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Abstract Over the last years, the number of studies that investigate or utilize the electromagnetic (EM)
signals generated by ocean tides is steadily growing. However, the majority of these studies focuses on the
amplitudes of EM tidal signals. This study investigates the phases of EM tidal signals and their changes.
Twenty-six years of monthly observation-based datasets of tidal velocities, geomagnetic field, and oceanic
conductivity are fed into an EM induction solver to generate varying EM tidal signals. The sensitivities of
the resulting EM signals are analyzed by forbidding or allowing the input datasets to vary in time. We
report on the phase's sensitivities with respect to changes in the EM properties, that is, secular variation of
the geomagnetic field and changes in oceanic conductivity. Distinct temporal behavior and distinct
geographic pattern for the two sensitivities can be reported. In general, apart from global phase shifts of
3–5 degrees, concentrated areas with phase shifts of up to 45 degrees occur all over the globe, over the
oceans, for example, Arctic and Atlantic Ocean, as well as on coastal land regions, for example, Southwest
Greenland and Japan. Very locally, phase shifts of 90 degree or higher occur.

1. Introduction
By the interaction of conducting sea water with Earth's geomagnetic field, the oceans generate and emit
small electromagnetic (EM) signals. Due to their reliable detectability (Grayver & Olsen, 2019; Sabaka et al.,
2016, 2018; Tyler et al., 2003), especially the electromagnetic ocean tide signals (EMOTS) have received
more attention than the fields generated by the global ocean circulation. Especially since the launch of the
Swarm satellite magnetometers (Friis-Christensen et al., 2006), the number of EMOTS-related studies is
ever growing. Alone in the last few years, many papers studying or using EMOTS were published (Grayver
& Olsen, 2019; Guzavina et al., 2018, 2019; Petereit et al., 2018, 2019; Šachl et al., 2019; Schnepf et al., 2018;
Saynisch et al., 2018; Velimsky et al., 2018). EMOTS are used to infer information about the Earth's litho-
sphere and mantle (Guzavina et al., 2019; Grayver et al., 2017; Kuvshinov et al., 2006; Schnepf et al., 2015).
Likewise, EMOTS are proposed to infer information about the oceans (Irrgang et al., 2019; Petereit et al.,
2018; Saynisch et al., 2016, 2017). In addition, EMOTS influence on other EM observations, and EMOTS
errors are important topics (Guzavina et al., 2018; Saynisch et al., 2018; Schnepf et al., 2014, 2018). Most of
the mentioned studies focus only on the amplitudes of EMOTS and their sensitivities. However, only ampli-
tude and phase together describe a harmonic oscillation to its full extent. A few of the mentioned studies
compare amplitude and phase of EMOTS between models and observations (e.g., Grayver & Olsen, 2019;
Sabaka et al., 2016; Schnepf et al., 2018). However, studies of EMOTS phase sensitivities are absent from the
literature. Consequently, this study will focus on the sensitivities of the phases of EMOTS. The phases might
contain additional information that are worth exploiting, too. The main question is hereby, are the EMOTS
phases equally sensitive to oceanic conditions and to secular variation as the EMOTS amplitudes? (Petereit
et al., 2018, 2019; Saynisch et al., 2016, 2017).

In section 2, the oceanographic datasets, the observation-based tidal velocities, and the solver for the
Maxwell equations are described. Section 3 presents, compares, and discusses magnetic fields that result
from the forced oceanic induction problem under different constellations of temporal variability among the
input datasets. The paper closes with summary and conclusions in section 4.

2. Models and Data
In this study, the results will be exemplarily demonstrated by considering only the tide that globally emits the
strongest EMOTS, the principal lunar tide M2. The M2 tide emits EMOTS of several nT and is well detectable
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by spaceborne magnetometers (e.g., Grayver & Olsen, 2019; Sabaka et al., 2015, 2016; Tyler et al., 2003).
Furthermore, since it is measurable outside of the ocean, the study focuses on the radial magnetic field Bz.
The M2 tide oscillates with a semidiurnal period of 12 hr 25 min. The study's results can be generalized to all
other oceanic tides that are related to oceanic mass transport (e.g., Sabaka et al., 2016; Saynisch et al., 2017).

Within this study, we assume that the oceanic tidal electromagnetic problem is Fourier separable, that is,
that the respective induction processes can be solved in frequency space. For a single tidal frequency the
induction is described by the quasi-static Maxwell equations in the following form (e.g., Kuvshinov, 2008):

1
𝜇0

∇ × B⃗ = 𝜎bgE⃗ + J⃗ext, (1)

∇ × E⃗ = −i 𝜔M2 B⃗, (2)

where B⃗ is the induced magnetic field, E⃗ the induced electric field, 𝜔M2 is the tidal angular frequency, 𝜎bg

the electric background conductivity, 𝜇0 the free space magnetic permeability, i =
√
−1, and J⃗ext is the

external electric current density which is generated by the tidal motion of sea water. J⃗ext can be considered
as a periodic forcing of the induction process and is calculated by using Ohm's law in combination with the
Lorentz force:

J⃗ext = 𝜎oc(U⃗ × B⃗gm), (3)

where 𝜎oc is the conductivity of sea water, B⃗gm is the geomagnetic field, and U⃗ is the tidal oceanic transport.

The electric conductivities of the upper ocean (0–2,000 m) are calculated from oceanic temperatures and
salinities of the Coriolis Ocean database for ReAnalysis (CORA5.0 Cabanes et al., 2013) by applying the
Gibbs-Seawater equation (IOC et al., 2010). Here, monthly 𝜎oc fields are calculated for the time span of 1990
to 2016. Since the CORA5.0 dataset provides no values below 2,000-m depth, respective electric conductiv-
ities are taken from the World Ocean Atlas (WOA Tyler et al., 2017). In contrast to the conductivities from
CORA5.0, the WOA-based conductivities are constant in time. By this approximation, a slowly changing
fraction of oceanic conductance change is omitted which in part can oppose the changes originating in the
upper ocean (e.g., Saynisch et al., 2016). However, the principal mechanisms of EMOTS phase changes, as
discussed in this paper, are unaffected by the limitation.

For the M2 tidal transport U⃗, amplitudes and phases from the observation-based TPXO8-atlas (Egbert &
Erofeeva, 2002) are used. Tidal transports are assumed constant over the study's relatively short time span
of 26 years (cf., Saynisch et al., 2016).

Earth's background magnetic field B⃗gm is calculated from the likewise observation-based International Geo-
magnetic Reference Field (IGRF-12 Thébault et al., 2015). From this model, monthly varying fields of B⃗gm

for the years 1990 to 2016 are calculated, that is, the secular variation.

All quantities are compiled on a 0.5◦ × 0.5◦ grid and are subsequently fed into equation (3) to calculate
monthly varying amplitudes and phases of J⃗ext from 1990 to 2016. During the induction process (equations
(1, 2)), the calculated J⃗ext amplitudes are assumed to be oscillating with a fixed M2 tidal angular frequency
(𝜔M2) that corresponds to a period of 12 hr 25 min.

To solve equations ((1, 2)), the 3D induction solver of (X3DG Kuvshinov, 2008) is used. The X3DG solver
calculates magnetic fields in frequency space using a volume integral equation approach. In our configura-
tion, a spatial varying layer for the electric background conductivity (𝜎bg) is used. This 2D conductivity layer
is the sum of ocean and sediment conductivities (Everett et al., 2003; Laske & Masters, 1997). While the
ocean conductivity is spatially and temporally variable (see 𝜎oc above), the sediment conductivity is spatially
variable and constant in time. Below this 2D conducting layer, a static 1D spherically symmetric mantle
conductivity (Püthe et al., 2015) is used. More recent mantle conductivity models are available (Grayver et
al., 2017). However, using an updated model slightly influences the depicted pattern and time series, but it
will not influence the results and conclusions.

3. Results and Discussion
Again, due to the good detectability by satellite magnetometer missions, this study presents the results on
the example of the radial magnetic component of the M2 EMOTS. However, the qualitative results can be
applied to the other EM components and tides.

SAYNISCH ET AL. 2 of 10



Journal of Geophysical Research: Oceans 10.1029/2019JC015960

Figure 1. Maximal phase shift of the radial magnetic M2 EMOTS component within 1990 to 2016, that is,
gridpoint-wise differences between the maximum of each time series and the respective minimum (modulo 360◦).
Phase shifts shown are calculated at sea level. Regions corresponding to M2 amplitudes below 0.3 nT, that is, 0.1 nT at
satellite altitude, are omitted. The symbols (△, X) reference the locations of the time series in Figure 3.

Figure 1 shows the maximal phase shift of the calculated M2 EMOTS phase time series (see section 2),
that is, the maximum of the phase time series minus the respective minimum at each grid point (modulo
360◦). For a clearer plot, the phase shifts are calculated at sea level. At satellite altitude the phase shifts
remain equally strong, which might be a detection advantage, however, the patches become blurry due to
the inverse-squared-distance weakening of the magnetic fields. Furthermore, phase shifts are not plotted
in areas where the corresponding M2 EMOTS amplitude would be below Swarm's nominal noise level at
satellite altitude (0.1 nT Friis-Christensen et al., 2006).

Globally, the dataset shows phase shifts of around 3–5 degrees. In the equatorial Atlantic, Indian, and
the western Pacific Ocean, phase shifts of up to 45 degrees occur. Away from the (magnetic) equator, the
Bering Sea, the Labrador Sea, the North Sea, the Southwest Indian Ridge, East China Sea, and the ± 30◦

latitude bands of the Atlantic show similar values. Not only oceanic areas show significant phase shifts,
also Southwest Greenland, Northwest America, South India, Southern Japan, and Northern Germany show
comparable values. Very locally, all the mentioned areas show phase shifts of 90 degrees or higher.

The question arises, what causes the phase shifts visible in Figure 1? In this study, only two temporally
variable inputs are considered, 𝜎oc and B⃗gm (see section 2). To separate the influences of these two variables
on the EMOTS phases, two new experiments are performed where either 𝜎oc or B⃗gm is kept constant while
the other is allowed to keep its variations. Consequently, J⃗ext has to be recalculated twice, and the Maxwell
equations have to be solved again. Please remember, that 𝜎oc is also a summand of 𝜎bg in equation (1) (cf.,
section 2).

Analogous to Figure 1, the resultant maximal M2 phase shifts of the two experiments are plotted in Figure 2.
The left panel shows the isolated effect of B⃗gm secular variation on EMOTS phase shifts. The right panel
shows the isolated effect of 𝜎oc variations on EMOTS phase shifts.

By comparing the left and right panels of Figure 2, three important conclusions can be drawn. First, 𝜎oc

and B⃗gm variations can both result in equally strong phase shifts. Second, with only a few exceptions, for
example, the Southwest Indian Ridge, the areas are either affected by 𝜎oc or B⃗gm changes, that is, the areas
are unique to the respective experiment. Third, the differences between the sum of the changes induced by
𝜎oc and B⃗gm separately and the total changes depicted in Figure 1 amount to 0.5 degrees or less (median: 0.2
degrees). Consequently, nonlinear interactions of these two sensitivities can be neglected.

The pattern in the equatorial and midlatitude Atlantic, the equatorial Indian Ocean, over South India, and
in the equatorial Western Pacific Ocean are almost entirely generated by secular variation of B⃗gm. Apart from
the pattern over South India, these are most prominently pattern over the oceans.

Variations in 𝜎oc mostly influence areas in higher latitudes, for example, Bering Sea, Barents Sea, Laptev
Sea, Southwest Greenland, North America, Japan, Iceland, and Germany. Evidently, EMOTS phases that
are sensitive to oceanic conductivity can be found on land as well as in ocean regions.
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Figure 2. Maximal phase shift of the radial magnetic M2 EMOTS component within 1990 to 2016, that is,
gridpoint-wise differences between the maximum of each time series and the respective minimum (modulo 360◦).
Phase shifts shown are calculated at sea level. Regions corresponding to M2 amplitudes below 0.3 nT, that is, 0.1 nT at
satellite altitude, are omitted. Left panel: Influence of secular variation. Experiment as in Figure 1, but 𝜎oc is kept
constant during the J⃗ext and 𝜎bg calculations. Right panel: Influence of oceanic conductivity variation. Experiment as
in Figure 1, but B⃗gm is kept constant during the J⃗ext calculation. The symbols (△, X) reference the locations of the time
series in Figure 3.

Figures 1 and 2 show the maximal range of phase changes that occur within the studied time span. For
further information, a look at the phase time series is recommended.

Figure 3 compares characteristic time series of M2 EMOTS phases. The two upper time series are from
the central Atlantic (see cross in Figures 1-2). These time series represent areas where EMOTS phases are
sensitive to B⃗gm. The lower time series are from the Southwest Indian Ridge (triangle in Figures 1-2). They
represent areas where the EMOTS phase sensitives are dominated by 𝜎oc.

It becomes clear that the time series do not only differ in their sensitivities with respect to B⃗gm and/or 𝜎oc,
but as a direct result of these sensitivities the time series show a very different temporal behavior. Phases
which are influenced by secular variation only (Figure 3, solid lines) typically show a decadal transient
behavior. Phases which are influenced by oceanic conductivity instead show monthly varying anomalies and
a seasonal cycle (Figure 3, dashed lines). The oceanic conductivity itself has annual variations and respective
sensitivities are recently reported for the annual cycle and EMOTS amplitudes (Petereit et al., 2019).

The phase shifts in the lower dashed line show a small decadal transient behavior, too (other areas show
much larger 𝜎oc induced phase shift trends). The respective trends must be attributed to oceanic climate
related processes (Saynisch et al., 2017; Petereit et al., 2019).

Figure 3. Phase time series of the radial magnetic M2 EMOTS component from 1990 to 2016. The two upper time
series correspond to the equatorial Atlantic (see cross in Figures 1-2). The two lower time series correspond to the
Southwest Indian Ridge (see triangle in Figures 1-2). Thick solid lines: Experiment as in left panel of Figure 2, that is,
𝜎oc is kept constant during the J⃗ext and 𝜎bg calculations. Thin dashed lines: Experiment as in right panel of Figure 2,
that is, B⃗gm is kept constant during the J⃗ext calculation. Phases shown are calculated at sea level. To enhance the
readability, an individual phase offset was added to each curve.
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The Southwest Indian Ridge is sensitive to both, B⃗gm and/or 𝜎oc. However, there are many areas, like the
Bering Sea, where phases are sensitive to 𝜎oc alone (compare Figure 2, left and right panels).

It is noteworthy, that the plotted pattern of 𝜎oc induced EMOTS phase changes do not exactly match the
position and shape of the published pattern for 𝜎oc induced seasonal EMOTS amplitude changes (Petereit
et al., 2019, Figure 2) nor the published pattern for climate change induced EMOTS amplitude changes
(Saynisch et al., 2017, Figure 1). For example, EMOTS amplitudes around New Zealand are strongly sensitive
to the seasonal cycle as well as oceanic climate change. The EMOTS phases in this region seem to be affected
by neither. However, there is also agreement between the areas of phase and amplitude sensitivities. Most
𝜎oc-induced sensitivities are concentrated on the northern hemisphere and at least the coarse locations of
phase and amplitude sensitive areas match, for example, Artic Ocean and Greenland. Still, not all areas that
show 𝜎oc-sensitive amplitudes also show 𝜎oc sensitive phases and vice versa.

In reality (cf., Figure 1), the resultant phase shift time series will be a superposition of the solid and dashed
lines (not shown). While the seasonal phase shifts are more or less bound to the plotted values, the transient
shifts are not bound by the reported values and surely will become larger the longer the considered time
span is.

Oceanic conductivity enters our approach in two places. First, in equation (3), 𝜎oc enables the generation of
the electric current density J⃗ext. Second, 𝜎oc influences 𝜎bg (see section 2). Consequently, in the latter case,
𝜎oc shapes the conducting system in which the electromagnetic induction takes place (see equation 1).

By using equation (3) and the composition of the 2D surface conductivity 𝜎
bg
2D = 𝜎oc + 𝜎sed, where 𝜎sed is the

conductivity of the sediments, equation (1) can be rewritten as
1
𝜇0

∇ × B⃗ = 𝜎sedE⃗ + 𝜎oc
1 E⃗ + 𝜎oc

3 U⃗ × B⃗gm, (4)

where the subscripts of 𝜎oc refer to the respective origin of 𝜎oc in equations (1) or 3. This distinction between
𝜎oc

1 and 𝜎oc
3 is entirely academic, and 𝜎oc

1 should always equal 𝜎oc
3 . However, in the community, either 𝜎oc

1
or 𝜎oc

3 is treated with more care and realism, depending on the main focus of a study, for example, ocean
focused or mantle focused.

To study which of the two 𝜎oc applications, 𝜎oc
1 or 𝜎oc

3 , dominates the generation of the phase shifts visible in
Figure 2 (right panel), two additional experiments are calculated. In both experiments, B⃗gm is kept constant.

The first experiment uses a temporally averaged 𝜎oc
1 and a temporally variable 𝜎oc

3 . It represents the case
where an tidally oscillating electric current density with variable amplitude forces an induction process
within an environment with temporally constant conductivity.

The second experiment uses a temporally variable 𝜎oc
1 and a temporally averaged 𝜎oc

3 . It represents the case
where an tidally oscillating electric current density with constant amplitude forces an induction process
within an environment with variable conductivity.

Figure 4 shows the maximal phase shifts of these two additional experiments. By comparing Figure 4 left
and right panels, it becomes clear that most of the phase shifts caused by 𝜎oc result from the 𝜎oc

3 influence
on J⃗ext, that is, when 𝜎oc anomalies are multiplied by U⃗ × B⃗gm in Ohm's law. Significant phase shifts from the
Bering Sea, Barents Sea, Laptev Sea, Greenland, North America, Japan, Iceland, and Germany occur only
in the experiment with variable J⃗ext (Figure 4, left panel). When the influence of 𝜎oc is limited to Maxwell's
equations and not Ohm's law, overall smaller M2 phase shifts occur (Figure 4, right panel). Respective
anomalies in 𝜎oc are only amplified by E⃗.

Furthermore, all phase shift areas of the second experiment, for example, the Southwest Indian Ridge, are
also phase shift areas in the first experiment, but not vice versa.

The respective phase shift time series of the two experiments are anticorrelated in most parts of the world
(not shown). Consequently, in areas where both experiments show phase shifts, the two applications of 𝜎oc

will dampen each other's influence on the EMOTS phases.

Again, the distinction between 𝜎oc
1 and 𝜎oc

3 is entirely academic. In reality, both effects will always occur
simultaneously and equation (4) becomes

1
𝜇0

∇ × B⃗ = 𝜎oc(E⃗ + U⃗ × B⃗gm) + 𝜎sedE⃗, (5)
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Figure 4. Maximal phase shift of the radial magnetic M2 EMOTS component within 1990 to 2016, that is,
gridpoint-wise differences between the maximum of each time series and the respective minimum (modulo 360◦).
Phase shifts shown are calculated at sea level. Regions corresponding to M2 amplitudes below 0.3 nT, that is, 0.1 nT at
satellite altitude, are omitted. Left: B⃗gm is kept constant during the J⃗ext calculation, and 𝜎bg is kept constant in addition.
Right: J⃗ext is replaced by its temporal mean value, and 𝜎oc is allowed to vary 𝜎bg.

and 𝜎oc anomalies are effectively multiplied by (E⃗ + U⃗ × B⃗gm). However, in the community the two distinct
utilizations of 𝜎oc are often not handled uniformly, and from Figure 4 the respective, small, phase errors can
be derived.

A main question remains. How can variations of 𝜎oc and B⃗gm influence the phases of EMOTS? In our
approach, 𝜎oc and B⃗gm are non-oscillating quantities and can therefore have neither phase nor phase shifts
themselves.

We found three distinct mechanisms how variations of 𝜎oc and B⃗gm can influence the phases of EMOTS. One
mechanism applies to 𝜎oc and B⃗gm changes and the other two mechanisms apply to B⃗gm changes, alone.

Mechanism I: EMOTS phase changes due to local changes in absolute strength of J⃗ext (respectivelyE⃗) ampli-
tudes.

If the induction problem is considered locally isolated, for example, for a single grid point, then secular
variation or 𝜎oc generated changes in the total strength of J⃗ext, or changes of 𝜎bg, will result in respective
changes in the local electric field strength (see equation 1). This new E⃗ field will correspond to a new induced
magnetic field B⃗ (see equations (1, 2)) also of different strength. However, this amplitude change will not
influence the local phases of E⃗ and B⃗.

However, the considered problem is a global induction problem and the solutions to the forced Maxwell
equations, E⃗ and B⃗, depend on every location of the globe. Consequently, locally strengthening or weakening
E⃗ will in turn strengthen or weaken the electric fields at other places. Likewise, the local electric field's phase
will globally influence the phases of B⃗. At every single location, this could be interpreted as a weighted phase
superposition of a global phase distribution, that is, a global convolution. The weights of this convolution
are determined by the amplitudes in the respective source regions. Since the weights also depend on inverse
squared distance, the impact will be most noticeable in the vicinity of dominant local changes.

If the argument is turned around, it becomes clear that regions with high phase changes are regions of
locally weaker amplitudes, that is, regions whose EMOTS are determined or dominated by the induction
in the surrounding areas. This explains, for example, the high phase changes on the magnetic equator (see
Figure 1) and why the phase changes are small in areas of high amplitude sensitivity, for example, around
New Zealand (Petereit et al., 2019; Saynisch et al., 2017).

Naturally, the J⃗ext phases have to be nonuniformly distributed in the beginning to have any reweighted
superposition effectively impact any B⃗ field phases.

Likewise, globally uniform changes of the strength of J⃗ext amplitudes will cancel out in the convolution and
will affect the phases of E⃗ and B⃗ very much less than nonuniform changes in the respective distributions
(not shown).

Mechanism II: EMOTS phase changes due to local changes inJ⃗ext (respectivelyE⃗) phases.
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Figure 5. Maximal phase shift of the M2 radial electric current density Jext
z due to secular variation within 1990 to

2016, that is, gridpoint-wise differences between the maximum of each time series and the respective minimum
(modulo 360◦). Phase shifts shown are calculated at sea level.

Although the geomagnetic field B⃗gm does not oscillate and therefore shows no phase shift in itself, it
determines the relative weighting of U⃗ components during the generation of J⃗ext (cf., equation 3):

J⃗ext ≈ U⃗ × B⃗gm =
⎛⎜⎜⎝

U𝑦Bgm
z − UzBgm

𝑦

UzBgm
x − UxBgm

z
UxBgm

𝑦 − U𝑦Bgm
x

⎞⎟⎟⎠
. (6)

Please remember that the tidal transports U⃗ are the main source of oceanic tidal B⃗ oscillations. Locally, Ux,
Uy, and Uz oscillate according to the traveling tidal waves. The general tidal wave pattern, that is, ampli-
tudes and phases, are very stable in time (Saynisch et al., 2016) and are assumed constant within this study.
Each tidal transport component Ux, Uy, and Uz oscillates with the same frequency but has a very different
amplitude and phase distribution. Following the trigonometric identities, the superposition of the single U⃗
components in equation (6) will have recombined phases. If the weights of the components, here Bgm

x , Bgm
𝑦 ,

and Bgm
z , change due to secular variation, then the amplitude and phase distribution of the recombination

will change, too.

This mechanism differs in principle from the previously explained generation of B⃗ phase shifts (Mechanism
I). While the former mechanism can be seen as redistribution of static phases, this latter mechanism changes
the phases of the forcing J⃗ext itself.

Vertical oceanic transports in general and vertical oceanic tidal transports in particular, that is, Uz, are
assumed to be much smaller compared to their horizontal counterparts, that is, Ux, Uy. The tidal transports
in this study are based on a barotropic tide model that does not include any vertical transports (see section
2). Consequently, Uz is zero and the influence of secular variation on the phases of oceanic J⃗ext can only arise
in the last row of equation (6). Only there, at Jext

z , two tidal transport components remain that can recombine
their different phases to a new phase that depends on Bgm

x , Bgm
𝑦 . The resulting phase shifts of Jext

z are plotted
in Figure 5 and are of equal size to the already reported phase shifts of B⃗, that is, phase shifts of around 3–5
degrees globally, up to 45 degrees in large areas and very locally reaching 90 degrees or more.

Due to the geometry of Earth's induction system, oceanic Jext
z itself has no significant influence on the

induced B⃗ components. Consequently, the impact of Jext
z phase changes on B⃗ phases is negligible, too. How-

ever, the phase shifts of Jext
z cause phase shifts of the same size and location in E⃗z which might be detectable

in the ocean (Larsen, 1991).

In addition, other tidal systems, for example, the ionosphere, have nonnegligible vertical transports (Schnepf
et al., 2018; Yamazaki & Maute, 2017). There, the described phase change mechanism will also arise in Jext

x
and Jext

𝑦
(if Ux and Uz, respectively, Uy and Uz differ in their phases, cf., equation 6). If so, the generated J⃗ext

phase changes will significantly impact E⃗ and B⃗ phases.

Mechanism III: EMOTS phase changes due to changes in the direction (tilt) of J⃗ext (respectivelyE⃗) vectors.

In contrast to 𝜎, secular variations of B⃗gm can influence each J⃗ext vector component differently (see also
Mechanism II). As with Mechanism II, if the absolute strength of J⃗ext is not affected, then the local weights
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of the global phase convolution will also be unaffected (Mechanism I). In addition, changes in the tilt of
J⃗ext will not really change the local phases (as does Mechanism II). However, the phase's projection on the
individual vector components of B⃗ will change. Consequently, and in contrast to Mechanism I, globally
uniform changes in the tilt of J⃗ext will affect the EMOTS phases.

We close with some general remarks that concern all of the above mechanisms.

If the J⃗ext phases themselves (by Mechanism II) or their vector projections (by Mechanism III) change,
then the phases of the surrounding areas will be affected, too. This holds true, even if the respective global
convolution weights (Mechanism I) are unchanged.

Even if EMOTS amplitudes do not change at a hypothetical observation site, respective phase changes
can nonetheless occur, caused by each of the above mechanisms. Consequently, observations of EMOTS
phases can still reveal changes in the surrounding conduction/induction system that observations of EMOTS
amplitudes cannot reveal.

In a similar manner, EMOTS phases might be used as tracers that contain information about the local
EMOTS origins. For example, tidal electric currents (changes) in two distinct places might each generate the
same EMOTS amplitude (change) in a third place. However, the ensuing EMOTS phase (shift) might differ.

In general, fitting a tidal mode, or any other harmonic, of fixed frequency and phase to observations that do
have in fact a varying frequency or phase will lead to misinterpretations of the real amplitude. For the phase
shifts described within this study, in most areas we found this effect to be below 1% on the considered time
scales. Over the studied period of 26 years, the slow transient phase shifts induced by 𝜎oc and B⃗gm are not yet
large enough to falsify the fits. Since very localized phase errors can exceed 90 degrees, the fitted amplitude
in these areas will be very wrong. However, only in the region of the equatorial Atlantic (see Figure 1) larger
areas can be found where a fixed frequency fit will underestimate the real amplitude by about 10%–30%.
Of course, over longer periods, for example, 100 years, the smaller transient phase errors might become
significant, too. Apart from the decadal phase shifts, the annual phase shifts induced by 𝜎oc seem to average
out if whole years are considered in a potential fit.

4. Summary and Conclusions
This study focuses on the sensitivities of the electromagnetic tidal signals that are generated by the oceans.
The main goal is to describe the temporal and spatial changes of tidal signal phases and their origins. Tidal
transports of fixed phase and amplitude are combined with a temporal varying oceanographic conductivity
and a temporal varying geomagnetic field to simulate the induced electromagnetic signals of the M2 tide.
The included data have monthly resolution, cover 26 years, and are largely based on observations. The tidal
transports are based on satellite altimetry; the oceanic conductivity is based on floats, buoys, expeditions,
and satellite measurements; and the geomagnetic field is based on data from magnetic observatories, ground
surveys, and satellite magnetometers.

The resultant M2 signals are analyzed to extract phase anomalies and their temporal development. Globally,
phase shifts of around 3–5 degrees can be found. Locally, large area pattern show phase shifts of up to 45
degrees and more. Very locally, phase shifts of up to 90 degrees and more occur. The phase shifts show
decadal transient behavior as well as monthly and seasonal behavior. Seasonal and monthly phase shifts
have to be attributed to changes in oceanic conductivity. The decadal transient behavior can be attributed to
changes of oceanic conductivity and/or changes of the geomagnetic field. While the seasonal phase shifts are
basically bound to the reported values, the transient shifts will grow larger the longer the analyzed time series
are. Phase shifts generated by secular variation are mostly found in the equatorial oceanic regions, especially
in the Atlantic. Phase shifts generated by oceanic conductivity changes are found in higher latitudes, for
example, Bering Sea, Barents Sea, Laptev Sea, and also on land, especially in Southwest Greenland and
Japan.

The errors of ignoring these phase shifts by fitting tides with fixed frequencies to observations were esti-
mated. Apart from regions of high phase shifts, for example, the equatorial Atlantic, and apart from
observation time spans longer than 100 years, these errors were found to be negligible.

The presented EMOTS phase changes can either be the result of a temporal varying redistribution of fixed
local phases or a result of temporal changes in the local phase's projection on a fixed coordinate system. An
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additional mechanism is described that indeed changes the local phases of oceanic electric current densities.
However, the affected electric current density component significantly influences only the radial electric
field and not the oceanic magnetic fields. In a follow-up study one should analyze the impact of the latter
mechanism in a tidal system that has significant vertical transports, for example, the ionosphere.

A few characteristics of EMOTS phases emerged which might complement the information usually drawn
from EMOTS amplitudes. At satellite altitude the phase shifts are as strong as on the Earth's surface, which
might be a detection advantage. Even if EMOTS amplitudes do not change at an observation site, phase
changes can still occur and reveal changes in the surrounding conduction/induction system to which the
local amplitudes are not sensitive to. EMOTS phases might be used as tracers that contain information about
the local EMOTS amplitude's geographical origins.

These properties highly recommend EMOTS phases for further study, especially in observations.
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