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Abstract. State of polarization (SoP) sensing is a fibre-optic
interrogation technique that recovers cumulative polarization
variations of probe lasers transmitted between opposite ends
of optical fibres. These changes can be triggered by various
external stimuli interfering with the guided light in the fi-
bre, including surface gravity wave-induced motions, as evi-
denced by prior studies. In this study, we advance this knowl-
edge by quantitatively assessing the capacity of SoP sens-
ing to continuously capture surface gravity wave height and
frequency variability in the ocean along a subsea telecom-
munication cable via comparison with reference in situ and
validated model data. Our SoP dataset consists of nearly
11 months of data collected at the landing site of a ~ 240 km
back-looped fibre link across the Norwegian trench over the
North sea, between the city of Egersund in the Southwest-
ern coast of Norway and an offshore bottom-fixed platform.
Spectral and correlation analyses demonstrate the capacity of
SoP to detect both, wind waves and swells acting simultane-
ously over different regions of the cable in the 0.03-0.6 Hz
range. During the observation period, wind waves affected
mostly the offshore end of the cable, while swell signatures
dominated in the coastal region, close to the landing site.
Correlation coefficients of up to nearly 70 % are obtained be-
tween SoP data and the wave analysis model for the full ob-
servation period. We discuss various physical aspects related
to the SoP measurements and outline some of their limita-
tions for sea state monitoring, chiefly in terms of interpreta-
tion capacity and sensitivity. Our results also evidence that
SoP sensing systems can be a practical way to obtain dy-
namic, first-order estimates of the sea state variability where
cables are sufficiently shallow. A non-negligible portion of

the extensive infrastructure of submarine telecommunication
cable networks has thus the potential to be turned into arrays
of remotely-operated sensors of opportunity that are comple-
mentary to well-established oceanographic instruments.

1 Introduction

The monitoring of ocean waves and marine storms is a topic
of growing importance due to the effects of climate change,
with some projections hinting at an increased severity and
geographical coverage of extreme marine weather events,
most notably tropical and extratropical cyclones (Kossin et
al., 2014; Mann et al., 2017; Chang, 2018; Kossin et al.,
2020). At the same time, the monitoring of ocean waves is
a topic of permanent scientific interest due to the role of the
sea state in the ocean-atmosphere feedback system. Major
interests in monitoring the sea state also stem from the in-
creasingly widespread human use of, interaction with, and
profit from the oceans. Modern technological offshore devel-
opments such as renewable energy converters and storage,
maritime navigation and other marine infrastructure can thus
benefit from (real-time) information about the sea state. Fur-
thermore, populated coastal areas are becoming increasingly
exposed to the erosional effects of large ocean wave events
due to sea level rise, in a way that early warning and protec-
tive infrastructure systems against storm surges and tsunamis
can always benefit from existing and robust sensors provid-
ing remotely-operated and real-time monitoring opportuni-
ties with optimal coverage.
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State of polarization (SoP) sensing is a fibre-optic (FO)
sensing technique that relies on the monitoring of the polar-
ization state of a laser received at one end of an optical fibre
link (Namihira et al., 1988; Zhan et al., 2021; Mecozzi et al.,
2021; Pellegrini et al., 2025). The light source on the oppo-
site end only needs to be continuous in time, sufficiently in-
tense for the optical detector at the receiver end to yield good
signal-to-noise (SNR) after attenuation through the fibre,
and ideally having stable (or controllable) input polarization.
Birefringence variations in the optical fibers induced by en-
vironmental perturbations dominate the SoP signal (Mecozzi
et al., 2021). This birefringence arises from strain-induced
anisotropy, i.e., differential changes in the refractive index
along orthogonal axes of the fiber. These anisotropic pertur-
bations lead to relative phase (or time) delays between light
components oscillating along different polarization axes, ul-
timately resulting in a net evolution of the SoP as the environ-
mental physical conditions change. The transmission archi-
tecture means that the technique is two-ended and can rely on
conventional FO laser sources (used for internet data traffic),
with no requirements of complex, highly coherent or short
pulse laser signals.

SoP provides a single integrated measurement per tempo-
ral sample (e.g. the entire fibre link or looped fibre segments
between repeaters) that is generally cross-sensitive to (suffi-
ciently strong) mechanical strains, temperature changes and
strong electromagnetic fields (e.g. lightnings or high-voltage
lines) interacting with any section of the fibre (Fang et al.,
2012; Hartog, 2017), so that its spatial sampling distance
equals the arc-length path occupied by the interrogated fibre
link. If the SoP source and receiver are located at opposite
ends of a cable, the measurement integrates over the entire
fibre length. In subsea systems employing loop-back config-
urations, the effective spatial resolution corresponds to half
the total loop length (i.e. the full cable length, as in our ex-
periment). Some modern SoP systems can achieve a better
spatial resolution matching the separation between cable re-
peaters (amplifiers) with high-loss loop backs (Marra et al.,
2022; Yaman et al., 2025) that are typically 50—120 km apart
for long, submarine transoceanic cables, and have attenua-
tion losses at ~ 20 dB.

In this work, we investigate in detail the capacity of off-
shore SoP systems to continuously monitor ocean waves,
(i.e. surface gravity waves (SGW), Massel, 2017). Theoret-
ical developments and proof of the capacity of SoP systems
to detect ocean waves with subsea cables were presented in
e.g. Mecozzi et al. (2021), Zhan et al. (2021), and Mecozzi
(2024). However, these studies lacked ground truth valida-
tion to ascertain and quantify the degree of spatio-temporal
correlation between the detected SoP anomalies and particu-
lar ocean wave events along the stretch of their cables. Here,
we intend to tackle these gaps by performing a multipara-
metric correlation analysis between continuous SoP mea-
surements over the course of several months and a validated
ocean wave analysis model (Ardhuin et al., 2010), thus ac-
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counting for the accuracy and reliability of SoP to detect
and monitor surface gravity wave height variability with typ-
ical, subsea telecommunication cables which were not orig-
inally intended for such purposes. Reference in situ oceano-
graphic measurements are also included to further validate
the model output and the SoP observations. Temporal and
spectral analyses confirm that SoP signals in the 0.03-0.6 Hz
range are predominantly related to the influence of surface
gravity waves acting upon the cable. The presence of swells,
wind waves, and specific storm events on the SoP data are
highlighted, and the capacity of the system to monitor ocean
waves over several months is evaluated and discussed.

While our study focuses on the detection of ocean grav-
ity wave height variability, we emphasize the capacity of
SoP systems to detect numerous physical forcing mecha-
nisms, both on- and offshore, including, but not limited to:
seismic monitoring (Dejdar et al., 2021; Zhan et al., 2021;
Costa et al., 2023; Carver and Zhou, 2024), lightning de-
tection (Charlton et al., 2017), and wind anomaly detection
with aerial cables (Wuttke et al., 2003). Furthermore, recent
advances highlight the potential of the more popular single-
ended, distributed FO systems such as Distributed Acoustic
Sensing (DAS) to monitor gravity waves at high spatial res-
olutions using the same conventional optical fibres as well
as other oceanographic phenomena (see Wei et al., 2024, for
a review on the topic). Overall, the former studies and the
present one provide evidence for the potential of subsea ca-
ble networks as remotely-operated sensors of opportunity to
monitor the sea state in real-time and contribute to the pool
of available in situ oceanographic devices.

The text is divided as follows. Section 2 compiles funda-
mental aspects of SoP sensing. Section 3 describes the ex-
perimental set-up and the data used in the work. Section 4
presents the main results, including temporal, spectral and
correlation analyses of SoP measurements with reference
data. Results are discussed in Sect. 5, followed by a conclud-
ing remarks section, Sect. 6.

2 Theoretical background

The SoP of a light beam can be expressed in a vari-
ety of ways, a common one being the Stokes vector § =
(So, S1, 82, S3), whose parameters are relatively simple to
measure and represent altogether the instantaneous polariza-
tion of the electric field E = (E,, Ey) of an electromagnetic
wave propagating along a fibre whose axis is oriented in the
z-direction (e.g. Yin, 2002; Fang et al., 2012):

So=E;+E;

S\ =E;—E,

Sy =2EyxEycos(8)

S3 =2E, Eysin(5) (D
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where § represents the relative phase shift between the
electric field components on a reference orthogonal basis
perpendicular to the direction of propagation. A common
3D representation of these states is the so-called Poincaré
sphere, defined by S;, S> and S3 as orthogonal basis, Sy =

\/ 512 + S% + S§ being proportional to the beam intensity and
implying that only three out of the four parameters are mutu-
ally independent. In this work, only the S; parameter will be
addressed.

For an input light beam guided into a fibre link of length
L, the time-dependent polarization variations of the output
beam can be expressed by a Stokes vector s whose value is
related to the accumulated birefringence variations along the
fibre range z, as outlined by Eq. (6) in Mecozzi et al. (2021),

L

As(1) :/AﬂL(z,t)dz, 2)

0

where AP (z,t) represents the spatio-temporal variations
of the fibre birefringence matrix () component perpen-
dicular to the input beam Stokes vector under a reference
frame rotating along with the static birefringence of the fi-
bre (Mecozzi, 2024). This unperturbed state is in turn de-
fined by its degree of anisotropy, naturally resulting from its
quasi-static mechanical state (e.g. tension, torsion and bend)
as well as the random fibre core internal structure hetero-
geneities (e.g. lattice defects and cleavage) imprinted during
manufacture.

Assuming that the input SoP remains constant, the fluc-
tuations observed in the SoP measurements are directly re-
lated to the accumulated contribution of birefringence varia-
tions along the fibre link caused by external physical pertur-
bations interacting with the fibre (Hartog, 2017), including
those induced by sufficiently strong noise sources nearby e.g.
dynamic strain, temperature, torsion and bending. If large
enough, such forces are capable of differentially changing the
refractive index of the fibre (via photoelastic effect) across
the radial plane of the fibre. As a result, the propagation
speed of light modes having different polarizations will gen-
erally change at uneven proportions under the same forcing
mechanism acting on the same fibre section, thus generat-
ing a spatio-temporal dependent § that generally affects all
Stokes parameters simultaneously. A key implication arising
from the 3-dimensional rotation and drift of the Stokes vector
along the Poincaré sphere when responding to external stim-
uli is that a single Stokes parameter cannot be assumed to
always linearly represent the intensity of the stimulus itself,
as will be discussed later in the text.
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3 Experimental set-up and data sources
3.1 State of Polarization system

The implemented SoP system is sensitive to variations in
both the optical power and the polarization orientation of
the received laser beam and was designed to analyze the S
Stokes parameter alone owing to design simplicity and low
cost. Thus this work will exclusively focus on this parameter.
At the receive fibre end, a polarizing beam splitter (PBS) sep-
arates the beam into two orthogonal polarization components
whose power is proportionally converted into voltages with
photodiodes and sampled with an analog-to-digital (ADC)
converter (Barcik and Munster, 2020; Skarvang et al., 2023;
Bjgrnstad et al., 2024). As the squared electric field is pro-
portional to the optical power received by SoP (which is then
converted into voltage), the normalized voltages (71,2) from
the two PBS channels can be subtracted to obtain a proxy for
the S Stokes parameter of Eq. (1). However, because the im-
plemented ADC is AC-coupled (only alternating variations
are measured, as opposed to absolute levels) and the relative
attenuation of the photodiode detectors has not been properly
calibrated, this proxy rather represents a first-order estimate
of relative changes of S over time and we will thus refer to it
as Si. Note that Sy describes the (nearly constant) intensity of
the input laser, yet since the detectors are not balanced, some
SoP variations would unpredictably leak into Sy if estimated
via addition of the two PBS channels.

Figure 1 shows a schematic diagram of the set-up. The
laser beam on the transmitter fibre end is polarization stable,
has a wavelength of 1550 nm (typical low-attenuation laser
in fibres). A continuous wavelength-specific DWDM (Dense
Wavelength-Division Multiplexing) small form-factor plug-
gable (SFP) device is used as laser source. An EDFA (Er-
bium Doped Fibre Amplifier) having a flat, broadband noise
spectrum boosts this carrier wave to 16 dBm prior to enter-
ing the fibre link. After traveling through the entire link, the
received signal is pre-amplified with another EDFA and then
pre-filtered with a tunable optical filter (matched to the trans-
mitted wavelength) to reduce widespread ASE (Amplified
Spontaneous Emission) and electronic noise from the opti-
cal amplifiers, reaching —11 dBm upon entering the polariz-
ing beam splitter (PBS). The PBS splits the incoming light
in two orthogonal components that are routed to separate
optical detectors (photodiodes) that convert electromagnetic
(EM) power into voltages. The ADC (analog-digital con-
verter) sampled at 44.1 kHz and has a built-in digital high-
pass filter with +10dB per decade in frequency (first-order)
linear gain roll-off in the SGW band (0.01-1.0 Hz) which
was compensated for in preprocessing with a Butterworth
low-pass filter of the same order (— 10 dB per decade) to keep
the spectral response flat in that band.

Nearly 11 months (1 June 2023 to 26 April 2024) of SoP
data, decimated to 5 Hz for manageability, are analyzed. In
total, there were less than 3 h of gaps during the entire ob-
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Figure 2. (a) Subsea cable bathymetric layout in the North sea
between Egersund (SW Norway) and the Yme offshore plat-
form. (b) Horizontal profile of the cable along the bottom.
Bathymetry obtained from E.U. Copernicus Marine Service In-
formation (https://doi.org/10.48670/moi-00055, Bruciaferri et al.,
2021).

servation period. The FO link consists of a 240 km-long U-
looped dark fibre pair inside a (120 km) double armoured
subsea cable (ca. 3 cm in diameter) spanning between a shel-
tered node room in the coastal town of Egersund, Norway,
and the Yme hydrocarbon extraction platform in the North
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EDFA pre-amp

Sea (57°48'57.92" N, 4°32'7.57" E) located nearly 100km
from Eigergy, the closest point in land just by the landing
section of the cable (Figs. 1 and 2a). The map data was ob-
tained from https://doi.org/10.48670/moi-00055 (Bruciaferri
et al., 2021). The other fibres in the same cable were allo-
cated for telecommunication purposes. The cable follows a
nearly straight horizontal projection averaging 047/227 az-
imuth degrees between these end points and remains mostly
buried between 1 to 2m under the sediments, with only a
few sections exposed to water. The region coincides with
a major amphidromic point in the North Sea (Siindermann
and Pohlmann, 2011). As the cable reaches the location of
the platform at Yme (at approx. 90 m water depth, Fig. 2b),
it is cased along a metallic J-tube permanently attached to
the jacket of the platform (the subsea support tower fixed to
the seabed) and rising nearly vertically from the bottom and
into the platform passing through the water surface. As the
fibre link is looped-back at the Yme platform, the SoP trans-
mitter and receiver are co-located in the same node room at
Egersund. The sensing end of the fibre is spliced to a buried
FO extension in a manhole next to the node room. The lat-
ter is located next to a road, less than a hundred meters from
the shore of the Nordra Sundet fjord next to Egersund. This
sheltered and shallow inlet (< 10 m deep on average) con-
nects with the North sea upon reaching the Nordragabet bay
after nearly 6 km from the landing site.

3.2 Ocean wave analysis model data

In order to compare the SoP measurements with spatially
resolved reference data, we used a regional implementa-
tion of the MFWAM (Meteo France WAve Model), a vali-
dated, hourly spectral wave analysis and forecast (Ardhuin
et al., 2010) on the Atlantic-European North West Shelf
area (16°W-10°E; 46-61.3°N). The data were obtained
from the E.U. Copernicus Marine Service Information;
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https://doi.org/10.48670/moi-00055 and Bruciaferri et al.
(2021). The model is forced by wind data from ECMWF (Eu-
ropean Centre for Medium-Range Weather Forecasts) and
currents by the IBI-MFC (Iberia Biscay Irish — Monitoring
Forecasting Centre) ocean circulation system. Wave height
altimeter and directional wave spectral data from Sentinell-
A and CFOSAT (Chinese-French Oceanography Satellite)
are assimilated with an optimal interpolation scheme (Li-
onello et al., 1992). The geographical resolution of the model
is 0.03° (each spatial sample covers ~ 11km?). Wave direc-
tional spectra covers the 0.035-0.56 Hz band and are dis-
cretized in 24 directions. Significant wave heights are cal-
culated as four times the standard deviation of the surface el-
evation spectrum (HMO) and have root mean square (RMS)
deviations below 0.3 m. The wave model peak energy parti-
tioning technique splits the full wave spectrum into signifi-
cant wind wave (HMOww) and swell (HMOsw) height com-
ponents. These typically cover the high and low frequency
portion of the wave spectrum, respectively. Swells are further
divided into two sub-components (primary and secondary,
based on their relative prominence). The model variables rel-
evant to this work are listed in Table Al.

3.3 Inssitu reference data

Point-measurement data from oceanographic sensors at the
Yme platform is used as ground truth to provide fine-detail,
complementary information about the observed SGW vari-
ability and confirm the reliability of the different wave model
parameters in the particular study region. A Fugro Seawatch
Wavescan buoy anchored to the north of the platform pro-
vides current direction, mean wind direction and mean wave
direction. The waveradar is a Saab Waveradar Rex mounted
on the platform and located 54.3 m above mean sea level.
The in situ significant wave height data (*HMO) is a combi-
nation of readings from these two sensors as a single time
series (cf. the Norwegian centre for climate services, https:
/Iseklima.met.no/, last access: 20 May 2026) and is further
subdivided into significant wind wave and swell height con-
tributions (*HMOww, *HMOsw, respectively). All parame-
ters used in this work were originally sampled at 10 min in-
tervals. Table A1 presents an overview of all the in situ wave
parameters used in this work. The mean location of this sta-
tion (local code SN76929, WIGOS number 0-578-0-76929)
is 57.82N, 4.54 E.

4 Observations

4.1 Temporal and spectral series

To illustrate how the S signal is obtained, Fig. 3 depicts two
minutes of PBS channel voltage signals (here band-pass fil-
tered at two frequency bands only for illustration purposes).
These signals are subtracted to obtain a proxy for S; (Eq. 1
and Fig. 3c, here named ) as explained in Sect. 3). Coher-

https://doi.org/10.5194/0s-22-1625-2026

ent signals with periods of a few seconds are present in both
channels with opposite phases, thus amplified upon subtrac-
tion. Signals will tend to have larger values in either of the
(randomly oriented) PBS channel axes as the received in-
stantaneous polarization of the optical carrier aligns closer
to either axis. Since the relative amount of signal distributed
between both PBS channels will fluctuate with a magnitude
and period proportional to that of the external forcing (e.g.
SGW), the Si (t) time series thus contains a signature of the
spectral characteristics of the external forcing.

As an example, a two-week comparison of the temporal
and spectral series of S’, the significant wave heights from
the wave analysis model at two of the shallow-most locations
at the near-shore and offshore ends of the cable (Egersund
and Yme, respectively), and in situ wave height measure-
ments at Yme, are presented in Fig. 4. The choice of these
particular locations will become clearer in the following sec-
tions.

The S| power spectral density spectrogram of Fig. 4a
shows prominent spectral energy features, some transient
with a broadband character (e.g. the peaks on 22 and 25 De-
cember), others spread in time over narrower bands (e.g. the
event between 16—19 December). Both are likely to corre-
spond to surface gravity wave (SGW) energy peaks induced
during marine storms, as evidenced by the events on early 22
and 25 December having characteristic upwards “V-shaped”
spectral energy distributions in the frequency range 0.05—
0.5 Hz, typical of the onset and coda of SGW induced by
wind storms (e.g. Ferretti et al., 2013; Colosi et al., 2023).
S} evidences a stable, modulated (in frequency and ampli-
tude) background line spectrum above about 0.08 Hz that is
commonplace to the entire dataset and likely to be linked
to optical transmitter noise. A first-order harmonic around
0.2 Hz akin to mechanical resonance is present during the
22 and 25 December events. An overall good correlation be-
tween the spectral power distribution of S| and the dom-
inant period variability of the wave model (surface wave
full-spectrum — TPK, wind waves — TMOlww, and primary
swells — TMOlgw; spectral peaks) and the in situ sensors
at Yme (full-spectrum — *TPK, wind waves — *Tyww, and
swells — *Tsw spectral peaks) further evidences the capacity
of SoP to measure both wind waves and swells (cf. Table Al
for a description of these parameters). Most of the spectral
signatures below about 0.5 Hz populating the spectrogram of
Fig. 4a correlate to variable degrees with any of the afore-
mentioned reference frequency parameters. Notably, within
15-17 December a low-frequency swell with a normal dis-
persion trend typical of SGW is evident in S| that partially
matches the model peak frequency, TPK~! (Fig. 4a). How-
ever, its coda (lasting until 17 December) is neglected by both
the wave model and the Yme in situ sensor, such that its du-
ration would have been interpreted incorrectly without high
sampling rate spectral data. The spectral noise energy mod-
ulations of SoP tends to match the fluctuations in TMOI;VIW,
in a way that wind waves of higher frequency (typically of
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decreasing amplitude) are generally related to reduced S/ en-
ergy and vice versa (Fig. 4a). It is worth noting the signifi-
cant fading in spectral energy on the spectrogram at lower
frequencies, particularly below 0.05 Hz.

To derive a metric proportional to the energy of the SoP
signal, the hourly root-mean-square (RMS) of S| was com-
puted in the time domain by applying 1h non-overlapping
windows to the bandpass-filtered (0.03—0.6 Hz, fourth-order
Butterworth) squared time series (Fig. 4b). Most SGW en-
ergy is generally confined in this band, 0.03 Hz approximat-
ing the boundary between typical SGW and the infra-gravity
wave domain. The resulting hourly RMS values were then
compared with the modeled wave heights, which serve as a
proxy for wave energy (Fig. 4c). These curves illustrate an
overall similarity between the power level of the SoP sig-
nals (in dB scale relative to a randomly chosen small value)
and the significant wave heights at both ends of the cable, al-
though with noticeable sporadic deviations. The upper filter-
ing limit was set to avoid high-frequency line spectrum noise
unrelated to SGWs (Fig. 4a). A qualitative validation of these
trends is presented in Fig. 4d, which shows the in situ signif-
icant wave heights at Yme and evidence a good fit with the
hourly model of Fig. 4c albeit the shorter-term variability ab-
sent in the latter, as well as a positive correlation with the
hourly S| (Fig. 4b). The wave activity at Yme is larger most
of the time, though most wave height anomalies are repre-
sented similarly in both time series since the surface wave
spectrum usually varies smoothly in space. From Fig. 4a, the
maximum SNR ratio of §] relative to the background floor is
about 30 dB, averaging at 11 dB over the full SGW band.

Figure 5a depicts the entire normalized, hourly RMS time
series of S i alongside the in situ (“HMO) and modeled (HMO)
significant wave heights at Yme. It illustrates the general de-
gree of correlation between S| and the wave heights, and
evidences that most wave events are represented in the S|
series, with the exception of a few energetic events that are
poorly detected by SoP (e.g. 18-23 October 2023 and 10—
16 January 2024), as previously noted in Sect. 4.1 (Fig. 6)
and marked by blue-shaded time spans in Fig. 5a and b. The
peak frequency of S| estimated over hourly time windows is
shown in Fig. 5b and only evidences a moderate match with
the reference data values, with errors being above a quarter
of the considered bandwidth in at least 20 % of the obser-
vations. Correlations are slightly better at lower frequencies
during the more SGW-energetic winter season, while devia-
tions become more marked during the Summer low in SGW
activity. The 0.17-0.18 Hz constant peak is unrelated to SGW
activity and corresponds to one of the dominant components
of the modulated SoP noise line spectrum previously evi-
denced from Fig. 4a. This instrumental noise is dominant
during nearly half of the entire time series and is capable
of intermittently obscuring the weakest SGW signals, signif-
icantly biasing peak frequency estimates.

Interestingly, some major SGW anomalies went virtually
undetected in the SoP signal, e.g. between 18-23 October
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2023 and 10-16 January 2024 (shaded regions in Fig. 5a).
At the onset of the first of the aforementioned timespans
(shaded region in Fig. 6b), a synchronous, major shift in
the mean surface wave and near-surface current directions
at Yme took place, likely triggered by a ~ 160° change in
the wind direction regime towards 100° azimuth. Notably,
the measured ocean currents shifted from a steady (roughly
SEE), tide-modulated regime to a more chaotic, short-period
azimuthal fluctuation likely reflecting extreme movement of
the measurement buoy and during which the major SGW
event barely triggered a noticeable S| response. Contrast-
ingly, the in situ SGW variability before and after this event
do seem to trigger prominent S} anomalies. A similar obser-
vation will be presented in Fig. 7b.

4.2 Bivariate correlations

To quantify the degree of similarity between the trends of the
SoP measurements and the true wave heights observed in the
previous sections, a bivariate analysis of the full time series
follows. Figure 7a shows a bivariate scatter plot between the
hourly RMS of S} and the in situ significant wave height at
Yme (*HMO), where the largest wave height anomalies are
expected from the observations in Sects. 4.1 and 4.3. The
yearly season is indicated by the colormap. SGW activity
was largest between fall and early spring, with some ener-
getic wave events coinciding with less prominent S| anoma-
lies during winter (later December to mid-January, as evi-
dent from Figs. 7a and 5a). A linear regression between both
variables shows a positive correlation with a determination
coefficient at 48 % resulting from the large amount of scat-
ter between the variables, and evidencing a moderate-to-low
degree of correlation between the true wave heights at Yme
and S}. On the other hand, hints of a slightly non-linear com-
ponent in Fig. 7a are also apparent (see Fig. C1 for further
statistics from the regression). The multiple branches and
sub-clusters of points evidence a non-trivial correlation be-
tween the SoP response and the ocean wave energy.

Two major in situ mean wave direction sub-clusters
(*MDR; with MDR data points indicated by triangles where
in situ data gaps occur) are observed in Fig. 7b, towards the
NNW (around 350°) and SEE (around 100°, delimited by
black box), showing that although there is an overall positive
correlation between the RMS S and significant wave heights
for most azimuths, there are also preferential wave direc-
tions that break-up this correspondence (especially events
directed towards the 100° azimuth cluster). A slight ten-
dency of waves towards the NNW (310-360°) coinciding
with smaller SoP anomalies than the other directions is also
present. Most SGW in the observation region tend to be ori-
ented westwards, evidencing that the wavefield was not om-
nidirectional during the observation period. The blue and red
lines in Fig. 7b mark the overall azimuth of the cable and its
perpendicular.
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An accurate separation of the wind and swell wave con-
tributions to S| (S} and S{qy. respectively) would re-
quire a so-called wind-swell separation frequency, fi(f),
which theoretically lies between the peak frequencies of the
wind and swell components (as evident from Fig. 4a) and
formally demands wave moment calculations from the full
SGW spectrum (Hwang et al., 2012). However, as the best
approximation for such data is the 10 min peak wind and
swell wave periods at the Yme in situ sensors are available
(*Tww,*Tsw, which are in fact derived from the full spec-
trum), an empirical approximation of f is here calculated
as f{=(Ty )/2 The hourly RMS of S|q, and
Siww can thus be estlmated to first-order by integration of
the hourly PSD spectra of S| across the bands [0.03- f;] and
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[ f{-0.6] Hz, respectively. Figure 9i will later confirm that the
mean f; throughout the full observation period has a rela-
tively homogeneous spatial distribution over the whole ca-
ble, thus validating the calculation of this proxy from data at
Yme.

A slight non-linearity in the correlation trend is hinted by
Fig. 7c that resembles that observed in Fig. 7a. The former
plot correlates the hourly RMS of S}y, with the hourly wind
wave heights of the situ sensors “HMOww (in situ data gaps
filled with the wind wave component of the model, HMOww
and depicted with triangles). Qualitatively, the data point
trends of the wind component show a similar random scat-
ter and trend as that of the full-spectrum case (Fig. 7a). Data
points at wind wave directions (*MDRww) outside the 50—
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150° range (covering the same anomalous cluster of points
of Fig. 7b around 100° inside black box) are plotted in blue
tones with higher transparency in Fig. 7c. This sub-cluster
shows some deviation from the main data point cluster, with
large wind wave height that seem to generate very subtle SoP
responses. The wave height limit depicted at S5m in Fig. 7¢
is related to breaking waves at Yme and was obtained from a
comparison between the wind wave component measured at
Yme and that estimated by the wave model (see Appendix D
and Fig. D1b and c). This cut-off explains to some degree the
observed non-linear trend at high wave height values. The
horizontal arrangements of dots in the lower parts of Fig. 7¢
and d results from the measurement resolution limit of the in
situ sensor.

A more scattered correlation trend exists between the
hourly RMS of S/ and the in situ swell component at Yme

https://doi.org/10.5194/0s-22-1625-2026

*HMOsw (Fig. 7d, with in situ data gaps filled with HMOsw
model values and depicted by triangles with higher trans-
parency). Although there is a generally positive correlation,
a marked random tendency is evident from the significant
scatter. No wave breaking limit cut-off effect is evident for
swell waves and no obvious correspondence exists between
the point scatter trends and the directional component of the
swell (*DRgsw; MDRgw used where in situ data gaps occur).

The regression slope of Fig. 7a leads to a first-order esti-
mate of the (linear) relative sensitivity of the RMS of Si to
significant wave height variations of 0.017 % m~! (relative to
the dynamic range of the instrument) for the cable link un-
der study, with a large standard deviation at 0.008 %m~!. It
should be outlined that this is likely an overestimate, given
the expected additional contribution to the observed SoP
variability from wave energy into other cable segments far-
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ther apart from Yme, including the seafloor cable segment
over the shallow North Sea and the landing end at Egersund
(Fig. 8).

From Fig. 7a, the threshold RMS S| values below which
correlations with wave heights are no longer evident lies at
about 1 % of the observed maximum and corresponds to the
mean of the 10th percentile of Sj. This threshold also cor-
responds to observation times with wave heights below 1 m,
such that the reliable recovery of small wave heights below
this limit for the investigated fibre link is compromised and
can thus affect correlations during times of very low SGW
activity.

4.3 Modeled peak variability along the cable

As each SoP sample is an integrated measurement along
the full extent of the backlooped fibre, it is not yet clear
which specific sensitive segment(s) act(s) as antenna(s) for
the detected SGW variability. As SoP is sensitive to strains
on the fibre, the pressure gradients induced by SGW upon
the cable are expected to play an important role in generat-
ing the observed variability. To shed light on this, Fig. 8a—
¢ depict distance-time plots along the full cable extent for
nearly six months of data, both for the cable section on
the seafloor, as well as the tubed vertical segment reach-
ing the water surface just below the Yme platform. The
main variable plotted here is the expected absolute dynamic
pressure induced by SGW, psgw(k, z) (Eq. B1) exerted on
the corresponding cable segment depending on its depth z,
wavenumber k, and the modeled significant wave height
component on top of it for: (1) the full-spectrum (HMO,
Fig. 8a), (2) wind waves (HMOww, Fig. 8b) and (3) swells
(HMOsw, Fig. 8c). The corresponding representative wave
period parameters (TPK, TMOlww, TMOlgw) are also re-
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quired for each plot because the vertical attenuation of SGW
is frequency-dependent and is thus also implemented in the
calculation of the depth-dependent pressure based on the
linear wave approximation (cf. Appendix B and Fig. B1).
In the case of swells, instead of averaging the mean peri-
ods of the two most prominent spectral components from
the model (TMO1sw, TMOlgw?>), only the mean period of
the largest swell is implemented. Note that in Fig. 8a, TPK
designates the peak period over the full SGW spectrum so
that psgw (HMO, TPK) is thus variably biased towards swells
or wind wave activity depending on the changing sea state.
At the same time, even if having smaller heights than wind
waves, the excess pressure of swells tends to penetrate into
deeper waters owing to their larger wavelengths.

For comparison, the maximum-normalized hourly RMS
S| signals estimated in the frequency bands corresponding to
that of each of the SGW model components are also shown
at the right side of each panel in Fig. 8.

Based on the pressure signal derived from the full spec-
trum, Fig. 8a confirms that the two shallower ends of the ca-
ble are the ones most likely to interact with SGW, as pressure
levels are the largest there. The strongest wave signals oc-
cur at the tubed vertical segment reaching the water surface
just below the Yme platform. However, it is evident from
Fig. 8 that a variable span of cable could be simultaneously
excited as a function of SGW height (and frequency) over
the shallower regions, e.g. at the 40 km seafloor cable span
in the central North Sea banks between Yme and the edge
of the Norwegian trench slope. Figure B2 further illustrates
this by means of a SGW depth-decay model along the pro-
file of the cable for a set of different wave frequencies (0.05,
0.1 and 0.2 Hz), where the deeper part of the cable presents
at least 10dB dynamic pressure reductions relative to wa-
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ter surface levels. The domain boundary of the wave model
cuts at the Egersund coastal zone just before the entrance
to the fjord inlet of Nordra Sundet, where the average water
depths are between 30-100m in the nearly 4km seawards
from the adjacent coastline. The increased pressure values in
this near-shore area also suggest a cable segment capable of
contributing to the total SoP anomaly. The landing segment
of the cable along Nordra Sundet is not captured by the wave
model. This segment follows a narrow, shallow (< 20 m) and
sheltered fjord, where SGW activity is normally severely at-
tenuated, although seiche activity (with typical periods of
minutes) could still be present. Overall, a similarity between
the trends of the normalized S| and the maximum achieved
pscw exists that will be studied in more detail in the follow-
ing sections.

The pressure anomalies related to wind and swell com-
ponents (Fig. 8b and c) show a clear relative partition of
the SGW energy reaching the cable. In the case of wind
waves, SoP anomalies are likely to originate only at Yme or
nearby due to the narrower confinement of the wind wave en-
ergy in the shallow zone of the vertical cable (Fig. 8b). The
swell energy is more broadly distributed over most of the
cable and dominates the full-spectrum bottom induced pres-
sure and could thus potentially induce SoP anomalies at both,
Egersund and Yme. In all cases, the qualitative similarity of
the SoP signals with the modeled maximum pressure at the
cable is moderate, as some peaks are represented in both time
series and quiet periods tend to coincide, while some promi-
nent psgw peaks are fundamentally absent on SoP. Note that
the swell wave pressure component (Fig. 8c), dominated by
low frequency values, tends to induce larger psgw anomalies
at depth than those estimated from the full-spectrum (Fig. 8a)
due to the much longer wavelengths associated with the for-
mer component, which attenuate significantly less at depth
than the high-frequency wind waves (Figs. Bl and B2), even
if the latter achieve higher amplitudes that contribute more to
the total height of the SGW spectrum at the water surface.

4.4 Cross-correlation maps

Figure 9 provides an overview of the maximum normal-
ized correlation for the full observation period between a
pair of variables x(r,7),y(t) in time ¢ and space r. This

is calculated as max[x xy](r) = max[(X *y)/,/ Z)_cz Ziz]
within a symmetric range of +2d around the zero-lag time
for the standardized variables x(r, t) = (x — E(x))/o (x) and
y(t) = (y — E(y))/o (y), where x denotes cross-correlation,
E is the mean or expected value operator in time, and o de-
notes the standard deviation. Here, the reference variable x
correspond to the wave model significant wave heights at
each geographical location over the wider region encompass-
ing the cable for the full-spectrum (Fig. 9a and d), wind
waves (Fig. 9b and e) and swell waves (Fig. 9c and f) and y
is the corresponding wave component from the: (1) RMS S
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series (Fig. 9a—c), and (2) in situ wave height measurements
(Fig. 9d-f).

In the case of Si (Fig. 9a—c), well-defined maximum
normalized correlation distributions in the surroundings of
the cable are evident. For instance, for the full-spectrum
(Fig. 9a), maximum correlations remain above 65 % over the
cable, reaching 70 % close to Egersund. The wind wave com-
ponent of the model correlates best with S}y, in a region
of the central North sea close to Yme (Fig. 9b) with maxi-
mum correlations surpassing 65 %. This region around Yme,
which sustains the overall highest significant wave energy
input in proximity to the cable (proportional to the squared
RMS of HMO in Fig. 9g), is also one generally dominated
by wind wave over swell contributions (Fig. 9h). The ex-
act location of the region-wide maximum correlation is in
fact expected to deviate somewhat from the exact location
of Yme due to the generally expected non-flat frequency re-
sponse of SoP to SGW, noise-related error contributions, and
the fact that the maximum correlation region, which is bi-
ased towards the NW away from Yme, also corresponds to
a regional SGW beam stretching from Shetland to SW Nor-
way with increasing total wind wave energy in that direction
(Fig. 9g and h).

The true swell component correlates best with S/ ¢y, along
the SW coast of Norway region around Egersund (Fig. 9c¢),
reaching similar maximum correlations as those for wind
waves. This is consistent with the fact that, contrary to Yme,
this narrow coastal region, although presenting generally
lower wave heights than the open North Sea (Fig. 9g), is
dominated by swells (Fig. 9h) and points towards Egersund
as the origin location of the swell signal recorded by SoP.
Other coastal areas in northern central Europe also tend to
accumulate higher correlations likely due to the propaga-
tion effect of the non-dispersive, long-wave swells traveling
with nearly unchanged waveforms over the relatively shallow
North Sea. As the average peak frequency difference between
swells and wind waves (Fig. 91) is largely homogeneous over
the cable extent (in the range 0.17-0.2 Hz), the empirical sep-
aration frequency f; used to get S|y, and S}y, based on the
in situ measurements at Yme can be considered a useful ap-
proximation for parts of the cable away from Yme, such as
Egersund.

Figure 9d—f depict the same type of correlation sets de-
picted in Fig. 9a—c, although using the in situ measurements
at Yme as reference to cross-correlate with the wave model.
As expected, the in situ sensors perform better than SoP to es-
timate full-spectrum and wind wave heights at Yme (Fig. 9a
and d and b and e). However, relevant deviations between
the reference data occur for the wind wave component (max.
correlations below 80 % in Fig. 9e and also confirmed by
Fig. D1) and particularly for the swell component (Fig. 9f).
The in situ highest correlation distribution of the swells at
Yme (Fig. 9f) is marked by a similarity with the regions of
overall high swells (Fig. 9h); and the deviations might result
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Figure 9. Maps of maximum normalized cross-correlation (over the North sea and the full observation period) between the significant wave
height components of the wave model and: hourly Si RMS (a—c), and in situ measurements at Yme (d—f). For the top two rows, the three
columns from left to right implement respectively the model: full-spectrum (HMO), wind waves (HMOww) and swell (HMOgw) significant
heights. (g) Total squared RMS of the model significant wave heights. (h) Relative contribution of HMOww (green) and HMOgw (blue).

(i) Model time-averaged center period between swell and wind waves. SiWW and Si gw correspond to the hourly RMS wind and swell

components of S (Sect. 4.3).

from imperfect separation of the swell components from the
in situ data and/or the model.

5 Discussion
5.1 Swell and wind wave monitoring with SoP

In the previous sections, the capabilities of SoP to detect
SGW with a submarine telecommunication cable were stud-
ied. Foremostly, it was shown that the S} parameter can con-
tain detailed signatures related to both (high-frequency) wind
waves and (low-frequency) swells that correlate positively
with the model and in situ ground truth, reaching maximum
correlations of 70 %. The former type of waves dominated
the SGW spectrum offshore in the distal part of the cable

Ocean Sci., 22, 1625-1649, 2026

and consequently wind waves populating the SoP signal are
likely to arise from wave activity at Yme, where the cable
reaches the water surface and is probably susceptible to wave
activity. The latter is evidenced by a spatial correlation map
(Fig. 9b) and the decreased wind wave energy near the coast
of Egersund (Figs. 8b and 9g and h). The lesser amount of
spectral line noise at low frequencies (Fig. 4a) relative to that
at higher frequencies is consistent with the higher maximum
correlations with the model obtained for swells than for wind
waves.

During the observation period, the coastal regions of Nor-
way showed a comparatively more energetic swell signature
than the open sea (Fig. 9g and h), such that swell activity ob-
served in the SoP data is probably mostly originated along
the SW Norwegian coast in front of Egersund. Future ob-
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servations on the same cable are prone to provide variable
wind-to-swell wave prevalence distributions and energy ra-
tios, as these are prone to fluctuate in the North Sea due
to their dependency on large-scale atmospheric circulation
variability such as the North Atlantic Oscillation (Semedo et
al., 2015). No evidence of tidal modulations was identified
in the data, partly due to the location of the cable close to
an amphidromic system with minor tides (Stindermann and
Pohlmann, 2011).

Based on the observations and the vanishing wave pressure
and particle displacements of SGW at depth (Figs. B1 and
B2), it is likely that the segments that are more sensitive to
sea state variability in the open ocean are located close to
the Yme platform, where water depths are less than 100 m
and where the backloop segment of the cable rises directly
towards the water surface. Direct forced oscillations onto the
vertical J-tube hosting the cable at Yme could thus explain
the observed SoP signals in the wind wave frequency band,
as this tube is likely to have a certain degree of freedom to
vibrate and smaller sections of it are semi-suspended in the
water.

Contrastingly, even though the swell (and wind) wave ac-
tivity is in overall larger at Yme than near Egersund (Figs. 8b
and c and 9g), it was noticed that the swell component of
SoP correlated best with swell activity at the coastal re-
gion of Egersund and significantly less so with that at Yme
(Fig. 9c). On top of this, the cable is reaching the water
surface at Yme while remaining in the seafloor, potentially
buried near the coast and the entrance to Nordragabet bay
near Egersund. This apparent contradiction suggests differ-
ential mechanisms controlling the coupling of wave energy
into the cable on either locations. One possible mechanism is
the action of shoaling swells in the shallow water coastal area
close to Egersund (< 50 m, in comparison to water depths of
up to 100 m close to Yme, Fig. 2b), which might be capa-
ble of triggering significant SoP responses e.g through hor-
izontal flow inducing cable shear or lateral bending and/or
dynamic wave pressure loading upon the various kilometers
of seafloor cable. At the same time, coastal reflections and
shoaling swells might be underestimated by the model near
the border of the model domain, where the Egersund coast
lies. On the other hand, the surfacing vertical tube hosting
the cable at Yme, attached to the subsea tower of the plat-
form appears to respond to (short) wind waves but not as op-
timal to (long) swell waves. This could suggest that the swell
energy, although reaching comparatively larger heights (and
perturbation depths) over the extent of vertical cable and the
seafloor segments of it close to Yme than at the coast, may
be insufficient or inefficient to couple deformation into the fi-
bre, e.g. due to deep burial under sediments in the case of the
seabed cable or the sheltering of the cable by the tube in the
vertical segment. The wavelength or steepness (height/wave-
length ratio) of the waves could potentially play a role in the
detection capacity of the vertical segment if e.g. specific me-
chanical resonance conditions of the vertical tube are met by
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shorter waves or larger near-surface vertical gradients. These
observations require further analyses to be properly eluci-
dated.

The notable difference between the wind wave and swell
height components at Yme estimated from the wave model
and measured by the in situ ground truth (Fig. D1) highlights
the value of having multiple ground truths to measure each
of the wave components directly and corroborate model es-
timates of these. In this case, wave breaking and tentatively
wave interactions with the platform seemed to be underes-
timated by the wave model. At the same time, established
methodologies are in place to separate wind and swell spec-
tral components from 1-D time series of surface height vari-
ability without the need for additional ground truths (Por-
tilla et al., 2009; Hwang et al., 2012), as is the case of
those provided by point sensors or the integrated measure-
ments of SoP. In the latter case this distinction can be sig-
nificantly more challenging than for point sensors if mul-
tiple SGW events with superposed spectral components si-
multaneously act at various locations along a single cable.
However, as mesoscale phenomena such as marine thunder-
storms and mesocyclones tend to have scales comparable to
the length of the cable (~ 120km), it is normally expected
that a single, dominant event at a time will interact with the
cable. In the case here explored, the sensitive segments of
the cable are confined to at least two distinct shallow cable
regions of interest (the ends of the cable), thus keeping the
spatial resolution of the measurements shorter than the full
cable length. More generally, as the typical separation be-
tween repeaters in submarine cables is no larger than about
50km, rectilinear (straight) cable links typically have such
resolutions although this is in fact highly dependent on the
geographical extent of shallow water areas covered by the
cables such as continental platforms or sediment banks.

Because the spatial correlation of SoP with wind waves
and swells is in both cases dominated by regions adjacent to
the cable and monotonically decaying outwards, it can be in-
ferred that the forcing is very local and distant ocean micro-
seismic signals are not dominating the signal. However, the
influence of local (primary or secondary) microseismic sig-
nals (e.g. Cessaro, 1994) cannot be ruled out, as these could
potentially influence the SoP signal through seismic surface
(Scholte) waves along the seabed generated very close to the
cable. For instance, the harmonics observed in the spectro-
grams during the strongest events (Fig. 4a) could either rep-
resent evidence of resonance effects or a secondary micro-
seismic contribution.

Our analysis focused on comparing the SGW-induced
pressure with SoP observations. Alternatively, the horizon-
tal or vertical orbital particle displacement of SGW (Eq. B3)
could have also been presented here as proxies for induced
deformation on the cable, as the oscillatory water motions
causing shear stress, shaking or bending of the cable are pos-
sible momentum transfer mechanism from the waves into the
cable. However, the depth-decay behavior of the former is
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fairly similar to that of the dynamic pressure already shown
in Fig. B1. On the other hand, the vertical particle displace-
ment presents a relatively much faster depth-decay, including
the lower frequencies, which are in turn the only capable of
interacting with deeper ocean bottoms (Fig. B1).

This work focused on the comparison between SoP mea-
surements and reference data, while the specific physical
mechanism(s) (cf. condensation, shearing, torsion, bending)
behind the transfer from wave motions into the fibre (see
Liu et al., 2025, for a review on the matter) are largely set
aside due to the lack of detailed information about the cable
and the physical fields distributed along its full span. Com-
pared to phase-recovering FO sensing techniques like DAS,
which are predominantly sensitive to axial fibre strain, the
stress-induced (radial) birefringence variations that charac-
terize SoP are reportedly nearly omnidirectional (Mecozzi,
2024). Regardless of the fact that the sensitivity of phase-
sensitive systems is comparatively higher, this suggests that
some of the fibre deformation modes triggered by wave-
induced hydrodynamic pressure and flow could potentially
result in measurable SoP anomalies that would go unnoticed
by the former. More advanced developments such as mul-
tiphysics simulations coupled with spatially-resolved refer-
ence sensors (ideally in controlled environments) may aid
in properly resolving the specific mechanism(s) acting at the
seabed to produce the measured anomalies (and their relative
contributions).

5.2 Stability of the SoP response

The significant scatter in the bivariate correlation plots be-
tween S| and the reference wave heights (Fig. 7a-d) as
well as the anomalously large and sharp peaks of the RMS
S1’ (Figs. 4a and b and 8) that do not compare entirely
with the relative prominence and shape of the actual wave
height variability suggests time-dependent variations in the
SoP response and possibly a non-linear component therein
(Fig. C1). The largest, breaking wind waves clearly con-
tribute to the observed non-linear trends (Fig. 7c), while
swells contribute significantly to the random scatter in the
bivariate correlations, suggesting complexities in the swell
energy coupling into SoP variations. The generally incoher-
ent accumulation of swell signals (with longer wavelengths
than wind waves) over large cable extents could explain the
latter behavior.

Previous studies have highlighted the inherently non-
linear response of birefringence and incoherent accumulation
of SoP changes on fibres (Costa et al., 2023; Mecozzi, 2024).
Our SoP data could thus be also influenced by inherent non-
linear Stokes vector rotations as a response to external forc-
ing for the particular link under study. On top of this, the
approximated Stokes parameter in this work is being anal-
ysed without resorting to other Stokes parameters, while the
actual variation of each of these as a function of the (mul-
tidimensional) Stokes vector rotation in the Poincaré sphere
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is generally non-linear, as exemplified in Appendix E and
Fig. E1. The latter fact also implies that each of the Stokes
parameters (S],2,3) is more sensitive to Poincaré sphere rota-
tions when their values are at minimum, i.e. nearly zero (if
the Stokes vector is perpendicular to the axis of that partic-
ular parameter). Theoretically, in extreme cases the rotation
of the Stokes vector could be large enough that transient tra-
jectories in the Poincaré sphere with accumulated rotations
of > 2 rad could take place, i.e. component wrapping. A
detailed analysis of the SoP response here becomes increas-
ingly challenging, reminding ourselves that the instrumen-
tal frequency sensitivity of SoP is largely unknown and that
the uncalibrated photodiode detectors of the SoP system only
provide an estimate of S; that we have studied in this work.
The causal mechanism(s) explaining the false negative
SGW events in SoP lasting hours to several days as e.g. those
depicted in Figs. 5 and 6 can only be weakly constrained
with the available data due to the lack of in-depth knowledge
on the coupling state of the several-km cable and spatially-
resolved co-located measurements. A mechanism that could
generally explain temporal dips in sensitivity of any of the
S1.2,3 Stokes parameter to external forcing is related to quasi-
stationary (long-term) stabilization of the orientation of the
Stokes vector in the Poincaré sphere along parallel planes
(in our case small concentric circles along the surface of a
sphere, as Sp remains nearly constant) to that defined by the
parameter in question. In our case, this would translate into
short-term oscillatory forcings only being effectively trans-
ferred into the S>3 components while % ~ 0, even if S|
slowly drifts over time scales larger than SGW variability.
Such states are generally unlikely to extend for long peri-
ods, as the (three-degrees of freedom) Stokes vector rota-
tions have a marked chaotic nature. A special case of such
states happens when the Stokes vector is nearly fixed along
S1, where its sensitivity is at minimum (Sect. E). From this
it generally follows that systems combining all Stokes vec-
tors are likely to provide a higher degree of stability and lin-
earity in the SoP response as environmental signals that are
randomly ill-recovered by some Stokes parameter(s) could
be detected more properly by at least another. Despite this,
a comparison of the long-term trend of |S]| (which was in-
herently removed for our bandpass analysis on the SGW fre-
quency band) with the aforementioned false negatives pro-
vides no clear correspondence as no quasi-static trends match
the false negatives (Fig. F1). In particular, the latter events do
not match times when |S]| was at its maximum, i.e. statisti-
cally closest to S1 = 0 (the actual value of S; cannot be re-
liably determined). This suggests other mechanism(s) domi-
nating the observed sensitivity fluctuations of the system.
Although there is a random probability that S fluctuations
are compensated destructively by the superposition of multi-
ple simultaneous events along different spans of fibre, such
net canceling is also only relevant for relatively short times-
pans and/or short sensitive cable spans owing to the stochas-
tic behavior of the Stokes vector. Thus, this seems unlikely
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to explain the observed sensitivity lows lasting several-days
on such a long cable. A key observation from Sect. 4.2 is
that these events predominantly coincide with wind waves at
~ 100° heading (Fig. 6, box in Fig. 7b and light blue outliers
in Fig. 7c). This strongly suggests a geometrical constraint
involved. For instance, a wave shadow from a sheltering body
could lead to reduced SGW motions coupling into the cable
for waves impinging at certain angle. The adjustable height
system of the Yme platform could potentially explain this: as
this platform can be heightened by several meters (jack-up
type), the tubed cables (these reportedly plunge into the water
on one of the sides of the platform) might be fastened to the
structure in some way to avoid excessive shaking. In which
case, the mechanical state of the cable (e.g. its static tension
or stiffness) could be affected and thus its sensitivity. Alter-
natively, these tubes might simply become more exposed to
waves from all directions when the platform is heightened,
whereas the structure could block SGW coming from the op-
posite side if lowered at water level. In contrast, it seems less
likely that this apparent directional sensitivity of the cable is
determined by the relative orientation between the seafloor
cable segment and the SGW directional spectrum, as sug-
gested by their lack of correlation in Fig. 7b. Despite these
arguments, the exact causal mechanism for the observed false
negatives cannot be determined with confidence due to lack
of available data on the mechanical state of the cable and/or
platform operation and geometry.

It is also worth noting that, in addition to the aforemen-
tioned false negatives, Fig. 7a, c, and d also show the com-
paratively less dominant presence of a few transient false
positive SoP outliers, i.e. high SoP anomalies at times of
relatively low waveheights at Yme. From Fig. Sa, the lat-
ter are less common than false negatives and cover shorter
time spans. These false positives could arise from different
noise sources, namely SoP system self-noise, cable perturba-
tions at locations outside of the joint coverage of the wave
model and in-situ sensors, including the shallow cable span
between the coastline and perturbations in the node room it-
self. In addition, the superposition of Stokes vector rotations
resulting from simultaneous wave events at different cable
spans is expected to generally raise the mean SoP variabil-
ity level. In contrast, such addition of non-deterministic sig-
nals with three degrees of freedom seems unlikely to produce
mean destructive interference.

As previously suggested, during energetic SGW events,
interactions with deeper cable segments could take place if
the waves have sufficiently large amplitudes and long wave-
lengths (Fig. 8), therefore the extent of cable strained by
SGW activity is generally a function proportional to the wave
height and period. The exact length of perturbed cable is
currently challenging to estimate because the exact transfer
function from SGW pressure-to-SoP (or water flow-to-SoP)
anomaly is not known. This further increases the probability
that the SGW response of SoP deviates from a linear one,
as rougher sea states and SGW variability with wider spatial
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extents tend to affect larger cable segments simultaneously.
This could explain the increased amount of random scatter
in the bivariate correlations for swells relative to those of the
wind waves (Fig. 9d and c, respectively), as the former con-
tains simultaneous contributions at separate cable segments
(Fig. 8c) from the same trains of swell waves (Fig. 9c and 1).
In terms of absolute SGW-induced pressure, the deeper part
of the vertical cable segment at Yme experiences, on aver-
age, dynamic pressures between 1 and 10kPa (Fig. 8). At
the water surface, the maximum excess pressure approaches
100 kPa. For context, 10kPa is the differential pressure ex-
erted by a SGW of ~ 1 m in amplitude at the mean water
surface, while 10 mPa is the RMS acoustic pressure at the
lower end of the dominant ambient underwater noise in the
range 63-500 Hz along the Scottish North-Sea coast (equiv-
alent to a sound pressure level at 80 dB re 1 uPa2, Merchant
et al., 2016). Notice that the scaling value from S{ to wave
height found in Sect. 4.2 effectively represents a first-order
estimate of the mean sensitivity of this parameter to SGW
heights (in the 0.03—06 Hz band) for the SoP sensor and cable
link combination here considered (weighted by the specific
cable spans that are most sensitive) and it should be empiri-
cally verified by other experiments.

At the current state, the implemented SoP system suffers
from non-negligible noise contributions that can intermit-
tently obscure weaker SGW signals and prompts future im-
provements in its internal design and the acquisition set-up.
The main ones being: (1) a modulated line spectrum domi-
nant above 0.2 Hz likely related to the SoP transmitter noise
at selective frequencies spread over a wide band but in this
case primarily affecting peak frequency estimation (Fig. 5b)
and high-frequency wave heights, i.e. wind waves and short-
period swells (Figs. 4a and 5b), and (2) EDFA noise, whose
noise spectrum tends to be wide-band. This limitation could
be addressed by means of further refinement of the SoP sys-
tem such as more stable laser sources with improved noise
characteristics. Secondary noise sources close to any seg-
ment(s) of the several-kilometer link, such as those exposed
to anthropogenic activity, infrastructure-related noise or ac-
tive equipment at the node rooms at both Yme and Egersund
(vibrational, EM and/or thermal noise from e.g. server racks,
human activity or air conditioning systems or pulling or sud-
den impacts on the cable at the platform site during offshore
operations) are also capable of interfering to variable extents
with the SGW measurements and producing outliers. A care-
ful pre-survey of potential noise sources seems key to prop-
erly interpret SoP data. Although most of the aforementioned
noise sources typically exist at frequencies outside the SGW
band and are expected to have a rather transient character,
these could temporarily obscure the ocean wave signals in
short time windows if overlapping spectrally with the SGW
frequency band. At the same time, the frequency response of
SoP is not necessarily flat, meaning that some spectral bands
might be affected by noise more than others.
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5.3 Operational considerations for SoP measurements

One of the main drawbacks of SoP is that its spatial reso-
lution is restricted by the length of the entire FO link un-
der analysis, i.e. the measured signal is an accumulate of
the net variability acting along the entire sensed fibre. This
makes SoP implementations more attractive for shorter links
regions with spatially uniform variability to avoid interpre-
tation ambiguities that could arise if multiple SGW events
overlap in time at different cable parts, especially in shal-
lower water regions with high SGW spatial variability. Alter-
native fibre looping architectures in repeatered cables can im-
prove the spatial resolution up to the separation between re-
peaters with high-loss loop backs (Marra et al., 2022; Yaman
et al., 2025). In contrast, distributed FO sensing techniques
are single-ended i.e. these only require one fibre end to oper-
ate, have selectable spatial resolutions (up to meters of fibre),
EM noise resistance and higher measurand sensitivities. For
instance, a method like DAS is capable of constraining and
linearly quantifying the specific sensitivity spots that cap-
ture SGW variability and could thus provide estimates of the
strain induced by SGWs on the cable. Underwater surveys of
the cable would also provide further details that would help
better constrain its structural and geometrical setting, which
are pivotal to accurately explain the detection capacity of the
cable.

On the other hand, SoP is a more cost-effective, scal-
able and simpler to design technique in comparison to other
fibre-optic sensing techniques that does not require bulky,
costly, maintenance-demanding or highly-specialized mea-
suring components. In fact, most optical telecommunication
systems currently use SoP as a modulation technique along
with amplitude, frequency and phase modulation schemes.
This implies that SoP information is currently being contin-
uously decoded in subsea cables around the world (at rates
ranging between 0.01 to 1.6Tbs™!). However, this high-
rate data is rarely stored by most vendors and user access
to private-owned cables can be costly or restricted. Further-
more, modern network management channels only support
bit rates of much less than a few kbs™!, meaning that ded-
icated SoP detectors must be used in order to harness this
information. Therefore, modern optical telecommunication
networks still require some software as well as hardware
modifications in order to allow for continuous SoP monitor-
ing without sensor attachments. However, we highlight the
possibility to achieve this through common effort from ca-
ble providers and users, especially if enough interest stems
on FO sensing on behalf of governments, stakeholders and
other potential users of the ocean science and technology
community. The same effort is likely to render commercial
FO cables more accessible for the ocean community in terms
of data and service availability as well as usage fees.

While shorter fibre links reduce spatial ambiguity for SoP
and thus generally increase the chance of correct interpre-
tations, its compatibility with subsea cable repeaters allows
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sensing ranges of more than 10 000 km along existing trans-
oceanic fibre-optic infrastructure. Such large coverage capa-
bilities could be useful for links exhibiting SGW anomaly
distributions well-constrained in space, for the detection of
very large scale ocean waves with wavelengths compara-
ble to or larger than the links, e.g. tsunamis or tides, and
for large mesoscale to synoptic scale studies. In contrast,
most DAS units usually cover less than 200 km. The tech-
nology has recently been demonstrated to reach more than
2200 km at sampling rates of nearly 1.8 kHz (Rgnnekleiv et
al., 2025) with subsea cables, the usable range decreasing
proportional to sampling rate and with the requirement of re-
peaters with special amplification and circulation assemblies
which are not typically incorporated in modern telecommu-
nication networks. A more recent work (Mazur et al., 2025)
has nearly tripled the former coverage range with an alter-
native approach that is compatible with modern commercial
transoceanic cable architectures.

SoP experiments on different cables and covering a few
years would be valuable to confirm the stability of the SoP
transfer function over time for a particular link, especially
since SoP exhibits a non-stationary behavior (Pellegrini et
al., 2025), i.e. quasi-static variations in the thermal or me-
chanical state of any cable segment (as e.g. at the Yme plat-
form) that sporadically re-adjust the SoP. Ambient tempera-
ture variations are known to temporarily degrade the SNR of
SoP (Marra et al., 2022). This adds up to the naturally oc-
curring fluctuations in the initial polarization state injected
into the fibre for conventional laser sources, e.g. due to
thermal oscillations at or around the transmitter. The latter
could be addressed by careful selection of transmitter com-
ponents as well as monitoring and active control of temper-
ature in acquisition rooms. The characterization and isola-
tion of machines and other devices potentially generating
non-negligible thermal, EM and/or vibrational noise close to
the acquisition area is strongly encouraged. We further em-
phasize that SoP values are dynamic (as opposed to abso-
lute, static measurements), relative-valued and only represent
first-order estimates of the true SGW variability at one loca-
tion.

A more general limitation of SoP, also confronted by well-
established oceanographic SGW sensors is the necessity to
have the sensing element in situ or close enough to the wa-
ter surface due to the vanishing SGW dynamic pressure and
orbital displacement in proportion to depth and wave fre-
quency. For SGW monitoring, this might limit the usage
of deep and/or buried subsea telecommunication cables seg-
ments while bringing reliance towards very shallow (e.g. es-
tuarine or coastal) or surfacing ones. Alternatively, dedicated
installations of light-weight cables could circumvent the de-
pendence on telecommunication cables of no practical use,
having in mind that a single cable hosting several fibres (and
optionally power lines) is compatible with multiple FO sens-
ing techniques as well as being useful for data transfer and
communication with other sensors. An additional, current
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challenge is to filter-out optical frequency-dependent self-
noise from the implemented system as this could contribute
to smear out the true gravity wave signatures. However, im-
provements in the optical components of the SoP device (e.g.
transmitter and ADC) are achievable and could readily pro-
duce a cleaner signal with a wider-band frequency response,
thus providing more accurate approximations of the sea state
variability.

Nearly 8 % of the ocean surface is at depths below 200 m
(i.e. continental shelves and coasts, Paris et al., 2016) while
about 16 % of the subsea cables cross such depths (nearly
30 % down to 1500 m, Clare et al., 2023). This implies that
a non-negligible portion of the extensive and robust network
of existing telecommunication cables around the world has
the potential to be implemented for SGW monitoring with
FO techniques. Deeper cables (below ~ 2km) are gener-
ally restricted to the detection of long waves such as tides,
tsunami or low-frequency infra-gravity waves. The remotely-
operated SoP devices allow for straight-forward data man-
agement, enhanced real-time capabilities, and significant
data loss resilience, as no battery support for the sensing el-
ements (i.e. the fibres) or data recovery campaigns are re-
quired. Applications that could benefit from SoP systems in-
clude early-warning systems, infrastructure monitoring and
sea-state information platforms. SoP sensing appears par-
ticularly promising for time-resolved, continuous real-time
monitoring of specific wave events (e.g. extreme waves or
tsunamis) in difficult-to-access regions where limited or no
other (temporal or permanent) oceanographic sensors might
be available or in locations of high interest (e.g. for ma-
rine energy harnessing and other offshore installations). This
could prove valuable to monitor and protect offshore as well
as coastal infrastructure.

6 Conclusions

Our results demonstrate that surface gravity wave variability
can be continuously monitored over several months with con-
ventional subsea telecommunication cables and State of Po-
larization (SoP) sensing devices. Detailed spectral character-
istics of the sea surface variability can be remotely recovered
at high sampling rates and it is possible to detect both wind
waves and swells in the range 0.03-0.6 Hz acting simultane-
ously on different segments of the interrogated cable through
a single, 1D measurement. The potential separation of these
spectral and spatial components without additional ground
truths prompts further investigation and future improvements
in the noise characteristics of the SoP device. Previous stud-
ies showed the capacity of SoP to detect SGW, here we quan-
titatively advanced this knowledge through a detailed com-
parison of SoP data with in situ and model ground truths.
Specifically, we find positive correlations of nearly 70 % be-
tween the hourly RMS S| Stokes parameter and the true full-
spectrum significant wave heights. SGW peak frequency es-
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timation from SoP is also possible but was significantly af-
fected by instrumental noise of the here implemented de-
vice. We present evidence that the (high-frequency) wind
wave variability component contributing to the SoP signal is
mainly originated at open sea close to the Yme site, while the
dominant (low-frequency) swell wave signature is likely of
near-coastal origin. This is foremostly due to the uneven spa-
tial energy partition of these wave components between both
regions and potentially also due to the energy coupling of
the two SGW components onto cable segments having vari-
able (primarily over space and secondarily over time) depth,
burial, geometrical and mechanical conditions. Furthermore,
we observe that the SGW detection capacity of SoP is not
azimuthally uniform, tentatively in relationship with the ge-
ometrical interaction of the wavefield with infrastructure sup-
porting the cable. The signals retrieved from SoP sensing are
currently non-dimensional quantities and should only be con-
sidered as dynamic, first-order estimates of the variability of
SGW.

Aside from these current limitations, SoP sensing can also
be considered a relatively simple-to-build and scalable so-
lution to monitor a proxy for sea state variability remotely
and in real-time where cables are in sufficient proximity to
the water surface in comparison to the wavelength of inter-
est. A non-negligible portion of the existing network of sub-
sea telecommunication cables has the potential to be turned
into a network of sensors of opportunity in key ocean re-
gions worldwide. Applications that could tentatively benefit
from such infrastructure include: sea-state monitoring, early
warning systems, coastal and offshore facility protection, and
oceanographic modeling.
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Appendix A: Summary of parameters and acronyms

Table A1l. Wave analysis model and in situ point measurement parameters considered (at Yme) in this work. The namings and identifiers
(IDs) of the model parameters are as reported in the model metadata. The same applies for the naming of the parameters derived from the in
situ sensors at Yme, whose ID (marked with asterisks, e.g. *ID) has been introduced in this work in analogy to the model IDs. Each sample
of the wave model parameters is an average over an area of ~ 11 km?. Further details about the calculation of the specific modeled variables
can be found in ECMWEF (2024).

Wave analysis model parameters ID [units] Notes

Significant surface wave height HMO [m] Four times the standard deviation (zero-Moment) of the full
surface elevation spectrum (0.035-0.56 Hz). Includes wind waves,
primary and secondary swell contributions.

Significant wind wave height HMOww [m] Wind wave component of HMO

Significant (primary) swell wave height HMOgw [m] (Primary) swell wave component of HMO. HMOgyy is the sum of

Surface wave mean direction
Surface wind wave mean direction

Surface primary swell wave mean direction
Surface wave period at variance spectral

density maximum

MDR [azimuth]
MDRww [azimuth]
MDRgw [azimuth]
TPK [s]

primary (HMOgw ) and secondary (HMOgw») swell contributions

Includes wind waves, primary and secondary swells
Only wind wave component

Only primary swell component

Includes wind waves, primary and secondary swells

Wind wave mean period TMO1ww [s] Spectral zero-to-first frequency moment wind wave period

Primary swell wave mean period TMO1gw1 [s] Spectral zero-to-first frequency moment swell wave period

In situ measurement parameter at Yme ID [units] Notes

Significant wave height *HMO [m] Four times the standard deviation (zero-Moment) of the full
surface elevation spectrum. Includes wind waves and swells

Significant height of wind waves *HMOww [m] Wind wave component of *HMO

Significant height of swell waves *HMOgw [m] Swell wave component of *HMO

Mean wave direction
Mean wind wave direction
Swell wave direction

Period of the highest wave
Wave period of wind waves

Wave period of swell waves
Current direction
Mean wind direction

*MDR [azimuth]
*MDRww [azimuth]
*DRgw [azimuth]

*TPK [s]
*Tww [s]

*Tsw [s]

Includes wind waves and swells

Only wind wave component

Only swell component. The here implemented version is an
hourly mean of the original series sampled at 10 min intervals
Includes wind waves and swells

No available details about estimation

method

No available details about estimation method

Near-surface current direction

Near-surface wind direction
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Appendix B: Linear surface gravity wave calculations

To obtain an estimate of psgw, the magnitude of the dynamic
pressure induced by a SGW of amplitude a, frequency f at
a certain depth z’ < 0 over water with maximum depth %, we
use the linear SGW depth-attenuation relation (e.g. Massel,
2017):

h /
psaw (k. 2) = apg < L E) (B1)
where g is the average gravity acceleration at the loca-
tion of interest and p is a representative water density. The
wavenumber k = 27 /1 (A being the SGW wavelength) can
be obtained by solving the linear SGW dispersion relation
numerically:

w? = gktanh(kh) (B2)

where w =2nf =2 /T and T is the period of the SGW.
The magnitude of the horizontal (usgw) and vertical (wsgw)
orbital water particle displacements induced by SGW are es-

timated as:
cosh(k(z' + h))
k,7)=a—— T
usow (k. 2) =a=—2
sinh(k(z' + h))
k,7)=a——mMmMMM= B3
wsgw(k,z) =a Sinh(k) (B3)

Using Egs. (B1) and (B3), one can estimate the depth-
frequency distribution for SGW dynamic pressure, horizontal
and vertical particle motions for a given total water column
height (Fig. B1). The decay of pressure and horizontal dis-
placement is fairly similar, except that horizontal motions at
frequencies below about 0.04 Hz remain nearly unattenuated
at the mean depth of the central North Sea banks (100 m), the
region where Yme platform is fixed. Vertical motions gener-
ally decay comparatively more rapidly at depth.

Gravity wave pressure. Water depth = 100.0 m Horizontal displacement. Water depth = 100.0 m Vertical displacement. Water depth = 100.0 m
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Figure B1. Depth-frequency distribution of linear surface gravity wave pressure (a), horizontal (b) and vertical (c) orbital displacement
at 100 m-depth water for a 10 m-height sinusoidal wave (roughly the depths at Yme and the maximum observed significant wave height,
respectively). Contour values in dB relative to surface values.
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Using Egs. (B1) and (B2), one can also estimate how SGW
with particular frequencies interact with the bottom and de-
cay as a function of water depth for a fixed SGW amplitude,
as shown in Fig. B2 for the subsea cable layout. SGW be-
low 0.05 Hz are attenuated by a factor of 10 at water depths
of 250 m for total water column heights of more than 300 m
(Fig. B2a). On the other hand, SGW at frequencies of 0.1 Hz
decay by 10dB at water depths of 60 m for seabed depths be-
yond about 100 m, while those above 0.2 Hz are in most cases
unaffected by the seafloor depth and generally only reach a
few tens of meters below the water surface or less.
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Figure B2. Linear surface gravity wave pressure amplitude depth distribution along the cable bathymetry profile for three different frequen-
cies: (a) 0.05Hz, (b) 0.1 Hz, (c¢) 0.2 Hz. Contours and colormap in dB relative to the (maximum) pressure value induced by a SGW of 2m
height at the water surface on each case.
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Appendix C: Regression statistics

Figure C1 depicts the linear regression statistics of Fig. 7a,
including a normalized residual plot (Fig. Cla) that evidence
relatively large regression residuals and a slightly biased dis-
tribution of these towards high values of the hourly S| RMS.
A quantile-quantile plot shows a mostly linear correlation for
the majority of the data values, except for the upper quantiles,
which reflect a clear non-linear component likely related to
steep wave effects such as wave breaking (Fig. C1b).
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Figure C1. Linear regression residual (left) and QQ (Quantile-quantile) plot with a reference line fitted through the quartiles in red (right)

for the regression in Fig. 7a.

Appendix D: Comparison of ground truth significant
wave height components at Yme

Figure D1 shows the degree of correlation between the wave
analysis model and the in situ SGW height and direction
measurements from a buoy and a radar at the Yme loca-
tion. HMO shows good consistency at this site between the
model and the in situ measurements (Fig. D1a), while on
the other hand, the wind (HMOww) and swell (HMOsw(1))
components (Fig. D1b and c) present significant deviations
that can relate to: (1) the wave spectrum partitioning tech-
nique of both data types, as well as the 2D spatially-averaged
wave model vs. the (1D) in situ point sensor measure-
ments, and/or (2) dynamic wave effects such as breaking,
wind-interactions, or flow effects potentially not properly ac-
counted for in the model. The difference is more significant
for swells, where the points with largest errors coincide with
those having the largest deviations in estimated dominant
wave direction (Fig. D1c) and evidences that the model tends
to underestimate the swell heights considerably.

https://doi.org/10.5194/0s-22-1625-2026

In the case of wind waves (Fig. D1b), the red dots con-
necting each dot having in situ wave heights above 3 m rep-
resent the regular wave breaking limit Hy, calculated from the
wave steepness as Hp ~ 0.88/k (Massel, 2017) and found
using the approximate explicit solution of Eq. (B2) for k
as k(T, h) = (zﬂT);(l _ e*(h(Zn)Z/gTz)S/ét)Z/S (Guo, 2002) and
the in situ wind wave period (*Tww) at each time step. The
water depth /& at Yme is set to 90 m. This shows how most
measured waves above about 3 m are either just above or ap-
proaching the theoretical wave breaking limit, which seems
to be disregarded by the model and explains the cut-off lev-
eling of in situ wave between 5—6 m.

Ocean Sci., 22, 1625-1649, 2026



1646

J. D. Pelaez Quiiiones et al.: Monitoring surface gravity wave variability

— 10 1752,
£ 107 (Hmo, *Hmo) (HMO_WW, *HMO_WW) (HMO_SW, *HMO_SW) °
= 9] 150 9
= gl
2 4 . o
2 y . 125 g
£ 61 ¢ IJL‘I bl %3 1005
= 5 Eaoty ..‘,.'-.‘ o P
5 4 T R - il
o 3 At i i £ 7 ©
< ‘\ 3 p X 50 ~
o 2 o ° By - Sl;ik e}
é 11 kf/ o 25 g
z ]~ (MDR, *MDR) || .,  (MDR_WW, *MDR_WW) y {MDR_SW1, *DR_SW) =
012345678910 012 3456780910 012345678910 ©
a) b) wave height (model) [m] )

Figure D1. Bivariate correlation plot between the significant wave height reference data from the wave model (x axis) and the in situ data at
Yme (variables indicated in the upper left part of each panel) for: (a) full-spectrum surface height, (b) wind waves (red dots are the theoretical
wave breaking height for each measurement and the dashed black line marks an estimated wave breaking height limit at 5 m), and (c) swells.
The color scale represents the difference between the wave direction parameters indicated in the lower right of each panel.

Appendix E: The sensitivity of a Stokes parameter to
great circle rotation

Assuming that a Stokes vector rotation along a great circle
of the Poincaré sphere, containing the axis of one of the
Stokes parameters, e.g. Si, then from 1 we can formulate
S1 = Spcos(f) for a given Stokes rotation angle 6 (relative
to the S axis in the Poincaré domain). The net variation of
S1 as a function of 6 can then expressed as: |[AS;| = |% =

|So sin(@)|. This sensitivity towards 6 is illustrated in Fig. E1.

_10 4

|AS1]| [dB re 1]

—201

0 20 40 60 80
rotation angle relative to S1 axis [degs]
Figure E1. The sensitivity of a single Stokes parameter (or any lin-

ear combination of these) to a rotation of the Stokes vector in the
Poincaré sphere along a great circle described by the parameter axis.

An alternative way to reach the same result is combin-
ing the definition of S (Eq. 1b) and the (randomly oriented)
components of a plane-polarized EM wave with electric field
amplitude E propagating along the fibre axis (z axis) as
E = (Ex, Ey) = E(cosa, sina), where « is the physical an-
gle between the x axis and the oscillation plane of the wave:

S| = Ez(cosza — sinza) = E?cos2a

Ocean Sci., 22, 1625-1649, 2026

The sensitivity of S; to variations in « will be maximum
when the rate of change of |%1| =2E?|sin2¢| is maxi-
mized, i.e. if « = ={n /4,37 /4, ...}. This corresponds to the
oscillation plane of the EM wave at 45° from the x and y axes
and thus S; = 0. Conversely, the rate of change becomes zero
when the oscillation plane is aligned with x or y, i.e. when

|S1] is at maximum value.
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Appendix F: Long-term trend of SoP
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Figure F1. The non-filtered time series of |Si | reflecting its dominant low-frequency fluctuations. The blue areas correspond to the two major
false negative events highlighted in Fig. 5. No clear correspondence between these events and the quasi-static value of |Si | is apparent.
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