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Abstract The largest ocean bottom seismometer (OBS) experiment so far in the Atlantic Ocean occurred
as part of the UPFLOW (Upward mantle flow from novel seismic observations) project to better constrain up-
ward mantle flow, which is crucial to understanding global mantle dynamics. UPFLOW deployed 50 and re-
covered 49 OBSs in a ∼ 1,000 × 2,000 km2 area in the Azores-Madeira-Canary islands region with a station
spacing of∼110-160 kmbetween June 2021 andAugust 2022. Most instruments had three-component broad-
band seismic sensors and hydrophones, and three different designs of OBS frames were used. Our analysis
shows ∼91% data completeness. Vertical-component long-period noise (T>∼30s) is reduced compared to
previous experiments. The orientations of horizontal components were estimated from the polarisation of
long-period body and surfacewaves from teleseismic events. Earth’s free oscillationswith frequencies as low
as ∼1.8mHz are observed following two Mw > 8 earthquakes, and the signal-to-noise ratio of these ob-
servations is enhanced after applying tilt and compliance corrections. We show illustrative recordings and
spectrograms of teleseismic and local events as well as non-seismic signals (whales, instrument resonances),
demonstrating thewide variety and richness ofUPFLOWdata and their potential to addressmanyoutstanding
questions in solid Earth sciences, oceanography, andmarine biology.

Non-technical summary Seismometers are instruments that record ground motion, and by
analysing the data they capture, one can gain insights into the structures spanning from the Earth’s core to
its surface. In the past decades, seismology has experienced an explosion of dense land seismic networks.
Yet, vast regions of our planet are still sparsely covered and therefore poorly understood: the oceans and the
Earth’s structure beneath them. Conducted in 2021-22, UPFLOW (Upward mantle flow from novel seismic
observations) was the largest ocean bottom seismometer (OBS) deployment carried out so far in the Atlantic
Ocean. Thanks to an international collaborationbetween institutions from five European countries (Germany,
Ireland, Portugal, Spain, and the UK), UPFLOW deployed 50 ocean bottom seismometers (OBSs) in a ∼ 1,000
× 2,000 km2 area in the Azores-Madeira-Canary Islands region in June 2021 and recovered 49 of them after
∼14 months. The ultimate goal of the experiment is to better understand upward mantle flow and the geo-
dynamics of the region. In this study, we present the data acquired by the UPFLOW experiment, assess their
quality and provide an overview of the recorded observations. We compare our data with those from other
experiments and discuss their potential for upcoming studies.

1 The UPFLOW project and experi-
ment

1.1 Objectives and geophysical targets
The overarching goal of the UPFLOW project is to de-
velop new high-resolution seismic imaging methods

∗Corresponding author: m.tsekhmistrenko@gmail.com

along with new ocean bottom seismometer (OBS) data
collection (Ferreira et al., 2026). Further, the primary
objectives of the UPFLOW OBS experiment are to in-
vestigate vertical mantle flow, its geometry, its interac-
tionwith themid-ocean ridge and the lithosphere in the
Azores-Madeira-Canary Islands region, and deep Earth
structures, suchas theAfricanLargeLowSeismicVeloc-
ity Province (LLSVP). Previously, these knowledge gaps
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Figure1 Mapof theUPFLOWexperiment. Thedifferent symbols show the locationofUPFLOW’sOBS stations,withdifferent
geometrical shapes representing different instrument pools, while the colour indicates the data quality, which is explained
in Section 3. The left side of the symbol represents the data quality of the hydrophone component, while the right side
represents the data quality of the three seismometer components. The map also displays seismicity data from 1970 to 2022
(white circles) obtained from the FDSN event catalogue (FDSNWebServices, n.d.) and downloadedwith obspyDMT (Hosseini
and Sigloch, 2017). Recent seismicity in 2022 is sourced from IPMA. The red star (close to UP07) shows the approximate
location of an ML 1.7 local event in the Gloria Fault region. Fig. 8 shows the corresponding waveforms. MAR: Mid-Atlantic
Ridge. The bathymetry was extracted from ETOPO (NOAA National Centers for Environmental Information, 2022).

have been challenging to investigate due to poor data
coverage.
The Azores-Madeira-Canary Islands region, charac-

terised by multiple potential mantle plumes, is still un-
derexplored and poorly understood. While a deepman-
tle plume rising from the lower mantle beneath the Ca-
nary Islands seems to consistently appear in many seis-
mic tomography models (Montelli et al., 2004; Marig-
nier et al., 2020; Civiero et al., 2021), the situation is less
clear beneath the Madeira and the Azores archipela-
gos. For Madeira, the proximity to the Canary Islands
(∼300 km) and the limited resolution of existing to-
mography models have hindered efforts to probe the
existence of deep plume structures in the area. Re-
garding the Azores, some tomographymodels suggest a
lowermantle plumebeneath the region,whereas others
only show low velocity anomalies confined to the upper
mantle (see, e.g., the study of Yang et al., 2006, which
used multiple tomography models). Some studies have
suggested the presence of a dying plume beneath the
Azores (Silveira et al., 2006), while others attribute the
region’s magmatism exclusively to shallower convec-
tion and lithospheric processes, implying the absence
of a deep mantle plume (Neves et al., 2013). The ori-
gin of a possible mantle plume beneath the Azores and

the role of magmatic intrusions, small-scale convec-
tion, plume-lithosphere and plume-ridge interactions
are topics of ongoing debate (e.g. Cannat et al., 1999;
Gente et al., 2003; Beier et al., 2015; Genske et al., 2016).
Beneath the Canary Islands, the lateral extent and ver-
tical continuity of the plume-like anomaly in existing
tomography models remain uncertain. Moreover, the
relationship between themantle upwelling beneath the
Canary Islands and thenearbyMadeira Island is also un-
clear. We aim to address these issues with the unique
OBS data collected by the UPFLOWexperiment.

1.2 OBS experiment
The UPFLOW experiment (Fig. 1) used the R/V Mário
Ruivo, the Portuguese national scientific vessel oper-
ated by IPMA (Instituto Português do Mar e da Atmos-
fera) (The Portuguese Institute for Sea and Atmosphere,
I. P. , 2023), covering a total distance of around 9,800 km
in each deployment and recovery expedition. The ex-
periment involved collaboration among institutions in
five different countries: Portugal (IPMA; IDL, Instituto
Dom Luiz; University of Lisbon; ISEL, Instituto Supe-
rior de Engenharia de Lisboa), Ireland (DIAS, Dublin In-
stitute for Advanced Studies), UK (UCL, University Col-
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Station Pool & type
Deployed Depth Deployment Recovery Total days Skew Sampling rate Preferred Data 

Lat [˚] Lon [˚] GMRT [m] Date Date recorded [s] Sm; Hyd [Hz] Orientation [˚] completeness [%]

OBS12 GEOMAR 40.000 -28.500 2098 21.06.21 14.08.22 351 -7.59 100 83.0

OBS17 GEOMAR 36.700 -31.401 2649 20.06.21 17.08.22 242 -7.12 100 57.0

OBS19 GEOMAR 38.000 -30.000 1919 20.06.21 15.08.22 369 6.00 100 87.0

UP01 DIAS 36.784 -18.384 5457 16.07.21 05.08.22 386 -2.74 250 100.0

UP02 DIAS 38.017 -18.383 4841 17.07.21 06.08.22 386 1.39 250 100.0

UP03 DIAS 37.700 -19.998 4549 17.07.21 06.08.22 386 6.75 250 100.0

UP04 DIAS 36.386 -19.994 5272 17.07.21 07.08.22 387 7.22 250 100.0

UP05 DEPAS 36.001 -21.997 4223 18.07.21 07.08.22 386 -12.64 100 100.0

UP06 DEPAS 35.883 -24.001 4435 18.07.21 08.08.22 387 7.95 100 100.0

UP08 DEPAS 37.700 -22,000 4335 19.07.21 09.08.22 387 -9.80 100 100.0

UP09 DEPAS 38.999 -23.498 3874 20.07.21 09.08.22 386 -10.05 100 100.0

UP11 DEPAS 40.500 -23.000 4216 21.07.21 10.08.22 387 -8.57 100 100.0

UP12 DEPAS 40.500 -25.000 3452 21.07.21 11.08.22 387 0.63 100 100.0

UP13 DEPAS 39.285 -24.999 3303 21.07.21 12.08.22 389 -0.80 100 100.0

UP15 ROA-UCM 39.750 -27.750 1966 22.07.21 13.08.22 327 N/A 50 84.0

UP16 DEPAS 39.977 -30.430 1440 23.07.21 14.08.22 388 -15.48 250 100.0

UP18 DEPAS 39.283 -31.999 1954 23.07.21 15.08.22 389 -13.24 100 100.0

UP20 DEPAS 36.999 -29.999 3316 24.07.21 18.08.22 391 -20.56 250 100.0

UP21 ROA-UCM 35.499 -19.000 5319 07.08.21 01.09.22 391 0.52 50 99.8

UP22 DEPAS 36.284 -28.501 3305 25.07.21 19.08.22 391 -0.32 100 100.0

UP25 DEPAS 35.884 -26.000 4144 25.07.21 23.08.22 395 -7.60 100 100.0

UP26 DEPAS 34.500 -26.000 5132 21.07.21 24.08.22 229 5.12 100 57.0

UP27 DIAS 34.498 -24.501 4912 26.07.21 24.08.22 395 -17.99 250 100.0

UP28 DEPAS 34.501 -23.001 4983 26.07.21 25.08.22 339 -8.46 100 85.0

UP29 DEPAS 34.500 -21.000 5257 27.07.21 25.08.22 395 -11.28 100 100.0

UP30 DIAS 32.999 -20.710 5028 02.08.21 27.08.22 391 N/A 250 90.4

UP31 DEPAS N 31.700 -23.001 5185 02.08.21 26.08.22 390 -17.49 100 100.0

UP32 DEPAS N 33.001 -22.999 5327 01.08.21 26.08.22 391 -13.96 100 100.0

UP33 DEPAS 31.699 -21.300 4948 03.08.21 27.08.22 390 5.93 100 100.0

UP34 DEPAS N 30.700 -20.000 4799 03.08.21 28.08.22 391 -5.81 100 95.0

UP35 DIAS 30.701 -18.302 4600 04.08.21 28.08.22 390 -10.84 250 100.0

UP36 DEPAS 30.699 -16.501 4236 04.08.21 29.08.22 391 -9.93 100 100.0

UP37 DEPAS 31.299 -14.301 3652 05.08.21 29.08.22 390 -7.64 250 100.0

UP38 DEPAS 32.383 -14.501 4389 05.08.21 30.08.22 391 -12.94 100 100.0

UP39 DEPAS 31.700 -16.001 4435 05.08.21 30.08.22 391 -12.94 100 100.0

UP40 DEPAS 31.700 -17.498 4513 06.08.21 30.08.22 390 -5.67 100 100.0

UP41 DEPAS 31.700 -19.501 4375 06.08.21 31.08.22 391 -10.28 100 100.0

UP42 DEPAS 33.001 -19.301 3855 06.08.21 31.08.22 391 -11.52 100 100.0

UP43 DEPAS N 34.500 -19.000 5080 07.08.21 01.09.22 391 -21.71 100 100.0

UP44 DEPAS 34.099 -17.499 4268 08.08.21 02.09.22 391 -18.74 100 100.0

UP45 DEPAS 34.100 -16.000 4018 08.08.21 02.09.22 391 -15.26 250 91.1

UP46 DEPAS 33.667 -14.749 3994 08.08.21 02.09.22 391 4.68 100 100.0
X25 GEOMAR 40.591 -26.877 2519 21.06.21 13.08.22 320 4.53 100 76.0

3 ± 3

188 ± 2

196 ± 5

44 ± 5

148 ± 7

159 ± 3

71 ± 6

173 ± 2

194 ± 4

206 ± 3

325 ± 4

277 ± 4

197 ± 5

232 ± 3

180 ± 2

29 ± 4

304 ± 2

145 ± 5

116 ± 7

127 ± 3

278 ± 5

57 ± 3

136 ± 7

275 ± 12

180 ± 3

238 ± 8

301 ± 2

128 ± 5

13 ± 2

46 ± 7

240 ± 5

183 ± 3

84 ± 6

168 ± 3

332 ± 4

345 ± 3

91 ± 6

72 ± 6

81 ± 4

319 ± 8

115 ± 4

195 ± 5
173 ± 7

UP07 IDL 37.701 -23.999 3215 19.07.21 08.08.22 224 0.34 250; 100 58.0

UP10 DEPAS 39.501 -22.000 4407 20.07.21 10.08.22 387 -12.14 100 N/A 100.0

UP14 IDL 39.500 -26.000 2986 22.07.21 N/A N/A N/A 250 N/A 0.0

UP17 IDL 38.782 -31.000 1772 23.07.21 15.08.22 389 -4.66 250 91.1

UP19 DEPAS 38.000 -32.782 1825 24.07.21 18.08.22 364 -0.53 100 N/A 50.1

UP23 ROA-UCM 32.999 -21.700 5238 02.08.21 27.08.22 391 0.00 50 N/A 99.8

UP24 IDL 36.997 -27.002 2526 25.07.21 19.08.22 219 N/A 250; 100 56.0

344 ± 1

170 ± 6

163 ± 4

Table 1 Overview of the 50 UPFLOWOBS stations. Depths are based on the Global Multi-Resolution Topography (GMRT) at
the station location (Ryan et al., 2009). All OBS clocks were synchronised to GPS time at deployment. The time difference
between the GPS and OBS clocks at recovery is shown in the “skew” column. The seismometer (Sm) and hydrophone (Hyd)
sampling rates are provided in Hz. Faulty stations are indicated in red. Data completeness represents the percentage of time
recordedbetween thedeployment and recovery dates, considering all four components. If this percentage is less than 100%,
it indicates the instrument stopped prematurely, or the recordingwas incomplete (gaps). For the entire UPFLOWexperiment,
the data completeness is 91.2%, which also includes 0% from UP14. Excluding the lost and faulty stations (stations marked
in red), data completeness is 95.5%. All DIAS stations have NAMMU OBSs, all GEOMAR stations have LOBSTERs, and the
DEPASpool has twodifferentOBSdesigns (DEPAS: LOBSTER;DEPASN:NAMMU). SeeTable 2 for details about instrumentation
and frame design types. The column with “Preferred orientation” shows the horizontal component orientation estimates
obtained in this study (Section 4.1).

lege London), Spain (ROA-UCM, Real Instituto y Ob-
servatorio de la Armada-Universidad Complutense de
Madrid), and Germany (University of Potsdam; GFZ,
Deutsches GeoForschungsZentrum; GEOMAR; AWI, Al-
fred Wegener Institute). Five different institutions pro-
vided the 50 free-fall OBSs used in the experiment (Ta-

ble 1). In contrast to previous experiments targeting
mantle plumes, where stations were closely clustered
around a specific island of interest (e.g., PLUMEHawaii,
Wolfe et al. 2009 and ISOLDE, Schlömer et al. 2017),
UPFLOWhad station spacings of approximately 110 km
to 160 km, surrounding multiple islands (Fig. 1). This
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wider target area required a large array aperture, de-
signed to image the seismic structure from the seafloor
to the lower mantle. About one-third of the OBSs were
deployed on the triangular-shaped Azores Plateau, in-
cluding theAzores triple junction, atwater depths down
to around 2000m. The remaining OBSs were deployed
at water depths of 4000m to 5000m, mainly on the
Madeira Abyssal Plain and along the Gloria Fault.
Following the recovery of the 49OBSs, all stations and

their data underwent thorough quality control and pre-
liminary analysis to prepare the data for further scien-
tific investigations, with a substantial part performed
onboard the ship. Data were compared according to in-
strument type and also with results from previous OBS
studies. This report documents the key findings from
our data analysis and makes recommendations for fu-
ture OBS data analyses.

2 Instrumentation
Most instruments were equipped with three-
component broadband seismic sensors and hy-
drophones, while three different designs of OBS frames
were utilised: LOBSTER, NAMMU, and DUNE (Fig. 2).
The latter is a prototype OBS frame designed and built
by IDL, and this experiment marks its first long-term
deployment.
Apart from three OBSs from IDL and one from ROA-

UCM, all UPFLOW stations were equipped with broad-
band Trillium Compact OBS seismometers manufac-
tured by Nanometrics (see Table 2). They have a flat
response from 0.0083Hz (120 s) to 50Hz; see Figures
with example instrument response in the supplemen-
tary information (Fig. S1). The OBSs were equipped
with HighTech HTI-04-PCA ULF hydrophone sensors,
with a flat response in the frequency range from 0.01Hz
(100 s) to 8 kHz. The datalogger 6D6 from K.U.M. was
used in all instruments except for the ROA-UCM and
two of the DUNE OBSs. The ROA-UCM OBSs included
legacy SEND Geolon MCS recorders. The prototype
DUNE OBSs included permutations of different sensors
and recorders. The GüralpMinimus (recorder) and Cer-
tis (sensor) were used in DUNE stations UP07 and UP24,
and a 6D6 datalogger with Silicon Audio MEMS (micro-
electromechanical systems) accelerometer was used in
DUNE OBSs UP14 and UP17. This instrument integrates
the mechanics of conventional geophones with MEMS
sensors to create a seismic sensor developed originally
for ocean-bottom applications.
70% of UPFLOW stations comprised the LOBSTER

(Long-termOBS for Tsunami and Earthquake Research)
instruments manufactured by K.U.M. The LOBSTER
model features cylindrical orange syntactic floating
units held together by a titanium frame (Fig. 2, right).
These floating units house various sensors, record-
ing units and batteries within titanium tubes of differ-
ent sizes (Schmidt-Aursch and Haberland, 2017). Hy-
drophones were attached to the recorder tube or the
top of the frame. The seismometer is positioned be-
tween two floating units and anchored to the frame to
enhance its coupling to the ocean floor. To facilitate
recovery, an attached buoy is typically used and con-

nected to the OBS via a rope. However, past experi-
ments have revealed that free-floating buoys generate a
detectable resonance (Stähler et al., 2018; Essing et al.,
2021). For UPFLOW, a new deployment configuration
was trialled where custom-made blue tarpaulin sheets
secured the head buoys towards the frame to minimise
rope resonance (see Fig. 2 right); the tarp unfolds when
the OBS is released from the anchor, freeing the head
buoy during recovery. This procedure was followed for
all the LOBSTER OBSs except those from the GEOMAR
pool (4 instruments), which were deployed on a sepa-
rate cruise leg in June 2021.
The smaller NAMMU OBS model from K.U.M. (Fig.

2, left) employs similar principles as the LOBSTER
(Schmidt-Aursch and Haberland, 2017). The seismome-
ter and datalogger, however, are surrounded by syn-
tactic foam buoyancy elements, offering some protec-
tion against external forcing such as ocean currents and
avoiding potential damage resulting from contact with
the ship’s side.
The DUNEmodel (Fig. 2, middle) is a prototype from

IDL.The instrument’s specific circular diameter aims to
minimise noise resonance caused by ocean waves and
currents (Corela et al., 2023). Components are enclosed
within the orange cylinder to minimise water vortices
and subsequent drag and lift effects. Unlike the LOB-
STER and NAMMU models, the orange cylinder of the
DUNE instrument does not provide buoyancy for recov-
ery. Instead, buoyancy is achieved by the glass spheres
that house the batteries, datalogger, sensors and acous-
tic releaser. Upon reaching the surface, a snap-up flag,
flasher, and radio beacon are activated. A pop-up flag
that is triggered uponOBS release from the seafloor pre-
vents the flag from generating noise due to seafloor cur-
rents, which can be substantial in the LOBSTER and
NAMMUmodels (Stähler et al., 2016, 2018; Corela et al.,
2023). A notable distinction between the DUNE model
and the other OBS models used in the UPFLOW experi-
ment is its release mechanism. In this case, instead of
a retractable bolt, a burn wire mechanism is employed.
A steel wire blocks the release mechanism. When volt-
age is applied to the release frame and the wire, a cur-
rent path is established through the salt water, causing
the galvanic corrosion of the wire until it finally breaks,
releasing the instrument from its anchor. This release
mechanism is similar to the one utilised in the French
INSU (Stähler et al., 2016) and US (OBSIC) instruments.

3 Instrument performance

Fig. 1 shows the station information using colour cod-
ing to indicate performance: green for stations where
all data were good and usable, yellow for stations that
were noticeably noisier than others but still usable, red
for stations where most or all data were unusable and
black for stations that were lost or broken. This colour
coding, similar to that usedbyStähler et al. (2016), facili-
tates a quick performance assessment. Thenext section
provides a detailed explanation of how we approached
the station performance analysis.
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Figure 2 Comparison of OBS types used in the UPFLOW experiment. From left to right: NAMMU (provided by DEPAS and
DIAS), DUNE (prototype provided by IDL), and LOBSTER (provided by DEPAS, GEOMAR, and ROA-UCM). Note that a new de-
ployment configuration was used on all LOBSTER OBS (except for GEOMAR stations), where custom-made blue tarpaulin
sheets secured the buoys towards the frame to minimise rope resonance.

Pool & Type OBS Type Seismometer Datalogger Type Nr.

DEPAS LOBSTER Trillium Compact OBS K.U.M. 6D6 29
DEPAS N NAMMU Trillium Compact OBS K.U.M. 6D6 3
GEOMAR LOBSTER Trillium Compact OBS K.U.M. 6D6 4
DIAS NAMMU Trillium Compact OBS K.U.M. 6D6 7
ROA-UCM (UP15 & UP21) LOBSTER Trillium Compact OBS Geolon-MCS 2
ROA-UCM (UP23) LOBSTER Güralp CMG 40-T Geolon-MCS 1
IDL (UP07 & UP24) DUNE Güralp Certis Güralp Minimus 2
IDL (UP14∗ & UP17) DUNE Silicon Audio Accelerometer K.U.M. 6D6 2

∗ UP14 was not recovered.

Table 2 Summary table of types of OBS, seismometers, and recorders provided for theUPFLOWexperiment by the different
instrument pools. Note that all instruments were equipped with HTI-04-PCA/ULF hydrophones.

3.1 State-of-Health
In addition to seismometer and hydrophone data, the
OBSs also recorded State-of-Health (SOH) data (e.g.,
recorder temperature, battery voltage, humidity, mass
positions, levelling adjustments, magnetic field) that
provide essential information about the status of the
OBS, allowing a diagnosis of poor or unusablewaveform
data.
We document SOH for all UPFLOWstations for which

auxiliary files are available in the supplementary mate-
rial. One typical example showing normal instrument
behaviour is presented for UP06 in the supplementary
material (Fig. S2).
The top panel displays the battery voltage throughout

the deployment. As expected, it shows an effectively
constant voltage within the 0.05V quantisation. The
second panel shows temperature recordings obtained
from both the recorder and seismometer. While the ab-
solute temperature values may differ between the two
devices, the SOH figures show that, as expected for nor-
mal instrument behaviour, the temperature variations
follow the same trend throughout the year, with no sub-
stantial variations.
Disparities in temperature recordings between sta-

tions couldbedue to local ocean currents/watermasses,
local hydrothermal activity, and/or be related to inter-
nal processes (Fig. S2-S6, 2nd panel; recorder blue
curves; seismometer orange curves). Finally, the third

and fourth panels show the mass position (voltage)
and static sensor acceleration, respectively, which are,
again, quite stable for UP06 overall. The term “static
sensor acceleration” refers to the signal that results
from the combined response of the seismic mass and
the electronic feedback system.
These data can help to determine if the instruments

experienced instability or encountered technical issues,
as we discuss below in Section 3.2. For instance, if the
mass voltage changes or the static sensor acceleration
changes during the recording period, it may indicate
slight tilting of the instrument, e.g. in OBS12 (Fig. S3)
and inUP19 (Fig. S4). While thismayormaynot directly
affect data quality, it can provide insight when data ex-
hibit anomalies potentially originating from current-
induced noise.

3.2 Instrument losses and failures
The one OBS lost in the UPFLOWexperiment — UP14 —
was aDUNEprototype, which did not send any response
signals during the recovery procedure and could not be
seen at the sea surface despite an extensive ∼4 h search
in the deployment area.
For other stations, some instrument issues and fail-

ures were encountered. Earlier-than-expected battery
drainage affected 10 stations (UP07, UP24, X25, OBS12,
OBS17, OBS19, UP15, UP19, UP26, UP28; see Fig. S7-
S12 for a summary of station uptimes and Fig. S3, S5
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and S6 for examples of battery drainage). Power issues
with IDL stations were caused by a firmware bug that
led to an early shutdown and excessive non-linear clock
drift, rendering the data unusable. The GEOMAR bat-
tery packs likely did not have sufficient capacity for the
planned duration of the recording in a potentially noisy
environment. For UP15, battery drainage was acceler-
ated due to frequent levelling checks performed every
half hour on the seismometer, due to user-defined set-
tings before deployments. Yet, during the recording pe-
riod of UP15 and of the GEOMAR stations, the recorded
data do not show any substantial issues. The SOH data
(e.g. in Figs. S4-S6) were instrumental in understanding
issues with station UP19 (Fig. S4). Analysis of the mass
voltage and seismometer temperature revealed signif-
icant variations (indicated by the orange curve in the
second panel), whereas the temperature of the datalog-
ger remained relatively constant (indicated by the blue
curve). Discussionswith theDEPASpool leads, basedon
experience from past experiments, suggested that the
OBS might have been moving or tilting on the seabed,
requiring excessive power and depleting the batteries
faster. In practice, this led to an unexpected interrup-
tion of the recording due to a low battery. At the end
of the deployment, the recording restarted, following
some battery recovery. All these issues led to the data
of UP19 not having sufficient quality for further analy-
ses.

On the other hand, the SOHdata for stationsUP26 and
UP28 indicated a normal performance of the seismome-
ters (Figs. S5 and S6), which suggests insufficient capac-
ity of their battery packs at the experiment’s outset.

The data from UP10’s seismometer were completely
unusable due to a corroded connector pin, likely caused
by mishandling during deployment, exposing it to sea-
water and leading to the severe corrosion observed
upon recovery. The faulty pin compromised data trans-
mission and partially affected the hydrophone channel.
UP23 also did not record any usable seismometer data,
indicating a possible malfunction or obstruction of the
levelling system. Additionally, no SOHwas available for
this instrument to check for possible causes of instru-
ment problems. The failure to download these SOHdata
came from a lack of memory.

All the issues described above result in unusable seis-
mometer data from five stations (UP07, UP10, UP19,
UP23, UP24). Yet, these problems are relatively mild
given the 50 stations deployed in UPFLOW. Indeed, the
overall data completeness (the ratio of theoretically
achievable versus recorded data considering all four
components) is 91.21%. This fully accounts for one
lost station (0% recovery) as well as for early record-
ing stops. For instance, if a station only recorded for
6 months instead of for a planned deployment of a full
year, this would correspond to 50% data completeness.
All further analyses exclude lost stations or those with
faulty data (red stations in Table 1). Excluding those sta-
tions, data completeness is 95.5%.

3.3 Clock drift
Free-fall OBSs are isolated from GPS while on the
seafloor, thus, their clocks drift due to temperature vari-
ations, clock ageing, and/or thermal hysteresis (e.g.,
Gardner and Collins 2012). Conventionally, clocks are
synchronised with GPS upon deployment and recovery,
yielding a “clock skew” measurement. In UPFLOW, it
was possible to measure clock skew for all OBSs, ex-
cept for (i) UP15 due to a human operation error; and
(ii) UP30, which had a faulty communication plate in
the 6D6 recorder that could not be repaired or replaced
during recovery. UP34 had a similar issue but could be
rectified onboard, allowing a skew measurement to be
taken 15h after recovery. UP07 and UP24 were severely
affected by a firmware issue, which caused extreme
clock drifts of >24 h. An incorrect low-power mode
caused their internal clocks to start drifting heavily in
October 2021.
Table 2 shows that UPFLOW’s clock skew ranged be-

tween −21.71 s and 7.95 s, with the average absolute
skew value being 8.64 s. The two fully functioning OBSs
with MCS recorders (UP23 and UP21) achieved much
lower skew values (−0.0004 s and 0.52 s, respectively)
than their newer 6D6 counterparts. Given that typi-
cal errors, for example, in teleseismic body wave travel
time measurements are ∼0.3 s for P-waves and up to
∼2.8 s for S waves (e.g., Nolet and van der Lee 2022), UP-
FLOW’s recorded skew values are substantial.
ManyOBS studies assume that clockdrift is linear dur-

ing the recording period on the seafloor (e.g., Gardner
and Collins 2012). However, deviations from linearity
have been reported, including nonlinear skew trends in
the RHUM-RUM experiment (Hable et al., 2018). More
recently, Cabieces et al. (2024) showed similarnonlinear
clockdriftbehaviour for theUPFLOWexperiment. They
used continuous recordings of seismic ambient noise
and the relative shift of daily Empirical Green’s Func-
tions to estimate clock drift curves for 40UPFLOWOBSs.
They found that 95% of the clock drift observations had
a substantial non-linear component, withmaximumde-
viations to linearity up to 2 s. The estimated drift curves
had an average uncertainty of ∼0.11 s, indicating the
suitability of the drift corrections for future seismologi-
cal studies, such as seismic tomography and earthquake
source analyses.

4 Data formatting and processing
During the UPFLOW recovery expedition in August-
September 2022, all data were converted intominiSEED
format. Moreover, we built instrument response files in
StationXML format following standard procedures (Ah-
ern et al., 2012). Subsequently, we resampled the data
to various sampling rates useful for a variety of applica-
tions and, thus, obtained several time series data chan-
nels (e.g., Long Period LH with 1 samples-per-second
(sps) and Broadband BH with 20 sps). We then decon-
volved the instrument response following standard pro-
cedures using ObsPy (Krischer et al., 2015, see details
in Section S2 in the supplementary material, notably
an illustrative example in Fig. S1). Two essential pro-
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cessing operations were performed: (i) estimating the
stations’ horizontal component orientations; and (ii) tilt
and compliance removal. The next two subsections ex-
plain these operations.

4.1 Horizontal component orientations
Weemployed two classicalmethods to estimate the hor-
izontal orientation of the OBSs, utilising both body- and
surface-waves. The first method relies on the polarisa-
tion of long-period teleseismic P-waves (8-30 s), which
are expected to predominantly appear on the radial (R)
and vertical (Z) components (Niu and Li, 2011; Braun-
miller et al., 2020). The secondmethod utilises the ellip-
tical particle motion of Rayleigh waves in the Z-R plane
(Stachnik et al., 2012). The P-wave polarisation in the
Z-1-2 system is determined through an eigenvalue anal-
ysis of the covariancematrix. The associated error bars
represent formal 95% confidence intervals. For the P-
wave polarisation, they represent the expected error
of the mean based on the empirical variance of mea-
surements for individual events. In turn, the Rayleigh
wave orientation is obtained via a grid search approach
with 1

◦ increments, which maximises the correlation
between the Z component and the Hilbert transform of
the R component. Error bars are derived from a combi-
nation of bootstrap analysis and averaging of errors ob-
tained from two frequency bands (see supplementary
material for details; see Fig. 3 and Table S4).
A total of 149 earthquakes (Fig. S13, Table S1-S3) re-

ported in the GCMT catalogue (Ekström et al., 2012)
were initially analysed, and orientation measurements
were obtained using 10 to 20 events per station (see Ta-
ble S4). Due to strict quality control (see Section S6.3
and Figs. S14-S19 in the supplementary materials for
details about the quality control measures used) only 27
events contribute to the final orientation estimates. In
this analysis, 219 individual P-arrival orientation mea-
surements (including outliers), derived from 24 earth-
quakes, are employed to estimate sensor orientations
for 8 stations with good quality and 28 with poor qual-
ity. Estimates for the remaining 11 stations were invalid
(see Section S6.1 in the supplementarymaterials for de-
tails about how invalid, poor, and good data quality are
defined). Additionally, 399 individual Rayleighwave ori-
entationmeasurements, based on 16 earthquakes, were
utilised to determine sensor orientations for 37 stations
with goodquality and 6withpoor quality; only 4 stations
had invalid estimates.
Fig. 3 and Table S4 show that for some stations

only a few measurements can be extracted from long-
period P-wave arrivals, while the Rayleighwavemethod
can successfully be applied to most stations. In cases
where both methods provide robust estimates, we ob-
serve a good agreementwithin the estimated uncertain-
ties (shown as black circles in Fig. 3). Even when one
method is considered less reliable due to a small num-
ber of contributing events, the results of both methods
generally agree within a few degrees. If both P and
Rayleigh wave estimates are classified as reliable, the
final estimate is defined as the error-weighted mean of
the two. Otherwise, the estimate from the othermethod

is used.
For some stations (e.g., UP21, UP28, UP31, UP39,

UP46), estimates are uncertain due to the lack of re-
sults from one method or reliance on very few obser-
vations. Nonetheless, these estimates, though impre-
cise, are used for setting themetadata entries for station
orientation. Some stations (UP40, UP41, UP42) exhibit
phase shifts between the vertical and radial compo-
nents for the P wave arrivals (see Fig. S16). Their physi-
cal proximity to each other, south and west of Madeira,
suggests a structural reason for this, likely the pres-
ence of un- or partially consolidated sediments with a
few hundred metres of thickness. In such a setting,
the sediment-basement P-to-S conversion will be much
stronger on the radial component than the direct P-
wave and delayed by 1 s to 2 s, resulting in the observed
phase shift. Despite P-wavemeasurements failing qual-
ity checks, estimates based on reliable Rayleigh wave
measurements are considered reasonable for these sta-
tions. Finally, a tendency towards orientations between
approximately 120° and 210° is observed, which is un-
likely to arise from chance. However, any explanation
for this clustering would be highly speculative and is
therefore not further discussed here.

4.2 Seafloor tilt and compliance corrections
Seafloor compliance describes how the seafloor de-
forms under pressure from waves in the overlying
ocean (e.g., low-frequency infragravitywaves). Wemea-
sure compliance as the spectral ratio between pressure
and vertical displacement measurements. Compliance
noise is possibly the predominant contributor to noise
in vertical component OBS data recordings (Crawford
and Webb, 2000). Although compliance noise also af-
fects horizontal component data, it is difficult to sep-
arate from the effects of other noise sources such as
seafloor currents (Webb and Crawford, 1999; Doran and
Laske, 2016).
The primary approach for correcting vertical compo-

nent OBS data for compliance effects entails measur-
ing frequency-dependent pressure changes with a hy-
drophone or Differential Pressure Gauge (DPG). Based
on the spectral coherence in recordings of ambient seis-
mic noise (ideally free from the signal of interest), the
transfer function betweenpressure and vertical compo-
nent waveforms is calculated. The correction is then
performed by applying this transfer function to the
recorded pressure data to predict the compliance effect
on the vertical component, which is then subtracted to
obtain the corrected trace. This procedure was first out-
linedbyWebbandCrawford (1999) and, in this study, we
implemented it into the framework of the open-source
ISP software (Cabieces et al., 2022).
Another noise source is tilt noise, which will always

affect the horizontal components but also arises on the
vertical component for OBS stations that are not per-
fectly levelled. In most cases, the tilt direction (mea-
sured on a compass — as opposed to the tilt angle, mea-
sured from the vertical axis) is unknown andmight vary
with time (Bell et al., 2015; Janiszewski et al., 2023),mak-
ing it hard to carry out the correction deterministically.
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Figure 3 Comparison of estimated orientations of the ‘1’
component (clockwise from North) from polarisation anal-
ysis of long-period P-waves (P; T∼8 s to 30 s) and analysis of
Rayleigh wave (R; T∼8 s to 20 s) particle motion. Error bars
are drawn in black if the estimate and error estimate are
considered robust and in grey when the estimate is classed
as unreliable. Circles are black if bothmethods returned re-
liable results, grey if one of the estimates was deemed un-
reliable, and white if both methods were classed as unreli-
able or returned no result at all. Thin blue lines connect to
the points on the main diagonal which represent our best
final estimate of station orientation. For nine stations, only
a Rayleighwavemethod estimate could be obtained (UP17,
UP21, UP31, UP37, UP39, UP40, UP41, UP42, UP46), and for
one station, only a P-wave one (UP28; excluding “invalid-
invalid” cases); those results are plotted near the respective
coordinate axes.

Instead, this effect can be removed analogously to
the compliance removal technique by calculating the
transfer functions between the two horizontal compo-
nents and the vertical component (Crawford andWebb,
2000). Following Crawford and Webb (2000), we com-
bine both tilt and compliance corrections using our im-
plementation in ISP and apply them sequentially to all
UPFLOWstations for which there were nomajor instru-
ment issues or failures (section 3.2) using timewindows
of 15min. This choice provides a reasonable compro-
mise between time and frequency resolution to remove
the low-frequency tilt and compliance noise (f<0.1Hz).
This combined tilt and compliance analysis requires

all four components: three-component seismometer
and pressure (hydrophone) data. We first correct for
tilt, which is followed by compliance subtraction. We
recompute corrected transfer/coherence functions be-
tween tilt-corrected vertical and pressure for compli-
ance corrections, following the cascade procedure of
Crawford and Webb (2000). Illustrative results are pre-
sented in the next section together with other UPFLOW
data examples, as well as in the supplementary mate-

rials (Figs. S20–S21). Moreover, the UPFLOW data cor-
rected for tilt and compliance are freely distributed in
the EIDA (European Integrated Data Archive) platform,
as explained in Section 6.

5 Data quality and examples
Prior to the UPFLOW recovery expedition in 2022, we
devised a data quality control (QC) protocol, which con-
sisted of computing and plotting for each station: (i)
Probabilistic power spectral density (PPSD, Figs. S22 —
S26) for all components over the whole deployment to
assess the stations’ noise levels and spectra (Table S5 in
the supplementarymaterials includes all the details and
parameters used for these calculations); (ii) Illustrative
seismic waveforms for a pre-defined list of teleseismic,
regional, and local earthquakes (Tables S1-S3); and, (iii)
Daily spectrogram throughout the whole deployment to
detect other signals (e.g., whales, earthquakes not re-
ported in catalogues, instrumental resonances, etc.; see
supplementary material, links in Section S1). In this
section, we present examples of these data/spectra. We
note that, except for Fig. 7 and Fig. 9, the examples
shown are not corrected for tilt and compliance.

5.1 Noise levels
Fig. 4 presents the PPSD acceleration plots (McNamara,
2004; Krischer et al., 2015) for station UP05 (for all indi-
vidual PPSD please refer to Figs. S22 — S26).
The vertical component (Z) noise levels in both high

and low-frequency ranges fall within the boundaries of
theNewHighNoiseModel (NHNM) andNewLowNoise
Model (NLNM) of Peterson (1993), which were obtained
using land data. The long-period horizontal component
data (T>20 s) are substantially noisier than the NHNM.
Hydrophone PSDswere converted to acceleration to en-
sure comparability with seismic data. Most of the cor-
responding hydrophone PPSD values fall between the
NHNM and the NLNM, except for periods longer than
80 s.
To facilitate the comparison across stations and chan-

nels, the median PPSDs computed for all the UPFLOW
stations except those with issues discussed in Section 3
are presented in Fig. 5.
For most stations, the vertical component median

PPSD falls between the NHNM and the NLNM. The hor-
izontal components show noisier PPSDs, especially in
the wave period range 10 s to 100 s. While Fig. 4 shows
PPSDs from hydrophone acoustic pressure data con-
verted to acceleration, for completeness, Fig. 5 displays
median PPSDs for the actual hydrophone acoustic pres-
suredata, whichare comparedwith theCTBTOhighand
low noise models (Brown et al., 2014). Most of the UP-
FLOWhydrophonemedianPPSDs fall within theCTBTO
high and low noise models.
The distribution of hydrophone and vertical seis-

mometer component noise for each station in the 2 s
to 12 s band is shown in Fig. 6. For the vertical com-
ponent, the median station noise lies below the NHNM
(indicated by the top red horizontal line) for all sta-
tions; it ranges from −135 dB to −105 dB (m2/s4/Hz) with

8
SEISMICA | volume 5.2 | 2026



SEISMICA | DATA REPORT | UPFLOW data report

Figure 4 Probabilistic power spectral density (PPSD) for the four channels of station UP05. The PPSD for the vertical com-
ponent (upper left corner) fallsmostly inside the lower and upper land noisemodel levels (grey lines). On the other hand, the
horizontal components (lower panels) are noisier, especially between periods of 10 s and 100 s. The hydrophone noise levels
in the upper right corner are usually displayed in the −60 dB to 60 dB range, due to its hydroacoustic nature. We converted
the hydrophone PPSD to acceleration-equivalent. The grey lines correspond to the New High Noise Model (NHNM) and New
Low Noise Model (NLNM) of Peterson (1993), respectively.

an average value of -120 dB. The median hydrophone
noise ranges from −12 dB to 22 dB (Pa2/Hz) with an av-
erage value of +10 dB. The quartiles generally follow the
trend of the medians, with some variations, i.e., sta-
tions which are typically quiet, tend to be also among
the quiet ones on quiet days and noisy days, and vice
versa.

As explained in the previous section, we applied tilt
and compliance corrections to the vertical component
seismometer data. While all the examples of data/spec-
tra presented so far do not include these corrections,
Fig. 7 shows the effect of removing tilt and compliance
noise from vertical component data for UPFLOW OBS
stations (for completeness, we also present the associ-
ated inter-channel coherence in Fig. S21). We observe
the most substantial noise level reduction for wave pe-
riods longer than T∼25 s, and especially for T>∼ 100 s.
This is probably due to the strong influence of ocean
gravity waves at these periods, particularly infragrav-
ity waves arising at internal density contrasts within the
water column (Webb et al., 1991; Godin et al., 2013). To
further explore the impact of the tilt and compliance
corrections on UPFLOW’s earthquake waveform data,
we calculated the signal-to-noise ratio (SNR) for over
3,700 vertical component recordings of the 149 earth-

quakes considered in our study (Tables S1 - S3) forwave-
formswith andwithout tilt and compliance corrections.
The SNR is defined as the root-mean-square (RMS) of
the Rayleigh wave window divided by the RMS of the
preceding noise window, using the same filtering as
in our horizontal orientation analysis (see illustrative
waveform examples in Fig. S27). Fig. S27 also presents
the distribution of the SNR gain, which is the difference
between the SNR of the waveforms with and without
tilt and compliance corrections. It shows that in most
cases, the SNR gain is small and close to zero. While in
some cases the tilt and compliance corrections improve
the SNR of the earthquake waveforms, in other cases, it
degrades the signal. This is not surprising as our tilt and
compliance corrections are more substantial for longer
period data than for those used in our horizontal orien-
tation analysis.

5.2 Earthquake recordings
Our list of teleseismic, regional, and local events com-
piled prior to the expedition included 149 events (seeTa-
bles S1 - S3) selected based on their moment magnitude
and epicentral distance to the UPFLOW network. We
found that 85% of the earthquakes in our list were cap-
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Figure 5 Median PPSDs for all UPFLOWstationswith seismometers forwhich no issueswere identified in Section 3 and four
channels. For most stations, the vertical component PPSD (upper left corner) falls in between the NHNM and NLNM (dashed
grey lines on plots for Z, 1, and 2 components). The horizontal components (lower panels) are noisier, especially between
10 s and 100 s. The hydrophone noise in the upper right corner is displayed between −60 dB and 60 dB (note the difference
to the previous figure; here, we do not convert acoustic pressure into acceleration to allow an evaluation of the data directly
obtained from the hydrophones); the dashed lines represent the CTBTO hydroacoustic high and low noise models (Brown
et al., 2014).

tured by UPFLOW stations, with clear signals in more
than 70% of the stations with seismometers for which
no issues were identified in Section 3.

Fig. 8 shows two examples of earthquakes widely
recorded by UPFLOW stations (vertical component) for
a Mw 7.1 earthquake in the South Sandwich Islands and
a ML 1.7 local/regional event in the Gloria Fault region
(Fig. 1, red star close toUP07). In both cases, the record-
ings show waveforms with very clear arrivals of vari-
ous wave types (P and S waves, Rayleigh waves, and T
waves).

In addition to analysing earthquake time series, we
also performed spectral analyses (Ferreira et al., 2006)
and observed high-quality normal modes (Earth’s free
oscillations) for theMw8.3 2021 South Sandwich Islands
earthquake on 12 August 2021 and for theMw 8.2 Alaska
earthquake on 29 July 2021. Fig. 9 shows an illustrative
comparison between the original (uncorrected for tilt
and compliance) 48-hour normal mode data spectrum
for the Mw 8.3 2021 South Sandwich Islands earthquake
with the spectrum obtained for data corrected for com-
pliance and tilt, as explained in Section 4.2. The lat-
ter corrections enhance the normal mode observabil-
ity, with clear normal modes observed down to at least
about 1.8mHz. The majority of UPFLOW vertical com-
ponent seismometer stations show good quality normal
mode observations for both the South Sandwich Islands

and the Alaska events, which highlights the high qual-
ity of our low-frequency vertical component data. Hori-
zontal component data donot showclear normalmodes
due to noisier low-frequency data, as presented, e.g., in
Fig. 5.

5.3 Non-Earthquake signals
In addition to earthquake recordings, OBS data are rich
inmanynon-earthquake signals potentially valuable for
different disciplines such as oceanography and marine
biology.
Fig. 10a shows illustrative spectrograms for the ver-

tical channel computed for station UP06 for the whole
experimental period. The vertical component spectra
showwell-known distinct seasonal signals in themicro-
seismic noise band (T∼ 1 to 16 s), with enhanced ampli-
tude in winter due to stronger storms in the North At-
lantic (Lecocq et al., 2020). Moreover, a clear signal ap-
pears during winter around 17 Hz in the spectrogram,
which corresponds to blue whale vocalisations and Fig.
10c highlights characteristic fin whale calls (Silva et al.,
2013; Pereira et al., 2020, 2021). Marine mammals,
such as, e.g., baleen whales with low-frequency vocal-
isations, produce a variety of sounds for communica-
tion, detection (prey/food), and navigation purposes,
and these signals can be detected and analysed in OBS
seismometer data (Pereira et al., 2020, 2021). Investigat-
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Figure 6 Boxplot of the UPFLOW stations for the hydrophone (top) and vertical component seismometer (bottom) data
between 2 s and 12 s, extracted from PPSDs (after Stähler et al. 2016). The minimum andmaximum values in the dataset are
represented bywhiskers, extending vertically up and downwards from the box. Quartiles andmedian are represented by the
closed box and are drawn between the first quartile (Q1) and the third quartile (Q3). The small red rectangles represent the
median of the data. Green scatter are outliers, which lie significantly above or below the rest of the data. The horizontal red
lines in the top correspond to the CTBTO hydroacoustic high and low noise models (Brown et al., 2014), while in the bottom
the NHNM and NLNM land noise models are shown for this particular frequency range (Peterson, 1993).

ing these signals can contribute to our understanding of
marine mammals’ behaviour, migration patterns, and
their interactions with the marine environment.
As explained previously in Section 2, the LOBSTER

and NAMMU OBSs have flags, radio antennae, buoys,
etc. attached to their frames. All these elements res-
onate at well-known frequencies (6Hz, 8Hz and 10Hz
for the antenna, flag, andheadbuoy, respectively Corela
et al. 2023) when subject to the effects of ocean bottom

currents. Fig. 11a shows an illustrative example of such
resonances. Data from the GEOMAR OBS19 station,
which had a freely floating head buoy, show clear mul-
tiple horizontal band signals associated with the buoy
in the 1-15 Hz frequency range. These signals are very
similar to the signature of the head buoy observed in the
RHUM-RUM experiment (Stähler et al., 2016, 2018). On
the other hand, such signals are not observed for sta-
tionswith fixed buoys, leading to reduced noise levels in
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Figure 7 Comparison of average PSDs between raw data
(orange) and tilt- and compliance-corrected data (red) for
the vertical component. Upper and lower purple lines cor-
respond to the NHNM and NHLM (Peterson, 1993). Fig.
S20 showscomparisonsof individual power spectramedian
lines before and after tilt and compliance corrections, and
inter-channel coherence is presented in Fig. S21.

the ∼1Hz to ∼15Hz frequency range compared to sta-
tions with free buoys (Fig. 11b). This shows that wrap-
ping the head buoy reduces strumming and noise.

6 Data archiving and distribution
Professional open data archiving and maintenance are
vital to ensure the integrity, safety, utility, and legacy
of OBS data, yet they are still not a standard practice.
Such practices greatly facilitate the distribution of data
among team members during the data embargo period
and, subsequently, to the wider community. Moreover,
the assignment ofDigital Object Identifiers (DOIs) to the
data is not only key to ensuring their traceability, but
also for promoting proper acknowledgement in schol-
arly work. FAIR (Findable, Accessible, Interoperable
andReusable) principles are increasinglybeing adopted
in data sharing (Wilkinson et al., 2016), which involve a
“Give-and-take” philosophy to ensure fairness, empha-
sising principles of accessibility and usability.
EIDA (European Integrated Data Archive), an initia-

tive within ORFEUS (Strollo et al., 2021), plays a piv-
otal role in securely archiving seismic waveform data
and metadata from various research infrastructures.
EIDA/ORFEUS offer excellent personalised support for
data archiving, handles DOI assignments, and strongly
promotes the adoption of open and FAIR data policies,
which makes them the ideal repository for UPFLOW
data.
Given the complexities of handling and pre-

processing OBS data (e.g., clock drift corrections),
an OBS data working group has proposedmodifications
to StationXML and miniSEED formats (Clinton et al.,
2018). This proposal outlines OBS-specific standards,
best practices, and post-processing tools to enhance

data clarity and ease of use. While preparing UPFLOW
data for the repository in the GFZ EIDA node (Ferreira,
2024), we have followed these proposed principles.
We filled the various recommended fields in the Sta-
tionXML files using the same values as presented in
Table 1. For example, a “Localisation method” field is
recommended to indicate how the OBS position was
determined. Additionally, we provide the on-deck
GPS deployment coordinates. In the “Measurement
method” field, we describe how parameters such as,
e.g., azimuth and dip were determined (see Section
4.1). The non-linear clock drift corrections, which
were obtained by Cabieces et al. (2024) (Section 3.3),
are applied to the data by correcting daily files for
clock drift. Finally, key details are summarised in the
“Comment” field of the StationXML file or abstract
in the Digital Object Identifier (DOI), offering a quick
reference point for users seeking essential information
about the dataset. If leap seconds occur, they are
corrected and explicitly flagged to maintain temporal
accuracy in archived data, but none occurred during
the UPFLOWexperiment.
ArchivedUPFLOWdata include BH (Broadband, sam-

pling rate 50Hz), HH (High Broadband, sampling rate
100Hz) or CH (sampling rate 250Hz) channels, depend-
ing on the original sampling rate during the deploy-
ment. An additional LH (Long-Period, sampling rate
1Hz) channel is also distributed. Since LH data are typ-
ically used in long-period seismic studies, which may
greatly benefit from tilt and compliance corrections, we
apply these corrections to the vertical component LH
data as explained in Section 4. We do not distribute
uncorrected vertical component LH data for simplicity
since such data can be easily obtained by decimating,
e.g., BH data.

7 Discussion
7.1 Instrument performance
In this study, we examined auxiliary data that are usu-
ally not shown or discussed in the scientific literature,
notably the instrument’s State of Health (SOH) informa-
tion (e.g., levelling adjustments, magnetometer data,
changes due to the instrument’s reorientation, battery
voltage, temperature, mass position and acceleration),
which informabout the seismometers’ operational state
throughout the experiment.
SOH data have been crucial to pin down, for exam-

ple, the causes for premature termination of the record-
ings, such as insufficient capacity of the battery packs
at the experiment’s outset. Moreover, we found that
one station (UP19) possibly landed on unstable ground
in the seabed, leading to regular movement and tilting
throughout the recording period. This information is
key to giving us strong confidence in the data acquired
in the case of insufficient battery capacity, whichdidnot
show particularly anomalous SOH data throughout the
experiment (e.g., for UP26 andUP28), while amore cau-
tious approach is needed when using data from UP19.
Hence, our study clearly shows that the availability of
SOH data along with their systematic quantitative anal-
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Figure8 Record sectionsof vertical component seismometer recordings for earthquakes recordedby theUPFLOWnetwork.
a) A teleseismicMw ∼7.1 earthquake in the South Sandwich Islands at 2021-08-22T21:33:13. The orange dashed line denotes
the theoretical arrival times of the first-arriving P-wave calculated for the Earth model iasp91 (Kennett and Engdahl, 1991).
Traces are bandpass filtered between 20 s and 50 s period. b) A local Ml ∼1.7 event on the western segment of the Gloria
Fault Zone on 2022-06-29T02:31:43 (epicentre shown by the red star in Fig. 1), as reported in the IPMA earthquake catalogue.
Traces are bandpass filtered between 5Hz and 15Hz.

ysis is very useful for a comprehensive assessment of
the quality of OBS data. Given the huge costs typically

involved in the acquisition of these datasets, SOH data
analysis allows amore complete understanding of these
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Figure 9 Comparison between the original 48 hr normal
mode data spectrum for the Mw 8.3 2021 South Sandwich
Islands earthquake (top) and the spectrum obtained for
data corrected for compliance and tilt (bottom) for station
UP01 (vertical component). The vertical dashed lines corre-
spond to theoretical normalmode eigenfrequencies for the
PREM model (Dziewonski and Anderson, 1981), with blue
lines corresponding to spheroidal modes, green lines being
for toroidal modes, and the red line representing the 0S0

mode. See Section 5.2 in the main text for more informa-
tion.

precious data.
A major issue with the UPFLOW data was the large

clock skew values observed, being on average 8.64 s in
absolute value over the experiment duration. This re-
quired a meticulous, time-consuming ambient noise
clock drift analysis (Cabieces et al., 2024), which iden-
tified substantial non-linear clock drift, with deviations
from non-linearity going up to ∼1 s to ∼2 s. Such sub-
stantial non-linearity is significant for many common
seismological applications (e.g., seismic tomography,
seismicity studies, etc). Recent open software tools for
clock drift analyses (e.g., Naranjo et al., 2024; Cabieces
et al., 2024) will help accelerate future OBS clock drift
analyses. Moreover, future work on new instrument
development (e.g., using atomic clocks with optimised
power consumption)may greatly reduce OBS clock drift
issues (Lodewyk et al., 2014).

7.2 OBS data noise levels
The landscape of studies publishing OBS data quality
and issues is sparse compared to the actual number of
experiments (e.g., Sumy et al., 2015; Stähler et al., 2016;
Barcheck et al., 2020; Eilon et al., 2021; Parisi et al.,
2024), making it challenging to benchmark our findings
against others. For older experiments, some informa-
tion can be found in cruise reports (open or closed ac-
cess). Stähler et al. (2016) have set a precedent by pro-
viding a detailed account of OBS data quality and instru-
ment performance. However, some limitations persist,
notably the paucity of opportunities for comparing data
from different experiments. The work of Janiszewski
et al. (2023) is commendable in this regard, offering a
comprehensive comparison of data from various OBS
experiments. They performed a systematic analysis of
OBSnoise as a functionof seismometer type anddeploy-
ment water depth, mostly using OBS data collected in
the Pacific Ocean. Fig. 12 compares the noise levels of
UPFLOW’s OBS stations from the vertical components

with the results of Janiszewski et al. (2023). The long
period (>5 s) OBS noise levels reported by Janiszewski
et al. (2023) span a wide range within the high (NHNM)
and low noisemodel (NLNM) of Peterson (1993), with in
particular shallow stations at <3000m depth regularly
exceeding the NHNM. In contrast, the data noise levels
observed in UPFLOW tend to fall close to the lower end
of the spread of prior measurements. Notably, there
seems to be little dependence of noise levels on water
depth. Lower noise levels compared to previous experi-
ments are likely due to a combination of enhanced sen-
sors, larger water depths, and local environmental con-
ditions (e.g., deep ocean currents).
As expected, the horizontal component data are nois-

ier than the vertical component data (Figs. 4, S22-
S26), particularly for long-period data (T>20 s), where
they exceed the high noise model (NHNM). Yet, com-
pared with previous experiments, such as the DOCTAR
experiment near the Gloria Fault (Fig. S28), we ob-
serve an overall noise reduction in periods from 1 s to
10 s. DOCTAR performs better at higher frequencies
on the horizontal components, but in both the DOC-
TAR and UPFLOW experiments, the horizontal compo-
nents are noisy. Hence, we consider horizontal data
recorded by UPFLOW to be of reasonable quality com-
pared to otherOBS data. Moreover, it is worth highlight-
ing that, as explained in Section 4.1, robust horizontal
component rotation anglesweredeterminedduringUP-
FLOW’s recovery expedition, without requiring subse-
quent re-analyses, additional earthquakes used, etc. A
total of 149 earthquakes from a list compiled before the
expedition was used as a starting point, with about 10
to 20 events being used for orientation angle estimates
per station (see Table S4). These numbers of events are
similar to those utilised in other OBS studies with sim-
ilar deployment duration (Laske, 1995; Stachnik et al.,
2012; Scholz et al., 2017), regardless of their different ge-
ographical locations and varying numbers of available
earthquakes (e.g., due to regional seismicity patterns).
The data noise levels across different instrument

types used in the UPFLOW experiment (see Fig. 2, 6
and 12) are overall similar. This is akin to the findings
of Stähler et al. (2016) for the RHUM-RUM experiment
and shows that noise sources (e.g., microseismic noise,
oceanic currents, etc.) influence all stations broadly
in a similar way. It should just be noted that, in spe-
cific frequency bands, differences in noise levels do oc-
cur between different instruments or deployment prac-
tices, such as with the GEOMARLOBSTEROBSs display-
ing higher noise levels than other UPFLOW LOBSTER’s
from around 5Hz to 20Hz due to their free head buoy
(Section 5.3).
As explained in Section 5.3, wrapping and fixing

the head buoy in the DEPAS and ROA-UCM LOBSTER’s
with custom-made tarps substantially reduced well-
documented head buoy-induced reverberations, lead-
ing to noise levels similar to those observed forNAMMU
instruments (which also have the head buoy tucked
aside the OBS frame during data acquisition; see Fig.
2). Hence, this study strongly supports tucking away the
head buoy in existing LOBSTER instruments where it is
loose by default.
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Figure 10 Microseismic noise and whale-call recordings. a) Spectrogram for the vertical component of station UP06 for
its entire recording time. At periods of 1 s to 10 s, there is an increase in the strength and bandwidth of microseismic noise
during winter due to storms. Moreover, a clear signal at 16Hz to 28Hz (demarcated by the orange dashed lines) emerges
during the winter months. b) Corresponding root-mean-square ground velocity in 16Hz to 28Hz band (Lecocq et al., 2020),
smoothedwith 3-day rollingmean. In (a) and (b), the vertical dotted line corresponds to the date of the data segment shown
in (c). Two-and-a-half minute long data segment from UP06.HHZ on 2021-12-21 showing 11 characteristic fin whale calls as
waveforms in the time domain (top panel; bandpass filtered at 16Hz to 28Hz) and as a spectrogram (bottom panel).
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Figure 11 Buoy strumming effect. (a) Vertical-component spectrogram for a 6-hour period from the OBS19, a GEOMAR
LOBSTER with a freely floating head buoy affected by ocean currents, leading to the interpreted gliding, strumming signals.
These signals are characterised by a gradual rise around 04:00, and subsequent decline around 07:30, and are seen most
strongly at, but not limited to, frequencies of 1Hz to 8Hz. (b) Comparison between the 95th percentile of high-frequency
PPSDs for OBSs with freely-floating heads (GEOMAR type) and those with fixed buoys. The solid lines represent the mean
PPSDs for all OBSs, with the shaded areas indicating the standard deviation. The buoy strumming effect leads to an elevated
medianPPSD curve for all GEOMAROBSs (yellow line) between∼3Hz and∼8Hz compared to the other LOBSTEROBSs (blue
line).

Additionally, the flag and the radio antenna exhibit
distinct tremor signals at around 1Hz and 6Hz, respec-
tively (Corela et al., 2023). Examples of these signals in
the UPFLOW data can be found in Fig. 11; unlike for
the head buoy, there is currently no easy way to reduce
these signals during data acquisition. Hence, it is cru-
cial to consider all these reverberations, which vary de-
pending on the OBS design, when analysing and inter-
preting OBS data.

Although hydrophone data are commonly available
in most OBS experiments, their underutilisation for
analysis is a prevailing issue. A comparison of our
hydrophone noise levels with Stähler et al. (2016) re-
veals remarkable similarity in the period range (T ∼2 s
to 12 s), between 0 dB and 20 dB, in the boxplot analy-
sis. Both studies show consistent frequency-dependent
noise variations between −40 dB and 40 dB despite dif-
ferent environmental settings. Yet, comparing our hy-
drophone observations with those from Janiszewski
et al. (2023) poses additional complexities due to the di-

verse dataset encompassing both differential pressure
gauges (DPGs) and absolute pressure gauges (APGs).
Differences in hydrophone data might be due to their

response informationor pressure gauges displaying cal-
ibration issues, where it might be necessary to adjust
the amplitudes to reach a good agreement between dif-
ferent datasets (Janiszewski et al., 2023).

7.3 Earthquake and non-earthquake obser-
vations

We presented illustrative examples of UPFLOW’s high-
quality recordings of teleseismic and local earthquakes,
including good-quality observations of Earth’s free os-
cillations (normal modes). While some previous OBS
studies reported observations of low-frequency normal
modes (Bécel et al., 2011; Laske et al., 2007; Laske, 2021),
which are some of the most demanding observations in
broadband seismology (Laske, 2021), they were mostly
obtained using very broadband instruments (e.g., us-
ing Trillium 240 broadband sensors). To the best of
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Figure 12 Comparison of vertical component seismometer noise levels (y-axis) versuswater depth (x-axis) for UPFLOW sta-
tions (green symbols) and for a compilation of recordings from the Pacific Ocean (light blue dots) by Janiszewski et al. (2023).
The downward triangle represents DEPAS LOBSTER, the hexagon DEPAS NAMMU, the pentagon represents DIAS NAMMU, the
thin diamond shows GEOMAR, the diamond represents ROA-UCM, and the square represents IDL stations. Note that UPFLOW
data tends to aggregate at the lower noise levels reported by Janiszewski et al. (2023), especially for the shallower water
depths. Noise levels are shown in the 0.05Hz to 0.1Hz (top) and the 0.01Hz to 0.05Hz (bottom) frequency ranges. Horizon-
tal red lines represent the median high (NHNM) and low noise model (NLNM) (Peterson, 1993) for that frequency range.

our knowledge, our observations are the first clear re-
port of OBS low-frequency normal modes observed us-
ing Trillium Compact instruments (with a corner pe-
riod of 120 s). This highlights the complementarity of
these sensors to very broadband instruments for low-
frequency OBS studies. Moreover, we found that it was
straightforward to apply tilt and compliance corrections
(Crawford and Webb, 2000; Bell et al., 2015; Cabieces
et al., 2022) to all the UPFLOW data. This reduced the
noise levels of the low-frequency recordings (f<0.04Hz;

Fig. 7), notably enhancing the quality of the normal
mode observations. Future studies will investigate in
detail the information encapsulated in these correc-
tions, notably possible constraints on near-surface seis-
mic structures contained in our compliance estimates.
In addition, other techniques have been developed to
reduce OBS data noise, notably for normal mode obser-
vations (e.g., Harmon et al., 2022), which will be inter-
esting to explore in future work.
While performing our systematic spectrogram and
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time series analysis of UPFLOW data during the recov-
ery cruise, we found surface waves from some teleseis-
mic events that were not originally anticipated, includ-
ing magnitudes down to Mw ∼5.2 at distances as large
as 137°. We are currently working on the detection and
compilation of all seismic events recorded by UPFLOW,
which exceeds the scope of this study. More generally,
given the low vertical noise levels documented in this
study and the high-quality recordings of earthquakes,
including normalmode observations, it is clear that UP-
FLOW data are highly suitable for future tomography,
seismicity, moment tensor, and various other studies.
Many non-earthquake signals were also recorded,

such as whale vocalisations (e.g., fin and blue whales),
which were clearly observed both in hydrophone and
seismometer data. The vocalisation recordings are
more prevalent during the winter recording period,
suggesting a relationship with whale migration pat-
terns. Given the large geographical extent and dura-
tion of the UPFLOWexperiment, Saoulis et al. (2026) de-
veloped a novel machine learning model based on 2-D
semantic segmentation to efficiently identify current-
induced instrument resonances as well as blue whale
calls across the array. The UPFLOWdata along with this
machine learning model will be beneficial for future
studies of whale populations and behaviour, and their
relationshipwith environmental noise (e.g., ship noise).
Reverberations from OBS components (e.g., from the
flag, beacon, flasher, etc.) are also ubiquitous in the UP-
FLOW data. While it is currently difficult to change the
OBS design to reduce these reverberations, they offer
an interesting opportunity to study the characteristics
of deep ocean currents, which are the main source of
excitation of these reverberations.

8 Conclusions
UPFLOW successfully deployed 50 OBSs and recov-
ered 49 OBSs from the seafloor in the Azores-Madeira-
Canaries islands region between June 2021 and August
2022. Data completeness of ∼91% was achieved, with
only three out of 49 instruments failing and two oth-
ers exhibiting serious firmware issues. This paper fo-
cused on a quality assessment of the UPFLOWdata and
showed a reduced noise level compared to previous
studies of similar scope, notably for long-period vertical
component data. Moreover, horizontal component data
showed reasonable quality, with noise levels similar to
or lower than previous OBS experiments, enabling the
estimation of their orientation angles using both body
and surface waves from teleseismic events. Further-
more, clear Earth normal modes with frequencies as
low as ∼1.8mHz for two Mw 8 events were observed,
with their visibility being enhanced by tilt and compli-
ance corrections.
Data quality was improved compared to previous

comparable experiments by modified deployment pro-
cedures (i.e., by fixing the head buoy in the majority of
the LOBSTER instruments) and by the use of new sen-
sors (upgrade from Güralp CMG-OBS40T to Nanomet-
rics Trillium Compact sensors).
Overall, the data quality achieved will enable future

seismic imaging studies of the UPFLOWregion to better
understand the nature and origin of mantle upwelling
in the region and, more generally, at the global scale.
Additional signals recorded by the UPFLOW array

throughout the whole experiment include vocalisations
from baleen whales (e.g., fin and blue whales) and OBS
parts reverberations, which will be useful for investi-
gating deep ocean currents. Given the good quality,
richness, and quantity of seismic and acoustic pressure
recordings obtained for the first time in such a large
area of the Atlantic Ocean, UPFLOW data offer an un-
precedented opportunity to address many open ques-
tions, not only in geology and geodynamics, but also in
other disciplines such as oceanography and marine bi-
ology.
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