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Abstract. Over a decade ago the semidiurnal lunar M2 ocean
tide was identified in CHAMP satellite magnetometer data.
Since then and especially since the launch of the satellite mis-
sion Swarm, electromagnetic tidal observations from satel-
lites are increasingly used to infer electric properties of the
upper mantle. In most of these inversions, ocean tidal mod-
els are used to generate oceanic tidal electromagnetic sig-
nals via electromagnetic induction. The modeled signals are
subsequently compared to the satellite observations. During
the inversion, since the tidal models are considered error
free, discrepancies between forward models and observations
are projected only onto the induction part of the modeling,
e.g., Earth’s conductivity distribution. Our study analyzes un-
certainties in oceanic tidal models from an electromagnetic
point of view. Velocities from hydrodynamic and assimila-
tive tidal models are converted into tidal electromagnetic sig-
nals and compared. Respective uncertainties are estimated.
The studies main goal is to provide errors for electromag-
netic inversion studies. At satellite height, the differences be-
tween the hydrodynamic tidal models are found to reach up
to 2 nT, i.e., over 100 % of the local M2 signal. Assimilative
tidal models show smaller differences of up to 0.1 nT, which
in some locations still corresponds to over 30 % of the M2
signal.

1 Introduction

The study of electromagnetic (EM) oceanic tidal signals
(EMOTS) has a long history (see references in Larsen, 1968;
Sanford, 1971). For over a decade, EMOTS from the M2
are detectable in CHAMP satellite magnetometer observa-

tions (Tyler et al., 2003; Sabaka et al., 2015). Since the
Swarm satellite mission launch in 2013, satellite magne-
tometer observations became more precise and extended. Al-
ready, weaker ocean tides like the N2 may be detectable
from space (Sabaka et al., 2016). In most cases, EMOTS are
removed from the EM observations before further analysis
(e.g., Larsen, 1991; Guzavina et al., 2018). However, an in-
creasing number of studies use EMOTS to infer EM prop-
erties of Earth’s subsystems. Kuvshinov et al. (2006) studied
the sensitivity of EMOTS to lithosphere resistance. The strat-
egy is to use discrepancies between observed and modeled
EMOTS (Schnepf et al., 2014) to infer lithosphere and upper
mantle resistance (Schnepf et al., 2015). Magnetometer satel-
lites allow us to conduct these studies with global coverage.
Grayver et al. (2016, 2017) use EMOTS from satellite ob-
servations to constrain lithosphere, mantle conductivity, and
water content profiles. Saynisch et al. (2016, 2017) propose
to use EMOTS to detect changes in oceanic conductance due
to salinity and temperature changes.

Many of these approaches compare or propose to compare
observed and modeled EMOTS. The found discrepancies are
subsequently used to update prior conductivity assumptions.
Consequently, flaws of the used tidal model are inevitably
projected onto the conductivity updates. Many of these inver-
sion studies use a single tidal model (e.g., Kuvshinov et al.,
2006; Kuvshinov, 2008; Schnepf et al., 2014). Grayver et al.
(2016) compare two tidal models and state that the differ-
ence between radial magnetic field components calculated
from both tidal models is below the current noise level of
current satellite EM observations. However, Grayver et al.
(2016) note further that both models use very similar data to
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estimate tidal flow and that systematic shifts cannot be fully
ruled out.

Stammer et al. (2014) compared sea surface heights (SSH)
and sea water velocities from 15 tidal models to observa-
tions. The authors report rms errors from modern tidal mod-
els for the M2-SSH of 0.5–0.7 cm over the open ocean. On
the shelf and in high-latitudes, the errors amount to several
centimeters. Compared to coastal tide gauges, the rms errors
can reach 15.7 cm. Comparison of modeled M2 velocities re-
vealed rms errors of 0.8–1.5 cm s−1.

The reported errors cannot directly be translated into errors
of EMOTS. Tidal velocities interact with Earth’s background
magnetic vector field to generate tidal electric currents. This
process is mathematically described by a cross product where
local ocean depth and oceanic conductance have to be taken
into account. The tidal electric currents subsequently gener-
ate tidal magnetic signals by EM induction. This latter pro-
cess is described by Maxwell’s equations. Here, the conduc-
tances of ocean, sediments, conductivity of lithosphere, and
upper mantle have to be taken into account.

As in Stammer et al. (2014), our study uses an ensemble
of tidal models to estimate the uncertainties in EMOTS pre-
dictions. The whole modeling chain from the respective tidal
velocities to the EMOTS is subject to several uncertainties
and modeling choices. Quantizing all of them is beyond the
scope of this study. The choice of the induction solver (e.g.,
2-D vs. 3-D, frequency domain vs. time domain, galvanic
coupling or perfect insulating mantle) and the model’s res-
olution may influence the calculated EMOTS (Kuvshinov,
2008). The same is true for errors in the oceanic conduc-
tance (e.g., Cabanes et al., 2013; Irrgang et al., 2016), the
mantle conductance, or the core field including secular vari-
ation (Thébault et al., 2015; Lesur et al., 2008; Gillet et al.,
2010; Sabaka et al., 2015). By using a realistic EM induction
modeling setup, this manuscript presents only that part of the
EMOTS error budget that arises due to the uncertainties in
the tidal sources only. In other words, the described EMOTS
errors would still persist if the induction processes would be
modeled perfectly.

The findings should help to evaluate, weight, and improve
EMOTS-based inversions that incorporate model to observa-
tion comparisons.

In Sect. 2, the tidal models and the solver for the Maxwell
equations are described. Section 3 presents and discusses the
model-to-model differences with respect to EMOTS. The pa-
per closes with summary and conclusions in Sect. 4.

2 Models

Stammer et al. (2014) identify two relevant categories of tidal
models. First, forward models, which are physically consis-
tent and model tides due to the forces generated by Earth’s
rotation and the movements of the respective celestial bod-
ies. Second, empirical models, which assimilate observation

data. We follow this twofold approach and study the follow-
ing currently used tidal models.

2.1 Forward models

OMCT (Dobslaw and Thomas, 2007): global baroclinic
model with 1◦ resolution. The forcing is based on the
lunisolar ephemerides. Loading and self-attraction (LSA) is
parameterized. Tides are calculated in combination with the
global general circulation (Thomas et al., 2001). The general
circulation is forced with 3-hourly fields of wind stress and
freshwater flux.

STORMTIDE (Müller et al., 2012): global baroclinic
model of 0.1◦ resolution. The forcing is based on the
ephemerides. LSA is parameterized. Tides are calculated in
combination with the global general circulation. The general
circulation is forced with daily wind fields from a climato-
logical year.

Since the models are forced with full lunisolar potentials,
the M2 signal has to be separated in the model output by
harmonic analysis. To do this, the tidal frequencies are fitted
to the data. This approach has similarities to the filtering of
tidal signals in real observations.

2.2 Assimilative models

HAMTIDE (Taguchi et al., 2014): linearized barotropic
global model with a spatial resolution of 0.125◦. LSA is in-
cluded. A variational data assimilation scheme is used that
is based on a generalized inverse. Output from the Empirical
Ocean Tide Model (EOT; DGFI-Report No.89: Savcenko R,
2012) is used as data constraints. EOT is based on multi-
mission satellite altimetry.

TPXO8-atlas (Egbert and Erofeeva, 2002): global
barotropic 1/30◦ model that uses the representer approach
to assimilate data from multi-mission satellite altimetry and
tide gauges.

FES2014 (Lyard et al., 2006): non-linear barotropic 1/16◦

global tidal model with unstructured grid. Maximal resolu-
tion of a few kilometers. FES2014 uses ensemble optimal
interpolation in the frequency domain to assimilate observa-
tions. Multi-mission satellite altimetry data are used as con-
straints.

2.3 Induction model

For better comparison, tidal transports from the above-
mentioned tidal models are regridded to an identical 1◦× 1◦

grid. Note that the choice of a (reasonable) resolution had no
influence on the presented results (not shown).

Where tidal transports are not provided the given
tidal velocities are integrated using the respective model’s
bathymetry. A 2-D annual mean depth-averaged oceanic con-
ductivity was derived from the OMCT ocean model. OMCT
oceanic conductivity (σ ), tidal transports (U ), and Earth’s
background magnetic field (Bm; IGRF-12; Thébault et al.,
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(a) (b)

Figure 1. Differences in radial tidal magnetic field at satellite height. STORMTIDE minus OMCT amplitudes, i.e., two forward models.
(a) Absolute differences. (b) Relative differences (regions of tidal signal strength below 0.1 nT are grayed out).

2015) are combined to estimate electric sheet current densi-
ties (J ):

J = σ(U ×Bm). (1)

The J force Maxwell’s equations, which are solved by the
3-D induction solver of Kuvshinov (X3DG, 2008). X3DG
calculates magnetic fields in frequency space using a volume
integral equation approach. In our configuration, a thin ocean
and sediment layer of spatially variable electric conductance
is used (Laske and Masters, 1997; Everett et al., 2003). In
addition, a 1-D spherically symmetric mantle conductivity
(Püthe et al., 2015) is used.

3 Results and discussion

The study is restricted to tidal magnetic amplitudes of the
semidiurnal lunar tide, M2. M2 has the largest magnetic am-
plitude and is used in the most recent satellite magnetometer-
based inversion (Grayver et al., 2017). Only the radial
M2 component of the oceanic magnetic field is presented
throughout the paper.

Figure 1 shows the differences between the two hydrody-
namic, i.e., the forward, models. Globally, large discrepan-
cies of up to ±2nT occur, e.g., +1.5nT in the Gulf Stream
region and −2nT around New Zealand (Fig. 1a). These dif-
ferences are comparable in size to the actual tidal amplitudes,
e.g., 80 % in the Gulf Stream region and over−100% around
New Zealand (Fig.1b).

Assimilation models are better at reproducing observed
tidal SSH anomalies (Stammer et al., 2014). This is not as-
tonishing since these models assimilate SSH observations
(Egbert and Erofeeva, 2002; Lyard et al., 2006; Taguchi et al.,
2014). However, the SSH anomalies themselves are not very
relevant for the magnetic signal. SSH anomalies of a few me-
ter have to be related to the entire water depth. Consequently,
SSH anomalies are only important in very shallow areas.
Important to the magnetic signals are the tidal velocities.
Stammer et al. (2014) also compare modeled and observed
tidal velocities. The results show that assimilative models
are closer to the observations. However, with 56 moorings

and 3 acoustic tomography soundings, the comparison under-
represents large parts of the global ocean.

In contrast to the assimilative models and in contrast to the
comparisons in Stammer et al. (2014), the presented differ-
ences of Fig. 1 include baroclinic components. In addition,
signals of the general wind-driven circulation are included
that directly modulate or became aliased into the M2 tidal
signal during the tidal harmonic analysis (see Sect. 2). Both
contributions are included in real observations of EMOTS
and should be considered in the comparison. Consequently,
even if a perfect barotropic tidal model exists, it will show
differences to EMOTS observations. Respective contribu-
tions are expected to reach 5–10 % (Thomas et al., 2001;
Müller et al., 2012; Mueller et al., 2014; Richet et al.,
2017). A corresponding inversion strategy would nonetheless
project these differences, e.g., on lithospheric resistivity.

Figure 2 shows the comparison of the two tidal models
that were compared in Grayver et al. (2016), HAMTIDE
and TPXO8-atlas. At satellite height, the two assimilative
models show weak large-scale differences of around 0.03 nT
(Fig. 2a). However, locally the differences are larger. Espe-
cially around the Antarctic Peninsula (−0.3nT) and in the
Arctic Ocean (+0.2nT), the discrepancies are larger than
Swarm’s nominal noise level (0.1 nT; Friis-Christensen et al.,
2006). These higher values are not present in the comparison
of Grayver et al. (2016, their Fig. 4A). The reason can only
be guessed to be a result of recent updates in the HAMTIDE
or TPXO data sets.

The relative differences between the HAMTIDE and
TPXO8-atlas amount to 10–30 % in higher latitudes and
around 5 % elsewhere (Fig. 2b). Please note that all signals
below 0.1 nT, i.e., the nominal Swarm precision, are grayed
out in the right-side plots. In these areas, even small model
differences generate large relative error values. As a conse-
quence, the plotted errors of 5–30 % relate to significant, i.e.,
measurable tidal magnetic fields, only.

If a third assimilative model (FES2014) is taken into ac-
count, additional high discrepancies occur in other parts of
the globe. Figure 3 compares the M2 signals of FES2014 and
HAMTIDE. High differences over 0.1 nT occur in the central
Pacific, the North Atlantic, and the Indian Ocean (Fig. 3a).
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(a) (b)

Figure 2. Differences in radial tidal magnetic field at satellite height. HAMTIDE minus TPXO amplitudes, i.e., two assimilative models.
(a) Absolute differences. (b) Relative differences (regions of tidal signal strength below 0.1 nT are grayed out).

(a) (b)

Figure 3. Differences in radial tidal magnetic field at satellite height. FES2014 minus HAMTIDE amplitudes, i.e., two assimilative models.
(a) Absolute differences. (b) Relative differences (regions of tidal signal strength below 0.1 nT are grayed out).

However, the fit in the Arctic Ocean is better than in Fig. 2.
The relative values (Fig. 3b) show differences above 30 %
globally. Again, small signals below 0.1 nT are not consid-
ered for the relative deviations.

Considering the mostly small values in Fig. 2, it is not
astonishing that apart from the already mentioned Antarc-
tic Peninsula and the Arctic Ocean, the differences between
FES2014 and TPXO-atlas are very similar to the differences
between FES2014 and HAMTIDE Fig. 3.

Compared to the forward models (Fig. 1), the assimila-
tive models show smaller discrepancies (Fig. 3). This is a di-
rect result of the assimilation of the same data, i.e., satellite
height observations (Taguchi et al., 2014; Egbert and Ero-
feeva, 2002; Lyard et al., 2006). However, can the smaller
magnetic tidal differences among assimilative models be in-
terpreted as better magnetic signals too? The assimilative
models fit better to tide gauge data although these observa-
tions are only assimilated into TPXO8-atlas (Stammer et al.,
2014). However, tide gauge data and satellite altimetry are
closely related. The relevant properties for the EM signals,
tidal velocities, are not assimilated into these models. A pos-
sible answer to the question can be found in comparisons of
modeled and observed barotropic tidal velocities (Stammer
et al., 2014). Here, the assimilative models also show a bet-
ter fit than the forward models. However, in this comparison
major parts of the oceans and the baroclinic contributions are
not considered (Stammer et al., 2014).

Comparing the assimilative models directly with the for-
ward models reveals large discrepancies of around ±1nT

(not shown). Consequently, these differences are smaller than
the differences between the forward models alone. In most
parts of the globe, the tidal magnetic field amplitudes of the
assimilative models lie between the two forward models.

4 Summary and conclusions

The main goal of this study is to provide errors for inversion
studies that use tidal observations from satellite magnetome-
ters (Schnepf et al., 2014, 2015; Grayver et al., 2016, 2017;
Saynisch et al., 2016, 2017).

Five momentarily used oceanic tidal models are com-
pared with respect to their electromagnetic (EM) signal of
the semidiurnal lunar tide M2. The model range includes
two baroclinic, hydrodynamic forward models. Here, the
tide calculation is coupled to the general circulation and is
based on ephemeris forcing. Furthermore, the model range
includes three barotropic assimilative models. These models
rely heavily on satellite altimetry data.

All models provide M2 velocities or transports. These are
combined with a mean 2-D oceanic conductance and Earth’s
background magnetic field to generate electric sheet current
densities. The sheet current densities are interpolated onto a
1◦× 1◦ grid and solved for their magnetic signal with a 3-D
induction solver (Kuvshinov, 2008).

At satellite height the forward tidal models globally show
large-scale differences of up to±2nT. In most areas, the dif-
ferences are larger or on the same order of the actual M2 sig-
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nal. In comparison, the differences in the assimilative tidal
models are smaller. Nonetheless, large scale inter-model dif-
ferences over 0.1 nT occur that correspond to 30 % or more
of the actual M2 signal.

The differences between forward models and assimilative
models are slightly smaller but on the same order as the for-
ward model differences.

Depending on the tidal model used in an inversion ap-
proach, the respective error budgets should be included. Lo-
cally, e.g., in polar regions, up to 30 % of M2 tidal model
error may be assumed.

Identifying a best tidal model for EM inversions is beyond
the scope of this study. However, a follow-up study will try
to derive and compile tidal EM signals from insular, coastal
and bottom magnetometers (Maus and Kuvshinov, 2004; Ku-
vshinov et al., 2006; Love and Rigler, 2014; Schnepf et al.,
2014) as well as telecommunication cables (Thomson et al.,
1986; Baringer and Larsen, 2001) to answer this question if
possible. Such a study could simultaneously assess if modern
tidal models are lacking physical processes that are relevant
to tidal EM generation but which are not evident in the mod-
eled SSH anomalies.
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