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Abstract

Distributed acoustic sensing (DAS) on seafloor telecommunications cables is emerging as a
powerful approach for observing geophysical processes. However, instrumental noise
increases steeply below 10 millihertz (mHz), limiting the resolution of long-period signals.
Here, we overcome this limitation by isolating low-frequency common-mode noise using
channels with minimal signal amplitude, enabling the observation of low-frequency spec-
tral peaks consistent with Earth’s normal-mode oscillations in the mHz band along a sub-
marine fiber-optic cable in the western Mediterranean Sea. Following the 2025 M,, 8.8
Kamchatka earthquake, we observe systematic variations in modal amplitudes with cable
azimuth over 120 km, consistent with predictions from a normal-mode summation model.
The amplitude is predicted above the noise level, but the signal is only observed
after noise removal. This is explained by an event-independent response coefficient
(C ~ 0.13), consistent with a flat instrumental response. Normal modes are also detected
for smaller earthquakes down to M,, 7.7. The variably oriented cable resolves the radial
and transverse horizontal components of motion. The large-scale signal’s amplitude is
locally modulated by variable cable azimuth, demonstrating a sensitivity for cable relo-
cation. Our results demonstrate that DAS can resolve subtle solid-Earth deformation at
mHz frequencies, opening new opportunities for large-scale, ocean-based monitoring
of Earth structure and dynamics.
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Introduction
Over the past decade, distributed acoustic sensing (DAS) has

caused by vibrations close to the interrogator, affecting all
channels at the same time Ellmauthaler et al. (2017). This
become a powerful means to probe sparsely instrumented  1/f component, from laser phase noise, must be removed

regions such as submarine environments and ice sheets  for low-frequency analyses. A straightforward approach aver-

(e.g., Sladen et al., 2019; Fichtner et al., 2025). More recently,
studies have explored its potential for low-frequency signals,
including slow-slip events (e.g., tremors in the 2-10 Hz band
by Baba et al., 2023), iceberg calving in the 0.1-10 Hz range
(Graft et al., 2025), and tsunami early warning down to
0.5-10 mHz (Becerril et al, 2025). The latter shows from a
laboratory experiment that the DAS strain noise floor rises
as 1/f: the response is not inherently less sensitive at low
frequencies, but the elevated noise floor prevents reaching
the high sensitivity typical near 0.1 s. This constitutes the main
limitation for broader low-frequency applications. A key con-
tributor is the so-called “common-mode” noise, which is
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ages signal-free channels to estimate and subtract the noise,
with limitations discussed in the Data processing section.
More advanced techniques have been proposed (e.g., Son
et al., 2025), but remain challenging to implement in practice,
especially for normal modes which lack a clear wave train.
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One way to challenge the common-mode in DAS data is to
investigate one of the most fundamental signals in low-fre-
quency seismology: the free oscillations of the Earth. These
oscillations can be modeled as a superposition of discrete nor-
mal modes linked to Earth structure. They are routinely
observed after large earthquakes or through ambient noise data
(Kobayashi and Nishida, 1998).

The modes were traditionally recorded by strain and pendu-
lum seismographs (Benioff et al., 1961). Submarine observations
remain challenging because of sparse instrumentation and high
horizontal noise, so ocean-bottom detections after large earth-
quakes rely mainly on the vertical component (Bécel et al., 2011;
Laske, 2021).

DAS interrogators send light pulses into a fiber-optic cable
and collect the backscattered Rayleigh field along the optical
path; the phase shift between two points is proportional to
the longitudinal strain rate of that cable portion (Hartog,
2017). With a few meters of spatial resolution over tens of kilo-
meters, the cable becomes a dense seismic array. However, its
directional sensitivity and dependence on cable coupling com-
plicate amplitude interpretation: a wave with displacement
perpendicular to the cable produces zero net strain. The typical
signal frequency range of the free oscillations of the Earth after a
large earthquake is the mHz band. The broadband instrumental
response of DAS is not fully characterized and may vary with
local conditions (e.g., thermal stability), cable quality, or inter-
rogator processing. Paitz et al. (2021) measured DAS strain-rate
sensitivity over 17 octaves, indicating 10%-20% amplitude loss
in the mHz band, whereas Lindsey et al. (2020) found a flat,
near-identical response in the 1-120 s band.

In this study, we demonstrate the capability of DAS to
observe the normal modes along a deep-seafloor telecom cable,
where seismic data are otherwise costly, sparse, and temporary.
We first demonstrate the observation of free oscillations of the
Earth in the mHz band over a 120 km cable section located in
the Ligurian Sea and following the 2025 M, 8.8 Kamchatka
earthquake. We analyze amplitude variations along the cable
and compare them with a synthetic signal obtained from nor-
mal-mode summation. For the comparison, we use both a
“true” model by computing the gradient of the velocity field,
and test the approximation of a local apparent velocity to scale
point-acceleration synthetics. In a second part, we investigate
the ability of our approach to record normal modes following
smaller magnitude events (M,, 7.7) and evaluate the retrieval of
the modes’ eigenfrequencies and attenuation. Finally, we show
that a variably oriented DAS cable functions as a horizontal
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two-component strain meter, enabling discrimination between
spheroidal and toroidal modes of oscillations needed for con-
straining the Earth’s structure.

Detection of Free Oscillations of the Earth

on DAS

We use the large M,, 8.8 earthquake that occurred in the
Kamchatka peninsula on 29 July 2025 at 23:26:49 UTC, source
parameters from the Global Centroid Moment Tensor (Global
CMT) catalog: (Dziewonski et al, 1981; Ekstrom et al., 2012),
latitude = 50.36° N, longitude = 158.23° E, depth = 36.3 km,
half-time duration = 56.7 s, scalarmoment=1.58x10% dyn-cm).
Data were recorded on a 160 km submarine telecom fiber-optic
cable in the Ligurian Sea between Monaco and Italy (Fig. 1),
which descends the continental slope (average 5° over the first
20 km), follows the slope base between 20 and 80 km optical
distance, then climbs back up to Savona. The large magnitude
allows clear observation over the first ~120 km; for smaller
events the signal is detected to 70 km.

Modeling of the amplitude variation along the
cable

To confront the observed low-frequency post-earthquake sig-
nature, we model the local strain rate £4(x,t) induced by a wave
of incidence ¢ onto the cable as

A 0 d 0
€¢(X,t) = ggu(b(x,t) = & (e(p . Vu(x,t) . e¢), (13)

in which u(x,t) is the displacement vector field, uy(x.t) is its
projection along the local cable direction ey, and £ is the spatial
derivative along the cable. Equation (la) is the exact DAS
strain rate: the cable orientation e,(s) is time-invariant, so the
time derivative commutes with the projection and, evaluated
on the MINEOS velocity field v = d,u, gives ¢ = e, -d,v
(a velocity gradient along the cable; the gradient method).
For comparison, assuming an incident plane wave and a point
measurement (gauge length < wavelength):

() = ey - v(a%a(:"t)), (1b)
= kgvy(x,1), (1c)
_ ag(x,t)

== (1d)
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in which v4(x,t) and ay(x,t) are velocity and acceleration along
the cable, kg is the apparent wavenumber, and ¢y = ¢/ cos 6 the
apparent phase velocity (¢ is the medium surface-wave phase
velocity, ~4.5 kms™! in this frequency band), with 6 = ¢ — ¢S
the angle between the cable and the propagation direction (the
source-station backazimuth). This point form ay/cy is the
plane-wave (apparent-velocity) approximation of equa-
tion (1a): exact for a single plane wave, but unlike the gradient,
it becomes singular near broadside (6 — 90°, ¢y — o). It
nonetheless gives direct access to the cable’s sensitivity to its
own orientation and to source location. This formulation pre-
dicts azimuthal modulation of DAS amplitudes, which is tested
against observations.

The strain-rate power spectral density is
PP (5,0) = Agya(0)*Y (@) = Agyu ()Y (), @

in which Agy;, (6) encodes the source-cable geometry and Y (w)
the source spectral content. Using 8 = 0(x) along the cable, we
denote this as A(x) in the following sections.

Data processing

Raw phase-difference measurements are converted to strain
rate, decimated to 1 Hz, detrended, and demeaned to construct
a strain-rate time series. The gauge length is 20.42 m, and the
data are binned along the cable in 100 m increments (~5 chan-
nels); channels within a bin are averaged to their mean value. A
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Figure 1. General setup of the study. Geometry of the dark fiber used in
our study. The cable in laid in the Mediterranean Sea between Monaco
and Savona, Italy. The localization of the channels is shown in black, and
we separate them into constant azimuth sections colored and named
from A to G. The source-receiver geometry for the 2025 M,, 8.8
Kamchatka earthquake is shown in the inset. The great circle path is
emphasized as a black thick line. Inset: global source-station geometry.

spatial low-pass filter (second-order Butterworth, cutoff wave-
length 3 km) then reduces small-scale noise in the mHz band.
Each binned channel is then Fourier transformed to obtain a
power spectral density (PSD) as a function of frequency, com-
puted per channel bin (i.e., per distance).

We model the data as low-frequency common-mode noise
plus the normal-mode signal, whose amplitude is set by the
source-cable geometry A(x) of equation (1d), depending on
the channel location x, whereas the noise affects all channels
simultaneously. This is confirmed in Figure 2: raw PSD before
(Fig. 2b) and during (Fig. 2c) the event is dominated by dis-
tance-constant energy lines (the common-mode noise) that
exceed the signal we seek. Consequently, the measured data
read:

d(xt) = A(0(x))y (1) + n(t) = A(x)y(t) + n(?). (€)

Here, y(t) is the source term common to all channels contain-
ing the frequency content of a specific moment tensor, A(x) =
A(O(x)) is the geometric amplitude response factor of the cable
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Common-mode noise before vs during the event, and the absolute amplitude

Depth (km)
1

@ .-

—

. (b)

100

80

Distance (km)
[
3

40

20

0o 90 180 1 2 3 a4 5 6
Azimuth (°) Frequency (mHz)

0.5

Strain-rate PSD (s 1)2Hz !

to the wave-field (equations la and 1d), n(¢) is the temporally
coherent common-mode (instrument) noise—identical on
every channel—and x, (introduced subsequently) is the refer-
ence channel. The equivalence is introduced because the cable
azimuth varies with the optical distance x. For the rest of this
text, the variable x will be preferred to 6 because it is the stan-
dard variable used in DAS studies.

Figure 2d shows the raw amplitude profile A(x) (common-
mode noise), each distance bin being the mean power-spectral
amplitude in the 2-6 mHz band, of order 0.2 nanostrain rate
s, The predicted amplitude (colors; gradient, equation 1la,
and point, equation 1d) ranges from 0.1 (section C) to 100
(section F); the two differ because the point form is an approxi-
mation depending on c. The signal is thus expected above the
noise in most sections, yet is not observed, motivating a fre-
quency-flat response coefficient common to all channels:

A(x)y(t) = Ay ()G, (4)

which explains the non-emergence of the signal above the
noise level (a reduced amplitude relative to the expected sig-
nal), and is developed further subsequently.

The common-mode correction estimates n(t) as the spatial
mean of the raw channels over a reference window centered
on xy—a single n(t) for the whole cable—and subtracts it from
every channel. For long-wavelength normal modes, this removes
absolute amplitudes, leaving only relative variations. Explicitly,
with x, the reference channel, As(x,xy.t) = d(x,t) — d(xy,t),
which together with equation (2) gives

As(xx0t) = [A(x) = A(x) (D), )
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Figure 2. (a) Typical power spectral density (PSD) of the common-mode
noise recorded; (b) 3 days before the event in a quiet period; and

(c) during the event. The noise energy is higher than the low-frequency
signal excited by an M,, 8.8 earthquake, as the mode lines are not visible
at this stage. (a): 120 km of the depth and azimuth profile of the
Mediterranean Sea bottom cable. The noise signature is varying with
time, which prevents a straightforward extraction before the event.
Energy lines vary with frequency, but each is constant with respect to
distance. This justifies our approach of common-mode mean removal in
equation (5). (d) The black indicates millihertz (mHz) band averaged
common-mode PSD amplitude, green- and orange-dashed indicates
mean band PSD amplitude synthetics obtained from equations (1a) and
(1d). The introduction of a constant response factor (C = 0.13) explains
the non-observance of the signal above the noise level.

As(x,xy,t) cannot be directly compared to the absolute ampli-
tude in equation (1d), but preserves evaluation of azimuthal
sensitivity and validation of the model. Note that squaring
As will contain cross products of A(x) and A(x,), and we will
later refer to the PSD of As(x,xy,t) as AS(x,x4,w).

Considerations on the amplitude response of DAS
to normal modes
On the expected absolute amplitude. Synthetic three-com-

ponent accelerations are computed with MINEOS (Masters
et al., 2011) at virtual stations every half-kilometer along the
cable. From these waveforms, we compute the exact along-cable
strain rate e, - d,v (equation la) and the point apparent-velocity
estimate (equation 1d), the latter projecting the acceleration
onto the cable with phase velocity4.5 kms™, the spheroidal-
mode average in this band. Both methodologies predict the same
azimuthal variation.
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The MINEOS acceleration spectrum (2-6 mHz) is consis-
tent with nearby land seismic stations, supporting the forward
model’s validity (Fig. S1, available in the supplemental material
to this article). Given the large wavelengths, similar amplitudes
are expected offshore: in the preliminary reference Earth model
(PREM) ocean model, fundamental modes spectral amplitudes
at a sea-bottom seismometer are nearly identical with or with-
out an ocean layer (Fig. S2a,b), ruling out order-of-magnitude
ocean attenuation.

Observationally, an M, 8.2 event (29 July 2021) recorded
on an ocean-bottom seismometer (OBS) offshore Monaco, in
a setting similar to ours, shows amplitudes that agree with
on-land stations 50 km away (Fig. S2¢,d).

Introduction of a constant response coefficient to explain
the azimuthal amplitude variation along the cable. From
the previous section, our modeling is validated against local
seismic stations and an OBS, so the sea-bottom strain is well
predicted. We next investigate the amplitude deficit by com-
paring the relative observed and synthetic amplitudes: sub-
tracting the same reference channel x, from both makes
them differential quantities, and any choice of x; recovers the
same shape if the model is correct (Fig. S4).

To validate our modeling of relative amplitude variations,
we fit the band-averaged PSD of difference, adapted from
equations (2) and (5):

ASops (x.x9) = / " AS(x,x,w)dw, (6)
@o
with the band-averaged (wy = 2 mHz, w; = 6 mHz) synthetic

relative strain rate PSD ASSYH (x,%y) by minimizing

D(C) = Y ((AS™™)(xxp) = C(AS™) (x:%0))?, )
in which C is expected to be independent of x and x,. It can

thus be solved analytically by partial minimization, setting

9@ _ .
=0

0 = Doy A8 () AS xy)
Y (A (xx))

(8)

We compute C by sweeping the reference channel x; over 2 km
bins and obtain a constant value of C(x;) = C =0.13. This
corresponds to a factor of 7.7 amplitude reduction.

The depth profile and along-cable azimuth are shown in
Figure 3a. This geometry provides a wide range of orientations,
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leading to the observed amplitude variability (Fig. 3b,c). Clear
mode lines can be identified in Figure 3b. Frequency-indepen-
dent energy peaks are observed at the end of sections A and E.
Although we do not explain the former, the latter is the result of
vortex-induced vibrations (VIV; Mata Flores et al., 2023). For
each station, we use the mean amplitude in the 2-6 mHz band
over a 20-hr window following the earthquake. The response
coefficient C closely matches the observations (Fig. 3c); a direct
comparison of the section-wise stacked spectra with the
synthetic (Fig. S3) confirms a good fit of the predicted mode
excitation for this event.

Results show strong azimuthal dependence controlled by
cable orientation, with additional correlations to bathymetry
(in the abyssal plain, between 40 and 80 km) highlighting
DAS sensitivity to small-scale amplitude variations. We next
assess detectability and azimuthal sensitivity for a larger set
of events.

Detection for smaller earthquakes and implications
for azimuthal sensitivity

We assess our processing on smaller events using the Global
CMT catalog. First, we consider an M, 7.9 aftershock of the
M., 8.8 Kamchatka earthquake (18 September 2025). Given the
similar source location and propagation path, comparable
amplitude variations are expected. The reference channel is
kept the same, in section C.

An M,, 7.7 earthquake in the Drake Passage (Fig. 4e-h),
despite its different location, has a similar § profile along the
cable (Fig. 4c,g) and is recovered with a minimum-amplitude
reference channel in section C; normal modes appear over more
than 70 km thanks to favorable geometry (high apparent-veloc-
ity amplification). Smaller-event amplitudes are thus recoverable
when excitation is favorable. These signals are absent in the
24 hr before the event and emerge near the Global CMT origin
time (Fig. S5), supporting their seismic origin.

For both events, we stacked the spectra in section D to
increase the signal-to-noise ratio (SNR) and computed the
cross spectra with the synthetics; both yield a correlation score
20.6 in the 1.5-4 mHz band, with good agreement of the lower
frequency modes (Fig. S6).

The geometric sensitivity follows from projecting the ground
motion onto the cable: a spheroidal (radial, Rayleigh-type) mode
produces an axial strain  cos? 6, whereas a toroidal (transverse,
Love-type) mode produces o< sin26 = sin 6 cos 6 (peaking at
45°). Both vanish at 8 = 90° (cable perpendicular to propaga-
tion) where the apparent velocity ¢y diverges (Martin et al.,
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Along-cable amplitude variation for the M,, 8.8 Kamchatka earthquake

(a) . Depth (]lfm) 0

L L

(b) Relative PSD amplitude after the event start

Fit of the relative band-averaged PSD observations

against relative synthetics
1 x 10719 (C) K Y

140 4

120{ G

100 4

80 1

Distance (km)

60

40

201 B

A

T T T - —

0 90 180 2.5 3.0 3.5 4.0 4.5 5.0
Azimuth (°) Frequency (mHz)

2021). Figure S7 shows these curves while indicating where each
cable section stands for the events analyzed here (Fig. S7a), and
illustrates how an azimuthally distributed catalog would sample
the full sensitivity range (Fig. S7b,c).

The events recorded here have azimuths similar to the
Kamchatka backazimuth and so sample a narrow range of
0, but next-generation DAS interrogators capable of detecting
global oscillations of smaller amplitude, excited from more and
better-distributed events would make such a geometric calibra-
tion practical.

Characterizing the Separation of Modes and
the Attenuation Factor

Although absolute amplitudes cannot be recovered, DAS data
still allow estimation of eigenfrequencies and mode attenua-
tion, both sensitive to Earth structure. The high spatial sam-
pling (20.42 m gauge length; ~6000 channels over 120 km)
improves spectral SNR. Because the smaller events show a dis-
tance-dependent SNR reduction, we focus the detailed analysis
on the M,, 8.8 Kamchatka mainshock.

Modes of oscillation

In the normal-mode framework, horizontal deformation results
from spheroidal (radial, SV-like) and toroidal (transverse, SH-
like) modes. Ellipticity and rotation couple fundamental modes
through the Coriolis force, whereas overtones remain largely
uncoupled (e.g., Schneider, 2022). Unlike a seismometer, the
fiber cannot be rotated into an RT coordinate system,; it records
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Figure 3. Variation of the normal-mode amplitude along cable distance
and azimuth. (a) Along-track cable depth (blue) and azimuth (black). The
seven good signal-to-noise ratio (SNR) constant azimuth cable sections
A-G are outlined with different colors. (b) PSD of strain rate at each
channel along the cable path. Clear vertical yellow lines show the normal
modes of the Earth in the mHz band. (c) Mean observed relative
amplitude in the 2-6 mHz band (red) and synthetic relative amplitude
based on a MINEOS normal-mode simulation (green). The dashed lines
represent the original relative amplitude that is reduced using a response
factor C = 0.13. The common mode was removed inside section C for
both. The synthetic curve is shifted by the factor a in equation (7) to
match the relative amplitude profile, because the absolute amplitude is
lost during the common-mode removal (see the Data processing section).

a projection of the wavefield onto its local orientation, usually a
composite of radial and transverse components.

Stacked spectra from cable segments of varying azimuth
reveal orientations from transverse to radial (red-to-blue col-
ored curves, Fig. 5a). Clear separation is observed in two sec-
tions (toroidal in section C:26-37 km and radial in section
F:95-112 km), with mixed components elsewhere. The peaks
associated with the fundamental modes sometimes indicate a
clear spheroidal mode (e.g., ,S;5), or a separation between
toroidal and spheroidal if the frequencies are well separated
from one another (e.g., ([Si5,Ts] in the zoom-in panels).

Recording of mode attenuation

Averaging along azimuthal sections reveals spatially variable
attenuation (Fig. 5b-e), mainly controlled by local amplitude
variations. For example, section D (37-72 km) attenuates faster
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Analysis of smaller events: predicted and observed along-cable normal-mode amplitude (coupling 0.13 for all)
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than section C (26-37 km). This occurs because the cable ori-
entation results in a lower initial amplitude, causing the signal to
drop more rapidly below the noise floor. All sections show expo-
nential decay, with lower frequencies attenuating more slowly.

Using PREM eigenfrequencies, we estimate modal attenu-
ation by fitting exponential decays to fundamental modes
between 2 and 5 mHz (see Text S1); the fit is performed
mode-by-mode in a narrow window around each PREM eigen-
frequency. Example fits are shown in Figure 5{-i. The stacked
spectrum of each constant-azimuth section (A-F) is fitted, and
the reported Q is the mean over those sections, with uncer-
tainty from their deviation. The mean values agree well with
PREM (second value): S (249 versus 250), ,S,, (226 versus
212), (T,, (122 versus 138), and ,S;5 (120 versus 130). Across
all fitted modes (Tables S1 and S2), the agreement is more var-
iable; spheroidal modes are generally well constrained, whereas
toroidal modes are more reliably measured between 2.8 and
4.5 mHz. This likely reflects lower signal amplitudes at lower
frequencies (Fig. 5b-e), due to weaker excitation and/or
reduced SNR. A complete summary of fitted fundamental
modes (Tables S1 and S2) is illustrated in Figure S8.
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Figure 4. Same as Figure 3 for an M,, 7.9 event that occurred in the
Kamchatka peninsula 2.5 months after the larger event, in September
2025 (panels a—d); panels (e-h) show the M, 7.7 Drake Passage event of
10 October 2025. (c) and (g) show the absolute amplitude of the syn-
thetics (colored) and the high amplitude raw data (black). (d) and (h) show
the common-mode corrected synthetics and data as in Figure 3c. A
different channel in the long section D (xo = 47 km) is used as the
reference section for subtracting the common-mode noise. The ampli-
tude in section D is not recovered because the SNR is too low, with the
amplitude trend dominated by the instrumental noise.

Discussions and Concluding Remarks

Across several major earthquakes (M,, 7.7 to 8.8), we observed
the azimuthal variation of normal-mode signals along 120 km
of DAS cable offshore Monaco. The modal signals were
retrieved with a plane-wave point approximation, but the abso-
lute amplitude was compromised by the pervasive low-
frequency common-mode noise typical of DAS interrogators.
During the largest event, the common-mode noise is of

!, comparable to or below the pre-

n(x) ~ 0.1 nanostrain.s”
dicted amplitude depending on the local A% (x), suggesting

reduced sensitivity to long-period signals. Beyond the spectral
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Modes in the mHz band, separated by cable orientation, the attenuating signal and Q values
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peaks themselves, the seismic origin of the signal is supported
by its agreement with the normal-mode synthetic and by the
recurrence of the same modes across the independent events
analyzed here, section-D stacked spectra for which correlate
well with the synthetics (Fig. S6).

Subtracting a reference section turns the DAS measure-
ments into differential quantities, which we model to recover
the azimuthal amplitude variations for events around the
globe. The minimum magnitude for unequivocal detection is
M,, 7.7. Lower magnitudes can probably be achieved with a
better knowledge of the common-mode noise or using
advanced noise-separation techniques.

The corrected DAS spectra yield spectral peaks and attenu-
ation estimates consistent with PREM, and the variable cable
orientation separates radial and transverse components, ena-
bling identification of spheroidal and toroidal modes.
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Figure 5. Characterization of the normal mode after the M,, 8.8
Kamchatka earthquake. (a) Normal mode of the Earth recorded on
distributed acoustic sensing (DAS) and separated by channel bins of
constant azimuth (A-G). A blue line indicates a strain direction in the
radial direction (with respect to the source located in the Kamchatka
peninsula), and a red line corresponds to the transverse direction. The
angle to the radial direction is indicated on the right side of the panel next
to each spectrum. Zoom-in panels point out the attention on modes
olS15.T16] @and ([S19,7T20] Which illustrate the separation of toroidal and
spheroidal modes. The black dashed line indicates the panel-specific
spheroidal mode and the red dashed line indicates the / + 1 toroidal
mode. (b—e) Time evolution of the amplitude in the mHz band. The time
in hours indicates an eight-hour-segment start time (relative to the event
start time). The segments overlap by 80%.

The high spatial density of DAS enables efficient stacking
and the retrieval of horizontal modes even in noisy submarine
environments, which, to our knowledge, has not been
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demonstrated before; Coriolis-coupled toroidal modes have so
far been observed only on the vertical component (e.g., Laske,
2021). The agreement with PREM and the limited variability
(~20%) are comparable with the uncertainties of global nor-
mal-mode attenuation studies that rely on large datasets and
inverse modeling (Talavera-Soza et al, 2025), whereas our esti-
mates come from a single large event on one submarine cable.
Although this does not yet provide independent constraints on
Earth structure, it shows that DAS measurements are consis-
tent with state-of-the-art attenuation models and could con-
tribute to future inversions.

The observed strain rate matches the normal-mode predic-
tion up to a single multiplicative response factor, identical for
every event analyzed (~0.13 in amplitude). Such an event-inde-
pendent factor is the signature of a flat, instrument-response-
like transfer loss rather than an unmodeled geophysical effect.

Our results add low-frequency seismology as a further
motivation for DAS deployments, including in extraterrestrial
contexts. Previous work highlighted DAS for dense-array seis-
mology with reduced logistics and cost, mainly for subsurface
imaging and ballistic waves on short (few kilometers) cables
(Harmon et al., 2024; Zhai et al., 2024); separating radial and
toroidal components instead requires longer, variably oriented
cables.

Data and Resources

The raw 1 s data and the figure-reproduction code are at the
Zenodo repository at doi: 10.5281/zenodo.19349504, including
daily data before and during the 29 July Kamchatka mainshock
and 12 hr for the September aftershock and Drake Passage event
(netCDF format). Data processing was performed using the Xdas
Python library (Trabattoni et al, 2025). The supplemental
material includes Text S1, Figures S1-S8, and Tables S1 and S2.
The spatially downsampled 100 Hz dataset (six stations every
5 km and 0-30 km) is available under network code FF
(Sladen et al., 2025).
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