
Geophysical Journal International Royal

Society
Astronomical

Geophys. J. Int. (2025) 242, 1–17 https://doi.org/10.1093/gji/ggaf143 
Advance Access publication 2025 April 25 
Research Paper 

Seismic soundscape of the Arctic Ocean: seasonal effects of sea ice 

and s w ell on deep-sea ocean bottom seismometer records 

V. Schlindwein , 1 , 2 S. Li, 2 H. Kirk 

1 and M. C. Schmidt-Aursch 

1 

1 Alfred—Weg ener—Institute , Helmholtz Center for Polar and Marine Research, Am Alten Hafen 26, 27568 Bremerhaven, Germany E-mail: 
Vera.Sc hlindw ein@awi.de 
2 Faculty of Geosciences, University of Bremen, Klagenfurter Str. 2-4, 28359 Bremen, Germany 

Accepted 2025 April 11. Received 2025 April 8; in original form 2024 October 2 

S U M M A R Y 

The global oceans are a noisy environment with characteristic acoustic and seismic sound- 
scapes. The enclosed, sea ice-covered Arctic Ocean constitutes a particular noise environment 
that is rapidly changing. Here, we present a first, comprehensive description of the seismic 
soundscape of the Arctic Ocean recorded by ocean bottom seismometers especially equipped 

for the operation in sea ice. They were deployed at 4 km water depth in the Laptev Sea near 
the sea ice edge in September 2018 and recovered one year later. Analysis of the spectral 
pow er betw een 20 s and 60 Hz demonstrates that ambient noise le vels are generall y very 

low compared to other ocean bottom seismic records. Distinct noise bands at high frequen- 
cies ( > 6 Hz) characterize the winter time and are likely caused by the deformation of sea 
ice emitting seismic signals recordable at the ocean bottom over tens of kilometers. Sea ice 
noise decays suddenly in May while sea ice concentration is still 100 per cent, but freezing 

stops and compressional stresses decrease. It onl y graduall y de velops in autumn as sea ice 
becomes thicker, brittle and internally stressed. Microseisms with frequencies of 0.2–2 Hz 
appear with open water on the Laptev Shelf. Swell events in autumn cause large microseisms 
and high-frequency noise although ice-noise is not yet present in this season. Ice concentration 

decreases following the swell events, showing the impact of swell on the sea ice. Ocean bottom 

seismic records thus represent a powerful tool to monitor the interplay between wave action 

in the emerging Arctic Ocean and the physical state of its sea ice cover. 
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 I N T RO D U C T I O N  

he world’s oceans are a noisy environment with a large variety
f sound sources: sounds of biological origin like marine mammal
alls, man-made noise caused by ship traffic or seismic surv e ys, and
atural noise sources as wind and waves, earthquakes, volcanic ac-
ivity, hydrothermalism or icebergs (see Bayrakci & Klingelhoefer
023 and contributions therein). The ocean soundscape can be di-
ided into an acoustic soundscape (Duarte et al. 2021 ) and a seismic
oundscape (Diaz 2016 ). The acoustic soundscape is recorded by
ydrophone moorings that capture pressure fluctuations in the water
olumn from a lower frequency limit of 1–10 Hz to upper frequency
imits in the kHz range (e.g. Dziak et al. 2013 ; Wilcock et al. 2014 ;
oyer et al. 2015 ). These hydrophone arrays are typically moored in

he sound fixing and ranging (SOFAR) channel in which sound can
ropagate over distances of thousands of kilometers (e.g. Dziak et al.
012 ). In addition, hydrophone records also exist from the seafloor,
ften in combination with seismic records. The seismic soundscape
C © The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
f the oceans is recorded by ocean bottom seismometers (OBS) that
ecord ground vibrations on the seafloor. This seismic soundscape
xtends to long-period signals covering roughly the range of 0.01–
00 s (e.g. Diaz 2016 ). Ground vibrations recorded by OBS are
nly to a lesser extent produced by compressional waves travelling
n the water column, but mostly of compressional, shear and surface
aves that propagate below or along the seafloor. A certain over-

ap exists between the recording methods and the soundscapes. For
xample, b lue w hale v ocalizations have been captured both by hy-
rophones and seismometers (Dunn & Hernandez 2009 ). Likewise,
ubmarine earthquakes contribute to the seismic soundscape with
- and S-phases travelling below the seafloor and to the acoustic
oundscape with T-phases propagating in the SOFAR channel (e.g.
ohnenstiehl & Dziak 2008 ). 
Ocean microseism is the most dominant and ubiquitous signal of

he seismic soundscape in the period range of 2–20 s (e.g. Bromirski
t al. 2005 ; Beucler et al. 2015 ; Diaz 2016 ). Ocean microseisms are
reated by the interaction of ocean waves and the solid earth. They
oyal Astronomical Society. This is an Open Access 
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propagate mostly as Rayleigh waves and can be detected over thou- 
sands of kilometers. Different mechanisms have been suggested 
to explain how ocean waves produce energetic microseisms (e.g. 
Longuet-Higgins 1950 ; Haubrich & McCamy 1969 ; Ardhuin et al. 
2015 ; Olinger et al. 2019 ). The description of the microseismic 
noise here follows the nomenclature of Bromirski et al. ( 2005 ): 
As ocean waves hit shallow shelf areas and shore lines, they pro- 
duce seismic wavefields, the so-called single-frequency (SF) mi- 
croseisms, with the same frequency as the exciting ocean waves. 
In the open ocean, double-frequency (DF) microseisms are cre- 
ated at half the period of ocean swell by nonlinear interaction of 
two wave fields travelling in nearly opposite directions, for exam- 
ple in the vicinity of powerful storms (e.g. Longuet-Higgins 1950 ; 
Ardhuin et al. 2015 ). Janiszewski et al. ( 2023 ) present a comprehen- 
si ve re vie w of ambient microseismic noise in OBS records. Away 
from coasts, the DF signal dominates the spectra, while SF noise 
is almost absent (Janiszewski et al. 2023 ). DF microseismic often 
displays two distinct bands, called long-period double-frequency 
(LPDF) and short-period double-frequency (SPDF) microseisms 
(e.g. Bromirski et al. 2005 ; Stutzmann et al. 2009 ; Diaz 2016 ). 
They are separated roughly at a frequency of 0.2 Hz (Bromirski 
et al. 2005 ). In particular the frequency range of the SPDF varies 
between ocean basins (Janiszewski et al. 2023 ). Near the coasts in 
shallo w water , the SF signal is generally larger than the DF signal. 
The amplitude of ocean microseisms shows a seasonal variation 
with the stormier winter season producing stronger microseisms 
than the summer season (e.g. Aster et al. 2008 ). 

At even lower frequencies ( < 0.03 Hz) infra-gravity (IG) waves 
(e.g. Crawford et al. 1991 ; Webb et al. 1991 ; Doran & Laske 2016 ) 
may be visible in spectra of OBS and pressure sensors. IG noise is 
mostly apparent in probabilistic power spectral density (PPSD) plots 
of the vertical component of broad-band OBS since tilt noise typ- 
ically dominates horizontal component records (Janiszewski et al. 
2023 ). In addition, whether IG noise is identifiable on OBS records 
or not is influenced b y se veral factors, including sensor type, OBS 

design and in particular water depth: the period of IG waves de- 
pends on the water depth such that a so-called ‘noise notch’ clearly 
separates SF noise from IG noise for deep water OBS while it may 
be absent for shallow water stations and IG and SF signals form 

one pronounced peak. Yang et al. ( 2012 ) present instructive exam- 
ples of clearly identifiable IG noise in PPSDs of vertical component 
OBS records both from deep and shallow water locations off New 

Zealand. In contrast, in PPSDs of Zhang et al. ( 2023 ), OBS self- 
noise overprints an y likel y existing IG signal. Webb et al. ( 1991 ) 
suggest that IG pressure fluctuations recorded at deep ocean sites re- 
sult from long period wave energy generated at coastal areas within 
the ‘line of sight’ and may be blocked by topographic obstacles on 
the ocean floor. 

The polar oceans exhibit a particular acoustic and seismic sound- 
scape with specific sound sources related to the cryosphere: In the 
Southern Ocean, icebergs are a powerful source of both seismic and 
acoustic noise (see Schlindwein 2023 and references therein). Sea 
ice likewise emits acoustic noise as it deforms (e.g. Dziak et al. 
2015 ; Duarte et al. 2021 ) . Cook et al. ( 2020 ) giv e an ov erview of
studies of the acoustic sound emissions of sea ice in the Canada 
Basin of the Arctic Ocean . Most of these studies were carried out in 
shallow water areas with hydrophones moored tens to few hundreds 
of meters below the ice pack. Acoustic ambient noise levels peak 
around 10 Hz beneath sea ice (Makris & Dyer 1986 ; Kristoffersen 
2011 ). Noise is generated for example by thermally induced ice 
cracking or ice ridging as ice floes collide (see Cook et al. 2020 and 
references therein). 
Since sea ice dampens ocean waves and hampers ocean swell 
generation (e.g. Wadhams et al. 1988 ), ocean microseisms are mod- 
ulated by the annual sea ice cycle. The polar oceans therefore exhibit 
not only a particular acoustic soundscape but also a seismic sound- 
scape that is af fected b y the sea ice cover. The polar oceans can 
serve as a natural laboratory to study the generation of ocean mi- 
croseisms as the sea ice cover switches ocean noise sources on and 
off during the course of a year: Land-based seismic stations around 
Antarctica document a significantly reduced SF power in austral 
winter when sea ice blocks the shallow water coastal shelf areas 
(Stutzmann et al. 2009 ; Grob et al. 2011 ; Anthony et al. 2017 ; 
Cannata et al. 2019 ). Long-period DF signals in turn appear to re- 
sult from more distant storms in the Southern Ocean and vary in 
strength throughout the year. Ho wever , they are not suppressed by 
sea ice since the sea ice cover does not extend to the typical source 
regions of long-period DF microseisms (Stutzmann et al. 2009 ). In 
the Arctic Ocean, the situation is reversed: The deep ocean basin is 
covered by more or less perennial sea ice. Ocean swell forms pre- 
dominantly in shallow water shelf areas that become increasingly 
ice free as sea ice declines (Stopa et al. 2016 ). Tsai & McNamara 
( 2011 ) exploit seasonal variations in the DF microseism power mea- 
sured by land seismometers in the Bering Strait and off the Alaskan 
coast to infer the strength of the sea ice. Chen et al. ( 2025 ) can pre- 
dict to a first order the seasonal variation in DF microseism power 
recorded at a coastal seismometer on Ellesmere Island for a period 
of 32 yr with a simple model of ocean w ave acti vity and sea ice 
concentration. 

All of these studies of ocean microseisms and its seasonal vari- 
ations are based on data from land seismometers positioned near 
the polar coasts and thus do not reflect the seismic soundscape in 
the adjacent oceans. In general, considerabl y fe wer studies exist 
that describe the seismic soundscape in the middle of the oceans 
far away from coasts (e.g. Webb 1998 ; Bromirski et al. 2005 ) com- 
pared to studies near shore lines, a general bias pointed out in the 
study of Janiszewski et al. ( 2023 ). To our knowledge no data set 
yet exists that could characterize the seismic soundscape in deep 
water areas of the Arctic Ocean over a full annual cycle. The main 
reason is that the deployment and recovery of OBS from sea ice 
covered waters requires advanced logistic efforts and bears a high 
risk of instrument loss. The difficulty in finding and recovering a 
freely rising instrument with rise times of about 1 h in dense ice 
fields drifting at up to 1 km h −1 and more has prevented any routine 
deployment of OBS. Krylov et al. ( 2021 ) tested OBS in shallow 

waters of the inner Laptev Shelf, but their data coverage is only 
about half a year, mostly in winter time. Recently Ding et al. ( 2022 ) 
conducted a wide-angle refraction seismic experiment at Gakkel 
Ridge with 43 OBS at the seafloor, but the recording time is less 
than 2 weeks and the seismic soundscape is dominated by active 
seismic data acquisition. 

In this study, we present the first y ear -round OBS observation 
of seismic noise at a deep-water location in the Arctic Ocean. Our 
experiment was intended as pilot study mainly for testing OBS de- 
sign and recov ery strate gies in sea ice. We deployed a small seismic 
network of broad-band OBS at Gakkel Ridge, roughly 500 km away 
from the slope of the continental shelf in the Laptev Sea, at water 
depths of about 4000 m (Fig. 1 d). During August and September, 
this location is below the marginal ice zone. The remaining time of 
the year it is covered by dense sea ice (Figs 1 a–c). This ice-covered 
deep-sea location adjacent to a seasonally ice-free shallow water 
fetch area for swell formation is highly interesting to further ex- 
plore the provenance of ocean microseismic noise and its interplay 
with sea ice. In the emerging Arctic Ocean, wave action has hardly 
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Figure 1. Sea ice concentration at the OBS network location (star) around (a) deployment, (b) winter and (c) recovery time. Deep parts of the Arctic Ocean 
[1000 and 2000 m depth contours in black, Jakobsson et al. ( 2012 )] remain ice-covered throughout the year. Triangle: nearest land seismic station TIXI. (d) 
Location of OBS stations (triangles) on Gakkel Ridge near the rim of Gakkel Deep ( > 5000 m water depth). Same stereographic projection as in (a)–(c). 
Bathymetry: Dreutter et al. ( 2023 ); sea ice concentration: Melsheimer & Spreen ( 2019 ). 
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een studied (Thomson & Rogers 2014 ; Stopa et al. 2016 ), but swell
vents and storms especially in the freezing and thawing season are
nown to have a crucial impact on the sea ice cover and its proper-
ies like floe size distribution (e.g. Zhang et al. 2013 ; Kohout et al.
014 ; Wang et al. 2016 ). 

The geometry of our seismic network was optimized to record
eismicity at a volcanic edifice at Gakkel Ridge providing first
nsights into the low-level seismicity of the ultraslow spreading
akkel Ridge (Essing et al. 2025 ). Since the network consisted
nly of four stations spaced at about 8–20 km, advanced array
rocessing techniques that allow for example for backtracking am-
ient noise sources (Pratt et al. 2017 ) were not applied to this data
et. 

The aim of this contribution is therefore to provide a compre-
ensive but qualitative description of the ambient seismic noise in
rctic deep-sea seismic records, highlighting the characteristics of

he Arctic seismic soundscape over a spectral range of 0.02–60 Hz
ncluding artificial sources. The paper thus serves as a starting
oint and baseline observation for dedicated studies of ocean noise
ources, and wave and sea ice interaction in the Arctic Ocean. Each
oise source is described and discussed in individual chapters while
he final interpretation and discussion mainly focuses on the annual
oise cycle produced by sea ice and ocean swell and their mutual
nteraction. 

 M AT E R I A L S  A N D  M E T H O D S  

.1. Ocean bottom seismometer operations in sea ice 

e installed a trial network of four ocean bottom seismometers at
astern Gakkel Ridge near Gakkel Deep at about 82 ◦N 119.5 ◦E
Fig. 1 ). The network was deployed on 2018 September 15 dur-
ng R V P olarstern cruise PS115/2 (Stein 2019 ) and recovered on
019 September 27 during R V P olarstern cruise PS122/1a. The
BS of Lobster type with Trillium Compact seismometers (flat

requency response between 120 s and 100 Hz) and HighTechInc
TI-04-PCA/ULF hydrophones had been modified for ice opera-

ions following a prototype test in July 2014 during R V P olarstern
ruise PS86 to western Gakkel Ridge (Boetius 2015 ). The OBS
nclude a high-buoyancy conic head buoy with an integrated radio
eacon. This head buoy is fixed to the OBS frame until release of
he OBS. It is designed to force its way to the sea surface through
ce slush (Fig. 2 ). In addition, the OBS is equipped with a Posidonia

art/ggaf143_f1.eps
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(a)

(c)

(b)

(d)

Figure 2. (a) Typical sea ice situation during recovery of the OBS. Ship track around the expected surfacing position of the OBS is visible. (b) OBS surfacing 
at the starboard side of the ship after ice breaking. Note that the head buoy did not surface. (c) Modified Lobster OBS design. Note the large head buoy and 
the transponder construction. (d) Concept of the OBS redesigned for continuous near surface tracking with the Posidonia system with the transponder hanging 
down from the OBS after release. 
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transponder to allow for accurate (about 5 m accuracy) ultra-short 
baseline acoustic tracking. This transponder is fixed to about 200 m 

of rope that is unspooled from a spindle upon release (Fig. 2 ). The 
transponder thus hangs vertically down from the OBS when it sur- 
faces and can still be located accurately at horizontal distances of 
at least 150 m with the downward-looking (beam width 60 ◦) Posi- 
donia antenna in the hull of R V P olarstern . Although the sea ice 
consisted of small, soft ice floes and ice slush, the head buoy did 
not penetrate this ice and we had to rely on the position provided 
by the Posidonia transponder for tracking and recovering the OBS. 
The most efficient recov ery strate gy was to break ice at the ex- 
pected surfacing position during the OBS rise time of about one 
hour. After surfacing, we circled the OBS position while continu- 
ously tracking the OBS until we could identify and break the ice 
floe retaining the OBS. All OBS were successfully recovered within 
2 to 5 hr. 

2.2. Data processing methods and further materials 

The OBS yielded continuous data sampled at 250 Hz from 2018 
September 16 until 2019 September 17. The hydrophone data 
were not usable due to amplification problems. The clock drift 
was determined from synchronization and noise cross-correlation 
(Hannemann et al. 2014 ), revealing some non-linear time drift, 
which w as subsequentl y corrected. The orientation of the OBS 

could be determined to within 2 degrees from polarization of 
P waves from high quality records of teleseismic earthquakes 
(Scholz et al. 2017 ). 

To assess the general noise conditions of the stations, we calcu- 
lated PPSD plots (e.g. Figs 3 and 4 ) from the 250 Hz continuous 
waveforms with a window length of 3600 s using the method of 
McNamara & Buland ( 2004 ) as implemented in Obspy (Beyreuther 
et al. 2010 ). 

To resolve temporal changes of the ambient seismic noise, we 
additionally transformed our data into the time-frequency domain 
(e.g. Figs 5 and 6 ). The instrument response was removed, the 
signal decimated by a factor 2 and demeaned prior to calculating 
spectrograms of spectral power from 65.5 s long time windows us- 
ing 2 13 = 8192 sample points for the Fast Fourier Transforms. The 
windows overlap by 10 per cent. Using the spectrogram function of 
Obspy (Beyreuther et al. 2010 ), we thus compiled a data base of 
spectra at 1 min intervals with a spectral resolution of 0.0159 Hz to 
also resolve more transient events. Depending on the signals of in- 
terest data were further averaged in time. Fig. 5 shows spectrograms 
of the vertical component of all four stations covering the entire year 
at a 30 min resolution. The electronic supplement contains data files 
(ds01-ds03) with high-resolution versions of the spectrograms for 
all stations and channels. 

For the subsequent description and analysis of the ambient 
seismic noise, we mostl y rel y on the vertical channel of station 
GKD03. This station showed the lowest overall noise levels (Fig. 4 ) 
being situated closest to the rift axis of Gakkel Ridge on the 
youngest and hardly sedimented seafloor compared to the other 

art/ggaf143_f2.eps
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GKD03 LOK02 TIXI

SPDF LPDF SPDF LPDF

SF

Figure 3. PPSD plots for 12 months of vertical component data from OBS GKD03 in the ice-covered Arctic Ocean, OBS LOK02 (Barreyre et al. 2023 ) 
in open waters of the Norwegian–Greenland Sea and land station TIXI (Laboratory/USGS, 2014). Grey lines: Peterson high- and low-noise model (Peterson 
1993 ). See text for description of microseismic noise types SPDF, LPDF, SF. 

GKD01 CHZ GKD02 CHZ

GKD04 CHZGKD03 CHZ

Figure 4. PPSD plots for 12 months of vertical component data from OBS GKD01-04. Grey lines: Peterson high- and low-noise model (Peterson 1993 ). Note 
the low noise level of station GKD03. 
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BS positions, where a sediment cover was obvious in echosounder
ata. 

To further enhance seasonal variations of the spectral po wer ,
e subtracted the annual mean spectral power of each frequency
in. Fig. 6 (a) shows the resulting differential power spectrogram
or the vertical component of station GKD03. To study in more
etail the seasonal variations of ambient seismic noise, we ex-
racted the spectral power in frequency bands of interest (Fig. 6 ),
veraging the spectral power at all frequencies contained within
he band. We thus obtained a time-series of spectral power per
requency band which we filtered by applying a cosine filter
f full width of 2 d for the more variable HF signal and 5
 to enhance the longer period variations of the SPDF signals
Fig. 6 b). 

To compare the ambient seismic noise variations to the sea
tate and sea ice cover, we used maps of sea ice concentration
etrieved from AMSR2 [Advanced Microwave Scanning Radiome-
er 2, www.seaice.uni-bremen.de , Melsheimer & Spreen ( 2019 )]

art/ggaf143_f3.eps
art/ggaf143_f4.eps
http://www.seaice.uni-bremen.de
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Figure 5. Spectrograms for the vertical channels of all stations. Vertical black line marks the start and end of the recording period with a discontinuity of the 
noise records across this line. Year 2018 right of black line, year 2019 left of black line. For enlarged versions and all channels see data files ds01-03. 
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ata using the algorithm of Spreen et al. ( 2008 ). The Arctic sea
ce concentration grids have a resolution of 6.25 km by 6.25 km.

e calculated the mean sea ice concentration within distances of
0 and 500 km from the OBS network, respecti vel y, and thus ob-
ained graphs of sea ice concentration over time with a daily res-
lution. Significant wave heights H s and the primary wave mean
eriods T p were obtained with a temporal resolution of 6 hr from
he Wave w atch III R © hindcast data set for the Arctic Ocean 
Tolman 2009 ; Ardhuin et al. 2010 ). Average significant wave
eights and mean wave periods were calculated for an area of
00 km radius around the OBS network and for different seas.
e additionally used data of ice drift speed (OSI SAF 2022 ) and
RA5 reanalyis data of 2 m air temperature (Hersbach et al. 2023 )
t the nearest available grid point to the OBS network on a daily
esolution. 

 R E S U LT S :  O B S E RVAT I O N  O F  

M B I E N T  S E I S M I C  N O I S E  A N D  

I S C U S S I O N  O F  N O I S E  O R I G I N  

he general seismic noise level in the Arctic Ocean is very low.
ig. 3 shows the probabilistic power spectral density plot of sta-

ion GKD03 in comparison to OBS station LOK02 (same instru-
ent type), placed at a geolo gicall y comparable location at the
nipovich–Mohns Ridge bend in the Norwegian–Greenland Sea

n open water (Pilot & Schlindwein 2024 ), and to land station
IXI. Compared to TIXI, the OBSs show high noise-levels for
eriods longer than 20 s. At shorter periods, the noise level of
tation GKD03 is as low as land station TIXI close to the low
oise model of Peterson ( 1993 ). For an oceanic environment this
epresents a very quiet seismic soundscape compared for exam-
le to the location of LOK02, where ocean microseism sources
etween 1 and 10 s exceed the high noise model. Even at pe-
iods < 1 s, the open water location of LOK02 registers higher
eismic noise levels than a sea ice covered location in the Arctic
cean. 
In the following paragraphs, we describe individual ambient

eismic noise signals and their variability in time and discuss
otential noise sources. We onl y shortl y cover artificial noise
ources, but focus our description on noise sources of natural
rigin. 

.1. Artificial noise sources 

rtificial noise comprises distant noise sources such as ships or
ther anthropogenic noise and noise produced at the OBS for ex-
mple as a consequence of ocean current acting on the structure
f the OBS (Essing et al. 2021 ), OBS tilting, or sensor mal-
unctioning. Ship operations are likely to become a more promi-
ent noise source in an increasingly ice-free Arctic Ocean. Since
here is a prominent artificial HF noise signal on days 260–275
Figs 5 and 6 ), we provide a description of noise signals that are
otentially linked to OBS and ship-generated noise in Text S1
 Suppor ting Infor mation ). 

art/ggaf143_f6.eps
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf143#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf143#supplementary-data
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3.2. Microseismic and IG wave noise 

SF noise energy rapidly dissipates with depth such that SF noise 
is typically not seen at deep-sea OBS locations (Bromirski et al. 
2005 ). During open water conditions in August, the PPSD plot of 
land station TIXI shows SF noise, whereas deep-water OBS station 
GKD03 has no SF noise peak (Fig. 7 ). During winter time, when 
the shallow water of the Laptev Sea shelf is covered by sea ice, SF 

noise is also weak for station TIXI. 
DF microseismic noise recorded in deep waters of the Arctic 

Ocean is clearly double-peaked and contains both LPDF and SPDF 

signals (Figs 3 , 4 and 7 ) at distinctly different periods. The LPDF 

band reaches its maximum power at about 5 s, whereas the SPDF 

band shows a broad maximum between 1–2 s period. In contrast, 
station LOK02 (Fig. 3 ) in the Norwegian–Greenland Sea shows one 
broad DF peak of 2–5 s period, more in line with the shape of the 
bulk of the PPSDs in the comprehensive collection of Janiszewski 
et al. ( 2023 ). 

An interesting observation is also the absence of a noise peak 
in the period band of IG waves at station GKD03. While station 
LOK02 in the Norwegian–Greenland Sea, equipped with the same 
sensor type, shows slightly elevated noise levels in the period range 
of > 30 s (Fig. 3 ) and thus potentially some IG wave signal, we can- 
not fully rule out that OBS tilting obscures any IG waves at station 
GKD03. We have not attempted to remove tilt or compliance noise 
in this study to enhance IG signals (Janiszewski et al. 2023 ), due to 
malfunctioning of the hydrophones. Another explanation is that IG 

waves are indeed lacking or too weak to be prominently recorded 
at our deep water location. Bromirski et al. ( 2010 ) describe clearly 
identifiable IG waves in differential spectra from Ross Ice shelf, vis- 
ible as dispersive events lasting for several days. Similar patterns are 
not observable in Fig. 6 (a) in the IG noise band at periods > 20 s. In 
the Arctic Ocean, wave buoys on the sea surface measured episodic 
IG waves at locations between 85 ◦N and 87 ◦N and 130 ◦E with peri- 
ods > 19 s (Wadhams & Doble 2009 ). The sources of the IG waves 
were backtracked along a straight trajectory through the deep wa- 
ter passage in Fram Strait (Wadhams & Doble 2009 ; Ardhuin et al. 
2016 ). Since a direct wave path is important for the observation of IG 

waves at the seafloor (Webb et al. 1991 ), the location of our seismic 
network at eastern Gakkel Ridge may be unfav ourab le for record- 
ing IG waves. We therefore limit our subsequent description to DF 

noise. 

3.2.1. Long-period double-frequency microseismic noise (LPDF) 

The LPDF band occupies the frequency range of 0.1–0.25 Hz 
corresponding to periods of 4–10 s (Figs 5 and 6 a). This fre- 
quency range is consistent with the dominant global peak of 
LPDF around 0.14 Hz (Janiszewski et al. 2023 ). The width of the 
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requency band and its spectral amplitudes are higher during win-

er and lower during summer as illustrated by mostly blueish
olours during the summer months in the differential spectrogram
Fig. 6 a). 

Especially during the winter time, individual LPDF events can
e seen at frequencies between 0.1 and 0.15 Hz. Some of these
vents are dispersive with frequencies increasing over time. Similar
ime evolution of LPDF events has for example been observed by
iaz ( 2016 ) or Bromirski et al. ( 2015 ) and attributed to approaching
torms as a moving source to cause dispersion. From qualitati vel y
atching the timing of the LPDF events with hindcast plots of

ignificant wa ve height, w e can identify storm events in the Pacific
cean and North Atlantic Ocean that likely cause the observed

pectral signals (Fig. 8 ). Kedar et al. ( 2008 ) identified the south-
ast coast of Greenland (Fig. 8 a) as a frequent and ef fecti ve source
rea for the generation of deep microseisms that are recorded thou-
ands of km away. The seasonality of the LPDF with higher noise
mplitudes in winter agrees with observations by Stutzmann et al.
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( 2009 ) who found from an analysis of noise spectra from land sta- 
tions around the globe that the DF peaks in local winter. This yields 
further evidence that the LPDF signals observed at the bottom of 
the Arctic Ocean have their source outside the Arctic Ocean, since 
noise amplitudes are highest when wave action in the Arctic Ocean 
is inhibited by sea ice. 
3.2.2. Short-period double frequency microseismic noise (SPDF) 

The SPDF band appears very prominently in Figs 5 and 6 as time 
interval of high spectral pow er betw een about June and Novem- 
ber occupying a frequency band between 0.13 and 1.7 Hz (periods 
about 0.6–7 s). Upon closer inspection, two components of this 
noise signal can be identified (Fig. 6 a): The principal SPDF signal, 
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ow called SPDF1 signal, is best visible from August to October.
ts lower frequency limit decreases to a minimum of 0.13 Hz at the
nd of September, overlapping with the LPDF signal. As for LPDF
vents, some dispersion is visible. The second component of the
PDF band, SPDF2, has slightly higher frequencies of about 0.7 to
.7 Hz. Its frequency content does not vary with time, neither on
easonal scales nor within individual dispersiv e ev ents. The signal
tarts before the main SPDF1 in June and lasts throughout Novem-
er and December with some occurrences in late January and early
ebr uar y. It may be present throughout the summer overlain by the
PDF1 signal. Due its different signal characteristics we assume
 different origin of the SPDF2. The seismic array of Pratt et al.
 2017 ) in Antarctica detected microseismic noise in the same fre-
uency band, which they ter m ultrashor t-period microseism. They
howed that the wavefield consists of body waves excited by distant
torm systems and does not display a clear seasonality. A similar
rigin is likely here but our network does not have the capabilities
o verify this explanation. Chen et al. ( 2025 ) observe strongly sea-
onally modulated SPDF noise from the Arctic Ocean in the period
ange of 0.5–2 Hz (2–0.5 s period) encompassing both SPDF1 and
PDF2 bands of our data. 
To capture the individual evolution of the spectral power over

ime for these two SPDF components, we defined the extraction
indow for the SPDF1 from 0.13–0.64 Hz covering mostly its

ower frequency part but staying clear of the SPDF2 signal, that we
xtracted between 0.64–1.7 Hz. The resulting variations of spectral
ower over time are shown in Fig. 6 (b). The SPDF1 spectral power
s to some extent contaminated by LPDF signal components in
inter time, such that the lowest spectral power values in May and

une are more representative for SPDF power also in the winter
onths. In general, SPDF power increases gradually from early

une until mid-October and then rapidly drops to winter levels.
hen et al. ( 2025 ) observe the same seasonal modulation of their
PDF signal but with an abrupt increase in noise power at the start
f the summer season followed by a more gradual decrease towards
utumn. 

Since SPDF microseisms in the deep ocean are proposed to result
rom swell in the open ocean (e.g. Bromirski et al. 2005 ; Stutzmann
t al. 2009 ; Diaz 2016 ), we compared significant wave heights H s 

nd mean wave periods T p in the Laptev, Kara and Barents Sea to
pectral power and SPDF1 minimum frequencies (Figs 9 a–c). The
ongest periods (or smallest frequencies) of the SPDF1 microseism
hould equal double the frequency of the exciting ocean waves,
ence 2/ T p. For the purpose of this study, we defined the Barents
ea from 15 ◦E to 60 ◦E, the Kara Sea from 60 ◦E to 93.4 ◦E and the
aptev Sea from 93.4 ◦E to an ice tongue near 165 ◦E (Fig. 9 d). The
omparison shows a close match for the Laptev Sea for H s and 2/ T p ,
ut no similarities between the SPDF1 temporal variations and wave
ction in the Kara or Barents Sea. The time-series characterizing
he wave action are dissimilar between the three seas and cannot
asily be matched by a time lag caused by a moving storm system.
nstead, swell development appears rather local, such that we can
ualitati vel y identify the source region of the observed SPDF1 in the
aptev Sea. Fig. 9 (a) distinguishes between the swell in the entire
aptev Sea area and only the deep-water area within 500 km of the
BS. The variation of spectral power over time matches better the

ignificant wave height averaged over the entire Laptev Sea area
ompared to the significant wave height in the 500 km deep-water
rea. The latter displays considerably higher maxima during three
well events on days 271, 280 and 282 that do not lead to equally
rominent peaks in the noise power. In contrast, the SPDF1 lower
requency limit is better explained by mean wave periods in the
eep-sea portion of the Laptev Sea which show more pronounced
ariations over time than the larger area including the shallow shelf.

.3. Sea ice noise 

t frequencies above 3 Hz, increased spectral power dominates the
inter season from about mid-November until mid-May (Figs 5 and
 a). The noise signal appears as vertical blocks or thin lines in the
pectrograms covering a frequency range of 3 Hz to at least 60 Hz.
he signal blocks occur simultaneously at all stations (Fig. 5 ) of the
etwork, such that the same signal is perceived in an area of roughly
0–20 km e xtent. Howev er, individual seismic events that could be
esponsible for the increased spectral power could not be identified
n the waveform data. We therefore assume that the source of the
ignal is not local, that is, immediately above the individual seismic
tations. In such a case, differences in the temporal occurrence
attern between individual seismic stations would be expected along
ith sharp, identifiable local seismic events. Instead, we assume that

he signal is produced at distances of the order of several tens of
ilometers, travels as a seismic wave in the subsurface and the same
eismic wavefield is observed across our network. 

We assume that the source of this HF noise is related to the sea
ce. Icequakes in sea ice, recorded by seismometers on ice floes
L äderach & Schlindwein 2011 ), release seismic energy in a fre-
uency range matching our ocean bottom observations. The defor-
ation of sea ice radiates energy into the water column: Wilcock

t al. ( 2014 ), summarizing earlier studies on the acoustic sound-
cape of ice-covered oceans, state that the frequency range below
00 Hz is strongly contaminated by noise of cracking and deforming
ea ice. Temperature induced cracking of sea ice is observed locally
 < 10 km distance) at frequencies higher than about 60 Hz (Milne
972 ; Stein et al. 2000 ) and can thus not explain our observations.
ccording to Makris & Dyer ( 1986 ), noise correlating with stress in

he ice pack peaks at about 10 Hz. Acoustic noise attenuation is low
n the frequency band of 10–30 Hz, such that sea ice ridging at dis-
ances of several tens of km is assumed to cause a broad frequency
eak centred around 20 Hz with thicker ice producing louder ridging
oise (Buck & Wilson 1986 ; Greening & Zakarauskas 1991 ; Cook
t al. 2020 ). Although all of these observations are made either
ith hydrophones or seismometers immediately on or just below

he ice, we speculate that the acoustic energy released by sea ice
eformation is high enough to reach the seafloor and convert into a
eismic wave travelling in the subsurface. In the absence of concur-
ent seismic measurements on ice floes or individual, identifiable
nd locatable seismic events, a direct connection between seismic
ources in the sea ice and ocean bottom records cannot be made. 

To assess the temporal variation of the high-frequency signal, we
veraged the spectral power between 6 and 13 Hz as a representa-
ive but arbitrarily chosen frequency band, extracted its time-series
Fig. 6 b) and compared it to time-series of sea ice drift speed, air
emperature and sea ice concentration within 50 km distance from
he OBS network (Fig. 10 d). Rapid variations of the spectral power
f high-frequency noise on the order of days are not related in a
ystematic way to variations in air temperature, drift speed or ice
oncentration. For example, thermal ice cracking happens when air
emperatures drop (e.g. Cook et al. 2020 and references therein),
ut no relation between increased noise power and cold days is
bser ved, confir ming that ther mal cracking is an unlikely source for
he HF noise. Likewise neither local ice drift speed nor large changes
n drift speed appear to systematically cause peaks in HF spectral
ower. This suggests that the stress state of the sea ice cover requires
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 more comprehensive physical description likely on a much larger
cale to elucidate potential links to the HF spectral po wer. Ho wever ,
his is beyond the scope of this descriptive manuscript of the seismic
oundscape of the Arctic Ocean. 

On a seasonal scale, the HF spectral power time-series displays
wo levels: a winter level, calculated from averaging the spectral
ower from December to April and a summer level (June–August).
pectral power variability around this level is significantly higher in
inter time than in summer (Fig. 10 d). Spectral power drops within
 d starting on 2019 May 23 to summer level, concurrent with the
ast days of freezing. Sea ice concentration in vicinity of the OBS
50 km) remains near 100 per cent until July (Fig. 10 d), but small
atches of open water form in the Laptev Sea (Figs 10 a–c) during
he rapid transition to summer noise levels. The transition to win-
er noise levels takes about three weeks, starting roughly on 2018
ovember 5. Freezing in the area started already in September and

ocal sea ice concentration reached 100 per cent by mid-October,
ut a rapid closing of the last open water patches in the Laptev Sea
Figs 10 e–g) happens early in November. These observations sug-
est two explanations for the generation of HF seismic noise that
re not mutually e xclusiv e but potentially complementary: (1) The
ea ice changes its physical properties rapidly as freezing stops and
elting sets in and it quickly looses its mechanical strength. The

e wl y formed ice in autumn needs sufficient time to gain enough
hickness and mechanical strength for failure in icequakes. (2) The
ce cover of the entire Arctic Ocean gets under internal compres-
ional stresses as sea ice cover reaches the coasts, such that ridging
vents become frequent. Stress measurements by Richter-Menge
t al. ( 2002 ) in the Beaufort Sea give indications for a similar be-
aviour: internal stresses increase when freezing closes seasonally
pen water areas between the coasts and the perennial ice zone.
hey further describe a spiky nature of the stress record with events
f internal stress lasting for several days, related to persistent wind
orcing or other conditions producing convergence. A hypothetical
xplanation for the distinct noise levels observed in this study is
hat the first mechanism contributes to the generally higher mean
F noise level in winter, while the second mechanism causes the
reater temporal variations about this mean in winter time. 

A further interesting aspect is the difference in winter and sum-
er noise levels between the acoustic and seismic soundscapes:

he acoustic soundscape (10–1000 Hz) is quieter during the winter
onths and loudest between May and October (Cook et al. 2020 ),

ust opposite to the seismic soundscape in the HF band. An expla-
ation is that sources of acoustic noise, like waves impinging on
ce floes, wind, mobile ice floes rubbing against each other, pro-
uce acoustic noise but no seismic noise that could be felt on the
eep seafloor. These loud acoustic noise sources are suppressed in
 totally ice covered ocean in winter. In contrast, seismic HF noise
ikely reflects powerful sea ice deformation events that require a
rozen ocean ideally under compression. 

 I N T E R P R E TAT I O N :  S E A S O NA L  

A R I AT I O N S  O F  T H E  A RC T I C  S E I S M I C  

O U N D S C A P E  R E F L E C T  S E A  I C E  A N D  

AV E  C O N D I T I O N S  

ur records of ambient seismic noise at the ocean bottom of the
rctic Ocean showing both sea ice-related HF noise and swell-

nduced SPDF noise give interesting insights into the seasonal states
f the Arctic sea ice and wave action and their mutual influence.
e describe and interpret the Arctic seismic soundscape in the

ollowing in several phases (Fig. 11 ): 
Phase 1 and 8 represent the winter conditions. The Laptev Sea is
ntirely frozen, swell is completely suppressed and even pronounced
torms in the Barents Sea (Fig. 11 c) produce no SPDF1 signal at
he OBS location in the Laptev Sea, confirming a local generation
f SPDF1 noise. The sea ice cover in these phases is mechanically
trong and potentially under internal compressional stress releasing
onsiderable seismic energy into the water column recordable at
eep-sea OBSs. In Phase 2, the sea ice-cover loses its mechanical
trength and/or its internal stress within few days re vealed b y the
ean HF spectral power rapidly dropping to summer levels. At this

ime, the sea ice concentration in the entire Laptev Sea area and
articularly around the OBS is still near 100 per cent (Figs 10 a and
1 d), such that the change in HF power level is unlikely to result
rom a decrease of collisions between ice floes in the wider area
f the OBS, but rather represents a change in the physical proper-
ies of the sea ice cover or a loss of its internal stress as the first
iny patches of open water emerge (Fig. 10 c). In phase 3, the fetch
rea for swell in the shallow shelf area of the Laptev Sea starts to
orm (Fig. 11 d). At the same time, SPDF1 power starts to increase
rom the lowest levels in phase 2, although the OBS location is still
ce-covered. This shows that some SPDF1 signal can be created in
hallow water areas and propagate over distances > 500 km to the
eep-water OBS location. Phase 4 describes the summer conditions.
he OBS is now situated below the marginal ice zone. With increas-

ng fetch area, the mean period of the swell increases as evidenced
y decreasing SPDF1 minimum frequencies (c.f. Fig. 9 a). The noise
evels in the HF band, ho wever , remain constant throughout phase
–6 although the sea ice concentration v aries drasticall y, suggest-
ng that the summer HF noise levels are not a function of sea ice
oncentration. 

In late September (day 271) and early October (days 280–282),
arge storms pass the Laptev Sea (phase 5, Figs 11 b and c). Since the
etch area is still large, long-period waves can form (Figs 6 and 9 a).
hey also affect the sea ice concentration, which had been building
p already near the OBS location but drops as a consequence of the
torms. Interestingl y, these swell e vents are connected with consid-
rable power in the HF band, deviating strongly from the summer
ower level. These noise events are partially overprinted by the ship-
nduced noise, but can be distinguished from the latter by a more
radual onset and decrease ( Text S1 , Supporting Information ). This
lso discriminates these swell-related HF events from the sharper-
ounded and shorter winter HF bands caused by sea ice deformation
Fig. 6 a). We speculate that storm-induced collisions and break-up
f sea ice still is the source of the HF noise. An explanation for
he different appearance of the noise blocks is that the distance
o the noise source is larger and signals become more attenuated.
he observation that blocks of increased HF power occur simulta-
eously at the OBS stations suggests that the source region of the
F signal extends over at least several tens of km and may thus

eflect storm-induced collisions of distant ice floes. For the storm
n September, the OBS is located near the ice edge and the distance
o more solid noise-producing ice floes may be larger than in winter
ime. For the events in October, the OBS location is already covered
o 100 per cent by sea ice suppressing local wave action. In this
ase, colliding ice floes may also be some distance away. Another
xplanation for the different signature of the HF noise could be
ifferences in the mechanical strength of the ne wl y forming sea ice
nd the winter sea ice. Another source of swell-related noise could
e the breaking of waves causing bubbles in the water column, but
his noise is typically seen at considerably higher frequencies on
ydrophones (Wilcock et al. 2014 ). 

After the passage of the early October storms, the Laptev Sea
reezes rapidly and SPDF power decreases constantly in phase 6.

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf143#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf143#supplementary-data
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Figure 11. (a)–(c) Sea ice concentration (Melsheimer & Spreen 2019 ) and significant wave height (Ardhuin et al. 2010 ) on dates marked in (d). Star: OBS 
location. (d) Differential spectral power in HF and SPDF1 band. Horizontal lines: average HF noise levels in winter (blue) and summer (red); vertical lines 
mark start and end of numbered phases described in the te xt. Av erage sea ice concentration within 50 km (deep-sea area) and 500 km (also shallow Laptev 
Shelf) of the OBS. 
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Like in phase 3, SPDF1 power is present although the fetch area 
is limited to the shallow Laptev Shelf. The spectral power drops 
at the same pace as freezing progresses and the fetch area shrinks. 
This suggests that already the young sea ice can ef ficientl y sup- 
press ocean swell while not yet emitting HF deformation noise. 
Phase 7 starts as 100 per cent ice concentration is reached. SPDF 

power is now absent and HF power levels build up gradually over 
a period of 20 d. As discussed pre viousl y, likel y explanations are 
that the sea ice needs to become mechanically strong and suffi- 
ciently thick to produce icequakes by brittle failure, and internal 
stresses in the ice cover may increase as freezing reaches the coasts 
and stress events cause ridging that may produce seismic energy 
recordable at distant deep-water seismometers during the winter 
phase 8. 

5  C O N C LU S I O N S  

We presented the first records of ambient seismic noise at the bot- 
tom of Arctic Ocean over a full season and described the seis- 
mic soundscape of the Arctic Ocean and the temporal variation of 
its noise sources. By comparison with environmental parameters 
like ocean wave heights, air temperature or sea ice concentration, 
we identified the following noise sources in different frequency 
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1) LPDF microseisms (0.1–0.25 Hz) are caused by wave action
utside the Arctic Ocean. They are stronger in winter time and not
odulated by the annual sea ice cycle. 
2) IG waves ( < 0.05 Hz) could either not be resolved or were

bsent at our recording location. 
3) SPDF microseisms (0.13–1.7 Hz) are generated by swell in

he Laptev Sea area. Variations of the SPDF spectral power and
inimum frequencies on a daily scale match the variations of sig-

ificant wave height and mean wave periods in the Laptev Sea. The
easonal variation of the SPDF noise power is closely related to the
ea ice concentration and the size of the fetch area in the Laptev
ea. SPDF power is also present when the fetch area comprises only
hallow water areas of the Laptev Shelf. 

4) Sea ice is the likely cause for high-frequency ( > 6 Hz) noise
hat is especially apparent in winter time with noise events last-
ng on the order of few days. We assume that sea ice deforma-
ion like for example ridging not only produces acoustic signals
ecorded by hydrophones below the sea ice, but emits sufficient
eismic energy to be recorded at the sea floor over a distance of
t least several tens of kilometers. Sea ice noise power drops to
ower summer levels within about 2 d concurrent with the last days
f freezing and the first appearance of open water at the shores of
he Laptev Sea. Winter noise levels build up over a period of three
eeks after the sea ice cover has reached the coast of the Laptev
ea. We propose that the HF noise reflects the mechanical strength
f the sea ice and its internal stress state. Ho wever , a direct link
etween seismic signals at the sea floor and their seismic source
rocesses in the sea ice cannot be established with the means of this
tudy. 

Of particular interest is the relative timing of SPDF and HF noise,
haracterizing swell and sea ice that mutually depend on each other
s sea ice suppresses wave action. On shorter timescales, the passage
f individual autumn storms can be monitored that directly impact
he ne wl y forming sea ice and cause HF noise. The appearance of
his HF noise, ho wever , differs from the typical winter HF noise,
otentially due to a larger distance to noise sources or a different
hysical state of the surrounding sea ice. 

Long-term installations of broad-band ocean bottom seismome-
ers may thus represent a new and complementary way to monitor the
tate of the Arctic Ocean cryosphere from below at fixed locations.
s sea ice further recedes and the Arctic Ocean becomes increas-

ngly ice-free, pronounced changes of the seismic soundscape can be
xpected. OBS records can synchronously monitor the wave action
f the emerging Arctic Ocean and the condition of its sea ice cover as
ts strength, composition and stress state change. To optimally profit
rom sub-sea ice OBS records, a direct link between the seafloor HF
eismic signals and the physics of the overlying sea ice needs to be
stablished, ideall y b y concurrent multiparameter measurements on
he sea ice to reveal the source processes of HF noise on the Arctic
eafloor. 
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phibische Seismologie): ger man Instr ument Pool for amphibian seismol-
ogy, J. Large-scale Res. Facilities, 3 (A122), doi:10.17815/jlsrf-3-165. 

nthony , R.E. , Aster, R.C. & McGrath, D. 2017. Links between atmo-
sphere, ocean, and cryosphere from two decades of microseism observa-
tions on the Antarctic Peninsula, J. Geophys. Res. Earth Surface, 122 (1),
153–166. 

rdhuin , F. 2010. Semiempirical dissipation source functions for ocean
wav es. P art I: definition, calibration, and validation, J. Phys. Oceanogr.,
40 (9), 1917–1941. 

rdhuin , F. , Gualtieri, L. & Stutzmann, E. 2015. How ocean waves rock
the Earth: two mechanisms explain microseisms with periods 3 to 300 s,
Geophys. Res. Lett., 42, doi:10.1002/2014GL062782. 

rdhuin , F. , Sutherland, P., Doble, M. & Wadhams, P. 2016. Ocean
waves across the Arctic: attenuation due to dissipation dominates
over scattering for periods longer than 19 s, Geophys. Res. Lett., 43,
doi:10.1002/2016gl068204. 

ster , R.C. , McNamara, D.E. & Bromirski, P.D. 2008. Multidecadal
climate-induced variability in microseisms, Seismol. Res. Lett., 79 (2),
194–202. 
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Cannata , A. , Cannav ò, F., Moschella, S., Gresta, S. & Spina, L. 2019. Explor- 
ing the link between microseism and sea ice in Antarctica by using ma- 
chine learning, Sci. Rep., 9 (1), 13 050, doi:10.1038/s41598-019-49586-z. 

Chen , J.C.F. , Park, S. & MacAyeal, D.R. 2025. Tracking multiyear sea-ice 
variation in the Arctic Ocean over decades with microseism, Geophys. 
Res. Lett., 52 (2), doi:10.1029/2024gl111159. 

Cook , E. , Barclay, D. & Richards, C. 2020. Ambient noise in the 
Canadian Arctic, In Governance of Arctic Shipping: Rethinking 
Risk, Human Impacts and Regulation, pp. 105–133, eds, Chircop, 
A., Goerlandt, F., Aporta, C. & Pelot, R., Springer International 
Publishing. 

Crawford , W.C. , Webb, S.C. & Hildebrand, J.A. 1991. Seafloor compliance 
observed by long-period pressure and displacement measurements, J. 
Geophys. Res., 96 (B10), 16 151–16 160. 

Diaz , J. 2016. On the origin of the signals observed across the seismic 
spectrum, Earth Sci. Rev., 161, 224–232. 

Ding , W. 2022. Submarine wide-angle seismic experiments in the High 
Arctic: the JASMInE Expedition in the slowest spreading Gakkel Ridge, 
Geosyst. Geoenviron., 1 (3), 100076, doi:10.1016/j.geogeo.2022.100076. 

Doran , A.K. & Laske, G. 2016. Infragravity waves and horizontal seafloor 
compliance, J. geophys. Res., 121 (1), 260–278. 

Dreutter , S. , Dorschel, B., Steffen, M., Andree, S. & Stein, R. 2023. 
Multibeam Bathymetry Processed Data (Atlas Hydrosweep DS 3 
echo sounder entire dataset) of RV POLARSTERN during Cruise 
PS115/2, Southern Lomonosov Ridge: Arctic Ocean PANGAEA, 
doi:10.1594/PANGAEA.955093. 

Duarte , C.M. 2021. The soundscape of the Anthropocene ocean, Science, 
371 (6529), doi.org:10.1126/science.aba4658. 

Dunn , R.A. & Hernandez, O. 2009. Tracking blue whales in the eastern 
tropical Pacific with an ocean-bottom seismometer and hydrophone array, 
J. Acoust. Soc. Am., 126 (3), 1084–1094. 

Dziak , R.P. 2015. Sources and levels of Ambient Ocean Sound near the 
Antarctic Peninsula, PLoS One, 10 (4), e0123425, http://dx.doi.org/10.13 
71/journal.pone.0123425 . 

Dziak , R.P. , Bohnenstiehl, D.R. & Smith, D.K. 2012. Hydroacoustic 
monitoring of oceanic spreading centers past, present, and future, 
Oceanography, 25 (1), 116–127. 

Dziak , R.P. , Fo wler , M.J., Matsumoto, H., Bohnenstiehl, D.R., Park, M., 
Warren, K. & Lee, W.S. 2013. Life and death sounds of Iceberg A53a, 
Oceanography, 26 (2), 10–12. 
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