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Abstract Submarine cables have experienced problems during extreme geomagnetic disturbances because
of geomagnetically induced voltages adding or subtracting from the power feed to the repeaters. This is still a
concern for modern fiber-optic cables because they contain a copper conductor to carry power to the repeaters.
This paper provides a new examination of geomagnetic induction in submarine cables and makes calculations
of the voltages experienced by the TAT-8 trans-Atlantic submarine cable during the March 1989 magnetic
storm. It is shown that the cable itself experiences an induced electromotive force (emf) and that induction in
the ocean also leads to changes of potential of the land at each end of the cable. The process for calculating the
electric fields induced in the sea and in the cable from knowledge of the seawater depth and conductivity and
subsea conductivity is explained. The cable route is divided into 9 sections and the seafloor electric field is
calculated for each section. These are combined to give the total induced emf in the cable. In addition, induction
in the seawater and leakage of induced currents through the underlying resistive layers are modeled using a
transmission line model of the ocean and underlying layers to determine the change in Earth potentials at the
cable ends. The induced emf in the cable and the end potentials are then combined to give the total voltage
change experienced by the cable power feed equipment. This gives results very close to those recorded on the
TAT-8 cable in March 1989.

Plain Language Summary Submarine cables carry a significant amount of international internet
traffic, so any disruption to their operation could have widespread consequences. In the past, trans-Atlantic
phone calls have been heard alternately as shrieks and whispers as geomagnetically induced voltages added or
subtracted from the power feed for the cable repeaters used to amplify the signals. Modern submarine cables
transmit the signals along optical fibers but still have a copper conductor along the cable to carry power to

the repeaters, so continue to be subject to voltages induced by disturbances of the Earth's magnetic field. This
paper re-examines the process of geomagnetic induction in the sea and submarine cables. It is shown that this
involves both the production of an induced electromotive force (emf) in the cable itself as well as induction in
the seawater that leads to a change in the potential of the land at each end of the cable. Example calculations are
made for the TAT-8 trans-Atlantic cable and compared to measurements made on the cable during 13 and 14
March 1989, the largest magnetic storm of the 20th century.

1. Introduction

During geomagnetic disturbances, the variations of the Earth's magnetic field induce electric currents in the
Earth and in human-made conductors at, or under, the Earth's surface. Communications cables, power systems,
pipelines, and railway signaling can be disrupted during extreme disturbances (Boteler et al., 1998). During
the Carrington event of 1859, the telegraph system suffered widespread problems from geomagnetic induction
(Boteler, 2006; Prescott, 1866). Later disturbances continued to cause problems for the telegraph system and for
submarine cables (see review by Burbank (1905) and references therein). The development in the 1950s of cables
with repeaters powered by a current fed along the cable introduced a new vulnerability. Telephone calls over
the first trans-Atlantic phone cable, TAT-1, alternated between loud squawks and faint whispers as the naturally
induced voltage acted with or against the cable supply voltage during the magnetic storm of 10 February 1958
(Anderson, 1978). Cables on land could also be affected: a section of the L4 cross-continental cable system was
put out of operation during the August 1972 storm (Anderson et al., 1974). Fiber-optic cables were introduced in
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the 1980s, and transmit the signal along optical fibers, while maintaining copper conductors to carry power to the
repeaters. Geomagnetic disturbances may still affect the power feed to these cables, as shown by recordings made
on the TAT-8 cable during the March 1989 storm. Thus, the effects of geomagnetic disturbances on submarine
cables are still a cause for concern.

The understanding of geomagnetically induced currents (GIC)—also referred to as “Earth currents” and “telluric
currents”—has evolved substantially over the last 150 years. Often, it was the concerns about their impacts on
technological systems that were a stimulus for research into the currents themselves. Lanzerotti and Gregori (1986)
provide a good review of the historical development of the understanding of telluric currents and an assessment
of their effects on communication cables and other systems. In the 19th century there was still debate about the
cause of magnetic disturbances and whether they were produced by electric currents in the Earth. Over the years
it came to be recognised that geomagnetic disturbances are caused by electric currents external to the Earth, and
that earth currents are the result of geomagnetic induction. However, there has been confusion about the nature
of the electric fields driving the induced currents and the location of return currents. Winckler et al. (1959) report
on the submarine cable voltage fluctuations seen during the February 1958 disturbance and try to relate them to
induction in a loop in the vertical plane or in the horizontal plane. Later studies of the diurnal variation of cable
voltages due to the Sq magnetic field variation (Medford et al., 1981) attempt to estimate the area influenced by
the induction process. Some authors described the voltages observed in submarine cables as caused by changes
in the magnetic field, while others believed that the voltage is caused by a difference in the potentials at the ends
of the cable. This confusion has hindered the understanding of geomagnetic induction in submarine cables.

Developments in geophysics and engineering have produced new knowledge that can be applied to submarine
cable questions. A significant advance was made with the work of Tikhonov (1950) and Cagniard (1953) that
showed the relationship between the electric field and magnetic field variations and the earth conductivity,
leading to the “magnetotelluric” technique. Associated theoretical work by Wait (1954, 1962) and Price (1962)
provided the mathematical foundation for understanding the basic relationships between electric and magnetic
fields. Later reviews by Bullard and Parker (1970) and Cox et al. (1970), specifically focus on induction in the
sea. Early modeling of GIC in power systems represented the driving force as potential gradients at the Earth's
surface, but it was later shown that GIC are driven by induced electromotive forces (emfs) in the power trans-
mission lines (Boteler & Pirjola, 1998; also see review by Boteler & Pirjola, 2017). Boteler and Pirjola (1997),
examined the nature of the electric fields associated with GIC and showed that they can be resolved into scalar
potential and vector potential terms that can be uniquely associated with different sources: the distribution of
charge and the fluctuation of the magnetic field. The geoelectric field affecting long conductors is primarily
induced by magnetic field changes, while potential gradients are secondary effects caused by charge accumula-
tion at conductivity boundaries.

The purpose of this paper is to re-examine the issue of geomagnetic induction in submarine cables, taking into
account the knowledge derived from magnetotelluric studies and studies of GIC in power systems. First, we
consider a number of fundamental issues about the induction process. Next, we present the theory for calculating
the voltages experienced by submarine cables during geomagnetic disturbances. The application of this theory
is illustrated by calculating the voltages experienced by the TAT-8 trans-Atlantic cable during the March 1989
magnetic storm and comparing them to the voltages observed on the cable.

2. Fundamental Issues
2.1. Induction in a Loop

Faraday's law (the integral form of Maxwell's equation) provides the relationship between the voltage induced in
a loop and the rate of change of the magnetic flux through the loop. Consequently, many studies of geomagnetic
induction in technological systems have attempted to use this relationship to calculate the voltages produced. For
power systems, the obvious loop to consider is that formed by the power line and the Earth's surface; however,
the voltages calculated with this loop are too small to account for the geomagnetically induced currents observed
(Boteler & Pirjola, 2017). For submarine cables, the situation is more complicated with possible return paths
through the sea above the cable or through the Earth below the seafloor. Winckler et al. (1959) considered these
options and reported that neither is satisfactory.

To understand how the concept of “induction in a loop” can be applied to geomagnetic induction we need to
consider the fall-off of the magnetic field variations within the Earth. If we approximate the Earth by a half-space
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with uniform conductivity, o, and consider an incident magnetic field varying

N

v

with a frequency, f, the decrease of the magnetic field with increasing depth,

z, is given by

B(Z) = B() e'kz (1)

where k is the propagation constant given by

k =\i2x f uoo 2)

and p, is the magnetic permeability which is given its free space value
47.1077 H/m. The propagation constant can be written in terms of real and
imaginary parts, k = a + ib where a is the attenuation constant and b is the
phase constant. From this we can define the skin depth, §

1 1
6=-—-= 3
a 7 f oo ©)
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Figure 1. Geomagnetic induction in the loop ABCD where sides AB and CD
have length L and sides AD and BC are infinite. The blue and green sections
represent sea water layer and the Earth below the sea water layer. The dashed
black line shows the fall-off within the Earth of the northward magnetic field
(B,, is into the page) variations that are responsible for inducing an east-west

directed electric field (E,).

7 f Hoo

Comparing Equations 3 and 4 shows that the skin depth in the Earth is less
than a sixth of a wavelength. Thus, nearly all the induced current is concen-
trated near the surface and is flowing in the same direction. At a depth
where the current is flowing in the opposite direction, its amplitude is so
small that its value is insignificant. This is consistent with the role of the
induced currents in “shielding” the interior of the Earth from the incident
magnetic field variations and shows that there is no “return current” at depth.
Instead, the induced currents flow in large horizontal loops that correspond to image currents below the iono-
spheric current systems responsible for the magnetic disturbances.

Knowing the fall-off of the fields within the Earth below the seafloor allows us to calculate the seafloor electric
fields. Consider an east-west section of the seafloor of length, L, as shown in Figure 1 with a northward magnetic
field variation producing an eastward electric field at the seafloor, E,. To calculate the seafloor electric field,
we can consider the loop ABCD extending to infinity below the seafloor. The magnetic field through the loop
ABCD is found by integrating Equation 1 for depths below the seafloor from 0 to infinity and multiplying by the
length L:

D = / B(z)dzL = BspL ®)
0

Where p is the complex skin depth given by 1/k.

Using Faraday's law we can relate the electric field around the loop ABCD to the negative rate of change of the
magnetic field, @ through the loop

55 Edl=-9® — _joBspL ©)
ABCD dt

where w is the angular frequency of the magnetic field variation. The integral of the electric field around the loop
ABCD is the sum of the electric fields along each side. For the side AB the integrated electric field is the seafloor
electric field, E, times the length, L. The electric field is horizontal, so the electric field along the vertical sides of
the loop, BC and DA, will be zero. The side of the loop CD is at infinity where the fields have decayed to zero so
the electric field here is also zero. Thus, the integral of the electric fields around the loop ABCD is simply given
by E.L. Substituting this into Equation 6 and dividing by L gives the seafloor electric field

Es = —jwBsp @)
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Thus, induction in a loop can be used to calculate the electric fields at the

surface of the Earth or at the seafloor as long as the proper loop is taken
into account. This is equivalent to the result achieved using the relationship
between the electric and magnetic fields in terms of the surface impedance
(Boteler & Pirjola, 2017). This has been extended to calculate the seafloor

electric fields for a layered subsea conductivity structure and using the
magnetic fields at the ocean surface (Boteler & Pirjola, 2003).

2.2. Geomagnetic Induction in Submarine Cables

Figure 2. Schematic of a submarine cable connecting the opposite sides of an ~ The above section has shown that we can calculate the electric fields at the
ocean. The solid line shows the path A to B through the copper conductor in seafloor. But we want to know the induced electric fields experienced by a
the cable and the dashed line shows the return path B to A along the seafloor submarine cable itself. To do this, consider the closed loop formed by the

next to the cable.

path along the copper conductor of the cable and returning along the seafloor
next to the cable as shown in Figure 2.

From Faraday's law we know that the integral of the electric field, E, around the loop formed by the cable, C, and
the seafloor, S, is equal to the negative rate of change of the magnetic flux through the loop:

— A dd
Edl=-=— 8
%C+S dt )

where, ® = f/ " B.dA, and A is the area enclosed by the loop formed by the cable and seafloor. However, because
the cable and the return path along the seafloor are next to each other the area of the loop is effectively zero so
there is no magnetic flux change through the loop. Therefore, we can write:

B_ A_
/ Ec.dl +/ Es.dl =0 (©)]
A B

Where E_. is the electric field along the cable, Ej is the electric field along the seafloor, and the integrals go from
A to B along the cable and back from B to A along the seafloor.

Reversing the direction of integration for the seafloor path then gives:

B_, . B_, R
/Ec.dl=/ Es.di (10)
A A

showing that the electric field along the cable is the same as the electric field along the seafloor next to the cable.
This is the same approach described by Cox et al. (1970) for the electric fields detected by measuring equipment
on the seafloor.

If we consider a cable running across an ocean from one end at the coast, A, to the other end at the coast, B. Then
the total emf induced in the cable, €. is given by the integral of the electric field along the cable:

B
o= / Fo.di an
A

that can be calculated from Equation 10.

2.3. Geoelectric Coast Effect

Electric fields produced during geomagnetic disturbances will drive electric currents in both the land and the
ocean. The current densities in seawater will be much greater than those in the land and this leads to local modi-
fications to the electric fields on either side of a coastline that are referred to as the “geoelectric coast effect.”

To illustrate the processes that produce the geoelectric coast effect, Price (1973) considered a vertical boundary
between two regions of different conductivity as shown in Figure 3. The conductivity of region 1, o,, on the left
side of the boundary is much greater than the conductivity of region 2, 6,, on the right side; this can be seen in
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En,

+++ the figure by the fact that the current flow lines are concentrated nearer the

Y

— surface in region 1 where the higher conductivity results in a smaller skin

depth. Current is a flow of charge, so a difference in current flowing into and
&+ P out of the boundary region will result in an accumulation of charge at the

boundary. This electrical charge creates an electric potential at the boundary

J E2 and, in consequence, a potential gradient on either side. This potential gradi-

ent increases the electric field on the low conductivity side of the bound-

Y

ary and decreases the electric field on the higher conductivity side of the
+ boundary. Thus, the initial difference in current density in the two regions
produces the charge accumulation and changes to the electric fields that leads

to current continuity across the boundary. The difference in current density

Y

decreases with depth so the amount of charge at the boundary also decreases
o 5 with depth so, as well as the horizontal potential gradients, there is a verti-
cal potential gradient that causes the currents near the surface in the higher

conductivity region to divert downwards into the Earth as shown in Figure 3.

Figure 3. Current lines (red) and surface charge distribution (+) near a

This geoelectric coast effect occurs at both ends of a submarine cable where

vertical plane of discontinuity between region 1 with conductivity, o,, and the cable comes onshore to the cable station that houses the cable power
region 2 with conductivity, o,. The charges at the discontinuity create extra feed equipment. The earth potentials at opposite ends of a cable will each act
electric fields normal to the discontinuity, En, and En, and vertical electric to reduce the electric current density on the seawater side of the coast and

field Ez that act to bend the currents down into the Earth and produce current
continuity across the discontinuity (after Price, 1973).

increase the current density on the land side. Thus, at each end of the cable
route, the earth potentials will act to partially cancel the electric field in the
seawater in the vicinity of the coast.

2.4. Voltage Affecting Power Feed for Submarine Cables

The power feed equipment at each end of the cable will be connected to local earth which, because of the geoe-
lectric coast effect will have the potential, U,, at the end of the cable, A, and potential, Uy, at the end of the cable,
B. Thus, during geomagnetic disturbances, a submarine cable will experience a voltage, V., comprised of two
parts: the induced electromotive force, £, induced by the magnetic field variations directly in the cable and the
potential difference between the ends of the cable

Ve=E+U,—Up (12)
Where: &c = yfc E.dl with the integration taken along the path of the cable,
U, is the Earth potential at the end “A” of the cable,

Uyp is the Earth potential at the end “B” of the cable.

3. Modeling of Geomagnetic Induction in Submarine Cables

To model the effects of geomagnetic induction on submarine cables we need to consider both the induced emf
produced in the cable itself and the change in Earth potential at the ends of the cable. As shown in Section 2.2, the
electric field in the cable is the same as the electric field at the seafloor along the cable route. This electric field
is also applied to a transmission line model of the seawater and underlying resistive layers along the cable route
to calculate the earth potentials at the cable ends.

3.1. Calculating Electric Fields at the Seafloor

The relationship between the electric and magnetic fields at the surface of the Earth is dependent on the
three-dimensional (3-D) conductivity structure of the Earth. However, the variation with depth is often greater
than the lateral variation and reasonable calculations can be made using a one-dimensional (1-D) model of the
conductivity structure. This involves representing the Earth by a series of horizontal layers with different conduc-
tivities. The relationship between the surface electric and magnetic fields is then given by the surface impedance
which is calculated using recursive formulas as shown by Weaver (1994), Boteler and Pirjola (2019). For the
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seafloor calculations the changing conductivity structure along the cable route is taken into account by using
different 1-D models for different cable sections (see Section 4.1). This takes into account the gross conductivity
changes along the cable route.

However, we do not have measurements of the magnetic field at the seafloor, and we need to determine the rela-
tionship between the seafloor fields and the magnetic fields at the sea surface. To do this it is necessary to take
into account the attenuation of the fields in the seawater above the seafloor. This has been done by Boteler and
Pirjola (2003) who obtain, for an ocean of depth d, relationships between the seafloor electric field Ey(d), and
seafloor magnetic field By(d), and the surface magnetic field, B

Es(d) _Z 2
By /4()<1+Z£) kd_(]_i)e—kd 13)

d Zq

Bs(d) _ Z 2

By Zy (1 + é)ekd _ <1 — i)e—kd (14

Zg

Where k = /i2z fuoos and Z = 4/ ’2’;& are the propagation constant and characteristic impedance of the
s Es(d)

Bg(d)

from a 1-D conductivity model for the subsea region using the recursive formulas of Weaver (1994) and Boteler

and Pirjola (2019).

seawater with conductivity, o = 4 Sm~'and Z; = po is the surface impedance at the seafloor determined

The seafloor electric field can be calculated directly from Equation 13, or with the relationship Es(d) = ﬁBs(d ),
Ho

combined with the calculation of the magnetic field at the seafloor Equation 14 as done by Goto (2015). It will
be seen that the two approaches are equivalent.

Python routines for calculating the seafloor electric fields are given by Chakraborty et al. (2022). SCUBAS,
which stands for Submarine Cable Upset By Auroral Streams, is a cutting-edge and open-source computational
model developed using the Python programming language. The SCUBAS model is specifically designed to accu-
rately estimate the induced voltage experienced by submarine cables in the presence of geomagnetic disturbances.

3.2. Calculation of Earth Potentials at the Cable Ends

The currents induced in the ocean and the land give rise to earth potentials at the ends of the cable as explained
in Section 2.3. To calculate the Earth potentials, we use the generalized thin-sheet modeling approach of
Ranganayaki and Madden (1980). This represents the surface and crustal layers by an anisotropic double layer
made up of a conductive layer on top with an integrated conductivity given by the product of the conductivity and
the thickness of the top layer, and a resistive layer on the bottom with integrated resistivity given by the product
of the resistivity and the thickness of the bottom layer.

A new efficient method for generalized thin sheet modeling has recently been introduced by Wang et al. (2023).
This shows there is an equivalence between the generalized thin sheet equations and the equations developed
using distributed-source transmission line theory. The transmission line model has a series impedance, Z, given
by the combined conductance of the seawater and sedimentary layer and a parallel admittance, Y, given by the
resistance through the crustal and mantle lithosphere resistive layers. The series impedance and parallel admit-
tance are used to give the key parameters for the transmission line: the propagation constant, y = \/ﬁ and the
characteristic impedance, Z, = \/Z_/Y . These are dependent on the seawater depth and subsea conductivity
structure in each section of the cable route. The effect of the boundary with the land at each end of the cable
is included by using “active terminations” to the transmission line model as described in Boteler et al. (2023).
Each transmission line section is converted to an equivalent-pi circuit, and these are combined into an admittance
network. The potentials at the junctions of different sections are calculated by inversion of the admittance matrix
combined with the electric fields in each section as shown by Boteler et al. (2023). The potentials within each
section are then given by:

Uiler™ — e+ U; [eV(L—X) - e—y(L—X)]

ek —erk

U,;k(x) = (15)
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Figure 4. (a) Route of the TAT-8 submarine cable across the Atlantic. The white numbers correspond to the cable sections
described in Table 1. Also shown are the locations of the Fredericksburg (FRD), St Johns (STJ), and Hartland (HAD)
magnetic observatories. (b) Depth profile of the cable route. Blue blocks show the approximation of the seafloor by flat
sections used in the electric field calculations.

where: U, and U,, are the potentials at nodes i and k, y is the propagation constant, L is the length of the section,
and x is the distance along the section.

The important parameters obtained from these transmission line calculations are the earth potentials, U, and Up,
at the ends of the cable.

4. Calculations for the TAT-8 Cable for 13 and 14 March 1989

To illustrate the use of the above formulas we make calculations of the voltages experienced by the first fiber-optic
trans-Atlantic submarine cable, TAT-8, during the March 1989 magnetic storm. The TAT-8 cable spans a distance
of 6,300 km from Tuckerton, US (39.6°N, 74.33°W) to a branching point off the coast of France from which
there are connections to Widemouth Bay, UK (50.79°N, 4.55°W) and Penmarc'h, France (47.8°N, 4.34°W) as
shown in Figure 4a. Power for the cable is provided by constant voltage sources at the UK and French ends and a
constant current power feed at Tuckerton. By monitoring the changes in the output of the power feed equipment
at Tuckerton it was possible to obtain measurements of the voltages induced in the cable (Medford et al., 1989).

The depth profile of the seafloor along the cable route from the US to the UK is shown in Figure 4b. For calcu-
lations of the electric field on the seafloor, we do not attempt to follow every change in depth along the seafloor.
Instead, we approximate the seafloor by a series of sections with a flat seafloor as shown by the blue blocks in
Figure 4b. The edges of the blocks are shown by the yellow marks on the cable route shown in Figure 4a.

To start the electric field calculations, we need to know the magnetic field variations along the cable route. We do
not have magnetic measurements over the ocean, but we can use data from magnetic observatories near the ends
of the cable: Fredericksburg (FRD) at the western end and Hartland (HAD) at the eastern end. For the middle of
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Table 1
Characteristics of the Sections of the Cable Route That Are Shown in Figure 4, Together With the Earth Model and
Magnetic Observatory Used for Calculating the Seafloor Electric Fields in Each Section
Section Western edge of section Eastern edge of section Depth (m) Earth model = Magnetic observatory
1 39.6°N, 74.33°W 38.79°N, 72.62°W 100 CS-W FRD
2 38.79°N, 72.62°W 37.11°N, 68.94°W 4,000 DO-1 FRD
3 37.11°N, 68.94°W 39.80°N, 48.20°W 5,200 DO-2 STJ
4 39.80°N, 48.20°W 40.81°N, 45.19°W 4,000 DO-3 ST
5 40.81°N, 45.19°W 43.15°N, 39.16°W 4,800 DO-4 STJ
6 43.15°N, 39.16°W 44.83°N, 34.48°W 4,000 DO-5 STJ
7 44.83°N, 34.48°W 46.51°N, 22.43°W 3,000 MAR STJ
8 46.51°N, 22.43°W 47.85°N, 9.05°W 4,500 DO-6 HAD
9 47.85°N, 9.05°W 50.79°N, 4.55°W 100 CS-E HAD
the cable, we use magnetic data from St Johns (STJ) magnetic observatory in Newfoundland to the north of the
cable route (see Figure 4a). The observatories chosen for use with each cable section are shown in Table 1 and
correspond to the observatory closest to the middle of each section. The magnetic field variations recorded at
these three observatories on 13 and 14 March 1989, are shown in Figure 5.
The seafloor sections are described in Table 1 which shows the sea depth for each section and the latitude and
longitude of the section edges along the cable route as well as the Earth model used for the underlying conduc-
tivity structure and the magnetic observatory used for calculating electric fields.
Date: 13-14 March 1989 —— FRD
T — STJ
—— HAD
.
<
()
‘—W\M/WAAM
= MWW
&
(b) QMWMMW
=
= J
(c) ‘—’_/WW*\———————’—
00 UT 1207 0 uT 12Ut
Time
Figure 5. Measured magnetic field variations at Fredericksberg (FRD), St John's (STJ) and Hartland (HAD) near the west
end, middle, and east end of the cable route during the magnetic disturbance of 13 and 14 March 1989. (a) X component, (b)
Y component, (¢) Z component.
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Table 2
Seawater Depths and Subsea Earth Conductivity Models for the Sections of the TAT-8 Submarine Cable Route That Are
Shown in Figure 4

Layer thickness (km)

Layer Resistivity (ohm-m) CS-W DO-1 DO-2 DO-3 DO-4 DO-5 MAR DO-6 CS-E

Seawater 0.3 0.1 4 52 4 4.8 4 3 4.5 0.1
Sediments 3 8 4 2 2 1 0.5 0 1.5 3
Crust 3,000 15 10 10 10 10 10 10 10 20
Mantle Lithosphere 1000 150 145 140 140 70 60 25 70 120
Upper Mantle 100 2369 247 252.8 254 3242 3355 372 324 2669
Transition Zone 10 250 250 250 250 250 250 250 250 250
Lower Mantle 1 340 340 340 340 340 340 340 340 340

4.1. Transfer Functions for the North Atlantic

To calculate the electric fields produced at the seafloor by the magnetic field variations shown in Figure 5 we need
to know the transfer function between the seafloor electric fields and the surface magnetic fields. This is depend-
ent on the depth and conductivity of the seawater and the surface impedance of the Earth underlying the seafloor.
To take into account lateral changes in conductivity a simplified approximation is to use a “piecewise” approach
with different one-dimensional (1-D) Earth models used for different geologic zones (Marti et al., 2014).

The sea depths along the cable route are derived from the ETOPO1 model (Amante & Eakins, 2009). The subsea
Earth conductivity models are based on the LITHO1.0 model (Pasyanos et al., 2014). These models (Table 2)
show the shallow seawater depth on the continental shelf (CS) at the western and eastern ends of the cable.
Between those sections are deep ocean (DO) regions with similar properties except for the shallower section of
the Mid-Atlantic Ridge (MAR) where the upwelling magma creates a higher conductivity region in the mantle
lithosphere.

The earth models shown in Table 2 were used to calculate the seafloor impedance Z, for the different sections
along the cable route. Then Equation 13 was used with the appropriate depth, d, of seawater and seawater conduc-
tivity 0 =4 S/m to determine the transfer function 7, between the seafloor electric field and the surface magnetic
field for each section. These transfer functions (Figure 6) show that the transfer function amplitude decreases
with increasing depth of the seafloor; indicating that the deeper parts of the ocean will experience smaller electric
fields, and these are noticeably smaller than the electric field at the seafloor of the continental shelf.

4.2. Electric Field Calculations for 13 and 14 March 1989

The transfer function in Equation 13 represents the relationship between a right-handed pair of orthogonal
seafloor electric fields and a surface magnetic field across the whole frequency range considered. Thus, it can
be used to relate the northward component, E¥, and eastward component, E¥, of the seafloor electric field to the
eastward component, B, and northward component, BY, of the surface magnetic field, respectively.

EN(f) =Tx(/)BE(Sf)

16)
—E*(f) = Tx(/)BY(f)

These equations represent the relationship in the frequency domain.

To calculate the variations of the electric field in the time domain we start with the time series of the northward
and eastward components of the magnetic field recorded at the chosen magnetic observatories and take the
Fourier transform of each part to give the magnetic field spectra in the frequency domain. Each magnetic field
frequency component is multiplied by the corresponding transfer function (complex) value to give the frequency
components of the electric field spectra. An inverse Fourier transform of these spectra then gives the components
of the electric field in the time domain

EN(t) = FHTx (f) F{BE (t)}] (17)
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Figure 6. Transfer functions relating the seafloor electric field to the surface magnetic field, calculated using the subsea
earth models shown in Table 2.
—EF(t) = F ' [Tx(f) F{BY (D}] (18)
This process is repeated for each section, #, of the cable route using the appropriate transfer function, 7}, and data from
the closest magnetic observatory as shown in Table 1 to give the electric fields in each section shown in Figure 7.
The induced emf, &;, in each cable section is then given by
&) =EN@O LN + EF@) LE 19)
where the north-south length L¥ and east-west length LE are calculated from the latitude and longitude of the ends
of the section (Table 1) using the Formulas A3 and A7 for the WGS84 Geodetic model of the Earth as described
in the Appendix of Horton et al. (2012). These are shown in Figure 8.
4.3. Calculation of TAT-8 Voltages for 13 and 14 March 1989
The voltage experienced by a submarine cable is comprised of two parts: the induced electromotive force (emf)
induced by the magnetic field variations directly into the cable and the potential difference between the ends of
the cable as shown in Equation 12.
To obtain the total induced emf, £, along the cable route, we sum the emfs from each section
9
Ec= Y &) 20)
i=l
To obtain the Earth potentials at the cable ends, we use DSTL modeling of the Ocean/Earth conductivity structure
along the cable route as described by Boteler et al. (2023). The SCUBAS parameters for the route of the TAT-8
cable are shown in Table 3. The effect of induction in the land at either end can be included in the modeling by
adding active terminations as described by Boteler et al. (2023) (see the Supporting Information S1).
Applying Equation 12 to the TAT-8 cable across the North Atlantic, we get
BOTELER ET AL. 10 of 16
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Figure 7. Seafloor electric fields during the magnetic storm of 13 and 14 March 1989 calculated for the 9 sections of the
TAT-8 cable route across the North Atlantic using the magnetic observatory data and earth models as noted in Table 1.
Viar-s = Ec + Uw — Uk 21
Where: £ is the sum of the induced emfs in the cable sections given by Equation 20,
Uy is the Earth potential at the west end of the TAT-8 cable,
U is the Earth potential at the east end of the TAT-8 cable.
The terms on the right of Equation 21 as well as the resulting voltage variations for the TAT-8 cable during the
13 and 14 March 1989, geomagnetic disturbance are shown in Figure 9.
4.4. Comparison With Recordings on the TAT-8 Cable
Recordings of TAT-8 Power feed equipment (PFE) voltage variations during the 13 and 14 March 1989 magnetic
disturbance are shown in the paper by Medford et al. (1989). They also give a table of the largest PFE voltage
excursions measured on the TAT-8 cable during the March 1989 event; these are reproduced in Table 4, rear-
ranged to be in chronological order.
The PFE drives an electric current from North America to Europe along the cable (Calvo et al., 1988). Thus,
a westward geomagnetically induced electric field will oppose the normal current along the cable causing an
BOTELER ET AL. 11 of 16
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Date: 13-14 March 1989

increase in the PFE voltage to compensate and maintain a constant current

Time

Figure 8. Induced emfs produced during the magnetic storm of 13 and 14

E : R flow through the cable. Conversely, an eastward geomagnetically induced
e 1 DO-1 electric field will tend to increase the current in the cable causing the PFE to
‘ o, D02 reduce its voltage to keep the cable current at a constant value.

A LA N, Yo W NG Bl . .

it ! o The calculated cable voltage variations shown in Figure 9 are used to deter-

% R S MAR mine the calculated values for the same parts of the event as used by Medford

i e N 22': et al. (1989). These are shown in the last column of Table 4. The similar-
i 1 ity of the calculated values to the measured values reported by Medford
S Peu S et al. (column 3 of Table 4) provides support for the method of calculation
F 1 presented here.

00 UT 20T 00 UT 12Ut

5. Discussion

The example calculations for the TAT-8 submarine cable illustrate some of

March 1989, calculated from Equation 19 for each section of the TAT-8 cable the factors that have an influence on the voltage experienced by the cable.
route using the magnetic observatory data and Earth models as shown in These range from the spatial characteristics of the magnetic field variations

Table 1.

to the frequency content seen at different parts of the cable route and the
tendency for the earth potentials at the ends of the cable to reduce the effect
of the induced emf in the cable.

The TAT-8 cable spans 6,300 km, covering 5 hr in local time, so it can be expected that a lot of the time the
magnetic field variations at opposite ends of the cable will be significantly different. For example, in the evening
of March 13, the Fredericksburg magnetic observatory at the western end of the cable is showing a positive vari-
ation in B, produced by an eastward electrojet in the afternoon sector, whereas Hartland magnetic observatory
at the eastern end of the cable is showing a negative variation in B, produced by a westward electrojet in the
midnight sector (Figure 10a). [This was also identified by Lanzerotti et al. (2001).] In this case, even though the
magnetic field variations are significant, they produce electric fields at opposite ends of the cable that tend to
cancel each other, so the overall impact on the cable is reduced.

There are times, however, when a similar magnetic disturbance is seen across the whole length of the cable.
Figure 5 shows that this occurs at 01.30 UT on March 14 and indicates that a westward electrojet extended from
Europe to North America (Figure 10b). In this case, an eastward electric field is induced along the whole length
of the cable and produces a larger cable voltage than during the earlier interval examined above. It should be
noted that 01.30 UT on March 14 is the time when the recordings on the TAT-8 cable showed the largest voltage
excursion (see Table 4). The electric fields produced in different sections of the cable are also influenced by the
seawater depth in each section with the deeper sections experiencing much more attenuation of the fields than
the shallow sections. The first indication of this is given in Figure 6 which shows that the seafloor/surface trans-

fer functions for the two continental shelf sections have higher values than

those for the deep ocean sections. The effect of this is seen in Figure 7 which

shows that the seafloor electric fields in the continental shelf sections are

Table 3

Transmission Line (Thin Sheet) Model of the Route of the TAT-8 Submarine larger than those in the deep ocean sections. The overall impact of this on the

Cable voltages experienced by the cable depends on the relative contributions from
Length Adj dist the continental shelf and deep ocean sections.

Region km Z (Q/km) Y (S/km 1/km) Z,(Q km . .

& =) ¢ ) ¢ - ) AEY G Earth potentials at the ends of the cable also contribute to the overall voltage
Sea (west) 105 0333 513107 13.110* 255 763 experienced by the cable power feed equipment. At times when the electric
Ocean 1 231  6.821072 57110° 62410 109 1603 field is directed eastward in the sea and in the cable, there will be a negative
Ocean 2 1243 556102 5.8810~° 5.7210~* 972 1748 Earth potential at the western end of the cable and a positive Earth potential
Ocean 3 256 71410~ 58810~ 64810~ 110 1543 at the eastern end. This potential difference between the ends of the cable

acts against the eastward electric field and reduces the overall voltage expe-
Ocean 4 561 6.12102 10.010=° 7.8210* 782 1279 .

rienced by the cable.
Ocean 5 457 741102 11.110°° 9.0710~* 81.7 1103

Ocean 6 1194 1001072 18.2107° 13.510™* 742 741
Ocean 7 1441 6451072 10.0107° 8.0310™* 803 1245

This paper has examined the various factors that influence the voltages expe-
rienced by submarine cable power feed equipment during geomagnetic distur-
bances. The calculation procedure that has been developed takes account of

Sea (east) 594 075 556107 20410~ 367 490 the changing depth of seawater along the cable route as well as changes to
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Date: 13-14 March 1989

the earth conductivity structure below the seafloor to calculate the induced

Potentials [Volts]

500 V:|:

T emf experienced by the cable. It also models the induction in the seawater
and the land at either end to determine the Earth potentials at the ends of the
cable. Spatial structure in the geomagnetic disturbance is taken into account
by using magnetic data from observatories at either end of the cable; for the
Uw | TAT-8 cable we have also been able to use magnetic data from the St John's
magnetic observatory as an approximation to the magnetic disturbance in the
Up 1 middle of the cable route, but such an option will not necessarily be possible
for other submarine cables.

The results obtained from the calculations give cable voltage values that are
very similar to those measured on the TAT-8 cable during the March 1989
storm (Medford et al., 1989). This is encouraging but may exaggerate the
b results that can generally be achieved from such modeling. Even if the calcu-

Vrar—s 1

00 uUT

Figure 9. Final calculated result for voltage produced in the TAT-8 cable
by the geomagnetic disturbance on 13 and 14 March 1989, using magnetic
observatory data and earth models as shown in Table 1, and the transmission
line model shown in Table 3. The figure shows all the terms in Equation 21,
from top to bottom: 1) Total induced emf along the cable, € ; 2) Earth
potential at west end, U,; 3) Earth potential at east end, U,; 4) Total voltage

12 UT
Time [UT]

experienced by the cable, Vi, .

Table 4

00 UT 12UT lation of the electric fields experienced by the cable is refined by the use
of more sophisticated modeling techniques, a fundamental limitation will
always be the lack of magnetic data from along the cable route to use as input
for the modeling. This can also be a limitation for studies of geomagnetic
effects on land-based systems; but the installation of magnetometers is much
easier on land than on the seafloor. As with studies of geomagnetic induc-
tion on land-based systems, calculations can also be made using interpolation
techniques to obtain the best estimate of the magnetic disturbances along the
cable route. Future work will also examine geomagnetic induction produced
by modeled ionospheric and magnetospheric current sources.

The agreement between the modeling results and the measurements reported by Medford et al. (1989) may be
because their study primarily focussed on the largest disturbances on the cable. Because the cable will experience
the largest voltages when the electric fields are similar along the whole cable, this naturally selects out those parts
of the disturbance where the magnetic field variations are fairly uniform across the Atlantic. The smaller event
considered, the SSC on March 13, also produces a fairly uniform magnetic field variation along the whole cable
route. The significance of this is that the more uniform the disturbance, the better chance that the magnetic distur-
bances recorded on land will be representative of the magnetic disturbances out over the ocean. For times when
the cable voltage is smaller, there might be more spatial structure in the magnetic disturbance so that the electric
fields produced in different parts of the cable tend to cancel each other. In such situations, because of the spatial
structure, the recordings at the magnetic observatories on land will likely be less reliable indicators of the magnetic
field variations out over the ocean. However, the fact that the calculation works best for large-scale disturbances is
not a bad thing. These disturbances are the ones that will produce the largest voltages on the cable and are therefore
the events of most concern.

Submarine cables carry over 95% of international internet traffic and have become a vital critical infrastructure

for modern societies. Consequently, it is important to evaluate any natural hazards that could potentially interfere

with their operation. This paper has shown how the voltages produced in submarine cables during geomagnetic

disturbances can be modeled. In future work this modeling will be used with archived magnetic observatory
data to calculate the voltages produced in trans-Atlantic cables over the last
30 years to assess the geomagnetic hazard. This will then be coupled with an
analysis of the evolving vulnerability of submarine cable systems to perform
an assessment of the space weather risks to submarine cables.

Peak Voltages on the TAT-8 Cable During the March 13-14, 1989 Magnetic
Disturbance Reported by Medford et al. (1989), and the Calculated Cable

Voltages

6. Conclusions

“Event”

Calculated cable

Measured PFE voltage
excursion (V)

voltage variation (V)

SSC, 01.30 UT, March 13
11.10 UT, March 13
21.45 UT, March 13
01.30 UT, March 14

Submarine cables are a vital part of modern communications infrastructure.
They now use optical fibers to carry the signals but there is a copper conduc-

~75 67
39 o tor in the cable to supply power to the repeaters. It is the power feed to the
cable that is potentially affected by geomagnetic disturbances, as shown by
sl w9 the recordings from the TAT-8 trans-Atlantic cable during the March 1989
~700 763

geomagnetic disturbance when voltage variations up to 700 V were measured.
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Figure 10. Electrojet positions estimated from the magnetic field variations in Figure 4 (a) For the disturbance at 21.45 UT
on March 13, (b) For the disturbance at 01.30 UT on March 14.
A new calculation method using magnetic observatory data and models of the Ocean/Earth conductivity structure
has been used to calculate both the geomagnetically induced emf in the cable, €, and the Earth potentials U, and
Uy, atends A and B of the cable. The voltage experienced by the cable, V, is then:
Ve=E+U,—Up (22)
Example calculations for the TAT-8 trans-Atlantic cable closely match the peak values measured on the cable
during the March 1989 geomagnetic disturbance, providing confidence in the new method.
The new method considers that the primary effect of geomagnetic induction for submarine cables is the produc-
tion of an induced electromotive force (emf) in the cable itself. Induction also occurs in the seawater and the
land at either end of the cable driving different currents in each; current continuity across the conductivity
boundary at each coast is achieved by charge accumulation which changes the earth potential at each end of the
cable.
Larger seafloor electric fields were produced in the shallow continental shelf sections of the cable route compared
to those in the deep ocean sections. For the TAT-8 cable, the continental shelf sections represented 11% of the
cable route but contributed, on average, 21% of the electric field integrated along the cable route. This shows that
the continental shelf sections have higher electric fields per unit length, but the much greater length of the deep
ocean sections means that they contribute most to the total emf experienced by the cable.
BOTELER ET AL. 14 of 16
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The calculation method requires knowledge of the geomagnetic field variations along the cable route. For the
TAT-8 cable, magnetic observatories at each end of the cable and a site to the north of the middle of the cable
provide a reasonable source of data for large-scale magnetic disturbances affecting the cable. Other cables may
not have such a fortuitous placement of magnetic observatories. However, the modeling could also be used with
synthetic magnetic variations as input, allowing the impact of different levels of geomagnetic activity on subma-
rine cables to be assessed.

Data Availability Statement

The data sets used in this study are synthetically produced inside the code and can be found in the Zenodo reposi-
tory (Chakraborty, 2023). The crust and lithospheric model of the Earth LITHO1.0 model (Pasyanos et al., 2014)
is available on IRIS DMC Data Products website (Trabant et al., 2012). The computational model, SCUBAS:
Submarine Cables Upset by Auroral Streams., is developed using Python to compute geomagnetic induction
effect on submarine cables (Chakraborty, 2022). A pip installer is also available to install the model in any python
environment. Example codes are also available to describe the parameters and illustrate the use of SCUBAS
(Chakraborty et al., 2022). Please refer to the website for detailed documentation on SCUBAS. The majority
of analysis and visualization was completed with the help of free, open-source software tools such as matplot-
lib (Hunter, 2007), IPython (Perez & Granger, 2007), pandas (McKinney, 2010), and others (e.g., Millman &
Aivazis, 2011). Our code is published in Zenodo repository (Chakraborty & Shi, 2023).
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