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Supplementary Text 

Cable Deployment and Parameters 
The Curie cable construction included a 1,300-m bored conduit at the Los Angeles landing, 

which was followed by 200 km of cable burial when the water depth is shallower than 1000 m. 
Then cable was laid on the seabed. The water depth along cable Curie is mostly between 3,000 
and 5,000 meters. Total length of the Curie cable is 10,429 km. Submarine repeaters with EDFA 
amplifiers boost the optical power by up to 20 dBm in each fiber every 100 km. The optical D+ 
fiber (ITU-T G.654) used in the Curie cable has an effective cross-section area of 130 µm# and a 
loss of 0.156 dB/km. The PMD (polarization mode dispersion) coefficients of the cabled fibers 
are in the 0.01 - 0.07 ps/√km range. On the Los Angeles end, transmitters and receivers are 
placed in a data center that connects to the beach manhole through 7 km of buried terrestrial 
cable. On the Valparaiso end (Fig. S1C), the distance from the beach manhole, where the wet 
portion was terminated, to the cable landing station through an 0.7 km underground conduit. 

Physics of mechanical perturbations to SOP 
An ideal optical fiber is circular and the silica glass of which it is made is isotropic.  In the 

weakly guiding approximation, it supports the propagation of two degenerate orthogonal 
polarization modes. This means that any couple of orthogonal polarization modes propagates in 
the fiber with the same wave-vector and, consequently, the polarization is preserved.  

In reality, imperfections during construction, stress and other perturbing effects break the 
cylindrical symmetry of the fiber and make the fiber birefringent. This means that, in a fiber 
section small enough that the perturbations can be assumed spatially uniform, there are two 
orthogonal polarizations eigenmodes that are uncoupled. These modes define the so-called axes 
of birefringence of the fiber, having the property that the light preserves its polarization when it 
is injected parallel to them.  

The amount of birefringence is characterized by the so-called polarization beat length 𝐿*, 
defined as the propagation length over which the optical path length of the two polarization 
eigenmodes differs by exactly one wavelength (Fig. S3). This means that the phase difference 
between the two polarization eigenmodes linearly increases with propagation distance 𝑧 as 𝜙 =
2𝜋𝑧/𝐿_𝐵. If a linearly polarized light is injected at 45 degrees with respect to the linear 
polarization eigenmodes, the light acquires after one quarter of 𝐿* a phase shift of 𝜋/2, 
transforming the input linear polarization into a circular one, and after one half of 𝐿* a phase 
shift of π, transforming the input linear polarization into a linear polarization orthogonal to the 
input. Sections of fibers of the proper length are therefore equivalent to quarter-wave or a half-
wave plates, both routinely used, in the laboratory, as polarization transformers.  

However, being the source of birefringence in general not uniform along the fiber, the axes 
of birefringence and the birefringence itself are also not uniform. A long telecommunication 
fiber is therefore, to a good approximation, equivalent to a concatenation of polarization wave-
plates with random orientation and random birefringence, of length equal to twice the typical 
length over which the birefringence decorrelates, usually referred to as the birefringence 
correlation length 𝐿3. Both 𝐿* and 𝐿3, in modern day fibers, are of the order of meters (32). 

The light polarization can be conveniently represented by Stokes vectors 𝑠, which are unit 
vectors whose tips cover a unit sphere called the Poincaré sphere, embedded in a three-
dimensional space called the Stokes space. The components of the Stokes vectors are the three 
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Stokes parameters of the field. The action of a section with constant birefringence 𝛽 = 2𝜋/𝐿* 

and length Δ𝑧 can be represented in Stokes space as a rotation around a vector 𝛽, called the 
birefringence vector, whose magnitude 𝛽 multiplied by the length of the section 𝛽Δ𝑧 =
2𝜋Δ𝑧/𝐿* is equal to the rotation angle applied by the section, and whose direction is related to 
the orientation of the birefringence axes with respect to the reference frame of the fiber (33). 
The effect of the propagation across the whole fiber length can be then represented as the 
concatenation of multiple rotations around vectors of random magnitudes and orientations. 

If the fiber is sitting in a quiet environment and not affected by time-dependent external 
perturbations, the Stokes vector of the output polarization 𝑠⃗8 is constant in time. When the 
fiber is instead exposed to a time dependent perturbation, e.g., stretch (34), twist (35), pressure 
(36), and bending (37), that couples to the fiber birefringence, the birefringence of each section 
of length 2𝐿3 changes and the Stokes vector of the output polarization 𝑠⃗(𝑡) becomes time 
dependent. Sources of perturbation could be modulation of the hydrodynamical pressure 
experienced by the fiber, twist of the fiber, or strain caused by longitudinal stress.  

Let 𝑁 = 𝐿/(2𝐿3) be the total number of sections, centered at 𝑧= = (2𝐿3)𝑖, of a fiber link of 
length 𝐿. If Δ𝛽(𝑧=, 𝑡) is the displacement of the birefringence caused by the perturbation, it may 
be shown that the change of the Stokes vector Δ𝑠(𝑡) = 𝑠(𝑡) − 𝑠8 is the concatenation of 𝑁 
rotations around rotation vectors Δ𝛽A(𝑧=, 𝑡)2𝐿3, where Δ𝛽A(𝑧=, 𝑡) is the birefringence vector 
Δ𝛽⃗(𝑧=, 𝑡) rotated back by the static birefringence from 𝑧= to the input (38). Because of the large 
number of sections, the vector Δ�⃗�A(𝑧=, 𝑡) is randomly oriented. 

If |Δ𝑠(𝑡)| ≪ 1, it may be shown that the displacement of the Stokes vector is, to first order, 

Δ𝑠(𝑡) ≅FΔ𝛽A(𝑧=, 𝑡)2𝐿3 × 𝑠8

H

=IJ

 

This equation shows that the deviation of the Stokes vector from its static position is 
proportional to the sum of randomly oriented vectors of magnitude proportional to the 
birefringence perturbations.  

In the measured data, the orientation of the Stokes vector is arbitrary, and sometimes slowly 
drifts because of time dependent external perturbations, mainly in the land section of the link. In 
order to separate the birefringence modulations originated by seismic events or ocean swells, we 
first perform a moving average of the measured Stokes signal over a 200s window,1 and then 
digitally rotate the measured Stokes vector so as to align it to the third axis of the Stokes 
space, 𝑠8 = 𝑠8�̂�M. The 200-s window length is chosen to not impact the frequencies of interests in 
this study, higher than 10 mHz. After doing so, the Stokes vector displacement Δ𝑠(𝑡) has only 
two non-zero components, that is Δ𝑠(𝑡) = 𝑠J(𝑡)�̂�J + 𝑠#(𝑡)�̂�#.  The two quantities 𝑠J(𝑡) and 
𝑠#(𝑡) are therefore equal to the components along the first and second axis of the Stokes space of 
the birefringence perturbation ∑ Δ𝛽A(𝑧=, 𝑡)2𝐿3H

=IJ . The third component is statistically equivalent 
to the first two for the isotropy of Δ�⃗�A(𝑧=, 𝑡). 

1 The width of this window sets a low frequency limit to detectable seismic events. Being determined by the time 
scale of the slow polarization drift, longer averaging windows are sufficient in systems with a more stable 
polarization, which would allow pushing the low frequency limit down to smaller values. 
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Being the relation that links 𝑠J(𝑡) and 𝑠#(𝑡) to the birefringence perturbation linear, filtering 
𝑠J(𝑡) and 𝑠#(𝑡) is equivalent to filtering the components orthogonal to the third Stokes axis of 
the accumulated birefringence perturbation ∑ Δ𝛽A(𝑧=, 𝑡)H

=IJ . Consequently, because of the 
isotropy of Δ�⃗�A(𝑧=, 𝑡), the integrated power spectral density of 𝑠J(𝑡) and 𝑠#(𝑡) is proportional on 
average to  ∫ 𝐸R|∑ Δ𝛽A(𝑧=, 𝑡)|# 𝑑𝑡H

=IJ T which, because of the random orientation of the 

birefringence perturbations, is equal to ∫ ∑ E VWΔ�⃗�A(𝑧=, 𝑡)W
#
XH

=IJ 𝑑𝑡   where with E[⋅] we denote 
ensemble averaging over the random static fiber birefringence. This relation gives a quantitative 
estimate of the strength of the birefringence perturbation by the fluctuations of the Stokes vector 
of the output polarization of the link. 

The use of polarization monitoring in geophysical sensing may pose challenges because of 
the non-obvious interpretation of the signal, and this technique also suffers from the limitations 
arising from its finite dynamic range. However, this approach also shows a distinct advantage 
over that based on the detection of the absolute phase of an ultra-stable laser field, beside of 
course the obvious one that is the scalability of the method. Indeed, polarization detection is, in 
essence, equivalent to the measurement of the phase difference between two orthogonally 
polarized fields and hence it is intrinsically transparent to the noise of the common phase of the 
optical carrier. Consequently, polarization measurements are immune to the low-frequency 
noise, proportional to 1/𝑓#, that instead affects the absolute phase of a laser field, which 
originates from the random-walk of the laser phase (or, equivalently, from a white-noise of the 
laser frequency) (39). This immunity is confirmed by the flat low frequency spectrum in back-
to-back configuration shown in Fig. 3C of the main text. In the same figure, it is also shown that 
the power spectral density of the polarization deviations approximately grows, after 10,000 km, 
proportionally to 1/𝑓. Although the interpretation of this signature awaits further investigations, 
it should be mentioned that this contribution could hardly be detected without a flat polarization 
noise spectrum at low frequency. In addition, it should be noted that a limited low-frequency 
noise was essential for the clear detection of the ocean wave signature in the primary microseism 
band shown in Fig. 4 of the main text. 

In our detection procedure, the fluctuations of the SOP were defined with respect to a mean 
SOP trace calculated with a 200-s moving window, and this procedure sets a limit to the low 
frequency bandwidth of the measurement. The moving window was used to separate the signal 
from a long-term polarization drift of the received signal. This drift arises because the Curie 
cable was not designed for polarization monitoring, so that no special care was taken to achieve 
polarization stability over long time scales (of the order of minutes). In modern communication 
systems, polarization is tracked at GHz rate by the digital signal processing that follows coherent 
detection, so that slow polarization drifts do not affect the transmission performance in any 
significant way and, hence, no attention is paid to avoid them. The receiver signal of the Curie 
system experiences a slow polarization drift that is likely to be generated by environmental 
perturbations in the unprotected environment of the terminal stations (on and off switching of the 
air conditioning, to mention only one). More research is needed to reduce or compensate the 
long-period SOP noise, without affecting the system design and operation substantially. 

Reconstruction of polarization and phase with optical hybrids was described in reference 
(40) for metrological applications based on 50-km long in-field fiber. A physical model has not 
been established yet to interpret our coherent SOP measurements (e.g., amplitudes and waveform 
shapes) quantitatively. We do not address polarization-induced phase noise, but present 
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experimental observation where miniscule changes due to earthquake induce optical phase 
changes with pronounced SOP excursion at the coherent receiver. 

Measurements of SOP and channel configurations 
Our method to extract the state of polarization of an optical signal travelling through the 

undersea cable is based on the use of commercially available transponders operating at 
transmission speeds of 100Gb/s and beyond based on coherent detection (20,41). At the 
transmitter side, we modulate a C-band low-linewidth laser using a dual polarization in-phase 
and quadrature Mach-Zehnder modulator. Our 4-dimensional signal (in-phase and quadrature 
components of two orthogonal polarizations) is then amplified and launched in the fiber with 
other channels using wavelength multiplexing. At the receiver side we optically filter the desired 
channel and use a coherent detector to down-convert it resulting in 4 electrical signals which are 
sampled by high-speed analog-to-digital converters. The 4 signals correspond to the in-phase and 
quadrature components of two orthogonal polarizations and is a direct map of the optical signal 
that arrives at the receiver after fiber transmission (with phase and polarization relative to the 
absolute phase and polarization of the coherent receiver).  

To recover the transmitted signal, the receiver needs to first estimate and compensate for 
several impairments due to transmission with digital signal processing. The impairments are: 
clock difference between transmitter and receiver, chromatic dispersion, polarization effects 
(polarization mode dispersion, polarization offset between transmitter and receiver) and optical 
phase recovery (difference in phase and frequency between transmitter laser and receiver local 
oscillator). For a detailed description of these effects and signal processing algorithms to 
estimate and compensate them, see (18).  

The digital signal processing step we are interested in this work is the adaptive equalizer 
which deals with the compensation of the dynamic polarization to separate the independent 
signals coming from the two orthogonal polarizations. The time-domain adaptive equalizer is 
defined by: 

V
𝑦^
𝑦_X = `𝑤^^

b 𝑤_^b

𝑤^_b 𝑤__b
c V
𝑥^
𝑥^X.

The equalizer consists of four filters in a butterfly structure with L coefficients per filter in 
the form 𝑤{=f}{hij}, where the subscripts are the horizontal (H) and vertical (V) polarizations. 
The non-equalized inputs (where polarizations are mixed) are 2 vectors with length L (𝑥_	and 
𝑥^) usually at 2 samples-per-symbol. The 1 sample-per-symbol output signals 𝑦_	and 𝑦^ are the 
equalized polarization-separated signals. Note that all the signals here are complex-valued time-
varying but we omit time subscripts in the equation for simplicity. The equalizers are updated as 
follows: 

𝑤{=f}{hij},lmJ = 𝑤{=f}{hij},l − 𝜇
op(q{rst},u)
ov{wx}{rst},u

, 

where 𝜇 controls the speed of the equalizer and 𝑒(𝑦) is an error function to be minimized 
and is typically based on the constant modulus algorithms (CMA) and its variants. For the CMA  
𝑒(𝑦) = (1 − |𝑦|#)#. A working equalizer results in correct tracking of the dynamic polarization 
effects which impair the signal through transmission. The goal of our approach is to extract from 
the 4 filters the state of polarization information. Since the polarization content is frequency 
independent (first-order approximation), we can focus on the frequency-domain response of the 



6 

filters denoted 𝑊{=f}{hij}(𝑓) and work with the polarization at the center of the channel (𝑓 = 0). 
To extract the Stokes parameters from the equalizers, we follow (42) and for one of the two (H 
or V) input linear polarizations, we obtain: 

𝑆8 = |𝑊^^(0)|# + |𝑊_^(0)|#, 

𝑆J = (|𝑊^^(0)|# − |𝑊_^(0)|#)/|𝑆8, 

𝑆# = (|𝑊^^(0)||𝑊_^(0)|cos	(∠(𝑊^^(0)𝑊�_^(0)))/|𝑆8, 

𝑆M = (|𝑊^^(0)||𝑊_^(0)|sin	(∠(𝑊^^(0)𝑊�_^(0)))/|𝑆8. 

These signals (S1, S2 and S3) are on the surface of the unit sphere and are used to detect the 
earthquake. Note that these filters are computed continually at Gigahertz speeds using 
application specific integrated circuits (ASICs) to be able to demodulate signals operating in the 
hundreds of Gigabit/s. Using commercial hardware, we are limited by the reading speed of CPUs 
to access these coefficients, however sampling rates of 10s of Hz are sufficient for the detection 
of earthquakes which show up in below 2 Hz in the spectrum. 

SOP timing mechanism 
In the early phase of our experiment, we timestamped the SOP output from the commercial 

coherent transponders based on the system time in the microcontroller, NTP synchronized. 
However, the data collection pipeline is asynchronous with processing delays that depend on the 
random utilization of the microcontroller during the normal operation of the transponder. For this 
reason, the SOP measurement timing can be affected by a random inaccuracy of the order of a 
few ms, even accumulative up to seconds or minutes depending on the implementation of the 
collection software (e.g., frequency of re-synchronization with the remote NTP server). For 
example, Fig. S12 shows the SOP detection of the 28 March 2020, M4.4 earthquake that was at a 
close distance to the Curie cable. The signal is delayed by about 30 s compared with the 
theoretical P and S arrival times. Throughout the experiment we have improved the collection 
software to reduce the inaccuracy down to the order of ms consistently. In the future, more 
accurate timing mechanisms (e.g., GPS clock synchronization) could enable earthquake 
localization via delayed bi-directional SOP measurements. 
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Figure S1. Structure and types of the cables used in the Curie cable. (A) Lightweight (LW) 
optical fiber cable with steel strand wire configuration. The interlocking strength members resist 
external pressure up to 8,000 meter water depth. LW cable (95% of Curie length is LW) has 
external diameter 17 mm and weight in air 4.8 kN/km. Cable core with fibers consists of a 
polyethylene tube filled with gel. (B) Armored part of the Curie cable (5%) consists of Special 
Application, Light-Weight Armor, and Double Armor cable. (C) The landing point of cable 
Curie at Valparaiso, Chile. In this photo, the big ship was deploying the Curie cable, whose path 
can be seen along the line of floats behind the ship. 
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Figure S2. Topology of SOP sensing on the Curie cable. A series of coherent transponders 
operating at different optical frequencies is connected to a muxing/demuxing device (the 
trapezoids) which is then connected to the Curie cable. The transponders are used to transmit and 
receive data to/from Los Angeles and Valparaiso over a fiber pair in Curie. Two transponders 
(Channel 1 and Channel 2) are connected in loop-back configuration as the signal is transmitted 
and received in Los Angeles. The other transponders, either in Los Angeles or Valparaiso, can be 
used to determine the SOP of the received optical field. Channels in the optical spectrum can be 
interleaved with ASE (Amplified Spontaneous Emission) noise to maintain a constant spectral 
load in the subsea cable.  We have four channels in our current SOP sensing setup, at four 
frequencies through one strand of fiber. With the 4 fiber pairs in Curie and ~50 available 
frequencies per fiber pair, we can potentially open 200 bidirectional channels along Curie. 
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Figure S3. Upper panel: schematic representation of a fiber section of constant birefringence, 
with birefringence axes parallel to x and y. Over a birefringence beat length 𝐿*, the polarization 
experiences a full cyclic evolution from linear polarization at 45° to the birefringence axes to, 
say, right hand circular polarization after 𝐿*/4, back to linear polarization but orthogonal to the 
input after 𝐿*/2, to left hand circular polarization after 3𝐿*/4 and back to the input polarization 
after 𝐿*. Lower panel: concatenation of two fiber sections with arbitrary orientation of the 
birefringence axes of length equal to the birefringence correlation length 𝐿3. For any input 
polarization, here linear, the polarization, after propagation through a few sections of length 𝐿3, 
becomes arbitrary and random. 
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Figure S4. Detection of far-field long-period surface waves on SOP. Stokes parameter S1 (left) 
together with seismograms at conventional seismic station TLIG (right) for the 22 March 2020 
Mw 6.1 earthquake on the central East Pacific Rise (Fig. 1). Station TLIG has a similar 
epicentral distance as the closest point along the Curie cable. The relatively broadband SOP S1 
data (0.01-0.5 Hz) in the top row are noisy, but the low frequency surface wave (0.01-0.02 Hz; 
bottom) is detected clearly on SOP, with a slightly earlier arrival time than on TLIG because of 
distance differences. 
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Figure S5. Noise Power Spectral Density (PSD) between 0.2 mHz and 10 Hz. Here S1, S2, and 
S3 are the original Stokes parameters without rotation over 200-s moving windows (Fig. 2C). 
Therefore, the input preserves the long period energy. Welch’s method is used in computing the 
PSD, with a moving window length of 54.6 minutes.  
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Figure S6. SOP amplitude scaling for about 30 ocean swell events throughout the test period. 
The primary microseism strength on SOP is defined as the median PSD for individual dispersive 
events, while the secondary microseism strength is defined as the median relative PSD at station 
SLBS for each ocean swell. 
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Figure S7. Amplitude scaling for earthquakes. Multiple earthquakes along the central American 
section of Curie detected in our SOP records (Figure 1), allowing us to explore an empirical 
scaling of the SOP amplitudes and ground shaking, while most other factors are kept nearly 
constant (e.g., Earth structure, fiber coupling and orientations). Similar to the Mw 7.4 
earthquake, the central American events consistently show an energy peak between 0.15 and 
0.35 Hz. We therefore measured the average power spectral density (PSD) of the peak within the 
first 5 minutes of the earthquake-induced signals as a proxy of the SOP amplitudes. We found 
that the mean PSDs scale in general correlates with the predicted peak displacement along Curie 
(red dots), assuming the GCMT source parameters and a 1D IASPEI Earth model. We propose 
two models. (1) A power-law scaling with the exponent close to 1 between the mean PSD and 
peak displacement (blue line). In this model the 05/22 Baja M6.1 and the 08/04 Mexico 5.8 
earthquakes are outliers, potentially because of some unique properties of the two events (e.g., 
strong excitation of water waves). (2) A non-linear model that has saturated SOP response when 
the peak displacement is over 1 mm (green solid and dashed lines). However, without more data, 
it is not yet possible to reject either models, or propose a different scaling that considers other 
measured quantities, potentially in a different frequency band. 
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Figure S8. SOP signals of the 01 September 2020 M6.8 submarine earthquake offshore 
Vallenar, Chile and its aftershock sequence within about one day. S1, S2, and S3 are the Stokes 
parameters after rotation (Fig. 2). Five of the largest aftershocks can be clearly identified as near 
vertical energy stripes on the spectrogram. The amplitudes of the S3 component appears to scale 
well with the earthquake sizes for the three largest events: 04:09 M6.8 mainshock, 04:30 M6.3 
and 21:09 M6.5 aftershocks.  
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Figure S9. Similar as Fig. 3C, but for the 01 September 2020 M6.8 Chile earthquake (Fig. S8). 
The calculation of power spectral density (PSD) follows the approaches by McNamara and Boaz 
(43), except with a short time window of 200s. The PSD of the 23 June 2020 M7.4 Mexico 
earthquake is shown here for comparison to illustrate the differences in frequency content. 
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Figure S10. SOP Detection of the 04 August 2020 19:17:52 M5.8 submarine earthquake 
offshore Guatemala. The earthquake is about 400 km to the Curie cable at the closest point, 
while about 100 km to the Guatemalan coast. The seismic waves were detected above noise on 
Curie about 130s after the earthquake origin time on all four monitoring channels as described in 
Fig. S2. The S1 waveforms have been filtered between 0.1 to 0.8 Hz. Note that CH1 with CH2, 
and CH3 with CH4 show visibly a much higher similarity, than between the two couples of 
channels, as expected for the separation of 2.5 THz between the two couples, whereas each 
element of the couple is separated by only 76.5 GHz (CH1-CH2) and 61.5 GHz (CH3-CH4). 
This is consistent with the fact that the correlation function of the output Stokes vector drops by 
3dB for, given the PMD of the Curie link of 3ps, for a frequency separation of 70 GHz (44,45). It 
is therefore appropriate to consider the channels separated by much more than 70 GHz to be 
independent realizations of the fixed random birefringence, because of the ergodicity in 
frequency of the birefringence (46, 47). Combining the SOP traces of these channels (e.g., by 
stacking the power envelopes) might therefore reduce the uncertainty due to the stochastic nature 
of the birefringence. 
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Figure S11. SOP Detection of the 14 August 2020 09:30:50 M5.3 submarine earthquake 
offshore Mexico. The earthquake is about 35 km to the Curie cable at the closest point, while 
about 200km to the Mexico coast. The seismic waves were detected on Curie about 6s after the 
earthquake origin time, while the closest seismic station with data available from IRIS, MOIG, 
was 520 km away and registered P wave 64s later. The red, blue, and green dashed lines are 
earthquake origin time and predicted P and S arrival times, respectively, from the earthquake to 
the closest point along the Curie cable.  
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Figure S12. Detection of the 28 March 2020, M4.4 earthquake near Valparaiso, close to the 
Curie cable (red line) as shown by the right panel. The left panel shows the raw S1 component of 
the Stokes parameters and its spectrogram between 1.5 and 5 Hz. The red, blue, and green lines 
in the topleft panel are earthquake origin time and predicted P and S arrival times, respectively, 
from the earthquake to the closest point along the Curie cable. The SOP signal of the earthquake 
is about 30s later than the predicted arrival times, which we believe is caused by SOP clock 
issues in the early stage of our experiment.  
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