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Abstract

Mars's atmosphere has theoretically been predicted to be strong enough to continuously
excite Mars's background-free oscillations, potentially providing an independent means
of verifying radial seismic body-wave models of Mars determined from marsquakes and
meteorite impacts recorded during the Interior Exploration using Seismic Investigations,
Geodesy, and Heat Transport (InSight) mission. To extract the background-free oscilla-
tions, we processed and analyzed the continuous seismic data, consisting of 966 Sols
(a Sol is equivalent to a Martian day), collected by the Mars InSight mission using both
automated and manual deglitching schemes to remove nonseismic disturbances. We then
computed 1-Sol-long autocorrelations for the entire data set and stacked these to
enhance any normal-mode peaks present in the spectrum. We find that while peaks
in the stacked spectrum in the 2-4 mHz frequency band align with predictions based
on seismic body-wave models and appear to be consistent across the different processing
and stacking methods applied, unambiguous detection of atmosphere-induced free oscil-
lations in the Martian seismic data nevertheless remains difficult. This possibly relates to
the limited number of Sols of data that stack coherently and the continued presence of
glitch-related signal that affects the seismic data across the normal-mode frequency
range (~1-10 mHz). Improved deglitching schemes may allow for clearer detection
and identification in the future.
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Supplemental Material

Introduction
The Mars Interior Exploration using Seismic Investigations,
Geodesy, and Heat Transport (InSight) mission has provided
the first-ever detailed view of the interior structure of another
planetary object besides the Earth and the Moon (e.g., Banerdt
et al., 2020; Lognonné, Banerdt, et al., 2023), including its crust
(e.g., Knapmeyer-Endrun et al., 2021; Beghein et al., 2022;
Duran, Khan, Ceylan, Zenhdusern, et al., 2022; Kim et al.,
2022), mantle (e.g., Khan et al, 2021; Duran, Khan, Ceylan,
Charalambous, et al, 2022; Huang et al., 2022), core (e.g.,
Stahler et al, 2021; Wang and Tkal¢i¢, 2022; Irving et al.,
2023; Khan et al., 2023; Le Maistre et al., 2023; Samuel
et al., 2023), seismicity (e.g., Giardini et al., 2020; Stdhler
et al., 2022), and bulk composition (e.g., Khan et al., 2022),
among others.

These studies have largely relied on the observation of body
waves from the highest-quality marsquakes and two imaged
meteorite impacts. With the exception of the two impacts
(Horleston et al., 2022; Posiolova et al., 2022), most of the
located events originated within the Cerberus Fossae graben sys-
tem ~30°-40° due at east of the station (e.g., Drilleau et al., 2022;
Duran, Khan, Ceylan, Charalambous, et al., 2022; Zenhédusern
et al., 2022; Wang et al., 2023), resulting in a relatively limited
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spatial sampling and a potential northern hemispherical bias in
our view of the planet.

In contrast to short-period body waves, the use of the long-
period seismic response of a planet to excitation in the form of
normal modes is advantageous in that the free oscillation
frequencies are independent of the source mechanism such that
epicenter location and origin time are not required for determin-
ing the average radial seismic structure of a planet as demon-
strated with the Preliminary Reference Earth Model (PREM)
(Dziewonski and Anderson, 1981). Consequently, the observa-
tion of normal modes on Mars would serve as an important
diagnostic tool with which the Martian seismic body-wave mod-
els could be independently verified.
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In the absence of large events that routinely excite normal
modes, the observation of Earth’s background-free oscillations
or Earth’s hum has served as an alternative means of deriving
information on the source and structural parameters (e.g.,
Nishida et al., 2009; Nishida, 2014). Earth’s background-free
oscillations are primarily fundamental spheroidal and toroidal
modes (e.g., Kobayashi and Nishida, 1998; Nawa et al, 1998;
Suda et al., 1998; Tanimoto et al., 1998; Ekstrom, 2001; Kurrle
and Widmer-Schnidrig, 2008; Haned et al., 2015), indicative of
near-surface sources (Nishida, 2013) that include, as a primary
source, ocean infragravity waves (Rhie and Romanowicz, 2004;
Webb, 2007), and an acoustic resonance between the atmos-
phere and the solid Earth (e.g., Tanimoto and Um, 1999;
Nishida et al., 2000; Kobayashi, 2008).

Although application of normal-mode seismology to Mars has
been considered theoretically and as part of premission science
studies (e.g., Okal and Anderson, 1978; Lognonné et al., 1996;
Gudkova and Zharkov, 2004; Lognonné and Johnson, 2015;
Zheng et al, 2015; Panning et al., 2017; Zharkov et al., 2017;
Bissig et al., 2018), the catalog of recorded events, which now num-
bers in excess of 2700 (Ceylan et al, 2022; Interior Exploration
using Seismic Investigations, Geodesy, and Heat Transport
[InSight] Marsquake Service, 2023), are all too small to excite nor-
mal modes convincingly. Yet, in analogy with excitation of Earth’s
hum through loading of the solid Earth by atmospheric pressure
variations (e.g., Tanimoto and Um, 1999), Mars’s atmosphere with
its persistently strong winds throughout the day and over the
entire duration of the seismic experiment, has also been predicted
to excite normal modes or Mars’s background-free oscillations
(e.g., Kobayashi and Nishida, 1998; Tanimoto, 2001; Lognonné
and Johnson, 2015; Lognonné et al., 2016; Nishikawa et al., 2019).

This was considered in detail by Nishikawa et al. (2019),
who, based on global circulation models of the atmospheric-
induced pressure and wind stresses on the solid surface,
showed that the latter is potentially strong enough to excite
Mars’s background-free oscillations so that if enough daily
seismic spectra could be stacked to improve the signal-to-noise
ratio (SNR), detection of the background-free oscillations
could be possible. The crucial unknowns, however, are the lev-
els of background seismic noise, atmospheric forcing, and
extent of atmosphere-solid body coupling, which could only
be assessed once the instrument was deployed on the surface
and its response evaluated (see Pinot et al., 2024, a summary
view of the seismic noise evolution during the mission).

Over the course of the mission, the Seismic Experiment for
Interior Structure (SEIS) detected many large-amplitude non-
seismic disturbances, termed glitches (Scholz et al, 2020) (to
be explained in the following), which are found to affect the seis-
mometer response at long periods (10-1000 s), impacting the
search for normal modes (Lognonné, Schimmel, et al., 2023).
A prerequisite is therefore to remove nonseismic disturbances
in the data (henceforth deglitch) prior to normal-mode data
processing as will be explained in more detail in what follows.

2 Seismological Research Letters

In this study, we provide an analysis of the entire continu-
ous SEIS data set, covering 966 Sols in search of Mars’s-free
background oscillations. We first provide an overview of the
InSight seismic data set, after which waveform deglitching is
described. Following this, we compute daily amplitude spectra
and stack these to detect normal-mode peaks. To test and
verify our processing methods, we apply the same processing
scheme to data from terrestrial stations, although we have to
note that the nature of the excitation mechanism of the back-
ground-free oscillations and the levels of background noise
differ between the two planets.

InSight Seismic Data Overview
Despite efforts to mitigate the influence of local weather con-
ditions (wind) and lander noise on SEIS signals (Lognonné
et al, 2019), the three-component very broadband (VBB)
instrument exhibits, as was also the case for the seismic experi-
ment onboard Viking (Anderson et al., 1977; Nakamura and
Anderson, 1979), remarkable sensitivity to Martian weather
conditions, resulting in significant diurnal and seasonal varia-
tions in recorded noise levels. An overview of this pattern is
displayed in Figure 1, which shows the noise evolution of
the VBB instrument throughout the mission, based on verti-
cal-component velocity waveform envelopes.

From the noise pattern shown in Figure 1a, noise levels are
high between midnight and sunrise and significantly increase
during the daytime, but decrease substantially just before sun-
set and remain relatively low throughout the evening hours.
This pattern varies with the seasons, however, and while spring
and summer exhibit lower noise levels before and after sunrise
and sunset, respectively, autumn and winter show a dramatic
increase in background seismic noise throughout the entire day
because of the onset of storm season. The persistent high noise
levels throughout the day have posed challenges in identifying
marsquakes since deployment (Clinton et al., 2021) with most
events identified during the quiet evening periods in spring and
summer (Ceylan et al., 2022; Knapmeyer et al., 2023), as clearly
shown in Figure la in case of the low-frequency (LF) events
(the same holds true for all types of events). This pattern is
associated with weak laminar winds prevailing from early
morning until sunrise, followed by stronger, thermally driven
turbulent winds persisting throughout the day until near sun-
set (Banfield et al., 2020). A remarkable consistency in the
observed noise pattern is apparent during the two Martian
years of seismic monitoring.

In addition to wind and pressure perturbations, persistent
glitches have posed severe challenges to data analysis. These
impulsive artifacts are manifest in the time domain as one-sided
pulses with a duration of ~30 s and span a broad spectrum of
amplitudes (Scholz et al., 2020; Ceylan et al., 2021). Although
glitches can simultaneously occur on all three VBB sensors, about
one-third of them affect only a single component. Glitches have
been interpreted as a type of transient instrumental self-noise in
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the raw time series controlled by the seismometer’s transfer func-
tion (Scholz et al, 2020). In Figure 1b, glitches are evident as
energy spikes ranging from the lowest frequencies up to almost
1 Hz. Large glitches are most common between midnight and
roughly 07:00 LMST (local mean solar time), but they are not
easily identifiable once the temperature increases with daybreak.
Interestingly, as the mission duration extended into the second
Martian year, an apparent increase in the number of glitches
became evident. This increase is particularly prominent during
daybreak and the early evening, but also present afterward as
shown in Figure 1b, in which the glitches are identifiable as
high-amplitude signals that repeat throughout the observation
period and are especially noticeable during the evening of
Spring and Summer of the second Martian year.

Over the lifetime of the mission (February 2019-December
2022), SEIS recorded more than 2700 events (InSight
Marsquake Service, 2023). Of these, 98 have been classified
by the Marsquake Service as belonging to the family of events
labeled the LF events on account of the observation that the
main energy is predominantly below 1 Hz. The LF events with
moment magnitudes (My?, defined as in Bose et al, 2021)
between 2.5 and 4.2 have an overall duration of ~10-30 min
and are characterized by relatively clear P- and S-wave arrivals
(Giardini et al., 2020; Clinton et al., 2021; Khan et al., 2021;
Ceylan et al., 2022). With predominant propagation through
the Martian mantle, these events are similar in character to
teleseismic earthquakes (Stdhler et al., 2022).
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Figure 1. Overview of Martian seismic background noise evolution
as recorded by the seismic experiment for interior structure. The
images comprise a stack of Sol-long velocity envelopes of vertical-
component waveforms that are band-pass filtered between

(@) 0.1-1 Hz and (b) 0.01-0.1 Hz. Each amplitude envelope A is
normalized by Ag = 1 nm/s. The red circles in panel (a) indicate all
recorded 98 low-frequency (LF) events, including marsquakes and
meteorite impacts (InSight Marsquake Service, 2023). Interior
Exploration using Seismic Investigations, Geodesy, and Heat
Transport (InSight) Sols are indicated on the left side of the y-axis,
and corresponding solar longitudes (Ls) with Martian seasons
(northern hemisphere) are shown on the right side. Time is indi-
cated using local mean solar time (LMST). The figure covers the
period from Sol 73, shortly before SEIS started continuous
recording, and until the end of the mission (Sol 1439). Sunrise and
sunset are indicated by white dashed lines. The white horizontal
lines indicate periods of solar conjunction and data gaps. A Sol on
Mars is ~24 hr 39 min long. The color version of this figure is
available only in the electronic edition.

The largest marsquake identified by InSight, which
occurred on Sol 1222 (labeled S1222a), has a moment magni-
tude (My?) of 4.6, surpassing the second-most significant
event (S0976a) by a factor of five, and an estimated epicentral
distance of ~37° (Kawamura et al., 2023). Being the event with
the highest SNR recorded by InSight (InSight Marsquake
Service, 2023), S1222a has proved valuable in the detection
and identification of surface waves, including minor-arc
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Rayleigh and Love waves (e.g., Beghein et al., 2022), and major-
arc Rayleigh waves (R2-R7) (e.g., Kim et al., 2023; Li et al.,
2023), and as a possible candidate for the detection of normal
modes (Lognonné, Schimmel, et al, 2023).

A comparison between the vertical-component spectro-
grams of Sol 1222 and a relatively quiet Sol in the first
Martian year (Sol 184) is shown in Figure 2. The event, which
is framed by a white box in Figure 2a, is clearly visible in the
vertical-component spectrogram, with amplitudes rising mark-
edly above background noise. The occurrence of this event in
mid-autumn coincided with a period characterized by elevated
noise levels caused by sustained winds (Ceylan et al, 2022),
as evidenced by the background noise depicted in Figure 2a
relative to the noise levels visible on Sol 184 (springtime)
(Fig. 2b). The energy of S1222a encompasses frequencies rang-
ing from below 0.1 Hz to well above 10 Hz, and it distinguishes
itself from other LF events by being part of a subset of events
characterized by a very broad frequency range.

Velocity spectra for the event are shown in Figure 2c-e and
compared to Sol 184, for which spectra were derived from a
24-hour-long data set. For the computation of velocity spectra,
we employed Welch’s (average periodogram) method and
segmented the seismic signal into 30-min intervals with a

4 Seismological Research Letters
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Figure 2. Analysis of spectral content of event S1222a and sol
184. (a,b) Vertical-component velocity spectrograms of sols 1222
and 184, illustrating the daily background noise recorded by
Seismic Experiment for Interior Structure (SEIS). The start and end
of event S1222a as determined by the Marsquake Service catalog
(InSight Marsquake Service, 2023) are indicated by a white box in
panel (a). Sunrise and sunset for each sol are indicated by vertical
dotted lines. (c—e) Velocity power spectral density (PSD) was
computed for event S1222a and sol 184 across the vertical (2),
North (N), and East (E) components. The color version of this
figure is available only in the electronic edition.

50% overlap. The spectral curves exhibit a consistent trend
with S1222a evident at frequencies only above 0.05 Hz. Below
this, no discernible energy is evident, indicating that the
spectra are primarily influenced by environmental and instru-
mental noise. In addition, synthetic waveform modeling dem-
onstrates that the event’s spectral amplitudes are estimated to
be well below the background noise (Fig. S1, in the supplemen-
tal material available to this article). This implies that S1222a is
not strong enough to have excited LF normal modes as sug-
gested by Lognonné, Schimmel, et al. (2023). We also tried
to stack the spectra of several events, including, in addition
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Figure 3. Schematic representation of the data processing
workflow. Phase 1 covers the fundamental preprocessing of the
seismic data (beige boxes) and deglitching to eliminate non-
seismic disturbances (green boxes). Phase 2 covers autocorrela-
tion and stacking (orange boxes). Labels in italics correspond to
processing steps that are applied only to the quietest Sols of the
mission (Spring-Summer period of the first Martian year). See
Data Processing section for details. The color version of this figure
is available only in the electronic edition.

Cut to 1-sol length,
apply spectral

whitening

to S1222a, the meteorite impacts S1000a and S1094b (Horleston
et al., 2022; Posiolova et al., 2022) but to little avail (Fig. S2).
Thus, the only other means of observing normal modes on
Mars is through the detection of any atmosphere-induced back-
ground-free oscillations as predicted by Nishikawa et al. (2019).

Data Processing

The data processing scheme, which involves preprocessing,
deglitching, and computation of spectra, is divided into two
phases. A schematic illustration of the data workflow is shown
in Figure 3, following the methodology outlined by Bensen
et al. (2007). Phase 1 encompasses data preprocessing (i.e.,
removal of instrument response, tapering, and filtering) and
deglitching, and phase 2 is dedicated to the computation of
spectra. Both phases will be detailed in the following.

Phase 1: Data Preprocessing and
Deglitching

To compute reliable spectra for stacking, we must first remove
any glitches as these contain a wide range of frequencies (Kim
et al., 2021) to obtain as clean a data set as possible.

The scheme for deglitching the data is outlined in Figure 4
using Sol 1222 as an example. Given the challenging nature of
both identifying (see Barkaoui et al, 2021, for details) and
removing glitches using a single algorithm (e.g., Lognonné
et al., 2020; Scholz et al., 2020; Xu et al., 2022), our proposed
procedure encompasses four stages designed to address this
issue. Briefly, the input stage consists of the raw Martian seismo-
grams using the raw VBB components (UVW). Stage 1 corre-
sponds to the deconvolution of the instrument response to
Volume XX« Number XX
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detect and remove glitches through the application of
SEISglitch, which was specifically developed for the purpose
of handling glitches in the Martian seismic data (Scholz
et al., 2020). Subsequently, in stage 2, we filter out most of
the remaining glitches by considering the polarization attributes
of the signal employing TwistPy (Sollberger, 2023). Finally, any
remaining glitches are removed in stage 3 by zero padding these
in the time-domain waveforms. Following the removal of
glitches from the seismic data, we perform spectral analysis
of the deglitched waveforms to hunt for normal modes.

Removal of glitches as acceleration steps

The SEISglitch algorithm of Scholz et al. (2020), provides a
means of handling glitches in the raw Martian seismic data
from the VBB seismometer. Based on the assumption that
glitches in the raw data correspond to the convolution of accel-
eration steps with the seismometer’s instrument response
(Lognonné et al., 2020), the algorithm incorporates a sequence
of processing steps to effectively detect and eliminate glitches.
First, it decimates the three-component seismic data to a lower
sampling rate for consistent parameter application and faster
computation. Next, the instrument response of each compo-
nent is deconvolved, transforming the data to acceleration.
Subsequently, a band-pass filter is applied to the data to
enhance the emergence of acceleration steps. To help identify
the glitches more accurately, the algorithm calculates the time
derivative of the filtered acceleration data. This emphasizes the
impulse-like nature of the acceleration steps, in which a glitch
detection is performed using a constant threshold. However, to
avoid triggering subsequent samples that exceed the threshold
within the same glitch, a window length is introduced, defining
the minimum duration of a glitch. This ensures that only indi-
vidual glitches are captured. Once glitches are successfully
detected, they are removed by modeling the raw waveform
as a combination of seismometer responses to steps in accel-
eration and displacement, fitting the model using nonlinear
least squares, and then subtracting the fitted glitch from the
original data. For further details, readers are referred to
Scholz et al. (2020).

To search for the optimal parameter configuration for glitch
detection, we consider the two parameters that most signifi-
cantly affect the sensitivity of the detection process. The detec-
tion threshold needs to be high enough to avoid triggering on
noise while still detecting small glitches. Furthermore, most
glitches exhibit a high degree of linear polarization, which can
be employed to discriminate against other triggered signals. To
analyze the influence of these parameters on the deglitched
data, we considered different threshold values ranging from
5% 107 to 5 x 1071, and minimum glitch polarization values
for the detection between 0.7 and 0.95. The results of this are
shown in Figure S3, in which deglitched traces and scalograms
are shown for different values of threshold and minimum
glitch polarization. Based on this analysis, we conclude that
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a threshold value of 5 x 1071° and a minimum glitch polariza-
tion of 0.95 provide the optimal parameter configuration for
our study.

We apply SEISglitch to ~29-hr window-long raw seismo-
grams representing the continuous background noise recorded
by SEIS. The analysis spans from Sol 73, shortly before SEIS
started continuous recording, until the end of the mission
(Sol 1439). Each time window initiates 2 hr prior to the con-
sidered Sol and extends 2 hr beyond. The deglitched wave-
forms and three-component scalogram corresponding to the
traces for Sol 1222 are shown in Figure 4b (a high-quality
version with the three components is shown in Fig. S4).

After removal of glitches from the raw waveforms, data are
instrument corrected to velocity, detrended by removing the
mean, Hanning tapered (width 0.1), band-pass filtered
(0.001-0.1 Hz), and rotated from the UVW components into
the geographical reference frame (ZNE).

Following the application of SEISglitch, a substantial por-
tion of high-amplitude glitches have been successfully removed
from the data. However, as illustrated in Figure 4b for Sol 1222,
a few glitches nevertheless remain in the data. For instance,
a significant glitch occurring ~1 hr after the beginning of
the Sol is evident as a spike in the waveforms. Consequently,
we proceed to the next stage of data deglitching.

Removal of glitches employing polarization
attributes

To identify nonseismic artifacts like glitches in single-station
seismic data analysis, we rely on three-component polarization
processing, which provides information about particle motion.
Polarization analysis enables the distinction between linearly
polarized body waves, elliptically polarized surface waves

6 Seismological Research Letters
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Figure 4. Deglitching scheme. The procedure is divided into three
stages and includes the raw data input stage in panel (a), followed
by three steps of glitch removal: (b) removal of glitches through the
application of SEISGlitch (Scholz et al., 2020), followed by (c) a
filter based on polarization attributes using TwistPy (Sollberger,
2023), and finally by (d) manual removal of glitches. The procedure
is illustrated here with the vertical-component velocity waveforms
(top) and scalograms (bottom) of sol 1222. Arrows in each panel
of the waveforms indicate a glitch that is removed in each sub-
sequent deglitching step. Traces are band-pass filtered between
0.001 and 0.1 Hz. High-quality versions of these panels for all
three components are shown in Figures S4-S6. The color version
of this figure is available only in the electronic edition.

(Montalbetti and Kanasewich, 1970), and microseismic back-
ground noise that generally lacks clear polarization with little
preferred directionality (e.g., Haubrich et al, 1963; Tanimoto
et al., 2006). The analysis of the polarization attributes of the
SEIS data has proved critical in various applications throughout
the InSight mission, including the detection of core-reflected
S-wave phases (Stdhler et al, 2021; Duran, Khan, Ceylan,
Charalambous, et al., 2022) and in locating marsquakes with
a single station (Zenhdusern et al., 2022).

A novel time-frequency domain filtering workflow, Twistpy
(Sollberger, 2023), which employs polarization analysis to
effectively identify and suppress undesired features in the
SEIS data and was introduced by Brinkman et al. (2023).
TwistPy is capable of detecting and removing glitches, result-
ing in a larger SNR of the waveforms.

To exploit the advantages of the polarization attributes in
the time-frequency domain, TwistPy employs the S transform,
a special formulation of the continuous wavelet transform that
Volume XX« Number XX
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uniquely combines frequency-dependent time resolution with
the localization of real and imaginary spectra (Schimmel and
Gallart, 2005). The S transform exhibits a frequency-invariant
amplitude response and retains the absolute phase of each local-
ized frequency component, enabling the reconstruction of the
time-domain waveforms from the transformed representation.
In the time—frequency domain, polarization attributes such as
degree of polarization (DOP), ellipticity, azimuth, and inclina-
tion are estimated at each point in time and frequency from the
eigendecomposition of the complex covariance matrix (Samson
and Olson, 1980; Greenhalgh et al., 2018). These attributes can
be used to design a nonstationary filter that retains (taking a
value of 1) or rejects (taking a value of 0) components of the
S transform based on the local polarization attributes. Before
applying the filter, the S transform is projected into a coordinate
system aligned with the eigenvectors of the covariance matrix,
ensuring that the polarization properties of the signal are not
altered and that any underlying signal is preserved. Finally,
the filtered data are transformed back to the time domain using
the inverse S transform, yielding filtered seismograms. For
detailed information on the algorithm and methodology, readers
are referred to Brinkman et al. (2023).

Based on the aforementioned approach, we compute the
polarization attributes within a sliding window in both time
and frequency. This window extends over five periods in time
and operates on the output data obtained after removing the
steps in acceleration in the previous section. To keep the
computational load within reasonable limits, waveforms are
down-sampled to 0.2 Hz. Figure 5 shows the three-component
waveforms alongside the ellipticity and DOP for Sol 1222. Large
glitches that remain after removing steps in acceleration are
easily visible in the time-domain waveforms (indicated by
orange vertical bars in Fig. 5a), and are characterized by a low
degree of ellipticity and high DOP values (indicated by arrows in
Fig. 5b,c). To further refine the filtering process, a filter mask is
applied to suppress signals with ellipticity values below 0.15 and
DOP values exceeding 0.85. This filtering approach is more
conservative compared to the method employed by Brinkman
et al. (2023) and ensures that the amplitudes at longer periods, in
case of non-glitcht related signals, remain unaffected. This pro-
cedure is applied to the continuous waveforms.

Following the application of the time-frequency domain fil-
tering technique based on polarization attributes, the data are
transformed back to the time domain. For Sol 1222, the result-
ing deglitched vertical-component waveform, along with the
three-component scalogram, are shown in Figure 4c (a high-
quality version with the three components is shown in Fig. S5).
Although large glitches have been effectively eliminated from
the data, a few minor glitches may still be present.

The continuous data after the removal of glitches (acceler-
ation steps), followed by filtering based on polarization attrib-
utes, are presented in Figure 6 (see raw data in Fig. S7).
Generally, most glitches have been successfully removed,
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Figure 5. Three-component waveforms and polarization attrib-
utes after the first stage of deglitching Sol 1222. Z, N, and E
component waveforms are shown in panel (a). Velocity traces are
band-pass filtered between 0.001 and 0.1 Hz. The polarization
attributes of ellipticity and degree-of-polarization (DOP) are
shown as a function of time and frequency for pixels where the
signal exceeds two percent of the maximum amplitude measured
in the considered time window in panels (b) and (c), respectively.
Large glitches are indicated by orange vertical bars in panel (a),
low degree of ellipticity (b), and high DOP values (c) (indicated by
arrows in panels (b) and (c). The color version of this figure is
available only in the electronic edition.

particularly those associated with daily temperature variations,
notably those immediately following sunset and sunrise.

Note that we label the foregoing procedure as “automatic”
deglitching. This designation arises from the ability to conduct
deglitching operations without the need for manual inspection
with the exception of parameter selection. Although this meth-
odology proves effective for the majority of waveforms,
instances may arise where large-amplitude glitches remain
undetected through algorithm failure (e.g., overlapping glitches
in the time-frequency domain, where their superposition
destroys linear polarization) or because of contamination by
other artifacts (e.g., robot arm activity), requiring the entire
Sol to be excluded from the data set (apparent as gaps in
Fig. 6a). For visual purposes, a compressed version of Figure 6a
without gaps is shown in Figure 6b, which consists of 966 Sols
of automatically deglitched data in total. Where minor glitches
remain, visual inspection is required. Finally, the entire
deglitching procedure reduces spectral amplitudes by a factor
of up to 100 (Fig. S2).
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Manual removal of glitches

On account of the labor-intensive nature of manually remov-
ing glitches, which requires careful inspection of all data com-
ponents to identify time windows where glitches remain after
“automatic” deglitching, we restrict manual inspection to data
from Sols 184 to 428, where glitches occur less frequently and
data generally exhibit higher SNRs. This corresponds to the
spring and summer of the first Martian year (orange rectangle
in Fig. 6a). We visually inspect each component using both
time series and spectrograms to identify time windows that
contain glitches, which are zero-padded.

As an illustration of manual glitch removal, the final vertical-
component seismogram and three-component scalogram for Sol
1222 are shown in Figure 4d and shows the manual removal of a
glitch at ~11 hr LMST (Fig. 4¢). A high-quality version with the
three components is shown in Figure S6. Generally, the absence of
small-amplitude spikes is noticeable in the final waveform when
compared with the “automatically” deglitched waveform (Fig. 4c).
An overview of the manually deglitched waveforms (Sols 184-
428) is shown in Figure 6c, which consists of a total of 244
Sols of data. In summary, for Mars we thus consider three data
sets, comprising (1) set 1: “automatically” deglitched data (Sols
184-428, orange box in Fig. 6a); (2) set 2: manually deglitched
data (Sols 184-428, Fig. 6¢); and (3) set 3: “automatically”
deglitched data from the entire mission (Sols 184-1439, Fig. 6b).

8 Seismological Research Letters

Figure 6. Overview of Martian seismic background noise evolution
as recorded by the seismic experiment for interior structure (SEIS)
after deglitching. (a—c) Sol-long velocity envelopes of vertical-
component band-pass filtered (0.001-0.01 Hz) waveforms. Each
amplitude envelope A is normalized by Ag = 1 nm/s. Martian
seismic background noise after the removal of glitches employing
SEISGlitch and polarization attributes is shown in panel (a). InSight
Sols are indicated on the left side of the y-axis, and corresponding
solar longitudes (Ls) with Martian seasons in the northern hemi-
sphere are shown on the right side. Sunrise and sunset are indi-
cated by white dashed lines. The white horizontal lines indicate
solar conjunctions, gaps in the raw data, and all manually removed
sols where the deglitching procedure failed (i.e., large glitches were
not adequately removed or deglitching algorithms produced an
error). A compact version of the panel (a) is shown in (b), in which
gaps are omitted for visual purposes. Results after the manual
removal of glitches are shown in panel (), limited to sols spanning
from Sol 184 to Sol 427 (orange rectangle in panel a). The color
version of this figure is available only in the electronic edition.

Before computing seismic spectra, the deglitched wave-
forms are trimmed to ~26 hr and 40 min. The beginning and
end of each time window are aligned so that it begins 1 hr
before the start of each Sol and ends 1 hr following the end
of each Sol, respectively. The time windows are of sufficient
length to ensure that enough cycles of the longest period
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associated with normal modes on Mars (~1000 s) are sampled.
Given that spectral whitening can enhance the detection of
normal modes and mitigate the effects of frequency-localized
noise sources, we test it in our analysis by applying it to auto-
correlations. This procedure involves spectrally whitening the
Fourier-transformed data, where a cosine taper is applied to
the low- and high-frequency edges, setting the amplitudes
to 1 within the pass band while preserving phase information.
The processed data are then transformed back to the time
domain. This technique enables a more effective comparison
between different methods by flattening the spectra within
the targeted frequency range.

Phase 2: Spectral Computation and
Analysis
Based on the deglitched data sets, we turn to spectral estimation
through cross-correlation, followed by stacking (phase 2). In this
study, we focus on vertical-component data because (1) noise
levels are generally higher on the horizontal components and
(2) the atmosphere-solid body coupling is primarily going to
excite (fundamental) spheroidal modes (Nishikawa et al., 2019).
As we work with single-station data, we cross-correlate each
trace with itself to obtain the autocorrelation, which is a widely
used measure of similarity between a time series, sampled at a
discrete set of times #, and a delayed version of itself,

T
CC(1) = Zsl(t)sz(t + 1), (1)
=1

in which s; (t) = s,(¢) for the autocorrelation and 7 is the time
delay. Following Schimmel et al. (2018), we employ different
cross-correlation approaches to account for the signal charac-
teristics. For this purpose, we employ a geometric normaliza-
tion to reduce energy sensitivity and render the correlation
invariant to amplitude changes between data sets (Schimmel
et al., 2018). This geometrically normalized cross-correlation
(CCGN) is defined as

YLisit)s(t+ 1)

N = S sy Lat o

)

Similarly, the phase cross correlation (PCC) of Schimmel
(1999), relies on the instantaneous phases (®(¢) and ¥(#))
of the analytic signal for time series s, (¢) and s, (¢), respectively,
and is given by

T
1 . ) )
PCC(T) — o7 E |ez®(t) + et‘l’(t+r)|v _ |et<D(t) _ ez‘l’(t+1')|v_ (3)
t=1

The PCC is explicitly amplitude unbiased, relying solely on
the instantaneous phases derived from the theory of analytic
signals. These instantaneous phases contain information from
neighboring samples that characterize the waveform as a
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function of time. By evaluating waveform similarity through
phase-coherent samples, the PCC distinguishes itself from
amplitude product summation. Here, all three approaches
(CC, CCGN, and PCC) are employed for improved robustness
as demonstrated by Schimmel et al. (2018).

To achieve a stable response, the 1-Sol long autocorrelations
need to be averaged over extended time periods. Stacking over
progressively longer time series not only enhances the SNR
(Bensen et al., 2007), but also enhances the azimuthal coverage
of the noise wavefield (e.g., Snieder, 2004), which is a condition
for seismic interferometry. Various stacking techniques have
been employed in seismology. Although the linear stack is com-
monly employed within the seismological community, it may
fail to suppress noise, as noncoherent large-amplitude features
can still emerge in the stack. The nonlinear nth-root stacking
technique (Muirhead, 1968) has proven effective in detecting
weak phases (e.g., Richards and Wicks, 1990; Kawakatsu and
Niu, 1994). Analogous to the PCC, the phase-weighted stack
(PWY) utilizes the instantaneous phase to weight the samples
of a standard linear stack (Schimmel and Paulssen, 1997). For
consistency, we apply all three aforementioned stacking tech-
niques: linear stacking, nth-root stacking, and PWS.

Before computing the final spectrum of the data, the stacked
autocorrelations are Hanning tapered, and the time series are
zero-padded to a length equal to the next power of two samples.
We compute the amplitude spectrum, using both a conventional
fast Fourier transform and a multitaper (MTS) method. The
latter makes use of a series of orthogonal tapers to compute
multiple independent estimates of the spectrum, effectively sup-
pressing random variability while maintaining a high-resolution
estimate (see Thomson, 1982, for details). Finally, we should
note that events have not been filtered out since these are
not strong enough, as demonstrated for S1000a, S1094b, and
S1222a, to measurably excite normal modes on Mars.

Results
Earth
As a means of validating our methodology on data from single
stations, we apply our processing scheme to terrestrial seismic
data from two stations: the Black Forest Observatory (BFO)
and Cocos Island (COCO), which are representative of stations
set in very quiet and very noisy (island) environments, respec-
tively. To simulate the limited data availability for Mars, we
consider 244 days of data from BFO and COCO, which cor-
responds to the number of manually deglitched Sols of Martian
data (Fig. 6¢). Days with earthquakes of magnitude M,, > 5.5
are excluded from the BFO and COCO data sets. Apart from
omitting the deglitching steps required for Martian waveforms,
processing follows the scheme outlined in Figure 3.
Individual daily spectra obtained from cross-correlation
(equation 1) and the final linear stacked spectrum are shown
in Figure 7. The spectral whitening step is skipped because the
amplitude spectra are relatively flat in the main frequency
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Figure 7. Acceleration power density spectra for stations Black
Forest Observatory (BFO) and Cocos Island (COCO) on Earth.
Daily amplitude spectra (contoured probability densities) and
final linear stack (dark purple line) for (a) BFO and (b) COCO are
shown, respectively, and are computed from the square root of
the amplitude spectra based on cross-correlation. The daily
spectra cover a span of 244 days, excluding those with events of
magnitude M,, = 5.5, and include 24-hr-long autocorrelations.
Predictions of fundamental spheroidal modes (0S,) for
Preliminary Reference Earth Model (PREM) (Dziewonski and
Anderson, 1981), computed using specnm (Kemper et al., 2021),
are depicted as vertical dotted lines. Note that the final stack
shown here is computed by averaging the individual autocor-
relations and then calculating the spectrum, rather than stacking
the individual spectra. The color version of this figure is available
only in the electronic edition.

range of interest (~2-8 mHz). We observe that while the indi-
vidual spectra (contoured probability densities) lack clear
modal structure and exhibit considerable variability in ampli-
tude, the linear stack (dark purple spectra), particularly for
BFO, shows clear spectral peaks in the frequency range of
2-5 mHz that align with the predicted central frequencies of
the fundamental spheroidal modes (vertical lines in Fig. 7) for
PREM (Dziewonski and Anderson, 1981). These spectral peaks
correspond to Earth’s background-free oscillations that are
produced by atmosphere- and ocean-solid Earth coupling
(e.g., Kobayashi and Nishida, 1998; Nawa et al, 1998; Suda
et al, 1998; Webb, 2007; Nishida, 2013). The distinctive

10 Seismological Research Letters

“comb” shape of the stacked spectrum serves as a visual cue
of the excitation of Earth’s hum (e.g., Kurrle and Widmer-
Schnidrig, 2008). Thus, Figure 7 demonstrates that Earth’s
hum can be retrieved from as little as 244 days of single-station
data for BFO. In comparison, for a noisy ocean island station
such as COCO, with background noise levels an order of mag-
nitude above those of BFO, the “comb” shape of the stacked
spectrum is only barely visible in the 2-3 mHz frequency
range. These terrestrial tests principally serve as a means of
benchmarking the proposed methodology but indicate that in
the case of a noisy environment, more daily spectra will need
to be stacked to improve the SNR, which for COCO amounts
to at least 800 days (Fig. S8). Given the more extreme conditions
associated with the surface installation of SEIS on Mars, in com-
bination with even lower atmosphere-induced spectral ampli-
tudes (Nishikawa et al, 2019; Lognonné, Schimmel, et al,
2023), the search for the continuous excitation of Mars’s back-
ground-free oscillations clearly represents a formidable challenge.

Mars
Daily spectra and the linearly stacked spectrum for the automati-
cally deglitched waveforms from the entire mission (Fig. 6b) are
shown in Figure 8a. The final stack of the Martian data, however,
does not show clear peaks nor a “comb-like” structure and plots,
as in the case of COCO, toward the bottom of the daily spectra,
indicating that the latter are stacking incoherently. Moreover,
noise levels are an order of magnitude above those of COCO,
further complicating normal-mode detection on Mars.

Stacked spectra for the three data sets (automatically
deglitched [244 Sols]; manually deglitched [244 Sols]; and entire
waveform data set automatically deglitched), using different
cross-correlation methods (PCC and CCGN), in conjunction
with MTS for spectral estimation, are shown in Figure 8c.
Comparison of final PCC and CCGN stacks for sets 1 and 2
indicates minimal differences in the location of peaks but some
variability in amplitudes. The observation that peaks are highly
correlated between sets 1 and 2 implies that “automatic”
deglitching is permissible and therefore applicable to the entire
966-Sol data set (set 3). For set 3, the consistency between the
stacked spectra computed using PCC and CCGN has improved
relative to what was observed for sets 1 and 2, noticeably in terms
of relative amplitudes. In the frequency range, where normal-
mode peaks are expected to stack coherently (2-4 mHz, purple
box in Fig. 8¢), a high degree of correlation between the location
of spectral peaks is visible with both PCC and CCGN showing
peaks at, for example, ~2, 3, and 3.8 mHz. Most of these peaks
are also visible in the stacks of sets 1 and 2.

To aid in the detection of possible normal-mode peaks, and
in line with the identification of fundamental-mode free oscil-
lation peaks in the spectra from BFO and COCO (the eigenfunc-
tions of the first overtone have near-zero surface displacement
Fig. 89, implying that overtones are not excited to any appreci-
able extent by a surface source), we computed central
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Figure 8. Acceleration power density spectra for Mars. (a) Daily
(square root) amplitude spectra (contoured probability densities)
and (linear) final stack (dark purple) are computed using the cross-
correlation (CC) method. The daily spectra are based on auto-
correlations of 966 automatically deglitched 1 Sol-long waveforms.
(b) Comparison of the final stack for set 3 using different stacking
techniques (indicated on the left side of the spectra) and two
techniques for computing spectra MTS (red) and the fast Fourier
transform (FFT, blue). The stacking techniques include linear
stacking, phase-weighted stacking (PWS) with a power exponent
v = 1, and nth-root stacking with a power exponent v = 1. The
black solid and open triangles indicate peaks that are consistent
and less consistent across data sets and stacking techniques,
respectively, and open green triangles indicate picks by Lognonng,
Schimmel, et al. (2023). Spectral whitening and normalization has

Frequency (mHz)

been applied in panels (b) and (c). () Comparison of the final stack
obtained by employing two cross-correlation methods such as
phase cross-correlation (PCC, blue) and geometrically normalized
cross-correlation (CCGN, red), in conjunction with multitaper
spectral estimation (MTS). Three data sets are investigated: the
mission’s quietest period, automatically deglitched, covering 244
Sols (set 1); as set 1 including manual deglitching (set 2); the entire
mission data, automatically deglitched (set 3). The purple rectangle
indicates spectral peaks that are consistent across spectral
estimators and stacking techniques and that align with predicted
central frequencies (vertical gray bands) computed using specnm
(Kemper etal., 2021) for a range of Martian seismic models derived
from body-wave analysis (Khan et al., 2023). The final stacks for
each data set are based on linear stacking. The color version of this
figure is available only in the electronic edition.

frequencies for a range of Martian fundamental spheroidal
modes (,S,) in the 2-8 mHz frequency range, which largely illu-
minate crust and mantle structure (sensitivity kernels are shown
Volume XX« Number XX
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in Fig. S10). For this, we rely on the models of Khan et al. (2023),
which were obtained from the inversion of body-wave travel-
time data, P-to-s receiver functions, and mean mass and

Seismological Research Letters 11

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/doi/10.1785/0220240167/7034358/srl-2024167.1.pdf

bv ETH Ziirich user



normalized moment of inertia. The predicted central frequen-
cies are shown as vertical gray bands in Figure 8, the width of
which covers the range of the sampled body-wave models. Note
that the vertical bars widen as mode frequency increases, making
detection/identification more difficult above 6 mHz. For a peak
to be considered as a possible normal mode, the following
criteria have to be satisfied: (1) a peak has to be present across
the different data sets and spectral estimators; (2) a peak has to
be consistent in both frequency and amplitude across the differ-
ent stacking techniques; and (3) it should preferably align
with the predicted central frequencies. These criteria are rather
conservative, ensuring that only the most consistent set of peaks
are picked.

Despite the observations that peak amplitudes are seen to vary
across the stacked spectra for the three data sets, including both
PCC and CCGN, as expected given the different levels of
deglitching applied to each, it is nevertheless possible to identify
a handful of spectral peaks that are in accord with our criteria in
the 2-4 mHz frequency range (indicated by inverted triangles).
To further test the robustness of these peaks across different
stacking methods, we compare linear, phase-weighted, and nth-
root stacks (for set 3), which are shown in Figure 8b. The spectral
peaks appear to be robust across the different stacking techniques
in terms of frequency and for the most part also in amplitude.
The consistency of the peaks (in frequency and amplitude) across
the different stacking and spectral estimation methods, including
the alignment with the predictions, may be considered evidence
in support of the identification of these peaks with Mars’s back-
ground-free oscillations. The potential fundamental spheroidal
normal-mode peaks are summarized in Table 1.

In an attempt to improve the SNR, we used feature extraction
and clustering as a means of identifying a subset of the 966 Sol-
data set (set 3) that possibly stacks more coherently. After spec-
tral whitening, feature vectors containing the frequencies of the
30 most dominant peaks (60 in the case of BFO), corresponding
to the number of predicted fundamental spheroidal modes
present in the 2-8 mHz range (indicated by the vertical gray bars
in Figs. 7a and 8a), were extracted from each single-Sol and daily
spectrum (contoured probability density spectra in Figs. 7a and
8a), respectively. Clustering was subsequently carried out using a
distance measure based on a simple L2-norm misfit between fea-
ture vectors (see Section S2 for more details). For BFO this
resulted in four clusters (Fig. S11a), whereas for Mars only a sin-
gle cluster is discernable (Fig. S11b), indicating that outliers are
not clearly distinguishable in the Martian data set.

To independently corroborate the identified peaks in the
stacked spectrum for Mars (Fig. 8), we next searched for pos-
sible persistent, that is, recurring, peak frequencies in the daily
spectra. For this, we looked for and computed the distribution
of frequencies in the 2-8 mHz range (henceforth labeled spec-
tral peak density) in the daily spectra of set 3, that is, for each
daily spectrum we counted the number of the most dominant
spectral peaks as a function of frequency and plotted their
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TABLE 1

Central Frequency, Period, and Mode Label (,S,) of
Potential Fundamental Spheroidal Normal-Mode
Candidates

Central Frequency (mHz) Period (s) Mode
1.99 501.05 059
2.23 447 .66 0S1o
2.38 419.04 oSt
2.74 366.54 0513
2.96 337.17 0514
3.10 322.58 0S1s
3.29 303.41 0S16
3.46 288.96 0517
3.83 260.47 0519

distribution in the form of a histogram. The underlying
assumption is that the spectral peak density of random noise
will be flat, whereas any recurring, that is, persistent, peaks, are
expected to stack coherently and thus result in an informative,
that is, nonflat spectral peak density. This represents an inde-
pendent means of verifying the stacked spectra regardless of
whether peaks are small or large.

The resultant spectral peak density is shown in Figure 9 for
BFO and the InSight data in the frequency range 2-8 mHz
together with the corresponding stacked spectra (dark purple
lines) and predicted fundamental-mode central frequencies (ver-
tical gray bars). In the case of BFO—our benchmark—the spec-
tral peak density (dark green bins in Fig. 9a) is, as expected,
strongly correlated with the peaks in the stacked spectrum
and the location of the predicted fundamental-mode spheroidal
frequencies computed using PREM. Where the stacked spec-
trum shows clearly identifiable peaks to ~5.5 mHz, the spectral
peak density can extend this range to ~6.5 mHz, beyond which
the normal-mode peaks become buried in environmental noise
(light green bins in Fig. 9). The latter decreases from 2 mHz,
reaching a minimum between 3 and 4 mHz, after which it slowly
increases and reaches a maximum beyond 7 mHz. In the case of
the Martian data, however, the clear pattern of BFO is absent.
We see no peaks in the spectral peak density that rise clearly
above the background environmental noise, and no correlation
with neither the stacked spectrum nor the predictions based on
the body-wave models, as in the case of BFO. This suggests that
normal modes associated with Mars’s background-free oscilla-
tions, while undoubtedly excited by the atmosphere as suggested
by Nishikawa et al. (2019), are not independently verifiable with
the current data set (see also Figs. S11-S12).

In view of the slightly more than four years of near-continu-
ous seismic recording on Mars, we are now able to make quan-
titative estimates of the moment magnitude required to observe
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normal modes. Figure S13 indicates that to observe normal
modes above 3 mHz with InSight, a moment magnitude over
6 (>1-10'® N - m) is required, which is only slightly higher than
previous estimates that relied on a premission noise model (e.g.,
Bissig et al., 2018; Nishikawa et al, 2019). Based on theoretical
estimates and waveform simulations, Nishikawa et al. (2019)
argued that the atmosphere-excited background-free oscillations
on Mars on a Sol-by-Sol basis would be similar to a magnitude-5
(5-10° N - m) event, which, as shown in Figure S13, lies several
orders of magnitude below the observed noise floor. It was fur-
ther argued that by stacking a full year of Martian seismic data,
an order-of-magnitude improvement in spectral amplitudes
could be achieved. Yet, Figure S13 shows that as a minimum
a three order-of-magnitude increase in amplitudes is required
to level with the noise floor. This observation may also explain
the noninformative nature of the spectral peak density associated
with the Martian seismic data that we currently observe (Fig. 9b).
Finally, Lognonné, Schimmel, et al. (2023) have reported the
detection of (1) normal modes based on the largest observed
marsquake S1222a and (2) the background-free oscillations
of Mars relying on a single Sol of noise preceding S1222a.
Figure 2c-e and Figure S1, however, demonstrated that
S1222a is of insufficient magnitude to have excited normal
modes on Mars. Moreover, the preceding analysis has shown
that Mars’s background-free oscillations are not extractable
from a single Sol of noise. On account of the evidence presented
herein, the “detected” peaks of Lognonné, Schimmel, et al
(2023) may therefore be a product of their analysis method.
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Figure 9. Comparison of stacked spectra, normal-mode predic-
tions, and spectral features (peaks) based on clustering analysis.
Stacked spectra (purple) for (a) seismic data recorded at BFO and
(b) Mars InSight data (set 3), shown together with their respective
spectral peak densities (light and dark green histograms) and the
fundamental spheroidal mode central frequencies (gray vertical
bars) predicted using PREM and the Martian seismic body-wave
models of Khan et al. (2023). The histograms represent the
relative number (probability) of spectral peaks as a function of
frequency for (a) all 244 daily spectra recorded at BFO (Fig. 7a)
and (b) all 966 Sol spectra (Fig. 8a). The dark green bins corre-
spond to background-free oscillation spectral peaks, whereas
light green bins indicate environmental noise. The spectral peak
densities represent the probability distributions of the location of
the 60 (BFO) and 30 (Mars) most dominant peaks in the fre-
guency range 2-8 mHz. Amplitudes of stacked spectra and
spectral peak densities are normalized and scaled for better
visualization. The color version of this figure is available only in
the electronic edition.

Summary and Conclusions

In this study, we have described a methodology for processing
and analyzing the continuous seismic data collected by the
Mars InSight mission. In the first phase, we implemented an
automated processing scheme aimed at mitigating the impact
of the ubiquitous glitches on the InSight seismic data. These
artifacts significantly affect amplitude spectra, and reducing
their effect is indispensable for detecting normal modes. Both
automated and manual deglitching were tested. In a second
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phase, we looked for normal modes excited by some of the
largest events that were recorded by InSight but found the
associated spectral amplitudes to be well below the background
noise. In a third phase, we computed spectra from 1-Sol long
autocorrelations for the entire data set, consisting of 966 Sols
of continuous data, and stacked these to enhance any back-
ground-free oscillations present in the data. As a means of veri-
fying our processing and analysis scheme, we applied it to
seismic data from Earth.

In agreement with observations of the hum on Earth, we
find fundamental spheroidal normal-mode peaks in the spectra
that align with predictions based on seismic body-wave models
and are consistent across the different data sets and processing
and stacking methods investigated, which suggests that some
of the peaks may be atmosphere-induced background-free
oscillations. Yet, unambiguous detection remains difficult.

A confluence of factors is likely to contribute, including the
limited number of Sols of data with useful, that is, coherent,
signal, generally extremely high noise levels that are an order
of magnitude higher than those of a very noisy terrestrial island
station, and, not least, the presence of glitches that, despite
careful data treatment, affect the seismic data from the shortest
(body waves) to the longest (normal mode) periods. In this
connection, manual deglitching of a smaller subset of the con-
tinuous data (244 sols) also proved insufficient. This highlights
the need for additional deglitching strategies that may improve
upon the current impasse, although this is not guaranteed
given the available quantity of data. Future missions aiming
to study the interior structure of planetary objects using LF
seismic signals need to address the issue of suppressing glitches
and other noise artefacts more directly through improved tem-
perature stability of the instrumentation.

In summary, we may conclude, in the vain of the lessons
learned from the Viking seismic experiment, with a recommen-
dation from the InSight mission: for seismology on Mars to
maximize gain, the seismometer should not only be placed
on the ground but needs to be removed from full-scale environ-
mental exposure through proper shielding, preferably burial, and
possibly on bedrock. This would extend the period where seis-
mic events are detected from ~1/3 to the entire Sol, hence
improving the chances of detecting background-free oscillations,
in addition to estimates of seismicity.

Data and Resources

The Interior Exploration using Seismic Investigations, Geodesy, and
Heat Transport (InSight) event catalog V14 (comprising all events until
the end of the mission) and waveform data are available from the
Incorporated Research Institutions for Seismology Data Management
Center (IRIS-DMC), National Aeronautics and Space Administration
(NASA)-Planetary Data System (PDS), Seismic Experiment for Interior
Structure (SEIS)-InSight data portal and Institut du Physique du Globe
de Paris (IPGP) data center (InSight Mars Seismic Experiment for
Interior Structure [SEIS] Data Service, 2019a; InSight Mars SEIS
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Data Service, 2019b; InSight Marsquake Service, 2023). Seismic wave-
forms are also available from NASA PDS (InSight Mars SEIS Data
Service, 2019a). The data were processed with ObsPy (Beyreuther ef al.,
2010), NumPy (Harris et al, 2020), SciPy (Virtanen et al., 2020),
SEISGlitch (Scholz et al, 2020), TwistPy (Sollberger, 2023), specnm
(Kemper et al., 2021), multitaper (Prieto, 2022), and visualizations were
created with Matplotlib (Hunter, 2007). Interior Martian structure mod-
els from Khan et al. (2023) are available in digital format from doi: 10
.18715/IPGP.2023.lIxn7e6d. Automatically deglitched seismic traces are
provided in doi: 10.5281/zenodo.13789563. Additional figures and
analysis are included in the supplemental material.
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