
Earth Planets Space, 50, 35–42, 1998

Studies on the lithosphere and the water transport by using the Japan Sea submarine cable
(JASC): 1. Theoretical considerations

L. L. Vanyan1, H. Utada2, H. Shimizu2, Y. Tanaka3, N. A. Palshin1, V. Stepanov1,
V. Kouznetsov1, R. D. Medzhitov4, and A. Nozdrina1

1Shirshov Institute of Oceanology, Moscow, Russia
2Earthquake Research Institute, University of Tokyo, Tokyo 113, Japan

3Faculty of Science, Kyoto University, Beppu 874, Japan
4Pacific Oceanographic Institute, Vladivostok, Russia

(Received June 19, 1997; Revised November 21, 1997; Accepted November 25, 1997)

The Japan Sea Cable (JASC) was retired from telecommunications services and its ownership transferred to the
scientific community in February, 1996. For the first stage of its scientific reuse program, a Japan-Russia joint project
has been initiated to monitor electrical potential differences across the Japan Sea to study the electrical conductivity
distribution in the Earth and the water transport across the cable.

This paper describes preliminary investigations by forward modelling study to explore possible results from the
voltage observation, before analyzing real data. On the resistivity structure, modelling has suggested that voltage
data is most sensitive to the conductance of resistive lithosphere, especially at longer periods. Water transport
modelling has shown that the heterogeneity of sub-bottom resistivity does not greatly influence the cable voltage,
and that water transport of 5–6 Sv in the Japan Sea can generate voltage differences of 70–80 mV across the JASC.
A preliminary observation was found to be roughly consistent with this estimation.

1. Introduction
Coaxial transoceanic cables were installed during the 60’s

and 70’s for international telecommunications purposes. Due
to increasing demand for high-speed data transfer, they are
now being retired from telecommunications services, re-
placed by modern fiber-optic systems. However these old
systems are still very useful for scientific research in oceanic
areas, which are not well covered by networks of various
geophysical and oceanographic observations. Several ef-
forts have recently been made to reuse such cable systems
for scientific purposes (e.g., Kasahara et al., 1995).

One of the simplest and most useful ways for scientific
reuse of such cables is to measure natural electric potential
variations over hundreds to thousands of kilometers (e.g.,
Lanzerotti et al., 1993). Using potential variations over a
large spacing, studies have been made on spatial character-
istics of electric field variations induced by ionospheric and
magnetospheric fields (Fujii et al., 1995), on electrical con-
ductivity distribution deep in the Earth (Lizarralde et al.,
1995), and on sea water transport that induces electromotive
forces (Larsen, 1992). The Japan Sea Cable (JASC) connect-
ing Nakhodka (Russia) and Naoetsu (Japan) was installed in
1969 by three owners: Kokusai Denshin Denwa, the Great
Northern Telegraph Company and ROSTELECOM. In 1995
a new fiber-optic telephone cable was installed and, due to
the courtesy of the owners, the JASC was given to Japanese
and Russian scientists for joint experiments. Earthquake Re-
search Institute of the University of Tokyo, Shirshov Insti-
tute of Oceanology and Pacific Oceanographic Institute (both
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Russian Academy of Sciences) arranged a consortium for sci-
entific reuse of the JASC. At the first stage of the joint project
the cable voltage will be measured and analyzed. A possible
outcome of the measurements is considered below.

The voltage measured by means of a submarine cable has
two main sources: electric field induced by variations of the
geomagnetic field of magnetosphere-ionosphere origin and
motionally induced electric field. Thus, cable voltage mea-
surements could be used to study the conductivity structure
beneath the Sea of Japan and also to investigate the variabil-
ity of the water velocity field. According to Faraday’s law
the electric field of the first source attenuates with frequency
and for low frequencies (periods greater than 3–4 days) the
motionally induced electric field usually dominates (Palshin,
1996; Flosadottir et al., 1997). The theoretical investigation
of motionally induced electric fields (Sanford, 1971; Chave
and Luther, 1990) formed among other things the basis for the
successful interpretation of submarine cable measurements
in terms of water transport.

Magnetotelluric (MT) responses derived from the sub-
marine cable measurements are significantly distorted by
the coast effect, especially when cable spacing is relatively
small. Since the distortion is mainly galvanic (so called
“static shift”) it would appear reasonable to combine cable
MT response with some reference (not shifted) MT or mag-
netovariational (MV) response (e.g., Lizarralde et al., 1995).
Another approach was proposed and developed by Vanyan
et al. (1995). The technique provides the best results when
the submarine cable is perpendicular to the coastline. In this
case the total electric field can be considered as sum of the
1D MT field and the TM anomalous field generated by elec-
tric charges at the coastline. The anomalous field increases
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Fig. 1. Map of the Sea of Japan and the JASC position.

the total field on-shore and decreases it offshore (coast ef-
fect). The influence of the coast effect is reduced to some
extent by electric current leakage to and from the astheno-
sphere (through the lithosphere). As a result the telluric field
at the ‘adjustment distance’ from the coastline is more or less
undistorted. It has been shown by many authors (e.g., Cox,
1980) that the typical scale can be estimated as a few mul-
tiples of the geometric mean of the water layer conductance
and the lithosphere integrated resistivity. This feature of
the adjustment distance suggests that the cable MT response
shift will provide the information about the lithosphere inte-
grated resistivity. For a first order approximation the latter is
a resistivity-thickness product. On the other hand, TE mode
MT response sensitivity to this parameter is poor.

The analysis of motionally induced electric field usually
consists of removing MT-fields and signals of tidal frequen-
cies (including solar-daily variations) and estimating the cor-
relation coefficient with water transport across the cable. The
correlation can be estimated with a help of water transport
estimations by traditional oceanographic techniques or with
a help of numerical modelling studies. The main problem is
that cable voltage is proportional to the depth-averaged wa-
ter velocity integrated along the cable and this is not exactly
the water transport for the most of submarine cables (Larsen,
1992). Another problem that could be addressed by cable
measurement is studying the synoptic and seasonal variabil-
ity of the water velocity field (Chave et al., 1997; Palshin et
al., 1996).

2. Observation
The location of the JASC is shown in Fig. 1. Geographical

coordinates of the cable ends are 42◦48’N and 132◦49’E
(Nakhodka) and 37◦10’N and 138◦14’E (Naoetsu). After its
transfer to the scientific community, the Japanese end of the
JASC had to be cut and removed from the coast to a point
along the cable route where the water depth is 1,500 m (see
Fig. 1). The cable end was cut at 37◦40.2’N and 137◦58.8’E
on March 27, 1996 and was properly terminated by a standard
grounding electrode made of titanium.

On January 29 and 30 of 1996, a measurement system
was installed at the cable station Nakhodka and monitoring
the natural voltage commenced. The system consists of a
digital voltmeter with 6 and 1/2 digit resolution, a laptop
computer, a GPS-controlled clock, and an 128 MB optical
disk drive. Sampling is made every second, and the clock
accuracy is designed to be about 1 msec using GPS control.
Figure 2 schematically illustrates the configuration of the
recording system at Nakhodka station. Before the off-shore
termination, the Naoetsu end of the JASC was terminated
either by station and beach grounds (from the beginning till
February 14) or by beach ground (from February 14 till the
off-shore termination). On the other hand, the Nakhodka end
is always terminated by a ground made of titanium.

Figure 3(a) shows a record for seven months from February
1, 1996. One can see a gap in the voltage difference when
the Japanese end of the JASC was cut and terminated by
an electrode. Another gap can be seen at the beginning of
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Fig. 2. Instrumentation for JASC voltage measurement installed at Nakhodka station.

Fig. 3. Example of the voltage recording for seven months from February, 1996. Raw data (a) and 20 days averaged values (b) were plotted. Time axis
indicates serial days from February 1, 1996. Cable grounding changed on day 17. The recording system was off line from the main cable from 40 to 57
during the cable removal cruise for safety.

the record in the middle of February, when the ground on the
beach was isolated from the station ground at Naoetsu. After
offshore termination, the potential difference looks to contain
little DC component. This is probably because the same
material is used for the electrodes at both ends. In order to
see more clearly the gradual variation in the observed voltage,
20 days averages were obtained from the original record and

shown in Fig. 3(b). An increase and a decrease of 50–60 mV
were found in the voltage for the first and last two months,
respectively. Although the data length so far obtained is not
enough to clarify its nature, this gradual variation may be
reflecting an annual variation of the water transport in the
Japan Sea. This time change will be compared with the
numerical modelling result in the later section.
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Table 1. 1D conductivity structure used in the forward modelling.

Layer Thickness (km) Resistivity (�m)

1 50 5 × 102, 2 × 103, 5 × 103, 1 × 104

2 150 10

3 100 30

4 300 10

5 ∞ 1

Fig. 4. Normalized MT electric field along the cable for various lithospheric resistance.

After the measurement had been thus started, it was found
that there was clock error as much as 4 minutes during the
seven months’ recording. This error was found to be due to an
instrumental trouble with the GPS time code generator. The
trouble has already been solved, but the amount of data that
has been recorded is still not sufficient for a detailed analysis.
In this paper, therefore, no further time series analysis will
be made, but only discussions on expected outcomes will be
made based on forward modelling as shown in the following
sections.

3. Forward Modelling of JASC Magnetotelluric
Response

Numerical thin sheet modelling (Vasseur and Weidelt,
1977) was carried out to evaluate the sensitivity of the MT
response derived from the cable data to the lithosphere resis-
tivity. The laterally inhomogeneous water layer of the Sea
of Japan and the sediment cover were considered as the thin-
sheet with conductance S(x, y). The off-shore conductance
was calculated using the bathymetry data and an average
conductivity value of 3 S/m. Cell width is 100 km. Conduc-
tance of the sea-floor sediments was added to the sea water
conductance but the increase was not more than 7%. Aver-
age on-shore conductance was assumed to be constant (50
S) according to Semenov and Rodkin (1996), while conduc-
tivity distribution beneath the inhomogeneous thin sheet was
assumed to be one dimensional with the lithosphere of 50

km thickness. Integrated resistivity of the lithosphere varied
from 2.5 × 107 to 5 × 108 �m2 (see Table 1).

Simulated electric field component along the cable was
normalized by the reference horizontal magnetic component
(perpendicular to the JASC). Corresponding impedance val-
ues for the variation period T = 106 sec are shown in Fig. 4
for four values of the integrated resistivity. The general ten-
dency is: the smaller the lithosphere resistivity, the greater
is the electric field, or the less is the anomaly of the electric
field associated with the Sea of Japan.

Real and imaginary parts of the normalized electric field
were integrated along the cable and then divided by the ca-
ble length. The obtained impedance values were used for
the “average” apparent resistivity calculation at the period
range 1 hour–10 days. Corresponding apparent resistivity
curves are shown in Fig. 5 for different values of the litho-
sphere resistivity. One can see the tendency in this figure: the
smaller integrated resistivity, the greater apparent resistivity,
although the shape of all curves are similar.

In order to examine the effect of the asthenosphere con-
ductivity, numerical modelling was carried out for two values
(0.05 and 0.1 S/m). In both cases the thickness of the astheno-
sphere was assumed to be of 100 km that corresponds to the
conductance values 5000 and 10000 S. The former value was
recently revealed for the Far East subduction zone (Semenov
and Rodkin, 1996) while the latter one represents the largest
value obtained in the Northern Pacific. However, we found
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Fig. 5. JASC apparent resistivity for various lithospheric resistance.

that the results show little difference (only less than 2% of
apparent resistivity) for periods greater than 105 sec.

4. Forward Modelling of Motionally Induced Elec-
tric Field

Two steps of numerical modelling technique were used
for studying the spatial distribution of motionally induced
electric field: In the first step the 3D water velocity field
was simulated, and, in the second step the motionally in-
duced electric field was calculated by using the velocity field
obtained in the first step.

Water velocity field in the Sea of Japan was estimated
with a stream function ψ and integrated vorticity ω. These
two functions satisfy a system of two equations (Sarkisyan,
1977):

A�ω − εω = 2ω

a

∂ψ

∂λ
+ f

h
J (h, ψ − ψd)

− δ

ρ
rotz �τ + εg

ρ0 f0

∫ h

0
z�ρ ′dz, (1)

�ψ = ω, (2)
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2αh
, α =

√
f

2k
, δ =

{
1, Ts > T f

0, Ts ≤ T f
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surface temperature, T f is the freezing temperature of the sea

water, ψd = − g

ρ0 f0

∫ h

0
zρ ′dz, λ is the geographic longitude;

a is the Earth’s radius; h is the sea depth; � is the horizontal
Laplace operator; J is Jacobi operator; A, k are the coeffi-
cients of the horizontal and vertical turbulent exchange of the
momentum; ρ is the water density (ρ0 = 1.027 g/cm3), ρ ′ is

the deviation of the water density from the depth-averaged
one (i.e. ρ ′ = ρ − ρ0); �τ is the wind stress vector; g is ac-
celeration of gravity; f is the Coriolis parameter, while f0

denotes its latitudal-mean value.
The equations (1) and (2) were solved using the no-flux

and free-slip conditions on the boundaries: i.e., ψ =const,
ω = 0. Mesh intervals were 0.5 degrees for latitude and 0.25
degrees for longitude. Bottom topography, temperatures and
salinity for winter and summer seasons at 9 levels (0, 50,
100, 150, 200, 300, 500, 1000, 2000 m) were taken from
Levitus (1982) and interpolated on the numerical grid. Flow
of the water into the Sea of Japan through the Tsushima Strait
between Kyushu island and Korean peninsula was assumed
to be of 1.8 Sv (winter) and 7.2 Sv (summer). Consequently
the water flow out of the Sea of Japan was taken as 1.2 Sv and
0.6 Sv (winter) or 4.8 Sv and 2.4 Sv (summer) through the
Tsugaru Strait between Honshu and Hokkaido islands and
through the La Perouse (Soya) Strait between Hokkaido and
Sakhalin islands, respectively.

Northward v and eastward u depth-averaged water veloc-
ity components can be obtained from the stream function ψ

as:

v = 1

ah cos φ

∂ψ

∂λ
, u = − 1

ah

∂ψ

∂φ
, (3)

where φ is the geographic latitude.
Calculated depth-averaged velocity components were

used for simulation of the motionally induced electric field.
The problem can be addressed by numerical thin-sheet mod-
elling that is a good approximation for 3D modelling (Palshin
et al., 1996). The main features of this technique are:

· the frequency of changes in the water velocity is low, so
the anomalous electric field Ea can be treated as static
and can be described by a scalar potential U : Ea =
− grad U ;

· water depth, thickness of the sediment cover or of the
upper resistive layers of the crust is thin compared with
the horizontal dimensions, so that it is possible to con-
sider a model consisting of two thin sheets. The first one
is a conductive sheet with the conductance S(x, y), i.e.
the depth-integrated conductivity of sea water, bottom
sediments and on-land conductive sediments. The sec-
ond is a resistive sheet with depth-integrated resistivity
R(x, y) that simulates the resistive part of the Earth’s
crust. These sheets are underlain by a perfect conductor
that simulates the conductive Earth’s asthenosphere.

Continuity of electric current j gives the following equa-
tion for the scalar potential U :

div j = div[σ(V × Bz ẑ − grad U )] = 0, (4)

where σ is conductivity, V is depth-averaged water velocity
and Bz is vertical component of the Earth’s magnetic field,
and ẑ is a vertical unit vector.

2D divergence at the upper sheet can be obtained from (4):

div2(σ grad U ) + ∂ jz
∂z

= div2[σ(V × Bz ẑ)], (5)

where jz is the electric current directed downwards from the
conductive thin sheet through the resistive one.
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Fig. 6. Motionally induced electric forward modelling results. Top curve is electric field. Second curve down is volume transport per unit width. Third
curve down is depth averaged velocity. Bottom curve is bottom topography.

After integrating (5) along the vertical axis z we obtain:

div2(S grad U ) + jz = div2[Sm(V × Bz ẑ)], (6)

where Sm is the conductance of the moving water.
Taking into account that the scalar potential is zero at the

bottom of the resistive sheet one can obtain jz = −U/R. Fi-
nally the equation for scalar potential (4) could be presented
as follows (Vanyan et al., 1992):

div2(S grad U ) − U/R = div2[Sm(V × Bz ẑ)]. (7)

The total electric field E can be calculated as E = − grad U +
V × Bz ẑ.

The finite element method employed by Vanyan and
Yegorov (1992) and Yegorov and Palshin (1994) has been
used to solve Eq. (7).

An example of modelling results is shown in Fig. 6 for
summer conditions (water flow 7.2 Sv). The depth-averaged
velocity component perpendicular to the cable is the result of
the first step of the simulation procedure. The final result is
the motionally induced electric field along the cable (upper
panel).

5. Discussion
5.1 Study of the Sea of Japan lithosphere

Forward modelling results shown in Figs. 4 and 5 suggest
the strong influence of the integrated resistivity of the litho-
sphere on the normalized electric field component along the
cable. The electric field decrease caused by high conduc-
tance of the seawater layer reveals a clear dependence on the

integrated resistivity value. For instance, the electric field at
the point 200 km east off Nakhodka decreases by a factor
of two or so if the model integrated resistivity changes from
2.5 × 107 to 5 × 108 �m2.

The apparent resistivity curves were calculated using the
electric field averaged along the cable and reference “undis-
torted” magnetic field component perpendicular to the ca-
ble direction. Calculated apparent resistivity curves have the
same shape but their level depends strongly on the lithosphere
integrated resistivity. This dependence is usually called the
“static shift” and is considered as a distortion. In our tech-
nique the static shift is the main source of information about
the conductivity structure of the lithosphere of the Sea of
Japan.

The role of on-shore conductance should be discussed as
well. The anomalous electric field is a result of the on-shore
and offshore conductance contrast. The latter can be eas-
ily found using data available. Much less information could
be obtained about the sediment cover conductance. So the
question is: how strong will Fig. 5 change due to variations
in on-shore conductance? Geological and conductivity data
suggest a value about 50 S as a most probable sediment con-
ductance estimate. An additional modelling was done for
two values of the on-shore sediment cover conductance: 15
and 150 S. Electric field integrated along the cable decreases
at 5% for the first value and increases at 10% for the second.
Thus, the JASC voltage only slightly depends on the on-shore
sediments conductance variation from 15 to 150 S.

The asthenosphere is the main path for the electric current
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Fig. 7. Correlation of the total water transport across the cable and motionally induced cable voltage (forward modelling results).

flowing into the water layer and compensating the electric
field decrease. Unfortunately the information about the con-
ductance of the Sea of Japan asthenosphere is poor. An
indirect estimation for the northern part of the Sea of Japan
were made using MT study at Sakhalin Island (Semenov
and Rodkin, 1996). The conductance of the asthenospheric
partly molten zone was estimated to be of 5000 S. Utada et al.
(1996) also suggested rather resistive asthenosphere beneath
the Japan Sea based both on indirect information from mag-
netovariational and magnetotelluric array studies on land and
on direct information from a seafloor magnetotelluric result.
According to the geothermal data one can expect an increase
of the asthenosphere conductance in the central part of the
Sea of Japan. We believe 10000 S for the asthenosphere is an
upper limit according to the sea-floor MT soundings made
previously in the Pacific (Palshin, 1988). Modelling results
using this value, however, showed that the change in voltage
is less than 2% for periods greater than 105 sec. It was found
the influence of the enhanced asthenosphere conductance is
more significant for shorter periods. Therefore it is more rea-
sonable to use the long-period part of the apparent resistivity
curve for the lithospheric study.
5.2 Electric monitoring of water transport

An example of the velocity distribution along the JASC
(Fig. 6) reveals some features of the cable voltage and water
transport correlation. According to the forward modelling
the sea current at the Russian shelf is directed southward
while in the eastern part of the Sea of Japan it is directed
northward. Thus, the total water transport across the cable
is really the difference between the northward (warm) and

southward (cold) sea currents.
The electric field along the cable is similar to the depth-

averaged velocity (Fig. 6). It means that electric field anoma-
lies caused by the conductivity inhomogeneities do not sig-
nificantly influence the cable voltage. After integrating the
simulated electric field along the cable the correlation be-
tween cable voltage and water transport was estimated
(Fig. 7). According to the estimation obtained, water trans-
port of 5–6 Sv generates cable voltage of 70–80 mV. This es-
timation is consistent with the observation during five months
(Fig. 3(b)), if the observed gradual variation corresponds to
a part of annual variation.

6. Conclusions
Forward modelling results suggest that the TM (galvanic)

mode of the MT field provides the major contribution to the
telluric field along the cable. In spite of some influence of
the on-land sediment conductance and asthenosphere con-
ductivity, a significant dependence of the JASC voltage on
the lithosphere integrated resistivity was revealed.

Two-step numerical modelling of the motionally induced
electric field along the JASC reveals its similarity with the
depth-averaged water velocity component perpendicular to
the cable. The correlation coefficient obtained between the
simulated JASC voltage and the water transport can be used
for estimation of difference of the cold and warm water trans-
ports in the Sea of Japan.
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