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Abstract 

Satellite‑measured tidal magnetic signals are of growing importance. These fields are mainly used to infer Earth’s 
mantle conductivity, but also to derive changes in the oceanic heat content. We present a new Kalman filter‑based 
method to derive tidal magnetic fields from satellite magnetometers: KALMAG. The method’s advantage is that 
it allows to study a precisely estimated posterior error covariance matrix. We present the results of a simultane‑
ous estimation of the magnetic signals of 8 major tides from 17 years of Swarm and CHAMP data. For the first time, 
robustly derived posterior error distributions are reported along with the reported tidal magnetic fields. The results are 
compared to other estimates that are either based on numerical forward models or on satellite inversions of the same 
data. For all comparisons, maximal differences and the corresponding globally averaged RMSE are reported. We found 
that the inter‑product differences are comparable with the KALMAG‑based errors only in a global mean sense. Here, 
all approaches give values of the same order, e.g., 0.09 nT‑0.14 nT for M2. Locally, the KALMAG posterior errors are up 
to one order smaller than the inter‑product differences, e.g., 0.12 nT vs. 0.96 nT for M2.
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Introduction
Electromagnetic (EM) tidal signals (EMTS) originate in 
the periodic movement of a conducting medium with 
respect to Earth’s ambient magnetic field, e.g., the oceanic 
or the ionospheric dynamo (Larsen 1968; Malin 1970; 
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Schnepf et  al. 2014). Over long time, EMTS were avail-
able only point-wise, e.g., from terrestrial magnetometer 
stations (Kuvshinov et  al. 2006; Maus and Kuvshinov 
2004). In the beginning of the century, it became pos-
sible to detect global EMTS fields of the M2 tide by the 
use of the CHAMP satellite magnetometers (Tyler et al. 
2003; Sabaka et  al. 2015). With the still ongoing Swarm 
satellite magnetometer mission, EMTS of more tidal 
constituents (N2, O1) are observable (Sabaka et al. 2020; 
Grayver and Olsen 2019). Satellite-detected EMTS fields 
become increasingly important where electrical conduc-
tivity related information about the Earth’s upper mantle 
(Grayver et  al. 2016, 2017; Guzavina et  al. 2019; Kuvs-
hinov et  al. 2021) or the world oceans (Saynisch et  al. 
2017; Irrgang et al. 2019) are to be inferred. Furthermore, 
EMTS can worsen the recovery of other contributions to 
Earth’s observed magnetic signals (Guzavina et al. 2018).

Apart from the EMTS themselves, not much is pub-
lished about the errors of these observation-based EMTS 
estimates. Surely, the quality of EMTS-derived quanti-
ties as mantle conductivity rely strongly on the accuracy 
of the EMTS observations. Especially for the assessment 
of EMTS temporal variations (Petereit et al. 2019; Irrgang 
et al. 2019; Saynisch-Wagner et al. 2020), reliable values 
of EMTS errors are missing.

The quality of the EM observation-based EMTS esti-
mates is usually assessed by their similarity to modeled 
EMTS (e.g., Kuvshinov et  al. 2006; Schnepf et  al. 2014). 
For example, modeled oceanic EMTS use oceanographic 
products like the World Ocean Atlas (Zweng et al. 2018; 
Locarnini et  al. 2018; Tyler et  al. 2017) in combination 
with models of tidal transports (e.g., Egbert and Ero-
feeva 2002) and models of Earth’s core field (e.g., Alken 
et  al. 2021) to derive tidally generated electric currents. 
The corresponding Maxwell equations are then numeri-
cally solved in Earth’s conducting environment (Püthe 
et al. 2015; Kuvshinov 2008). However, from differences 
between modeled and observed EMTS alone, no usable 
error estimates for the latter are derivable. The main 
reason is that the modeled EMTS include many error 
sources (e.g., Schnepf et  al. 2014) that originate from 
uncertainties in the forcing data (e.g., Kuvshinov et  al. 
2006; Saynisch et al. 2018; Irrgang et al. 2019) and uncer-
tainties in solving the EM induction problem (Sachl et al. 
2019; Velimsky et  al. 2018). Another reason is that, EM 
observations do observe a larger dynamical system than 
the one tidal forward models describe (Schnepf et  al. 
2018; Velímsky et al. 2021).

Other studies (Sabaka et  al. 2016; Grayver and 
Olsen 2019; Sabaka et  al. 2020) compare their obser-
vation-based EMTS estimates to previously published 
observation-based EMTS estimates that differ by obser-
vation time or/and observation system. However, these 

comparisons remain on a more or less qualitative level 
and report correlations rather than root mean squared 
errors (RMSE). In this paper, we want to add to this 
ongoing discussion by (a) adding an additional inversion 
method (a Kalman filter) to the available products and 
by (b) reporting the method’s posterior-error estimates. 
In addition, the KALMAG-based EMTS estimates are 
compared to previously published observation-based 
inversions as well as to forward model-based EMTS esti-
mates. For all comparisons, maximal differences and the 
corresponding globally averaged RMSE are reported. The 
study should help shift the focus of attention also to the 
errors of the satellite magnetometer observations (and 
derived products) and motivate the publication of error 
estimates from other groups and approaches.

Data
Swarm and CHAMP satellite magnetometer data are 
used to infer EMTS from the Earth’s magnetic field meas-
urements. The measurements cover a time window of 
mid-2000 to the end of 2020, with a 3-year gap between 
the two satellite missions (from Sept. 2010 to Nov. 2013). 
The sample interval is 10 s. The data selection criteria are 
described in detail in Baerenzung et al. (2020), i.e., times 
with a Kp index above 2 0 are omitted, between magnetic 
latitudes of 60N and 60S only nighttime data (when the 
sun is below the horizon) are used and the measurements 
from Swarm-C are omitted entirely.

Methods
EM measurements are superpositions of several 
sources of electromagnetic signals, such as the dynamo 
of Earth’s core and the processes in the ionosphere. 
To separate the EMTS from other non-tidal magnetic 
sources, the KALMAG framework is used (Baeren-
zung et  al. 2020). The KALMAG framework describes 
and parameterizes each individual EM source by sta-
tistical (spatial and temporal) properties through a 
prior-covariance matrix. Its spatial part derives from 
an imposed (or estimated) spherical harmonic (SH) 
spectrum under the assumption of isotropy. The differ-
ent sources are composed by the Earth’s core, the litho-
sphere, the ionosphere, the magnetosphere, but also 
field-aligned currents. For a full list of EM sources used 
in KALMAG, see Tab. 1 of Baerenzung et  al. (2020). 
The temporal evolution of each source is parameterized 
and modeled by an associated autoregressive process 
(Gillet et al. 2013; Bärenzung et al. 2018). Each individ-
ual EM source is sequentially propagated through time 
and every 2 min all sources are superimposed and the 
satellite observations are assimilated by a Kalman fil-
ter (Kalman 1960). As a result, the prior information is 
updated by the satellite observations and over time all 
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EM sources become fitted to the observations. In a final 
Kalman-smoother step, the fitted sources can be propa-
gated backwards in time to cover the whole assimila-
tion period. The EM sources for core and lithospheric 
field and their temporal progression (from year 1900 to 
2026) as they are estimated by the KALMAG approach 
are available online (https:// ionoc ovar. agnld. uni- potsd 
am. de/ Kalmag/).

For this study, the KALMAG framework was 
extended to incorporate harmonic tidal signals for 
8 major tides (see Table  1). Within our approach, the 
tides are described entirely by their frequency and 
approximate first guess SH power spectra. In contrast 
to the other EM sources within KALMAG, the EMTS 
are not modeled as autoregressive processes. The physi-
cal properties of the ocean are assumed to be static 
over the entire assimilation period, and the different 
EMTS are only temporally constrained by the period 
of their harmonic oscillations. The KALMAG model 
was configured to incorporate the EMTS of Table 1 up 
to SH degree and order of 30. This value is more than 
enough to cover the dominant EMTS features (see SH 
spectra in Fig. 5).

For modeled fields of the individual EMTS, the 1D 
mantle conductivity of Grayver et al. (2017), sediments 
from Laske and Masters (1997) and Everett et al. (2003), 
sea water conductivities calculated from the World 
Ocean Atlas (WOA18, Zweng et  al. 2018; Locarnini 
et  al. 2018) are used in combination with tidal trans-
ports that are based on satellite altimetry (TPXO8-
atlas, Egbert and Erofeeva 2002) and the IGRF-13 Earth 
magnetic field (Alken et al. 2021) to generate tidal elec-
tric current densities (cf., Saynisch et al. 2018; Saynisch-
Wagner et  al. 2020). All fields except TPXO8-atlas are 
available on a 1x1 degree grid. We kept that resolution 
since it is sufficient to avoid resolution-based biases 
in the solutions of the induction equations (cf., Sachl 
et  al. 2019). For this, TPXO8-atlas had to be interpo-
lated down from its native 1/30 degree resolution to the 

1x1 degree resolution of this study. Subsequently, the 
respective Maxwell equations are solved by the X3DG 
solver of Kuvshinov (2008) to calculate the respective 
EMTS.

Results and discussion
The KALMAG estimates of the radial magnetic field of 
the tides listed in Table 1 are compared to the modeled 
EMTS in Figs.  1 and  2. The left panel of Figs.  1 and 2 
shows the model-based fields and the right panel shows 
the respective KALMAG mean predictions. For the lat-
ter, the tides with periods close to 12 h and 24 h (S2, K1, 
P1) are dominated by the zonal bands typical of atmos-
pheric–ionospheric processes, i.e., processes not con-
fined by continental bounds (cf. also Schnepf et al. 2018). 
These large zonal band-like structures are detected from 
KALMAG, but are absent in the forward models. The 
reason is that the solar tides as S2 and P1 have a far larger 
impact on the atmospheric induction than on the oceanic 
induction. As explained in the previous section, the mod-
eled fields are calculated from WOA18, TPXO8-atlas 
and IGRF-13. While the KALMAG approach detects all 
cumulative EM-signals on the prescribed tidal frequen-
cies whether they originate in the oceans or not, the for-
ward model fields consider only the tidal induction by 
the oceans. Consequently, discrepancies caused by physi-
cal reasons between both estimates have to be expected. 
Nonetheless, the oceanic contribution is also visible in 
S2, e.g., in the larger Indian Ocean area.

In case of the lunar tide K1, the reason for the discrep-
ancies has to be different from the solar tides as S2. For 
K1, a separability problem is evident where harmonics of 
S2 and the P1 itself are not separable with the used data 
(see also, Love and Rigler 2014). Especially, considering 
that due to the daytime large data gaps occur with the 
same frequency. Please note, that since the amount of 
satellite data and quality varies over the globe, not only 
the EMTS errors (Fig. 4), but also the frequency separa-
bility varies over the globe as can be assessed by study-
ing the KALMAG posterior error covariances among the 
EMTS (not plotted).

Where the tidal frequency is dominated by oceanic EM 
induction (M2, N2, O1 and Q1), the KALMAG estimates 
show the blob-like features typical for oceanic processes 
which have to resonate within their restricted basins. 
Some fields as K2 and the Q1 show a comparable spatial 
characteristic as the forward models, but the patterns 
are not always in the right locations. On the one hand, 
as already discussed, some of the reasons are physically 
based, e.g., for K2. At least in part, since with K2 a mix 
of both physical and separability reasons can be assumed 
(Love and Rigler 2014). On the other hand, some signals 
have to be considered as below the level of detectability 

Table 1 Tidal constituents used within the KALMAG approach

Name Origin Period [h]

M2 Principal lunar semidiurnal 12.42060122

S2 Principal solar diurnal 12.0

K1 Lunar diurnal 23.93446961

N2 Larger lunar elliptic semidiurnal 12.65834751

O1 Lunar diurnal 25.81933871

K2 Lunisolar semidiurnal 11.9672348

P1 Solar diurnal 24.06589023

Q1 Larger lunar elliptic diurnal 26.8683566

https://ionocovar.agnld.uni-potsdam.de/Kalmag/
https://ionocovar.agnld.uni-potsdam.de/Kalmag/
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Fig. 1 Tidal radial magnetic fields (M2, S2, K1, N2). Left column: results from forward modeling of ocean tides. Right column: results from KALMAG 
inversion of Swarm and CHAMP observations. All fields are represented at the satellite height of 430 km above sea level. Please note the different 
color bar ranges
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Fig. 2 Tidal radial magnetic fields (O1, K2, P1, Q1). Left column: results from forward modeling of ocean tides. Right column: results from KALMAG 
inversion of Swarm and CHAMP observations. All fields are represented at the satellite height of 430 km above sea level. Please note the different 
color bar ranges
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for the available data and the noise levels of the observa-
tions (Q1, P1, see also Fig. 4).

However, there are differences between forward mod-
els and KALMAG estimates which cannot be easily 
attributed to the mentioned physical reasons, separability 
reasons or to the observation’s noise level. Even for well-
fitting fields such as M2 and N2, KALMAG shows dif-
ferent amplitudes compared to the forward models. For 
M2, the main induction areas around New Zealand and 
the North Atlantic are up to 0.63 nT smaller in KALMAG 
than in the forward model while the Indian Ocean shows 
a slightly (0.54  nT) higher signal in the KALMAG esti-
mate. The respective globally averaged RMSE of the M2 
fields amount to 0.09  nT at satellite height. In the case 
of N2, the KALMAG estimate is overall smaller. Locally, 
the discrepancies reach up to 0.18 nT (RMSE: 0.05 nT). 
These different values probably have to be explained by 
the errors of the forward models. Saynisch et  al. (2018) 
report that assimilative tidal models as the here used 
TPXO8-atlas can locally lead to errors of 0.1-0.3 nT for 
the radial magnetic component of the M2 EMTS. These 
values are considerably smaller than the differences 
reported here. However, the published EMTS errors arise 
only due to the errors in the tidal model’s transports. 
Additional errors from atmospheric (co-)excitations 
(Schnepf et al. 2018) and errors in the Earth’s core field 
including its secular variation as well as in the conduc-
tivity distribution of sediments, mantle, crust and oceans 
are not considered in Saynisch et al. (2018). These addi-
tional errors are in part responsible for the high differ-
ences reported here between KALMAG and the forward 
models. Further sources of uncertainty are introduced 
in the latter by approximations in the used solver for the 
Maxwell equations including different resolutions of the 
underlying tidal transports (Sachl et  al. 2019; Velimsky 
et al. 2018). Consequently, the forward model fields can-
not be used as an ultimate benchmark tool to quantify 
the quality of the KALMAG estimates. 

Consequently to further evaluate the KALMAG 
results, we compare them with other satellite-based 
EMTS estimates (see Fig. 3). The Comprehensive Model 
5 (CM5) of Sabaka et  al. (2015) inverts 12 years of 
CHAMP data together with Orsted, SAC-C and obser-
vatory data for various EM sources from core, litho-
sphere, ionosphere, magnetosphere and also the EMTS 
of the M2 ocean tide. Likewise, the Comprehensive 
Inversion Year 4 (CIY4) of Sabaka et  al. (2018) inverts 
the first 4 years of Swarm observations for the same 
sources. By comparing the CIY4/CM5 M2 results in 
Fig. 3 with the top row of Fig. 1, i.e., the forward model/
KALMAG M2 results, one can see that all four fields 
share the overall global pattern and general magnitude 
of the M2 EMTS. Differences between KALMAG and 
CIY4 amount up to 0.77  nT (RMSE: 0.13  nT) and are 
mostly located in the Southern Ocean below the Indian 
Ocean and in the North Atlantic. The respective differ-
ences between KALMAG and CM5 can amount up to 
0.96 nT (RMSE: 0.14 nT) and are mostly located in the 
Arctic Ocean and around New Zealand.

Compared to the forward model estimates, all fields 
that are based on satellite magnetometer observations 
show slightly different amplitudes. At satellite height, 
the M2 estimates of CIY4 shows differences of up to 
0.75  nT (RMSE: 0.14  nT) while CM5 shows differences 
of up to 0.84  nT (RMSE: 0.13  nT) compared to the for-
ward model. Consequently, at least for M2 the KALMAG 
results fit slightly better to the forward model than the 
CM5 and the CIY4 estimates. However, considering the 
previously discussed uncertainties included in the for-
ward models, it is clear that such a comparison cannot be 
used to benchmark the products among each other. Fur-
thermore, the forward model used to calculate these dif-
ferences is not recalculated to match the specific CM5 or 
CIY4 time period. A forward model exactly calculated for 
the CM5/CIY4 time periods might show slightly different 
discrepancies compared with the CM5/CYI4 estimates 

Fig. 3 Tidal radial magnetic field (M2). Left column: results from CIY4 (Sabaka et al. 2018), i.e., 4 years of Swarm data. Right column: results from CM5 
(Sabaka et al. 2015), i.e., mostly 12 years of CHAMP data. All fields are represented at the satellite height of 430 km above sea level
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(cf., Sabaka et  al. 2015, 2018; Grayver and Olsen 2019; 
Sabaka et al. 2020).

Table  2 shows the EMTS posterior errors as they are 
estimated by the KALMAG Kalman filter approach. 
Since KALMAG fits its EM sources in SH space, the 
respective error-covariance matrix describes the SH 
space as well. To transfer the posterior error informa-
tion onto geographical coordinates, the posterior error-
covariance matrix was sampled (a thousand times) in SH 
space and each field was transferred separately to geo-
graphical coordinates. Subsequently, the standard devia-
tion of these gridded fields was calculated. Compared to 
the discussed differences between KALMAG, CM5/CIY4 
and the forward models, the posterior errors are locally 
much smaller. For example, the M2 resp. N2 differences 
between KALMAG and forward model can locally reach 
0.63  nT resp. 0.18  nT while the KALMAG posterior 
errors only reach 0.12  nT resp. 0.08  nT. Again, discrep-
ancies at this point are not worrisome since in contrast 
to KALMAG, the used forward models do not include 
atmospheric contributions. As a side note, KALMAG in 
the used setup is not made to distinguish oceanic and 
atmospheric EMTS if they share the same frequency. In 
principle, this could be done within KALMAG as the 
sources are further specified and modeled by their radial 
distance to the Earth’s center. Future studies might aim, 
to separate oceanic and ionospheric tides by their height 
of origin. However, in the current KALMAG setup there 
is not enough information in the used observations to 
separate two sources by their height of origin unless one 
is an internal field while the other is an external field, i.e., 
their respective heights of origin are separated by the sat-
ellite height.

We summarize that the estimates are comparable at 
least in the global average. For M2 resp. N2, the glob-
ally averaged RMSE between KALMAG and the forward 
models are 0.09 nT resp. 0.05 nT and thus comparable to 

KALMAG’s globally averaged posterior errors of 0.09 nT 
resp. 0.06 nT.

Comparing the M2 posterior errors with the KALMAG 
differences to the other satellite-based estimates gives 
slightly different results. Remember, that the M2-EMTS 
from KALMAG and CM5 resp. CIY4 differ by 0.96  nT 
resp. 0.77 nT locally and by 0.14 nT resp. 0.13 nT in the 
global average. Consequently, both the local as well as 
the globally averaged differences are bigger than the 
KALMAG posterior error estimates. The reason for this 
is not entirely clear. CM5/CIY4 aim to fit only the M2 
tide while KALMAG uses 8 tidal frequencies. It is clear 
that the number of simultaneously fitted tides affects the 
results (Schnepf et al. 2014, 2018; Love and Rigler 2014). 
The more tidal constituents are fitted, less signal from 
unfitted constituents can leak into the fitted frequen-
cies. In addition, the satellite product differences and the 
reported standard deviations describe different quantities 
and are not directly comparable. The mentioned product 
differences describe only single realizations or draws of 
a random variable while the KALMAG posterior error 
standard deviation describes a statistical property of a 
random variable. It would be much more interesting to 
directly compare the so far unpublished posterior error 
distributions of the other products.

Some EMTS have the same posterior errors (e.g., M2 
and S2 in Table  2) but related to their individual signal 
strength, the relative posterior errors differ. The spatial 
distribution of the KALMAG posterior errors is plotted 
in Fig. 4 with each color bar presenting 15% of each tide’s 
typical signal strength (cf., the ranges in Figs. 1, 2). One 
can clearly see that for the stronger EMTS, such as M2, 
S2 and K1, the posterior errors are relatively small. Obvi-
ously, the weaker the EMTS are, the worse the signal-to-
noise ratio becomes. Furthermore, the posterior error 
patterns are very similar to the EMTS patterns them-
selves (compare Fig. 4 with Figs. 1, 2). In other words, for 
each tidal component, the errors grow with the local sig-
nal strength, an effect that is opposed to the previously 
mentioned signal-to-noise ratio.

Figure  5 depicts the spatial power spectra of the 
KALMAG results. Compared to the spectra from CM5 
(M2) and Grayver and Olsen (2019) (M2, N2 and O1), 
the KALMAG estimates show overall comparable val-
ues and shape. One obvious main difference is the higher 
power of the CM5’s M2 inversion in higher SH degrees 
and orders. Here, the CHAMP only inversion of CM5 
must be considered erroneously (Sabaka et  al. 2018). 
KALMAG and Grayver and Olsen (2019) agree very well 
for the M2 spectra. However, Grayver and Olsen (2019) 
show M2 signal strength up to SH degree and order of 28 
while KALMAG signal power reach zero already around 
SH degree and order of 22. The opposite must be stated 

Table 2 Posterior errors from the KALMAG Kalman filter 
approach for the tidal constituents of Table 1

Name Global mean error [nT] Local 
max. error 
[nT]

M2 0.09 0.12

S2 0.09 0.11

K1 0.08 0.09

N2 0.06 0.08

O1 0.05 0.07

K2 0.05 0.07

P1 0.06 0.07

Q1 0.04 0.06
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for N2 and O1, where the KALMAG spectra show signal 
strength up to SH degree and order of 20 while the Gray-
ver and Olsen (2019) estimates decay already at around 
13. At least for KALMAG, we can state that these higher 
orders of N2 and O1 where Grayver and Olsen (2019) 

and KALMAG differ are in doubt since the KALMAG 
posterior errors are equally high as the KALMAG spec-
tral power estimate (Fig. 5, thick dashed line). The same 
must be said about the SH degree and orders below 2 off 
KALMAG’s N2 estimate and the respective differences to 

Fig. 4 Standard deviation of posterior errors of the tidal radial magnetic fields as estimated by the KALMAG Kalman filter. Left column: M2, S2, 
K1, N2. Right column: O1, K2, P1, Q1. All fields are represented at the satellite height of 430 km above sea level. Please note the different color bar 
ranges
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Grayver and Olsen (2019). For O1, the KALMAG result 
shows a much weaker spectral power for SH degree and 
order of 4 and lower compared to the Grayver and Olsen 
(2019) result. Even considering KALMAG’s relatively 
high error bars in that degree and order range, this dif-
ference must be considered significant. This difference 
is in part related to the already discussed spectral leak-
age. While Grayver and Olsen (2019) estimate 3 tides, 
the presented KALMAG approach estimates 8 tides 

simultaneously. Consequently, spectral leakage is less 
likely to occur in the latter case and the observed power 
is distributed among more tidal constituents. Please see 
also Sabaka et  al. (2020) for an extensive spectral com-
parison between CM5, CM6, CIY4 and the Grayver and 
Olsen (2019) estimates. In addition, one can see how the 
spectra’s assumed prior errors (light dashes) drop to an 
estimation of the posterior errors. For M2, the posterior 
errors are well below the signal strength up to SH degree 
and order of 20 (cf. Fig. 4). For N2 and O1, the posterior 
errors above (below) SH degree and order of around 10 
(2) must already be considered as dominating.

Conclusions
The KALMAG posterior errors do not rely on specific 
differences to other products. On the one hand, the 
errors are more general than, e.g., calculating differences 
among the few existing satellite inversions. The posterior 
errors are also independent of the various assumptions 
made in the forward models as model resolution, con-
ductivity distribution, tidal model, EM solver and more 
(Schnepf et  al. 2014, 2018; Sachl et  al. 2019; Saynisch 
et al. 2018; Velimsky et al. 2018). On the other hand, the 
errors are also specific in a sense that they are connected 
to the presented KALMAG approach and its output and 
they cannot be easily transferred to other approaches. 
Furthermore, the posterior errors do contain correlation 
information (not shown).

We conclude that the product-difference-based 
errors and the KALMAG posterior error estimates 
can and should complement each other. As a guidance, 
the posterior errors could be used as prior error esti-
mates or as background errors for satellite-based inver-
sion approaches or sensitivity studies that utilize EMTS 
anomalies. This is especially true for the global mean val-
ues as they are in the same order as the the global mean 
values of the discussed inter-product differences. The 
spatially resolved posterior errors can be downloaded 
(https:// ionoc ovar. agnld. uni- potsd am. de/ Kalmag/). The 
available products will be constantly updated.

Summary
Magnetic fields of eight major tides are extracted 
from the satellite magnetometer missions Swarm and 
CHAMP. The extraction is done using the Kalman filter-
based software KALMAG that describes all involved 
EM sources entirely by their statistical properties. The 
approach detects electromagnetic contributions on the 
selected tidal frequencies using nighttime data. The sig-
nals of atmospheric or oceanic origin are not further 
distinguished.

We present the KALMAG approach’s posterior error 
distributions and compare them to other products that 
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Fig. 5 Spatial SH power spectra of satellite‑based EMTS estimates. 
From top to bottom: M2, N2 and O1. Black lines: KALMAG estimates 
(solid) with prior and posterior standard deviation (light and solid 
dashes). Blue: CM5 estimates from Sabaka et al. (2015), i.e., mostly 12 
years of CHAMP data. Red: Estimates from Grayver and Olsen (2019), 
i.e., 15 years of CHAMP and Swarm data. For better comparability with 
the literature, all fields are represented at sea level (cf., Grayver and 
Olsen 2019; Sabaka et al. 2020)
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are based on numerical models as well as on satellite 
inversions. We found that the inter-product differences 
are comparable with the KALMAG based errors only in 
a global mean sense. Here, both approaches give values 
of the same order, e.g., 0.09 nT-0.14 nT, for M2. Locally, 
the KALMAG posterior errors can be one order 
smaller than the inter-product differences, e.g., 0.12 nT 
vs. 0.96 nT, again for M2. Since the inter-product differ-
ences represent only a few realizations (or draws) of a 
random variable, the comparisons made to KALMAG’s 
fully known posterior error covariance matrix can 
only be considered skewed. A comparison to posterior 
errors of other inversion products would be preferable.

To improve the presented approach, several strate-
gies are envisioned. First, prior spatial information 
about the expected tidal pattern can be included in 
the KALMAG approach. Since this information possi-
bly can only be derived from forward models, the prior 
information should be implemented in a way that it 
does not constrain the KALMAG inversion approach 
too much, e.g., it would be preferable to only use cor-
relations of tidal spherical coefficients rather than 
covariances or even the exact values. Second, likewise 
generated cross-correlations among the individual tidal 
constituents could be incorporated to further constrain 
the KALMAG inversion.
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