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ABSTRACT

The InSight (Interior Exploration using Seismic Investigations, Geodesy and Heat Transport) mission landed on
the surface of Mars on November 26, 2018. One of the scientific instruments in the payload that is essential to
the mission is the SEIS package (Seismic Experiment for Interior Structure) which includes a very broadband and
a short period seismometer. More than one year since the landing, SEIS continues to be fully operational and has
been collecting an exceptional data set which contains not only the signals of seismic origins, but also noise and
artifacts induced by the martian environment, the hardware on the ground that includes the seismic sensors, and
the programmed operational activities of the lander. Many of these non-seismic signals will be unfamiliar to the
scientific community. In addition, many of these signals have signatures that may resemble seismic events either
or both in time and frequency domains. Here, we report our observations of common non-seismic signals as seen
during the first 478 sols of the SEIS data, i.e. from landing until the end of March 2020. This manuscript is
intended to provide a guide to scientists who use the data recorded on SEIS, detailing the general attributes of
the most commonly observed non-seismic features. It will help to clarify the characteristics of the seismic dataset
for future research, and to avoid misinterpretations when searching for marsquakes.
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1. Introduction

InSight launched on May 5, 2018 and successfully landed on Mars
on the 26th of November of the same year (Banerdt et al., 2020). SEIS is
one of the crucial instrument packages in the payload, consisting of two
three-component seismometers (one very broadband or VBB, and one
short period or SP), a wind and thermal shield (WTS) to minimize the
environmental effects on the seismic sensors, and an electronics box (E-
Box) located on the lander for managing sensors and data acquisition
(see Appendix A for a list of acronyms). The SEIS and E-box are con-
nected through a tether, the cable used for powering SEIS and trans-
mitting analog signals between the SEIS E-Box and sensor assembly.
Detailed information about the seismic instruments and SEIS package is
available in Lognonné et al. (2019).

The deployment phase for SEIS started in early December 2018,
shortly after the landing, and was completed in February 2019 after the
sensors were placed on the planet's surface, the release of the tether and
opening of the associated load shunt assembly (LSA), and the placement
of the WTS. Fig. 1 shows a sketch of the InSight workspace with various
mission components and SEIS sensor orientations. The SEIS package is
located approximately to the south of the lander at a distance of ~1.8m
from the closest lander foot, and ~3.6m from the furthest. The HP®
(Heat flow and Physical Properties Package; Spohn et al. (2018)) probe
is ~1.2m from SEIS.

The primary purpose of the SEIS experiment is to record seismic
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N
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signals including marsquakes that will provide constraints on the in-
terior structure of Mars. To date, InSight and SEIS have collected an
exceptionally valuable and complete data set (InSight Mars SEIS Data
Service, 2019a, 2019b). Within the first 478 sols (one sol is ~24h40m,;
we count sols starting from the landing), there were 465 seismic events
detected (InSight Marsquake Service, 2020). The first interpretations of
the seismicity of Mars and the planet's inner structure are in Giardini
et al. (2020) and Lognonné et al. (2020). A complete description of the
seismicity catalog, including detection and characteristics of the dif-
ferent suspected seismic signals, is presented in the companion paper by
Clinton et al. (2020).

The observation of marsquakes is astonishing by itself, proving that
the planet is seismically active. However, events of seismic origins are
not the only signals recorded by the InSight seismometers. In fact, the
content of the SEIS data is much richer and includes, similar to the
Viking seismometer recordings before it (Anderson et al., 1977; Lorenz
et al., 2017), other features such as the noise induced by atmospheric
conditions, signatures of operational activities performed by the land-
er's robotic arm, or artifacts caused by the response of the sensors in the
severe martian environment. Part of these non-seismic events (i.e. sig-
nals not associated with seismic sources such as marsquakes or impacts)
have time and spectral domain signatures that resemble seismicity
which may lead to misinterpretations, e.g. wind induced signals
(Fig. 2). Many of the other observations would be unfamiliar to the
scientific community with unusual sources that require clarification,

Solar panels

SEIS tether

LSA
SP3(W)

SP2(V)
[0.0°]
i 105.2°
g )
VBB1(U)
[-29.4°1\

\%js.r \

VBB3(W)
[ -29.7 0]
,\,\2554,0\0,\_

Fig. 1. A sketch of the InSight workspace showing the relative positions of the SEIS and HP® with respect to the lander and geographic north, modified following
Stutzmann et al. (2020). Details on how true North is determined on Mars are in Savoie et al. (2020). The solar panels are colored blue on either side of the main
lander body, and the lander feet positions are indicated. The inset zooms into the SEIS package, showing the position and orientations of each VBB and SP
components. The dip angle for each of the components is shown in square brackets, followed by the azimuth angle from north. More accurate values for azimuth and
dip angles of the sensors are available in the station metadata (InSight Mars SEIS Data Service, 2019a). Note that the position of the HP® is its initial location, and that
the housing has subsequently been moved. The figure is not to scale. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 2. Example for the signature of wind as seen on VBB. The data shown is the 20 sps VBB (02.BH?) channels in m/s, for the time period of 2019-06-04 23:15-23:40
UTC. The velocity spectrogram at the top panel shows the vertical component for frequencies between 0.5Hz and 10 Hz, while waveform panels show all three
rotated components of the VBB sensor in velocity (m/s), highpass filtered at 50 s. The figure includes two wind bursts with different durations. Note the correlation
between wind bursts, increase in wind speed (orange line superimposed on the vertical component in the second panel), and the 4 Hz mode excitation.

e.g. sensors' response to wide range of changes in atmospheric tem-
perature.

Here, we provide a guide for these type of non-seismic events, in
order to aid more accurate analysis of the InSight data in future re-
search. We primarily focus on the seismic dataset collected between
landing and the end of March 2020 (Sol 478), but we also present data
collected from other InSight instruments that may be used for re-
cognizing signals from non-seismic origins. We start with an introduc-
tion on the InSight operations, data repository and how non-seismic
events are processed. Then, we describe each feature in detail.

The information we give here is complimentary to other studies on
the martian background noise and environment. For additional details,
we refer readers to Stutzmann et al. (2020) for the polarization analysis
of long period (T > 1s) seismic noise of the VBB, Charalambous et al.
(2020) for the correlation of noise with wind, and Garcia et al. (2020)
and Kenda et al. (2020) for the analysis of noise related to pressure
drops and pressure variations. Furthermore, information on an essential
component of basic data processing - finding the direction of true North
on Mars - is available in Savoie et al. (2020).

2. Operations and data inventory: a summary
2.1. Operations

The SEIS data (InSight Mars SEIS Data Service, 2019a) from the
InSight lander is first transmitted to SISMOC (SEIS on Mars Operations
Center). The data is then transmitted to the mission support groups such
as the Marsquake Service (MQS), after basic technical processing (e.g.
time stamp corrections and file format conversions) in near real time.

MQS is a ground segment support entity within InSight that is re-
sponsible for routine data monitoring for detecting seismic signals, lo-
cating quakes, and managing the seismicity catalog (Clinton et al.,

2018, 2020). MQS has developed a suite of single-station approaches to
determine a distance and back-azimuth (Panning et al.,, 2015; Khan
et al., 2016; Bose et al., 2017), and magnitudes when it is possible to
obtain a distance (Bose et al., 2018). The majority of the methods
currently employed by the MQS in operations have been vigorously
tested prior to landing using synthetic waveforms and event catalogs
(Ceylan et al., 2017; Clinton et al., 2017; van Driel et al., 2019).

When a suspected marsquake signal is identified, MQS performs
further checks to verify that the signal does not originate from en-
vironmental factors. To do this, MQS uses data from the APSS
(Auxiliary Payload Sensor Suite; Banfield et al. (2018, 2020)) located
on the lander, an additional science package on InSight that includes
one pressure sensor, two sensors for measuring wind direction and
speed, and a magnetometer (MAG; Johnson et al. (2020)). Along with
the APSS data, the activity logs of the lander are also checked to make
sure the signal is not caused by known lander activity, for example
robotic arm movements or lander communications with the Mars or-
biters.

While searching for signals of seismic origin, the MQS team has
become familiar with a multitude of non-seismic features and oddities
in the waveforms, and at various stages has made efforts to system-
atically identify these signals. The team manually annotates these ob-
servations in order to ensure the completeness of the signal analysis and
prevent false event identification. These efforts were most significant at
the start of the project, when MQS was unfamiliar with the patterns in
the martian dataset.

2.2. Data inventory
The data available from InSight (InSight Mars SEIS Data Service,

2019a, 2019b) has varied significantly over the course of the project
because of the complexity of InSight operations (in particular during
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Table 1

List of the most common channels MQS has used since landing for identifying
and annotating seismic and non-seismic events. U, V and W denotes the three
non-orthogonal components of the seismic sensors. 58.BZC is a channel pro-
duced on the spacecraft that combines all three components of VBB at 10
samples-per-second (sps) into a single vertical channel; see Lognonné et al.
(2019). MAG: the InSight magnetometer, VEL: velocity, SCI: science, ENG:
engineering, ERP: event request proposal.

Instrument Loc./Chan. code Samp. rate (sps) Description / Comment
VBB 02.MH [UVW] 2 VEL high gain SCI mode
07.ML [UVW] 2 VEL low gain SCI mode
17.ML [UVW] 2 VEL low gain ENG mode
72.MH [UVW] 2 VEL high gain SCI mode
58.BZC 10 Combined channel VELZ
03.BH [UVW] 10 VEL high gain SCI mode
02.BH [UVW] 20 VEL high gain SCI mode
00.HH [UVW] 100 ERP, high gain SCI mode
Sp 67.MH [UVW] 2 High gain
68.SH [UVW] 10 High gain
67.SH [UVW] 20 High gain
65.EH [UVW] 100 ERP, high gain
Pressure 02.MDO 2
12.MDO 2 Reprocessed on Earth
03.BDO 10
13.BDO 10 Reprocessed on Earth
MAG 02.VF [123] 0.2
02.MF [123] 2

the first 70 sols until commissioning was completed), the fluctuating
available bandwidth, and demand for data retrieval from all active
martian missions. There are major differences in the availability of the
various instrumental packages (e.g. SEIS vs. APSS) and instrument
types (e.g. VBB vs. SP). Additionally, there are changes in the opera-
tional modes of the seismometers (e.g. low vs high gain, and en-
gineering vs science), as well as the sampling rates. InSight adopts an
extended version of the SEED (Standard for the Exchange of Earthquake
Data) naming conventions (IRIS, 2012), with a unique channel/location
code combination for every possible data stream. This leads to a com-
plex inventory of available data, those commonly used are summarized
in Table 1 and Supp. Fig. 1. Also, see appendices B and C in Lognonné
et al. (2019) for additional details on channel descriptions.

The data volume allocated to InSight for downlink is limited, and
varies over time for reasons like orbiter maintenance and requirements
of concurrent Mars missions. In the current configuration, InSight
continuously transmits 20 sps (samples-per-second) VBB (02.BH
[UVW]) and SP (67.SH[UVW]). The configuration for continuous data
is updated occasionally to maximize the downlinked data volume that
is most useful for science. There are also temporary updates during
sensor checkups such as re-centering or calibration, which are activities
that are pre-planned and rare. It is possible to retrieve data at higher
sampling rates targeting specific scientific goals, e.g. investigating
marsquakes in further depth or characterizing a full sol. Although re-
quests for data at higher sampling rates are usually made for 100 sps SP
channels (65.EH[UVW]), our data inventory includes limited amount of
100 sps VBB channels (00.HH[UVW]) as well (Supp. Fig. 1).

3. Overview of non-seismic events and an ordinary sol

The list of non-seismic events we explore in this paper is provided in
Table 2. In an effort to understand and characterise the dataset, the
MQS team has been annotating many of these since Sol 70, once the
WTS was placed over SEIS and the sensors began collecting high quality
data. The procedures to identify all these features summarized in
Table 2 varied over the time. For the initial months into the mission, a
systematic attempt was made to document all glitches and pressure
drops above a certain limit. The procedures were relaxed following
conjunction, in part as a response to the increased rate of marsquake
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observations. From this time, only very large pressure drops were
identified, and only glitches associated with seismic signals or sus-
pected seismic signals were annotated.

Fig. 3 presents an overview of the seismic noise for the data col-
lected by the VBB so far, as well as the non-seismic events identified by
MQS. See Supp. Fig. 2 for a similar image for the SP sensor starting from
Sol 40, which makes apparent both the dramatic reduction in noise
following the WTS deployment, and the difference in long period noise
resolution between the VBB and SP sensors. The pattern of noise am-
plitudes changing over the day and across the martian seasons are de-
scribed in Giardini et al. (2020) and Clinton et al. (2020).

Using polarization analysis, Stutzmann et al. (2020) analyzed con-
tinuous data in the frequency band 0.03-1 Hz and measured both lin-
early and elliptically polarized signals across the sol. Elliptical signals
are dominantly polarized in the vertical plane for frequencies between
0.3 and 1 Hz and in the horizontal plane for frequencies between 0.03
and 0.3 Hz. Many signals are related to wind and pressure variations
and point toward the lander. Charalambous et al. (2020) showed how
the identification of atmospheric and other non-seismic source injec-
tions can be achieved through comodulation, a spectro-temporal ap-
proach describing the correlation in signal power between the en-
vironmental variables and ground motion.

The overall pattern of the non-seismic events in Fig. 3 reveal three
first order observations: i) There is a strong correlation between the
general daily trend of the noise observed by SEIS, the large amplitude
glitches and pressure drops. Large glitches are most common between
midnight and roughly 07:00 LMST (Local Mean Solar Time). They are
no longer identified once the temperature increases with daybreak,
when turbulent weather conditions and frequent pressure drops start to
dominate the seismic signal. Pressure drops are mainly active between
8am and 5pm LMST (Spiga et al., 2020), and stop shortly before
sunset, when SEIS records the quietest noise amplitudes. Glitches still
occur during the day when winds are strong; however, only the ones
with the largest amplitudes can be identified. They are observable again
when the calm weather conditions return after the sunset. ii) The lar-
gest glitches show a roughly linear trend that follow the seasonal
change in temperature. These trends are more clear in the early
morning hours before the sunset, and just before the midnight. iii) The
evening rumbles start to appear after the solar conjunction and form
two distinct clusters in time.

Fig. 4 presents the noise patterns from the VBB vertical component
for a typical sol on Mars. The signal is dominated by the noise produced
from relatively weak laminar winds that begin in the early morning and
last until sunrise, that is followed by stronger, thermally-driven tur-
bulent winds that last throughout the day until nearly sunset (Banfield
et al., 2020; Lognonné et al., 2020). The evening period starting from
sunset is generally the quietest part of the day.

Several distinct modes are visible as horizontal lines at higher fre-
quencies from 1 Hz and above, as shown in the acceleration spectro-
gram in Fig. 4a (also see Table 3 for a summary). These can be sepa-
rated into 3 main types:

1. Modes at 4 Hz and above: These modes are thought to be natural
frequencies of the lander or the tether system. Energy reaches SEIS
via coupling between the lander and ground (Murdoch et al., 2017,
2018), or directly through the tether (Hurst et al., 2020). The
strength of these modes positively correlate with the intensity of
winds, i.e. they are excited when the lander and solar panels are
shaken. The peak frequency and polarization of these modes exhibit
a daily pattern that correlates with temperature changes.
Charalambous et al. (2020) identified that modes below < 10 Hz,
including the significant modes around 4 Hz and 7 Hz, become
abruptly attenuated below a seasonal-dependent wind-speed
threshold close to 2.4 m/s. Additional modes can be seen at higher
frequencies, up to 40 Hz. The energy for each of these excitations is
significantly higher on the horizontal components than the vertical,
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Table 2
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Summary of the non-seismic events seen in the SEIS and APSS data. HF stands for high frequency, while visible range indicates the general frequency band that a
specific observation is identified. The amplitude threshold is the value MQS uses during the annotation of non-seismic events. The features without an amplitude
threshold are classified, but no effort at systematic annotation has been made. Events marked as lander activity are available in the log information of the lander

operations.
Event class Dominant frequency Instrument Amplitude threshold Duration Remarks
Donks =10 Hz VBB, SP 10 %m/s 3-5s. very frequent
Glitches broadband VBB, SP 10~ "m/s 30-35s. very frequent
Temperature pattern long period SP - sol long one per sol; repeats daily
Pressure drops broadband VBB, Pressure 0.1Pa, 1.0Pa - several per sol
Evening rumbles long period VBB, Pressure no threshold 1-3h one per sol; not daily
Crosstalk >1Hz SP, VBB - sol long repeats daily
VBB1 whistling <1Hz VBB [U] - - repeats daily
Sunset chirps <0.5Hz VBB [East] - - not daily, few a sol
Sandmen ~5-7Hz SP [V] not annotated - not daily, one per sol
Other common signals
Arm motion >4 Hz VBB, SP lander activity -
Calibration broadband VBB, SP lander activity -
Heater activation broadband VBB, SP lander activity -

and the modes are generally quite narrow band, indicative of modal
vibrations with low damping.

2. 2.4 Hz resonance: The 2.4 Hz mode is a natural ambient resonance
that appears to originate from the substructure beneath the lander
(Giardini et al., 2020). In contrast to the modes from the spacecraft
system, it is vertically polarized with strongest amplitude on the
vertical component, and does not fluctuate in frequency or ampli-
tude following changes in the temperature or local wind intensity.
This resonance is significantly broader than the other modes. It is
not visible during periods with heavy winds as the weak amplitude
is obscured in the noise. Its amplitude and azimuth (angle from the
North in horizontal plane) do vary during the day with highest
amplitude in the late evening, and subtle changes in overall am-
plitude do occur over the seasons. It is the only mode that is sys-
tematically excited by seismic waves and amplifies seismic signals
above the noise (van Driel et al., 2020).

3. 1 Hz mode: This signal is also referred to as the tick-noise. It is an

artifact produced by crosstalk from temperature analogue signals of
the E-Box measurement system. The E-Box works with 1 s cycles to
the science and house-keeping signals, which are acquired by its
data acquisition system. It also performs temperature measurements
on the sensors at a sample rate of 1 sps. For these measurements,
which consist of sending a current through a thermistor, both the
current source and the acquisition circuitry are shared. One set of
these exists for the temperatures measured by the housekeeping
system, and another set for the VBB temperatures. Therefore,
switching is performed to send the current through each of the
thermistors within the 1scycle, to obtain a value for each of the
temperatures. The currents are sent over the tether, which also
carries the science signals to the E-Box. The crosstalk between the
signals on the tether, and possibly within the sensor assembly, cause
the 1s period tick-noise on both sensors, more dominantly on the
VBB components.
The amplitude of the crosstalk signal is sub-LSB (Least Significant
Bit), and only becomes apparent in the frequency spectrum when
long durations of data are analyzed. LSB is the physical value for one
count of the digital number. The E-Box can digitize a 24-bit number
for a full range of + 25 V for VBB, so the value of the LSB is 50V/
22% = ~ 30uV. Both the amplitude and frequency of the tick noise
are constant throughout the day. Higher harmonics may also be
seen, for instance at 2 Hz and 4 Hz.

The excitation of the 2.4Hz and lander modes serve as a dis-
criminant to identify if a signal is from a seismic origin or not, i.e.
seismic events do not excite the lander modes, while wind does not

excite the 2.4 Hz mode (Giardini et al., 2020). For future reference, we
emphasize that when a suspicious signal is detected on SEIS recordings,
it should also be checked against the common patterns we describe
here, as well as the APSS channels and lander activity.

Although we generally use the lander modes (e.g. Figs. 4 and 8) to
discriminate between weather induced phenomena and seismic events,
there are often cases for which the 2.4 Hz excitation coincides with the
lander modes' excitation (Clinton et al., 2020), which is not surprising
considering the prevalence of wind-associated signals in the dataset.
The current MQS seismicity catalog does include many examples of
seismic events with high frequency energy that occur during the quiet
period of the sol and do not excite the lander modes. The opposite case
is also very common where we observe long period wind energy ex-
citing the lander modes but not the 2.4 Hz resonance. The co-excitation
of both the natural and lander modes is relatively rare.

The lander modes and their variable characteristics is not new for
extraterrestrial missions. For instance, Latham et al. (1971) reported
that lander noise was an unexpectedly problematic feature of the first
extraterrestrial seismology observations, the Apollo 11 Passive Seis-
mology Experiment, even though the instrument was placed some
16.8m from the nearest leg of the Lunar Module (LM). Subsequent
Apollo experiments had the seismometers deployed about 100 m from
the LM, but even then, lander noise was apparent, especially during the
long lunar dawn and dusk. A lander resonance of 7.2 Hz was seen when
the astronauts were on the surface, which shifted to 8.0 Hz when they
departed. Specifically to InSight, Panning et al. (2020) present the data
from the SP sensor while on-deck and show these lander modes occur
with significantly higher amplitudes.

Note that the change in the rate of occurrence of non-seismic events
after solar conjunction in Fig. 3b is a result of an update in MQS's
strategy when annotating these features: Single and multi-component
pulses (referred to here as glitches in general), donks, and pressure
drops are very frequent. Therefore, MQS annotates these observations
when they are above an amplitude threshold. All glitches with a
minimum amplitude of 10~ ’m/s and pressure drops of 0.1 Pa were
picked until Sol 265. After Sol 265, MQS started annotating the most
apparent glitches only around potential seismic signals without a cer-
tain threshold, and pressure drops at or above 1Pa (Table 2). This
update on MQS procedures was in response to a marked increase in the
observation of marsquakes in the months preceding conjunction
(Clinton et al., 2020).

4. Non-seismic event descriptions

SEIS data includes broad patterns that are ideally observed on a
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Fig. 3. Evolution of seismic noise as seen on VBB between sols 76-478 (a) and the non-seismic events included in the MQS database (b). Each horizontal strip in (a)
shows the acceleration spectrogram for one sol from 4 Hz to 25 s. Data used in (a) is a combination of VBB vertical, 58.BZC, or VBB1. Glitches are shown as either
single or multi-component pulses in (b). No data was retrieved during the solar conjunction. The MQS procedures for annotating key non-seismic events were
updated following the conjunction.

whole sol scale or relatively longer time windows at the order of several 4.1. Donks
hours, i.e. the response of the SP sensor to temperature change, cross-

frequency modes on both VBB and SP, and evening rumbles. Other Donks are short duration pulses of high frequency energy that are
features listed in Table 2 occur at much smaller scales with distinct typically observed on all three components of both seismometers si-
spectral or time domain signatures. multaneously at frequencies higher than ~12 Hz (Fig. 5). Due to their
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higher frequency content, they are only clearly visible on the 100 sps
VBB and SP channels, which are downlinked on demand for specific
science or engineering purposes. Donks occasionally may have tails
injecting energy at frequencies lower than 8 Hz. They are visible on 20
sps channels when the tail of energy is lower than 10 Hz, but their
signature on the waveforms is vague.

The typical duration of donks is at the order of a few seconds, with a
waveform pattern that may resemble micro quakes. Donks at different

Table 3
Overview of predominant modes and resonances observed in the SEIS data.

times of the day can have very different waveform and spectral sig-
natures. They typically start with an impulsive energy that then excites
numerous lander modes. They are a prevalent feature in high sample
rate data, with many hundreds occurring each day. MQS has not at-
tempted to annotate all examples. On rare occasions for a short period,
donks with amplitudes =10~°m/s have been annotated.

Donks are thought to be transient energy associated with stress re-
lease from temperature cycling on the lander, tether, or SEIS. This is

Mode/resonance  Source Common characteristics

1Hz E-Box (known) Very narrow resonance peak. No temperature dependency. Shows harmonics at 2 Hz, 3 Hz etc.

2.4Hz shallow structural resonance below SEIS ~ Broad natural resonance that may be overlapping with other modes at close frequencies at 2.3 Hz and 2.6 Hz. Its

(presumed) amplitude and orientation varies during the day. Excited by seismic signals and also apparently modulated by

regional weather.

4-~10 Hz Lander Shift in frequency during the day time with the temperature variations corresponding to higher amplitudes when
wind is also stronger. Also excited in the quiet periods; well correlated with the wind intensity. Rarely excited by
donks.

12-40 Hz Lander and WTS Varying temperature dependency. Strongly excited by donks. Splitting signals during the day, indicating crosstalk

overlaps.
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Fig. 5. Donk examples as seen on the 100 sps SP data (channel 65.EH?). (a)
Velocity spectrogram for the vertical component, and (b) three component
waveform plots for the time frame marked with vertical dashed lines in (a). The
time scale in (b) is only 10 s long starting from 2019-07-30 13:36:00 UTC (Sol
239 18:13:42 LMST). Note that donks can be ubiquitous in the data, and have
significant variation in amplitude, as well as seismic signal shape and spectral
content.

corroborated since donks excite frequencies associated with lander
modes also excited by winds in contrast to the glitches (see the next
section).

Donks are most visible at different periods of the day, in particular
during mornings and evenings outside of the heavy winds, which may
obscure their observation. Unfortunately, this is the same period during
which the majority of marsquakes are observed at lower frequencies.
Hence, it is normal to observe these signals overlain on the seismic
signal. Fortunately, it is rare for marsquake signals to have frequency
content overlapping donks. A special type of seismic signal that is ar-
chived by MQS, labeled as super high frequency (shortly SF) events, does
have a similar duration as donks, but differs as the energy is broadband
throughout its excitation, not just exciting lander modes. See Clinton
et al. (2020) and Dahmen et al. (2020) for further discussion and ex-
amples of both donks and SF events.

4.2. Glitches

Glitches are by far the most frequent type of anomaly observed on
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the 20 sps VBB channels. The SP waveforms also contain some glitches
that often can be linked to the sensor response to daily temperature
changes.

The waveform of glitches (Fig. 6) can be understood and modelled
as the instrument response convolved with a step in the recorded ac-
celeration. Glitches therefore manifest in the time domain raw data as
one-sided pulses with a duration of ~25-30s independent of their
amplitudes, and in the spectral domain as very broadband energy
blocks reaching from lowest frequencies up to 1 Hz and higher for the
strongest glitches. Glitches may occur on only one single component as
well as on all three components; some glitches even occur simulta-
neously on all six seismic components (VBB and SP together). There are
numerous glitches that include superimposed high frequency ringing at
the beginning. For these high frequency glitches, the ringing is referred
to as a spike and usually coincides with a donk that reaches below 5 Hz.

As is the case for most of the non-seismic events we outline in this
paper, the detailed mechanisms that cause glitches are still under de-
bate. Many glitches are associated to the release of thermal stresses at
the individual sensor level or within the SEIS main frame. Other glit-
ches that are occurring on multiple components can be explained by the
SEIS assembly tilting in the order of nano-radians, causing a different
projection of the gravity vector on the individual components (a step in
acceleration). For these cases, glitch spikes are thought to represent the
instrument response of a step in displacement associated to such tilt of
the SEIS assembly.

We also observe glitches correlating well with the activity time
stamps of InSight's robotic arm, indicating that certain lander activities
cause impulsive ground tilts. However, arm motions are rare so this is
an exceptional explanation.

Finally, we observe a subset of glitches that occur predominantly on
the north component with positive polarity after sunset and with ne-
gative polarity during the day. In our current understanding, these
glitches could be related to tilts induced by the tether and/or load shunt
assembly under the changing wind and temperature regime. Overall,
considering the temporal variability of glitches with very different
character, it is likely there are multiple different sources for glitches.

Similar to the donks, some glitches are linked to the release of
thermal stresses in the SEIS main frame. A comprehensive analysis of
glitches recorded by both VBB and SP can be found in Scholz et al.
(2020) as well as the supplement 5 of Lognonné et al. (2020). Since a
number of VBB glitches have an onset that is coincident with donks, it is
likely both features sometimes originate from a common source.
However, both donks and glitches are very recurrent signals; hence,
some level of correlation would be expected.

Glitches are artifacts that contaminate the data with their impulsive,
broadband characteristics that span a wide range of amplitudes. Many
standard seismological methods (e.g. receiver functions, spectral de-
composition, noise analysis) are sensitive to the presence of glitches and
care must be taken. Hence, glitches should be avoided where possible or
attempted to be removed (Scholz et al., 2020).

Until Sol 265, the MQS annotation database includes all glitches
with amplitudes larger than 10~ m/s as well as all visible glitches
during any identified marsquake. After this, only visible glitches around
the seismic events are included.

4.3. SP temperature pattern

The SP sensor has a well established and predictable response to the
temperature variations throughout the sol (see Fig. 7 for an example
from Sol 204) and so exhibits a repeating pattern of high amplitude
spikes and long period drift. The VBB sensor is also affected by thermal
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is preceded by another glitch with a relatively smaller long period amplitude.

changes as seen in the full sol waveforms, though not as severely. The
SP velocity output is proportional to jolt (the derivative of acceleration)
at longer periods, whereas its response to temperature is in accelera-
tion. The sensor's thermal response consists of both a linear and ther-
moelastic component (Stott et al., 2018). The SP1 (or U, the vertical
component) has a predominantly linear response in acceleration, and is
the most sensitive to temperature. The horizontal sensors SP2 (V) and
SP3 (W) naturally have a lower sensitivity, in fact, SP3 (W) is observed
to have very little. The SP2 (V) sensor's velocity channel though has a
slightly larger sensitivity and includes sudden steps (Fig. 7b,c), which
correspond to a step change in the sensitivity itself, noting that these
steps are in jerk.

For the example sol shown, there are temperature induced glitches
on SP2 (always positive direction) and SP3 (always negative direction)
at the beginning of the SP pattern's first stage, as well as on all VBB
components (Fig. 7b), occurring at around — 48 °C. SP1 has one positive
and one negative glitch each end of the temperature cycle when the
sensor die reaches —48 °C.

These patterns have changed over the course of the mission, de-
pending on the temperature profile. A particularly marked change oc-
curs on Sol 168 where the SEIS heaters were turned on. This moved the

regular glitches observed on the horizontal SP sensors (SP2 and SP3)
from —56°C to —47 °C.

4.4. Crosstalks and whistling

Both the VBB and SP sensors exhibit transient signals with fre-
quencies that steadily migrate higher or lower over timescales on the
order of hours - which could also be described as wandering signals or
crosstalk. These are most visible in the 100 sps data as the signals are
more pronounced above 10 Hz.

The frequency of these signals correspond exactly to the velocity
counts from each channel (low-pass filtered < 2 Hz) and are an artifact
that appears to be created by internal crosstalk in each channel, either
in the tether cabling or electronics, which injects an amplitude to fre-
quency modulation from the input to the output in a process which is
not fully understood. Hence these crosstalk signals are scaled versions
of the raw velocity counts seen in Fig. 7, with the SP sensor repeating
well-established patterns observed at frequencies > 1 Hz (Fig. 8a) re-
peated over many sols.

As crosstalk injects on to each SP and VBB sensor, if the sensor
outputs are mixed to produce the horizontal SP and all three VBB
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components, the crosstalk appears as a superposition, with a more
complex form (Fig. 8b). At lower frequencies, the crosstalk injection
moves quickly across the bandwidth, and is generally less apparent
though if the counts are changing more slowly it can be identified.
Another type of transient signal observed on SEIS data is called as
the whistling. The main distinction between whistling and crosstalk is
that whistling is seen only on one sensor without any crosstalk between
instruments or sensors. An example for VBB is shown in Fig. 8c, labeled
as VBB1 whistling in Table 3. Fig. 10b demonstrates another example or
migrating spectral signals seen on the SP2 sensor that we term sandman,
which is explained together with the sunset chirps in a separate section
below due to their similarities in spectral shape and time of occurrence.

4.5. Atmospheric effects: wind, pressure drops, evening rumbles

Although the noise was dramatically reduced by the deployment of
WTS, the sensors remain far from fully isolated from the martian en-
vironment. SEIS is very sensitive to atmospheric conditions, particularly
to the wind effects (Fig. 2). The wind effects are observed in the seismic
records as very broadband and frequent features that could be confused

with seismic signals in the time domain, specifically throughout the
mid-day when weather conditions are rather more turbulent (Fig. 2).
Additional modes excited by the lander-wind interaction (e.g. at 4 Hz
and 7 Hz) are very strong during the same time period. The temperature
dependency of the lander modes is clearly visible on spectrograms with
excitation frequencies lower than the quieter periods (Fig. 4 and 8a,b).

There are two primary atmosphere related events we describe in
further detail here:

1. Pressure drops (Fig. 9a): MQS is systematically annotating transient
drops in the pressure channel as pressure drop/dust devil (see
Fig. 3b). They have a clear broadband signature on the seismic data.
These are vortices in the martian atmosphere, which may or may not
be visibly dust-laden. The low-pressure vortex system applies a ne-
gative load to the ground, causing a measurable tilt away from the
vortex (Lorenz et al., 2015), from which the ground compliance can
be derived (Lognonné et al., 2020; Banerdt et al., 2020; Kenda et al.,
2020). They are daily evident in the seismic recordings depending
on their intensity and proximity to SEIS. Pressure drops are very
common during the early afternoon turbulent periods when

10
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temperature is higher (Spiga et al., 2020). An investigation that used
SEIS records of pressure drops to identify observed satellite images
of dust devil tracks is included in Banerdt et al. (2020). Fluctuations
of pressure outside the daytime hours are related to gravity waves
and bores (Banfield et al., 2020) and develops over longer periods
than daytime vortex-induced pressure drops.

2. Evening rumbles: Evening rumbles are relatively long period

(> ~2s), pressure induced signals on SEIS with a duration of 2-3 h.
Their signatures on the seismic time series are not very distinct, and
their spectral signature resembles what are known as low frequency

11

(LF) events in the Marsquake catalog (Clinton et al., 2020) - though
they have significantly longer duration and longer period excitation.
They are visible during the quiet periods in the evening, associated
with the long period change in atmospheric pressure (Fig. 9b).
Evening rumbles may also appear like wind gusts; however, it is
straightforward to distinguish them as the lander modes are not
excited during the rumbles. For the strongest events of this type, a
clear correlation can be seen between the vertical component VBB
and the pressure sensor. For weaker examples, the pressure signal
cannot be seen above the noise and the classification is purely based
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Panel (b) shows acceleration spectrogram for vertical component of VBB with two lander modes (arrows) and evening rumble marked (rectangle).

on the seismic data. Evening rumbles started to appear after the
solar conjunction period. They are most probably seasonal features.
Readers are referred to Garcia et al. (2020) for more information on
the correlation the VBB and pressure.

4.6. Sunset chirps, sandmen

Sunset chirps are another example of frequency domain features
that occur in the evening hours after the windy period (Fig. 10a). They
usually last for ~30-60 min, with no apparent time-domain signature.
They are most commonly observed on the east component of the VBB,
at periods ~4-35s.

Sunset chirps are characterised by a fishbone-like pattern on the
spectrograms. They have energy packages that look dispersive with
several overtones, increasing in frequency over time. The pattern is
mirrored with similar modes that are decreasing in amplitude, and fi-
nally vanishing.

Similar to VBB's sunset chirps, a frequent spectral-domain feature
occurs on the SP2 during the quiet hours, which we term sandman

12

(Fig. 10b). A sandman has an inverted V-shaped pattern with no extra
apparent modes. It persistently appears for a two-hour-long period
between ~18:00-20:00 LMST, with a relatively weak energy in the
5-8 Hz band. This feature might be seen with slightly different patterns,
for instance circular rather than V-shaped, or only parts of the pattern
visible.

Note that the sandman is essentially a whistling, as it is a cross-
frequency phenomenon that is only observed on the SP2, and there is no
indication of a similar pattern on other sensors. We list this feature here
with the VBB sunset chirps due to their similarities in spectral shape
and time of occurrence.

4.7. Other common signals

Other signals that regularly appear in the SEIS data are those gen-
erated by the lander activities or sensor maintenance operations. It is
generally clear that such events are artificial; however, without easy
access to the lander information, it can easily to be confused by these
signals when analysing an unfamiliar dataset from another planet.
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Therefore, we briefly give three examples for these type of signals in-
cluding signatures of InSight's robotic arm, VBB calibration, and SEIS
heater (Fig. 11).

The InSight lander has a robotic arm with a camera mounted on it.
The arm has been actively used for deployment, other activities that
require interaction with the instruments on the ground, and imaging
the surroundings. It has been used significantly beyond the original
plan in the efforts to help the HP® mole as it struggles to bury itself
under the Martian surface. An arm motion is typically characterised on
SEIS by a series of relatively high frequency (> 4 Hz) and dispersive
signals on both VBB and SP (Fig. 11a). The characteristics depend on
the performed activity.

The SEIS sensors go through occasional quality control measures
similar to a seismic station on Earth, including re-centering and sensor
calibration. An example of how calibration looks on SEIS is shown in
Fig. 11b. Calibration signals are visible on both sensors and all com-
ponents.

SEIS has internal heaters in order to maintain the health of elec-
tronics and mechanical components. The heaters are activated when
inside temperatures for any component threaten to drop below —65 °C,
depending on the configuration of flight software. When the heaters are
turned on, they cause impulses on the sensors which are damped over
time, resembling a boxcar-shaped response on SEIS (Fig. 11c).
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5. Conclusions

We presented the general characteristics of commonly observed
signals of non-seismic origins in the seismic data of InSight between the
landing and Sol 478 (end of March 2020). The SEIS data is dominated
by the artifacts from the atmospheric conditions that are more evident
during the windy periods, but also may occur in the quiet periods.
These artifacts have time and spectral domain properties that may re-
semble seismic signals. Any automated approach to detect signals of
seismic origins may be affected by the signatures of these anomalies,
and care must be taken in any analysis. Glitches and donks are parti-
cularly ubiquitous features and hence need to be handled with care
when interpreting InSight seismic data.

Data availability

The InSight seismic event catalog version 3 (InSight Marsquake
Service, 2020) and waveform data (InSight Mars SEIS Data Service,
2019a) are available from the IPGP Datacenter and IRIS-DMC. Seismic
waveforms are also available from NASA PDS (National Aeronautics
and Space Administration Planetary Data System; https://pds.nasa.
gov/). A sample data set of daily mini-seed files as well as example
source codes for plotting, waveform processing, and LMST conversions


https://pds.nasa.gov/
https://pds.nasa.gov/

S. Ceylan, et al. Physics of the Earth and Planetary Interiors 309 (xxxx) XxxX

—-200 -180 -160 -200 -180 -160

Q) —— b} .
PSD (m/s)?/Hz [dB] e psD (m/s)2/H2 [0B] ] 65D (75)2H2 [0B]
10 10! = 1107
N N E
z T &
Sheert >
(1 2 100 g 100
e 5 (= [}
g [ =)
= 3 1o
o o (2 1
2 £10m £10-
0 50:00 &
le-8 le—4
—Z 14
_—Z
0 - 0
_1 -
._.1 E
le—6 le—6
24 — N w— \/BB2
—N
04
0
= AL Glitch
movement -2 4 =14
le-7 le-7 le—6
2.5 1 1
- — | 2 — €| & —— VBB3
<2 14 a S —E
£ £ £
Fol > 0.0 2z 0
G 0 t—‘_) [%]
3 8 3
> -1 225 g
_1 -
T T T T T T T T T T T T T T T T
600 650 700 750 800 850 900 0 1000 2000 3000 0 250 500 750 1000 1250 1500
Time (s) Time (s) Time (s)

Fig. 11. Examples for common activities performed on lander or SEIS. Data used in the plots are in m/s. The components are indicated in each panel. (a) Robotic arm
motion. The waveform duration is marked with vertical dashed lines in the spectrogram. The period of arm motion is marked in purple. In this particular example, the
robotic arm movement is followed by a glitch that is strongest on N component (light yellow boxes). (b) Sensor calibration, and (c) Heater activation. The frequency
axis for the arm motion in (a) is in linear scale, while other panels are logarithmic. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Visualizations were created using Matplotlib (Hunter, 2007). The
data was processed with NumPy (Oliphant, 2006), Scipy (Jones et al.,
2001), ObsPy (Krischer et al., 2015) and custom software developed by
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This paper is InSight Contribution Number 150.

APSS Auxiliary Payload Sensor Suite

E-Box Electronics Box

ENG Engineering mode for seismometers

ERP Event Request Proposal (to downlink data at high sampling rates)
HP® Heat flow and Physical Properties Package

InSight Interior Exploration using Seismic Investigations, Geodesy and Heat Transport
LSA Load Shunt Assembly

LSB Least Significant Bit

LM Lunar Module

LMST Local Mean Solar Time

MAG Magnetometer

MQS Marsquake Service

SCI Science mode for seismometers

SEED Standard for the Exchange of Earthquake Data

SEIS Seismic Experiment for Interior Structure package

SISMOC SEIS on Mars Operations Center

SP Short period seismometer

VBB Very broadband seismometer

VEL Velocity

WTS Wind and Thermal Shield
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