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Key Points:19

• Elastic properties of the Martian sub-surface can be constrained using simulta-20

neous pressure and seismic measurements of convective vortices21

• Our modelling can also be used to constrain Martian convective vortex proper-22

ties and to reconstruct the vortex trajectories23

• The results indicate that the Martian ground may be harder to the west of InSight,24

consistent with geomorphological surface interpretations25
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Abstract26

The InSight mission landed on Mars in November 2018 and has since observed mul-27

tiple convective vortices with both the high performance barometer and the low-noise28

seismometer SEIS that has unprecedented sensitivity. Here we present a new method that29

uses the simultaneous pressure and seismic measurements of convective vortices to place30

constraints on the elastic properties of the Martian sub-surface and the Martian vortex31

properties, while also allowing a reconstruction of the convective vortex trajectories. From32

data filtered in the [0.02 to 0.3 Hz] frequency band, we estimate that the mean value of33

η (η = E/[1−ν2], where E is the Young’s modulus and ν is the Poisson’s ratio) of the34

Martian ground in the region around SEIS is 239 ± 140 MPa. In addition, we suggest35

that the previously reported paucity of vortex seismic observations to the west of InSight36

may be due to the fact that the ground is harder to the west than to the east, consis-37

tent with geomorphological surface interpretations.38

Plain Language Summary39

In 2018 the InSight mission placed a seismic instrument on the surface of Mars in40

order to measure the motion of the Martian ground. As on Earth, there are fluctuations41

of pressure in the Martian atmosphere caused by small local variations in the atmospheric42

weight. Whirlwinds, for example, have a lower pressure in their center and they pull up43

the ground (like a vacuum cleaner). Such changes in pressure deform the elastic Mar-44

tian ground and the InSight seismic instrument is sensitive enough to measure these de-45

formations. We present a new method that uses the InSight pressure and seismic mea-46

surements of whirlwinds in order to determine how hard or soft the Martian ground is.47

We are also able to estimate the path that the whirlwinds follow as they pass by InSight.48

We find that the surface material just under InSight has elastic properties similar49

to dense gravel, but that the whirlwinds detected by the seismic instrument are not in50

the same places as the whirlwinds tracks observed from space. Our results suggest that51

the ground is harder to the west and, consequently, that it is more difficult for whirlwinds52

to deform the ground and create a seismic signal in that region.53

1 Introduction54

The InSight mission (Interior Exploration using Seismic Investigations, Geodesy55

and Heat Transport mission; Banerdt et al., 2020) landed on Mars in November 201856

within a quasi-circular depression called Homestead hollow (Figure 1; Golombek et al.,57

2020) in the Elysium Planitia region. Since then, the InSight mission has been perform-58

ing the first comprehensive surface-based geophysical investigation of Mars using the SEIS59

(Seismic Experiment for Interior Structure; Lognonné et al., 2019) instrument. This low-60

noise seismometer with unprecedented sensitivity (Lognonné et al., 2020) contains three61

long period or Very Broad Band (VBB) sensors and three short period (SP) sensors (Lognonné62

et al., 2019). To support the seismic measurements InSight also has a high performance63

barometer, and temperature and wind sensors (Temperature and Winds for InSight - TWINS)64

as part of its meteorological package (Spiga et al., 2018; Banfield et al., 2019, 2020).65

During the mission preparation extensive efforts were made to understand the dif-66

ferent noise contributions that were likely to be observable by the SEIS instrument once67

deployed onto the surface of Mars (Mimoun et al., 2017), with a particular focus placed68

on understanding the atmosphere-generated seismic signals (Murdoch et al., 2017a; Mur-69

doch et al., 2017b; Kenda et al., 2017; Spiga et al., 2018). One such seismic signal, that70

has been long-identified and studied on Earth, is the elastic deformation of the ground71

due to fluctuations of atmospheric pressure (Sorrells, 1971; Sorrells et al., 1971). The pres-72

sure fluctuations induce a ground tilt that is observed by a seismometer placed on the73
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surface. On Earth, this effect can be minimised by placing seismometers in deep under-74

ground vaults. However, SEIS is deployed directly onto the Martian surface, covered with75

a Wind and Thermal Shield (WTS; Figure 2).76

One specific type of atmospheric pressure variation that has been predicted to gen-77

erate seismic signals observable by SEIS is convective vortices (Murphy et al., 2016), also78

know as dust devils when the vortex transports dust particles. A convective vortex forms79

when warm air close to the surface starts to rise and begins to rotate, generating a pres-80

sure depression in the center (Rafkin et al., 2016). This pressure depression creates a suc-81

tion effect, pulling the elastic ground upwards and tilting the surface away from the vor-82

tex. Convective vortices are detectable in pressure measurements as a sharp drop in the83

pressure time series lasting typically 10 to 100 seconds (Murphy et al., 2016). The first84

seismic detection of a terrestrial convective vortex was in 2015 (Lorenz et al., 2015), and85

the InSight seismometers (and barometer) have since detected multiple convective vor-86

tices on the surface of Mars (Lognonné et al., 2020; Banerdt et al., 2020; Banfield et al.,87

2020).88

The most simple model of a convective vortex encounter is the straight-line, constant-89

speed migration of a negative point load on an elastic half-space. As the vortex migrates,90

the ground is deformed by the negative point load and the resulting ground displacement91

at the seismometer can be simulated as a function of time. Prior to the InSight land-92

ing, such a point-source model was developed and validated by fitting both seismic and93

pressure observations of terrestrial dust devils (Lorenz et al., 2015).94

The point-source approach assumes that the strain applied to the ground is very95

small (i.e., there is no plastic deformation), and that the convective vortex passes at a96

distance of at least one vortex diameter from the seismometer (for closer approaches, the97

spatial extent of the vortex must be taken into account and a finite element method should98

be used e.g., Murdoch et al., 2017b). The point-source modelling approach is extremely99

useful in order to describe the full time series of the convective vortex signal. However,100

finding suitable parameter solutions requires time-consuming Monte Carlo simulations.101

Prior to their seismic detections, observations of Martian vortices have been based102

on 4 methods (for a review, see Murphy et al., 2016): Imaging from orbit, imaging from103

surface, surface pressure measurements, and surface wind measurements. Imaging-based104

observations provide trajectory information, however they do not provide physical mea-105

surements on the strengths of the vortices (= central pressure drops). Long time series106

of pressure measurements can be used to provide information on the strength distribu-107

tion, however not on trajectories (Kurgansky, 2019). Wind measurements give informa-108

tion about vortex direction of motion and rotation direction (clockwise or counterclock-109

wise), however miss distances can only be determined from wind measurements if the110

encounter is very close, and even then with large error margins (Ringrose et al., 2003;111

Kahanpää & Viúdez-Moreiras, 2020; Tratt et al., 2003).112

In the context of the InSight mission, modelling the effect of vortices on the seis-113

mic and pressure data has contributed to providing the first constraints on the average114

properties of the shallow elastic structure of Mars (Lognonné et al., 2020). These ini-115

tial analyses used the plane wave approach of Sorrells’ theory (Kenda et al., 2020). The116

point-source modelling approach has also been used to interpret joint observations of a117

dust devil vortex by orbital imaging (High Resolution Imaging Science Experiment; HiRISE),118

in-situ imaging, SEIS and the InSight pressure and wind sensors (Banerdt et al., 2020).119

Through waveform fitting, the simple vortex model allowed the dust devil pressure drop120

event to be identified among the multiple pressure drops present in the data. Combin-121

ing the information from the multiple instruments then allowed detailed calculations to122

be made of the compliance of the Martian subsurface in a specific known location (Banerdt123

et al., 2020).124
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Here we propose a computationally inexpensive method to place constraints on the125

vortex parameters (strength, size, miss distance), and the elastic properties of the Mar-126

tian sub-surface using simultaneous pressure and seismic measurements of convective vor-127

tices. We also demonstrate how our modelling can be used to reconstruct the convec-128

tive vortex trajectories. The method developed here allows quantitative estimates to be129

made of the Martian subsurface properties around the InSight lander. Based on our re-130

sults, we discuss the geological implications of the InSight vortex observations, specif-131

ically with respect to the paucity of SEIS measurements of vortices to the west of In-132

Sight.133

2 Meteorological and seismic observations of convective vortices on134

Mars with InSight135

2.1 Meteorological and seismic data136

The InSight barometer and SEIS sensors acquire data continuously at 20 samples137

per second (sps) and 100 sps, respectively. This data is downsampled and the data trans-138

mitted to Earth typically has sampling rates of 2 sps for the barometer and 10 sps for139

the VBB data up until Sol 175, and then 10 sps and 20 sps for the barometer and VBB140

data, respectively, for subsequent sols (a sol is a Martian day, with InSight Sol 0 being141

the day InSight landed on Mars). In this paper we use the continuous high gain science142

mode VBB velocity (VEL) data (Lognonné et al., 2019). The TWINS wind data are ac-143

quired using two sensors, typically at acquisition rates of 0.1 or 1 sps (Spiga et al., 2018).144

The data are then calibrated and combined to provide measurements of the horizontal145

wind speed and direction. Details about where the raw and calibrated data can be ob-146

tained are provided in the Acknowledgements at the end of this paper.147

The seismic data pre-processing we perform involves removing the instrument re-148

sponse and rotating the three VBB components U, V and W into Z, N, E (Z being pos-149

itive upwards). To remove any potential artefacts induced by the sampling rate, we also150

downsample the high sampling rate data (seismic and pressure) using the same algorithms151

as the InSight flight software (Lognonné et al., 2019). We then filter the data (in the [0.02152

to 0.3 Hz] frequency band for this study), before converting the velocity data to accel-153

eration and extracting the time window around the specific vortex we want to study. For154

investigations using both seismic and pressure data, the pressure data are always filtered155

in the same bandwidth as the seismic data.156

To interpret the output of SEIS in terms of ground tilt we have to establish the sign157

conventions for acceleration and for tilt. SEIS operates based on the principle of an in-158

ertial accelerometer where accelerations are measured by sensing the distance between159

the frame and a proof mass suspended on a spring (Lognonné et al., 2019). For SEIS,160

positive output signals on the Z, N and E channels denote positive accelerations of the161

instrument frame in the vertical-up, north and east directions, respectively. Furthermore,162

we adopt the usual convention for the tilt angle θ: it is measured away from the hori-163

zontal and increasing in the downward direction. In its level position the sensitive di-164

rections of the two horizontal components are perpendicular to the gravity acceleration,165

g. However, as soon as the seismometer frame gets tilted by a small angle θ the proof166

mass experiences the projection of the acceleration of gravity g∗sin(θ) ' gθ: for a down-167

ward tilt in the east direction gravity will pull the proof mass in the east direction and168

hence the output of the seismometer indicates an acceleration of its frame in the west169

direction. Thus when we interpret an acceleration signal in terms of ground tilt a pos-170

itive acceleration points in the uphill direction or equivalently in the direction of neg-171

ative tilt. A value of g = 3.71 m/s2 is assumed for the Martian gravity acceleration in172

this study.173
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2.2 Vortex identification174

The convective vortices are identified in the pressure data (sols 75 to 200) as in-175

stances where the drop in pressure is at least 0.3 Pa with respect to a smoothed 1000-176

second window (the convective vortex identification method is described in detail in Spiga177

et al., 2020). Once identified in the pressure data, they can also be identified in the seis-178

mic data. As described in the following section, in this paper we focus on pressure drops179

that have a nice ‘clean’ pressure drop, determined by the goodness of fit to a Lorentzian180

profile (the goodness of fit must be > 0.5). This allows us to eliminate pressure drops181

linked to convective cells in the atmosphere rather than vortices, to avoid more complex182

pressure drops involving, for example, multiple vortices. Additionally, we reduce the prob-183

ability of including ‘glitches’; a frequent artefact in the VBB data (Scholz et al., 2020).184

The goodness of fit between the analytical pressure model p and the pressure data
pdata is defined as follows:

fit = 1− ‖p− pdata‖/‖p−mean(pdata)‖ (1)

where ‖ indicates the 2-norm of a vector and fit values can vary between -∞ (bad fit)185

and 1 (perfect fit).186

2.3 Vortex profile187

A key question is the analytical profile of pressure with respect to radius within188

convective vortices, i.e. how the vortex pressure deficit magnitude declines with increas-189

ing distance from the centre of the depression.190

Several models have been proposed previously to describe the pressure field (∆P )191

of convective vortices as a function of the distance from the center of the vortex (r), the192

diameter of the vortex (D, defined as the half-maximum diameter of the pressure depres-193

sion of the vortex) and the vortex central pressure deficit (∆Po). The three major an-194

alytical functions are provided in equations 2 - 4, from Vatistas et al. (1991), Ellehoj195

et al. (2010) and Lorenz et al. (2015), respectively.196

∆P (r) = ∆Po(1/[1− (2/π) arctan(2r/D)2 + 1]) (2)

∆P (r) = ∆Po(1/[(2r/D)2 + 1]) (3)

∆P (r) = ∆Po(1/[(2r/D)3 + 1]) (4)

Currently there is no clear consensus on which expression should be used as the197

different models all have relatively good fits to the Martian dust devil population (e.g.,198

Balme & Greeley, 2006). Here we use the pressure time series during vortex events to199

investigate which model is the most appropriate for vortices measured by the InSight pres-200

sure sensor - more sophisticated approaches combining pressure and wind measurements,201

such as the one envisioned in Jackson et al. (2018) are left for future studies.202

Our practical methodology is as follows: we detrended the pressure data by remov-203

ing frequencies below 1 mHz. Then we extract a time series in a window of 200 seconds204

centered on the pressure drop. To indicate the pressure drops being smooth enough for205

our analysis, and to evaluate the usability of the three functions provided above, the data206

of all events are fitted to each of the functions. In this simple approach, the diameter207

D of the vortex is assumed to be equivalent to Sτ , τ being the full width half-maximum208

(FWHM) of the pressure depression in the time series and S the vortex advection speed.209

As the distance x is equivalent to St, the vortex translational speed drops out of the above210

equations and the time (t, τ) and distance (r,D) parameters can be used interchange-211

ably in the analysis framework we chose here.212
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We use a normalized root mean square error cost function in order to determine213

the goodness of fit of the pressure data to the analytical functions. When considering214

only the vortex events which provide a goodness of fit of at least 0.5 for all three mod-215

els (which sums up to 633 events from sols 75 - 200 of InSight considered for this par-216

ticular analysis), we obtain a mean goodness of fit of about 0.7 for all models. An ex-217

ample of fitting a representative individual event is shown in Figure 4. There is no par-218

ticular evolution of the goodness of fit with sol number; and when considering the mean219

wind speed and direction during the duration of each vortex event, the selected good-220

fit events are representative of the full distribution.221

However, despite these analysis suggesting that no particular model can be deemed222

more suitable than another, there are indications from recent combined seismic and pres-223

sure analyses with InSight data that the ‘Ellehoj’ or ‘Vatistas’ pressure models may be224

more appropriate (Banerdt et al., 2020). Specifically, for a dust devil passing at known225

distance from InSight, the parameter space retrieved for the vortex properties is more226

reasonable for these models than for the r3 pressure model (equation 4). In addition, mul-227

tiple observations (Lognonné et al., 2020; Kenda et al., 2020) have indicated that for a228

homogeneous ground, the derived compliance should be invariant with the distance. Adopt-229

ing either the ‘Ellehoj’ or ‘Vatistas’ pressure models also ensures that this criterion is230

upheld as the ratio of the observed pressure deficit and the ground tilt is independent231

of the distance (as shown in Banerdt et al., 2020).232

Given these considerations, and that the ‘Ellehoj model’ (Lorentzian function) has233

been successfully used in several studies of Martian dust devils (e.g., Ellehoj et al., 2010;234

Kahanpaa et al., 2016; Newman et al., 2019), we adopt this model (equation 3) for the235

present study.236

For the rest of this study, for each vortex, the maximum pressure deficit of the vor-237

tex pressure profile measured during the vortex encounter (∆Pobs), and the FWHM of238

the pressure profile in the time series (τ) are found using the ‘Ellehoj’ function fit to the239

(filtered) pressure data. It should, however, be noted that Lorenz et al. (2021) show that240

many vortex pressure traces measured by InSight are skewed (the attack time is longer241

than the decay time) implying that the surface pressure field around a vortex being ad-242

vected in the wind is not strictly circularly symmetric, as we assume in this paper.243

2.4 Background wind speeds244

The mean background wind speed v for each pressure drop is estimated using a 200245

second window centered on the time of vortex closest approach. To remove influence of246

the vortex winds, we exclude the time window of ±5τ around the vortex encounter. The247

1σv value of the wind speed used below is the standard deviation of the wind speed mea-248

surements in the same time window.249

2.5 Radial tilt and azimuth250

θobs is defined as the maximum value of radial tilt (in radians) measured during251

the vortex encounter, i.e.252

θobs = max[

√
(A2

E +A2
N )

g
] (5)

where AE and AN are the VBB acceleration measurements in the east and north direc-253

tions, respectively.254

The vortex azimuth, α, is the four-quadrant inverse tangent of AE and AN , defined255

in the interval [-180◦, 180◦] where 0◦ and 90◦ indicate North and East, respectively. These256
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azimuth angles are shown in the context images in Figure 1. The vortex azimuth at the257

closest approach (αobs) is the value of α when the observed radial tilt is at its maximum258

(Figure 5).259

We note that these analyses focus on the horizontal tilt component of the seismic260

signal and neglect the inertial component of the horizontal seismic signal. This is con-261

sidered to be reasonable given that for a homogenous half space approximation, the hor-262

izontal tilt component is expected to dominate the horizontal inertial component in the263

[0.02 - 0.3 Hz] frequency band used here (Kenda et al., 2020).264

2.6 Typical vortex observation265

An example observation by InSight of a ‘classical’ convective vortex seismic signal,266

as first described in Lorenz et al. (2015), is given in Figure 3 centered around 100 s. At267

the same time as the vortex is detected as a drop in pressure in the barometer data, the268

horizontal (N, E) seismic axes clearly show the tilt signature, and the vertical (Z) seis-269

mic axis shows the ground acceleration due to the upward ground motion as the vortex270

passes by. For this particular example, the positive signal on the E component implies271

a ground tilt in the west direction and, from the ‘heartbeat’-shaped N component (80-272

120 s in Figure 3), we can determine that the ground tilted first towards the north and273

then towards the south. These measurements indicate, therefore, a vortex trajectory mov-274

ing from the south to the north and passing to the east of SEIS (see Section 5.3 for more275

details).276

3 Using combined seismic and meteorological observations to deter-277

mine ground and vortex properties278

Here we propose a computationally inexpensive method to constrain the vortex and279

ground properties using purely analytical considerations. The point source model can280

then be used to reconstruct, and refine, the full vortex trajectory (Section 5.3).281

It is assumed that the pressure depression of the vortex ∆P depends only on the282

radial distance from the vortex center r. Hence, ∆P can be represented with the func-283

tion284

∆P = −∆Pof(2r/D) (6)

where the function f obtains the value 1 when its argument is 0 and the value 0 when285

the argument nears infinity, ∆Po is the central pressure depression of the vortex, and D286

is a parameter defining its diameter. The (negative) load, Fz, of a convective vortex is287

the area integral of ∆P :288

Fz(r) = −2π

∫ ∞
0

∆Pof(2r/D)rdr. (7)

By writing 2r/D = rn ⇔ r = (D/2)rn we obtain289

Fz(r) = −2π∆Pof(D/2)2
∫ ∞
0

f(rn)rndrn, (8)

which can be represented as290

Fz = −β∆PoD
2π (9)
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where291

β =
1

2

∫ ∞
0

f(rn)rndrn. (10)

β, therefore, depends on the peripheral pressure dependence of the vortex (example val-292

ues of β for different pressure distributions are given in Section 4).293

Following Section 2.3, we assume that the observed pressure deficit in a convective vor-294

tex can be modelled by the Lorentzian function given in equation 4 (Ellehoj et al., 2010).295

Outside of the vortex core (r >> D/2), this simplifies to:296

∆P (r) = ∆PoD
2/(4r2) (11)

The vertical deformation of the ground (dz), at a distance r from a point source of ver-
tical load Fz is given by (Boussinesq, 1885; Landau & Lifshitz, 1970):

dz = Fz(1− ν2)/(πEr), (12)

with E being the Young’s modulus, and ν is Poisson’s ratio of the elastic ground.297

The ground tilt in radians (θ) along the axis of the line joining the vortex and the
seismometer can be expressed as :

θ = (dzi − dzj)/(2rs) (13)

where rs is the radial distance from the geometric center of the seismometer (defined as298

the center of a circle drawn through the three SEIS feet) to the seismometer feet, dzi is299

the ground displacement at a distance r−rs (green triangle in Figure 5) and dzj is the300

ground displacement at a distance r+rs (red triangle in Figure 5). Using equation (12),301

equation (13) can then be expressed as:302

θ = [(Fz(1− ν2))/(2rsπE)][1/(r − rs)− 1/(r + rs)] (14)

Far from the seismometer (r >> rs) this simplifies to:303

θ = Fz(1− ν2)/(πEr2) (15)

In the case of distant encounters (r >> D/2), we can then write:304

θobs = βζ/(ηr2); (16)

∆Pobs = ζ/(4r2). (17)

where we define η and ζ to describe the ground parameters and the vortex parameters305

as follows:306

η = E/(1− ν2); (18)

ζ = ∆PoD
2. (19)

There are only a range of vortex and ground parameters that will provide simul-307

taneous solutions to both the observed pressure and tilt data (∆Pobs and θobs). How-308

ever, the problem is degenerate; many combinations of the ground parameters (Poisson’s309
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ratio and Youngs’ Modulus) and vortex parameters (core pressure drop, diameter, miss310

distance) can provide the same seismic amplitude. Indeed, with this methodology, it is311

only possible to constrain η and ζ to describe the ground parameters and the vortex pa-312

rameters, respectively.313

We note that both equations 16 and 17 vary with 1/r2 leading to a constant value314

for θobs/∆Pobs, independent of the distance r, as discussed in Section 2.3 and shown by315

Banerdt et al. (2020). These can then be combined to provide an expression for η:316

η = (4β∆Pobs)/θobs; (20)

In order to quantify ζ we use the following relationship between the vortex translational317

speed (S), the FWHM of the pressure drop time series (τ) and the vortex strength and318

size from Jackson et al. (2018):319

∆PoD
2 = ∆Pobs(Sτ)2; (21)

ζ = ∆Pobs(Sτ)2; (22)

As vortices tend to follow the ambient wind field relatively closely (Balme et al., 2012;320

Stanzel et al., 2008), we assume that S can be approximated by the background wind321

speed v measured by TWINS at the time of the vortex encounter. We note, however, that322

this may be a lower limit to the advection speed given that vortices may actually trans-323

late with boundary layer wind speeds, hence up to two times faster than surface winds324

(Reiss et al., 2014).325

Finally, we note that it is also possible to calculate the minimum distance between the326

vortex and the sensors (x) from equations 17 and 22, again when r >> D/2:327

x = Sτ/2; (23)

Alternatively, x can be evaluated using the maximum amplitudes of ∆Pobs and θobs in328

equation 16 or 17, i.e.329

x =

√
βζ

ηmax(θobs)
; (24)

x =

√
ζ

4 max(∆Pobs)
; (25)

In the following section we will demonstrate how β can be determined. We note also that330

the ratio of the miss distance x and the translation velocity S can also be solved from331

the time series of the ground tilt data and this will be included in future work.332

4 Determining the value of β333

The prefactor β depends on the assumed peripheral pressure dependence of the vor-334

tex. Lorenz et al. (2015) find β = 0.5 assuming the vortex pressure profile given in equa-335

tion 4 integrated over 5 rnorm (rnorm = 2r/D). Note that Lorenz et al. (2015) actu-336

ally chose this pressure model because it can be integrated analytically, unlike the Lorentzian337
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model provided by Ellehoj et al. (2010). Without analytical solutions, β could be deter-338

mined for other vortex pressure profiles by numerically integrating the pressure load out339

to a given radius. For example, β = 0.8 for the ‘Ellehoj’ Lorentzian vortex model used340

in this paper (equation 3) also integrated over 5 rnorm (rnorm = 2r/D). However, with-341

out additional information this radius would be chosen somewhat arbitrarily.342

In order to determine β we need a vortex for which we have seismic data, pressure343

data, a known miss distance and an estimate of the ground properties. This is the case344

for the vortex on Sol 202 (22nd June 2019) at 7:59 UTC (13:10 LMST) studied in de-345

tail in Banerdt et al. (2020) and discussed briefly in Lorenz et al. (2021) (table 2, entry346

for Event #00368). A dust devil track in the close vicinity of the InSight lander was iden-347

tified in both in-situ InSight Context Camera (ICC) images and orbital HiRISE images.348

Modelling results of the waveforms expected in the seismic and pressure measurements349

for the dust devil track allowed the most likely vortex candidate to be selected. Then,350

the observed combined seismic and pressure measurements of the identified vortex were351

used to estimate the ground properties. Table 1 provides the full list of parameters for352

this vortex event.353

Using equation 20, we find a value of β = 1 for the data filtered in the [0.02 - 0.3354

Hz] frequency band. This is also within the range of β predicted from equation 16, as-355

suming that (v − 1σv) < S < (v − 1σv): 0.8 - 2.8.356

The possible range of miss distance, calculated using the same range for the ad-357

vection speed, and the encounter duration (equation 23) is 11 to 21 m; consistent with358

the image observations indicating a distance of 19 ± 1 m.359

We note that this analysis also allows us to determine ζ for this particular vortex,360

information that was not derived in Banerdt et al. (2020). Using equation 16 or 17 we361

find a value of 749 Pa m2, which is compatible with the range predicted from equation362

22 and assuming that (v − 1σv) < S < (v − 1σv): 270 - 928 Pa m2.363

It should also be noted that the value of β will vary with the filtering applied to364

the seismic and pressure data, but this is to be expected and represents the prefactor365

required to accurately represent a finite disperse load by a point source at different seis-366

mic frequencies. Given that β depends on the peripheral pressure dependence of the vor-367

tex (equation 10), and that the surface pressure field around a vortex being advected in368

the wind is not strictly circularly symmetric Lorenz et al. (2021), it is also possible that369

β varies from vortex to vortex. Nonetheless, the effect of this variation likely cancels out370

when taking averages over large numbers of observations. Thus, β can be assumed con-371

stant and equal to 1 for the purposes of this study.372

5 Results373

Our precise methodology for studying the vortex and ground parameters is the fol-374

lowing: For each vortex event, we consider the point of closest approach, i.e. the max-375

imum amplitudes of θobs and ∆Pobs. First we solve equation 20 to find η, assuming β376

= 1. Then, we solve equation 22 to find the possible range of ζ assuming (v− 1σv) <377

S < (v−1σv). We also determine a range of possible miss distances (x) following equa-378

tion 23 (or equations 24 or 25; they give identical results).379

To be included in the analyses, the pressure drop (after detrended by removing fre-380

quencies below 1 mHz, and after filtering in the [0.02 - 0.3] Hz frequency band) must have381

a good fit to the ‘Ellehoj’ pressure vortex model (goodness of fit > 0.5), the magnitude382

of ∆Pobs (after filtering in the [0.02 - 0.3] Hz frequency band) must be > 0.2 Pa (note383

that this is smaller than the vortex identification threshold described in Section 2.2 due384

to the filtering applied), wind speed and seismic data must be available for the event,385

and the derived value of η should be in the range 1e7 - 1e10 Pa. We note also that to386
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Table 1: Vortex and ground parameters derived for the vortex on Sol 202 (22nd June
2019) at 7:59 UTC (13:10 LMST).

Parameter Symbol Value

Vortex miss distance? x 19 ± 1 m
Young’s modulus? E 2.7e8 Pa
Poisson’s ratio? ν 0.22
Background wind speed† v 9.8 ± 1.1 m/s
Maximum observed pressure deficit† ∆Pobs 0.52 Pa
FWHM of the pressure vortex† τ 3.3 s
Maximum radial tilt† θobs 7.47e-9 rad
(∆PobsD

2)† ζ 749 Pa m2

? From Banerdt et al. (2020).
† Calculated here (see text). Seismic and pressure data are filtered in the [0.02 - 0.3 Hz] frequency band.

ensure that we are fitting the same event in the pressure and seismic data, the maximum387

amplitude of the radial tilt should occur within 2 seconds of the maximum amplitude388

of the observed pressure. If this is not the case, the event is excluded from the analy-389

ses. 492 pressure drops identified in the pressure time series (Section 2.2) met all of these390

criteria and were included in the final analyses.391

5.1 Constraints on vortex properties at the InSight landing site392

Assuming that x >> D, the encounter duration depends only on the background393

wind speed and the miss distance with the largest encounter durations being for events394

with both large miss distances and low background wind speeds (equation 23, Figure 7).395

Note that, for closer encounters, the vortex diameter also affects the encounter duration396

(Ellehoj et al., 2010; Kahanpää & Viúdez-Moreiras, 2020).397

As would be expected, the encounter duration is not observed to vary with the tilt398

azimuth at closest approach, nor with ground properties (η). A histogram of all of the399

encounter durations is provided in Figure 6a.400

The encounter durations (FWHM) range from 1.4 to 13.5 seconds for the pressure401

data filtered in the [0.02 to 0.3 Hz] frequency band. A consequence of the filtering ap-402

plied to the data for our particular analyses is that the longer period events are removed403

from the data set. The encounter durations are nonethelsss similar to the encounter du-404

rations reported for the Phoenix Mars mission (mostly in the range of 5 to 15 s; Elle-405

hoj et al., 2010), Mars Pathfinder (full durations of 15 to 51 s; Ferri et al., 2003), and406

MSL (1.4 to 20.3 s; Steakley & Murphy, 2016). Lorenz et al. (2021) present a catalogue407

of 853 vortex events with ∆Pobs ≥ 0.8 Pa, detected by InSight over sols 0 to 390, which408

may be consulted for statistical properties of a wider set of InSight vortices, although409

note that many events discussed in the present paper are not included in that catalogue410

since they have ∆Pobs less than this threshold.411

A histogram of all of the miss distances is provided in Figure 6b. The miss distances412

of the encounters studied here range from 3 to 45 m. As τ and x are proportionally re-413

lated (equation 23), the filtering we apply to the data that removes the longest period414

events also removes the events with the largest miss distances.415

A histogram of all of the values of ζ obtained for all vortices analysed in this study416

is provided in Figure 6c. The mean and median values are 470 and 261 Pa m2, respec-417
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tively. Similarly to the encounter duration, ζ is not observed to vary with the tilt azimuth418

at closest approach, nor with ground properties (η), as expected.419

5.2 Constraints on the elastic properties of the Martian ground at the420

InSight landing site421

Figure 6d shows a histogram of η determined for the 492 vortex events between sols422

75 and 200. The mean value for η, for all vortex events considered here, is found to be423

239 ± 140 MPa, where the error is the standard deviation (the median value is 217 MPa).424

As all of the vortices analysed here were first identified in the pressure data, it is425

possible to estimate the size of the region around InSight that we are sampling by es-426

timating the maximum observable distance of a vortex (Figure 8). For example, for a427

3 Pa core pressure drop vortex of diameter 30 m, the detection distance for the pressure428

signal is in the range of 30 to 45 m, depending on the assumed pressure profile. There-429

fore, given the typical diameters (several meters to tens of meters), and core pressure drops430

(measured up to 9 Pa) of the Martian convective vortices (Banfield et al., 2020; Mur-431

phy et al., 2016), we can conclude that these analyses are sampling the ground proper-432

ties in a region of tens of meters around InSight. This is confirmed by the analyses of433

the miss distances (Section 5.1).434

As for the depth in the ground to which we are sensitive: if we were observing the435

ground deformation from inside the vortex, the depth to which we are sounding would436

be linked to the size of the vortex. However, in our analyses we assume that the vortex437

passes far enough away from the seismometer for the point source approximation to be438

valid (x > D). Therefore, the length scale that is important is the distance between439

the seismometer and the vortex. The ground deformation is then sensitive to depths of440

a similar length scale i.e., several meters to several tens of meters (Boussinesq, 1885).441

5.3 Reconstructing the convective vortex trajectory442

Assuming a simple straight line vortex migration, the closest approach of a vor-443

tex will be when there is a 90◦ angle between the vortex trajectory and SEIS. Therefore,444

calculating the tilt azimuth from the horizontal seismic components at the closest ap-445

proach provides a first estimate of the vortex trajectory (Figure 9). It is then possible446

to reconstruct the pressure and seismic time series during the vortex encounter using the447

point source model described above and in Lorenz et al. (2015). This is a particularly448

useful tool for verifying the parameter solutions and refining the advection speed and449

trajectory angle, if necessary.450

Figure 10 shows the resulting synthetic seismic acceleration and pressure signal de-451

termined for the event shown in Figure 3. The ground and vortex parameter values (η,452

ζ, x) have been determined using the methodology described in this paper assuming the453

lower bound on the advection speed (S = v − 1σv). The lower bound of S was used454

in this example in order to reproduce the vertical seismic signal. The approximate vor-455

tex trajectory, as determined by these analyses, is indicated by the yellow arrow in Fig-456

ure 1.457

5.4 Understanding vortex trajectories458

As mentioned in the previous section, studying the tilt azimuth at the closest ap-459

proach can give us information on the vortex trajectories. However, when considering460

the direction of the SEIS tilt at the closest approach (when radial tilt amplitude is largest)461

it appears that there are very few vortices to the west of InSight and the vast majority462

of seismic detections of convective vortices have a closest approach to the east of InSight463

(Figure 11, left). Detailed analyses of orbital satellite (HiRISE) images indicate that there464
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is a preferential orientation for the observed dust devil tracks: they are aligned along the465

mean directions ∼-40◦ and ∼140◦ (standard deviation: 24◦) in a 12 km2 area around466

the lander (Perrin et al., 2020). This is closely aligned with the most common wind di-467

rection as measured by TWINS (Perrin et al., 2020; Spiga et al., 2020). However, the468

dust devil tracks identified in the satellite images are observed to pass on both sides of469

the InSight lander, theoretically corresponding to the following preferential tilt directions470

at the vortex closest approaches: ∼55◦ and ∼-125◦ (standard deviation: 17◦).471

This corresponds with the peak in the histogram of vortex detections to the east472

of InSight, but there is an important discrepancy between the dust devil track observa-473

tions and the seismic observations to the west of InSight (Figure 11, right).474

The possible reasons behind this observed discrepancy have recently been discussed475

in Golombek et al. (2020). The wind is known to exert lift and drag forces on the lan-476

der and the WTS. These aerodynamic forces generate ground deformations at the lan-477

der and WTS feet that are then propagated through the ground to the seismometer (Mur-478

doch et al., 2017a, 2018). However, Golombek et al. (2020) suggest that wind drag from479

the vortex winds is not a plausible explanation for the observed bias as there is no a pri-480

ori dominant rotation direction of the convective vortices (Ryan & Lucich, 1983; Ringrose481

et al., 2003; Kahanpää & Viúdez-Moreiras, 2020). In addition, at closest approach, any482

drag force would not influence the seismic measurement in the tilt direction because the483

tangential wind velocity is perpendicular to the direction of the tilt. Additionally, the484

InSight lander is only expected to perturb the vortex trajectories for direct vortex en-485

counters (i.e., when the center of the vortex passes directly over the lander; Golombek486

et al., 2020).487

The most probable explanation is linked to the ground properties: as a vortex mi-488

grates a soft ground will deform more than a hard ground, leading to a larger ground489

deformation and a larger tilt signal on SEIS. If the ground was softer to the east of In-490

Sight compared with the west side, then the number of seismically detected vortices pass-491

ing to the east would be larger.492

Figure 12 shows the distribution of η for all of the vortex events analysed as a func-493

tion of the tilt azimuth at their closest approach. These results indicate that the ground494

is harder to the west; there is a mean η value of ∼428 MPa to the west (azimuth -75 to495

-105 degrees), with respect to ∼235 MPa to the east (azimuth 75 to 105 degrees). In ad-496

dition, when compared with the distribution of tilt azimuths (Figure 11, left), the peak497

in η corresponds to the region where the smallest number of vortices have been detected.498

Similarly, there are a comparatively larger number of vortex detections to the north than499

perhaps expected from the dust devil track analyses (Figure 11). This may be due to500

a softer, more deformable, ground to the north of SEIS.501

These combined results (satellite images, seismic and pressure observations) im-502

ply that there is not a paucity of vortices to the west of InSight but rather a paucity of503

seismic detections of vortices due to the harder ground to the west.504

This observation is consistent with geomorphological and sedimentological surface505

interpretations of the InSight landing site. InSight landed within a 27-m-diameter, 0.3-506

m-deep quasi-circular depression called Homestead hollow (Figure 1). The hollow is in-507

terpreted to be a highly degraded impact crater that has retained its form on the land-508

scape for ∼400 to 700 Myr (Golombek et al., 2020; Sweeney et al., 2018; Warner et al.,509

2019). Craters near the InSight landing site degrade by a combination of mass wasting,510

impact gardening, and eolian infilling (Golombek et al., 2020; Sweeney et al., 2018; Warner511

et al., 2019). Thermal inertia measurements derived from the radiometer onboard In-512

Sight and image-based observations from the Instrument Deployment Camera (IDC) re-513

veal that the interior of Homestead hollow is dominated by fine sand, with some gran-514

ules and pebbles. Larger cobble-size clasts, which are common outside of the hollow, are515
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rare in the interior. The hollow is interpreted to be a site of preferential accumulation516

and preservation of windblown fines. Younger, 10 to 100-m-scale craters near the land-517

ing site exhibit meter-size eolian bedforms against their rims and in their interior. Over518

time, these bedforms stabilize, plane off, and are replaced by a smooth, dust-mantled sur-519

face that is similar to the smooth fill of the hollow. In contrast, the inter-crater plains520

represent a regolith that is also impact gardened and dominated by fine sand, but in-521

cludes a higher relative abundance of coarser clasts (Golombek et al., 2020). Eolian bed-522

forms, if present on the plains, are out of equilibrium with local wind transport thresh-523

olds and eventually migrate to the interiors of impact craters (Warner et al., 2020; Grant524

et al., 2020). The InSight lander rests along the northwest interior margin of the Home-525

stead hollow, proximal to the contact of these two terrain types (Figure 1, top). Twenty526

to twenty-five meters of finer hollow fill material stretches to the east and southeast of527

the lander (Figure 1, bottom). Only one to five meters of fill separate the lander from528

the inter-crater plains to the west and northwest.529

6 Conclusions530

Since its landing on Mars the InSight mission has observed multiple convective vor-531

tices with both the barometer and seismometers. Here we present a new computation-532

ally inexpensive method that uses the simultaneous pressure and seismic measurements533

of convective vortices to determine the elastic properties of the Martian sub-surface, the534

vortex properties and their miss distances. Our method also allows the convective vor-535

tex trajectories to be reconstructed.536

Our results show that η (η = E/[1−ν2], where E is the Young’s modulus and ν537

is the Poisson’s ratio of the Martian ground), in a region of tens of meters around the538

InSight landing site, is 239 ± 140 MPa (for data filtered in the [0.02 to 0.3 Hz] frequency539

band). This is equivalent to a mean Young’s modulus of 223 ± 133 MPa assuming a Pois-540

son’s ratio of 0.22.541

Our analyses are sensitive to ground properties to a depth of several meters to sev-542

eral tens of meters. The elastic properties are consistent with independent sub-surface543

parameter estimations using different methods (Lognonné et al., 2020; Garcia et al., 2020;544

Kenda et al., 2020).545

We also propose that the paucity of seismic detections of vortices to the west of546

InSight is not due to a smaller number of vortices but rather to the slightly harder, less547

deformable, ground to the west. This hypothesis is consistent with geomorphological sur-548

face interpretations of the InSight landing site; InSight is in a degraded crater (‘Home-549

stead Hollow’) with a rough/rocky terrain to the west and a smoother terrain with finer550

material to the east.551

One consequence of the variation of the ground elastic properties in the region around552

SEIS is that the largest seismic tilt signal may not occur at the closest approach, but553

rather in the region of most deformable ground (lowest Young’s modulus). This consid-554

eration should be taken into account in future analyses.555

We assume that for the pressure drop events included here, the miss distance is larger556

than the vortex diameter, i.e. there are no direct encounters. There are likely to be some557

close encounters among the events included, however, the majority of the events are not558

likely to be direct encounters. Therefore, we assume that any errors introduced due to559

this assumption are likely to be small given the large number of events considered. In560

the future, such direct encounters could be eliminated from the data set by performing561

a more detailed study of the wind speed and direction measurements.562

Currently, our model trajectories assume a straight-line encounter. However, in the563

future, more accurate trajectory reconstructions will be performed using the time series564
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of the tilt azimuth. This will also provide an additional method to estimate the miss dis-565

tance for each vortex encounter.566

The new method proposed here to study convective vortices with combined pres-567

sure and seismic measurements has the potential to yield both more precise estimates568

of the elastic properties of the Martian ground, and more extensive statistics of vortex569

properties and trajectories once further InSight data has been acquired and analysed.570
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Figure 1: (Top) High Resolution Imaging Science Experiment (HiRISE) digital elevation
model at 1 m grid spacing overlain on a HiRISE image at 25 cm/pixel. The boundary
of Homestead hollow is shown. The lander rests on the northwest interior margin of the
hollow. The yellow arrow indicates the approximate straight-line trajectory calculated
from the SEIS tilt azimuth at closest approach for the event on sol 133 (12 April 2019) at
9:51 UTC (12:34 LMST). The SEIS tilt azimuth at closest approach for this event is 72◦

(Figure 9), close to the median SEIS tilt azimuth of all of the vortex events studied in the
paper (69◦; Figure 11) thus the arrow also represents the most common trajectory for the
vortices studied here. (Bottom) Instrument Deployment Camera partial panorama looking
south, west, and north across the interior of Homestead hollow. Note the transition from
smooth, infill materials to rockier terrain beyond the extent of the hollow.
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Figure 2: SEIS and the ’Wind and Thermal Shield’ deployed on the surface of Mars.
This image, taken by InSight’s context camera, also shows the electrical cable linking
SEIS to the lander, the Heat Flow and Physical Properties Package instrument to the left
of SEIS, and one of the lander feet in the bottom right of the image. Image courtesy of
NASA/JPL/Justin Maki.
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Figure 3: The acceleration measured by the VBB sensor (N, E and Z), and the pressure
variation measured by the barometer during 200 seconds around a convective vortex en-
counter. This event occurred on Sol 133 (12 April 2019) at 9:51 UTC (12:34 LMST). In
addition to the data processing described in Section 2, the data have been filtered in the
[0.02 - 0.3 Hz] frequency band.
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Figure 4: A vortex-induced pressure drop detected on Sol 133 (12 April 2019) at 9:51
UTC (12:34 LMST) is shown here by the black markers, on a diagram having the time
axis in seconds centered on the pressure drop. The part of the pressure drop considered
for the analysis is coloured in cyan. Comparisons with analytical shapes are added in the
figure: Lorenz et al. (2015) (blue line), Vatistas et al. (1991) (green line), Ellehoj et al.
(2010) (red line). The pressure data has been detrended by removing frequencies below 1
mHz.
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Figure 5: The encounter geometry showing the miss distance, x, between the centre of
SEIS and the center of the vortex. The tilt azimuth is shown by αobs, which also indicates
the azimuth of the center of the vortex. rs is the radial distance from the geometric center
of the seismometer and D is the diameter of the vortex. The radial tilt, in the direction
of the vortex, is calculated from the difference in vertical displacement between the points
indicated by the red and green triangles (see equation 13).
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(a) (b)

(c) (d)

Figure 6: Histograms of (a) the encounter duration τ defined as the FWHM of the
pressure deficit, (b) the mean miss distance x, (c) mean ζ where ζ = ∆PD2, and (d)
η = E/(1 − ν2) determined for 492 vortex events in the [0.02-0.3 Hz] frequency band
between sols 75 and 200. Unique values of τ and η are determined for each vortex event,
x and ζ depend on the advection speed S and the value reported is the value for the mean
background wind in the 200 second window around the event i.e., when S = v. The mean
and median values of ζ, shown by the solid black and red dashed lines in (c), are 470 Pa
m2 and 261 Pa m2, respectively. Similarly, the mean and median values of η, shown by
the solid black and red dashed lines in (d), are 239 MPa and 213 MPa, respectively.
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Figure 7: The miss distance (x) as a function of the vortex advection speed (S, assumed
to be equal to the mean background wind speed v) for all vortex events considered in
these analyses. The colour represents the vortex encounter duration, τ .
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Figure 8: The normalised maximum observable distance of a convective vortex assuming
a pressure drop detection threshold of -0.3 Pa. The green dashed line shows the results
assuming a pressure distribution with distance from the vortex center as used above
(equation 3) and, for comparison, the solid black and dashed grey lines shows the results
assuming alternative models (see Section 2.3).
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Figure 9: The radial acceleration (top) and azimuth (bottom) as derived from measure-
ments by SEIS during the vortex event on Sol 133 (12 April 2019) at 9:51 UTC (12:34
LMST). The red triangle indicates the point of closest approach of the vortex i.e., where
the radial acceleration has the largest amplitude. The azimuth of the vortex at the closest
approach is 72◦.
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Figure 10: Trajectory reconstruction for the vortex event on Sol 133 (12 April 2019) at
9:51 UTC (12:34 LMST). The black lines show the seismic and pressure data, the grey
lines are the model results. The fit parameters used to reconstruct the seismic and pres-
sure measurements are: ζ = 494 Pa m2, η = 240 Pa, x = 8.2 m, S = 3.6 m/s. These
were determined using the methodology presented in this paper. The closest approach
azimuth is 72◦ (Figure 9), and the vortex is assumed to follow a straight line trajectory
perpendicular to the closest approach azimuth.
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Figure 11: (Left) The histogram shows the distribution of the tilt azimuth at the point
of closest vortex approach derived from SEIS tilt measurements (when the radial tilt
is largest; see example in Figure 9). The SEIS tilt results are for 492 vortex events be-
tween sols 75 and 200 (data filtered in the [0.02-0.3 Hz] frequency band). The red line is
the mean value of η within bins of 30◦ of closest approach azimuth in the range of -180
to +180◦. (Right) Comparison of the distribution of the azimuths at the point of clos-
est approach as measured from the SEIS tilt (black), and derived from dust devil tracks
(DDTs) in HiRISE satellite images (orange). The DDTs results shown here are for track
detections made in the close vicinity of the lander (49 tracks in an area of about 12 km2

around the lander; Perrin et al., 2020).

Figure 12: The distribution of η for the 492 vortex events analysed between sols 75 and
200 as a function of the tilt azimuth at their closest approach. Each circle represents the
value η determined for a vortex event. The red line shows the mean value of η binned
over 30 degrees of azimuth (corresponds to the red line in Figure 11, left).
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