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Abstract The slow-spreading Red Sea rift has been the focus of geophysical investigations in the recent
past to study the extension of the oceanic crust, the thickness of the sedimentary cover, and the formation
of transform faults. Despite these efforts, local seismology datasets remain scarce, limiting their potential
contribution to understanding the tectonic evolution of the Red Sea. The Zabargad Fracture Zone, situated
in the Northern Red Sea, offsets the rift axis to the East, making it an important tectonic element to better
understand the Red Sea rift’s formation. To fill the gap of missing seismological observations, we deployed
the first passive seismic network in the Red Sea, specifically within the Zabargad Fracture Zone. This network
comprised a total of 14 ocean-bottom seismometers (OBS) and four portable onshore broadband seismic sta-
tions, positioned on islands and along the Saudi Arabian coast. Our noise analyses revealed that short-period
noise (less than 0.2 s) in this region is more pronounced than in many other areas sampled by OBSs, possibly
due to intense ship traffic. Within the microseismic noise range, we identified strong contributions from local
atmospheric and oceanic sources of noise, which in combination with site effects generated a second peak
around 0.2-1s. At long periods, waveforms may be used for regional and global studies of earthquakes larger
than magnitude M,, =~ 6.7, and potentially smaller events for an OBS sub-dataset. Finally, we detected a
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local earthquake with a magnitude M., = 3.4, which could have a volcanic or hydrothermal origin.

1 Introduction

The Red Sea is a slow to ultra-slow spreading ridge with
an age of less than 14 million years (e.g., Augustin etal.,
2021; Delaunay et al., 2023), formed after the break-up
of Arabia from Nubia. While many tectonic models of
the Red Sea have limited the extent of oceanic spreading
to the southern and central Red Sea (e.g., Coleman and
McGuire, 1988; Almalki et al., 2015), increasing amount
of evidence is pointing to mid-ocean spreading along
its entire length (Augustin et al., 2021; Delaunay et al.,
2023). An offset of up to ~100 km marks the transition
between the northern and central Red Sea. This is usu-
ally referred to as the Zabargad Fracture Zone (ZFZ) and
extends from Zabargad Island in the South to the south-
ern limit Mabahiss Deep in the North (Figure 1). While
there is agreement on the presence of the rift axis in the
Mabahiss Deep and Mabahiss Mons (an active volcano
located north of the deep, see Figure 1, e.g., Augustin
et al., 2021; Delaunay et al., 2023; Fittipaldi et al., 2024),
the limits and geological structures of the ZFZ are un-
clear, mostly because the northern and central Red Sea
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seafloor is covered by thick sediments (mainly evapor-
ites and Plio-Pleistocene sediments) with the basement
exposed at only a few locations. Determining the struc-
ture of the ZFZ as one or multiple transform faults, or
even as a set of non-transform offsets (NTOs), has im-
portant implications for the maximum earthquake size
in the ZFZ and thus for seismic and tsunami hazard as-
sessments of coastal communities in this part of the Red
Sea.

Accurate earthquake locations are critical for resolv-
ing the structure of the ZFZ. However, the existing
earthquake catalog from the Saudi Geological Survey
exhibits two diffuse clusters of seismicity that are more
than 50 km in diameter (Figure 1), with event locations
far from being sufficient to image the ZFZ fault system
in detail. Moreover, not much is known about large
earthquakes in the ZFZ. Only four earthquakes of mag-
nitude larger than 4.5 were instrumentally recorded in
the area before the Saudi and Egyptian seismic net-
works were established and since then only one addi-
tional earthquake was large enough (M,, 4.9 in 2015)
for focal mechanism determination, showing normal
faulting (Figure 1). Strike-slip tectonic movements are
also expected in the ZFZ and have been suggested from
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Figure 1 Map of the OBS deployment in the northern Red Sea. The earthquake locations are from the Saudi Geological
Survey for 2011-2016, locations of magnitude larger than 4.5 events from IRIS (www.iris.edu, last accessed 5 April 2023), and
the focal mechanism of the 12 January 2015, earthquake from the CMT catalog (www.globalcmt.org, last accessed 5 April
2023). Bathymetric data are from GEBCO (www.gebco.net, last accessed 5 April 2023). ZFZ: Zabargad Fracture Zone. DSF:
Dead Sea Fault. Dashed lines in the inset separate the northern, central, and southern Red Sea.

tectonic mapping on Zabargad island (Marshak et al.,
1992). Furthermore, historical catalogs (El-Isa, 2015;
Rehman et al., 2017), while limited, highlight the seis-
mogenic potential of the ZFZ by including reports on
two earthquakes of magnitude that could have been as
large as M,, 6. Moderate-to-large earthquakes within
the ZFZ would threaten neighboring coastal communi-
ties on both sides of the Red Sea (Figure 1), in particu-
lar on the more populated Saudi coast, e.g., the city of
Yanbu with its large petrochemical facilities, the town
of Umm Lujj, and Red Sea Global, a major tourist des-
tination under development mostly within the Al Wajh
lagoon/platform (Figure 1). The threat may come from
the shaking of the weakly consolidated terrains east of
the Al-Wajh lagoon and from tsunami waves that could
hit the westernmost islands of the same lagoon.

To improve knowledge and understanding of the
structure of the ZFZ, we installed the first network of
Ocean Bottom Seismometers (OBS) in the Red Sea. We
deployed 14 OBSs and four land stations that cover the
latitude range 23.5°-25.5°N (see Figure 1) to establish

2

the temporary ZAFRAN seismic network surrounding
the ZFZ to collect broadband seismic data for approxi-
mately one year. The primary objective of the deploy-
ment is to detect and locate earthquakes to map active
faults within the ZFZ. We also plan to construct seismic
velocity models of the crust and upper mantle structure
to estimate the extent of the oceanic crust and the thick-
ness of the evaporite cover. We will achieve this by uti-
lizing body waves from local and teleseismic events, as
well as ambient noise cross-correlations. The results
should provide valuable insights into the seismic poten-
tial of the ZFZ and, in the broader context, its role in the
geological evolution of the Red Sea. Furthermore, the
OBS data may help in identifying and characterizing po-
tential active volcanic and hydrothermal sources.

While OBSs enable the collection of data in previ-
ously unexplored regions, interpreting and removing
seismic noise recorded by OBSs is more challenging
compared to noise recorded inland. This complexity
arises because sensors deployed inland benefit from in-
sulation against temperature variations, air currents,
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and wildlife, due to installations in vaults, direct instru-
ment burial, and other protective measures. In con-
trast, OBSs are often placed directly on the seafloor
without specific protection. The exposure of OBSs to
the marine elements may introduce noise in the same
frequency band as signals used in seismological inves-
tigations (ranging from 40 Hz to 100 s and beyond).

Both OBSs and land seismic stations record the am-
bient seismic noise that occurs in different frequency
bands, corresponding to different noise sources. Seis-
mic noise with wave periods exceeding 1 second gen-
erally results from the intricate interplay between the
atmosphere, the ocean, and the Earth. The microseis-
mic noise range, commonly defined from 2 to 4 seconds
up to 20 seconds (e.g., Stutzmann et al., 2000; Gualtieri
et al., 2013), encompasses the secondary microseismic
peak, often observed around 7 seconds, and sometimes
observed split with an additional peak around 1-2 s
(e.g., Parisi et al., 2020). Long-period ambient noise
(periods exceeding 10-20 seconds), which typically in-
cludes the primary microseismic peak occurring be-
tween 10 and 20 seconds, is generated through the in-
teraction of ocean waves with shorelines (e.g., Ardhuin,
2018). Periods exceeding 30 seconds are frequently in-
fluenced by infragravity waves originating in coastal re-
gions, capable of propagating back to the open ocean
(Ardhuin et al., 2014). Detecting and mitigating this
noise from OBS data usually involves analyzing the co-
herence between pressure and vertical seismic signals
(e.g., Janiszewski et al., 2019). Additionally, sea bottom
currents, circulating the OBS elements, can introduce
noise within this period range, predominantly affecting
the horizontal components. In cases of imperfect sen-
sor leveling, this noise may impact the vertical compo-
nent as well (Crawford and Webb, 2000). The detection
and removal of this noise can be achieved by examin-
ing the coherence, if present, between the vertical and
horizontal components (Crawford and Webb, 2000).

The quality of short-period signals (T<1 s), on the
other hand, is less dependent on the sensor perfor-
mance, but it is crucial for the investigation of local
earthquakes and volcanic and hydrothermal activities.
Nevertheless, OBS recordings have frequently reported
additional sources of seismic signals at short periods,
including those generated by ships and marine mam-
mals (e.g., Wilcock, 2012; Trabattoni et al., 2023). More-
over, signals within these short periods may be suscep-
tible to corruption by noise, often generated by sea bot-
tom currents interfering with protruding elements of
the OBSs, such as the antenna, beacon, and flags (e.g.,
Stdhler et al., 2018; Essing et al., 2021a).

In this article, we present the deployment of the OBS
network in the ZFZ, show examples of the collected
data, and highlight notable signals recorded. Further-
more, we provide recommendations for utilizing the
dataset, drawing from our data quality assessment and
analysis. Lastly, our contribution extends to enhancing
the comprehension of the splitting of the secondary mi-
croseism peak in the microseismic noise band.

3

2 The ZAFRAN seismic network

We operated the ZAFRAN seismic network from
September 2021 to January 2023 with most of the
instruments collecting data from November 2021 to
November 2022. The network included 14 broadband
OBSs and four onshore portable seismic stations,
covering the northern Red Sea in the latitude range
24.0°-25.8°N and from longitude of 36.5°E to the
western coast of Saudi Arabia (Figure 1). The OBS inter-
station distances ranged from 17 to 42 km whereas
the onshore stations were more widely spaced (33-110
km), because they were primarily installed to cross-
validate the OBSs waveforms. The station coordinate
information can be found in Suppl. Table 1.

2.1 Offshore deployment

The offshore part of the network consisted of 12 Lobster
OBSs (stations codes from OBS01 to OBS12) from the DE-
PAS pool (Alfred-Wegener-Institut Helmholtz-Zentrum
flir Polar-und Meeresforschung et al., 2017) (Figure 2a
and 3), deployed at water depths between 740 m and
1700 m (depths are listed in Suppl. Table 1) and two
OBSs designed and deployed by Fugro (station codes
NORTH and SOUTH; Figure 2b) at depths of 960 m and
870 m, respectively. The DEPAS OBSs have been used in
many OBS deployments around the world (e.g., Geissler
et al., 2010; Stdhler et al., 2016; Blanck et al., 2020),
while the Fugro OBS setup is experimental and has not
been tested before. Each DEPAS OBS consisted of a
1.65 x 1.30 m frame equipped with a Giiralp CMG-40T-
OBS sensor and a SEND MCS data logger hosted in tita-
nium pressure-resistant tubes. The sensor was placed
between two floating units, mounted to a metallic plate
that sits on an anchor (Figure 3a). To facilitate the
import of the OBSs into Saudi Arabia, our setup did
not include a hydrophone, in contrast to many OBS de-
ployments. Additional equipment to allow and facili-
tate the instrument recovery included a floating unit,
acoustic releaser, flashlight, radio beacon, flag, and
buoy (Alfred-Wegener-Institut Helmholtz-Zentrum fiir
Polar-und Meeresforschung et al., 2017), which is at-
tached to the OBS with about 10 m long and 18 mm thick
polypropylene rope (Figure 3b). Given that the rope
and buoy have been found to be responsible for high-
frequency noise (e.g., Stdhler et al., 2018), we deployed
six DEPAS OBSs by wrapping the rope and the buoy with
a fabric fixed to the releaser and the other six with a free
rope and buoy to study the difference in the noise prop-
erties. The metallic anchor, allowing each OBS to sink
to the seafloor, was locked to the frame through the re-
leaser. The DEPAS OBSs were deployed by free-fall from
the research vessels R/V Thuwal (KAUST, Thuwal) and
R/V Al Azizi (King Abdulaziz University, Jeddah). Due to
the limited deck space on these vessels, the deployment
was conducted during two short trips from the KAUST
harbor in November 2021.

To recover the DEPAS OBSs, an acoustic release com-
mand is sent through the water column to the releaser.
The releaser then unlocks the anchor from the OBS,
which becomes buoyant enough to float to the sea sur-
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Figure2 Photos of the seismic equipment used in the ZAFRAN network. a) A DEPAS OBS on the R/V Thuwal. b) Fugro multi-
sensor lander with seismometer on the sea bottom. c) Installation of the island station BREEM (see Figure 1; setup identical
to onshore stations). The grey box contains the data logger and the batteries. The solar panel and GNSS antenna are placed
on the box. The seismometer is buried (not visible) and connected to the logger by the black cable. d) Example (in KHUF) of
seismometer installation before filling the hole with sorted sand.
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Figure 3 Schematic representation of the DEPAS OBS
(Lobster)from a) above and b) from the side. Both sketches
are not in scale. A head buoy is attached to the OBS with a
free rope; half of the DEPAS OBS had the rope free to strum
like in b) and the other half had the rope fixed on the anchor.

face. While 11 of the 12 DEPAS OBSs were successfully
recovered during two trips in November 2022, commu-
nication with one of the OBSs (OBS04) was not success-
ful, such that an additional trip was required in Jan-
uary 2023 when an automatic release had been sched-
uled. On 16 January 2023, the OBS04 was recovered
without showing any damage, so the reason for the ear-
lier unsuccessful recovery remains unknown. Skew val-
ues (difference between the time of the data logger and
the instantaneous GNSS time) were measured for all DE-
PAS OBSs, except for OBS04, and are available in Suppl.
Table 1.

Partially overlapping in time with our DEPAS OBS de-
ployment, Fugro conducted an experimental deploy-
ment of two multi-sensor deep landers that include
OBSs (Figure 2b). The Fugro OBSs were deployed in
September 2021 from S/V Kobi Ruegg and visited in
February and July 2022 with OSS Handin Tide. Dur-
ing the visits, the landers were fully recovered and re-
deployed after data collection and instrument mainte-
nance. The OBS setup and deployment protocol for
the Fugro OBSs were different from the DEPAS OBSs.
After the landers reached the seafloor, an ROV was
used to place a Nanometric Trillium Compact OBS 120s
seismometer at the seafloor. It was enclosed on a
light frame with feet to couple with the seafloor sedi-

4

ments. The seismometer was in an aluminum casing
that weighs 2.9 kg in water. The data-logger Nanomet-
ric Pegasus OBS and batteries were on the lander and
connected to the sensor with a cable.

During the visitin February 2022, the SOUTH data log-
ger was found to have a minor leakage, and no data were
recovered due to a damaged cable. The OBS from the
lander NORTH was recovered and deployed on the lan-
der SOUTH. Data from SOUTH were then finally recov-
ered in July 2022. The skew values are not available.

Skew values for the Lobster OBSs range from 0.01 to
1.3 s, with a median of 0.37 s (Suppl. Table 1). The high-
est skew value was found for OBS08 that, together with
the issues described in section 2.3, may indicate a pos-
sible general malfunction of the instrument. When ex-
cluding OBS08, the median (mean) skew value is 0.33
s (0.34 s). Although the skew values for OBS04 and
NORTH are missing, these can be recovered using am-
bient noise cross-correlations between onshore and off-
shore stations (e.g., Naranjo et al., 2024).

We determined the orientation of the horizon-
tal components of the off-shore seismometers using
two distinct, data-type-based methods implemented
in the open-source Python package (OrientPy; https:
//github.com/nfsi-canada/OrientPy). The first method is
based on minimizing the P- and PP-wave energy on
the transverse component (Braunmiller et al., 2020)
while the second method is based on the arrival angle
of minor- and major-arc intermediate-period surface-
waves of teleseismic earthquakes by using modern
global dispersion maps (Doran and Laske, 2017). For
each station, we select the orientation according to the
method with the smaller uncertainty (Suppl. Table 1).
The method based on the polarization of surface waves
yields smaller uncertainties for almost all the stations,
except for OBS08 and OBS10. For benchmark and com-
pleteness, we also calculate the orientation of the on-
shore stations that resulted to be always lower than 10°.
The final median of uncertainties is 12.2°.

2.2 Onshore deployment

We complemented the OBS network by installing four
onshore stations. Two of them were located on the

SEISMICA | volume 3.1 | 2024
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Figure 4 Data availability of the ZAFRAN dataset from September 2021 to January 2023. Green corresponds to waveforms
available in three components. Yellow corresponds to data needing further preprocessing before being used. Red represents
station or component failure. Note that there are three lines for each station, for the vertical (Z) and two horizontal (1 and 2)

components.

small uninhabited reef islands Quman (3 km wide) and
Breem (6 km wide) of the Al Wajh platform (Figure 1
and 2c). We refer to these stations as the “island sta-
tions”. Station QUMAN is located within the Al Wajh la-
goon whereas BREEM is located on the edge of the plat-
form, making it more exposed to open sea environmen-
tal conditions.

The other two stations were installed onshore at a dis-
tance of 15 km (KHUF) and 25 km (LAVA) from the coast
(Figure 1). Selecting locations closer to the coast was
not possible because of coastguard permit limitations
and lack of solid bedrock. We refer to KHUF and LAVA
as the “land stations” and to both the island and land
stations as the “onshore stations”.

The island stations were equipped with Nanometrics
Trillium Compact Horizon sensors and the two land sta-
tions with Nanometrics Trillium Compact posthole sen-
sors. Both types of sensors have a flat response of up
to 120 s and can be used in direct burial installations.
The sensors were buried within a depth of 50 cm in a
cylindrical hole that was 2 cm larger in diameter than
the sensor (Figure 2d). The bottom of the hole was filled
with a thin layer of sorted fine sand to easily level the
sensor. The little space remaining between the hole and
the sensor was filled with the same sand providing cou-
pling and thermal insulation. The two island sensors
were deployed within porous, but hard, coral rocks, and
the two land sensors were installed within the Precam-
brian bedrock.

The onshore stations were equipped with Nanomet-
rics Centaur dataloggers powered by lithium batteries
charged by a 30 x 40 cm solar panel (Figure 2c). Sand
accumulation on solar panels is a well-known issue, es-
pecially in this part of the world, and since a definitive
solution has not been found yet, data recording has suf-

5

fered a few gaps because of power issues. Stations were
visited for maintenance, and data were collected every
3-6 months.

2.3 The collected dataset

The ZAFRAN dataset includes about 12 months of data
from the DEPAS OBSs, 5 months from the Fugro OBSs,
14 months from the island stations, and 10 months from
the land stations (Figure 4). More specifically, we col-
lected data for 358 overlapping days with the 12 DEPAS
OBS. OBS04 recorded 57 days more than the other DE-
PAS OBSs. While all the instruments were equipped
with 3-component sensors, the quality of the horizontal
component 1 of OBS01 and both horizontal components
of OBS08 is poor and cannot be used for seismological
investigations.

In addition, the vertical component of OBS08 can only
be used for half of the recording days (this issue is dis-
cussed further in section 3.1). Even considering these
data losses, the recovery rate for the DEPAS OBSs is over
90%.

The data of OBS NORTH complements the ZAFRAN
dataset with 140 days that overlap for 73 days with the
DEPAS dataset. Data from OBS SOUTH span 144 days
and completely overlaps with the DEPAS dataset. Con-
sidering the initial plan (see section 2.1), the Fugro OBSs
had a recovery rate of 50%. Furthermore, the two is-
land stations recorded about 330 days of data, each with
an average recovery rate of 96%, and fully overlapping
with the DEPAS dataset. Finally, the two land stations
provided 270 (KHUF) and 140 days (LAVA) of data at a
recovery rate of 95% (KHUF) and 49% (LAVA).
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Figure 5 Examples of Probabilistic Power Spectral Densities (PPSD). a) PPSD of the Z component of the station OBS10 cal-
culated for all available data. b) Same as for a) but for the island station BREEM. c) As for a) but for the land station KHUF.
Dark gray curves represent the New High Noise Level and the New Low Noise levels (McNamara and Buland, 2004). Black
lines correspond to the 25th, 50th (noise level), 75th and 100th. Light gray vertical lines represent the boundaries separating

ranges of short, medium, and long periods (T).

3 Noise levels

Noise levels serve as valuable indicators for assessing
station performance across different components and
for investigating the sources of ambient seismic noise
recorded at specific stations. While it is not always
straightforward to distinguish the impact of a station’s
low performance from that of a strong noise source, we
discuss the characteristics of noise levels that are pri-
marily associated with instrument type and installation
in Section 3.1, and we conduct a preliminary analysis of
the noise sources (Section 3.2) to distinguish them from
potential issues related to station performances.

To accomplish this, we calculate the Probabilistic
Power Spectral Densities (PPSD McNamara and Buland,
2004) as implemented in ObsPy (Beyreuther et al., 2010)
for all available data using time windows as small as 450
s and an overlap of 50 %. Examples of PPSD for an OBS,
an island, and a land station are shown in Figure 5. We
refer to noise level as the median of the PPSD for a given
time window (see Figure 5). If not specified, we refer to
the entire deployment period of a given instrument.

In our analyses, we divide the overall period range
into three segments: short-period (T < 0.2 s), medium-
period (0.2 < T < 10 s), and long-period (T > 10 s). We
select the boundaries of 0.2 and 10 seconds due to their
alignment with the two predominant notches observed
in the PPSD of the ZAFRAN network (see gray vertical
lines in the plots of Figure 5). All noise levels are shown
in Figure 6 where stations are grouped in classes, de-
pending on the shape of the noise level in the medium-
period range. These classes are further discussed in
Section 3.2.2.

3.1 Station performances

The two onshore stations, KHUF and LAVA, exhibit the
best data quality within the ZAFRAN network, char-
acterized by consistently low noise levels (Figure 6a-
c). Their exceptional performance can be attributed
to their good subsurface coupling, effective insulation,
and remote locations (far from anthropogenic noise

6

sources). However, LAVA displays elevated long-period
noise across all components compared to KHUF. This
discrepancy may be attributed to thermal insulation
limitations, which are also responsible for sensor fail-
ures due to high temperatures (see Section 2.2).

The performance of the two island stations, BREEM
and QUMAN (Figures 6d-f) is similar to the two land sta-
tions because they share the same instruments and style
of installation. However, QUMAN exhibits an unusual
peak at approximately 4-6 Hz. A visual inspection of
waveforms and spectrograms reveals consistent, high-
amplitude noise between 10 Hz and 0.8 s, most likely
due to construction activities at Red Sea Global. This
aspect needs to be considered when using the data for
local seismicity studies.

All ZAFRAN stations exhibit a noise level notch be-
tween 9 and 11 s (Figure 6). Beyond this period, noise
levels consistently increase for nearly all DEPAS OBSs in
all components. In contrast, Fugro OBSs maintain low
long-period noise in the vertical component, compara-
ble to onshore stations. However, the horizontal com-
ponents of Fugro OBSs exhibit high noise levels, simi-
lar to DEPAS OBSs. These results are in agreement with
Stahler et al. (2018) who compared the noise recorded
by seismometers deployed inland and offshore to test
the Lobster OBSs of the DEPAS pool managed by the
Alfred-Wegener Institute. The authors analyzed the
noise recorded by the Giiralp CMG-40T seismic sensor
in vault conditions and the Giiralp CMG-40T-OBS at sea.
This CMG-40T-OBS is the same sensor but modified to
be included in the OBS. They found that the self-noise of
the CMG-40T-OBS is higher than the noise produced by
the corresponding original model at wave periods larger
than 10 s. Their tests also demonstrated that the DE-
PAS OBSs perform better at longer periods if a Nano-
metrics Trillium compact seismometer substitutes the
CMG-40T-OBS.

Fugro outperforms DEPAS OBSs in the short-period
range, likely due to the fewer additional elements on the
OBSs that could resonate with marine currents, as dis-
cussed in previous studies (Stahler et al., 2016; Essing
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et al., 2021a; Corela et al., 2022).

However, as already observed by Janiszewski et al.
(2022) and valid in our deployment, it is not trivial to
separate the effects due to the type of seismometers
from the overall OBS setup in the noise level. This also
applies to our deployment of two OBS setups with two
different sensor types.

An overview of signals recorded by the ZAFRAN net-
work, given in terms of spectrograms calculated from
the PPSD (Figure 7), offers further insights into the data
quality. The most prominent signal across all stations
is the microseisms in the medium-period range (see ex-
ample in the red “MS” box of Figure 7). Additionally,
teleseismic events are visible at several stations in the
medium and long-period ranges (see an example within
the red box “TL” in March 2022 in Figure 7). Further-
more, local earthquakes are visible in the short-period
range (see an example red box “LOC” on 30 June 2022 in
Figure 7). These distinct and clear signals serve as evi-
dence of the high-quality nature of the ZAFRAN dataset.

The analysis of noise levels and 1-year spectrograms
also highlight sensor failures. The noise levels of the
horizontal components 1 of OBS01 and 1 and 2 of OBS08
show that these seismometers’ components most of the
time did not record properly (Figure 6b and 6e-f). The
OBS08 spectrogram (Figure 7) illustrates that the sensor
malfunctioned also in the vertical component for ap-
proximately 40% of the installation duration. Similarly,
the sensor at station LAVA experienced a failure from
mid-April to mid-September (Figure 7), likely due to el-
evated air temperatures (see Section 2.2). Lastly, when
examining spectrograms for onshore stations (LAVA,
KHUF, BREEM, and QUMAN in Figure 7), we observe in-
termittent data gaps, which we suspect to be due to sand
accumulation on the solar panels. The overall usability
of the dataset is summarized in Figure 4.

3.2 Environmental and geological noise

sources

Noise levels can also provide insights into environmen-
tal (ocean and atmosphere) and geological (subsurface)
factors. In this section, we present a preliminary analy-
sis of potential noise sources in the short, medium, and
long-period ranges that can be used as a reference for
future studies based on the ZAFRAN dataset.

3.2.1 Short-period ranges

Sources of short-period (< 0.2 s or > 0.5 Hz) noise can
be geological (e.g., local earthquakes, volcanic tremors,
etc.) or due to the interaction of sea-bottom currents
with the structural components of the OBS (Corelaetal.,
2022). In addition, noise due to passing ships and ma-
rine mammals must be considered.

In general, the short-period noise levels of the
ZAFRAN deployment are overall high when compared
to PPSDs published from previous experiments in the
oceans and lakes (e.g., Stahler et al., 2016, 2018; Hilmo
and Wilcock, 2020; Carchedi et al., 2022; Kim et al., 2023;
Zhang et al., 2023). For example, ZAFRAN noise lev-
els from the OBSs on the vertical component are in the
range between -125 and -110 dB (Figure 6). Most of the

noise levels recorded in the Indian Ocean by using the
DEPAS OBS (Stihler et al., 2016) and in the South At-
lantic (Zhang et al., 2023) are about -130 dB in the same
component and frequency. Off the coast of the Pacific
Northwest, the noise is between -160 and -150 dB (Hilmo
and Wilcock, 2020). The same range of values is found
in western Pacific (Kim et al., 2023). In the Malawi Lake,
values are about -150 dB (Carchedi et al., 2022). Instead,
our short-period noise levels are similar to the noise
recorded in shallow water (22 m) of the Baltic Sea (Stdh-
ler et al., 2018).

To better understand the origin of the high short-
period noise and to identify potential geographical
noise patterns within the ZFZ, we plot the noise lev-
els averaged within the short-period range for the ver-
tical and the average of the two horizontal components
(Figure 8a and 8e). The geographical noise distribu-
tion in the short-period range defines different domains
and subdomains. The southern and central offshore do-
mains (labeled “SO” and “CO” in Figures 8a and 8e) re-
veal higher short-period noise than the northern off-
shore (“NO”) domain for both vertical and horizontal
components (Figures 8a and 8e). The limit between
these two domains corresponds to the Mabahiss deep
(see Figure 1) and the commonly used limit between the
central and the northern Red Sea. Finally, for the CO do-
main, we notice an increase in noise from the island sta-
tions offshore for the vertical component. Global maps
depicting ship route density (from marinetraffic.com,
last access Dec 13, 2023) reveal that the Red Sea is
among the most traversed routes, with common ship-
ping routes situated closer to our deployment south of
Mabahiss and gradually moving farther north. This fact
suggests that ship traffic may contribute to the elevated
noise levels and its variation towards the north and off-
shore.

Another interesting feature of the short-period noise
at almost all OBS is a peak at around 0.1 s (10 Hz, Figure
6). Exceptions are OBS05, OBS08 and OBS12. This could
be due to a poor coupling between the seismometer
and the anchor or between the anchor and the seafloor.
However, the reasons for the presence or absence of this
peak remain unclear.

Next, we analyze the correlation between noise lev-
els and water depth for the vertical components and for
the average of the two horizontal components (py,,,,
and pll,,;,, respectively; see Figures 8d and 8h). We
group the stations by OBS setup (Fugro and/or DEPAS
and loose/tight rope) and we consider only correlation
coefficients larger than 0.5. For the short-period noise
levels, we find a positive correlation for the horizon-
tal components of the DEPAS OBSs with loose rope
(pipth:0.73) suggesting that the rope may act as a res-
onant noise-generating element, possibly due to sea-
bottom currents. However, given the limited number of
stations, this correlation of noise with water depth may
not be robust.

Regarding temporal variations of short-period noise
levels, all stations exhibit similar patterns across all
components. For most stations, the noise remains sta-
ble or gradually decreases during the deployment, typi-
cally not exceeding a 10 dB change (Figure 9), probably
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g) As for d) but for the horizontal components.

due to the settling of the instruments on the seafloor be-
coming more stable. One exception is QUMAN, where
short-period noise increases during deployment, likely
due to the anthropogenic noise (see section 3.1). An-
other exception is NORTH, which shows a sharp noise
increase of approximately 10 dB from December 2021 to
January 2022. Given that NORTH is located on Mabahiss
Mons, whose volcanic activity is unknown, it is chal-
lenging to determine whether this increase results from
changes in volcanic activity, instrument issues, or an-
other unknown phenomenon.
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3.2.2 Medium-period range

The secondary microseismic peak is visible on all
ZAFRAN stations typically between 1 and 4 s (0.25 - 1
Hz). The island stations and most OBSs also exhibit a
second peak at periods between 0.2 and 1 s (1 and 5
Hz, Figure 6). However, this peak is not visible at the
land stations (see comparison in Figure 5) and at OBS04,
OBS05, and OBS12 (Figure 6m-o0). To better understand
these differences, we visually classify stations based on
the shape of their noise level patterns in the medium-
period range, primarily related to the presence or ab-
sence of the second peak and the degree of overlap be-
tween the two peaks.
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Figure 9 Temporal (monthly) variations of noise levels. Noise levels of the vertical component of all ZAFRAN stations are
calculated in monthly time windows. Gray lines represent the New Low Noise Model and New High Noise Model, respectively

(Peterson, 1993).

Class A includes stations with two well-separated
peaks, such as the island stations QUMAN and BREEM,
the Fugro OBS SOUTH, and DEPAS OBS OBS07 and
OBS08 (Figure 6d-f). Stations with slightly separated
peaks, like OBS03 and OBS09, fall into class B (Figure
6g-1). Class C encompasses stations with noise levels
displaying a single large peak rather than two separate
peaks (Figure 6j-1), including NORTH, OBS02, OBS06,
and OBS10. OBS04, OBS05, and OBS12, which lack a vis-
ible second peak, are classified as class D. OBS01 and
OBS11 did not fit into any of the predefined classes (Fig-
ure 6a-c). Notably, we could not identify any correla-
tions between classes and water depth, geographical lo-
cation, or instrument type/setup.
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To investigate potential correlations between the seis-
mic noise and oceanographic and meteorological phe-
nomena, we use two ERA5 datasets from ECMWF (Eu-
ropean Centre for Medium-Range Weather Forecasts,
Hersbach et al., 2023, last access 29 August 2023). These
ERAS datasets are reanalyses, consisting of hourly time
series and combining models with observational data.
Specifically, we examined the 10-meter vertical wind
component (10v) with a spatial resolution of 0.25°, rep-
resenting northward wind at a height of 10 meters, and
the significant wave height (swh), which combines wind
waves and swell, also at a resolution of 0.25°. We use the
Pearson coefficient to estimate the level of correlation
between the time series of the noise, hourly resampled,
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and the time series of 10v and swh.

In our analysis, we use two weeks of data (1-14 Jan-
uary 2023 or 1-14 April 2023, depending on the avail-
ability) from the DEPAS OBS12, the Fugro OBS NORTH,
the two island stations (BREEM and QUMAN), and the
land station KHUF and we compare them with 10-meter
vertical wind component (10v) and the significant wave
height (swh, only used for OBSs data analysis) for the
same time windows. Figure 10a shows an example
of time-series comparisons for the noise levels of the
OBS12 at 0.7 s, 10v and swh at the same location. After
calculating the Pearson coefficients for the two param-
eters (p10, and pg,p) for the full period range, we ob-
serve that both curves p1¢, and ps,, exceed 0.75 in the
medium-period range (Figure 10b-c) and are low out-
side the medium-period range. Also, while the max-
imum correlation is higher for swh, both correlation
curves exhibit a double peak. For both OBSs, the cor-
relation with swh peaked at 1 and 3 s, while the correla-
tion with 10v peaked at 0.5 and 2 s. The periods of the
two peaks in the correlation curves align with the peri-
ods of the two peaks of the noise levels in the medium-
period range observed in most of the ZAFRAN stations.
Interestingly, it is worth noting that even though OBS12
belongs to class D (no second peak), p10, and pg,p, still
exhibit the double peak. For the island stations, piq, is
slightly lower than that for the OBS. Although the two
peaks in the correlation curve are less pronounced, the
overall curve shape is similar (Figure 10d-e). For the
land station, p1g, is less than 0.25 but two peaks and the
overall shape of the curve are preserved (Figure 10f).

Time-series environmental correlations between
noise levels and wind speeds (e.g., Bromirski et al.,
2005; Hilmo and Wilcock, 2020) and significant wave
height (Zhang et al., 2023; Kim et al., 2023) were already
present in literature. Our analysis adds insight on the
atmosphere-ocean-Earth interaction clearly showing
the frequency domain of influence on the medium-
period range noise of these two environmental factors,
that for the Red Sea is between 0.2 and 10s.

Maps in Figures 8b and 8f show small noise variations
within the medium-period range with some increase of
the noise noticeable going from land stations (LA) to the
inner lagoon (easternmost station in IS) to the external
lagoon (westernmost station in IS) to offshore.

Regarding the correlation between the noise levels
and water depth at the medium-period range, pgepir
is larger than 0.5 for all groups and components con-
sidered, except for the DEPAS OBSs with a loose rope.
Considering the correlation found between the noise
level and the 10v and swh, it is surprising that the noise
may increase with water depth. As for the short-period
range, these correlations may not be robust enough.

The monthly noise variations at medium-period
range across the components are similar for most of
the stations, with differences of less than 15 dB between
the noisiest and quietest months (Figure 9). During the
summer months of the northern hemisphere, typically
May, June, and July, we observe a decrease in noise lev-
els (Figure 9). OBS01, OBS02, and OBS06 stand out be-
cause noise reduction occurs primarily in July. Interest-
ingly, while the amplitudes vary in time, the presence or
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absence of the double peak does not (no change of class
in time).

3.2.3 Long-period range

To understand the contribution of the sea bottom cur-
rents and tilt on the long-period noise, we use the coher-
ence between the vertical and the two horizontal com-
ponents calculated by using a modified version of the
open-source OBS tools code (Janiszewski et al., 2019)
that implements the method of Crawford and Webb
(2000). Specifically, we calculate daily coherence as a
function of the periods for each OBS for the whole du-
ration of the deployment and consider the median co-
herence (analogously to the noise levels) between the
vertical component of each station and the two hor-
izontal components. Finally, we calculate the mean
value for periods > 10 s. We observe a very low co-
herence for both DEPAS OBS (average between stations
and component is 0.07) and Fugro OBSs (average is 0.1).
While the low coherence agrees with the low noise lev-
els in the vertical components of Fugro OBSs, the high
noise in their horizontal components likely results from
sea bottom currents. These instruments can automati-
cally level, regardless of initial tilt, preventing horizon-
tal noise from affecting the vertical component. Con-
versely, the high noise levels in both the vertical and
horizontal components of DEPAS OBSs, coupled with
low coherence, are probably due to the high self-noise.

We observe that one or both horizontal components
of the OBS02 and OBS10 (Figures 6b-c) show a peak be-
tween 20 and 50 s. This is a stable feature for the dura-
tion of the deployment but for which we currently have
no explanation. KHUF, BREEM, and QUMAN are the
only stations with a weak primary microseism peak (10-
12 s) visible on the vertical components, probably since
the high self-noise at periods larger than 10 s is higher
than the typical average amplitudes of the primary mi-
croseismic peak at the offshore stations.

The observed long-period noise patterns in Figures 8c
and 8g suggest that nearby stations tend to have simi-
lar noise levels on both vertical and horizontal compo-
nents. For instance, OBS06 and OBS02, two closely lo-
cated stations, exhibit the highest noise levels in the ver-
tical component.

Lastly, the most notable feature from the maps in Fig-
ures 8c and 8g is the correlation with the instrument
types discussed above with the Fugro OBS having sys-
tematically lower noise than DEPAS OBS in the horizon-
tal components, and with the onshore stations perform-
ing systematically better than offshore stations.

In the long-period range, the only strong correlation
between noise and water depth is /. ,,=-0.56 for the
DEPAS OBSs with the free rope, as already seen for the
short-period range (Figure 10f and 10j). The negative
correlation between noise and water depth aligns with
findings in previous studies (e.g., Janiszewski et al.,
2022).

Long-period noise levels remain relatively stable with
time for most stations (Figure 9). OBS09 and OBS11
experienced sudden increases of 15-20 dB after the
summer period, while OBS06 and OBS12 gradually de-
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Figure 10 Correlation between environmental data and noise levels. a) Example of comparison of 14-week-long (1-14 Jan-
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creased in noise levels during the deployment, possi-
bly due to instrument settling. OBS02, on the other
hand, exhibited a 15-20 dB increase during the summer
months, followed by a return to initial values.

4 Notable signals

In this section, we present and briefly discuss some no-
table seismic signals found in the ZAFRAN dataset that
are partly related to the specific setting of the Red Sea
and partly due to the deployment and instruments used.

4.1 Long-lasting high-frequency tremor

A notable signal observed within the ZAFRAN network
is a recurring, several-hour-long tremor in the 0.025 -
0.25 s period range (4 - 40 Hz). To show this, we plot sev-
eral one-day spectrograms of the 1/N components for
some OBSs and onshore (island and land) stations (Fig-
ure 11). We highlight this long-lasting high-frequency
tremor by using a dotted-line box on the spectrogram
where it is most visible (OBS12). Nonetheless, this sig-
nal displays strong amplitudes in the majority of sta-
tions, whether offshore or onshore, with the exceptions
being QUMAN (the island station), LAVA (the land sta-
tion), and OBS11. In the spectrograms in Figure 11, this
signal starts at around 3 h and it continues for the rest
of the day. Although systematic detection has not been
conducted as of yet, this type of event is frequently ob-
served in the ZAFRAN datasets, occurring at different
times and enduring for several hours. Since the wave-
forms for these events do not show a sharp onset, their
localization is not trivial and is not performed at this
stage.

Potential sources of these signals are anthropogenic,
such as due to the passage of ships, active seismic sur-
veys, or may originate from various factories (e.g., de-
salination, refining, cement production) situated along
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the coast of the study area, particularly in the areas of
Al Wajh, Umm Luj, and Yanbu (Hamieh et al., 2022) (see
locations in Figure 1). If this is the case, the higher am-
plitudes observed at the offshore stations might be at-
tributed to more efficient energy propagation over wa-
ter, possibly facilitated by T-waves traveling through the
ocean sound channel (Heleno et al., 2006). Nonethe-
less, we cannot rule out the possibility of a natural ori-
gin (e.g., volcanic tremor from Mabahiss Mons). Heleno
et al. (2006) observed tremors with comparable char-
acteristics (duration, frequency, and propagation effi-
ciency) in the Cape Verde islands and proposed active
seamounts as potential sources.

4.2 Freerope signature

As described in Section 2.1, half of the DEPAS OBSs were
deployed by tightening the rope of the buoy (avoiding
free strumming in the water column), and the other half
was deployed leaving the rope free to strum on the wa-
ter column above the OBS (see Suppl. Table 1) and a
sketch of the OBSs with free rope in Figure 3b). One-
day-long spectrograms of OBSs with the free rope (Fig-
ure 11, right column) show two types of noise features
that are not visible in the spectrograms of the stations
with the tightened rope.

The first type of noise is visible only on the spectro-
grams of the stations with the free rope is recorded at
frequencies above 5 Hz (0.2 s, the most evident example
is highlighted in the dashed-dotted line box on the spec-
trogram of the DEPAS OBS02 in Figure 11). It is charac-
terized by stronger amplitudes at specific frequencies
and energy bursts of short duration repeated in time.
All DEPAS OBSs with the free rope show this type of
noise with some differences in the maximum ampli-
tudes. While this disturbance was investigated by Stih-
ler et al. (2018); Essing et al. (2021b); Corela et al. (2022)
and identified between 1 and 10 Hz (0.1 and 1 s) here we
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Figure 11 One-day spectrograms with examples of the notable signals detected by the ZAFRAN network. The left column
shows the spectrograms for onshore stations (island stations in the first two rows and land stations in the last two rows).
The central and right columns show the spectrograms for 8 of the DEPAS OBS. The central column contains spectrograms for
OBS with tightened buoy rope. The right column contains spectrograms for OBS with a buoy rope free to strum in the water
column. The dashed-line box on the spectrogram of OBS12 highlights an hours-long high-frequency signal (also evident in
BREEM, KHUF, OBS10, OBS09, OBS03, OBS07). The dot-dashed-line box on the spectrogram of OBS02 highlights the high-
frequency noise generated by the rope free to strum (also evident in all the other OBS with the free rope). The white box
on the spectrogram of OBS02 highlights an example of a local earthquake (also visible in the spectrogram of OBS06). The
dashed-line box on the spectrogram of OBS06 highlights a long-period tide-modulated signal (evident also in the other free
buoy rope OBS). All spectrograms are calculated instrument-corrected acceleration waveforms of the horizontal component
1/N for March 1, 2022.
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find that the free rope affects the dataset at frequencies
higher than 5 Hz (0.2 s).

The second type of noise, visible only on the spectro-
grams of stations with the free rope, is a bi-daily tidal
modulated signal with periods of 2-7 s. OBS06 exhibits
the highest amplitudes of this signal (see the signal en-
closed in the dashed-line box in Figure 11). Schlindwein
etal. (2018) and Hannemann et al. (2016) found a similar
signal in less than half of the DEPAS OBSs used in their
deployments and as they could not identify the source,
they assumed it to be of instrumental origin.

4.3 Hybrid local earthquake

We conduct a preliminary analysis of a local earthquake
visually detected in the spectrograms of Figure 7 (see
red box “LOC”) that occurred on June 30, 2022. A 150s-
long time window, containing this earthquake, is shown
in Figure 12a. After manually picking P and S arrivals,
we calculated the epicenter using Hypolnverse code
(Klein, 2002). The hypocentral depth is kept fixed at 5
km because it strongly depends on the velocity model,
which still needs to be optimized for the ZFZ. Our pre-
liminary calculations for earthquake location and mag-
nitude suggest that this event occurred in the southern
part of the network (see location indicated by the yel-
low circle in Figure 1) with a magnitude of M, 3.4. This
is likely the strongest local earthquake recorded by the
ZAFRAN network since no stronger signals are seen in
Figure 7 at high frequency. Not having access to the re-
cent Saudi national catalog and being too small to be
detected by the global networks, we cannot benchmark
our location and magnitude estimate.

Qualitative waveform differences between stations
may already reveal important information for future
works. For example, waveforms (highpass filtered at
0.1 Hz) recorded by OBS10, KHUF, and OBS12 (Figure
12a) have smaller amplitudes after the P arrivals com-
pared to waveforms in the other stations, probably due
to weaker scattering effects. One hypothesis is that
these differences are related to the site effects and that
OBSs displaying waveforms with less scattering effects
are located on thinner or no sedimentary cover (evap-
orites and/or loose sediments). Although the actual dis-
tribution and thickness of these sedimentary materials
is not known in the ZFZ, this is consistent with the lo-
cations of OBS10, located in the deepest part of the ZFZ
where the salt coverages seem to be limited, and OBS12,
located on the flanks of Mabahiss Mons (Fittipaldi et al.,
2024). While these site-effects may limit the ability to
accurately pick the onset of the body waves both for lo-
cation and focal mechanism calculations, they could be
used for retrieving the shallow earth structure.

Waveforms for the same earthquake show a clear
T-Phase at some of the stations (see boxes on wave-
forms of OBS04, OBS07, OBS09 OBS11, BREEM, and
OBS12 in Figure 12a). T-phases are generated by the
seismic-acoustic conversion and travel along the mini-
mum sound velocity layer in the ocean (e.g., Okal, 2008).
In our waveforms, the T-phase starts to be visible at sta-
tions farther than 70 km from the source (for closer sta-
tions, it is probably contaminated by the S coda). How-
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ever, some stations at large distances do not show the
T-phase. The ZAFRAN dataset has thus the potential to
provide information on T-phase generation and its rela-
tion with the sea bottom topography and seawater lay-
ering in the Red Sea.

The spectral content of this earthquake is partic-
ularly intriguing because of its low-frequency ampli-
tudes. Figures 12b-e show the spectra and the spec-
trograms for the three closest stations (OBS01, OBS02,
and SOUTH, located between 17 and 28 km from the
epicenter). The low-frequency content is also high-
lighted by waveforms for the three closest stations,
low-pass filtered at 1 Hz (Figure 12f). This local
earthquake is a combination of short-duration high-
frequency and long-duration low-frequency events with
the low-frequency being recorded first (Figure 12c-e
and gray boxes in Figure 12c). These features classify it
as a hybrid earthquake and are usually associated with
fluid movements and/or conduit resonance due to vol-
canic or hydrothermal activities (e.g., Chouet, 1996;
Neuberg et al., 2000; Leva et al., 2022). However, hybrid
events are usually characterized by high-frequency on-
sets that generate low-frequency resonance of the rocks
hosting the fluids (Neuberg et al., 2006). Other stud-
ies pointed out that the low-frequency content may be
due to deep source or complex path effects (Harrington
and Brodsky, 2007; Leva et al., 2022). In the case of the
earthquake recorded by the ZAFRAN network, the on-
set of the low-frequencies is earlier than the onset of
the high frequencies, not fitting well with the model that
includes the resonance effects after the high-frequency
rupture.

Comparison of spectra of signals recorded by the
DEPAS OBSs (OBS01 and OBS02) and the Fugro OBS
(SOUTH) reveals that the DEPAS OBSs experience res-
onance at 6 and 10.5 Hz following for at least 150 s after
the arrival of the body waves (see Figure 12c-e). SOUTH,
instead, does not show these signals. A similar signal at
6 Hz was observed in the DEPAS OBSs by Essing et al.
(2021b) and attributed to the vibrations of the radio an-
tenna.

4.4 Teleseismic waveforms

We conduct a qualitative assessment of waveform qual-
ity in the long-period range using a 2.5-hour-long time
window that displays two Mw 6.7 teleseismic earth-
quakes. These earthquakes are detectable in spectro-
grams shown in Figure 7 (see the red box “TL”) and are
listed in all global earthquake catalogs. They occurred
approximately at the same epicentral distance of 73° but
had different back-azimuths (Figure 13a). Their origin
times differ by an hour. Band-passed waveforms be-
tween 5 and 100 s are displayed in Figure 13b.

Despite the high self-noise of the CMG-40T-OBS sen-
sors in the DEPAS OBSs, the waveform quality for these
two earthquakes is generally good, particularly on the
vertical components. However, the noise in the hori-
zontal components of some DEPAS OBSs makes it diffi-
cult to recognize the arrivals of different phases (Figure
13b, gray waveforms). This is the case for OBS01, OBS02,
OBS06, and OBS11. Although the overall median noise
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Figure12 The M/ 3.4local hybrid earthquake. a) Vertical-component velocity seismograms and highpass filtered at 0.1 Hz.
The maximum amplitude in m/s for each waveform is shown below the station’s name. Possible T-phases are enclosed in the
gray boxes. b) Normalized power spectra of the waveforms in stations OBS01, 0BS02, and SOUTH (time window and colors
asin a)). ¢) Normalized spectrograms for the station OBS01. Gray boxes highlight the short-duration high-frequency event
and the long-duration low-frequency event. d) and e) as in ) but for OBS02 and SOUTH, respectively. f) Vertical-component

velocity seismograms and low-pass filtered at 1 Hz. Colors and
Figure 1.

level of component 2 of OBS06 is not significantly higher
than that of most other DEPAS OBSs (Figure 6), Figure 9
shows that in March 2022, the noise level on component
2 of OBS06 was almost 10 dB higher than the full deploy-
ment median. Instead, the overall median noise levels
for horizontal component 2 of 0BS01, OBS02, and OBS11
are generally higher than in the other stations, so their
low waveform quality for these events is expected. The
horizontal component waveforms of OBS03 began to ex-
hibit noise at the end of the second earthquake, suggest-
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units as in a). The location of the earthquake is shown in

ing a possible temporary malfunction.

The land stations recorded the events excellently
across all components (Figure 13b). The Fugro OBS
SOUTH recorded the two events in the vertical compo-
nent with a quality comparable to that of the onshore
stations and in the horizontal component with a quality
comparable to the average of the DEPAS OBSs.
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Figure 13 Example of two teleseismic earthquakes. a) Location and focal mechanisms for two M,, 6.7 teleseismic earth-
quakes that occurred on 22 March 2022 (ty displayed next to the focal mechanism). These events are recorded at approxi-
mately the same epicentral distance of 73°. b) 5-100 s bandpass filtered velocity waveforms for the teleseismic earthquakes
ina). Vertical seismograms are color-coded as in the legend with the name of the station displayed on the left. 2/E component
seismograms are displayed in gray after the corresponding vertical component seismogram. Thick vertical black lines mark
the earthquake origin times and thin black lines mark the P and S wave arrivals based on the IASP91 Earth model (Kennet,
1991). Event information is extracted from the Global CMT Catalog (https://www.globalcmt.org, last accessed 5 April 2023).

5 Discussion and conclusions

In this study, we introduce the first OBS deployment
in the Red Sea, targeting the seismic activity and the
lithospheric structure of the ZFZ. To establish a founda-
tion for seismological investigations incorporating data
from the ZAFRAN network, we perform comprehen-
sive data quality control and emphasize notable signals
recorded in the ZFZ.

Forlocal seismicity studies, it isimportant to consider
site effects arising from sedimentary and salt coverage
since these factors may impact automated methods for
determining arrival times and onset polarities on wave-
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forms of local earthquakes. Moreover, in the short-
period range, the dataset experiences higher noise lev-
els compared to most global locations (e.g., Stdhler
et al., 2016, 2018; Hilmo and Wilcock, 2020; Carchedi
etal., 2022; Kim et al., 2023; Zhang et al., 2023); this may
be attributed to the regular passage of ships, intense
seismic or tremor-like activities related to volcanic or
hydrothermal phenomena, as suggested by the detec-
tion of the hybrid earthquake, or the slow movements of
salt coverages resembling glacial creep (Podolskiy et al.,
2021). Further disturbances in the short period are due
to the strumming of the rope (frequencies larger than
10 Hz) and vibration of other OBS components (frequen-
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cies between 6 and 10 Hz).

Several recent studies attempted to model the har-
monic noise generated by the head-buoy and rope
strumming in the water columns of the DEPAS OBSs
(Stdhler et al., 2018; Essing et al., 2021b; Corela et al.,
2022); however, this was observed at frequencies be-
tween 1 and 10 Hz. For example, Stahler et al. (2018)
modeled the strumming of the rope and head buoy as
it is usually implemented in the Lobsters of the DEPAS
pool, including in our deployment. They found that
the fundamental frequency of the DEPAS setup’s rope
is around 1 Hz, roughly corresponding to the shedding
frequency of vortices generated by currents at approx-
imately 0.1 m/s (calculated using the formula f,,.: =
10.5 x v Hz, with v representing current velocity). Over-
tones were observed up to 10 Hz. Even considering
the potentially higher salinity and temperature of Red
Sea water compared to the values used by Stahler et al.
(2018), the derivation of the f,,,.+ does not change signif-
icantly. Consequently, the higher frequencies observed
in our dataset suggest sea bottom currents of about 100
cm/s. Currents exceeding 100 cm/s have been docu-
mented in selected locations worldwide, such as the
Gulf of Mexico and the Strait of Gibraltar, as reported by
Shanmugam (2021). Unfortunately, specific sea bottom
current data for the Red Sea are unavailable. However,
ROV images of the deep Red Sea show that sea-bottom
currents are usually weak and not able to blow away
light bacterial mats (van der Zwan et al., 2023). These
observations imply that either the signal we observe is
unrelated to the strumming rope (in this case their oc-
currence in the OBS with the free rope is by chance
only and due to specific locations instead) or the phe-
nomenon interacting with the rope is not a sea bottom
current.

In the medium-period range, relevant for example
for ambient noise tomography, our analysis of the cor-
relation with the oceanic and atmospheric parame-
ters indicates that local noise sources from wind and
waves may adversely affect the quality of noise cross-
correlations. Consequently, we recommend utilizing
cross-correlations calculated during days of calm lo-
cal sea states, emphasizing the importance of select-
ing or weighing cross-correlations using datasets like
ERA. The analyses of correlations presented here are
extremely important in defining the period range (0.2
- 10 s) of the influence of wind and waves on ambient
noise.

In addition, our analyses contribute to a better under-
standing of a second peak within the medium-period
range, occurring at shorter periods than the secondary
microseismic peak. The presence of two distinct peaks
within the secondary microseismic band is commonly
interpreted as occurred due to sources at different dis-
tances with the peak at a shorter period generated by
local sea conditions and the peak at a longer period due
to farther oceanic sources (e.g., Bromirski et al., 2005;
Zhang et al., 2023). In our study, the presence of the
shorter period peak in the noise of the OBSs and island
stations and the lack of the peak in the land stations
(see comparison in Figure 5) supports the fact that this
shorter period peakis due to local sources whose energy
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dissipates rapidly inland.

On the other hand, the second peak at a shorter pe-
riod was also observed in stations located far from the
coastline and attributed to and used to retrieve subsur-
face structure (Parisi et al., 2020; Guo et al., 2021). For
example, Kim et al. (2023) also found that the thickness
of sediments below the OBSs attenuates (amplifies) pe-
riods shorter (longer) than 2 s. In this study, we find
that the noise level in the medium-period range corre-
lates well with the sea state, and the correlation func-
tions p19, and ps.p, have two peaks at frequencies sim-
ilar to ones of the noise levels in the medium-period
range. Therefore, we would expect that all stations with
p1ov and pg,, with double peaks should have a double
peak noise level, that is, the stations should belong to
class A or B. However, we observe that even stations of
other classes (no second peak or a large peak including
the frequency from the first and second peak), such as
OBS12 belonging to class D, have a pig, and ps,, With
double peak (see Figure 10). We believe that the shape
of the noise level of these stations is due to the effects
of the Earth’s structure below the station that amplifies
some frequencies between the two peaks. Also, the fact
that the shape/category of the ZAFRAN stations does not
vary in time (Figure 9) further supports the effect of lo-
cal structure, in addition to the local sources.

The factor significantly affecting the performance of
the DEPAS OBS at long-period is the high self-noise
levels of the Gliralp CMG-40T-OBS sensors, limiting
observations in the long-period range (T>10s) in all
components (Figure 6). In contrast, the Fugro OBSs,
equipped with a Nanometrics Trillium compact sensor,
performed as well as the land stations on the vertical
component (Figure 6). Noise levels on the horizontal
components were comparable in the DEPAS and Fugro
OBSs. These findings are consistent with observations
made by Stahler et al. (2018) when comparing the two
types of sensors installed on Lobsters (the DEPAS OBS
configuration). The differences observed in the perfor-
mances of the OBSs at long periods directly reflect on
the quality of waveforms for teleseismic earthquakes.
The example in Figure 13 in fact shows the overall good
quality of the network with some limitations in some
horizontal components of the DEPAS OBS. However, the
clear identifications of body and surface waves suggest
that the ZAFRAN dataset can be included in global seis-
mology studies for earthquakes of magnitude at least
M,,6.7, or less if only the Fugro OBSs are used.

The findings presented in this study hold signifi-
cance for forthcoming research relying on the ZAFRAN
dataset. They bear importance for geological and
oceanographic investigations in the Red Sea, as well as
for the seismological communities engaged in refining
their understanding and use of OBSs.
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