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Abstract By monitoring the state of polarization of cables belonging to the MedNautilus submarine
system in the Mediterranean Sea, we unambiguously observed the signature of the recent M,, 8.8
Kamchatka earthquake in two different cables. A clear precursor of the earthquake is observed in one of

the cables. ©2024 The Author(s)

Introduction

Sensing using fiber-optic communication links, es-
pecially undersea, is a rapidly growing research
topic of interest'™®. A special class of sens-
ing techniques uses information that has already
been generated within the digital signal processing
(DSP) ASIC of commercial transponders!'®. This
is because the long-haul optical communication
systems that are deployed nowadays use coher-
ent detection and DSP algorithms to, for example,
reconstruct and compensate for the phase and
polarization changes that light undergoes during
its journey['"l. These polarization changes are de-
scribed by the Jones matrix, which is therefore
sensitive to all perturbations that act on the optical
fiber along its path. This matrix can be extracted,
with minimal modifications to the transponder hard-
ware, from coherent optical communication sys-
tems during their normal operation, without alter-
ing the data flow in any way. In addition, since
no information on the transmitted data can be in-
ferred from the Jones matrix, its extraction at the
receiver does not compromise traffic privacy. The
analysis of a subset of information that can be
extracted from the Jones matrix, duly processed,
has shown impressive sensing capabilities. In
particular, the analysis of the output polarization
— that corresponds to a linear polarization at the
input — has shown its potential for detecting vari-
ous environmental perturbations. In ref.’l, several
earthquakes were detected near the Curie under-
sea optical cable, which connects Los Angeles,
California, to Valparaiso, Chile. Furthermore, mi-
nuscule modulations were revealed at ultra-low
frequencies of hydrostatic pressure acting on the
cable, resulting from ocean swells and from semid-
iurnal modulations originating from ocean tides in
the region close to the Los Angeles terminal of the
cablef3H12],

In this work, we use the innovative processing in-

troduced in('® to analyze Jones matrices extracted
with a sampling period of 500 ms from two opti-
cal coherent transponders located in Catania, Italy.
These are part of the two segments of Sparkle’s
MedNautilus submarine telecommunication sys-
tem connecting Haifa and Tel Aviv, Israel, to Cata-
nia. The transponders used in this trial are de-
scribed inl'%, and the optical cable is, in the wet
part, except for a few hundred meters close to the
coast, a lightweight jelly-filled optical cable. The
unprecedented sensitivity obtained, together with
the technique’s ability to detect pressure modula-
tions that are spatially coherent over hundreds of
kilometers, allowed us to clearly observe a pre-
cursor of the recent magathrust Kamchatka earth-
quake, which occurred at a distance of ~9000 km.
Fig. 1 illustrates the geographical layout.
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Fig. 1: Representation of the scenario: (red) distance
Kamchatka — Haifa; (black) optical link Catania — Haifa.

Method

Our analysis relies on extracting the 3D rotation
vector from the Jones matrix, which characterizes
the change in polarization between the transmitter
and the receiver!’®'4 The evolution of polar-
ization from input to output can be described as
a rotation in Stokes space, a 3D representation,
with the corresponding rotation vector derived from
the Jones matrix!'l. To account for the effects of
time-dependent environmental changes only, we
compensated for the quasi-static input-output po-
larization changes using a Jones matrix obtained
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Fig. 2: Spectrogram of the rotation vector of the Jones matrix
obtained from the Catania — Haifa terminal, ~ 9,000 km from
the epicenter. The time axis spans 24h centered on the
earthquake (at Oh). The red oval highlights the Rayleigh wave
originated by the earthquake and detected 9,000 km away.
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Fig. 3: Traces of the three components of the rotation vector
and the square modulus of the rotation vector (bottom right),
obtained from Catania — Haifa terminal, filtered in the band
between 30 to 70 mHz, displayed up to 3 hours after the
earthquake. The 0 of the time axis is again at the earthquake
time. The red dashed vertical lines denote 45 minutes after the
earthquake.
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by averaging the rotation vector over a 2-hour time
interval. Finally, we extracted the rotation vector
from the compensated Jones matrix that describes
the perturbations and computed its spectrogram,
defined as the short-time Fourier transform of the
temporal autocorrelation function of the rotation
vector, by adding the spectrograms of its three
components. In contrast to the technique used in
previous studies on the Curie cable, this method
fully characterizes the polarization evolution along
the fiber, not just the output linear polarization at
the input. As a result, while the contrast of the
spectrograms was only 10 dB with the technique
of Refs.2LB'2 here we achieved a contrast of
30 dB. In addition, this technique allowed us to use
a much longer averaging time of the rotation vector
that we used for compensation, 2 hours against
300 seconds in Refs.PMEH12l This improved the
low-frequency sensitivity from a few tens of mHz
to fractions of mHz.

Results

On 29 July 2025, at 23:24:52 UTC, a M, 8.8
megathrust earthquake struck the Kamchatka
Peninsula in Russia. It was one of the largest
earthquakes ever recorded. In Fig. 2, we show
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Fig. 4: Spectrogram of the rotation vector of the Jones matrix
obtained from the Catania terminal of the Catania-Tel Aviv link.
The time axis spans 24h centered on the earthquake (at Oh).
The red oval highlights the Rayleigh wave.
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Fig. 5: Traces of the three components of the rotation vector
and the square modulus of the rotation vector (bottom right),
obtained from the Catania — Tel Aviv terminal, filtered in the
band between 30 to 70 mHz, displayed up to 3 hours after the
earthquake. The 0 of the time axis is the earthquake time. The
red dashed lines indicate 45 minutes after the earthquake.

the spectrogram of the rotation vector obtained
from the Catania terminal of the Catania-Haifa link,
~9,000 km away from the epicenter. The time axis
spans one full day centered on the earthquake,
with zero corresponding to the earthquake time.
Between 30 and 70 mHz, a clear signature of a
wave train is visible (red oval), with a slight anoma-
lous dispersion feature.

Figure 3 shows the traces (in radians) of the
three components of the rotation vector filtered
in the band between 30 and 70 mHz and, in the
subplot at the bottom right, the square modulus of
the filtered rotation vector, during a time span of
six hours centered at the time of the earthquake,
showing a clear signature of the event. The red
dashed vertical lines mark the arrival of the per-
turbation, which occurred about 45 minutes after
the earthquake. This time of arrival is consistent
with the arrival of a train of Rayleigh waves. These
are surface seismic waves that propagate along
the boundary of a solid (or between two solids),
in a way analogous to gravity waves on the sur-
face of a fluidl']. These waves have a transverse
component, hence they couple with the seawater
pressure, and the cable detects the consequent
pressure changes. Assuming a distance of the
earthquake epicenter of approximately 9,000 km,
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Fig. 6: Spectrogram obtained by decimating by N = 100 the
samples of the rotation vector of the Jones matrix extracted by
the Catania terminal of the Catania-Haifa link, from July 1st to
midnight on August 26, 2025. The zero of the time axis is, as
before, at the time of the earthquake.
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Fig. 7: Zoom of the low frequency portion of the spectrogram

in Fig. 6, obtained by decimating the samples by N = 200.

the estimated speed of the Rayleigh wave train is
approximately vr = 3.3 km/s, a realistic value for a
Rayleigh wave traveling in the deep crust or in the
mantle. Being A f ~ (70—30) mHz, the coherence
length of the source is D ~ vg/Af ~ 83 km. Simi-
lar features are observed in the Catania receiver
of the Catania-Haifa link, as shown in Figs. 4 — 5.
The spectrograms obtained from the Haifa and
Tel Aviv receivers of the same links show, as ex-
pected, the same features, and the temporal traces
are essentially equal. The corresponding plots are
again not included here due to space limitations.
Even more interesting is the analysis of the spec-
trograms of the rotation vector extracted from the
receivers of the Catania-Haifa link in the month
before and after the earthquake. Here, we focus
on the Catania receiver. Figure 6 shows the spec-
trogram of the rotation vector of the Catania-Haifa
link from July 1 to August 26, 2025. The zero of
the time axis is again at the time of the earthquake.
Besides straight lines at frequencies multiple of
4.5 and 5 mHz, which are artifacts of the phase
recovery algorithm, the striking feature is the ap-
pearance, about 20 days before the earthquake, of
multiple resonances at about 2, 4, 6, and 8 mHz,
which disappear a few days after the earthquake.
Figure 7 is a zoom in on the low-frequency por-
tion of Fig. 6. Apart from a nearly diurnal modula-

tion of the frequency, the spectrogram shows that
the frequency of the resonances reveals a mini-
mum at approximately the time of the earthquake.
This fact, especially evident in the resonance at
about 4 mHz overlayed with a dashed line and
highlighted with an oval in Fig. 7, is a strong indi-
cation that the resonances were generated by the
processes that were preparing for the earthquake,
which were observed 9,000 km away.

We interpret the above results as follows. Dur-
ing preparation for the earthquake, the fault starts
to radiate Rayleigh waves with a wide spectrum.
The Rayleigh waves that propagate to the Mediter-
ranean Sea are locally trapped in a basin which
acts as a resonator, amplifying the Rayleigh wave
at frequencies f, = nvgr/(2L), where L is the
length of the basin calculated from the bound-
aries orthogonal to the direction of the incoming
Rayleigh wave, and vy, is the speed of the Rayleigh
wave. The fact that we observe up to the fourth or-
der of the resonance is consistent with the high Q
that this process (whose sea-wave counterpart is
the seiche phenomenon responsible for the acqua
alta in the Venetian lagoon) may have. The tem-
poral variation of the resonance frequencies may
indicate that the direction of the incoming Rayleigh
waves changes over time. This change may be
caused by the motion of the source radiating the
Rayleigh wave in preparation for the earthquake
and that the motion reverses after the earthquake.
The diurnal modulation of the resonance may sug-
gest a role of solid tides in the preparation of the
earthquake, producing a modulation of the position
of the Rayleigh wave emitter position.

Estimating the length of the basin responsible
for the resonance is a challenging task. Stand-
ing Rayleigh waves are trapped locally on the
seabed, whose characteristics determine the wave
phase speed. In its section near the Haifa terminal,
the cable runs through a region close to the Nile
Delta, where the Nile River provides a significant
source of sediments. Since the Catania-Haifa ca-
ble was installed about 25 years ago, it is likely to
be covered by sediments. The resulting acoustic
impedance match, which produces a high acoustic
coupling with the seafloor, explains the high sensi-
tivity of the cable to pressure modulation. Assum-
ing vg = 3.3 km/s, we obtain f; = vg/(2L) =1
mHz for L = 700 km, which is the width of the
Mediterranean Sea between Egypt and Turkey in
the direction to the earthquake epicenter.

Conclusion

In conclusion, the application of an ultrasensitive
technique to the Jones matrices obtained by moni-
toring the state of polarization of a submarine opti-
cal cable allowed us not only to detect but also to
observe a precursor of the Kamchatka earthquake
from about 9,000 km distance.
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