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Abstract

There is a growing concern that a big coronal mass ejection event will induce perturbations on the power supply of fiber optic
transoceanic cables that may produce a global internet blackout. In this paper we give the expression of the voltage variations
that a transient change of the geomagnetic field induces on the voltage of the power supply of a transoceanic fiber optic cable.
We show that the transient voltage change is proportional to the magnitude of the magnetic field deviations and not to its time
derivative as a direct application of Faraday’s law would imply, and this suggests design criteria to protect transoceanic fiber
optic systems against big solar storm events. The presented analysis also enables the classification of existing systems into some
that are less sensitive to the weakening of the geomagnetic field occurring during strong solar storms and others that are more

prone to experience an outage when a weakening of the geomagnetic field occurs.
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Key Points:

+ Electromotive force induced by a magnetic storm on a wire feeding an undersea
optical cable is proportional to the magnetic field deviations

« Magnetic storms affect unevenly transoceanic optical cables fed with an electric
current running east-west or west-est.

« Weakening of the geomagnetic field during a solar superstorm does not produce
an outage in cables where the electric current runs west-east
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Abstract

There is a growing concern that a big coronal mass ejection event will induce perturba-
tions on the power supply of fiber optic transoceanic cables that may produce a global
internet blackout. In this paper we give the expression of the voltage variations that a
transient change of the geomagnetic field induces on the voltage of the power supply of
a transoceanic fiber optic cable. We show that the transient voltage change is propor-
tional to the magnitude of the magnetic field deviations and not to its time derivative
as a direct application of Faraday’s law would imply, and this suggests design criteria
to protect transoceanic fiber optic systems against big solar storm events. The presented
analysis also enables the classification of existing systems into some that are less sensi-
tive to the weakening of the geomagnetic field occurring during strong solar storms and
others that are more prone to experience an outage when a weakening of the geomag-
netic field occurs.

Plain Language Summary

Virtually all internet traffic runs over submarine fiber optic cables. The inline equip-
ments are fed from the two terminals by applying a positive or negative voltage over a
conducting wire, with the return wire replaced by the earth. A geomagnetic storm pro-
duces an induced electromotive force in the wire that adds or subtracts to the voltage
of the line. When it subtracts to the voltage of the line, the power supply of the cable
is required to provide an extra voltage that may exceed the system specification and pro-
duce an interruption of service. There is a growing concern that a future solar superstorm
may produce a global internet blackout. We show here that in a fiber optic cable run-
ning east west the direction of the current prescribes the sign of the voltage variation
in the line when a sudden reduction of the geomagnetic field occurs. In most reported
large magnetic storm events the geomagnetic field reduce its intensity, so that it is likely
that transoceanic and transpacific cables where the current runs east west will experi-
ence an outage when a solar superstorm occurs, while those in which the current runs
west east will be unaffected.

1 Introduction

The interaction of the geomagnetic field with charged particles during coronal mass
ejection (CME) may induce significant electromagnetic perturbations, known as solar
storms. There is a growing concern that a big CME event will induce perturbations on
fiber optic transoceanic systems that may end up in a global internet blackout (Jyothi,
2021).

In this paper, we present a theory of the interaction between the power line feed-
ing a transoceanic fiber optic system and a time-varying magnetic field. We show that
the combined effect of the frequency dependent attenuation of the electromagnetic per-
turbation in the conducting seawater and the reflection from the bottom, has the effect
that the induced electric field in not proportional to the derivative of the magnetic field
as a direct application of Faraday’s law would suggest, but to the amplitude of the mag-
netic field perturbation. The theory predicts that the effective area that was used to quan-
tify the effect of the magnetic perturbation on the induced voltage variations (Medford
et al., 1989) becomes linearly proportional to the duration of the perturbation, and this
result is used to check the validity of the analysis with experimental data extracted from
the literature (Medford et al., 1989). The predicted proportionality of the voltage vari-
ations to the amplitude of the magnetic field perturbations has also very practical im-
plications. In the presence of a sudden drop of the magnetic field, like the ones that are
likely to occur during large magnetic storms (Mohanty et al., 2017; Cliver & Dietrich,
2013), the induced voltage variations will follow the magnetic field perturbation, and un-
dergo an increase or a decrease depending on the direction of the electric current. This
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result, beside providing a simple criterion to estimate the vulnerability of an existing fiber
optic plan, provides design criteria to reduce the sensitivity of newly deployed systems
to possible future strong solar storm events.

2 The model

In a transoceanic optical cable, the in-line equipment is fed by a positive and a neg-
ative (or zero) DC voltage from the cable terminals using a wire that is grounded at its
ends. Effectively, the return line is replaced by the earth. The voltage balance is

Vv1+V+_V:°,ys+Vf:Vv27 (1)

where V] is the potential of the earth at the transmitter (or the receiver) side, V. is the
positive voltage of the feed at the transmitter (or the receiver) side, Vsys is the voltage
drop due to the line resistance and the voltage drop of the in-line devices, V_ is the ab-
solute value of the negative voltage of the feed at the receiver (or the transmitter) side,
and V5 is the potential of the earth at the receiver (or the transmitter) side. Writing

Vi = Vo = Ve + AV, (2)

where AV = Vo—V, one sees right away that the required feeding voltage is equal to
the voltage drop of the system plus the difference of the earth potential at the receiver
and the transmitter side (or vice versa). In a static situation, the earth voltage is uni-
form. This is not the case when the geomagnetic field that surrounds the earth changes
with time. Under the action of a time varying magnetic fields, electric fields are gener-
ated by Faraday’s law. For slowly varying fields like the ones involved in solar storm events,
the quasi static approximation is always valid, so that an electric potential can still be
defined. In this case, however, the presence of a time-varying magnetic field produces

a non-uniform earth potential. Therefore, if one assumes that the voltage drop of the
system is constant, the voltage variations of the power supply of transoceanic transmis-
sion systems monitor the variations of the difference of the earth potentials at the trans-
mitter and receiver sides.

In order to analyze this problem quantitatively, let us write Faraday, Ampere-Maxwell
and Ohm laws in the ocean, in the quasi static approximation, as follows

S 5 0B
E = -
V x Pt (3)
VxB = poJ+ poe a (4)
J = U(E+ax§) (5)

Here, o is the electrical conductivity of the water, and we neglect the very small pertur-
bation introduced by the cable wire. Let us consider the case v = 0 and a time vary-
ing magnetic field, and assume the quasi static approximation neglecting the Maxwell
term proportional to the time derivative of the electric field in the Ampere-Maxwell law
(4). Using then Eq. (5) into Eq. (4) we obtain

V x B = pgoE. (6)

Inserting the traveling wave solution with w > 0 and B(—w) = B*(w) and E(—w) =
E*(w)

B = Bjexp (@E ST — iwt) , (7)
E = Eyexp (zl; 7 — zwt) ) (8)
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Figure 1. Schematic of the model.
we obtain
kxEy = wB, (9)
E X E() = —Z.,U,()UE;(). (10)
The vectors Em éo and k are a right-handed orthogonal set of vectors. We have
E X <E X EO) = —iﬂoUWEo, (11)
that is . .
—k*Ey = —ipgowEy — k% = ipgow. (12)

Let us now approximate the ocean as a flat water layer of width H and resistiv-
ity o, with air on top and lying on a flat semi-infinite substrate (the mantle) of resistiv-
ity o1 (Wait, 1962), and use a reference frame defined by the base unit vectors é, directed
downwards, é, parallel to Eo, and ¢, parallel to By to complete a right-handed refer-
ence frame, see Fig. 1. Assume that the cable is lying at the interface of water and the
flat semi-infinite substrate, at depth z = H. Assume that the electromagnetic field is
propagating in the water along the z direction so that k = +ké,. The above equation
yields two attenuated traveling wave solutions proportional to

exp (ikz — iwt) = exp(Lk z — iwt). (13)

where
K =1/ —iloow, (14)

and we use the convention that the real part of k is positive. With this choice if we take
the minus sign we have the attenuated progressive wave propagating in the direction é,

E. = Eyexp(—k z — iwt) = Eqexp [(z - 1)% - iwt] (15)
w

and if we take the positive sign the attenuated regressive wave propagating in the direc-
tion opposite to é,

E_ = Eyexp(k z —iwt) = Eyexp [—(z - 1)m - zwt] , (16)
where 5
d(w) = 1
@ =y a7)

is the skin attenuation depth. Defining the Fourier amplitudes as E(z,t) = E(z) exp(—iwt)
and B(z,t) = B(z) exp(—iwt), with

- E(x)e., (18)
— B(x)e,, (19)
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and decomposing the fields as a combination of forward and backward propagating com-
ponents, we have

E(z) = Ejexp(—kz)+ E_exp(kz), (20)
B(z) = Bjexp(—kz)— B_exp(kz). (21)

Using Egs. (3) and (4) in the quasi static approximation we obtain

E,

E_ ik —k2 —i Z
S L NN L L AR (22)
B, B- oo Koo Moo fo

where Z = E,/H, = +/—iwpg/o is the impedance of the ocean water, so that Eq.

(21) becomes
B(z) = 4 /% [Etexp(—krz) — E_exp(k 2)]. (23)

Defining the reflection coefficient I' of an incident wave on the substrate as

_ E_exp(kH)
= E,exp(—x H)’ (24)

and using the preservation of the parallel components of E and B at the interface and
the absence of a backward propagating field that returns from the semi-infinite medium,
it is possible to show that I" has the expression

B Zl — 7z (0.1)—1/2 _ (0)—1/2

I'= = 25
v+ Z o (01)7V2 4 (o) (25)
where we used that the impedance of the mantle is Z; = 4/—iwpg/o1. The use in Eq.
(20) and in Eq. (23) calculated for z = 0 of the expression for E_ obtained from Eq.
(24), that is E_ =Texp(—2x H)E,, yields
E
# = exp(—kz)+Texp[k(z —2H)], (26)
+
B(0) too
= —[1-T -2k H)]. 2
i P [1 T expl(~26 H)] (27)

The ratio of the first to the second of the equations above gives

E(2) _ | —iw explk (H — z)] + Texp[—k (H — 2)] (28)
B(0) Hoo exp(k H) — Texp(—k H) ’

or, using Eq. (25) and after straightforward algebra!

E(2) _|—iw cos[k (H — 2)] + (01/0)1/2 sinh[k (H — 2)] (29)
B(0) Hoo sinh(x H) + (01/0)1/2 cosh(k H) .

For z = H, Eq. (29) becomes

| —iw B(0)
E(H) = HoO sinh(k H) + (01/0)1/2 COSh(“H)’ o

L This equation generalizes the combination of Eqs. (27) and (28) of ref. (Wait, 1962) that gives
Z = poE(0)/B(0), and becomes identical to that for z = 0, after the replacements ¢ — o1, 01 — o3

and H — h1, and with —3i replaced by ¢ because of the different Fourier transform definition.
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where the magnetic field B(0) is the total magnetic field evaluated at the interface be-
tween water and air. Using now Eq. (18) for z = H and Eq. (19) for z = 0, and that

éy = €, x €., we obtain the final result

. —iw B(0) x é.
E(H) = . = .
P00 sinh(k H) + (01/0)" cosh(k H)

Outside the water, the propagation constant is k = w/c so that the wavelength is A =

¢T where T = 27/w is the period of the perturbation. For T larger than one second,

the wavelength is larger than 300,000 km, larger than the size of the magnetosphere. This
means that the plane wave approximation cannot be applied in the air section so that

the quantity of interest is the total magnetic field at the air-water interface, not a forward-
propagating magnetic field in air, which cannot be defined outside the framework of a
plane wave approach. For the generation of a planar wave in the ocean layer we need to
assume that the amplitude and phase of the geomagnetic field is uniform on the water
surface over the length scale set by the wavelength in the water 27 /imag(k) = 27 (w).

For time scales AT = 27/w ranging from 103 to 10° s, which are typical time scales of
geomagnetic field fluctuations, §(w) lies between 9 to 90 kilometers for o = 3Q " tm~1.

(31)

Let us now consider a cable parametrized by the curvilinear coordinate s and be
d§ its increment. We will allow that the direction of the magnetic field varies along the
cable over a length scale large enough that the plane wave approximation still holds in
the water layer, and we also allow a variability of H over the same length scale. Let us
assume that the return path of the circuit goes deep into the earth mantle in a region
where E ~ 0. The induced electromotive force in the circuit acts only in the cable sec-
tion and its component at frequency w is

—iw é. x d3- B(0)
Hoo Jo sinh(k H) + (01/0)”* cosh(k H)

where we used that B(0) x é, - d§ = é. x d&- B(0). Let us now use a local reference
frame defined by the base unit vectors é,, é, and é, where ¢, is defined by d5' = é,ds
and é, by the property that it completes a right-handed orthogonal reference frame to-
gether with the vertical €, pointing downwards, and assume that the cable is lying at
depth z = H(s). In this reference frame Eq. (32) becomes

= B, (w)ds
&= \/;J;J sinh(k H) + (o1/0)"* cosh(k H)7 .

where By(w) = é, - B(0), and we made explicit the dependence of the magnetic field

on the angular frequency w and implicit the fact that the magnetic field is referred to
the interface ocean-air, that is at z = 0. A constant intensity in the cable requires that
the total voltage V needed for the nominal current flow in the system be constant in the
presence of the perturbation &, that is V + AV + & = V, so that the voltage change
AV in response to the generation of the electromotive force £ is AV = —&, that is

[ —iw By(w)ds
,U'OUJO sinh(kH) (01/0)1/2 cosh(k H) 39

When the current flows in the circuit in the positive direction of s and of é,, V is pos-
itive and hence a positive AV corresponds to an increase of the voltage V of the power
supply. On the other hand, when the current flows in the opposite direction, V' is neg-
ative and hence a positive AV corresponds to a decrease of the absolute value of V.

3 Approximate analytical expressions

Equation (34) shows that AV (w) = 0 for w = 0 and hence AV (t) = 0 for a con-
stant B, (t). We are interested into events which have a finite time duration over a con-
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stant background. We may therefore separate the constant background using
B, (t) = By o+ ABy(t), (35)

where AB,(t) — 0 for [t| — oo sufficiently fast that its spectrum is finite. Because
AV (w) does not change if By (t) is replaced by AB,(t) by subtracting a constant bias,
it is legitimate to replace in Eq. (34) B, by AB,, in the following analysis.

In order to obtain some useful analytical relations between the voltage and the mag-
netic field variations, let us expand in the denominator of Eq. (34) the arguments of the

hyperbolic functions as
— AB
w f e )(/12 (36)
Hoo Jo o+ a3/6 + (01/0) (1+ a2/2)

where o« = k H. If we assume that AB,(w) is bandwidth limited to the frequency Q =
27 /AT, then we have |a| < 1 for AT > 27WOJH2. Assuming o = 3Q7! m™! for the
value of the conductivity of the ocean water, and H = 4 km, we obtain A7 > 380 s.
For events that fulfill this condition we may then write

A/ MOUJO o+ /a 1/2 (37)

The value of the conductivity of the substrate is much smaller than that of the water,
of the order of 0.01 Q27! m~! or less. Assuming the value o; = 0.01 Q' m~! the sec-
ond term at the denominator is dominant for pgo(2r/AT)H? > (01/0), that is for AT <
(0/o1)poo2m H? which, with our values of the parameters is A7 < 105 s. For At >
380 s and AT < 10° both the first order expansion and the neglecting of 1 are legiti-
mate and we have

L
AB,(w)ds
AV (w) = —j — 38
) 0 HooH(s) 38)
and in time domain .
L [1 (" AB,@)ds
AV(t) = ——— *J . 39
For constant H(s) = H and constant AB,(t) we then obtain the simple relation
L
A =— AB 4
V() =~ AB ), (10)

Assuming H = 4 km and 0 = 3Q7'm™!, we obtain AV/(LAB,) ~ 66.3 mV/(Mm
nT) (Mm stands for megameter, a handy unit for transoceanic system lengths). Notice
that, contrary to what could be anticipated from a direct application of Faraday’s law,
the voltage variations are proportional to the amplitude of the magnetic field perturba-
tions, not to its time derivative. This can be explained by the fact that the derivative
becomes multiplication by —iw in frequency domain, and that the coupling between the
induced electric field and the derivative of the magnetic field is inversely proportional
to v/—iwpugo and the enhancement originated by the reflection of the substrate is in turn,
for high enough frequencies, inversely proportional to \/—iwpugo H, so that the effective
coupling between the voltage and the magnetic field perturbations turns out to be in-
dependent of w.

If we use in Eq. (40) the dimensionless time 7 = t/A7, we obtain

LAB,(1)

AV (1) =— ]

(41)
which shows that for A7 > 380 s and A7 < 10° the proportionality coefficient between
voltage variations and amplitude of the magnetic field perturbations is independent on
the time scale A7 of the magnetic field perturbations.
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For very low frequencies, corresponding to A7 > 10° s, we are in the opposite limit
in which we may instead neglect the term proportional to H in Eq. (37). If we do so,

we obtain
—iw (F
AV (w) = —4 | J AB,y(w)ds. (42)
Hoo1 Jo

An elegant and very useful formal expression in time domain of the above equation can
be obtained in terms of the derivative of order one-half of the magnetic field (the deriva-
tive of order one-half is a linear operator that applied twice produces a first derivative
(Podlubny et al., 2017))

AV (1) = —\/E LL (i)m AB,(t)ds, (43)

In this case, the use of the dimensionless time 7 = t/AT gives

AV (r) = — /uogllm LL (i)m AB,(7)ds. (44)

For a gaussian AB,(7) the ratio between the maxima of the half-derivative and the deriva-
tive is about 3, and it is in all cases of the order of unit. Equation (44) shows an inverse
proportionality of AV (7) with the square root of the time scale of the perturbation Ar.

Direct application of Faraday’s law suggests the definition of the effective area A
(Medford et al., 1981, 1989)
dAB,(t)

AV (t) = —-A 4
V() v, (45)
that is, using the dimensionless time 7 = t/Ar,
AB,(t)]7"
A= —-ATAV (1) [ddty<t)] . (46)

Using for V(1) the expression given by Eq. (41), valid for A7 > 380 s and At < 10°
s, and expanding A to lowest order in A7, we obtain that A is linearly dependent on the
time scale of the magnetic field perturbation A7

A = AgAr, (47)

with proportionality coefficient

b i | (i) momeo]

- uol;H Ki) lnABy(T)]_l, (48)

where the second equality holds for constant H(s) = H and AB, (7). Using in Eq. (46)
the expression for V(1) given by Eq. (44), valid for A7 > 105, we obtain that A is pro-
portional to the square root /A7 of the time scale of the magnetic field perturbation

A= AWAT, (49)

with proportionality coefficient

1 | @an)? AB,(r)
Av=1L 1001 [ (d/d1) ABy(7)
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Figure 2.

Figure 3. Values taken from Table 1 of ref. (Medford et al., 1989) of A in square meters vs.

the time change of the magnetic field A7 is seconds for solar storms events affecting the TAT-8
system (blue squares), the TAT-7 system (red dots), and the TAT-6 system (magenta triangle).
Dashed blue line, plot of the scaling A = Ay At (see text).

4 Comparison with literature data

In Fig. 3 we plot the values taken from Table 1 of ref. (Medford et al., 1989) of A
in square meters vs. the time change of the magnetic field A7 in seconds for solar storms
events affecting the TAT-8 system (blue squares), the TAT-7 system (red dots), and the
TAT-6 system (magenta triangle). A rigorous comparison between the A obtained with
our theory and that defined in refs. Medford et al. (1981) and Medford et al. (1989) is
of course impossible because of the qualitative definition of A7 and the presence of the
derivative of In(B,) with respect to 7 in Eq. (48). However, it is reasonable to assume
that the absolute value of the derivative of In(B,) is of the order of one (for instance,
the derivative of the Insech(r) is — tanh(7) which spans the interval from —1 to 1), so
that an estimate of the scaling of A with the event duration A7 may be obtained by re-

placing in Eq. (48) the derivative of the logarithm of B, with 1. Using then o = 6 Q tm™!

for the electrical conductivity of the seawater, L. = 6300 km and H = 4 km we ob-
tain Ag = 2.110° m?s~!. The plot of A = AgAT is reported as a dashed blue line in
the figure, showing good agreement with the experimental points, with the exception of
two outliers for small and large values of Ar.
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Figure 4. Left panel: South-north magnetic field horizontal component averaged over five
days, digitized from Fig. 2 of ref. (Medford et al., 1981). Right panel: the voltage variation in
the TAT-6 system obtained from Fig. 3 of the same reference (solid blue line), and the prediction
of Eq. (34) witho = 6Q 'm™'and o1 = 0.01Q 'm™! (dashed red line), and of Eq. (40) with
0 =70 m™* (dotted green line).

Let us consider a cable whose path is a straight line east-west, and use a three di-
mensional right-handed frame with origin on the ocean surface and base unit vectors é,
horizontal pointing north, €, vertical oriented downwards, and é, horizontal parallel to
the cable and pointing west. In this reference frame, a positive AB,,(t) produces a neg-
ative AV. In both TAT-6 and TAT-8 systems the current flows west-east, and hence the
voltage V is negative and a positive AV corresponds to a decrease of the absolute value
of the voltage. Equation (40) predicts for a positive AB,(t) a negative AV'(¢), which cor-
responds in our case to an increase of the voltage V', and this is consistent with the ex-
perimental observations that show that an increase of the south-north magnetic field com-
ponent always corresponds to an increase of the absolute value of the voltage (Medford
et al., 1981, 1989).

Let us now perform a more detailed comparison between the prediction of the the-
ory and the experimental observations reported in refs. Medford et al. (1981) and Medford
et al. (1989).

The left panel of Fig. 4 shows the south-north magnetic field horizontal compo-
nent averaged over five days, digitized from Fig. 2 of ref. Medford et al. (1981). The right
panel of the same figure shows by a solid blue line line the voltage variation in the TAT-
6 system, of length L = 6300 km, obtained from Fig. 3 of the same reference, and by
a dashed red line the prediction of Eq. (34) with 0 = 6Q27'm~! and o7 = 0.01 Q" 'm™1,
and by a dotted green line the prediction of its approximated version Eq. (40) with o =
7Q 'm—1,

Figure 5 compares the results of the theory with the observations recorded during
the event reported in Fig. 2 of ref. (Medford et al., 1989). The right panel shows good
agreement of the voltage variation observed experimentally (solid blue line) with the pre-
dictions of Eq. (34) using 0 = 1.5Q 7 'm™! and o7 = 0.001 @ 'm~! (dashed red line)
and with the predictions of Eq. (40) using 0 = 1.7Q7'm ™! (dotted green line).

Figure 6 compares the results of the theory with the event reported in Fig. 4 of ref.
Medford et al. (1989). In this case, the right panel shows good agreement of the volt-
age variation observed experimentally (solid blue line) with the predictions of Eq. (34)
using 0 = 6Q 'm~! and oy = 0.01 Q2 'm~! (dashed red line), and with the predic-

—10—



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

80
60|
__ 40
H
= 2
@
0 -
-20 '\-\/\J
-40 : . . . -40 . . v .
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8
t [hours] t [hours]

Figure 5. Left panel: South-north magnetic field horizontal component digitized from Fig.

2 of ref. (Medford et al., 1989). Right panel: the voltage variation in the TAT-8 system also
obtained from Fig. 2 of ref. (Medford et al., 1989) (solid blue line), and the prediction of Eq.

(34) witho = 1.5Q 'm 'ando; = 0.001Q 'm™' (dashed red line) and of Eq. (40) with
o =17Q"'m™" (dotted green line)

tions of Eq. (40) using o = 6 Q2 'm~! (dotted green line), using the east-west compo-
nent of the magnetic field, which shows a magnetic field variation about three times larger
than the south-north component. Notice that the geometry of the TAT-8 cable, which
runs southwest to northeast, is such that the south-north and east-west magnetic field
components have components of the same sign on the direction orthogonal to the cable.

As a general comment, the spread of the value of the conductivity ¢ and oy in Figs.
4-6 is caused by the fact that the magnetic field to be used in Eq. (34) is the spatial av-
erage of the component orthogonal to the local cable direction, while we have used a sin-
gle component, south-north in Figs. 4 and 5 and east-west in Fig. 6, at a fixed location.
The three cases analyzed however show very clearly that the shape of the voltage vari-
ation is not proportional to the time derivative of the magnetic field variation, which would
produce positive voltage variations in the leading edge and negative in the trailing, but
to the magnitude of its deviations. This is evident for the good agreement between the
observations and the shape predicted by Eq. (40), especially for the shortest time scale
events of Figs. 5 and 6, where the approximations over which Eq. (40) is based are more
accurate.

We have shown above that in both TAT-6 and TAT-8 systems the sign of the elec-
tromotive force is consistent with the prediction of the theory. It is interesting to notice
that the choice of the direction of the current produces qualitative differences in the sen-
sitivity of a cable to solar storms. In particular, the same increase of the south-north com-
ponent would produce an increase of the voltage or a decrease depending upon the di-
rection of the current. A large increase of the voltage is the worst scenario, because the
power supply may not be able to deliver the excess voltage required to feed the in-line
components with the prescribed current, whereas it can easily reduce its voltage when
necessary. Our finding that the voltage is proportional to the deviations of the magnetic
field rather than to their time derivative implies that during a positive or negative mag-
netic field peak the voltage does not show both positive and negative voltage variations.
Our analysis gives indications on the choice of the positive and negative side of the line
to reduce the sensitivity of the systems to solar storms. Indeed, in the strongest solar
storm recorded to date, the Carrington event in 1859 (Cliver & Dietrich, 2013), the mag-
netic field underwent a sharp decrease, and this is the case also of the event that occurred
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Figure 6. Left panel: East-west magnetic field horizontal component digitized from Fig. 4 of

ref. (Medford et al., 1989). Right panel: the voltage variation in the TAT-8 system also obtained
from Fig. 4 of ref. (Medford et al., 1989) (solid blue line), and the prediction of Eq. (34) with

o = 6Q'mand o1 = 0.01Q 'm™! (dashed red line) and of Eq. (40) witho = 6Q 'm™"
(dotted green line).

on the 13th of March 1989 reported in Fig. 6. In addition, there is experimental evidence
that the strongest solar storms will be associated to a weakening of the geomagnetic field
(Mohanty et al., 2017). Therefore, it would be worth designing cables where a decrease

of the magnetic field is associated to a decrease of the required voltage, which does not
harm system operations. In east-west cables, this would correspond to place the posi-

tive end west and the negative (or zero) east, with the current in the cable going west-
east. Note that if the direction of the current in the TAT-8 cable had been east-west in-
stead of west-east, powering the cable during the magnetic storm of March 13, 1989 would
have required a voltage of 200 V in excess of the nominal value, which could have affected
system operations if the excess voltage had been outside system specifications.

5 Conclusions

We have analyzed the response of the voltage of the power supply of a transoceanic
transmission system to geomagnetic field transients. We have shown that the voltage per-
turbation are proportional to the magnitude of the geomagnetic field perturbation and
not to its time derivative. This result lead us to suggest design criteria to reduce the sen-
sitivity of fiber optics cables to strong solar storm events.

6 Data Availability Statement

This paper did not use any new data.
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