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Key points:

e Reflection phases are seen at ~1.2 s, ~2.4 s, and ~3.9 s in autocorrelations of the
InSight seismic data for all three components

e Daily velocity variations averaged in the top ~18-200 m of ~40-5% are resolved
using reflection waves at ~4 Hz

e The changes are driven by surface temperature variations producing thermoelastic
strain and material failure at shallow depth
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Abstract

Temporal changes of S-wave velocities at shallow depth on Mars are derived using seismic
data from the InSight mission. Autocorrelation functions are computed for three-
component seismic recordings to retrieve zero-offset reflection seismograms. Observed S-
wave reflection phase with two-way travel time of ~1.2 s and its multiples indicate an
interface at ~200 m depth. Daily relative travel time changes (dt/t) with ~5% variations
are correlated well with the surface temperature. A top ~1m-thick regolith layer produces
a delay of about one Martian day between the dt/t and surface temperature. Assuming the
travel time changes are produced primarily in the top ~18 m sand layer, the daily velocity
variations in that layer are ~40%. The dominant mechanisms driving the changes are
thermoelastic strain in the shallow structure generating the time delays and possible

material failures in the regolith layer.

Plain Language Summary

Seismic and environmental data provided by the InSight mission are used to study the
behavior of shallow materials on Mars in response to daily temperature variations.
Autocorrelations of moving time windows of the seismic data provide information on
waves that are excited and recorded at the sensor location. Signals reflected at an interface
~200 m deep with ~5% daily travel time variations are seen in the autocorrelations. The
travel time variations correlate well with the surface temperature data. A delay of about
one Martian day may be generated by the ~Im-thick unconsolidated surface layer on Mars.
The analysis suggests that the changes of travel times are produced by thermal-induced
strain and related perturbations to elastic moduli and mass density in the shallow structure
on Mars. If the observed ~5% daily travel time variations are concentrated in the top ~18

m sand layer, there are ~40% corresponding daily velocity variations in the layer.
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1. Introduction

Seismic interferometry has been widely used to image (Lin et al., 2013; Pham &
Tkalci¢, 2017; Romero & Schimmel, 2018; Shapiro & Campillo, 2004) and monitor
buildings and seismic structures on Earth (e.g. Bonilla et al., 2019; Brenguier et al., 2008;
Mao et al., 2019; Prieto et al., 2010; Qin et al., 2020). Velocity variations associated with
earthquakes (e.g. Karabulut & Bouchon, 2007; Peng & Ben-Zion, 2006) and periodic (e.g.
daily, seasonal) loadings such as hydrological changes, thermoelastic strain and tides (Ben-
Zion & Allam, 2013; Johnson et al., 2017; Mao et al., 2019), shed light on in-situ structures
and susceptibility of subsurface materials to failure. These issues are of great importance
to interpreting observed seismic motion, reliability of underground facilities and other
applications.

Recent developments enabled geophysical studies on Mars and other objects in the
solar system. Martian interior structures can be divided (e.g. Fei, 2013; Khan et al., 2018;
Yoder et al., 2003) as on Earth into crust, mantle and core (Smrekar et al., 2019). The
NASA'’s Interior Exploration using Seismic Investigations, Geodesy and Heat Transport
(InSight) mission deployed a seismic station on Mars at the end of 2018 (Lognonné et al.,
2019; Panning et al., 2017). Seismic waveforms from a single three-component station,
augmented by environmental data (e.g. Temperature and Wind for InSight (TWINS)), were
used to search for marsquake (Banerdt et al., 2020; Giardini et al., 2020), constrain shallow
elastic and anelastic properties of Mars (Lognonné et al., 2020), and analyze source
properties of the ambient seismic noise on Mars (e.g. Suemoto et al., 2020).

Using seismic interferometry, Deng & Levander (2020) identified prominent body-
wave reflection phases in stacked vertical component autocorrelation data, and associated
them with reflections from deep interfaces (e.g. the Martian Moho and core-mantle
boundary). Analysis of data from the Apollo Lunar Seismic Profiling Experiment
(Nakamura et al., 1982) resolved the structures and thermal properties of the Moon
(Kovach & Watkins, 1973; Langseth et al., 1976; Larose et al., 2005; Tanimoto et al., 2008)
and discovered moonquakes triggered by diurnal temperature changes (Cooper & Kovach,
1975; Duennebier, 1976; Duennebier & Sutton, 1974).

In this study, we retrieve high-frequency (~4 Hz) body waves reflected from a shallow

(~200 m deep) interface using moving short-time (20 s) window autocorrelations of
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seismic recordings, and analyze daily variations in arrival times of the reflections to
monitor possible material changes in near-surface structures. Considering the large daily
temperature variations (~76°C) and low barometric pressure (~700 Pa) on Mars, the in-situ
monitoring of velocity variations aims to provide high-resolution information on the

properties and dynamics of the shallow materials at the study area on Mars.

2. Data & Instrumentation

NASA’s InSight spacecraft deployed a six-axis seismometer on Mars providing
seismic data sampled at 10 Hz, 20 Hz and 100 Hz, augmented by the TWINS
environmental sensors. Except for the detected marsquakes (Giardini et al., 2020), seismic
data on Mars are dominated by noise from atmospheric events and wind-generated lander
noise (Lognonné et al., 2020; Suemoto et al., 2020). Surficial geology studies (Golombek
et al., 2020) and investigation of seismic data (Lognonné et al., 2020) at the landing site
suggest a relatively smooth terrain with a ~3-18m-thick layer of sand with few rocks
overlying coarse breccia. Analyses of seismic and environmental recordings on Mars
(Lognonné et al., 2020) provided near-surface Young’s modulus (~47 MPa), P-wave
velocity (118+34 m/s) and thermal inertia (160-230 Jm~2K-'s"""?) of the regolith layer in the
top 1-2 m.

We analyze the seismic and environmental data (Fig. 1) for temporal variations in the
properties of near-surface structures on Mars. The 100 Hz seismic data are continuously
recorded during Julian days 66-67 (UTC on Earth; Fig. S1); therefore, we present the
analysis primarily based on the two-day 100 Hz data. Close to this time interval, the 20 Hz
(days 63-65) data are also analyzed (supporting information) to show similar patterns with
those derived from the 100 Hz data but with larger uncertainties. Temperature and wind
recordings are plotted in Figs 1&S2. The three-component recordings are detrended and
rotated to the geographical east-west (EW), north-south (NS), and vertical (UD)
components (e.g. Fig. 1a). The rotated data are then segmented into 20s-long time windows
with 50% overlap, resulting in analysis time steps of 10 s. The daily amplitude variations
of seismic data are significant (~3 orders of magnitude) at frequencies above ~5 Hz, as is

shown in Figs 1b&S3. Thus, for each time window, we bandpass filter the data at 1-5 Hz,
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where the amplitude variation is less dramatic, and calculate autocorrelation functions
(ACFs) to retrieve the zero-offset reflection seismograms. Resulting ACFs are presented
in Figs 2&S4-S5. By tracking travel time variations of body waves in ACFs reflected from
interfaces beneath the station, we can infer the temporal evolution of subsurface materials
at the InSight landing site.

For each ACF, the delay of travel time (dt) with respect to a reference trace associated
with the stack of all ACFs is obtained through cross-correlation in a time window where
clear reflected phases are observed. Fig. 2c shows the reference ACFs (black dashed
curves) and example traces (black solid curves) at 1 pm of Julian day 66. The cross-
correlation time window is determined as follows: (i) We first stack the envelopes of all
ACFs (Figs 2&S4-S5), and center the cross-correlation time window at the second peak
(i.e. the highest peak excluding the zero-lag) of the stacked envelope function (Figs
2d&S6). (i1) Then we calculate the dominant frequency for each trace and remove ACFs
with peak frequencies that are larger than 5 Hz or lie outside three times the standard
deviation in the distribution of ACF dominant frequencies (Fig. S7). The obtained median
dominant frequency f, is ~4 Hz, close to the Nyquist frequency of the 10 Hz data, therefore
the analyses based on 10 Hz data are less reliable and not presented in this paper. (iii) The
cross-correlation time window is defined as +3 times the median dominant period T, =
1/f, from the center determined in step (i), resulting in ~1.5s-long cross-correlation time
windows (blue vertical lines in Fig. 2¢)

We show the stacked envelope functions and cross-correlation time windows in Fig.
2d for the three components at 100 Hz and in Fig. S6 for data at 20 Hz. To suppress
potential effects of wavefield changes on the inferred delay times, we discard the ACF if
any of the following holds: (i) The peak value of envelope function in the cross-correlation
time window is smaller than 20% quantile of the peak envelope values from all ACFs. (ii)
The cross-correlation coefficient with the reference ACF trace is less than 0.5. (iii) The

retrieved dt deviates more than three times the median absolute deviation from the median.

3. Analysis
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The travel time variations are clearly seen in the two-day EW-component ACFs filtered
at 1-5 Hz from the 100 Hz data (Fig. 2a). Results for the other two components (Fig. S4)
and data at 20 Hz (Fig. S5) show consistent patterns. Reflected signals at ~1.2 s, ~2.4 s,
and 3.9 s (i.e. two-way travel time) are observed in the stacked envelope functions (e.g.
Fig. 2d). The cross-correlation time windows used to calculate delay time are centered on
the first labeled peak, 7; = 1.17 s, 1.29 s, 1.19 s for EW, NS and UD components,
respectively. The relative travel time change averaged over the entire propagation path is
calculated as dt/t, where ¢ is the lapse time for the center of the cross-correlation time
window. Positive dt/t values indicate increasing travel time and thus slower seismic
velocities.

Fig. 3 shows the observed dt/t values colored by the cross-correlation coefficients,
estimated from the two-day 100 Hz data. Due to the large scattering of the observed dt/t
values, we smooth the measurements by taking the running median for every 65 points,
and calculate the corresponding standard deviation as the data uncertainty (gray area in
Fig. S8). The smoothed dt/t curve has a maximum time resolution of ~10 min. We choose
a window size of 65 points due to the trade-off between time resolution and smoothness of
the resulting dt/t curve. Spikes still present in the smoothed dt/t data (e.g. red curves in
Fig. 3) and are likely associated with data gaps and low-quality ACFs (e.g. Fig. 2a). Results
from the 20 Hz data are illustrated in Fig. S9 (results for the NS component are not shown
due to low data quality).

The smoothed dt/t curves (e.g. Fig. 3) have a similar shape to the temperature
recording (Fig. 1c), showing a relatively flat linear change during Martian night times (e.g.
8:00 pm to 8:00 am) and significant variations during the daytime (e.g. 8:00 am to 8:00
pm; between the purple dashed lines in Fig. 3). This is in contrast to the more complicated
pattern of wind recordings (Fig. 1¢) and indicates that the dominant mechanism driving the
temporal change is associated with temperature. Since high frequency (>1 Hz) seismic
noise recorded at the site is dominated by wind-induced lander noise (e.g. Suemoto et al.,
2020), the contribution from wavefield changes to the resolved dt/t curves is negligible.
We compare the smoothed dt/t curve with a linear transformation of the temperature
recording T'(t) given by go(T;a,b) =a-T(t) + b. The coefficients a > 0 and b are

determined so that the maximum and minimum values of the go(T;a,b) match,
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respectively, the median values of the upper 95 and lower 5 percentiles of the smoothed
dt/t curve. The obtained a and b parameters are presented in Table S1 and show
consistent values from different data sets.

The difference between the linearly-scaled temperature (black curve) and smoothed
dt/t values (red curve) in Fig. 3, §y(t) = go(T; a, b) — dt/t, is much smaller than the
data uncertainties (shaded area in Fig. S8) during Martian night times (e.g. 8:00 pm to 8:00
am). This indicates a robust linear relation between the smoothed dt/t and surface
temperature (hereinafter, dt/t-temperature relation). We also find a good agreement in the
timing between the two curves of the turning point around 6 am in the Martian time, after
which the temperature and dt/t values increase dramatically. This suggests the time delay
between the smoothed dt/t curve and surface temperature is comparable to the time
resolution of the data (~10 min) at Martian night plus possible multiples of Martian day.
The difference 8,(t) during the Martian daytime (e.g. between the purple dashed lines in
Fig. 3) is much larger than that at night, indicating either a nonlinear relation or a different
time shift between these two curves during the daytime. The same dt/t-temperature
relations are also consistently observed in data at 20 Hz (Fig. S9).

We further verify the robustness of the observed dt/t-temperature relation through
curve fitting the smoothed dt/t using go(T; a, b), i.e. inferring the coefficients a and b by
minimizing 8,(t)? for all available data. The best fitting result (black curve in the upper
panel of Fig. S10) shows that we cannot fit the measurements equally well during the
Martian night and day times. We also conduct the curve fitting using g,(T; a,b,ty) = a -
T(t — ty) + b, considering possible time shift t, between the two curves. The best fitting
result is obtained by minimizing &, (¢; t,)? for each possible t, from -2 h to 2 h, where
6,(t;ty) = g1(T;a,b, ty) —dt/t . We note that the estimated time shift t, is
representative of the wrapped phase delay and may be cycle skipped, i.e. the actual delay
isty; =ty + Ty - N, where N is an integer and Ty, is a Martian day. The result indicates the
best fitting ¢, is -45 mins (bottom panel of Fig. S10), when all available dt/t data are used,
implying that the smoothed dt/t curve likely either precedes the temperature record by
~45 min or is delayed by ~23 hours. Considering the best fitting &, (t; t,) is smaller than
the data uncertainties (shaded area in Fig. S8), we rule out the possibility of a non-linear

dt /t-temperature relation during Martian day times. The best fitting time shift ¢, remains
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negative for all data sets, and the absolute value becomes smaller when & (¢; ty)? is
minimized during Martian night times (e.g. 8:00 pm to 8:00 am) and larger when &, (t; ty)?
is minimized during Martian day times (e.g. 8:00 am to 8:00 pm). The time delay from the
curve fitting suggests the actual delay 74 between the dt/t curve and the temperature record
is smaller during the day times.

In general, the curve fitting results are less reliable because of possible trade-offs
between parameters. Therefore, we only focus below on the comparison between the
smoothed dt/t data and g,(T; a,b) shown as black curve in Fig. 3. Since go(T; a, b)
represents dt/t if it is linearly related to the surface temperature with a negligible wrapped
phase delay, the absolute difference, |5, (t)], is large when a different wrapped phase delay
exists. The relatively large absolute values of §,(t) during the daytime (between the purple
dashed lines in Fig. 3) imply variations of phase delay between dt/t and surface
temperature. Results from 20 Hz data show similar trends (Fig. S9). We also investigate
the temporal pattern of dt/t for potential long-term variations using the 20 Hz data
between Julian days 153-365 in 2019. However, except for the observed daily changes, we
do not find any linear or periodic long-term patterns that stand out from the background

fluctuations.

4. Discussion

We monitor temporal changes of seismic velocities in subsurface materials beneath the
InSight lander on Mars using reflected body waves resolved from autocorrelation functions
(ACFs) of ambient seismic noise recordings. The stacked envelope function (e.g. Fig. 2d)
shows peaks at ~1.2 s, ~2.4 s and ~3.9 s for all three components. It is important to note
that there are no clear signals at ~0.6 s, ~1.8 s or ~3.0 s in the stacked envelope function,
suggesting the first arriving phase has a two-way travel time of ~1.2 s with the later phases
being its multiples. Based on the polarization analysis of Suemoto et al. (2020), P and S
reflected waves at the InSight landing site are identified in ACFs with two-way travel times
of ~0.6 s and ~1.2 s, respectively. This suggests the observed phase at ~1.2 s and its

multiples in the horizontal component ACFs are S-wave reflections.
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The first arriving reflected phase resolved in ACFs of the vertical component also
yields a two-way travel time of ~1.2 s (blue curve in Fig. 2d). This is likely due to the
leakage of S wave energy onto the vertical component (e.g. Deng & Levander, 2020;
Gorbatov et al., 2013; Oren & Nowack, 2017; Pham & Tkalci¢, 2017). Another possibility
is that the first arriving phase in the vertical component travels as P waves in the regolith
layer (~1-2 m thick; Lognonné et al., 2020), and converts to S waves at depth. We therefore
attribute the dt/t values measured from all three components to temporal changes in S-
wave travel times.

We use the S-wave velocity model Al from Lognonné et al. (2020), where the S-wave
velocity increases from 59.85 m/s to 95.82 m/s in the top 1 m, and remains 316.23 m/s
between 1-10 m, to estimate the depth of the reflection interface. Assuming the same S-
wave velocity of 316.23 m/s for structures below 10 m, the two-way travel time of ~1.2 s
corresponds to a reflector at a depth of ~200 m. To infer the structural perturbations
responsible for the observed travel time variations, the relative velocity change dv/v can
be estimated via dv/v = —dt/t (e.g. Ratdomopurbo & Poupinet, 1995; Snieder et al.,
2002) by assuming a homogeneous medium change. This results in a ~5% daily maximum
variations in S-wave velocity averaged over the top ~200 m.

However, the assumption of a homogenous dv/v in subsurface structures is unrealistic
and the changes are likely to concentrate in the very shallow damaged materials. The
material strength increases with confining pressure so shallow materials are more
susceptible to failure (Nur & Simmons, 1969; Yang et al., 2019). In addition, laboratory
experiments (e.g. Pasqualini et al., 2007; TenCate et al., 2004) show that shallow soft
materials (e.g. soil) exhibit high susceptibility to loading and behave nonlinearly for
dynamic strains as low as 10, while the strain level needed to generate velocity variations
for hard bedrock is considerably larger, on the order of 10-. Indeed, analysis of borehole
data on Earth show that temporal changes tend to concentrate in the top few tens of meters
(e.g. Bonilla et al., 2019; Qin et al., 2020; Rubinstein, 2011). Therefore, the dv /v is likely
much larger than 5% in the shallow soft materials.

The observed travel time variations dt/t match well with the linearly scaled surface
temperature (Fig. 3) with different wrapped phase delays during Martian day (8:00 am to
8:00 pm) and night (8:00 pm to 8:00 am) times, implying the dominant mechanism
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generating the travel time variations are temperature changes. Thermoelastic strain in an

elastic half space covered by an unconsolidated layer is expected to have a phase delay of

At = yz—b ’ﬁ + % with respect to the daily variation of surface temperature (Ben-Zion &

Leary, 1986; Berger, 1975; Tsai, 2011), where y, and k are the thickness and thermal
diffusivity of the top incompetent layer and T = 24 hour. Using for example y, =1 m
(thickness of the regolith layer; Lognonné et al., 2020) and k = 10 m?%/s (Berger, 1975),
At is ~26 hours. This delay would be somewhat different if the layer thickness or thermal
diffusivity have different values. Using At of ~26 hours as the reference, we can unwrap
the time delay # resolved between the temperature and smoothed dt/t data in section 3
giving a time delay 74 of ~23 hours during Martian day times and ~24 hours during Martian
night times. This is based on the assumption that the clocks of the seismic and thermal
sensors are synchronized and thermoelastic strain is the dominating mechanism. Keeping
the thermal diffusivity as 10 m?/s, the thickness of unconsolidated layer is ~0.9 m to
account for the 24-hour delay. This is similar to values of unconsolidated layer thickness
inferred from analyses of thermoelastic strain on earth (Ben-Zion & Allam, 2013; Ben-
Zion & Leary, 1986; Prawirodirdjo et al., 2006; Wang et al., 2020).

In addition to increasing the delay time for thermoelastic strain, a regolith layer with a
thickness in the range of 0.5-1 m (Lognonné et al., 2020) contributes to the observed dt/t
through additional thermal related responses, such as changes in mass density and elastic
moduli due to crack opening-closing. It is important to note that the time delay #4 is ~1 hour
smaller during the Martian day times. Since the delay is smaller for shallower materials
within the top layer, the smaller ¢4 during the day times is likely related to a higher fraction
of contribution from the regolith layer to the observed dt/t. This may include material
failure due to thermal cracking generated by the significant temperature gradient during
the Martian day times. We note that earthquake-like pulses can be generated from thermal
cracking in shallow materials, as observed in seismic recordings on the Moon (Tanimoto
et al.,, 2008). In general, thermal-related moonquakes have magnitudes less than —2.0
(Cooper & Kovach, 1975). Since the temperature variations on Mars are smaller than on
the Moon, the thermal-related quake-like pulses are excepted to be smaller than those on

the Moon. Wind shaking obstacles above the ground (e.g. rocks) can also produce quake-

10
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like signals (Johnson et al., 2019). These and other possible environmental sources should
be considered when looking for marsquakes.

The sand layer beneath the InSight lander is ~3-18 m thick (Golombek et al., 2020).
Based on the velocity model of Lognonné et al. (2020), the S-wave travel time in the top
18 m is ~0.07 s. For simplicity, we use a sand layer thickness of 18 m and neglect the
structural perturbations in bedrocks below 18 m. The daily peak to peak fluctuation in S-
wave dv/v averaged over the top 18 m sand layer is up to ~40% to account for the 5%
daily variaion in the observed dt/t (i.e. ~0.03 s in time delay). This velocity perturbation
in response to surface temperature variations on Mars is significantly larger than those
resolved on Earth, and may result from the combined effects of extreme environmental
conditions (low barometric pressure of ~700 Pa and large temperature variation of ~76°C)
and in-situ structures with extremely low S-wave velocities of <100 m/s in the top 1 m

(Lognonné et al., 2020).

5. Conclusions

We monitor temporal variations of seismic velocities on Mars using zero-offset
reflection seismograms constructed via short time window autocorrelation of seismic data
from the InSight mission. The stacked envelopes of ACFs show clear reflected S waves in
three components at ~1.2 s, ~2.4 s, and ~3.9 s. The first arriving phase is reflected from an
interface at ~200 m depth based on the local S-wave velocity model (Lognonné et al.,
2020), and the later arrivals are its multiples. The maximum delay in the two-way travel
time of the first arriving phase is ~0.06 s, corresponding to a relative travel time variation
(dt/t) of ~5% averaged over the top ~200 m. The dt/t pattern correlates well with the
local surface temperature recording with a phase delay of about one day, suggesting the
major mechanisms for the observed temporal variations are thermoelastic strain in the ~18
m sand layer above the bedrock and additional thermal effects such as changes in mass
density and elastic moduli in the top 0.5-1 m regolith layer. Sharp temperature increases
can introduce thermal cracking near the surface, which contributes to the ~1 hour decrease
in time delay between the observed dt/t and linearly scaled temperature data during the

Martian day times. The high susceptibility of the damaged materials in the top ~18 m and

11
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shallow concentration of the driving mechanisms suggest up to ~40% S-wave velocity

perturbation in the top ~18 m at the time of the highest temperature on Mars.
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Figure captions

Figure 1. (a). Waveforms with 100 Hz sampling rate after removing the linear trend.
Relative amplitudes of the three component seismic data are preserved. (b).
Spectrogram of the waveform at EW component. (c). Wind (colored dots) and
temperature (black dashed curve) recordings during Julian days 66-67 (UTC on Earth).
Black ticks on x-axis correspond to UTC on Earth, while the local mean solar time on
Mars is shown in red with a format of “dddThh”. The first three digits (“ddd”) represent
the Julian day and the last two digits (hh) indicate the local time in hours on Mars.

Figure 2. Results from the two-day 100 Hz data: (a). ACFs of EW component waveforms.
(b). Envelope functions of EW-component ACFs. (c). The reference (dashed curve)
and example (solid curve) ACFs from EW (top), NS (center) and UD (bottom)
components. The reference ACF denotes the stack of all ACFs, and the example ACF
is calculated at 1 pm of Julian day 66 (UTC on Earth). Vertical blue lines indicate the
cross-correlation time windows. (d). Stacked envelope functions at EW (black), NS
(red) and vertical (blue) components. 77, 7> and 73 denote the time of the second, third
and fourth peaks in the stacked envelope functions, respectively. Horizontal bars
indicate the cross-correlation time windows, same as the vertical blue lines in (¢).

Figure 3. dt/t measurements (colored dots) for 100 Hz data at EW (top), NS (center) and
vertical (bottom) components, colored by the cross-correlation coefficients. The red

curve illustrates the smoothed dt/t data using a running window of 65 points. The
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linearly scaled temperature curve (black), go(T’; a, b), has maximum and minimum
values that match the median of the upper 95 and lower 5 percentiles of the red curve.
The vertical purple dashed lines indicate the Martian day time (8:00 am to 8:00 pm)
when the difference between the two curves is large. Ticks on x-axis are formatted

similarly as in Fig. 1.
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Figure 1. (a). Waveforms with 100 Hz sampling rate after removing the linear trend. Relative amplitudes of the three
component seismic data are preserved. (b). Spectrogram of the waveform at EW component. (c). Wind (colored dots)
and temperature (black dashed curve) recordings during Julian days 66-67 (UTC on Earth). Black ticks on x-axis
correspond to UTC on Earth, while the local mean solar time on Mars is shown in red with a format of “dddThh”. The
first three digits (“ddd”) represent the Julian day and the last two digits (hh) indicate the local time in hours on Mars.
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Figure 2. Results from the two-day 100 Hz data: (a). ACFs of EW component waveforms. (b). Envelope functions of
EW-component ACFs. (c). The reference (dashed curve) and example (solid curve) ACFs from EW (top), NS (center)
and UD (bottom) components. The reference ACF denotes the stack of all ACFs, and the example ACF is calculated
at 1 pm of Julian day 66 (UTC on Earth). Vertical blue lines indicate the cross-correlation time windows. (d). Stacked
envelope functions at EW (black), NS (red) and vertical (blue) components. T+, T> and T3 denote the time of the
second, third and fourth peaks in the stacked envelope functions, respectively. Horizontal bars indicate the cross-
correlation time windows, same as the vertical blue lines in (c).
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Figure 3. dt/tmeasurements (colored dots) for 100 Hz data at EW (top), NS (center) and vertical (bottom)
components, colored by the cross-correlation coefficients. The red curve illustrates the smoothed dt/t data using a

running window of 65 points. The linearly scaled temperature curve (black), g,(T'; a, b), has maximum and minimum
values that match the median of the upper 95 and lower 5 percentiles of the red curve. The vertical purple dashed
lines indicate the Martian day time (8:00 am to 8:00 pm) when the difference between the two curves is large. Ticks
on x-axis are formatted similarly as in Fig. 1.
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