
1. Introduction
The InSight (Interior Exploration Using Seismic Investigations, Geodesy and Heat Transport) spacecraft landed 
on Mars on 26 November 2018 and installed the seismograph SEIS (Seismic Experiment for Interior Structure) 
(Lognonné et al., 2019) to record continuous seismic data for approximately 3 years, providing opportunities 
to investigate another terrestrial planet's interior. A variety of research studies have been conducted recently to 
analyze the seismic recordings on Mars to monitor the seismicity (Banerdt et al., 2020; Böse et al., 2021; Ceylan 
et al., 2021; Clinton et al., 2021; Giardini et al., 2020; Knapmeyer et al., 2021), understand the ambient noise 
characteristics (Stutzmann et al., 2021; Suemoto et al., 2020) and recover the subsurface structures (Compaire 
et  al.,  2021; Deng & Levander,  2020; Khan et  al.,  2021; Knapmeyer-Endrun et  al.,  2021; J. Li et  al.,  2022; 
Lognonné et al., 2020; Schimmel et al., 2021; Stähler et al., 2021). A prominent reflection phase is observed at 
∼11 s in the stacked ambient noise autocorrelations, which may correspond to the crust-mantle boundary (Moho) 
or a mid-crust discontinuity at ∼35 km (Compaire et al., 2021; Deng & Levander, 2020; Schimmel et al., 2021) 
and is consistent with the shallow velocity models derived from receiver function analysis (Knapmeyer-Endrun 
et al., 2021; Lognonné et al., 2020; Schimmel et al., 2021). Moving to the deeper interior of Mars, the core-reflected 
phases (e.g., PcP and ScS) are observed from the Marsquake recordings (Stähler et al., 2021) and ambient noise 
autocorrelations (Deng & Levander, 2020), where the radius of Martian core is estimated as ∼1,830 km for both 
methods (Deng & Levander,  2020; Stähler et  al.,  2021). However, some researchers have suggested that the 
observation of the PcP phase (Deng & Levander, 2020) may originate from the quasi periodic seismic glitches in 
the continuous SEIS data (Barkaoui et al., 2021; Kim et al., 2021). We comment on this in another manuscript.

Abstract A purpose of the Interior Exploration Using Seismic Investigations, Geodesy and Heat Transport 
(InSight) mission is to reveal the Martian interior structure with seismic data. In this work, ambient noise 
autocorrelation of the continuously recorded vertical-component seismic signals has extracted the Rayleigh 
waves that propagate around Mars for one cycle, R2. The Mars orbiting surface waves are observed at a lag time 
of ∼6,000 s in the stacked autocorrelation series filtered between 0.005 and 0.01 Hz. Synthetic seismograms 
from a set of radially concentric velocity models were computed to find the best-fitting one as the starting 
model for a Monte Carlo inversion. The starting model was randomly perturbed iteratively to increase the 
correlation coefficients and reduce the absolute time shifts between the synthetic and observed R2. An S-wave 
low-velocity layer in the inverted velocity model extends to ∼400 km depth, consistent with Marsquake 
observations, geophysical inversion, and high-pressure experiments.

Plain Language Summary The subsurface structures of Earth are imaged by the detailed analysis 
of seismic data recorded by thousands of stations deployed on the Earth's surface. The Interior Exploration 
Using Seismic Investigations, Geodesy and Heat Transport (InSight) mission landed a seismograph on Mars, 
which was deployed at the end of 2018 to investigate the planet's interior structure and dynamic evolution. In 
this study, we preprocessed the continuous vertical-component seismic data, and by autocorrelation retrieved a 
Rayleigh wave, one class of seismic surface wave, that orbits Mars. Rayleigh wave group velocities between 115 
and 200 s period were measured from the observed Mars orbiting Rayleigh waves. Synthetic seismograms were 
calculated using current estimates of the velocity structure of Mars for comparisons to the observation. The 
spherically symmetric model was updated with a Monte Carlo algorithm, an inversion method that randomly 
perturbs the velocity model and determines the model that best matches the Mars orbiting surface waves 
through trial and error. An S-wave low-velocity zone is observed to the depth of ∼400 km beneath the Martian 
surface, consistent with other InSight seismic observations and velocity models measured from geophysical 
modeling and high-pressure laboratory experiments.
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Seismic interferometry has been widely applied to retrieve the empirical Green's functions of surface waves (Berg 
et al., 2018; Miao et al., 2022; Qiu et al., 2020, 2021; Schimmel et al., 2018; Shen et al., 2013; Yao et al., 2006) and 
body waves (Clayton, 2020; Feng et al., 2017, 2021; Gorbatov et al., 2013; Kennett, 2015; Oren & Nowack, 2017; 
She et al., 2022) from ambient noise auto- and cross-correlations. Many ambient noise surface wave tomography 
studies on Earth have focused on the calculations of the Rayleigh wave phase velocity to invert for the S-wave 
velocity of sedimentary basins (Cai et  al.,  2022; Hannemann et  al.,  2014; Pan et  al.,  2016; Qiu et  al.,  2019; 
Shirzad & Shomali, 2014), the crust and upper mantle (Li et al., 2012; Lin et al., 2014; Nguyen et al., 2022; Yao 
et al., 2008; Zhang et al., 2018). Global tomography analysis suggested that the long period Rayleigh waves (e.g., 
>100 s) can be recovered by cross-correlations of the Earth's hum (Haned et al., 2016; Nishida et al., 2009). This 
was subsequently extended to extract the Earth orbiting Rayleigh waves from a single-station-based autocorre-
lation to constrain the upper mantle velocity models (Li et al., 2020; J. Xie & Ni, 2019; Schimmel et al., 2018).

The observation of Rayleigh waves traveling around the Earth once, the phase R2, using low-frequency auto-
correlation of background free oscillations suggests the potential for a similar analysis for InSight seismic data 
(Schimmel et al., 2018), which then can be used to constrain Martian upper mantle velocity structure (J. Xie 
& Ni, 2019). Here, we followed the processing procedures in Bensen et  al.  (2007) to compute and stack the 
vertical-component autocorrelograms of the SEIS ambient noise data, which were band-pass filtered from 0.005 
to 0.01 Hz to retrieve the R2 surface waves. The group dispersion curves were extracted by frequency-time analy-
sis (FTAN) (Bensen et al., 2007; Levshin et al., 1992). We then compared observed R2 to synthetic R2 waveforms 
calculated from a suite of 1-D velocity models developed previously from joint inversion of multiple geophysical 
data types (Stähler et al., 2021). The best fit model from the Stähler et al. (2021) suite of models was used as 
the starting 1D model in a Monte Carlo inversion. We iteratively adjusted the Martian upper mantle velocity 
model between 40 and 700 km depth to minimize the misfit between synthetic R2 waveforms and the stacked R2 
autocorrelation.

2. Data and Methods
2.1. Martian Seismic Data and Glitch Removal

The InSight broadband continuous seismic data (InSight Mars SEIS Data Service, 2019) were obtained from 
the IRIS (Incorporated Research Institutions for Seismology) website in three nonorthogonal channels (U-V-
W). The data were sampled at 10 Hz between February and May 2019 and at 20 Hz between June 2019 and 
March 2021. The raw continuous signals contain the repeated high-amplitude glitches primarily induced by the 
stress relaxation of the seismometer (Scholz et al., 2020), which may contaminate ambient noise autocorrelations 
(Compaire et al., 2021; Kim et al., 2021). In order to mitigate the effects of these high-amplitude spikes, we 
applied the open-source Python package SEISglitch (Scholz et al., 2020) to detect and remove the quasi-periodic 
glitches in the raw SEIS data. Figure S1 in Supporting Information S1 compares a 1-day record of the original 
and deglitched U-V-W components; the deglitched waveforms are clearly less spiky than the raw continuous 
data. We performed tests to determine that the glitch removal method can mitigate the effects of glitches without 
introducing additional artifacts (Figures S2 and S3 in Supporting Information S1). The instrument responses were 
deconvolved from the deglitched continuous waveforms, and the data were then band-pass filtered from 0.002 to 
3.5 Hz. The data with a 20 Hz sampling rate were downsampled to 10 Hz. We cut the ambient noise data into 584 
daily segments and then rotated them to the orthogonal vertical, north and east (Z-N-E) components according 
to the azimuthal and dip angles of the oblique U-V-W components (Compaire et al., 2021; Suemoto et al., 2020). 
For each 1-day ambient noise epoch, the mean and linear trend were removed, and a 5% cosine tapered window 
was applied. We also computed and stacked the autocorrelations using 12-hr epochs (Figure S4 in Supporting 
Information S1) to demonstrate the robustness of phase identification.

2.2. Calculating and Stacking Autocorrelations

Before the calculation of autocorrelograms, we applied temporal balance and spectral whitening, implemented 
with the running-absolute-mean normalization method in the time and frequency domains (Bensen et al., 2007), 
to remove the effects of non-stationary signals in the daily continuous data. The daily autocorrelograms were 
computed by the inverse Fourier transform of the power spectra of the vertical-component ambient noise signals 
bandpass filtered from 0.005 to 0.01 Hz and normalized to the zero-lag value. The root mean square ratio selection 

 19448007, 2022, 17, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
099580, W

iley O
nline L

ibrary on [26/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

DENG AND LEVANDER

10.1029/2022GL099580

3 of 9

(RMSR_S) was used to remove epochs with non-stationary phases (J. Xie et al., 2020), resulting in a reduction 
of the data set by 9%–15% depending on window parameters chosen (Text S2 and Figure S5 in Supporting 
Information S1). Details of RMSR_S are described in Text S2 in Supporting Information S1. The signal window 
was selected as 5,600–6,400 s and the noise window as 4,800–5,500 s. The threshold value G for RMSR_S was 
set as 1.02. After the application of RMSR_S, 508 autocorrelation functions from a total of 584, that is, 87%, 
were included in the final stack. Figure S5 in Supporting Information S1 shows tests of different signal and noise 
window selections in RMSR_S and the corresponding binary 𝐴𝐴 𝐴𝐴

𝑘𝑘 values. The tests give almost identical results. 
Finally, the daily autocorrelograms were stacked to retrieve R2 surface waves using both linear stacking (LS) and 
time-frequency domain phase-weighted stacking (tf-PWS) (G. Li et al., 2018; Schimmel & Gallart, 2007). In this 
study, we empirically chose the power of tf-PWS as 2, which is a common selection for Earth data analysis (Hable 
et al., 2019; Haned et al., 2016; Schimmel et al., 2011; Yan et al., 2019; Zeng et al., 2017). Figure S6 in Support-
ing Information S1 shows tests for different exponents in the tf-PWS. Figure S7 in Supporting Information S1 is 
a synthetic test designed to demonstrate the efficiency of tf-PWS to enhance coherent signals.

3. Results and Discussion
3.1. Autocorrelation Results of R2 Surface Waves

A signal that we interpret as the Mars orbiting Rayleigh wave R2 is prominent at ∼6,000 s in the vertical-component 
ambient noise autocorrelations filtered between 0.005 and 0.01 Hz with both linear (Figures 1a and 1b) and 
tf-PWS stacking (Figures 1c and 1d). With the application of RMSR_S (J. Xie et al., 2020), the R2 signal is 
more prominent (Figures 1e–1h). Bootstrap calculations using a subset of the whole data set further suggest the 
R2 phase identification is robust (Figure S8 in Supporting Information S1). In the following, we applied FTAN 
(Bensen et al., 2007; Levshin et al., 1992) to calculate the group velocities between 115 and 200 s (Figures 2b 
and S9 in Supporting Information S1) for the stacked waveform using both RMSR_S and tf-PWS (Figure 1h) and 
compared these with the synthetic group dispersion curves of several Martian 1-D velocity models (Figure 2a; 
Stähler et al., 2021). Synthetic R2 seismograms were also generated to compare with the observed R2 waveform 
in Figure 1h (Figure 2c).

3.2. Comparison With the Synthetic Group Dispersion Curves and Seismograms

We calculated synthetic group velocity dispersion curves for a set of velocity models (Figure 2a) derived from 
a probabilistic inversion to fit the tidal Love number k2, moment of inertia and seismic traveltimes (Stähler 
et  al.,  2021) for comparisons to the group velocities (Figure 2b) derived from the stacked autocorrelation in 
Figure 1h. The FTAN-measured group velocities are compatible with the velocity model 3 standard deviations 
lower than the mean velocity of Stähler et al. (2021) (Figure 2b).

The R2 Rayleigh waves can travel along any or all great circle paths on the Martian surface and possess travel 
distances that vary due to the planet's ellipticity (ε = 0.00589) (J. Xie & Ni, 2019). J. Xie and Ni (2019) discussed 
the effects of ellipticity on the group velocity estimation of the Earth's orbiting surface waves, concluding that the 
effects are negligible. Accounting for the travel distance variations of R2 surface waves, we simulated and then 
calculated a weighted mean of the synthetic Green's functions for a range of radii between the polar and equatorial 
radius (3,376.2–3,396.2 km) using the direct solution method (DSM) software (Geller & Takeuchi, 1995; Kawai 
et al., 2006; Takeuchi et al., 1996). The mean synthetic was almost identical to the synthetic Green's functions 
using the mean Martian radius (3,389.5 km) (Figure S10 in Supporting Information S1). The synthetic Green's 
functions were then convolved with a source wavelet (Figure S11 in Supporting Information  S1), estimated 
from the second zero-crossing of the side lobes of the autocorrelation near zero-lag (Erhan & Nowack, 2020; 
Yilmaz, 2001), to produce the synthetic R2 seismograms.

We generated synthetic seismograms for the velocity models (Figure 2a) for comparisons to Figure 1h (Figure 2c). 
The time lag indicated in Figure 2c is the cross-correlation time shift between the observed R2 (Figure 1h) and 
each individual synthetic seismogram, where positive values correspond to the traveltime delays of the observed 
R2 Rayleigh waves. The time lags are positive for velocity models from 3 standard deviations above the mean to 
2 standard deviations lower than the mean velocity, and change sign at 3 standard deviations lower (Figure 2c). 
The waveform comparison (Figure 2c) also suggests that the upper mantle velocity model of Mars may be slightly 
slower on average than predicted by the mean value of the Stähler et al. (2021) model.
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3.3. Monte Carlo Inversion for the Martian Upper Mantle Velocity

We employed a Monte Carlo inversion in which we perturbed the velocity in the depth range from 40 to 700 km, 
as suggested by the Rayleigh wave sensitivity kernels (Figure S12 in Supporting Information  S1), to better 
constrain the upper mantle seismic structures of Mars. For the starting model, we chose the velocity model from 
Stähler et al. (2021) that produced the best fit to the observation (Figure 1h): This was the model 𝐴𝐴 𝐴𝐴𝐴 lower than 
the mean velocity (Figures 2b and 2c). For each iteration, we randomly perturbed the starting velocity model 10 
times and calculated the DSM (Kawai et al., 2006) synthetic seismograms for these 10 new velocity models. We 
next computed the correlation time shifts and correlation coefficients between the observed R2 (Figure 1h) and 
the synthetic R2 waveforms of these 10 models. The model with the smallest absolute correlation time shifts and 
highest correlation coefficients was used for the next iteration. We repeated the same procedure for three itera-
tions since the misfit increased upon further perturbation of the velocity model.

Figures 3a and 3b show the upper mantle P- and S-wave velocity model update during each iteration of the Monte 
Carlo inversion and the right four panels (Figures 3c–3f) illustrate the comparisons between the observed R2 
(Figure 1h) and the synthetic seismograms of the best model in each iteration. Compared to the starting model, 
the final upper mantle velocity model after three iterations (black model in Figures  3a and  3b; Table S1 in 

Figure 1. (a) Linearly stacked (LS) autocorrelation filtered between 0.005 and 0.01 Hz without the application of root mean square ratio selection (RMSR_S). (b) The 
R2 signal of (a) between 4,800 and 6800 s (blue-shaded area in (a)). (c) Same as (a) but applying time-frequency domain phase-weighted stacking (tf-PWS). (d) The R2 
signal of (c) between 4,800 and 6,800 s (blue-shaded area in (c)). (e) Same as (a) but applying RMSR_S. (f) The R2 signal of (e) between 4,800 and 6800 s (blue-shaded 
area in (e)). (g) Same as (e) but applying tf-PWS. (h) The R2 signal of (g) between 4,800 and 6,800 s (blue-shaded area in (g)). The stacked autocorrelation in (g, h) 
shows the most prominent R2 signal and is used to compare with the synthetic results. After the application of RMSR_S, 508 autocorrelation functions among total 584 
were maintained for the final stack.
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Supporting Information S1) increases the correlation coefficients and reduces the absolute correlation time shifts 
between the observed and synthetic R2 waveforms by a factor of 5 (Figure 3f). The model perturbation between 
the starting and final velocity models is shown in Figure S13 in Supporting Information S1. Figures S14 and S15 
in Supporting Information S1 show that our final model can fit the body wave traveltime picks derived using 
different picking methods (Stähler et al., 2021).

The S-wave low-velocity zone (LVZ), extending to ∼400  km depth, is clearly observed on the Monte Carlo 
inverted S-wave velocity model (Figure 3b), but the S-wave velocity has been increased compared to the start-
ing model at depths >200 km and is reduced at depths <200 km (Figure S13a in Supporting Information S1). 
Geophysical modeling indicates that the S-wave LVZ may reach depths from 400 to 600 km (Khan et al., 2021), 
and has been predicted from laboratory measurement of seismic velocity for several representative Martian upper 
mantle compositions (Xu et al., 2021). The S-wave LVZ is thought to result from the steep thermal gradient in 
the Martian lithosphere arising from the thick conductive mantle (Khan et al., 2021). Moreover, a weak S-wave 
shadow zone is observed in an epicentral distances range from ∼40 to 60°, providing independent evidence to 
support the presence of an S-wave LVZ within the Martian lithosphere (Giardini et al., 2020; Khan et al., 2021; 
Knapmeyer-Endrun & Kawamura,  2020). No equivalent LVZ is required in the upper mantle P-wave model 
(Figure 3a) as P-wave velocity is much less sensitive to temperature (Khan et al., 2021).

4. Conclusion
We applied the autocorrelation method to the InSight continuous vertical-component seismic data to provide the 
R2 Rayleigh waves that propagate around Mars for one cycle. The R2 surface waves are identified at ∼6,000 s 

Figure 2. (a) Probabilistic inversion of the Martian velocity models in Stähler et al. (2021). The velocity models range from 3 standard deviations lower to 3 standard 
deviations higher than the mean velocity. (b) The group dispersion curves for different velocity models shown in (a) (solid lines) and the group velocities measured by 
frequency-time analysis (FTAN) of Figure 1h (black dots). (c) Synthetic seismograms filtered between 0.005 and 0.01 Hz for different velocity models shown in (a). 
The lag time is the cross-correlation time shift between the synthetic seismograms and the stacked vertical-component autocorrelation shown in Figure 1h. The positive 
lag time means that the observed R2 phase propagates slower than the synthetics and vice versa.
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in the autocorrelations in the frequency band 0.005–0.01 Hz (Figure 1). Comparing synthetic group dispersion 
curves (Figure 2b) and seismograms (Figure 2c) from a set of Martian velocity models in Figure 2a, we found 
that the upper mantle shear velocity structure is slower than the mean model derived from the joint inversion of 
multiple geophysical datasets (Stähler et al., 2021). A Monte Carlo inversion was employed to perturb the veloc-
ity model 3 standard deviations lower than the mean velocity model of Stähler et al. (2021). We obtained a model 
that better fits the observed R2 Rayleigh waves than the starting model (Figure 3f). The R2 model is different from 
the mean-3σ model in Stähler et al. (2021) with velocities slower at depths <200 km and faster at depths >200 km 
(Figures 3b and S13a in Supporting Information S1). The S-wave LVZ extends to a depth of ∼400 km in the 
Martian upper mantle (Figure 3b), consistent with the S-body wave shadow zone observed in the Marsquake data 
(Giardini et al., 2020; Khan et al., 2021; Knapmeyer-Endrun & Kawamura, 2020), geophysical inversion (Khan 
et al., 2021), and high-pressure laboratory experiments (Xu et al., 2021).

Data Availability Statement
The seismic data of the Interior Exploration Using Seismic Investigations, Geodesy and Heat Transport (InSight) 
mission (InSight Mars SEIS Data Service,  2019; https://www.iris.edu/hq/sis/insight) used in this study were 
downloaded by a BREQ_FAST request from the Incorporated Research Institutions for Seismology (IRIS) data 
center (https://ds.iris.edu/ds/nodes/dmc/forms/breqfast-request/). The open-source package SEISglitch (Scholz 
et al., 2020) can be installed in Python through the following instructions (https://seisglitch.readthedocs.io/en/
latest/). The synthetic group dispersion curves of spherically symmetric velocity models were calculated by 
Computer Programs in Seismology (CPS) (Herrmann,  2013). The direct solution method (DSM) software 

Figure 3. P- and S-wave velocity models of the Martian upper mantle (40–700 km) updated during the Monte Carlo inversion are shown in (a, b) respectively. The red 
curve is the mean-3σ model in Stähler et al. (2021). Comparisons between the synthetic R2 waveforms and real-data autocorrelation (Figure 1h) filtered between 0.005 
and 0.01 Hz for the starting velocity model (The red model in (a, b)) and the velocity models after first (The green model in (a, b)), second (The blue model in (a, b)) 
and third (The black model in (a, b)) iteration are shown in (c–f). The correlation time shifts and correlation coefficients between synthetic and observed R2 waveforms 
are listed at the right side of (c–f). Positive lag time means that the observed R2 phase propagates slower than synthetics and vice versa.
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(Kawai et al., 2006) can be accessed at the following URL (http://www-solid.eps.s.u-tokyo.ac.jp/∼dsm/software/
software.htm).
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