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Planétologie et Géosciences, UAR 3281, Observatoire des Sciences de l’Univers de Nantes Atlantique,19

Nantes, France20
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Key Points:25

• We investigated the Martian convective vortices observed by InSight’s seismome-26

ter and meteorological instruments.27

• We quantitatively characterized the observed convective vortices and compiled the28

evaluated parameters as a catalog.29

• With the cataloged parameters, we performed a compliance analysis and evalu-30

ated the ground rigidity at the InSight landing site.31
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Abstract32

Convective vortices (whirlwinds) and dust devils (dust-loaded vortices) are one of the33

most common phenomena on Mars, observable on a daily basis. They reflect the local34

thermodynamical structure of the atmosphere and are the driving force of the dust cy-35

cle. Additionally, they cause an elastic ground deformation, which is useful for retriev-36

ing the subsurface rigidity. Therefore, investigating Martian convective vortices with the37

right instrumentation can lead to a better understanding of the Martian atmospheric struc-38

tures as well as the subsurface physical properties. In this study, we quantitatively char-39

acterized the convective vortices detected by NASA’s InSight mission (∼13,000 events)40

using both meteorological (e.g., pressure, wind speed, temperature) and seismic data.41

The evaluated parameters, such as the signal-to-noise ratio, event duration, asymmetric-42

ity of pressure drop profiles, and cross-correlation coefficient between seismic and pres-43

sure signals, are compiled as a catalog. To demonstrate how our catalog can contribute44

to scientific investigations, we show two analysis results about (i) asymmetrical features45

seen in the vortex-related pressure drops and (ii) atmospheric-ground interaction to re-46

trieve the subsurface physical properties.47

Plain Language Summary48

As frequently observed on Earth, whirlwinds (convective vortices) or dust devils49

(dust-loaded vortices) are also seen on Mars. These are one of the smallest meteorolog-50

ical phenomena and are useful to better illustrate what is going on in the near-surface51

atmosphere. Because dust devils have a strong influence on lander operations (e.g., dust52

accumulation on a solar panel), it is important to investigate this phenomenon. Recently,53

NASA’s InSight succeeded in installing the meteorological and geophysical packages in54

the western part of Elysiumu Planitia on Mars. That brought us, in particular, mete-55

orological data with an extremely high temporal resolution, which has never been real-56

ized in past missions, contributing to resolving local phenomena such as convective vor-57

tices. Moreover, the combination with the seismic data opened the way to the study of58

”atmosphere-ground coupling”, enabling us to evaluate the subsurface physical proper-59

ties. In this study, using InSight’s meteorological (e.g., pressure, air temperature) and60

seismic data, we quantitatively characterize convective vortices detected by InSight to61

understand this phenomenon from both meteorological and geophysical aspects. This62

report includes (i) how we quantified each vortex, (ii) the catalog format including the63

evaluated parameters, and (iii) some examples of scientific analysis using our catalog.64

1 Introduction65

NASA’s Interior Exploration using Seismic Investigations, Geodesy and Heat Trans-66

port (InSight) mission operated on Mars from 2018 to 2022, conducting quasi-continuous67

seismic and meteorological observations for almost three years of that time. These ob-68

servations produced many discoveries and made great progress in Martian science, such69

as the detection of marsquakes, the construction of the internal structure model, and new70

insights into atmospheric activities (e.g., Banerdt et al., 2020; Lognonné et al., 2020; Gi-71

ardini et al., 2020; Banfield et al., 2020; Spiga et al., 2021; Stähler et al., 2021; Knapmeyer-72

Endrun et al., 2021; Khan et al., 2021).73

In this study, we pay special attention to the convective vortices or dust devils, which74

are one of the most common atmospheric phenomena on Mars (e.g., Ellehoj et al., 2010;75

Reiss et al., 2014; Mart́ınez et al., 2017). The quasi-continuous and high temporal res-76

olution data from InSight plays an important role in improving our knowledge of the local-77

scale meteorological phenomena on Mars — which was not performed in past missions78

(e.g., Mart́ınez et al., 2017; Spiga et al., 2018; Banfield et al., 2020; Spiga et al., 2021).79
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As convective vortices strongly reflect the thermodynamical structure of the local80

atmosphere, they are useful to capture near-surface atmospheric activities. Also, con-81

vective vortices with dust lifting (i.e., dust devils) are a pivotal mechanism of dust par-82

ticle transportation from the ground to the atmosphere (e.g., Newman et al., 2021; Bila83

et al., 2020). Another important aspect of the convective vortex is the coupling with the84

ground (atmosphere-ground interaction). The elastic ground deformation related to pres-85

sure perturbations has been observed on Earth (e.g., Sorrells, 1971; Sorrells et al., 1971;86

Sorrells & Goforth, 1973), including the specific case of a dust devil (Lorenz et al., 2015).87

The vortex-generated ground deformation was expected to also occur on Mars (e.g., Kenda88

et al., 2017; Murdoch et al., 2017). Owing to the simultaneous observations of the seis-89

mometer and barometer of the InSight mission (e.g., Banerdt et al., 2020), the same phe-90

nomenon was also detected on Mars. That allowed us to investigate the subsurface rigid-91

ity by measuring the ground deformations caused by transient atmospheric pressure vari-92

ations (e.g., Banerdt et al., 2020; Lognonné et al., 2020; Kenda et al., 2020; Murdoch et93

al., 2021). Thus, studying the convective vortex or dust devil is important to push for-94

ward our understanding of Martian meteorology, subsurface geology, and atmosphere-95

ground interactions.96

The InSight observations up to Sol 900 (a Sol is a Martian day) brought us about97

13,000 pressure drop events (see Spiga et al. (2021) for the details of the detection al-98

gorithm). Based on the pressure profile features observed both on Earth and Mars (e.g.,99

sudden pressure drops with amplitudes of 0.1 – 10 Pa and event duration of several sec-100

onds to several tens of seconds), these events are considered to be convective vortices (Murphy101

et al., 2016; Spiga et al., 2021; Lorenz et al., 2021; Chatain et al., 2021). The initial de-102

scription of some of these observations has been summarized by Banfield et al. (2020)103

(∼ Sol 200) and Spiga et al. (2021) (∼ Sol 400) from a meteorological aspect and by Lorenz104

et al. (2021) (∼ Sol 400) focusing both meteorological and seismic observations. The mo-105

tivation of this study is to give a description of all the detected pressure drop events up106

to Sol 900, which provides us with many more events for analysis than before, and to107

provide constructive information for future studies on the Martian convective vortices.108

In this paper, followed by a general summary of the convective vortices observed109

by InSight, we describe how to characterize the observed convective vortices in a quan-110

titative way. In addition to the meteorological aspect, by computing the cross-correlation111

between the pressure and seismic data, we also discuss the atmosphere-ground interac-112

tion. In the end, we provide two examples of the application of our catalog to the sci-113

entific discussion: (i) the relation between vortex structure and asymmetricity of pres-114

sure drop profile and (ii) the subsurface rigidity derived through compliance analysis.115

2 Temporal distribution and size-frequency distribution of the observed116

convective vortices117

Figure 1a shows the temporal distribution of the convective vortices detected with118

the algorithm proposed by Spiga et al. (2021). The time evolution of atmospheric pres-119

sure, air temperature, wind speed, and wind direction are also shown for comparison in120

Figures 2a-d, where the blank areas correspond to the periods of the conjunction or times121

when the respective instruments were turned off. Based on both observations and nu-122

merical simulations, it is considered that convective vortices are formed mostly when the123

atmosphere gets turbulent in the daytime due to the heat input by the Sun on the sur-124

face. Almost all the vortices have been observed during the daytime at the InSight land-125

ing site (Figure 1a and c), when there is a strong temperature gradient between the Mar-126

tian ground and the atmosphere. Generally, the vortices were detected between 9 – 16127

h in Local True Solar Time (LTST) when the atmospheric turbulence was vigorous, which128

can be seen in the daily variations of the meteorological data (Figures 2a-d). Regard-129

ing the seasonal variations (Figure 1c), we observe the annual tendency that the event130

number increases from winter to spring, is relatively stable during summer, decreases at131
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the beginning of autumn, and then spikes at the transition from autumn to winter. Chatain132

et al. (2021) investigated the seasonal variations in local turbulence and defined five sea-133

sons (Season 1 - 5) besides normally used ones. According to their results, the Martian134

atmosphere gets turbulent in Season 5, which is confirmed as the rapid increase in the135

number of vortices. See Chatain et al. (2021) for details about the seasonal variations136

of the Martian atmospheric activity.137

Spring Autumn Winter SpringWinter

Season 5

(a)

(b)

(c)

24

18

12

6

0
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Summer
0 90 180 270 360
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Figure 1. (a) Temporal distribution of the detected convective vortices. Each black point

shows a detected vortex. The vertical axis shows the Local True Solar Time (LTST), the bottom

horizontal axis shows the InSight sol and the top horizontal axis shows the solar longitude. The

different background color indicates different seasons. In addition to ordinarily used seasons, we

show “Seasons 1 - 5” proposed by Chatain et al. (2021) based on turbulence tendency over a

Martian year. (b) Histogram of the detected events per sol. (c) Histogram of the detected events

for every hour.

There are a smaller number of detections of pressure drops at night (Chatain et138

al., 2021), consistent with past missions (Phoenix and Curiosity) that have also observed139

occasional night-time pressure drops (e.g., Ellehoj et al., 2010; Ordonez-Etxeberria et140

al., 2018). Ellehoj et al. (2010) suggested that these events were caused by the interac-141

tion of the atmosphere and the local topographies, and the observations by other mis-142

sions support this idea. For example, many night-time events were confirmed at Gale143

crater (the Curiosity landing site) which has a complex local topography (e.g., Ordonez-144

Etxeberria et al., 2018). On the contrary, few night-time events were observed at the land-145

ing site of Mars Pathfinder, where the topography is relatively smooth and flat (e.g., Ka-146

hanpää et al., 2016). Since the InSight landing site is also smooth and flat (e.g., Golombek147

et al., 2017, 2020), a small number of detections of night-time events (Chatain et al., 2021)148

appear consistent with this past interpretation.149

Figure 3 summarizes the cumulative size-frequency distribution (CSFD) of pres-150

sure drops observed by the past and ongoing missions carrying a barometer (i.e., Mars151

Pathfinder, Phoenix, Curiosity, InSight, and Perseverance; Murphy & Nelli, 2002; Elle-152

hoj et al., 2010; Ordonez-Etxeberria et al., 2018; Banfield et al., 2018; Hueso et al., 2023).153

The CSFD data for Mars Pathfinder, Phoenix, Curiosity, and Perseverance were retrieved154

from previous works (Murphy & Nelli, 2002; Ellehoj et al., 2010; Ordonez-Etxeberria et155
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Figure 2. Diurnal and seasonal variations of (a) atmospheric pressure, (b) air temperature,

(c) wind speed, and (d) wind direction.

al., 2018; Hueso et al., 2023), and then the power-law fitting was performed using the156

data between 0.65 and 1.8 Pa (Figure 3). Following the idea of Ordonez-Etxeberria et157

al. (2018), the cumulative number is corrected to “events per sol” because the observa-158

tion period differs from mission to mission, which allows us to perform a direct compar-159

ison. Interestingly, comparing InSight’s CSFD with those of other missions, InSight de-160

tected more events than any other missions (Figure 3), which is in agreement with Spiga161

et al. (2021) and Newman et al. (2022) and contrary to what was presented by Jackson162

(2022). The InSight’s CSFD at smaller pressure drops (< 1.8 Pa) can be fitted with a163

power law with a −2 slope, which is consistent with others except for Curiosity (slope164

is −3). The discrepancy between Curiosity’s observations with others has been explained165

by the effect of the shorter Planetary Boundary Layer (PBL) within Gale crater (∼ 2166

km) compared to the outside of the crater (8 – 10 km) (Ordonez-Etxeberria et al., 2018)167

or other landing sites (e.g., 5 – 8 km at InSight landing site; Spiga et al., 2021). When168

the PBL gets shorter, it becomes more difficult to develop convective vortices in the same169

way as at the other landing sites, resulting in the lack of larger pressure drop events (>170

1 – 2 Pa). Looking at those CSFDs with a slope of −2, we found a kink where the pro-171

file starts to be off the trend. Building on the discussion by Ordonez-Etxeberria et al.172

(2018), this cut-off pressure value might be determined by the PBL height at each land-173

ing site. Since recent missions such as InSight and Perseverance provide us with contin-174
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uous meteorological recordings with high-temporal resolution (∼ 10 Hz), future studies175

could deepen this topic by making the best of these two missions’ data.176

Figure 3. Comparison of the cumulative size-frequency distribution of pressure drops per sol

between the past and ongoing Mars missions corrected for observation time bias (dotted profiles).

The solid lines represent the fitted curves between 0.65 and 1.8 Pa with a power law. The expo-

nents are shown in the bottom legend.

3 Dataset177

We focus on the 12,569 convective vortices detected with the same method used178

by previous studies (e.g., Spiga et al., 2021; Chatain et al., 2021). The event list can179

be found at Onodera (2023a), where the events’ occurrence time in both UTC and Sol180

with local time, and the maximum (negative) amplitude of the pressure drop are sum-181

marized. This study covers the observation period up to Sol 900 during which the pres-182

sure data was quasi-continuously recorded. After that time, the pressure and wind data183

are recorded so sparsely that few events are recorded, and correcting for sampling biases184

becomes difficult.185

For every detected event, we cut out the 20 min time traces centered at the max-186

imum pressure drop for seismic (velocity and acceleration data) and meteorological data187

(pressure, wind speed, wind direction, and air temperature) if each data were recorded.188

In the following analysis, we use the seismic and pressure data sampled at the nom-189

inal sampling rate — 10 sps (sample per second) for pressure data and 20 sps for seis-190

mic data. Concerning the wind speed, wind direction, and air temperature data, we made191

use of 0.1, 0.5, or 1.0 sps data as long as either of them is available. The channel list for192

respective data is shown in Table 1.193
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Table 1. Channel list for respective instruments. Readers may refer Onodera (2023b) for re-

moving the instrumental response from the raw seismic data (i.e., converting the digital unit into

a physical unit such as m/s).

Instrument Sampling rate (sps) Unit Channel name

XB.ELYSE.02.BHU
Seismometer 20 Digital Unit XB.ELYSE.02.BHV

XB.ELYSE.02.BHW

Pressure sensor 10 Pa XB.ELYSE.13.BDO

0.1 XB.ELYSE.33.VWD
Wind sensor 0.5 N°E XB.ELYSE.30.VWD
(Direction) 1.0 XB.ELYSE.30.LWD

0.1 XB.ELYSE.33.VWS
Wind sensor 0.5 m/s XB.ELYSE.30.VWS

(Speed) 1.0 XB.ELYSE.30.LWS

0.1 XB.ELYSE.33.VKO
Air temperature 0.5 K XB.ELYSE.30.VKO

1.0 XB.ELYSE.30.LKO

4 Parameters retrieved from the convective vortices observed by In-194

Sight195

4.1 Signal-to-noise ratio of ground acceleration and air pressure196

The signal-to-noise ratio (SNR) is a useful parameter to judge the data quality, and197

we calculated it for the time series recorded by VBB (Very Broad-Band seismometer;198

Lognonné et al., 2019) and PS (Pressure Sensor; Banfield et al., 2018) at various frequency199

bands. The frequency bands are defined as follows: Band 1 (0.01 – 0.05 Hz), Band 2 (0.05200

– 0.1 Hz, Band 3 (0.1 – 0.5 Hz), Band 4 (0.5 – 1.0 Hz), and Band 5 (1.0 – 2.0 Hz). In201

the respective frequency bands, the SNR was estimated by taking the ratio of the peak202

signal amplitude due to the encounter of a vortex over the background noise signal, that203

is:204

SNR =
Speak

Snoise
, (1)

where Speak is the absolute value of the peak signal of the detrended and filtered time205

series within the time window ±150 s from the event time defined by Spiga et al. (2021),206

and Snoise is the noise signal — the average of the absolute value of the detrended and207

filtered time series within the time window −450 to −150 s (i.e., before the encounter208

of a convective vortex). Examples of the vertical ground acceleration and the pressure209

data at the encounter of a convective vortex are shown in Figures 4a-b. Basically, the210

SNR gets lower as the frequency band becomes higher due to the increase of the con-211

tribution from the small turbulence and/or instrumental noises.212

4.2 Ambient wind speed, wind direction, and air temperature213

The evaluation of the ambient environment is important for understanding the vor-214

tices’ advection because the vortices are considered to be transported by the ambient winds215

(e.g., Spiga et al., 2021; Perrin et al., 2020). As the wind and temperature drastically216

change at the encounter of the vortices at the InSight landing site, we assess the ambi-217

ent wind speed, wind direction, and air temperature using the 5-min time window (from218
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Figure 4. (a) Time series of the absolute value of the vertical acceleration recorded by VBB

at the frequency of (left) Band 2 (0.05 – 0.1 Hz) and (right) Band 5 (1.0 – 2.0 Hz). (b) Time

series of the absolute value of the pressure data at the frequency of (left) Band 2 (0.05 – 0.1 Hz)

and (right) Band 5 (1.0 – 2.0 Hz). Each time series is centered at the maximum point of the

pressure drop.

−150 s to −450s) prior to each vortex encounter (Figure 5a). The average and standard219

deviation values are stored in our catalog.220

As described by Banfield et al. (2018) and Spiga et al. (2021), the accuracy for the221

measurements are 1 m/s, 22.5°, and 5 K for wind speed, wind direction, and air temper-222

ature, respectively. Thus, in the analysis, one should keep in mind that these factors need223

to be taken into account depending on the individual interests and research objectives.224

Also, it is important to note that the wind speed measurement gets unreliable when it225

becomes smaller than 2.8 m/s or exceeds 20 m/s (e.g., Banfield et al., 2018; Spiga et al.,226

2021).227

Figure 5b shows the histogram of each environmental factor (ambient wind speed,228

wind direction, and air temperature) estimated using the time window prior to the en-229

counters of all convective vortices we used. The population shows the highest values at230

9 m/s for the ambient wind speed, 135 N°E or 300 N°E for the ambient wind direction,231

and 240 – 250 K for the ambient air temperature. These results are consistent with the232

general trend seen in Figures 1b-d, meaning the ambient environments were appropri-233

ately evaluated with our method. Note that the double peaks in wind direction are rel-234

evant to the seasonal variations, which had been numerically predicted before the land-235

ing (Spiga et al., 2018) and confirmed by the InSight observations as shown in Figure236

2d. 300 N°E corresponds to “Season 5” in Figure 1a and 135 N°E is for other seasons.237
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Sol 254: -6.31 Pa

– 450 s –150 s

Maximum pressure drop

Wind speed

Wind direction

Air temperature

(a) (b)

Figure 5. (a) An example of InSight’s wind and air temperature data observed around a

single pressure drop on Sol 254. From top to bottom, 20 min time traces for wind speed, wind di-

rection, and air temperature are shown (black profiles). 0 s corresponds to the maximum pressure

drop time. The average (red solid line) and standard deviation (red broken lines) are computed

for the time window between −150 s and −450 s shown in green. (b) Histograms of the ambient

wind speed (top), wind direction (middle), and air temperature (bottom) estimated for each vor-

tex event in our catalog.

4.3 Cross-correlation between seismic and pressure data238

To quantitatively assess the ground response to atmospheric pressure perturbations,239

we computed the cross-correlation coefficient between the seismic and pressure data. As240

reported by previous works (e.g., Kenda et al., 2020; Garcia et al., 2020), the correla-241

tion value varies depending on frequency; thereby we evaluated it for the five frequency242

bands defined in Section 4.1.243

The pressure and seismic data being recorded at different sampling rates by indi-244

vidual instruments (PS: 10 sps and VBB: 20 sps), we first resampled the pressure data245

to synchronize both time stamps. The synchronization was performed by upsampling246

the PS data from 10 sps to 80 sps in the frequency domain with zero padding. Then, the247

interpolation with spline fit and downsampling to 20 sps were performed in the time do-248

main using the time stamp of the VBB data. This procedure gave us the pressure data249

synchronized with the seismic data (Figure 6a).250

To put the equal weight in frequency, we divided the pressure spectra with their251

absolute amplitude, that is, whitening (see the black and blue spectra in Figure 6b). Then,252

performing the inverse Fourier transform gave us the pressure time traces enhancing phase253

information (blue waveform in Figure 6b). The same process was applied to the VBB254

data.255
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Figure S2. Comparison of pressure data before and after time correction with VBB

data. Horizontal axis shows Local Mean Standard Time (LMST) in Sol. Black, red

and blue dotted lines correspond to PS continuous data (10 sps), VBB continuous

data (20 sps) and upsampled PS data (20 sps). Note that each profile has an inten-

tional o↵set so that one can observe the di↵erence easily.

February 19, 2022, 9:13am

(b)

Sol353: -3.722 Pa
zdz VBB data (20 sps)

Resampled PS data (20 sps)

PS data (10 sps)

304.49781 304.497811 304.497812 304.497813 304.497814 304.497815

Sol

Figure 6. (a) Comparison of pressure data before and after resampling with VBB recorded

at the same time period. The black, red, and blue plots correspond to the original PS data (10

sps), the VBB data (20 sps), and the resampled PS data (20 sps), respectively. For better visu-

alization, each profile was scaled and/or an offset was added. (b) Time trace and spectrum of

pressure data before (black) and after (blue) normalization process in the frequency domain. See

the details in Section 4.3

The whitened seismic and pressure data were bandpass filtered with the 4th order256

Butterworth filter at Band 1 through Band 5, meaning that there are five pairs of time257

series for computing cross-correlation at various frequency ranges. An example of the258

filtered time traces is presented in Figures 7a-b. Note that the time window varies de-259

pending on the frequency to make the wavenumber consistent in each band. In this study,260

we defined the time window tw,j as:261

tw,j = 10/fj (j = 1, 2, ..., 5), (2)

where fj is the average frequency at j-th frequency band. In the following, we use these262

processed signals for the evaluation of the correlation between ground response and pres-263

sure perturbations.264

At the five frequency bands, we calculated the cross-correlation for the following265

combinations:266

1. the horizontal acceleration (North or East) and the π/2-phase shifted pressure sig-267

nal,268

2. the vertical acceleration and the pressure signal,269

3. the horizontal velocity (North or East) and the pressure signal,270

4. the vertical velocity and the π/2-phase shifted pressure signal.271

The phase shift is considered for cases 1 and 4 following Sorrells’ theory (e.g., Sorrells,272

1971; Kenda et al., 2020). In the theory, the relation between the ground velocity and273

the pressure perturbation is expressed as:274

vz(ω) = −2ic 1−ν2

E P (ω),

vh(ω) = c (1+ν)(1−2ν)
E P (ω),

(3)

where vz, vh, P are the spectra of the vertical and horizontal ground velocities and pres-275

sure, ω is the angular frequency, c is the advection speed of a vortex — usually approx-276

imated as the ambient wind speed (Kenda et al., 2020), i is the imaginary unit, ν is Pois-277

son’s ratio, and E is Young’s modulus. The first expression in Equation 3 corresponds278

to case 4, where iP (ω) requires the π/2-phase shift to make the pressure signal in phase279
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with the vertical ground velocity. In Section 5.2, we will investigate the subsurface rigid-280

ity using this theory.281

By taking the cross-correlations for the four combination cases listed above, we ob-282

tained the maximum and minimum values of the cross-correlation coefficient and the cor-283

responding lag times at the respective frequency ranges (Figure 7c). Since the correla-284

tion coefficient helps us evaluate the quality of the atmosphere-ground coupling (e.g., Kenda285

et al., 2020), we can use it as a criterion for selecting the better events for the compli-286

ance analysis as discussed in Section 5.2.287

(a) (b) (c)

Figure 7. An example of the filter bank of (a) the vertical acceleration data and (b) the re-

sampled pressure data. The waveforms filtered at Band 1 – Band 3 are shown in the bottom

panel and those filtered at Band 4 – Band 5 are displayed in the top panel. The horizontal axis

shows the time centered at the encounter of a convective vortex. (c) The maximum and mini-

mum correlation coefficients (top panel) and the lag time (bottom panel) at each frequency band.

4.4 Asymmetricity of pressure drop profiles288

Looking at the pressure data, we often observe asymmetric pressure drop profiles.289

According to Lorenz et al. (2021), these features might be related to non-uniform vor-290

tex wall structures. However, a solid conclusion to this problem has yet to be obtained.291

To better understand the relationship between the asymmetricity and the vortex struc-292

tures, we start by quantitatively evaluating the symmetricity of the pressure drop pro-293

file.294

In this study, we defined the asymmetricity (Rasy) using the integral values of the295

left- and right-side profiles from the maximum pressure drop time. The actual process296

was as follows. First, we smoothed the 20 min-long detrended PS data with a 1 s time297

window (Figure 8a). Second, we divided the pressure profile into the left and right sides298

at the time offset parameter µ. Then, we fitted each side profile with a Half-Gaussian299
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profile (fGH) defined as:300

fGH(t) =


A√
2π

exp
[
− (t−µ)2

2σ2
1

]
(t < µ),

A√
2π

exp
[
− (t−µ)2

2σ2
2

]
(t ≥ µ),

(4)

where A is a constant, t is time, σ1 and σ2 correspond to the half-maximum width for301

the left- and right-hand profiles, respectively. The event duration teff is defined as:302

teff = σ1 + σ2. (5)

Figure 8b shows an example of the best fit. Finally, the integral of both sides was per-303

formed within the time interval of −6σ1 ≤ t − µ ≤ 0 for the left side (SL) and 0 ≤304

t − µ ≤ 6σ2 for the right side (SR) (Figure 8c). The asymmetricity (Rasy) can be de-305

fined with the integral values as:306

Rasy = log10

(
SR

SL

)
. (6)

(a)

(b)

(c)

Sol 323: –7.349 Pa

!

!! !"

Detrended PS data
Smoothed PS data

!! = 4.2 s
!" = 1.9 s
&eff = 6.1 s

(% = 42.45 Pa･s 
(& = 22.51 Pa･s
,'() = −0.28

Pa

(% (&

Figure 8. (a) Pressure drop signal observed on Sol 323. The black profile is the detrended

pressure data, and the red is the smoothed data with a 1 s time window. µ is the time offset

parameter in Equation 4. (b) Gaussian fitting results. The black profile shows the smoothed

pressure data, which is time-shifted by µ for visualization. Note that the profile is normalized

by the maximum value of the absolute amplitude. The magenta and the cyan dotted lines are

the Gaussian profile used for fitting the left- and right-hand profiles, respectively. (c) Pressure

drop profile used for the calculation of integral values. The red curve is the pressure drop profile

smoothed and converted into absolute value. The dotted vertical lines show the time interval for

the integral, which is set to 6σ1 and 6σ2 from the center for the left and right sides, respectively.

The histogram of the asymmetricity is presented in Figure 9a, where Rasy=0 means307

completely symmetric. Figure 9b shows a few examples of different asymmetric profiles.308
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Rasy= − 0.29

Rasy= – 0.04

Detrended PS data
Smoothed PS data

Detrended PS data
Smoothed PS data

Sol 254: −6.310 Pa
(a) (b)

Rasy= 0.12
Detrended PS data
Smoothed PS data

Sol 459: −7.671 Pa

Sol 598: −2.416 Pa

Figure 9. (a) Histogram of the asymmetricity. (b) Examples of pressure drop profiles for

the cases of negative asymmetric (Rasy < 0), symmetric (Rasy ∼ 0), and positive asymmetric

(Rasy > 0) from top to bottom.

Here, we call the “negative” asymmetric profile when Rasy <0 and the “positive”” asym-309

metric profile when Rasy >0. The histogram shows that the population reaches the peak310

around Rasy = −0.1, indicating the majority of events are negatively asymmetric as311

shown in the top panel in Figure 9b. A short discussion on this result and the relation312

with other parameters can be found in Section 5.1.313

The evaluated parameters from Section 4.1 to Section 4.4 are compiled as a binary314

catalog (Onodera, 2023a). The explanation of the catalog format is summarized in Ap-315

pendix A.316

5 Contribution to scientific investigations317

In this section, we demonstrate how our catalog can contribute to deepening our318

understanding of the Martian environment. Here we focus on two topics. One is ded-319

icated to the meteorological interpretations of a vortex structure implied from asymmet-320

ric features seen in pressure drop profiles (Section 5.1), and the other is related to the321

interaction between the atmosphere and the ground, which is useful for subsurface rigid-322

ity assessments (Section 5.2).323

5.1 Interpretating the asymmetrical feature of pressure drop profiles324

5.1.1 Relation between asymmetricity and the vortex structures325

As presented in Figure 9, we found that the majority of pressure drop events showed326

the negatively asymmetric feature (i.e., a gradual drop toward the maximum pressure327

drop and a rapid recovery after the encounter), which is consistent with the result by328

Lorenz et al. (2021) who also quantified the asymmetricity using the large pressure drops329

(> 0.8 Pa). This result may look unreasonable in considering the two-dimensional space,330

where a vortex circle moves with a constant advection speed (driven by the ambient winds).331

In this case, a symmetric pressure drop should always be observed at the encounter with332

a station. Introducing a fluctuation in the advection speed could produce asymmetric333
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profiles. However, in such a case, the population of asymmetricity would be random be-334

cause we do not imagine that the advection speed changes in the same way for every event.335

Additionally, since the InSight landing site is located at a relatively flat area (e.g., Golombek336

et al., 2020), we do not expect a specific geological feature to contribute to the skewed337

distribution of the pressure drop asymmetricity.338

When considering the three-dimensional system, a convective vortex (whirlwind)339

or dust devil can be modeled with a cylinder, where the wind speed may vary with al-340

titude (e.g., Sinclair, 1973; Lorenz et al., 2021). As speculated by Lorenz et al. (2021),341

when the ambient wind speed at the ground cgrd coincides with that at the upper part342

of a vortex cylinder cup (cgrd = cup), a symmetric pressure drop would be observed at343

the encounter. In the case of cgrd < cup, the cylinder would be tilted in the direction344

of advection, resulting in a “negative” asymmetric profile. On the contrary, for cgrd >345

cup, the cylinder should be tilted in the direction opposite to the advection direction, lead-346

ing to a “positive” asymmetricity. Generally speaking, the wind speed increases with al-347

titude because the surface friction has less influence on the wind behavior at higher al-348

titudes (e.g., Spiga et al., 2021). Additionally, the dynamic pressure is proportional to349

the square of wind speed. As the observations of dust devils in the terrestrial field sup-350

port this idea (Sinclair, 1973), our qualitative interpretation of a skewed distribution in351

Figure 9a seems plausible. Further detailed discussion is out of the scope of this study;352

however, combining our results with some numerical experiments and/or comparing the353

terrestrial observations would help to illustrate the vortex structure better.354

5.1.2 Relation between asymmetricity and ground coupling355

Atmosphere-ground interaction is an important aspect of a convective vortex (i.e.,356

a moving low-pressure system) because it allows us to estimate the subsurface physical357

properties (Section 5.2). The quality of the coupling is usually assessed with the cross-358

correlation between the ground motion and the pressure variation. Through the inves-359

tigation of the relations between the parameters we cataloged, we found some interest-360

ing features when making a plot of asymmetricity against the cross-correlation coefficient361

(CC). Here, we summarize them and introduce a question for future studies.362

Figure 10 shows the scatter plots of the asymmetricity and CC for different frequency363

bands (Band 1 – Band 5). Normally, we refer to events with CC ≥ 0.8 as “high-correlation364

events”. As a general characteristic, the number of high-correlation events decreases as365

the frequency increases because they are more easily contaminated by background noises,366

such as wind turbulence, at a high frequency (> 1 Hz). Another notable point is that367

a higher correlation coefficient is obtained as the asymmetricity decreases (e.g., in Bands368

2 and 3 in Figure 10). This implies that a better ground coupling occurs when a pres-369

sure drop is asymmetric rather than in the ideal symmetric case. However, it has yet to370

be understood whether “negative” asymmetricity is a necessary condition to increase atmosphere-371

ground coupling. This would be an interesting area for future work in order to better372

illustrate how the atmosphere and the ground interact with each other.373

In addition to the above discussions, when comparing the low-frequency bands (Band374

1 – Band 3), it appears that Band 1 shows a different distribution to the other bands.375

It is clear that the number of high-correlation events is smaller than those of Band 2 and376

Band 3. We suspect that the efficiency and/or quality of the atmosphere-ground cou-377

pling changes below 0.05 Hz, which could correspond to a critical point below which the378

ground does not deform efficiently against an external force. Or, there may be other sig-379

nals dominating at the lower frequencies. This point is briefly discussed in Section 5.2.5380

although we could not reach a satisfactory explanation thus far.381
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Figure 10. Scatter plots of cross-correlation coefficient against asymmetricity between the

vertical ground velocity and the pressure data at five frequency bands.

5.2 Compliance analysis and 1D rigidity structure at the InSight land-382

ing site383

5.2.1 Fundamental idea of compliance analysis384

As briefly mentioned in Section 4.3, Sorrells (1971) formulated the relation between385

pressure load and vertical ground velocity for a homogeneous half-space structure as Equa-386

tion 3 through the seismic and meteorological observations on Earth. The compliance387

can be defined by taking the spectral ratio between the ground velocity and pressure:388

κv = |vz(ω)|
|−iP (ω)| = 2c 1−ν2

E ,

κh = |vh(ω)|
|P (ω)| = c (1+ν)(1−2ν)

E ,

(7)

where κv and κh are called vertical compliance and horizontal compliance, respectively.389

The basic idea is to retrieve the subsurface rigidity structure by inverting the compli-390

ance profile. In this study, following Kenda et al. (2020), we use the normalized com-391

pliance (κv and κh) defined as follows:392

κv = 2 1−ν2

E ,

κh = (1+ν)(1−2ν)
E .

(8)

In the case of the horizontal component, there is an apparent effect (i.e., tilt effect) caused393

by the ground deformation. Generally, it is difficult to distinguish the horizontal com-394

pliance from the tilt effect without tracking the vortex trajectory. Here, we focus on the395

vertical component in the subsequent analysis.396
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It is worth noting that Equations 8 are valid only for a homogeneous half-space struc-397

ture. When considering a potential stratified half space like this study, one can use the398

Thomson-Haskell propagator method (Thomson, 1950; Haskell, 1953) as demonstrated399

in Sorrells and Goforth (1973) and Kenda et al. (2020).400

In solving the inversion problem, we employed almost the same approach performed401

by Kenda et al. (2020) — Bayesian inversion based on the Markov chain Monte Carlo402

(McMC) algorithm. The main differences from their analysis are: (i) the dataset cov-403

ering the full observation period is used, and (ii) the inversions were conducted for dif-404

ferent wind speed groups, which allows us to retrieve different depth information. As for405

the first point, while Kenda et al. (2020) had analyzed the data up to Sol 227, we used406

the data up to Sol 900, which increased the number of available events for analysis by407

a factor of 10. Regarding the second point, assuming the vortices are transported by the408

ambient wind c, we divided the two groups based on the histogram shown in Figure 5b409

— WS1 (3.8 m/s < c ≤ 8.5 m/s) and WS2 (8.5 m/s < c < 16 m/s). Since c is related410

to the spatial resolution (or wavelength) in the compliance analysis, different compliance411

profiles can be obtained depending on the value of c for a certain rigidity structure model.412

Figure 11 gives an example, where the cases of c =5 m/s and 12 m/s are compared. Look-413

ing at the theoretical curves in Figure 11b, a smaller c value returns a higher normal-414

ized compliance, meaning that a smaller c is more sensitive to the shallower sub-surface415

structure. Thus, in the following inversion, we try to retrieve different depth informa-416

tion by analyzing WS1 and WS2 separately.

Soft

Rigid

Figure 11. (a) Rigidity structure model for a demonstration. (b) Synthetic vertical compli-

ance for different advection speeds (i.e., ambient wind speeds). The compliance is normalized by

each advection speed, normally called normalized compliance. The solid line shows the compli-

ance for the case of ambient wind speed of 5 m/s, and the dotted line does that for the 12 m/s

case.

417

5.2.2 Data selection418

Sorrells’ theory is applicable only when the ground is well coupled with the atmo-419

sphere. In order to select such events, we referred to the cross-correlation coefficients (CC)420

calculated in Section 4.3. For the five frequency bands defined in Section 4.1, we extracted421

high-correlation events (CC ≥ 0.8) and made a 2-D probability density map of the nor-422

malized vertical compliance for WS1 and WS2, respectively (Figures 12a-b).423
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In this study, we paid particular attention to Band 2 and Band 3 — a similar fre-424

quency band used by Kenda et al. (2020) (0.02 – 0.3 Hz) — because of the number of425

events showing high CC (several hundred) and the high probability (∼ 30 %).426

5.2.3 Bayesian inversion427

For the inversions, we took the median of the compliance profiles for Band 2 and428

Band 3 and smoothed them over 10 data points. The error range was evaluated with the429

standard deviation of all the selected compliance profiles. In Figures 12c-d, the thick black430

profiles correspond to the median profiles, and the thin curves illustrate the error range431

for WS1 and WS2, respectively.432

In the inverse problem, the vertically varying structures of Young’s modulus and433

Poisson’s ratio are retrieved by fitting the observed compliance profiles (Figures 12c-d).434

Since this problem is ill-posed, various structure models can match the observation within435

its error range; in other words, we cannot determine the structure uniquely. Thus, we436

employed a Bayesian approach to statistically assess the resultant structure and its un-437

certainty. Following Kenda et al. (2020), the inversion was carried out with a Markov438

chain Monte Carlo (McMC) method (e.g., Mosegaard & Tarantola, 1995; Tarantola, 2004).439

Because this approach has been applied to other InSight-related works (e.g., Banerdt et440

al., 2020; Lognonné et al., 2020) and described by Kenda et al. (2020), here we only ex-441

plain the main points.442

The structures that fit the observations within the error range were searched out443

of prior distribution. The prior distribution defines a possible parameter range for the444

varying parameters, allowing us to get the physically possible solutions. Following Kenda445

et al. (2020), for 8 layers structure model, the layer’s thickness, Young’s modulus, and446

Poisson’s ratio were varied in the range of 0 – 200 m, 106 – 1012 Pa, and 0.05 – 0.45, re-447

spectively. For every calculation step, the synthetic normalized compliance was computed448

for a given structure model within the prior distribution, then we evaluated misfit (L)449

defined as:450

L =
∑
N

| log10 Cobs − log10 C
calc|

log10 σ
, (9)

where Cobs is the observed normalized compliance, Ccalc is the synthetic normalized com-451

pliance, and σ is the uncertainty of the observation. N refers to the grid number in the452

frequency domain. To get a robust result (i.e., to minimize the influence of outliers), the453

misfit was evaluated on a logarithmic scale. Once a model is accepted (i.e., the synthetic454

curve fits the observation within the error range), other structure models are tried by455

giving fluctuations to the previously accepted model. Additionally, to avoid the local min-456

ima, after providing some fluctuations, the input structure model is forced to vary ran-457

domly so that we can search for all possible solutions. In the end, we obtain the accept-458

able structure models for WS1 and WS2 as probability distributions as shown in Fig-459

ures 12e-f. The corresponding synthetic compliance profiles are shown as the color map460

in Figures 12c-d. Since the Poisson ratio does not greatly impact the compliance curve461

(Kenda et al., 2020), we mainly focus on Young’s modulus in the following section.462

5.2.4 Estimated subsurface rigidity at the InSight landing site463

The posterior probability distributions of Young’s modulus for different wind speed464

groups are displayed in Figures 12e-f. Both results suggest that the InSight landing site465

is composed of two layers. The first layer has Young’s modulus of (0.5 − 2) × 108 Pa466

with 5 - 20 m thickness and the second layer has Young’s modulus of (0.3−2)×109 Pa.467

According to previous works (e.g., Delage et al., 2017; Golombek et al., 2017; Morgan468

et al., 2018), Young’s modulus of regolith is in the order of 107 Pa in magnitude, coarse469

ejecta layer takes the value of around 108 Pa, and fractured bedrock shows 1010 Pa. Com-470

paring these values, the first layer we identified corresponds to the coarse ejecta and the471
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Figure 12. (a)-(b) The observed “normalized vertical compliance” for WS1 and WS2, respec-

tively. The horizontal axis shows frequency and the vertical shows the compliance normalized

with ambient wind speed. The color map represents the probability density. The hotter color

indicates a higher probability. White texts at the top denote the corresponding frequency bands

and the number of events used for making the probability density map. (c)-(d) Bayesian inver-

sion results using Band 2 and Band 3 for WS1 and WS2. The horizontal axis shows frequency

and the vertical axis shows the normalized compliance. The thick black lines are the median

of the probability density map shown in (a) and (b), and the thin black lines display the stan-

dard deviation of the probability density map shown in (a) and (b). The color map indicates the

probability density distribution of the fitting of the theoretical curve to the observation, which is

linked to (e) and (f). (e)-(f) The probability density of the subsurface rigidity structure obtained

through the inversion for WS1 and WS2, respectively. The horizontal axis shows Young’s modu-

lus and the vertical axis shows the depth. The hotter color indicates a higher probability.
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second corresponds to more consolidated materials. Because InSight landed on the de-472

graded crater filled with fine sand, the relatively low Young’s value is expected. Our re-473

sults seem consistent with the general observations at the landing site. In fact, Kenda474

et al. (2020), who performed a compliance analysis, also obtained a similar structure to475

ours down to 20 m depth.476

The difference between WS1 and WS2 can be found at (i) the transition depth from477

the first layer to the second layer and (ii) the depth extent of the second layer. Regard-478

ing the transition depth, WS1 has a smaller wind speed, and its compliance is more sen-479

sitive to the shallower part than that of WS2. Therefore, we have a higher degree of con-480

fidence in the WS1 result and interpret that the transition from the coarse ejecta to a481

more consolidated layer occurs around 5 - 15 m deep, which looks consistent with the482

sub-surface structure model proposed by Warner et al. (2022) who constructed the sub-483

surface structure model based on both in-situ and orbital geological observations. It is484

worth noting that the higher frequency contents in the compliance profile also help us485

to better resolve the shallower structure; thereby, applying Sorrells’ theory to higher fre-486

quency bands such as Band 4 – 5 would be useful for further investigation. This point487

is discussed in Section 5.2.5.488

Concerning the deeper part, WS2 is more sensitive than WS1, and we consider that489

the second layer can extend down to 100 m depth. Together with the above discussion,490

the subsurface rigidity structure at the InSight landing site can be modeled with two lay-491

ers. The structure consists of the coarse ejecta down to 5 – 15 m depth and gets more492

consolidated below that depth, extending down to 100 m. Although a previous seismo-493

logical study (e.g., Hobiger et al., 2021) indicates the presence of a low rigidity layer (∼494

107 Pa) at 30 – 75 m, there is no strong evidence of such a layer at the corresponding495

depth (30 – 75 m) around the InSight landing site or Elysium Planitia from either ge-496

ological observations or compliance analyses (e.g., Warner et al., 2022; Kenda et al., 2020).497

Looking at Figure 12f, while a higher probability is obtained around 109 Pa at a depth498

of 30 – 75 m, some low rigidity values (∼ 107 Pa) seem acceptable (bluish area). How-499

ever, the model including such low rigidity values at 30 – 75 m returns the compliance500

away from the median profile of the observation (compare blue profiles and thick black501

line in Figure 12d). Therefore, like Warner et al. (2022) and Kenda et al. (2020), our re-502

sults prefer simpler structure and do not positively support the presence of a low rigid-503

ity layer indicated by some seismological analyses (e.g., Hobiger et al., 2021).504

5.2.5 Implications for further extension of compliance analysis505

For further extension of the compliance approach, we summarize some ideas in this506

section for the following studies. Going back to Figures 12a-b, we found that Band 1 shows507

significantly different behavior compared to the others. Considering that an unreason-508

ably low-rigidity layer (∼106 Pa) shows up at several tens of meters deep if we include509

Band 1 in the inversion (Figure B1), Sorrells’ theory might not be applicable to this fre-510

quency band. In fact, since Sorrells (1971) assumes a plane wave for compliance anal-511

ysis, the theory may not work at the lower frequency where the influence of the vortex512

curvature gets dominant. As another possibility, as seen on Earth, the Newtonian at-513

traction related to the pressure perturbations could affect the seismic observations (Van Camp514

et al., 2017; Zürn & Wielandt, 2007). However, we found that its effect was much smaller515

(ten times at least) than the ground compliance at 0.01 – 0.05 Hz (Appendix C and Fig-516

ure C1). Thus, so far, we have not yet found a reasonable explanation for the compli-517

ance behavior in Band 1. Given these indications, one should avoid using Band 1 un-518

til the physical mechanism at the very low frequency (< 0.05 Hz) is figured out. In our519

future work, the applicability of Sorrells’ theory to the very low frequency (< 0.05 Hz)520

will be discussed.521
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On the other hand, it might be possible to apply Sorrells’ theory to higher frequen-522

cies (> 0.5 Hz). Unlike Band 1, the probability density of compliance in Bands 4 and523

5 is as stable as in Bands 2 and 3, and shows good continuity between each band. We524

think these events are helpful in resolving the shallow structures better even though there525

are a smaller number of events compared to Band 2 and 3. We guess the reason for their526

smaller population is that they are relatively small convective vortices. Smaller vortices527

are more easily affected by local turbulence and gain more noise, decreasing the corre-528

lation between pressure variations and ground motions. This leads to a smaller number529

of events available for compliance analysis. However, once a vortex structure becomes530

stable enough against shear forces by turbulence and is close enough to an observation531

point, a better atmosphere-ground coupling can be observed. To test our hypothesis, we532

will look closer at the higher frequency part — which can help us extract the uppermost533

structures (a few meter depth).534

6 Concluding remarks535

For the purpose of providing useful information for the studies on the Martian at-536

mosphere and subsurface structures, we quantitatively characterized 12,569 convective537

vortices observed by InSight from both meteorological and seismological aspects. The538

evaluated parameters (e.g., event time, pressure deficit, event duration, asymmetricity,539

and cross-correlation coefficient between pressure variation and ground motion) are com-540

piled as a catalog that is available online (Onodera, 2023a).541

As examples of scientific application, we investigated the asymmetricity of pres-542

sure drop profiles. Some discussions led to the idea that asymmetricity is related to the543

vortex wall structure rather than a two-dimensional advection pattern. We expect fu-544

ture studies will investigate our hypothesis through numerical experiments. Addition-545

ally, using events that show a high correlation between pressure and seismic (ground mo-546

tion) data, we performed a compliance analysis and estimated the subsurface rigidity at547

the InSight landing site down to a depth of ∼ 100 m. Our results suggest that the sub-548

surface structure can be modeled with two layers: a coarse ejecta layer (∼ 108 Pa) and549

a more consolidated layer (∼ 109 Pa). It is indicated that the transition from the first550

layer to the second occurs at 5 – 15 m depth, which is consistent with previously pro-551

posed models (e.g., Kenda et al., 2020; Warner et al., 2022). It is worth noting that this552

value could be refined by including the high-frequency content in the compliance anal-553

ysis because it is more sensitive to shallower depths (< 5 m).554

Together with some results and discussions in this paper, this catalog will help im-555

prove our knowledge of the Martian convective vortices as well as atmosphere-ground556

interaction.557

Appendix A Catalog format558

All the previously presented data and parameters are gathered in a catalog. The559

catalog is available in pickle format — a binary format produced by pandas module of560

python — at Onodera (2023a). To read a pickle file, readers may try the following lines:561

import pandas as pd

data = pd.read_pickle("path to pickle file")

By choosing the parameter name listed in Table A1 and A2, readers can retrieve param-562

eters depending on their interests. For example, one can get the list of all pressure drop563

values by running the line below:564

param=data.PressD
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Table A1. List of parameter names related to event ID, detection time, pressure drop values,

ambient factors, and signal-to-noise ratio in our catalog.

Name Unit Description References

ID - The number is allocated from the largest
pressure drop event to the smaller ones.

Spiga et al. (2021)

Sol - InSight sol (Martian day) Spiga et al. (2021)

LTST h hour Local True Solar Time in hours at the max-
imum pressure drop

Spiga et al. (2021)

UTC YYYY-DOYThh:mmm:ss Corresponding UTC of LTST h Spiga et al. (2021)

PressD Pa Value of the minimum pressure during the
encounter of a vortex

Spiga et al. (2021)

Ave WS m/s Average wind speed Section 4.2

std WS m/s Standard deviation of wind speed Section 4.2

Ave Wdir N°E Average wind direction Section 4.2

std Wdir N°E Standard deviation of wind direction Section 4.2

Ave AT K Average air temperature Section 4.2

std AT K Standard deviation of air temperature Section 4.2

SNR ACCZ BX - The signal-to-noise ratio of the vertical ac-
celeration recorded by VBB at Band X (X
= 1,2,...,5)

Section 4.1

SNR ACCN BX - The signal-to-noise ratio of the north accel-
eration recorded by VBB at Band X (X =
1,2,...,5)

Section 4.1

SNR ACCE BX - The signal-to-noise ratio of the east accel-
eration recorded by VBB at Band X (X =
1,2,...,5)

Section 4.1

SNR PS BX - The signal-to-noise ratio of the pressure
signal recorded by PS at Band X (X =
1,2,...,5)

Section 4.1

Appendix B Additional Inversion Result565

Case2 Full frequency
range (0.01 – 4 Hz: 
Band 1 – Band 6) 

WS1

Case2 Full frequency
range (0.01 – 4 Hz: 
Band 1 – Band 6) 

WS2

WS1

Young’s modulus (Pa)

Figure B1. Probability density map for Young’s modulus derived through compliance analy-

sis (WS1) taking into account all frequency bands. There is an unreasonably soft layer (< 5× 106

Pa) below 45 m depth which is closely related to Band 1.
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Table A2. List of parameter names related to cross-correlation and asymmetricity in our cata-

log.

Name Unit Description References

XCC max VELZ BX - The maximum value of the cross-correlation coefficient between the verti-
cal velocity (VBB-Z) and phase-shifted pressure data (PS) at Band X (X =
1,2,...,5)

Section 4.3

XCC max VELN BX - The maximum value of the cross-correlation coefficient between the north
velocity (VBB-N) and pressure data (PS) at Band X (X = 1,2,...,5)

Section 4.3

XCC max VELE BX - The maximum value of the cross-correlation coefficient between the east
velocity (VBB-N) and pressure data (PS) at Band X (X = 1,2,...,5)

Section 4.3

XCC min VELZ BX - The minimum value of the cross-correlation coefficient between the vertical
velocity (VBB-Z) and phase-shifted pressure data (PS) at Band X (X =
1,2,...,5)

Section 4.3

XCC min VELN BX - The minimum value of the cross-correlation coefficient between the north
velocity (VBB-N) and pressure data (PS) at Band X (X = 1,2,...,5)

Section 4.3

XCC min VELE BX - The minimum value of the cross-correlation coefficient between the east
velocity (VBB-N) and pressure data (PS) at Band X (X = 1,2,...,5)

Section 4.3

XCC max ACCZ BX - The maximum value of the cross-correlation coefficient between the verti-
cal acceleration (VBB-Z) and pressure data (PS) at Band X (X = 1,2,...,5)

Section 4.3

XCC max ACCN BX - The maximum value of the cross-correlation coefficient between the north
acceleration (VBB-N) and phase-shifted pressure data (PS) at Band X (X
= 1,2,...,5)

Section 4.3

XCC max ACCE BX - The maximum value of the cross-correlation coefficient between the east
acceleration (VBB-E) and phase-shifted pressure data (PS) at Band X (X
= 1,2,...,5)

Section 4.3

XCC min ACCZ BX - The minimum value of the cross-correlation coefficient between the vertical
acceleration (VBB-Z) and pressure data (PS) at Band X (X = 1,2,...,5)

Section 4.3

XCC min ACCN BX - The minimum value of the cross-correlation coefficient between the north
acceleration (VBB-N) and phase-shifted pressure data (PS) at Band X (X
= 1,2,...,5)

Section 4.3

XCC min ACCE BX - The minimum value of the cross-correlation coefficient between the east
acceleration (VBB-E) and phase-shifted pressure data (PS) at Band X (X
= 1,2,...,5)

Section 4.3

t lag max VELZ BX - The lag time for ”XCC max VELZ BX” (X=1,2,. . . ,5) Section 4.3

t lag max VELN BX - The lag time for ”XCC max VELN BX” (X=1,2,. . . ,5) Section 4.3

t lag max VELE BX - The lag time for ”XCC max VELE BX” (X=1,2,. . . ,5) Section 4.3

t lag min VELZ BX - The lag time for ”XCC min VELZ BX” (X=1,2,. . . ,5) Section 4.3

t lag min VELN BX - The lag time for ”XCC min VELN BX” (X=1,2,. . . ,5) Section 4.3

t lag min VELE BX - The lag time for ”XCC min VELE BX” (X=1,2,. . . ,5) Section 4.3

t lag max ACCZ BX - The lag time for ”XCC max ACCZ BX” (X=1,2,. . . ,5) Section 4.3

t lag max ACCN BX - The lag time for ”XCC max ACCN BX” (X=1,2,. . . ,5) Section 4.3

t lag max ACCE BX - The lag time for ”XCC max ACCE BX” (X=1,2,. . . ,5) Section 4.3

t lag min ACCZ BX - The lag time for ”XCC min ACCZ BX” (X=1,2,. . . ,5) Section 4.3

t lag min ACCN BX - The lag time for ”XCC min ACCN BX” (X=1,2,. . . ,5) Section 4.3

t lag min ACCE BX - The lag time for ”XCC min ACCE BX” (X=1,2,. . . ,5) Section 4.3

STDEV1 sec The standard deviation of the fitted pressure drop with the left-hand side
Gaussian fit

Section 4.4

STDEV2 sec The standard deviation of the fitted pressure drop with the right-hand side
Gaussian fit

Section 4.4

T eff s sec Effective event time (i.e., the characteristic time scale of event duration),
defined by STDEV1 + STDEV2

Section 4.4

Residual GaussFit Pa Summation of the residual value when PS was fitted with Gaussian curve Section 4.4

Int1 Pa·s The integral value of the left-hand side of the pressure drop signal Section 4.4

Int2 Pa·s The integral value of the right-hand side of the pressure drop signal Section 4.4

Asymmetricity - The asymmetricity of pressure drop, defined as log10(Int2/Int1) Section 4.4
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Appendix C Effect of Newtonian Attraction566

It is well known that seismic observations are influenced by changes in environmen-567

tal factors, one of which is the atmospheric conditions as described in this study. While568

this study focused on the ground deformation caused by transient pressure variations,569

there is another effect relevant to a change in atmospheric conditions. For example, when570

the air above the observation point is denser than the surrounding air, the sensor mass571

would be attracted toward the denser part (i.e., Newtonian attraction). According to572

Zürn and Wielandt (2007), the effect of Newtonian attraction becomes dominant below573

2 mHz on Earth, whose intensity can be evaluated as follows:574

∆g

∆p
= −2πG

g0
, (C1)

where G is gravitational constant and g0 is the gravitational acceleration (Earth: 9.81575

m/s2, Mars: 3.72 m/s2). The terrestial value is −4.3×10−2(nm/s2/Pa) and the Mar-576

tian value is −1.1×10−1 (nm/s2/Pa). Figure C1 compares the absolute intensity of New-577

tonian attraction and that of vertical compliance. At our target frequency (> 0.01 Hz),578

Newtonian attraction is much smaller than the vertical compliance, leading to the con-579

clusion that the unstable behavior at 0.01 – 0.05 Hz in Figures 12a-b cannot be explained580

with Newtonian attraction.581

Figure C1. Comparison of the absolute intensity of Newtonian attraction and the vertical

compliance. The vertical compliance was computed by multiplying 2π with Equation 7, assuming

E=2×108 (Pa), ν = 0.25, and c = 5.0 (m/s).

Data availability582

The SEIS data from the InSight mission used in this study can be retrieved through583

InSight Mars SEIS Data Service (2019) and InSight Marsquake Service (2022). The cat-584

alog file is available at Onodera (2023a). A sample program for analyzing the VBB data585

can be found at Onodera (2023b).586
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Lognonné, P., Banerdt, W. B., Giardini, D., Pike, W. T., Christensen, U., Laudet,689

P., . . . Wookey, J. (2019). Seis: Insight’s seismic experiment for internal struc-690

ture of mars. Space Science Reviews, 215 (1), 12. Retrieved from https://691

doi.org/10.1007/s11214-018-0574-6 doi: 10.1007/s11214-018-0574-6692
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. . . Smrekar, S. E. (2021). Seismic detection of the martian core. Science,790

373 (6553), 443-448. Retrieved from https://www.science.org/doi/abs/791

10.1126/science.abi7730 doi: 10.1126/science.abi7730792

Tarantola, A. (2004). Inverse problem theory and methods for model parameter esti-793

mation. USA: Society for Industrial and Applied Mathematics.794

Thomson, W. T. (1950). Transmission of elastic waves through a stratified solid795

medium. Journal of Applied Physics, 21 (2), 89-93. doi: 10.1063/1.1699629796

Van Camp, M., de Viron, O., Watlet, A., Meurers, B., Francis, O., & Caudron,797

C. (2017). Geophysics from terrestrial time-variable gravity measure-798

ments. Reviews of Geophysics, 55 (4), 938-992. doi: https://doi.org/10.1002/799

2017RG000566800

Warner, N. H., Golombek, M. P., Ansan, V., Marteau, E., Williams, N., Grant,801

J. A., . . . Banks, M. (2022). In situ and orbital stratigraphic characterization802

of the insight landing site—a type example of a regolith-covered lava plain on803

mars. Journal of Geophysical Research: Planets, 127 (4), e2022JE007232. doi:804

https://doi.org/10.1029/2022JE007232805

Zürn, W., & Wielandt, E. (2007). On the minimum of vertical seismic noise near 3806

mHz. Geophysical Journal International , 168 (2), 647-658. doi: 10.1111/j.1365807

-246X.2006.03189.x808

–27–



Figure1.



Spring Autumn Winter SpringWinter

Season 5

(a)

(b)

(c)

24

18

12

6

0
0 500 1000 1500

Event number

Summer
0 90 180 270 360

Season 1Season 1 Season 2 Season 3 Season 4



Figure2.



180

220

260

200

240

280

Air tem
perature (K)

W
ind direction (N°E)

(b)

(c)

(d)

(a) Pressure (Pa)
W

ind speed (m
/s)0

2
4
6
8
10
12
14

InSight Sol

InSight Sol

InSight Sol

InSight Sol



Figure3.





Figure4.



Signal-to-noise ra.o

Band 2 Band 5

(a) Ver(cal accelera(on

(b) Pressure

Speak

Snoise

Band 2 Band 5
Snoise

Speak



Figure5.



Sol 254: -6.31 Pa

– 450 s –150 s

Maximum pressure drop

Wind speed

Wind direction

Air temperature

(a) (b)



Figure6.



(a)

X - 8 :

VBB data (20 sps)

Processed PS data (20 sps)

Original PS data (10 sps)

Data points

Figure S2. Comparison of pressure data before and after time correction with VBB

data. Horizontal axis shows Local Mean Standard Time (LMST) in Sol. Black, red

and blue dotted lines correspond to PS continuous data (10 sps), VBB continuous

data (20 sps) and upsampled PS data (20 sps). Note that each profile has an inten-

tional o↵set so that one can observe the di↵erence easily.

February 19, 2022, 9:13am

(b)

Sol353: -3.722 Pa
zdz VBB data (20 sps)

Resampled PS data (20 sps)

PS data (10 sps)

304.49781 304.497811 304.497812 304.497813 304.497814 304.497815

Sol



Figure7.



(a) (b) (c)



Figure8.



(a)

(b)

(c)

Sol 323: –7.349 Pa

!

!! !"

Detrended PS data
Smoothed PS data

!! = 4.2 s
!" = 1.9 s
&eff = 6.1 s

(% = 42.45 Pa･s 
(& = 22.51 Pa･s
,'() = −0.28

Pa

(% (&



Figure9.



Rasy= − 0.29

Rasy= – 0.04

Detrended PS data
Smoothed PS data

Detrended PS data
Smoothed PS data

Sol 254: −6.310 Pa
(a) (b)

Rasy= 0.12
Detrended PS data
Smoothed PS data

Sol 459: −7.671 Pa

Sol 598: −2.416 Pa



Figure10.





Figure11.



Soft

Rigid



Figure12.



Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS1

Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS2

Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS1

Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS2

Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS1

Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS2

Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS1

Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS2

(a) (b)

B1
(137)

B2
(741)

B3
(410)

B4
(134)

B5
(39)

B6
(7)

B1
(73)

B2
(752)

B3
(427)

B4
(140)

B5
(33)

B6
(11)

(c) (d)

(e) (f)

0.05 0.1 0.5 0.05 0.1 0.5
Frequency (Hz) Frequency (Hz)

B2 B3 B2 B3

WS1 WS2

WS1 WS2

N
or

m
. c

om
pl

ia
nc

e 
(1

/P
a)

N
or

m
. c

om
pl

ia
nc

e 
(1

/P
a)

Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS1

Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS2

Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS1

Case1 Only low
frequency (0.05 – 0.5 Hz: 
Band 2 – Band 3) 

WS2

Young’s modulus (Pa) Young’s modulus (Pa)

D
ep

th
 (m

)

D
ep

th
 (m

)



FigureB1.



Case2 Full frequency
range (0.01 – 4 Hz: 
Band 1 – Band 6) 

WS1

Case2 Full frequency
range (0.01 – 4 Hz: 
Band 1 – Band 6) 

WS2

WS1

Young’s modulus (Pa)



FigureC1.




	Article File
	Figure1 legend
	Figure1
	Figure2 legend
	Figure2
	Figure3 legend
	Figure3
	Figure4 legend
	Figure4
	Figure5 legend
	Figure5
	Figure6 legend
	Figure6
	Figure7 legend
	Figure7
	Figure8 legend
	Figure8
	Figure9 legend
	Figure9
	Figure10 legend
	Figure10
	Figure11 legend
	Figure11
	Figure12 legend
	Figure12
	FigureB1 legend
	FigureB1
	FigureC1 legend
	FigureC1

