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Abstract A few studies convincingly demonstrated that the magnetic fields induced by the lunar
semidiurnal (M2) ocean flow can be identified in satellite observations. This result encourages using M2
satellite magnetic data to constrain subsurface electrical conductivity in oceanic regions. Traditional
satellite-based induction studies using signals of magnetospheric origin are mostly sensitive to conducting
structures because of the inductive coupling between primary and induced sources. In contrast, galvanic
coupling from the oceanic tidal signal allows for studying less conductive, shallower structures. We perform
global 3-D electromagnetic numerical simulations to investigate the sensitivity of M2 signals to conductivity
distributions at different depths. The results of our sensitivity analysis suggest it will be promising to use
M2 oceanic signals detected at satellite altitude for probing lithospheric and upper mantle conductivity.
Our simulations also suggest that M2 seafloor electric and magnetic field data may provide complementary
details to better constrain lithospheric conductivity.

1. Introduction

Global electromagnetic (EM) studies provide information on mantle electrical conductivity with the ultimate
aim of understanding the composition, structure, and dynamics of Earth’s interior. For decades these studies
were based on interpretation of magnetic data from a global network of observatories (Banks [1969], Schultz
and Larsen [1987], Olsen [1998], Schmucker [1999], Kelbert et al. [2009], Semenov and Kuvshinov [2012], and
Koyama et al. [2014], among many others). The recent expansion in magnetic data from low-Earth orbiting
satellite missions (Oersted, CHAMP, SAC-C, and Swarm) has led to a rising interest in probing Earth from space
[Kuvshinov and Olsen, 2006; Veĺımský, 2010, 2013; Civet and Tarits, 2013; Püthe and Kuvshinov, 2013, 2014]. For
example, mapping the electrical conductivity of Earth’s mantle was assigned to be one of the primary sci-
entific objectives of Swarm [Olsen et al., 2013]. The largest benefit of using satellite data is much improved
spatial coverage. Additionally, and in contrast to ground-based data, satellite data are overall uniform and very
high quality.

The main source exploited by either ground-based or satellite global EM studies is the magnetospheric ring
current. Variations due to this source are in the period range of a few days to a few months, and thus, in
accordance to the skin depth concept these data are most sensitive to conductivity structures at mid mantle
depths (400–1500 km).

At the same time, there is great interest in mapping the conductivity in the lithosphere and upper mantle
(LUM), i.e., depths between 10 and 400 km. Recent laboratory experiments demonstrate that the electrical
conductivity of LUM minerals is greatly affected by small amounts of water or by partial melt (Wang et al.
[2006], Gaillard et al. [2008], and Yoshino et al. [2009], among others). Determination of LUM conductivity using
EM methods can thus provide constraints on melting processes and the presence of water in LUM. However,
probing the conductivity at these shallower depths requires EM variations with periods of a few hours. This
is a challenging period range for global EM studies since the ionospheric (Sq) source, which dominates these
periods, has a much more complex spatial structure compared to the magnetospheric ring current.

Fortunately, there exists an alternative EM source in the Sq period range—electric currents generated by
oceanic tides. This source arises from a simple geophysical process: as electrically conducting salt water moves
through the ambient magnetic field of the Earth, it generates secondary magnetic and electric fields. The
EM signals due to (periodic) tidal sources can be most easily detected either at seafloor [Kuvshinov et al.,
2006; Schnepf et al., 2014] or coastal stations [Maus and Kuvshinov, 2004; Love and Rigler, 2014]. Unlike the
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Sq signals, the EM signals produced from ocean tides galvanically couple with the Earth’s subsurface. The Sq
current system is not in electrical (galvanic) contact with the Earth due to the insulating atmosphere, so the
electric currents induced in a 1-D Earth are always horizontal (i.e., toroidal electric currents) and consequently
are insensitive to regions with a lower conductivity than their surroundings. In a 3-D Earth (for example, picture
the Earth having inhomogeneous oceans and a 1-D underlying mantle), resistive regions can only be imaged
indirectly through the deviation of an electric current into conductive material. Thus, the physics behind this
intrinsically biases results of EM sensing with the use of Sq data toward conductive zones within the Earth.
However, resistive zones (which are mostly associated with the lithosphere and upper mantle) may be of con-
siderable geodynamic interest. For example, regions with deficiencies of partial melts and/or volatiles will be
quite resistive.

Because the oceanic tidal current system is in galvanic contact with the underlying media, the tidal source
induces both poloidal and toroidal electric currents. This occurs even in a 1-D Earth where poloidal electric
currents involve the vertical component. However, it is known [e.g., Fainberg et al., 1990] that the poloidal
electric currents are preferentially sensitive to resistive structures and thus so are EM signals of oceanic
tidal origin.

In order to probe the Earth using either Sq or oceanic tidal signals, the source of these signals must first be
specified as accurately as possible. Recall that the Sq source can be represented as an electric current system
flowing in an ionospheric shell at a height of around 110 km, whereas the oceanic tidal source can be rep-
resented as an electric current system flowing in the oceans. It is well known that the oceanic tidal electric
current at any location is proportional to the cross (vector) product of the velocity and main magnetic field,
which both are now determined with unprecedented accuracy. In particular, this means that the tidal source
is also determined very accurately. It is important to stress that the tidal source determination does not rely on
the tidal EM (either satellite or ground-based) data that are used for probing the Earth. Indeed, the main mag-
netic field and the tidal velocity are determined from independent data. With a known tidal source, Earth’s
conductivity may be constrained by fitting observed and predicted tidal EM signals.

The situation for the Sq source is different. The Sq source is determined from the EM data that are intended
to probe the Earth. When using global ground-based data, the Sq source is conventionally recovered using
the potential method. The potential method—as applied to global ground-based data—allows for separating
internal and external parts of the magnetic potential by exploiting the least squares technique and spheri-
cal harmonic representation. Once the external part is estimated, the ionospheric Sq current system may be
reconstructed. With a known Sq source, Earth’s conductivity may be constrained by fitting observed and pre-
dicted Sq signals. Unfortunately, this scheme only works with ground-based data. When using satellite Sq
data, because satellites fly far above the ionospheric shell, the Sq signals are seen as purely internal and thus
the separation of satellite Sq signals into internal and external parts is not possible.

Tyler et al. [2003] and Sabaka et al. [2015] convincingly demonstrated that magnetic fields induced by the lunar
semidiurnal (M2) ocean flow can be identified in nighttime magnetic satellite observations. Figure 1 shows the
predicted M2 radial magnetic field and that recovered by Sabaka et al. [2015] using over 12 years of data from
CHAMP, Oersted, and SAC-C. One immediately sees that observations and simulations (to be discussed in the
next sections) agree very well. This result supports the idea to use M2 satellite magnetic data for constraining
LUM electrical conductivity.

In this paper, we perform global 3-D EM numerical simulations in order to quantitatively investigate the actual
sensitivity of M2 tidal signals to conductivity distributions at different depths. Note that because we are only
discussing M2 tidal signals, this is different than EM-sounding studies where the aim is to determine conduc-
tivity as a function of different frequencies. Considering (1) the long period of M2 variations (12.4206 h); (2)
the galvanic excitation of the Earth from the M2 tidal current, and (3) the rich spatial content of the M2 source
[cf. Sabaka et al., 2015, Figure 11], this type of Earth probing is a form of geoelectric sounding analogous with
the direct current (DC) electric sounding method. The latter method is based on DC or low-frequency cur-
rent injection through grounded electrodes (galvanic excitation). It is known that the depth of DC sounding
depends on the distance between the electrodes. In the case of the M2 ocean tide, the different spatial scales
of the M2 source may be related to the different distances between electrodes in DC sounding. This enables
sensing conductivity at different depths.
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Figure 1. The amplitude of the M2 radial magnetic signals at satellite height from (a) CM5 [see Sabaka et al., 2015] and (b) our study’s simulation using HAMTIDE
for the tidal velocity source.

2. Forward Simulation of the M2 EM Signals

We simulate EM signals due to the M2 oceanic tidal flow (period of 12.4206 h) using the frequency-domain
numerical solution described in Kuvshinov [2008]. This solution computes the electric (E) and magnetic (B)
fields excited by an electric source in spherical models of the Earth with a three-dimensional (3-D) distribution
of electrical conductivity. Within this solution, Maxwell’s equations in the frequency domain,

1
𝜇0

∇ × B = 𝜎E + jext (1)
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Figure 2. The (a) real and (b) imaginary velocity vectors for the depth-integrated M2 tidal velocities (m2/s) produced by HAMTIDE, as well as (c) the radial main
field (nT) from WMM for the year 2014 and (d) the ocean conductance (S) map.
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(green), and layer 3 (red) are shown in vertical lines that span the lay-
ers’ depth. Below the three layers, the black line depicts the conductivity
profile from Kuvshinov and Olsen [2006].

and

∇ × E = i𝜔B , (2)

are reduced to an integral equation
(IE) with a contracting kernel [e.g.,
Pankratov et al., 1995]. Here jext is
the complex-valued impressed cur-
rent (in our case, jext is the electric
current induced by the tidal flow), 𝜎
is the conductivity distribution of the
model, 𝜇0 is the magnetic permeabil-
ity of the free space, and 𝜔 is an
angular frequency. After solving the
IE, the electric and magnetic fields at
the observation points are calculated
using Green’s function formalism. For a
detailed description of the 3-D EM sim-

ulation as applied to motionally induced signals, see Kuvshinov and Olsen [2004] and Kuvshinov [2008]. The
impressed current, jext, is calculated as

jext = 𝜎w

(
U × Bm

)
, (3)

where 𝜎w = 3.2 S/m is the mean seawater conductivity, U is the complex-valued depth-integrated veloc-
ity due to ocean tides, and Bm is the (ambient) main magnetic field of internal origin. Two assimilated tidal
models of U were tried during simulations: the 0.25◦ × 0.25◦ resolution global tidal model TPX07.2 [Egbert
and Erofeeva, 2002] and the 0.125◦ × 0.125◦ resolution global tidal model HAMTIDE (shown in Figures 2a
and 2b) [Taguchi et al., 2014]. The ambient magnetic field was derived from the World Magnetic Model
(WMM) [Chulliat et al., 2015]. Figure 2c shows the radial component of the main field which is determina-
tive in specifying jext. The 3-D model consisted of a thin spherical layer of laterally varying conductance at
the Earth’s surface (shown in Figure 2d) and a radially symmetric spherical conductivity underneath (shown
in Figure 3). The surface conductance distribution was taken from Manoj et al. [2006] and accounts for the
contributions from seawater and sediments. For the underlying laterally homogeneous spherical conductor,
we used the model of Kuvshinov and Olsen [2006] as the default scenario (more explanation is provided in
the following section). The 1◦ × 1◦ simulations were performed at the seafloor, sea level, and satellite height
(430 km altitude). Note that since we observed only negligible differences between the simulations which
used the HAMTIDE and TPXO7.2 models for the tidal velocity (which was unsurprising since their tidal veloc-
ity models were quite similar), for the rest of our analysis we focus on the results that used the HAMTIDE
velocity model.

3. Sensitivity Analysis

A simple analysis was done to gauge the sensitivity of the M2 tidal signal to changes in lithospheric and
mantle conductivity. As specified in Table 1 and Figure 3, we varied the conductivity in the lithospheric layer
(10–100 km) and the following two upper mantle layers (depths of 101–250 km and 251–410 km) to sim-
ulate magnetic and electric fields for cases of greater/lower conductivity value. The depths of these layers
were determined from seismic data—100 km marks the base of lithosphere and the transition zone starts
at 410 km. We broke the upper mantle before the transition zone into two layers in a manner similar to
Kelbert et al. [2008] and used 250 km as the midpoint between the two layers. The range of conductivity values
used in each layer is based on the results of deep EM studies which are supported by laboratory conductivity
measurements compiled in Khan and Shankland [2012] and partially updated in Koyama et al. [2014].

For each simulation run, only one layer’s conductivity was varied while the other two layers were held at
the default conductivity value from Kuvshinov and Olsen [2006] (cf. Table 1). In this way, the sensitivity of M2
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Table 1. Trial Conductivities of Lithosphere and Upper Mantle Layers
Used During the Simulation

Conductivity Values (S/m)

Depth of Layer C1 C2 C3a C4 C5

Layer 1: 10–100 km 0.003 0.001 0.0003 0.0001 0.00003

Layer 2: 101–250 km 0.16 0.05 0.016 0.005 0.0016

Layer 3: 251–410 km 0.3 0.1 0.03 0.01 0.003

aColumn (C3) that contains conductivities recovered by Kuvshinov
and Olsen [2006].

oceanic tidal signals to the conductiv-
ity of a specific layer (i.e., sensitivity to
depth) was determined. Figure 4 shows
the results of the sensitivity analysis at
satellite height and at the seafloor. The
analysis was done for the radial magnetic
field component and for the horizontal
magnetic and electric field components.
The plots show the Frobenius norm of the
differences between the results obtained
from conductivity scenario C1 versus sce-
narios C2, C3, C4, and C5 for each layer:

||Sl,k||F =

(∑
i,j

|Fl,k
ij − Fl,1

ij |2

)1∕2

, (4)

where F denotes the corresponding field component, i, j labels grid points in or above oceanic regions, k rep-
resents the conductivity scenario (C1, C2, C3, C4, or C5) and l denotes the layer being analyzed. Note that in
Figure 4 the results for the first, second, and third layers are depicted by red, blue, and black colors, respec-
tively. In all layers the range of conductivity changes was 2 orders of magnitude. Figures 4a and 4b show the
results of the sensitivity analysis at satellite height. The electric field at satellite height is not shown because
this field is of telluric origin and is not measured by satellites. The maximum sensitivity is detected from con-
ductivity changes in the first upper mantle layer (101–250 km), and the minimum sensitivity is mostly due
to changes in the second upper mantle layer (251–410 km). It is also seen that with decreasing conductivity
the curves flatten; however, for all scenarios and layers, changing the conductivity from C2 to C3 (three times
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Figure 4. Results of the sensitivity analysis. Frobenius norms for (a) the radial magnetic field component and (b) the horizontal magnetic field component at
satellite height, as well as (c) the seafloor and sea level radial magnetic field component, (d) the seafloor horizontal magnetic field component, and (e) the seafloor
and sea level horizontal electric field.
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changed) leads to a significant (up to twofold) increase of ||S||F . This suggests that M2 satellite magnetic sig-
nals can be used to probe the conductivity of the lithosphere and upper mantle. The overall behavior of ||S||F

for radial (Figure 4a) and horizontal (Figure 4b) magnetic field components at satellite height is very similar.
This, in particular, means that above the Earth the horizontal magnetic field component does not add any
new information about the Earth’s conductivity.

Figures 4c–4e show the results of the sensitivity analysis at the seafloor. Note that the radial magnetic field
and horizontal electric field components are the same at sea level and the seafloor. The behavior of ||S||F in
the radial component at satellite height and at sea level (cf. leftmost plots) is very similar, with the main differ-
ences being that ||S||F at sea level is about two times larger than ||S||F at satellite height and the lithospheric
sensitivity surpasses that of the upper mantle at k = C4,C5. More dramatic changes in ||S||F occur in the hori-
zontal magnetic field component at the seafloor compared with that at satellite height. First, ||S||F at the sea
floor is over 10 times larger than ||S||F at satellite height. Second, the horizontal magnetic field appears to be
most sensitive to conductivity changes in the lithospheric layer (10–100 km). The same is true for the horizon-
tal electric field, as it shows even larger sensitivity to lithospheric conductivity. This suggests that the seafloor
magnetic and electric field data (such as those used by Toh et al. [2006], Baba et al. [2010], Baba et al. [2013],
and Schnepf et al. [2014]) could provide complementary insights on lithospheric conductivity.

4. Concluding Remarks

Our sensitivity analysis of oceanic M2 tidal EM signals suggests it will be promising for future studies to use M2
oceanic signals to probe lithospheric and upper mantle conductivity. Our analysis also suggests that seafloor
magnetic and electric data can provide complementary details to better determine lithospheric conductivity.
Note that there also exists a few more tidal modes of similar periodicity (for example, O1 or N2) but they are at
least 1 order of magnitude smaller, thus, making their identification from satellite EM data more problematic.

We have to stress that there are some strong advantages of working with oceanic tidal signals. First, the spatial
structure of the tidal source is determined more accurately compared with the ionospheric Sq source. Second,
in contrast to Sq signals, the oceanic tidal signals—being of gravitational origin—do not undergo day-to-day
and seasonal variabilities and, moreover, do not depend on solar activity as the Sq signals do. Due to the direct
galvanic coupling of the source (electric currents in the ocean) with the subsurface structures, tidal signals
are more sensitive than Sq signals to shallower and less conductive structures. Sq signals, instead, undergo
inductive coupling between the source and subsurface. However, working with tidal signals also has some
shortcomings, for example, in contrast to the global Sq source, the tidal source is confined only to oceanic
regions. Arguably, because there is a relative lack of observatories in oceanic regions, this disadvantage is in
fact filling in a needed knowledge gap in investigating the oceanic lithosphere and upper mantle.

Finally, we would like to note that the next natural step of the research would be inverting the recovered tidal
signals (as well as those yet to be recovered from Swarm data) in terms of LUM conductivity (either in the
frame of a 1-D or 3-D model). This will be a topic of our forthcoming publication.
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