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Abstract we report the aeolian changes observed in situ by NASA's InSight lander during the first
400 sols of operations: Granule creep, saltation, dust removal, and the formation of dark surface tracks.
Aeolian changes are infrequent and sporadic. However, on sols, when they do occur, they consistently
appear between noon to 3 p.m., and are associated with the passage of convective vortices during periods
of high vortex activity. Aeolian changes are more frequent at elevated locations, such as the top surfaces
of rocks and lander footpads. InSight observed these changes using, for the first time, simultaneous in-
situ and orbital imaging and high-frequency meteorological, seismological, and magnetic measurements.
Seismometer measurements of ground acceleration constrain the timing and trajectory of convective
vortex encounters, linking surface changes to source vortices. Magnetometer measurements show
perturbations in magnetic field strength during the passage of convective vortices consistent with charged-
particle motion. Detachment of sand-scale particles occurs when high background winds and vortex-
induced turbulence provide a peak surface friction wind speed above the classic saltation fluid threshold.
However, detachment of dust- and granule-scale particles also occurred when the surface friction

wind speed remained below this threshold. This may be explained by local enhancement of the surface
roughness and other effects described here and further studied in Part 2 (Baker et al., 2021). The lack of
saltation and bright dust-coated surfaces at the InSight landing site implies surface stability and the onset
of particle motion may be suppressed by dust “cushioning.” This differentiates the InSight landing site
from other areas on Mars that exhibit more aeolian activity.

Plain Language Summary Aeolian activity, the movement of dust and sand by the wind, is
common on Earth and has been observed on other planets, including Mars. A new Mars lander, InSight,
has for the first time monitored aeolian changes by combining imaging with weather, seismic and
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magnetic field measurements. Sand grains are seen moving along the ground and dust is lifted from both
artificial and natural surfaces. We found these changes were rare, but almost always happened in the early
afternoon when tornado-like phenomena, called convective vortices, passed by the lander, sometimes
leaving dark surface trails behind. The combination of the background wind speed and the rotational
wind speed within a vortex was likely to be high enough to detach particles from the surface and set

them into motion. When these vortices passed by the lander, the seismometer detected the ground tilting,
and there was a pulse in the magnetic field, indicating charged particles were part of these dust-clearing
events.

1. Introduction

Wind is one of the most important geomorphological agents on present-day Mars (Bridges & Ehlmann, 2018;
Bridges, Ayoub et al., 2012; Bridges, Bourke et al., 2012; Lapotre & Rampe, 2018). Evidence of aeolian ac-
tivity includes the migration of dunes, ripples, wind streaks, and sediment-filled impact craters (Bridges &
Ehlmann, 2018). Dust particles can enter into long-term suspension in the form of global dust storms, influ-
encing weather and climate through changes in the radiative balance (Gierasch & Goody, 1972; Madeleine
et al., 2011). Dust deposition on solar arrays reduces power output, and wind-blown surface material poses
potential risks that can hinder the performance of and damage instruments, presenting a hazard to future
human exploration (Hecht et al., 2017; Levine et al., 2018).

The role that wind-driven processes play in the geomorphology of Mars is complex and only partially under-
stood, in particular, the mechanism of aeolian transport and the initiation and sustenance of particle mo-
tion (Kok et al., 2012). Aeolian change is initiated when a particle from a mobile sediment source detaches
from the surface due to a surface friction wind speed u- above the fluid threshold u-. Particle detachment
is the prerequisite to any subsequent motion: creep (grains continuously coupled to the surface), reptation
(low-energy hopping particles), saltation (particle lofting followed by re-impact(s)), and suspension. Once
particle entrainment is initiated, particle motion in sand-laden wind can be maintained as long as the sur-
face friction wind speed exceeds the impact threshold u+ (Almeida et al., 2008; Bagnold, 1941; Kok, 2010a).
This threshold is controlled by both the horizontal drag force imparted by the wind and the momentum
transferred to the particle bed by impacts of saltating grains (Bagnold, 1941; Kok et al., 2012).

Due to the low density of Mars' atmosphere, the fluid threshold surface friction of wind speed is higher
than on Earth (Bagnold, 1941; Iversen & White, 1982; Newman et al., 2002). The surface friction wind
speed predicted by atmospheric models and measured on the surface rarely exceeds this higher fluid thresh-
old (Bridges et al., 2017; Kok et al., 2012; Newman et al., 2017), yet aeolian features and dust suspen-
sion are observed under present-day Martian atmospheric conditions (Bridges, Ayoub et al., 2012; Bridges,
Bourke et al., 2012; Ewing et al., 2017; Greeley, Balme, et al., 2003; Greeley, Kuzmin, et al., 2003; Lapotre
et al., 2016, 2018; Silvestro et al., 2010; Sullivan et al., 2008, 2005).

Images acquired from landed cameras have captured in-situ evidence of aeolian activity on Mars, both with-
in disturbed piles and natural bedforms (Baker, Lapotre, et al., 2018; Baker, Newman, et al., 2018; Moore
et al., 1985; Sullivan et al., 2008). Redistribution of surface dust and active dust devils (Balme & Gree-
ley, 2006; Ellehoj et al., 2010) have also been observed from surface and orbital imaging, demonstrating that
dust, with a significantly higher fluid threshold than sand, is also mobilized on Mars (Arvidson et al., 1983;
Ellehoj et al., 2010; Greeley et al., 2010; Metzger et al., 1999). For example, while both Viking Landers 1 and
2 observed a paucity of surface changes, erosion and modification of surface material in lander-disturbed
areas were observed during rare dust storm events (Arvidson et al., 1983; Moore, 1985). At Gusev Cra-
ter, Mars Exploration Rover (MER) Spirit observed dust devils, movement of sand-size grains during solar
conjunction, and accumulation of grains on the rover deck (Greeley, Arvidson et al., 2006). In Meridiani
Planum, MER Opportunity observed coarse-grained ripples that may have been recently active (Jerolmack
et al., 2006; Sullivan et al., 2005). Erasure and alteration of rover tracks by deposition and erosion were also
observed by both MER rovers over the timescale of a few days (Geissler et al., 2010). Despite the paucity of
observed aeolian surface activity at the Mars Pathfinder and Phoenix landing site, multiple dust devils were
observed by both landers (Ellehoj et al., 2010; Ferri et al., 2003). In Gale Crater, Curiosity investigated the
Bagnold Dunes (Bridges & Ehlmann, 2018) and observed significant aeolian changes, from motion at the
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coarse-sand to granules scale, grain flows on dune surfaces (Bridges et al., 2017), to motion of ripples and
mass grain movement at more active times of year (Baker, Lapotre, et al., 2018; Baker, Newman, et al., 2018),
to the detection of over a hundred dust devils over the course of the mission (e.g., Guzewich et al., 2019).

On Mars, wind- and convective vortex-driven aeolian activity vary both spatially and temporally. Seasons on
Mars are normally expressed as ranges of L;, known as the areocentric solar longitude, or Mars-Sun angle.
L, = 0° corresponds to the northern spring equinox. Wind-driven aeolian activity at multiple sites has been
observed to peak in late southern spring through summer (Ayoub et al., 2014; Baker, Lapotre, et al., 2018;
Baker, Newman, et al., 2018; Lapotre & Rampe, 2018), a time of year at which the global circulation and
associated surface wind stresses are generally strongest. The strong global circulation in southern summer
(compared to that in northern summer) is primarily due to the southern hemisphere being elevated in alti-
tude with respect to the north (Richardson & Wilson, 2002), but there are two important secondary effects
that further increase its strength: (i) perihelion (the closest approach to the Sun) occurring close to southern
summer solstice (L; = 270°) at Ly = 251°, and (ii) feedbacks between wind-driven dust lifting, atmospheric
dust heating, and circulation strength. However, the global circulation is not the only control on winds, so
the timing of peak aeolian activity is location-dependent. For example, strong daytime slope winds associ-
ated with significant topography may oppose the direction of winds associated with the southern summer
circulation. In such cases, peak wind stresses (hence aeolian activity) may occur in a different season, when
global and regional/local flows interfere constructively. Indeed, winds appear slightly stronger in south-
ern winter at InSight's location. Convective vortex-driven aeolian activity may be more directly tied to the
annual cycle of solar insolation, although other factors such as winds are likely important, and typically
peaks in the early afternoon during the local late spring through the fall (Greeley, Arvidson et al., 2006;
Murphy et al., 2016; Neakrase et al., 2016; Newman et al., 2019; Perrin et al., 2020; Reiss et al., 2016; Spiga
et al., 2020; Whelley & Greeley, 2006, 2008).

For all observed aeolian changes on Mars, however, significant limitations of previous meteorological data
hamper the attempt to constrain the atmospheric conditions and horizontal wind speeds that initiated
mobilization. Although landed spacecraft have observed motion of surface materials, very few observa-
tions had simultaneous wind speed measurements needed to address aeolian transport dynamics (Geissler
et al., 2010). Viking 1 and 2 provided information on the diurnal and seasonal variation of aeolian changes,
but rarely recorded high-frequency wind speed data (Hess et al., 1977); Pathfinder's wind sensor could not
produce calibrated wind speeds but allowed the wind direction to be inferred (Schofield et al., 1997); Phoe-
nix returned sporadic, low-frequency measurements of the wind speed (Holstein-Rathlou et al., 2010); and
Curiosity's wind sensor was damaged during landing, with winds being reliably measured only from certain
azimuths, leading to difficulty in interpretation before the wind sensor eventually became inoperable (New-
man et al., 2017; Viudez-Moreiras et al., 2019a, 2019b).

In November 2018, the Interior Exploration using Seismic Investigations, Geodesy and Heat Transport (In-
Sight) mission landed in a degraded impact crater (Homestead Hollow) in western Elysium Planitia at
4.502°N, 135.623°E (Golombek, Warner, et al., 2020; Warner et al., 2020). InSight is a geophysics mission
with Seismic Experiment for Interior Structure (SEIS, Lognonné et al., 2019, 2020), as its primary instru-
ment. To distinguish between seismic signals and environmentally induced noise, InSight measures mul-
tiple environmental parameters continuously using the on-deck mounted Auxiliary Payload Sensor Suite
(APSS, Banfield et al., 2019): Wind speed and direction, temperature, pressure, and the vector magnetic
field. Two cameras provide regular imaging of the surface, allowing for change detection. Hence, InSight
is ideally suited to monitor local aeolian changes with combined imaging, meteorological, surface, and
magnetic measurements (Spiga et al., 2018). Furthermore, solar array currents can be used for atmospheric
investigations (Lorenz, Lemmon, et al., 2020), and seismic data from SEIS can be used to study induced
ground motion from short-lived atmospheric phenomena, such as convective vortices and turbulent wind
gusts, as well as longer-scale ambient, acoustic and gravity waves (e.g., Charalambous et al., 2020; Lognonne
et al., 2020; Murdoch et al., 2020).

In this study, we highlight the most prominent aeolian changes observed by InSight during the first 400
sols of operations. The observed period is from northern winter at L; = 296° (sol 0) to northern summer at
L, = 134° (sol 400), and begins after the peak of wind-driven aeolian activity identified near perihelion by
both orbital and ground observations in other regions (e.g., Ayoub et al., 2014; Lapotre & Rampe, 2018). We
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Figure 1. (a) Virtual 3D view of the InSight lander and its setting in
Elysium Planitia. The annotated instruments represent the configuration
during the extended change detection experiment on sols 298-400 within
Homestead hollow. Vertical and horizontal scales are the same. North is
oriented to the left side. (b) Equi-rectangularly projected workspace IDC
images in front of lander with a spatial resolution of 1 mm/pixel, on which
instruments were placed at sol 383. Color lines are relative height contours
with elevation intervals of 2 cm, showing a gentle slope of ~2° to the SE.
As the Instrument Context Camera (ICC) is mounted just below the deck,
on the edge of the lander facing the workspace, it provides a wide-view
angle of the entire workspace (bounded by gray lines) with its “fisheye”
field of view (FOV) of 120°. The relative locations of instruments and FOV
provide context of where aeolian changes occurred. North is up. IDC,
Instrument Deployment Camera.

present comprehensive observations of vortex-induced aeolian change
on Mars that combine in-situ imaging and meteorological, seismic, mag-
netic, and solar array current measurements with orbital imaging. These
observations are detailed in Section 3. In Section 4, we use these observa-
tions to infer properties of both the surface and the vortices responsible
for aeolian changes. We discuss sediment availability and characterize
the aerodynamic roughness length. We use meteorological and seismic
measurements to link individual aeolian changes to vortices, and for the
most energetic vortex, we estimate its properties and constrain its en-
counter time and geometry. We also identify for the first time on Mars
simultaneous vortex-induced dust lifting and perturbations in magnetic
field strength, and discuss potential sources of these perturbations. In
Section 5, we compare the observed aeolian changes to those predicted
by classic fluid threshold theory. We investigate if discrepancies can be
explained by alternative enhancing mechanisms that could act individu-
ally, or simultaneously, to increase the surface friction wind speed and/or
reduce the fluid threshold. We discuss limitations and biases in the meas-
urements and observations. In Section 6, we present the implications of
our observations on the current understanding of aeolian transportation
mechanisms at the InSight landing site. Finally, we propose potential
solutions to the limitations identified and areas for future aeolian studies
at the InSight landing site in Section 7.

In Part 2 (Baker et al., 2021), we place these individual observations into
the broader context of the geology and meteorology of the region by in-
tegrating the full APSS data set, multiyear orbital change detection, and
atmospheric models. Part 2 also expands the comparison of simultaneous
observational and meteorological data presented herein to aeolian activ-
ity predicted by multiple transport models to further investigate martian
threshold conditions and probe the dominant erosive forces acting on the
surface during vortex encounters.

2. Data and Methods

Aeolian changes were identified by comparing images returned from In-
Sight's fixed Instrument Context Camera (ICC) and the robot-arm-mount-
ed Instrument Deployment Camera (IDC) (Maki et al., 2018). The ICC
camera is mounted on the lander body immediately below the top deck
and has a “fisheye” field of view (FOV) 120° wide of the workspace in
the southeast to southwest of the lander (Figure 1). The FOV includes
the lander's west footpad, the umbilical tether connecting SEIS and the
lander, the Heat Flow Probe (HP?), and SEIS itself (Figures 1b and 2a).
The IDC has a FOV of 45° and is mounted on the forearm near the elbow
of the Instrument Deployment Arm (IDA), which allows for a panoramic

view of the terrain surrounding the lander and imaging of parts of the lander itself such as the footpads
or the deck (Figures 1a and 2b). Typical ground stand-off distances capture images at 1 mm/pixel (Maki
et al., 2018). When the robotic arm's scoop is placed on the surface (Figures 1a and 2b), the IDC can achieve
its closest position to the surface at the height of 0.65 m, with the best resolution of 0.53 mm/pixel.

Pairs of images taken under similar lighting conditions and Local Mean Solar Time (LMST) were selected
whenever possible to avoid misidentifying shadowing as material movement. These were compared both by
eye and image differencing (Section 2.2) to identify subtle changes. When available, a third image, ideally
taken by the IDC, was used to confirm the occurrence of an aeolian change. Image IDs presented in this
manuscript can be found in the supplementary information.
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Figure 2. (a) The actual FOV from the ICC as located in Figure 1, with the various instruments annotated. The planar FOV of IDC is indicated by the outlined
rectangle and viewed in (b), with instruments annotated. ICC, Instrument Context Camera; IDC, Instrument Deployment Camera; FOV, field of view.

SEIS and APSS measurements provided ground acceleration, wind speed and direction, pressure drop (AP),
and vector magnetic fields B. While AP is a measure of vortex intensity, it is a lower bound unless the vortex
passes over the pressure inlet (Balme & Greeley, 2006; see limitations in Section 4.4). The AP also allows
approximations of both horizontal wind speeds and shear stresses to be inferred (Lorenz, 2016, see also
Section 4.4). For completeness, we note both the maximum wind speed and pressure drop between the
image-bracketed period during which aeolian changes were identified. Although usually, the two meas-
urements coincide due to tangential wind speeds driven by energetic vortices, occasionally the two occur
at separate times, and this is noted in the catalog of surface changes. Passing convective vortices were rec-
ognized by the synchrony of an abrupt pressure drop, seismic ground deformation, increase in wind speed,
and shifts in wind direction, including reversals.

2.1. Image Search and Comparison

Our image search included all (hundreds) acquired images that could form a before-and-after pair during
the 400 sols. Some of these images were part of an aeolian change-detection campaign, however, most
images were daily engineering observations and these identified most of the aeolian changes. ICC imag-
es allowed identification of bulk surface changes through differencing, while IDC campaigns permitted
identification of finer changes, such as creep of individual mm-sized grains. Because only bulk surface
changes can be observed from the ICC, the IDC is also required to resolve at the particle scale and observe
fine changes. Bulk surface changes are normally detected as changes in the albedo of the surface, where
darkening is interpreted as removal of dust and/or redistribution of fine material.

Detection of fine-grain motion before sol 298 is hampered as IDC took limited images close to the surface
before it was positioned over the HP? mole for engineering purposes. Therefore, for the period before sol
298, mainly bulk surface changes could be observed, with best resolution that varied several millimeters per
pixel over different areas. However, efforts in the diagnostics of the HP* hammering after sol 298 permitted
at least one IDC image to be acquired each sol at specific times of 07:55 LMST, 11:50 LMST, and 15:50 LMST,
allowing for investigation of the exact same area with optimally spaced intervals, steady positioning, and
ideal lighting conditions for image differencing. This positioning can resolve individual grain motion of a
diameter d > 1 mm. The camera configuration is shown in the lander 3D setting of Figure 1a, with the FOV
shown in Figure 2b.
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2.2. Image Differencing

We define the image difference of two images as the single-passed difference of intensity value at each pixel.
Two images are compared as pixel arrays, where we assume the first image I,_r is the background array we
attempt to remove at time -T, where T defines the temporal distance. The difference, D, of the two pixel-ar-

ray values is simply defined as:
D(i,j) =1,(i-j) =11 (i),

where i is the i-th row and j is the j-th column in the pixel array from a total number of pixels M that must be
equal in the two arrays I,_r and I, hence, the resolution. Direct differencing can be noisy due to high sensitiv-
ity to lighting and motion, therefore binning, via a two-dimensional median filtering of an n X n pixel kernel
(usually 2 X 2), is applied to reduce noise and graininess, and to improve subpixel misalignments. Further
image enhancement techniques are also applied such as contrast stretching, histogram equalization and
adaptive histogram equalization (see Figure S1 for comparison). We also apply grayscale thresholding to al-
low changes to emerge as white pixels, which we then superpose as a layer onto the raw images. This allows
us to highlight a summary of the changes in the FOV to a reader not familiar with the reference background.

Aligned pixels and a comparable photometric environment present the best conditions for optimal image
differencing. As the robotic arm is easily vibrated by wind gusts, and thus shifting in pixel location, IDC im-
age differencing is more challenging than for the fixed ICC. On such occasions, manual image registration
is required. IDC image differencing was improved on the occasions the robotic arm's scoop was pressed into
the regolith with images captured under similar photometric conditions (Figure 2b).

2.3. Wind, Air Temperature, and Pressure Data

The Temperature and Wind for InSight (TWINS) sensor booms employ hot-wire anemometry, based on Cu-
riosity's Rover Environmental Monitoring Station (REMS). The booms are located by the edge of InSight's
deck and face outward over InSight's west and east solar panels and therefore measure horizontal winds
facing in opposite directions (Figure 1a). The two booms stand at ~1.2 m from the surface but each with a
slightly different height (less than 10-cm difference) due to the small tilt of the lander (Banfield et al., 2020).
We use the local coordinate system, InSight's local lander level (LL) in which the Y+ boom faces to the east
with the Y— to the west (X+ is in the North, see Figure 1a).

Data are recorded continuously on board the lander at 1 sps (samples per second) for the wind and air tem-
perature, and at 20 sps for the pressure, with wind/air temperature and pressure data transmitted at 0.1/2
sps (1/10 sps after sol ~165). Downlink requests for specific events of interest allow small time windows of
pressure data to be transmitted at 20 sps. There is an estimated measurement error of 1 m s™* for wind speed,
22.5° for wind direction and 5 K for temperature (Banfield et al., 2020). The wind speed and direction are
obtained after reconstruction from the Y+ to Y— boom measurements that considers the position of each
boom compared to the prevailing wind, with further corrections based on computational fluid dynamics
designed to account for wind interaction with the lander elements.

The two booms can only capture average winds at different peak speeds at the closest point of a vortex en-
counter as both the high speed and increased turbulence make wind retrieval challenging. One boom may
therefore better capture the wind speed at any given moment—with the choice changing during the short
timescales of a vortex encounter. We therefore use the maximum of the two boom measurements during all
vortex encounters, and infer ambient wind speed and direction from the selected boom.

2.4. Seismic and Magnetic Data

Throughout the study, the seismic and magnetic field components follow N (northward), E (eastward), and
Z (downward), similarly applied to the local lander level used by TWINS. The SEIS assembly, deployed on
the surface, is comprised of a duo of independent three-axis seismometers: The oblique very broad band
(VBB) and short period (SP) seismometers (Lognonné et al., 2019). Data are continuously recorded at sam-
pling rates of 20 sps, transmitted at 0.2 sps up to sol 183. The sampling rate was increased to 2 sps on sol
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(LMST 12:51) to the solar conjunction. After solar conjunction (from sol 284 onwards),
the data downlink was resumed with 2 sps data. Downlink requests for

specific events of interest allow small-time windows to be transmitted at

= 20 sps. We use the continuous data in this study.
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SQLA 3. Observations of Aeolian Changes

< (LMST 13:32)

Several types of aeolian change were observed by the IDC or ICC camer-
as including: (1) dust removal from spacecraft components, (2) surface
creep of very coarse sand and granules, saltation and pile collapse on the
surface, (3) dust coating removal, (4) surface track formation, and (5) rare
localized surface darkenings on dusty surfaces. All changes were located

in the southern areas of InSight, with none observed in the two northern
quadrants, likely due to the paucity of images acquired in those areas. In
this section, we examine each of the prominent changes observed during
the first 400 sols of InSight operations with images and measurements.
Movies demonstrating each of these changes can be found in the Sup-
porting information.

Our very first observation occurred between sols 1 and 4 during the
period of strong vortex activity as suggested by orbital studies (Perrin
et al., 2020), though with no weather data as the instruments were being
initialized. We present it here for completeness, showing grain rolling on
the deck (Figure 3a), and the first and only visible dust devil track to be
identified at InSight from IDC images (Figure 3b). All other identified
surface tracks described in this study could not be observed in IDC imag-

Figure 3. (a) First IDC image to be captured at the InSight landing site es since the camera was engaged in engineering activities with only the
on sol 1 at LMST 12:51. A multi-mm-sized grain is seen displaced on the near-surface in its FOV.

same sol 41 min later (LMST 13:32), inside the white rectangle. The white

rectangle is shown enlarged separately for the two different times to the

right. (b) Between sol 1 (LMST 12:51) and sol 4 (LMST 13:01), a linear dark ~ 3.1. Spacecraft Components

surface streak appeared to the south revealed by image differencing, likely

a dust devil track. IDC, Instrument Deployment Camera; LMST, Local

Mean Solar Time.

3.1.1. Removal of Dust Patch on West Lander Footpad

During landing, the west lander footpad was partially covered with soil

and a patch of fine sediment on its east side, as observed by the IDC on sol

10 (Figure 4a). This patch was episodically removed between image pairs
taken on sols 18-20, sol 26 morning to late afternoon of the same sol, and sols 65-66. Although individual
particles were not resolvable, the removal was confirmed by the IDC camera on sol 106 (Figure 4a, Mov-
ie S1). Neighboring grains on the footpad that could be resolved did not indicate any motion (Figure S2).
Because the patch of fine sediment could be identified immediately after landing, it likely consisted of par-
ticles in the coarser fraction of the dust size range (>20 um), since this size range is more prone to quickly
re-settle in the immediate area, in contrast to smaller dust particles that could remain in suspension over
long distances (Kok et al., 2012).

The evolution of the patch on the footpad is illustrated in Figure 4a, with the first aeolian change detected
between sols 18 and 20 (Movie S2), likely from the maximum wind speed of 23 m s™* associated with a pres-
sure drop 1.6 Pa vortex on sol 19, or a wind speed 20.7 m s™* associated with the maximum AP = 5.8 Pa vor-
tex on sol 19 (Figure 4b). Some of the dusty material also appeared displaced after this change. The second
episodic removal occurred on sol 26 between 11:02 and 15:52 LMST (Movie S3) containing the third-strong-
est peak wind speed during the 400-sol investigation of 28.2 m s, associated with a AP = 4.1 Pa vortex
(Figure 4c). The complete wind-speed time seri