
oceanic variables: zonal velocity (u), meridional velocity 
(v), temperature (T), and salinity (S). In general, in this 
paper, we refer to a coordinate system (x, y, z), where x 
indicates the zonal (eastwards), y the meridional (north-
wards), and z the radial direction (upwards).

Electromagnetic induction framework
The following section describes the procedure to obtain 
the radial magnetic field from the OGCM data. As stated 
before, the movement of conductive seawater through the 
Earth’s magnetic field generates electric currents. Their 
corresponding density can be calculated using Ohm’s law 
in combination with the Lorentz force, described by:

where σ denotes the ocean conductivity, �U the ocean 
velocity vector, and �Bearth the Earth’s main magnetic 
field. The external imposed electric current density 
( �Jimp ) causes secondary magnetic fields in the ocean. As 
we consider steady ocean flow, which results in a slow 
induction process, the quasi-stationary part of the Max-
well’s equations describes the generation of OIMF, by the 
relations:

These two equations express the relation between the 
magnetic ( �B ) and the electric field ( �E ) in the frequency 
domain under the appearance of the externally induced 
electric current density ( �Jimp ), whereby �J denotes the 
electric current density, µ0 the vacuum permeability 
and ω the angular frequency resulting from the time fac-
tor exp(−iωt) . In this study, we used the X3DG electro-
magnetic induction solver (Kuvshinov 2008) to obtain 
a numerical solution to these equations for the poloidal 
part of the OIMF, which can reach outside the ocean. 
X3DG is a carefully tested and already widely used 
electromagnetic induction solver (Kelbert et  al. 2014; 
Šachl et  al. 2019) that uses an iterative volume integral 
approach to solve the Maxwell’s equations in the fre-
quency domain. Apart from the electric source, X3DG 
also requires an appropriate description of a conductance 
model. Figure 1 illustrates the processing steps to obtain 
both required inputs for the X3DG induction solver, the 
electric source, and the conductance model. We per-
formed this calculation of the radial OIMF via the X3DG 
solver for every time step of the ECCO2 data set in a 
nearly static regime. In order to compute the steady flow 
solution in the frequency domain, the period was set to a 
large value ( 1018 days) similar to Manoj et al. (2006).

First, we calculated a 3D ocean conductivity time 
series. Irrgang et  al. (2016) showed that a realistic 3D 
ocean conductivity description is needed and that espe-
cially its spatial distribution and temporal variation influ-
ence the OIMF. Therefore, we used the Gibbs Seawater 
Oceanographic Toolbox from the Thermodynamic Equa-
tion of Seawater 2010 [TEOS-10, McDougall and Barker 

(1)�Jimp = σ ·
(

�U × �Bearth

)

,

(2)
i) ∇ × �E = iω�B, ii) ∇ × �B = µ0

(

�J+�Jimp

)

.

https://ecco.jpl.nasa.gov/drive/files/ECCO2/cube92_latlon_quart_90S90N
https://ecco.jpl.nasa.gov/drive/files/ECCO2/cube92_latlon_quart_90S90N
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(2011)] to derive 3D ocean conductivity from ECCO2 
T/S fields and the pressure obtained from the depth 
[similar to Tyler et al. (2017)]. In this way, this study con-
sistently relies on the ECCO2 dataset. In combination 
with the 3D time series of the ocean velocities from the 
ECCO2 model and the main magnetic field, Eq.  1 pro-
vides the 3D electric current density. Here, we assumed 
that vertical ocean velocities are negligible, resulting in 
an ocean velocity vector of �U = (u, v, 0) . Furthermore, we 
took the Earth’s main magnetic field data from the IGRF-
13 model (Alken et al. 2021) and updated it for each time 
step to take secular variation into account (variations 
within ocean depth were neglected).

The conductance model consists of three parts: first, an 
ocean conductance layer, which stems from the 3D ocean 
conductivity by simple integration over depth. Second, a 
time constant sediment conductance layer. We computed 
this layer on a 1◦ grid with the heuristic approach from 

Everett et al. (2003) using the sediment thickness of Laske 
and Masters (1997). And third, a 1D mantle conductivity 
profile from Grayver et al. (2017), including a highly con-
ductive core.

After all, this electromagnetic induction framework 
results in time series of radial 2D OIMF corresponding 
to the ECCO2 data set. Figure 2 shows the mean and the 
standard deviation (STD) of the calculated magnetic field 
from circulation over 7.1 years.

OSSE and Kalman filter‑based assimilation
The main goal of this paper is to introduce a new detec-
tion method of ocean magnetic induced fields based on 
the assimilation of geomagnetic satellite observations. 
To this end, we used the Kalman filter algorithm, which 
has been already successfully used to derive the geomag-
netic field model Kalmag (Baerenzung et  al. 2020; Say-
nisch-Wagner et al. 2021). For our purpose, we added an 
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Fig. 1 Sketch of the processing steps for the input of the electromagnetic induction solver X3DG used in this study. Note: blue boxes highlight 
quantities, which are updated each time step
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Fig. 2 Mean (left) and standard deviation (right) of the radial component of the magnetic field from ocean circulation (calculated from ECCO2 data) 
at sea surface height. The spatial resolution corresponds to a decomposition to spherical harmonic functions up to degree 30
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extra source accounting for the signal induced by ocean 
circulation to the algorithm. To extensively study the 
advantages and limitations of our approach, we devel-
oped an OSSE where real satellite magnetometer data are 
replaced by artificial ones.

To construct these artificial data, we first extracted the 
orbiting positions of the satellites Alpha and Bravo from 
the Swarm constellation between 2013.9 and 2021.0. 
In order to obtain a similar data distribution as the one 
used to derive the Kalmag model, the following selection 
was applied to this track set. The satellite positions were 
picked at a sampling rate of one every 10s, only night-
time locations were considered at low magnetic latitudes 
(below 60◦ ), and the geomagnetic activity had to be low 
( Kp ≤ 20 ). The second step of producing artificial obser-
vations consisted in generating realistic measurements. 
To do so, we simulated seven magnetic contributions, 
one associated with ocean circulation and six other, 
which are components of the Kalmag model and consist 
of a core field, a lithospheric field, an ionospheric field, 
and three magnetospheric fields (close, remote and fluc-
tuating). Table  1 shows the maximum spatial resolution 
in spherical harmonics used for each components of the 
Kalmag model.

The spatio-temporal behaviors of the these contribu-
tions are prescribed by autoregressive processes (ARPs), 
as detailed in Baerenzung et  al. (2020). Therefore, it is 
possible to generate some random time series for each 
of these sources. The initial state of these time series was 
randomly drawn from the ensemble of the Kalmag model 
in 2013.9 and then propagated with a time step of 30 min 
accordingly to the associated ARPs until 2021. Finally, at 
each time step, these sources are evaluated as vector field 
components at the current satellites’ locations. To incor-
porate the oceanic contribution to the artificial measure-
ments, we used the OIMF derived from the ECCO2 data 
as described in the previous section. The 865 snapshots 
of the OIMF were first converted in spherical harmonic 
functions (SH) up to degree of 30 using SHtools (Wiec-
zorek and Meschede 2018) and then again evaluated at 
the different satellite positions. In our OSSE, this oceanic 
contribution, as well as the other randomly generated 

fields, correspond therefore to the true solutions we wish 
to recover with our assimilation algorithm.

After the generation of artificial observations is com-
pleted, their assimilation can be initiated. We performed 
this operation using a Kalman filter algorithm which 
works in two alternating steps: first, a forecast step, 
where the spatio-temporal evolution of each magnetic 
source is predicted until some observations become 
available. Then an analysis step, where a Bayesian inver-
sion updates the model accordingly to the data. The 
Bayesian approach allows not only to determine the 
mean-field, but also its associated uncertainties. The 
separation within the assimilation requires prior spatial 
and temporal characterizations of each magnetic source. 
For the non-oceanic contributions, this is realized with 
the autoregressive processes previously mentioned (see 
Baerenzung et  al. 2020); whereas, for the oceanic con-
tribution, our strategy is to calculate the OIMF from 
circulation in parallel to the Kalman filter algorithm and 
use the assimilation to determine a scale factor for these 
presumed proxies. Through this factor, we will be able to 
assess the detectability (whether the oceanic contribu-
tion can be extracted from the data or not) and, at a later 
stage, measure the quality of the a priori assumed OIMF 
(how well the data reflect these). Hence, in our OSSE, we 
can describe the relation between our presumed proxies 
of the OIMF (denoted as imposed oceanic field Bimposed

r  ) 
and the oceanic magnetic contribution in the observa-
tions (denoted as true oceanic field Btrue

r  ) by the following 
expression:

Consequently, the objective of the assimilation is to 
determine the local scale factor or detectability factor 
k(x, y) . We chose to implement this as follows: first, the 
radial imposed oceanic magnetic field is projected on a 
grid of the Earth’s surface and point-wise modulated by 
scale factor from the assimilation ki on each grid point i, 
described by:

where bir denotes the radial magnetic field on the cor-
responding grid point i. Using a Gauss–Legendre grid 
(containing N = (ℓmax + 1) · (2ℓmax + 1) points) enables 
us to convert the radial magnetic field into a potential φ 
in the spherical harmonics domain through the following 
relation:

(3)k(x, y) · Bimposed
r (t, x, y) ≈ Btrue

r (t, x, y).

(4)bir = ki · bimposed,i
r ,

(5)φℓ,m =

N
∑

i=1

birω
iPi

ℓ,m,

Table 1 The six magnetic sources simulated by the Kalmag 
model and their used spatial resolution

Internal sources SH degree External sources SH degree

Core field 20 Close magnetospheric field 10

Lithospheric field 75 Remote magnetospheric 
field

1

Ionospheric field 5 Fluctuating magneto‑
spheric field

1
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where the superscript i indicates the ith Gauss node 
of the grid, Pℓ,m the associated Legendre polynomials 
of degree ℓ and order m, ω the Gauss weight, and φℓ,m 
describes the potential expanded up to SH of degree 
ℓ = ℓmax . The potential φℓ,m allows evaluating the pre-
dicted oceanic induced field everywhere above the Earth’s 
surface, particularly at the different satellite positions, 
which is required to perform the analysis of the Kalman 
filter algorithm.

A scheme of the presented OSSE is displayed in Fig. 3. 
In this study, we also use the ECCO2 data to derive the 
imposed magnetic field. First of all, we investigate the 
case of Bimposed

r = Btrue
r  , if then the determined scale fac-

tor of the assimilation k = 1 , the Kalman filter algorithm’s 
predictions at satellite locations correspond exactly to the 
oceanic contribution in the artificial observations. There-
fore, we evaluate the detectability of the oceanic induced 
field in satellite magnetometer data by starting with an 
ensemble of k  = 1 and observing the convergence of k ’s 
ensemble mean value and associated standard devia-
tion. In our experiments, we typically start with k(x, y) 

characterized on each grid point by the Gaussian distri-
bution N (0, 1).

In a further step, we test another prior setup by impos-
ing additional spatial information. So far, the scale factors 
at each grid were uncorrelated. However, it is reason-
able to assume that nearby factors are not independent 
from one another. Both the spatial expansion of magnetic 
fields as well as a possible relation of the scale factor to 
oceanic quantities suggest a spatial correlation among 
the local scale factors. The Kalman filter algorithm allows 
us to incorporate such information via the parametriza-
tion of the prior covariance. Therefore, we decided to add 
a spatial correlation for the scale factors at the beginning 
of the assimilation. In the OSSE presented here, we ini-
tialized the assimilation with a prior spatial covariance 
following the parametrization:

(6)Cij = exp

(

−
dij

l

)

,
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where i and j again indicate the Gauss node of the grid, 
and dij denotes the distance between two grid points. 
The covariance Cij between two scale factors is assumed 
to exponentially decrease with distance compared to 
a characteristic correlation length scale l. When using 
exponential or gaussian covariance structures, the corre-
lation length is typically a few times larger than the grid 
size (Brankart et al. 2010; Park et al. 2022). For example, 
the data assimilation experiment using OIMF by Irrgang 
et al. (2017) showed the best results with an observation 
radius of eight grid points. Here we chose a correlation 
length of 2000  km (which corresponds to ≈ 3.1 meridi-
onal grid points on the Gauss–Legendre grid). Such a 
characteristic length also matches with large-scale cor-
relation lengths of oceanic quantities like oceanic heat 
(Mazloff et al. 2018) and salinity (Bao et al. 2020). Since 
there is no source of OIMF over land, the prior spatial 
correlation between scale factors is only applied between 
different grid points over the oceans ( Cij is set to zero 
for i  = j if i or j indicate a Gauss node located on land). 
To distinguish ocean and land grid points, we used the 
ETOPO1 dataset (Amante and Eakins 2009).

Our primary purpose here is to show that imposing 
a priori spatial correlations can improve the assimila-
tion results. The following section presents the results of 
the OSSE for both cases without and with prior spatial 
correlations.

Results and discussion
We studied three test case scenarios in this paper. The 
main results are presented in a scenario with: (A) identi-
cal true and imposed magnetic fields, which means that 
the imposed proxies of the OIMF equal the true oce-
anic contribution in the observations. This case repre-
sents an ideal scenario, where the scale factor should be 
precisely one at each time step and each location (see 
Eq.  3). Imposing the exact OIMF from circulation may 
not be the most realistic scenario. However, it exhib-
its the general principle and the upper limit of our pro-
posed method. Afterward, we present a second test case 
scenario with: (B) deviating true and imposed magnetic 
fields, which means that the imposed presumed prox-
ies of the oceanic field slightly differ from true oceanic 
contribution in the observations. This second scenario 
is designed to examine the robustness and the opti-
mality within the scale factor approach of our method 
and analyses the effect of these small deviations on the 
Kalman filter predictions. Within this study, we investi-
gate the influence of spatial under-sampling and tempo-
ral smoothing of the presumed proxies on the scale factor 
determination. Finally, a third test case scenario is pre-
sented to show a possible application of the scale factor 
approach. This scenario uses a: (C) deviating conductivity 

of the imposed magnetic field, which means that the 
imposed proxies are calculated assuming a slightly differ-
ent ocean conductivity.

For the analysis, the assimilation algorithm provides 
two types of quantities associated with the scale factor: 
the posterior mean and the posterior standard devia-
tion of the ensemble of scale factors at each node of the 
Gauss–Legendre grid. We use the posterior mean k(x, y) 
as measure of OIMF detectability and consider its stand-
ard deviation σk(x, y) as the uncertainty of the scale fac-
tor. Note that the chosen distribution N (0, 1) of the 
scale factors at the beginning of the assimilation implies 
that the Kalman filter initially assumes no contribution 
from the OIMF. Under the influence of observations, the 
Kalman filter updates both the scale factor and its asso-
ciated uncertainty, and through the assimilation of 7.1 
years of Swarm-like artificial data, these quantities con-
verge to their actual values. Eventually, the final deter-
mined scale factor kf (x, y) (year 2021.0) is used to rescale 
the imposed OIMF:

Because at the beginning of the assimilation, no oce-
anic contribution was assumed, the rescaled field 
Brescaled
r (t, x, y) reflects the detected OIMF and empha-

sizes the part of the signal gained from the true OIMF by 
the assimilation (under the given imposed field). Further-
more, the rescaled field is used to analyze the assimila-
tion results. We utilize a normalized root mean square 
deviation (NRMSD) as a quality measure of how well the 
rescaled field reflects the true field, which is defined as 
follows:

where ti denotes the time steps and the normalization 
accounts for the relation of deviations to the strength of 
the true signal.

Test case scenario A: identical true and imposed magnetic 
field
In this scenario, the imposed oceanic field is identical to 
the true oceanic field included in the Swarm-like arti-
ficial data. This test case aims to demonstrate the main 
results, identify essential dependencies, and evaluate the 
determination of the scale factor. Since it is an idealistic 
scenario, it also serves as a reference. First, the results of 
the assimilation A.1 only using the imposed field as prior 
information for the oceanic source are presented. Sub-
sequently, another improved assimilation result A.2 is 
shown, where prior spatial correlations are imposed to 

(7)Brescaled
r (t, x, y) = kf (x, y) · B

imposed
r (t, x, y).

(8)

NRMSD(x, y) =

√

√

√

√

∑N
ti=0

(

Brescaled
r (ti, x, y)− Btrue

r (ti, x, y)
)2

∑N
ti=0 B

true
r (ti, x, y)2

,
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enforce spatial constraints on the scale factor determi-
nation. Finally, assimilation A.3 is used to investigate the 
influence of the ionosphere on the method’s sensitivity.

The first assimilation results A.1 obtained with a diago-
nal prior covariance matrix are presented in Fig.  4. The 
upper left plots show the final scale factor’s deviation 
from the true value kf = 1 in this test case scenario. Note 
that in this ideal case, the deviation |kf − 1| is equal to the 
NRMSD (see Eq.  8). The results show that the Kalman 
filter strongly reduces the deviation of the scale factor in 
nearly all oceanic areas. Expectedly, in large parts of the 
continental regions, where no magnetic signals from the 
ocean arise, the deviations of the scale factor remained 
close to the initial value of one. Remarkably, large parts 
of the Indian Ocean and the Western Pacific, as well as 
some northern parts in the area of the Antarctic Cir-
cumpolar Current ACC (e.g., close to Australia) and 

individual areas in the Atlantic Ocean (e.g., near the Gulf 
Stream), evince finally only very small deviations, which 
indicates a successful scale factor determination in large 
parts of the ocean. In general, the deviations increase in 
the Eastern Pacific, the Atlantic, and the Northern and 
Southern Oceans.

Moreover, the standard deviation of the final fac-
tor σkf  , which is considered as associated uncertainty 
(shown in the upper right of Fig.  4), also exhibits a sig-
nificant reduction in the oceanic areas. The pattern of 
this reduced uncertainty correlates well with the high 
variance of the OIMF (see Fig.  2, right panel). Areas 
characterized by high variability of the OIMF evince 
low uncertainties, whereas areas with a tiny OIMF vari-
ability evince high uncertainties. Note that the mean of 
the OIMF does not affect the results of the scale factor 
determination (Fig. 2, left panel). However, it can be seen 
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Fig. 4 The assimilation results for the ideal test case scenario with identical true and imposed magnetic fields. The upper plots show both the 
absolute deviation of the final scale factor kf  from the true value of 1 (left) and the associated uncertainty (posterior standard deviation) of the 
final scale factor σkf  (right). Dark red (respectively, blue) indicates unchanged major deviations (respectively, posterior standard deviation) after 
the assimilation, whereas lighter colors point out areas with lower deviations and reduced uncertainty. The bottom plots present the results for 
the rescaled imposed field using the final scale factor. The radial component of the temporal averaged rescaled OIMF B

rescaled

r  is shown on the left. 
Its deviations from the temporal averaged true oceanic contribution B

true

r  included in the observations, are shown on the right. Here, red colors 
indicate higher and blue lower values in the radial component of rescaled OIMF than the true OIMF. Note the different color range to show the 
deviations
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that at higher latitudes (larger than 60◦ ), the standard 
deviation of the scale factor strongly increases. This lati-
tude dependence is explainable by the fact that the influ-
ence of the ionospheric magnetic field contribution also 
increases strongly at higher latitudes and corresponds to 
the chosen nighttime data selection below 60◦ . Overall, 
regions with small deviations of the scale factor from the 
true value coincide with areas of low standard deviation 
of the scale factor, and conversely, larger deviations occur 
in areas with higher standard deviation. We conclude 
that the posterior standard deviation of the scale factor is 
a valuable measure to assess the quality of the assimilated 
scale factor.

Finally, the bottom plots in Fig.  4 present the mean 
rescaled OIMF and its deviation from the mean true 
OIMF included in the observations. As stated before, the 
rescaled field reflects the detectable part of the OIMF 
and emphasizes the part of the signal gained from the 
true OIMF by the assimilation. The mean rescaled field 
is very similar to the mean of the true OIMF (compare 
to Fig.  2). The globally slight deviations demonstrate 
remarkable accordance between the rescaled field and 
the true oceanic field. The rescaled field is used to calcu-
late the NRMSD at each location (note that in the ideal 
scenario, the NRMSD is equivalent to |kf − 1| ). In this 
test case scenario, the averaged NRMSD over the oceans 
is 0.26 (the grid points over the ocean are again selected 
using the ETOPO1 dataset). The average σkf  in the oce-
anic area is 0.38.

Further insight can be gained by looking at the devel-
opment of the scale factor over time. The scale factor 
evolution in two different areas is shown: One area with 
high and another with relatively low variability of OIMF. 

The high-variability area is located in the Southern 
Indian Ocean between Africa and Australia, around 45◦ 
South, and the low-variability area is located in the East-
ern Pacific close to the coast of central South America, 
around 15◦ South (see also Fig.  2). Both the point-wise 
local results from 10 connected grid points as well as the 
spatial mean over these areas are presented in Fig. 5. As 
can be seen from this figure, the factor evolves remark-
ably fast towards the true value of 1.0. The spatial mean 
in the high-variability area converges already close to one 
after less than one year of assimilated data. It is clearly 
visible that the convergence in the case of the low-var-
iability area takes a longer time. However, the spatial 
mean in this area also approaches the correct value after 
approximately two years of assimilated data. In compari-
son, the spread of the local k-results is significantly nar-
rower for the high-variability area, which corresponds 
well to the lower standard deviation of the scale factor. 
Promisingly, the fast convergence of the scaling factors 
emphasizes the method’s high sensitivity to magnetic sig-
nals from OIMF.

These results confirm the detectability of the OIMF 
in this ideal test case scenario using assimilation. We 
deduce that under the condition of imposing the correct 
OIMF, our proposed method allows the identification of 
OIMF in geomagnetic satellite observations.

As stated before, the results can be further improved by 
incorporating an exponentially decaying spatial correla-
tion structure at the beginning of the assimilation. The 
results of an assimilation (A.2) using such a prior spatial 
covariance with a correlation length of 2000 km are pre-
sented in Fig. 6. As compared to Fig. 4, there is an over-
all improvement in the scale factor determination. The 
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Fig. 5 The evolution of the scale factor over the entire assimilation period. The convergence of the scale factor is considered in two different areas: 
an area of high OIMF variability located in the Southern Indian Ocean (left side) and an area of low OIMF variability located in the Eastern Pacific 
(right side). The grey lines denote the point‑wise local factors, and the red lines highlight the area’s spatial averaged mean and uncertainty (posterior 
standard deviation). The horizontal, dashed, black line indicates the true scale factor
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deviation as well as the standard deviation of the scale 
factor are further reduced compared to the previous 
result. Due to the spatial correlation, σkf  decreased sig-
nificantly also at latitudes larger than 60◦ . Furthermore, 
the improved scale factor determination is also empha-
sized by the smaller deviations of the rescaled radial 
magnetic field from the true radial magnetic field (bot-
tom right plot in Fig.  6). Expectantly, the enforced spa-
tial relation between the scale factor at the beginning of 
the assimilation results in a slightly smoother rescaled 
radial magnetic field (compare bottom left plots of Fig. 6 
and Fig. 4). By looking at the factor evolution in the same 
areas as chosen before (see Fig.  7), one can clearly see 
the effect of the type of prior spatial covariance. On the 
one hand, the spread of the local point-wise results is 
much narrower according to the lower uncertainty, and 
on the other hand, the spatial correlation expedites the 
convergence toward the correct value at the beginning 
of the assimilation. The overall average over the ocean of 
the NRMSD decreased from 0.26 before down to 0.17. 

Correspondingly, the average standard deviation of the 
scale factor was reduced from 0.38 to 0.22. Thus, we con-
clude that imposing a priori spatial correlations increases 
the accuracy of factor determination.

Finally, we used the ideal test case scenario to investi-
gate a little further the influence of the magnetic com-
ponent resulting from the ionosphere. In general, the 
Kalmag assimilation distinguishes between internal and 
external sources. As one of the internal sources, the iono-
spheric field is arguably a strong competitor for the sepa-
ration of ocean-induced magnetic fields. In comparison, 
the other two internal sources from the core and litho-
sphere differ more clearly in time behavior since they 
develop much slower. Most of the ionospheric influence 
is avoided by the selection of nighttime data and low 
geomagnetic activity. Moreover, the crucial areas of this 
assimilation are the mid-latitudes (due to the applied data 
selection below 60◦ and low ocean-induced signals at the 
geomagnetic equator). In this case, the solar-quiet mag-
netic fields dominate the ionospheric component. Since 
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Fig. 6 The improved assimilation results using an additional prior spatial correlation in the case of identical true and imposed magnetic fields. 
Again, the upper plots show the absolute deviation of the final scale factor kf  from the true value of 1 on the left and the associated uncertainty 
(posterior standard deviation) of the final scale factor σkf  on the right. The bottom plots present the corresponding temporal average of the radial 
rescaled OIMF B
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r  on the left. And its deviation from the temporal averaged true radial OIMF B
true

r  are shown on the right
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studies like Suzuki (1978) and Takeda (2002) found that 
low degrees of SH can capture the solar-quiet fields, we 
simulated the ionospheric component in our OSSE up to 
an SH degree of 5 in the first place. However, the treat-
ment of the ionospheric magnetic field still affects the 
method’s sensitivity. Thus, we performed two additional 
assimilations A.3 to demonstrate possible ionospheric 
influences. Here, we simulated the ionospheric compo-
nent and included it in the artificial observations by a 
much higher spatial resolution of SH 10 and SH 50. The 
effect on the detectability of the OIMF is illustrated in 
Fig.  8. Both assimilation results, for the ionosphere up 
to SH 10 and up to SH 50, show a similar pattern com-
pared to the previous assimilation using the ionosphere 
up to SH 5 (see Fig. 6). However, the scale factor devia-
tion increases slightly for the SH 10 version and, more 
significantly, for the SH 50 version, which indicates that 
the influence of the ionosphere can complicate the sepa-
ration of the OIMF. Similarly, the associated uncertainty 
of the factor increases in both cases. Due to the spa-
tially expanded resolution of the ionosphere, the aver-
aged NRMSD over the ocean increased from 0.17 to 
0.21 (ionosphere SH 10) and up to 0.29 (ionosphere SH 
50). Accordingly, the average standard deviation of the 
final scale factor increases from 0.22 up to 0.27 (iono-
sphere SH 10) and 0.43 (ionosphere SH 50). We deduce 
from these assimilations that the ionosphere can affect 
the scale factor determination. Probably, this has to be 
taken into account when applying the method outside of 
this OSSE. However, one also can conclude from these 
assimilations that the associated uncertainty of the scale 
factor covers the influence of other magnetic sources like 
the ionosphere.

Test case scenario B: deviating true and imposed magnetic 
field
In this second test case scenario, the imposed oceanic 
field is not identical anymore to the true oceanic field 
included in the Swarm-like artificial data. The objective of 
this test case is to show the robustness and the optimality 
of the proposed method in the presence of slight devia-
tions between the imposed and true OIMF. To ensure 
comparability, we left the imposed field the same as in 
the assimilations before and replaced the true oceanic 
contribution in the Swarm-like artificial data. In doing so, 
the results are not affected by differently imposed OIMF 
variability. We consider two simple types of differences 
between the imposed and true OIMF: On the one hand, 
spatial differences, where the true OIMF primarily differs 
in the spatial domain, and on the other hand, temporal 
differences, where mainly the temporal behavior of the 
true OIMF is changed. Of course, this is not strictly dis-
tinguishable since the magnetic field is not restricted to a 
fixed point in space both spatial and temporal differences 
influence each other. However, each case emphasizes the 
main cause of the differences.

In order to test the effect of spatial deviations, we inves-
tigate spatial oversampling of the true OIMF. Instead of 
using the same spatial resolution as the imposed OIMF, 
we included the true OIMF in the artificial satellite data 
with a higher spatial resolution. Two assimilations are 
performed in this setup: One with true OIMF with spher-
ical harmonics up to degree 45 (SH 45) and one with 
up to degree 60 (SH 60). These assimilations mimic the 
more realistic scenario where the presumed proxies of 
the OIMF are imposed with lower spatial resolution as 
the true field. To examine the effect of temporal devia-
tions, we consider a temporally noisy true OIMF. Again 

2014 2016 2018 2020

time

0.0

0.5

1.0

1.5

2.0

k

High OIMF variabilityA.2)

spatial mean and uncertainty
local results

2014 2016 2018 2020

time

0.0

0.5

1.0

1.5

2.0

k

Low OIMF variability

spatial mean and uncertainty
local results

Fig. 7 The scale factor evolution for test case scenario A.2). As in Fig. 5, the evolution is presented over the entire period and for two different areas 
of high (left) and low (right) variability of the OIMF. Again, both local results (grey) and spatial mean (red) are shown. However, in the assimilation 
shown here, an exponentially decaying spatial covariance structure is used at the beginning of the assimilation
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two further assimilations are studied: one with low-fre-
quency noise (LF noise) and another one with high-fre-
quency noise (HF noise). In both cases, the noise added 
at each position is randomly drawn from a gaussian dis-
tribution with a standard deviation equal to the STD of 
the true OIMF at the corresponding location. In the case 
of LF noise, it is added to the SH 30 imposed OIMF every 
60 days and interpolated within the interval. However, 
to create HF noise, the noise is added daily to the SH 30 
imposed OIMF. In doing so, the HF noise can be seen 
as a scenario where daily variations of the OIMF are not 
covered correctly by the imposed OIMF. In contrast, the 
LF noise mimics a case where the imposed field misses 
parts of monthly or longer variations in the true OIMF. 
The deviations between imposed and true OIMF are 
exemplarily illustrated in Fig. 9.

The results of all four considered assimilations with 
differing true OIMF are shown in Fig. 10. The presented 
results are taken from the improved assimilations using 
the prior covariance accounting for spatial correlations. 

Due to the deviations of the imposed and true OIMF, the 
true value of the scale factor is not precisely one at each 
location and time step anymore. Therefore, the results 
are presented directly as NRMSD (Eq.  8) between the 
rescaled and true OIMF anomalies. We used the mag-
netic field anomalies for the NRMSD calculation since 
our method is not sensitive to the mean values. Expect-
antly, the NRMSD shows the familiar pattern of large 
values over land and decreased values in oceanic areas. 
Despite the slightly incorrect imposed OIMF, large 
parts show significantly reduced NRMSD. Remember, 
at the beginning of the assimilation, the scale factor is 
set to zero, which corresponds to an NRMSD of one at 
each location. Overall, the NRMSD clearly evince more 
significant deviations for all assimilations compared 
to the previous ideal scenario (Fig. 6, where the |kf − 1| 
corresponds to the NRMSD). In general, the spatial 
deviations exhibit a larger NRMSD than the consid-
ered temporal deviations. For the temporal deviations, 
the areas of decreased NRMSD extended more over 
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Fig. 8 The assimilation results for the ideal test case scenario, but with an increased spatial resolution of the ionospheric field. The results are 
obtained using the additional spatial correlation. On the top, the ionospheric component is simulated up to SH 10 and on the bottom up to SH 
50. In both cases, the left side presents the absolute deviation to the final scale factor kf  from the true value of 1, and the associated uncertainty 
(posterior standard deviation) of the final scale σkf  is shown on the right side
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the entire oceans. The assimilation results using a true 
OIMF with SH 60 compared to the version using SH 45 
have a similar pattern, but the NRMSD gets larger. Like-
wise, the temporal deviations caused by high-frequency 
noise show a slightly higher NRSMD than those caused 
by low-frequency noise. However, when evaluating the 
results and comparing them to the ideal test case sce-
nario, it must be taken into account that there is already 
a significant NRMSD between the imposed and the true 
OIMF. Moreover, it is vague to what extent the scale fac-
tor approach generally can correct these imposed devia-
tions. In the context of this OSSE, this can be clarified 
by calculating a theoretically optimal scale factor for 
this scenario. At each grid point, this optimal scale fac-
tor is determined by a least-square-fit of the time series 
between the true and the scaled imposed field. In doing 
so, the optimal factor minimizes the NRMSD between 
the true and an optimal scaled imposed OIMF anomalies. 
We considered this optimal factor as the best possible 
result of the Kalmag assimilation.

We used this factor to illustrate the optimal achiev-
able NRMSD. Exemplary for both the imposed NRMSD 
(deviation between imposed and true OIMF anomalies), 
as well as the optimal NRSMD (deviation between opti-
mal rescaled and true OIMF anomalies), is shown for the 
assimilation using the true OIMF with SH 45 in Fig. 11. 
From this figure, it can be seen that both strongly coin-
cide with each other. We draw two conclusions from this: 
First, the imposed deviations in this scenario can hardly 
be corrected by any scale factor, which also emphasizes 
a limitation of the scale factor approach. Second, the 
increased NRMSD compared to the ideal scenario is 

primarily explainable by the imposed NRMSD. Thus, in 
this test case scenario, the imposed NRMSD could argua-
bly be considered a lower limit of the achievable NRMSD 
of the rescaled field. Apart from that, the resulting scale 
factor from the assimilation is still a measure of detect-
ability and how well the imposed signal can be recovered 
from the artificial observational data.

Finally, Fig.  12 summarizes the averaged NRMSD of 
all assimilations considered in test case scenario B and 
compares them to the imposed NRMSD. This figure 
underlines, that more significant deviations between the 
true and the imposed OIMF result in a larger NRMSD 
between the rescaled and true field after the assimilation 
(e.g., lower NRMSD for temporal deviations compared 
to spatial ones). In all cases, the resulting NRMSD after 
the assimilation is very close to the imposed NRMSD. 
Moreover, the average imposed NRMSD is within the 
uncertainty range of the results. We conclude that the 
proposed method allows a reasonable scale factor deter-
mination regardless of slight deviations between the 
imposed and true OIMF. Furthermore, Fig.  12 presents 
the assimilation results with and without imposed a 
priori spatial correlations. This comparison confirms 
the benefits of accounting for prior spatial correlations, 
with an averaged NRMSD slightly smaller in all test 
cases. From Fig. 12, it is also clearly visible that the usage 
of prior correlations reduces the final uncertainty of the 
scale factors and the resulting NRMSD, indicating an 
overall better factor determination.

We summarize from test scenario B that the Kalman 
filter algorithm determines an appropriate scale factor 
despite deviations in the presumed proxies. As a result, 
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Fig. 11 The original deviations between the true and imposed OIMF anomalies (imposed NRMSD) are shown on the left. The deviations between 
true and theoretically best possible rescaled OIMF anomalies (optimal NRMSD) are illustrated on the right side. Both are shown exemplarily for 
the test case using a different true OIMF with a spatial oversampling up to SH 45. Dark colors indicate large discrepancies between the true and 
imposed (respectively, optimal rescaled) OIMF anomalies, and lighter colors accordingly, a good agreement. Both plots do not rely on assimilation 
results
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the final rescaled OIMF reflects the true OIMF as com-
parably good as the imposed one. Consequently, larger 
deviations in the presumed proxies result in a poorer 
correspondence between rescaled and true OIMF. Apart 
from that, the results indicate robustness to all sources 
of deviations (different spatial resolutions as well as low 
and high-frequency noise). Lastly, the posterior standard 
deviation proves to be a suitable measure for the uncer-
tainty again, and the use of a prior correlation informa-
tion improves the results in all cases.

Test case scenario C: deviating conductivity of the imposed 
magnetic field
This last test case scenario demonstrates a possible 
application of the presented method and is used further 
to explore the limitations of the scale factor approach. 
Moreover, this scenario provides an outlook on how the 
scale factor can find possible use beyond its measure of 
detectability.

Again, we examine deviations between the true and 
imposed fields. We kept the artificial observations the 
same as in the ideal scenario. However, this time, we 
slightly changed the presumed proxies by using a differ-
ent ocean conductivity for their calculations. Instead of 
deriving the ocean conductivity from the ECCO2 model, 
we took the annual mean conductivity from the World 
Ocean Atlas 2018 (WOA18) dataset (Tyler et  al. 2017). 
We chose the 3D ocean conductivity version with a spa-
tial resolution of 1◦ and adapted it to the vertical lay-
ers of the ECCO2 velocities. All other calculation steps 
remained unchanged. Thus, the imposed OIMF devi-
ates from the true OIMF only due to the different ocean 
conductivity. The assimilation is then performed like in 

the previous test case scenario using prior spatial cor-
relations. The results of this assimilation are present in 
Fig.  13 as NRMSD of the rescaled and the true OIMF 
anomalies and the associated uncertainty of the scale 
factor. Clearly, the NRMSD (top left plot in Fig.  13) is 
decreased over the oceanic areas but, in general, more 
extensive compared to the ideal test case scenario (see 
Fig. 6). However, the low uncertainty of the scale factor 
(top right plot in Fig.  13) indicates an appropriate scale 
factor determination over the oceanic areas in this test 
case scenario.

Eventually, we used this test case scenario to investigate 
if the presumed proxies assuming a different conductiv-
ity could be corrected by assimilating artificial observa-
tional data. In this case, the deviations of the imposed 
field should be reduced by the determined scale factor. 
Therefore, the differences between the imposed NRMSD 
(between true and imposed OIMF anomalies) and the 
rescaled NRMSD (between true and rescaled OIMF 
anomalies) are considered. This is shown as assimila-
tion improvement in Fig.  13 (bottom left plot). The fig-
ure points out areas (marked in red) where the rescaled 
OIMF anomalies are in better accordance with the true 
OIMF anomalies than the imposed ones. At these loca-
tions (e.g., along the East Asian coast, the Gulf of Mex-
ico, southeast of Australia, and southwest of Africa), the 
imposed OIMF anomalies are adequately corrected by 
the scale factor resulting from the assimilation. On the 
downside, in some areas (marked in blue), the imposed 
OIMF anomalies could not be improved through the 
scale factor. However, especially over land, it is not 
expected to obtain such a scale factor from the assimila-
tion (note again that the assimilation initially assumes a 
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Fig. 12 This plot summarizes the assimilation results of test case scenario B. The NRMSD averaged over the ocean is shown for several cases with 
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a comparison, the imposed NRMSD (deviations between imposed and true OIMF anomalies) are marked in grey. These indicate the best achievable 
results and are considered a lower limit of possible improvements
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scale factor of zero). To better evaluate these assimilation 
improvements, we compare them again with a theoreti-
cal optimal scaling of the imposed OIMF. For this pur-
pose, an optimal factor was calculated as described in 
the previous section to identify the best possible effect 
due to a scale factor correction. As before, the optimal 
improvement is described as the difference between the 
imposed NRMSD and the optimal rescaled NRMSD, 
indicating how much the imposed deviations can be 
reduced by optimal rescaling. This optimal improvement 
is presented in Fig. 13 (bottom right plot). In large areas, 
the best possible improvement is close to zero, which 
implies that even an optimal scale factor cannot cor-
rect the imposed deviations. But remarkably, the areas 
of significant improvement through optimal rescaling 
coincide exceptionally well with the pattern of improve-
ment through assimilation. Additionally, oceanic areas 
where no improvement could be achieved by assimilation 
overlap with areas in which also an optimal factor does 

not lead to any improvement. This evaluation once again 
demonstrates the optimality of the scale factor determi-
nation. We conclude from this test case scenario that the 
assimilation results in a reasonable scale factor and that 
its application can possibly be used to obtain valuable 
information from observational data in the future.

On the applicability to real observations
With regard to the application of the method on real 
Swarm satellite data, we compared artificial satellite mag-
netometer data used in the presented OSSE with the real 
observations from the Swarm satellite mission. Therefore, 
we subtracted the core and lithosphere components of 
the Kalmag model from both datasets. The comparison 
of the remaining magnetic field measurements is pre-
sented in Fig. 14 exemplary for the year 2014. The resid-
uals of all three vector components ( Br , Bθ , Bφ ) of each 
100th measurement are shown in dependence on the sat-
ellite latitude position. On the one hand, the comparison 
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Fig. 13 The assimilation results using an imposed OIMF based on a different ocean conductivity. The top left plot shows the final NRMSD between 
the rescaled and true OIMF anomalies, and in the top right, the corresponding uncertainty of the determined scale factor is shown. In the bottom 
left, the assimilation improvement demonstrates how the imposed deviations are changed through assimilation (presented as the difference 
between imposed NRMSD and rescaled NRMSD). As a comparison, the bottom right plot shows the best possible improvement by an optimal 
scaling
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shows that the residuals of both artificial and Swarm 
magnetic field measurements are in the same order of 
magnitude and similar shape. On the other hand, Fig. 14 
discloses differences between the artificial and the real 
Swarm measurements. The variability of the residuals in 
the artificial data, especially in the radial component, is 
larger around the equator and lower than than the varia-
bility in the Swarm observations at higher latitudes in the 
theta and phi components. The lower variability in the 
higher latitudes of the non-radial components could be 
well explained by missing field-aligned currents, which 
are not considered when building the synthetic data set. 
The increased variability of the artificial data residuals at 
lower latitudes, particularly the radial component, could 
indicate an overestimation in the prior of the ionosphere 
component around the equator. Even though Baerenzung 
et  al. (2022) demonstrated that the ionosphere-induced 
magnetic source of the Kalmag model is consistent 
within induction processes, the deviations that occurred 
between the artificial and the real Swarm satellite data 
may require further investigation.

Apart from the differences between the artificial and 
the real Swarm data, another issue arises when it comes 
to application on real data. In contrast to the OSSE dis-
cussed in this paper the induced magnetic signal con-
tained in the real satellite data is not known a priori. 
Although the analysis of the proposed method indi-
cated a certain robustness and a reasonable scale factor 
determination, the results of this paper rely purely on 
the ECCO2 transport estimations. Consequently, the 
imposed signals and the signals included in the artificial 
measurements are still based on the same model. How-
ever, the oceanic transport predictions and, therefore, 
the OIMF anomalies may vary more widely. A potential 

incompatibility of the imposed and the real signal in the 
Swarm satellite data could affect the assimilation and 
scale factor determination to a larger extent. Towards the 
application of the presented method on real Swarm data, 
the authors propose to expand the variety of imposed 
magnetic fields and analyze potentially larger incompat-
ibilities by taking into account also different ocean mod-
els or observational data.

Conclusion and outlook
This paper presented a method to possibly detect ocean-
induced magnetic field (OIMF) signals from general 
ocean circulation for the first time. The challenging task 
is the separation of these oceanic signals from other mag-
netic field components in space-borne observations. The 
central idea of our new method is to impose the tem-
poral behavior of the ocean circulation component and 
determine local scale factors using a Kalman filter-based 
assimilation. As a result, the access to uncertainties due 
to the Bayesian inversion is of particular value. We intro-
duced our approach with an observing system simula-
tion experiment (OSSE) of different test case scenarios. 
Firstly, we managed to verify the proposed method in 
an ideal setup. We were able to show that it is possible 
to determine a scale factor for an imposed magnetic field 
regardless the complex temporal behavior and the low 
intensity of the magnetic field from ocean circulation. 
The scale factors indicate a detectability of the ocean-
induced magnetic field over most areas of the oceans. The 
method’s sensitivity proves to be sufficient for a factor 
determination within the considered period of 7.1 years 
of assimilated data. The results of the OSSE also served 
to point out the main dependencies on the variability of 
the oceanic magnetic signal and on latitude. Additionally, 

Fig. 14 Comparison of the selected (nighttime and geomagnetic low activity) vector field magnetic satellite measurements. The residuals from the 
core and lithosphere component are shown. The artificial data used in the presented OSSE are marked in red; the real Swarm observational data are 
marked in black. All three vector field components ( Br , Bθ , Bφ ) are shown for each 100th satellite measurement of year 2014 in dependence on the 
satellite latitude position
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we could demonstrate that a priori imposing spatial cor-
relations between the factors further improves the assim-
ilation results significantly. Subsequently, we performed 
the assimilation in a non-ideal scenario to investigate the 
effect of spatial and temporal differences of the imposed 
proxies. This scenario proved the method’s robustness 
in determining a reasonable scale factor and showed the 
optimality within the scale factor approach. Finally, a 
third test case scenario presented a possible application, 
where we could demonstrate that the assimilation can 
slightly correct imposed proxies, which are based on a 
differing ocean conductivity. In the end, we compared the 
artificial data used in the OSSE with the actual Swarm 
observations regarding the method’s application on real 
geomagnetic satellite observations. Thereby, we discussed 
potential issues and further investigations to retrieve 
the magnetic signals induced by ocean circulation from 
original observations. Extracting a local scale factor of 
magnetic ocean circulation signals from satellite data 
would offer plenty of possibilities for gainful utilization. 
Depending on the imposed field, an analysis of the scale 
factor itself could contain information about oceanic 
quantities, like sea water conductivity. Notably, we used 
only the ECCO2 model to derive the presumed proxies of 
the OIMF for our method. Further studies could compare 
this to other ocean models, multi-observational ocean 
products like ARMOR3D (Guinehut et  al. 2012; Mulet 
et al. 2012), or estimates from sea surface height, like sug-
gested by Saynisch et  al. (2018). Since our method only 
relies on the temporal behavior of magnetic field estima-
tions and even provides uncertainties, this would create 
a new observational source of information. Potentially, 
the rescaled ocean-induced magnetic field from circula-
tion may also serve as input for assimilation experiments 
regarding ocean circulation models, such as Irrgang 
et  al. (2017). Particularly, in the light of further possi-
ble upcoming magnetic field missions like NanoMagSat 
(Hulot et al. 2018), detecting ocean-induced signals from 
circulation continues to be of high interest.
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