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Abstract Geologic and climatic processes on modern-day Mars are heavily influenced by aeolian
surface activity, yet the relationship between atmospheric conditions and sediment mobilization is not
well understood. The Interior Exploration using Seismic Investigations, Geodesy, and Heat Transport
(InSight) spacecraft is uniquely able to address this issue, due to its joint imaging and continuous high-
frequency meteorological capabilities, which allow for direct comparison between surface activity and
atmospheric conditions. Since landing in the volcanic plains of Elysium Planitia, InSight's camera's have
recorded intermittent, small-scale surface changes, including removal of fine material on the lander
footpad, linear tracks and localized surface darkening caused by minor dust removal, and surface creep
of granules, as presented in Part 1 (Charalambous et al., 2021, this issue). Surface activity is found to
correlate well with the timing of abrupt pressure drops (AP ~ 1-9 Pa) and transient wind gusts (v ~ 14—
31 m/s) associated with convective vortex passage. Here we identify the major erosive forces acting on
surface particles during these events, including the vertical pressure gradient force at the vortex core and
the drag force generated by quickly-rotating tangential winds. Orbital and ground-truth data suggest that
aeolian activity at InSight's landing site is sporadic under modern climatic conditions. Ongoing aeolian
surface modifcation is driven primarily by turbulent vortices that sporadically lift dust and redistribute
coarser sediment (i.e., sand and granules) but do not aid in the development of organized aeolian
bedforms. Surface erosion is localized within the path these vortices take across the surface which is
controlled by seasonally-reversing background circulation patterns.

Plain Language Summary Numerous orbiting and landed spacecraft have imaged wind-
driven (“aeolian”) motion of sand and dust on Mars. However, spacecraft on the surface have generally
lacked the instrumentation required to interpret the atmospheric conditions driving this motion. Here we
utilize the unique opportunity provided by the NASA InSight lander’s joint imaging and meteorological
capabilities to closely interpret ongoing aeolian activity at the spacecraft's landing site at Elysium

Planitia and similar plains regions across Mars. During the first 400 martian days (sols) of the mission,
intermittent, small-scale motion of dust and sand are observed in association with local, thermally driven
vortices passing over or near the lander. In situ data are also compared to orbital images and atmospheric
model predictions to obtain a more comprehensive picture of wind-related processes across the region.
Overall, aeolian surface modification at this location is found to be very limited under current climatic
conditions and is likely dominated by redistribution of fine material caused by transient convective events.
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1. Introduction

Prior to robotic exploration, transient color variations observed from Earth-based telescopes provided po-
tential evidence of active wind-driven surface processes on Mars (Antoniadi, 1930; McLaughlin, 1954; Pol-
lack & Sagan, 1967). Spacecraft sent to Mars in the 1960s and 1970s provided our first real look at the
planet's dry and cratered modern surface. Wind streaks, circumpolar dune fields, and significantly infilled
craters implied a long aeolian history (Breed et al., 1979; Cutts & Smith, 1973; Leighton et al., 1965; Tsoar
et al., 1979). Over geologic timescales, a significant volume of wind-blown material had been removed from
plains regions, and redeposited into sediment sinks within topographic lows and sand seas (“ergs”). Sub-
sequent orbiters equipped with progressively higher-resolution imaging capabilities brought the martian
surface into focus, revealing a diversity of aeolian landscapes across the planet, including some with rela-
tively fresh morphologies (Edgett & Blumberg, 1994). Despite early observations of columnar dust devils
and global dust storms (Leovy et al., 1973; Thomas & Gierasch, 1985), repeat “change detection” images
were unable to detect movement in martian dunes, leading many to hypothesize that tenuous contemporary
winds were generally incapable of mobilizing aeolian bedforms (Ward & Doyle, 1983; Zimbelman, 2000),
even if sporadic dust entrainment could be triggered by exceptional environmental conditions. Howev-
er, after more than a decade in operation, interpretation of High-Resolution Imaging Science Experiment
(HiRISE) images finally allowed confident detection of dune and ripple migration across the planet (e.g.,
Bridges et al., 2012; Silvestro et al., 2016, and many others). Still, the coarse spatial and temporal resolution
of orbital images has made it difficult to constrain the nature and frequency of individual transport events.
This is especially true given the dynamic nature of the martian climate system, which is characterized by
annual, seasonal, and diurnal variability in circulation patterns, as well as atmospheric phenomena that are
more episodic or stochastic in nature (e.g., global dust storms).

Ground-truth data acquired by landed spacecraft have provided invaluable insight into the nature of ongo-
ing aeolian modification across geomorphically distinct regions of Mars. Meteorological data acquired by
the dual Viking spacecraft enabled measurement of wind speed and direction over a short time period after
landing as well as detection of over one hundred convective vortices on the surface (Ryan & Lucich, 1983;
Zurek et al., 1992). It has long been understood that passing convective vortices can cause abrupt drops in
atmospheric pressure and changes in wind speed/direction (Gierasch & Goody, 1973), but the peak wind
speeds measured by the Viking spacecraft during vortex passage typically did not reach the traditional
threshold for dust lifting, suggesting that a majority of these vortices were likely not dust-loaded (Ryan
& Lucich, 1983). Background wind speeds at both sites were generally low, consistent with the observed
stability of the surface, although in one instance, a strong wind gust was able to mobilize sand that had
been placed on the Viking 1 lander deck (Sagan et al., 1977). After 5 years on the surface, Viking 1 cameras
recorded erosion of disturbed sediment piles and widespread redistribution of surface dust during a global
dust storm event (Arvidson et al., 1983; Moore et al., 1985), suggesting that ongoing aeolian modification
at this site was dominated by such episodic meteorological phenomena. Unfortunately, by the time this
storm occurred the lander's wind sensor had ceased operations, thus no wind speed data were available to
interpret observed changes.

Wind speeds measured by the subsequent Mars Pathfinder (MPF) and Phoenix landers were also typically
very low (Greeley et al., 2000; Holstein-Rathlou et al., 2010), which was again consistent with the lack sur-
face changes observed in lander images (Sullivan et al., 2000). However, at the MPF landing site, vortices
were detected in pressure data (Murphy & Nelli, 2002; Schofield & Barnes, 1997) and active dust devils were
observed in images for the first time on the martian surface (Metzger et al., 1999). Unfortunately, the space-
craft had no overlapping meteorological data with which to understand the mechanisms responsible for
observed dust lifting. Vortices were also detected in meteorological data acquired by the Phoenix spacecraft,
but measured winds during these events never exceeded traditional thresholds for dust entrainment (Elle-
hoj et al., 2010). Cameras onboard the Mars Exploration Rovers Spirit and Opportunity did capture some
evidence of aeolian activity, including short-trajectory motion of surface grains, redistribution of surface
dust, active dust devils, and small-scale ripple migration (Geissler et al., 2010; Greeley et al., 2010, 2006;
Sullivan et al., 2008). Unfortunately, neither MER rover was equipped with a meteorological sensor, making
it impossible to directly meaure the atmospheric conditions (i.e., wind speed and atmospheric pressure)
present during sediment mobilization.
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Unlike the spacecraft that came before, the Mars Science Laboratory (MSL) Curiosity rover has observed
widespread sand transport at its landing site within Gale crater (Baker et al., 2018a). In particular, MSL pro-
vided the first in situ observations within an active martian dune field (Bridges et al., 2017), where ripples
were observed to migrate daily during southern summer (Baker et al., 2018b). While it has been well-estab-
lished that aeolian surface modification in Gale crater is a recurring seasonal phenomenon and that aeolian
threshold conditions are being regularly exceeded at this location, it has still not been possible to constrain
the winds driving this motion due to significant gaps and calibration issues in the rover's wind data (New-
man et al., 2017). Whereas the Remote Environmental Monitoring System (REMS) instrument onboard
MSL has recorded pressure drops indicative of passing vortices, the vast majority of vortices were inferred
to be dust free (Streakley & Murphy 2016), consistent with the lack of dust devils or dust devil tracks iden-
tified within orbital or ground images (Moores et al., 2015). Possible explanations for this include weaker
vortex strength compared to other landing sites (Kahanpéi et al., 2016), varied dust availability (Streakley &
Murphy 2016), or observational biases caused by camera pointing (Newman et al., 2019).

Overall, images returned from landed and orbiting cameras have revealed a diversity of wind-induced
features across the Martian surface, including dust devil tracks, wind streaks, Transverse Aeolian Ridges
(TARs), and dunes. Mobilization of sediment is uniquely tied to both local climatic conditions and surface
properties, such that the nature and frequency of aeolian activity varies significantly from site to site. In
some locations on Mars (e.g., Gale crater), wind is actively driving landscape modification through signifi-
cant sand transport and dust lifting, despite the fact that atmospheric model predictions and limited in situ
wind measurements are not able to explain high levels of activity (Baker et al., 2018b; Fenton et al., 2005;
Haberle et al., 1993; Newman et al., 2002). In particular, data suggest that contemporary winds rarely ex-
ceed the traditional motion thresholds for even the most easily-mobilized material (i.e., particles 100-150
um in diameter typical of modern aeolian bedforms on both Earth and Mars), much less for dust (i.e., par-
ticles < 4 um in diameter), which has a significantly higher threshold due to increased interparticle forces
(Bagnold 1941; Shao & Lu, 2000).

Many ideas have been put forward to reconcile the discrepancy between low winds and observed dust lift-
ing, including mobilization of dust through sand-blasting, aggregation of dust particles, and the vortex
“suction effect” or “delta-P effect” caused by the pressure difference below and above surface grains (Balme
& Hagermann 2006; Greeley et al., 2003, 2002; Hsu et al., 1976; Neakrase & Greeley 2010). With respect to
sand transport, results from recent numerical modeling and laboratory experiments have suggested that the
lower gravity on Mars could facilitate the initiation and continuation of sand motion at lower wind speeds
than previously predicted (Almeida et al., 2008; Kok et al., 2010; Musiolik et al., 2018; Sullivan & Kok, 2017;
Swann et al., 2020). Although these studies have advanced our understanding of martian aeolian physics,
validating these various hypotheses requires detailed examination of these processes in action on Mars.
The Interior Exploration using Seismic Investigations, Geodesy, and Heat Transport (InSight) spacecraft is
uniquely posed to investigate aeolian activity due to its joint imaging and high-frequency, continuous mete-
orological capabilities. Synchronous in situ atmospheric and surface monitoring enables robust correlation
between environmental conditions and resultant modification, which is essential for achieving a mecha-
nistic understanding of wind-driven transport and for interpreting aeolian landscapes seen across Mars.

The flat, volcanic terrain of Elysium Planitia, where InSight landed in 2018 (Banerdt et al., 2020; Golombek
etal., 2017, 2020), is morphologically similar to many other plains regions across Mars (Tanaka et al., 2014).
The surface exhibits little topographic relief and is primarily composed of poorly consolidated material
(i.e., sand) with a thin cover of optically thick dust (Christensen et al., 2004; M. Golombek et al., 2017,
2018, 2020). The InSight landing site (informally named Homestead hollow) is located in the northern low-
lands (4.502°N, 135.623°E) at an elevation of —2,163.43 m with respect to the Mars Orbiter Laser Altimeter
(MOLA) geoid. The region around Homestead hollow is characterized craters of varying ages and degrada-
tion states, some of which have rocky ejecta (Figures 1b and 1e); Homestead hollow itself is an example of
the most degraded class of impact crater (Warner et al., 2020,this issue) and, like many other nearby hol-
lows, has experienced significant aeolian infilling that has equilibrated the surface with the prevailing wind
regime (Grant et al., 2020, this issue). Upon landing, images revealed a “smooth” terrain within the hollow
interior, characterized by fine sand and pebbles overlying more cohesive material, and a “rocky” terrain
exterior to the degraded crater rim (Golombek et al., 2020; Grant et al., 2020, this issue; Warner et al., 2020
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Figure 1. Examples of surface and orbital change detection images. (a) Standard ICC workspace image (CO00M0118_607018617EDR_F0000_0704M) acquired
on Sol 118 (b) HiRISE image ESP_062528_1845. (c) Opportunistic IDC image (DO00M0387_630895798EDR_F0000_0250M) acquired during mole pinning on
Sol 387. (d) IDC retirement pose (DO00MO0166_611280224EDR_F0000_0250M) acquired on Sol 166. (e) Subset of HiRISE image ESP_062528_1845 zoomed in
on Homestead hollow and nearby bright bedforms (“The Wave”) on the northwest side of Sunrise crater. Although the lack of modern aeolian bedforms within
the lander workspace and across the region suggests the surface is relatively stable, ventifacts and smooth crater fill imply higher levels of aeolian activity in the
past. HiRISE, High-Resolution Imaging Science Experiment; ICC, Instrument Context Camera; IDA, Instrument Deployment Arm.

this issue). There were no obvious aeolian bedforms in the workspace, but two potential ventifacts could be
seen beneath the lander (“Ace of Spades Rock” and “Turtle Rock™), consistent with previous aeolian activity
indicated by crater degradation and infilling.

Despite the region's inferred aeolian history, the modern surface exhibits relatively few aeolian features
at regional scale (Golombek et al., 2018, 2020; Banks et al., 2019; Grant et al., 2020, this issue; Warner
et al., 2020 this issue); some potential bedforms can be observed within the ejecta blankets and on the floors
of nearby craters, but a majority of these are light-toned, suggesting high levels of dust cover and stability.
High-albedo bedforms adjacent to craters predominantly exist on the west and northwest side of crater rims;
one such feature (“The Wave”) is located ~400 m to the southeast of Homestead hollow on the northwest
side of Sunrise crater and can be resolved in lander images (Golombek et al., 2020). Similar bright bedforms,
but with smaller wavelengths, also appear on the floors of moderately degraded craters (Banks et al., 2019).
Lower-albedo ripples with relatively fresh morphologies are observed in HiRISE images in some of the most
pristine to moderately degraded craters, typically trending northeast-southwest (Sweeney et al., 2018; Banks
et al., 2019; Grant et al., 2020, this issue; Warner et al., 2020 this issue). Bedform orientations are generally
consistent with prelanding atmospheric predictions of dominant regional winds that alternate seasonally
between northwesterlies and southeasterlies (Golombek et al., 2018; Spiga et al., 2018; Perrin et al., 2020,
this issue). This seasonality has been further confirmed by meteorological data acquired thus far by InSight
instruments (Banfield et al., 2020), and is also consistent with the dominant direction and formation rate of
dust devil tracks observed from orbit (Reiss & Lorenz, 2016; Perrin et al., 2020, this issue). Orbital analyses
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suggest that this region is dominated by small (<10 m) dust devils and that dust clearing events may be
relatively rarer compared to some other landing sites.

Coordinated change detection experiments have been conducted from the InSight lander since its arrival on
Mars. A detailed description of observed surface changes, as well as the atmospheric conditions responsible
for these changes, is presented in the companion paper (Part 1; Charalambous et al., 2021, this issue). Here
we combine ground-truth data from the first 400 sols of the mission, atmospheric model predictions, and
orbital data acquired over three Mars years to understand how observations of sediment motion fit within
the larger context of the meteorology at the landing site and the geomorphology of the region. Although
intermittent sediment mobilization is observed in association with passing convective vortices, the surface
at Homestead hollow is found to be relatively stable under current climatic conditions. Through close ex-
amination of the atmospheric conditions present during observed motion and comparison between these
conditions and current transport models, we are able to shed light on the nature of aeolian activity at Home-
stead hollow and probe the dynamics of sediment transport on modern-day Mars more generally.

2. Methodology
2.1. InSight Change Detection Imaging

The InSight lander's Instrument Deployment System (IDS) contains two cameras that can be used to search
for wind-induced changes in surface sediment around the lander (Maki et al., 2018). The Instrument Con-
text Camera (ICC) is hard-mounted below the lander deck and has a 120° field of view (FOV) covering
the entire deployment workspace (Figure 1a). ICC workspace images have been acquired regularly since
the start of the mission, providing a large data set of images that can be used for change detection. The
Instrument Deployment Camera (IDC) is positioned on the forearm of the Instrument Deployment Arm
(IDA) and has an FOV of 45° (Figure 1b). ICC and IDC images acquired under consistent illumination
conditions are compared directly to search for obvious movement in surface sediment in the lander’s vi-
cinity (Charalambous et al., 2021, this issue). Although standard ICC workspace images are not able to the
resolve individual sand grains, some IDC images that have been used to monitor engineering activities have
provided opportunistic, higher-resolution change detection images within the workspace. As the lander's
workspace was found to be devoid of aeolian bedforms, change detection experiments have paid particular
attention to monitoring disturbed areas, including around where the Heat Flow and Physical Properties
Package was deployed and where artificial sediment piles accumulated on the west footpad after landing
and on the seismometer tether after it was partially retracted on Sol 59. An IDC “retirement pose” (Fig-
ure 1d) was designed to provide higher-resolution coverage of these two targets; once the IDC is no longer
required for engineering purposes, it will be stowed in this retirement pose and will be used for change
detection of primary targets over the duration of the mission (change detection images examined herein are
not acquired from this retirement pose).

ICC images were also differenced in order to search for subtle variations in surface color caused by the re-
distribution of surface material. When this procedure yielded detection of linear darker-albedo tracks, we
performed a more robust image differencing technique in order to quantitatively describe these tracks (e.g.,
track orientation, distance of closest approach, contrast). For every ICC image, we selected four preceding
images that minimized expected differences, using a metric that balances differences in local time (i.e., illu-
mination changes) with number of sols between images (i.e., changes in dust on the optics). Ratio images
were then constructed, dividing the target image by each of the four preceding images, and normalizing by
dividing by the mean value to remove bulk illumination changes. To facilitate visual detection of subtle al-
bedo changes, images were displayed such that the full black-white range spanned +10%. For images where
such a track was detected, the contrast was measured at several places to find a peak contrast. The ratio
image was then map-projected onto a flat surface parallel to the lander. The lander attitude was chosen to
prioritize accuracy close to the lander; all measurements more than a few meters from the lander have pro-
jection errors that accumulate rapidly with distance. Within the map projection, distance from the camera,
width, and track orientation were then measured.
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2.2. Orbital Change Detection Imaging

We also use multitemporal images acquired by the Mars Reconnaissance Orbiter's High Resolution Imaging
Science Experiment (HiRISE) camera (McEwan et al., 2007) between 2014 and 2020 (Figure 1b, Table S2,
and Movie S4) to search for evidence of bedform migration in the region surrounding Homestead hollow
(within a HiRISE footprint centered at InSight, typically within a few kilometers of the InSight lander). This
high-resolution camera has a pixel scale of ~0.25 m/pixel (McEwan et al., 2007), and bedform migration can
be confidently detected and measured with a 3-pixel change (equivalent to ~75 cm of motion). The HiRISE
images used for orbital change detection analyses were ideal for change detection as they were acquired
under similar conditions and with comparable camera roll angles (within ~10°). Map-projected images
were overlaid and co-registered to immobile tie points (i.e., permanent surface features, fractures, and large
rocks) and analyzed in ArcGIS for detection of changes over time. Bright albedo bedforms interior and im-
mediately exterior to the craters, and darker sediment deposits interior to the craters (some with ripple-like
morphologies), were investigated in multiple locations throughout the HiRISE image pair.

2.3. InSight Meteorological Data

The Auxiliary Payload Sensor Suite (APSS) instrument takes continuous measurements of wind speed and
direction as well as atmospheric pressure and temperature (Banfield et al., 2018; Spiga et al., 2018). Winds
and air temperature are measured by the dual-boom Temperature & Wind for InSight (TWINS) instrument
at a height of 1.2 m above the surface, while pressure is measured by a very sensitive, fast-response pressure
sensor (PS) inside the lander body. At the beginning of the mission (until Sol 145), TWINS and PS returned
respectively 0.1 Hz and 1 Hz measurements by default, but higher frequency (1 Hz and up to 20 Hz) data
could be downlinked for periods of interest (e.g., when wind-driven changes were observed or a pressure
drop was detected). Since then, however, 1 Hz TWINS and 10 Hz PS data have been returned continuously
except for rare periods when high-frequency data were lost. We examine the full APSS data set through
Sol 400 of the mission in order to obtain a complete picture of the meteorology at the landing site and to
characterize seasonal variability in circulation patterns and vortex activity. We also conduct more detailed
assessment of atmospheric conditions on sols that contained sediment motion (and that were separated by
~45° of L to provide good coverage across the mission) in order to assess diurnal variability within seasonal
regimes and to constrain the surface forces present during each observed change. When viewed in the con-
text of all available data, these individual sols can help us understand the nature of ongoing aeolian surface
modification at Homestead hollow and across the region.

2.4. Atmospheric Model Simulations of the Landing Site

Mars Weather Research and Forecasting (MarsWRF) is a multiscale model of the Martian atmosphere,
described in Richardson et al. (2007), Toigo et al. (2012), Newman & Richardson (2015), and Newman
et al. (2017, 2019). As described in detail in those papers, MarsWRF includes parameterizations of the CO,
condensation-sublimation cycle, surface-atmosphere interactions, boundary layer mixing, and radiative
transfer through the dusty Martian atmosphere. Topographic height is given by Mars Orbiter Laser Altime-
ter (MOLA) maps (Smith & Zuber, 1996), roughness using MOLA intrashot data (Garvin et al., 1999; Neu-
mann et al., 2003), with albedo, thermal inertia, and emissivity derived from Mars Global Surveyor Thermal
Emission Spectrometer (TES) observations (Putzig & Mellon, 2007). For this study, MarsWRF was run as a
global 2° model with three “nested” higher resolution regions centered on InSight's landing site, with each
nest smaller than its parent and at three times the horizontal resolution. This gives a model grid spacing
of ~4.4 km in the innermost nest; as such, MarsWRF outputs are more representative of spatio-temporal
averages, as the mesoscale grid spacing does not resolve local turbulence. The vertical grid used was grid
A in Newman et al. (2017), which has three model layers below 150 m and thus finely resolves the lower
boundary layer; however, results using grid B (which has its lowest layer at ~145 m) gave similar results,
indicating far less sensitivity to this choice than found by Newman et al. (2017) in Gale crater.

The simulations conducted here used the KDM (k-distribution model) radiative transfer scheme (Mischna
et al., 2012) with the atmospheric dust distribution imposed using the Mars Climate Database (MCD) Mars
Global Surveyor (MGS) dust scenario, which represents a year without any major dust storms (Montmessin
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et al., 2004). The exception is for a second simulation covering the period between Ly ~320 and 360°, when
the effect of a regional dust storm in Mars Year (MY) 34 is included by basing the column dust opacity on
the MY 34 dust maps of Montabone et al. (2020). This allows the impact of the storm on the local mete-
orology to be investigated and compared with the nondust-storm simulation results. Note that, while dust
opacities at InSight over the entire mission period are available, the model requires the dust distribution to
be specified over the entire globe, with several meteorological variables (e.g. wind and pressure) being more
sensitive to the regional and global dust distribution than to local dust abundances. Future work will merge
the local InSight measurements with regional dust opacities measured from orbit to create a map of column
dust opacity that is both regionally and locally consistent with observations for the InSight mission, but that
is beyond the scope of this work.

We use MarsWRF output to predict the DDA and tangential speed around a vortex core, following the
scheme presented in Rennd et al. (1998). The DDA is defined as the flux of energy available to drive dust
devils and is proportional to a function of the boundary layer thickness and to the sensible heat flux. In turn,
the latter is proportional to the air density, drag velocity, surface-to-air temperature difference, and a drag
coefficient which varies with the atmospheric stability. For full details of how the DDA is calculated inside
MarsWREF, see Newman et al. (2019). The DDA is a measure of the energy that may be harnessed by vorti-
ces, but how this should be distributed into a vortex distribution is not clear at present (i.e., whether an in-
crease in DDA results in more vortices or an increase in vortex strength or both). It is also possible that some
threshold DDA must be exceeded for vortices of a given intensity (i.e. pressure drop magnitude) to occur, or
for a vortex to raise dust from the surface (Newman et al., 2019). In this sense, the exact meaning of the DDA
parameter is somewhat ambiguous, but can be used in a relative sense to examine seasonal and diurnal
variability in vortex activity. Due to the ambiguity of this parameter, we compare DDA to both the number
of detected vortices as well as the magnitude of the pressure drops recorded by APSS (Spiga et al., 2020 this
issue). Atmospheric conditions (wind speed, wind direction, atmospheric pressure, temperature, DDA, and
associated tangential velocities) were output from MarsWRF every minute over a full Mars year and were
compared to the APSS data available from the first 400 sols. The peak tangential wind speed around the vor-
tex core is calculated in Renno et al. (1998) by assuming that dust devils are in cyclostrophic balance, thus
the radial pressure drop across the vortex (which is estimated by the Renno et al., 1998 scheme) can be used
to derive the tangential wind speed at the vortex radius (the radius of maximum wind).

To summarize, we utilize outputs from the MarsWRF atmospheric model (e.g., pressure, temperature, and
wind) to provide predictions of (i) peak mesoscale wind speeds, (ii) vortex properties using the theory of
Renno et al. (1998) (which relates them to local dynamical and thermal properties of the atmosphere and
surface; see below), and (iii) particle motion (based on assumed wind stress and dust devil lifting thresh-
olds). These predictions are compared with InSight observations of (i) peak in situ, 1 Hz wind speeds, (ii)
vortex properties, and (iii) particle motion seen in imaging. The purpose of including model output is partly
to provide a direct comparison with InSight wind data and determine whether the model (which cannot re-
solve shortlived wind gusts or vortices) can reproduce the temporal variation in magnitude and/or direction
of wind. If the model is able to reproduce winds sampled by APSS, this provides greater confidence in our
ability to extrapolate these results across the part of the year that has not yet been measured. Additionally,
MarsWRF provides predictions of variables that cannot be measured directly from InSight are needed to
calculate Renno et al. (1998) vortex activity (e.g., sensible heat flux and PBL thickness).

2.5. Sediment Transport Models

In order to understand the nature of the aeolian activity at Homestead hollow (i.e., susceptible grain sizes,
associated motion thresholds, and dominant surface forces), we consider three different models of sedi-
ment mobilization: traditional saltation (Shao & Lu, 2000); surface creep/rolling (Merrison et al., 2007);
and vortex-induced lifting (Greeley & Iversen, 1985). Such a comprehensive assessment is particularly im-
portant given that on some sols there was evidence of concurrent motion of a wide range in particles be-
tween dust and granules and in other cases it was not possible to resolve the size of the mobilized grains
at all (Charalambous et al., 2021, this issue). Thus, a robust analysis of observed wind-induced motion
should consider all possible grain sizes and all possible modes of transport. We also explore the effect that
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Figure 2. Distribution of TWINS wind speeds compared to fluid thresholds for saltation (Shao & Lu, 2000, Equation 1), drag-induced rolling (Merrison

et al., 2007, Equation 3), and vortex lifting (Greeley & Iversen, 1985, Equation 5) using a range of z, between 300 um and 2 mm. Only 0.06% of winds

measured thus far since landing have exceeded the minimum threshold identified by either of these models, consistent with low levels of surface activity. The
schematic in the top left shows the forces that might act on an individual particle during a convective event based on a combination the models examined
herein (gravitational force, Fg; interparticle cohesive forces, Fc; horizontal drag force, Fp; drag-induced lift force, Fy; and vertical pressure force, Fp). Subset
grain diagrams included within the threshold plot indicate the hypothesized modes of transport for and dominant mobilizing forces acting on dust, sand, and
granules based on observed motion, atmospheric conditions measured by APSS, and threshold wind speeds are listed in Table 1. APSS, Auxiliary Payload Sensor
Suite; TWINS, Temperature & Wind for InSight.

variations in atmospheric density have on anticipated motion thresholds, a factor that is rarely considered
in aeolian research but may play a more important role in wind-driven transport on Mars than on Earth.

In general, wind can produce aeolian surface activity when the erosive forces acting on a particle are strong
enough to overcome stabilizing forces; the specific mode of transport that occurs with mobilization (e.g.,
suspension, saltation, or surface creep) depends on both the material properties (e.g., grain size D,, densi-
ty Pp, and cohesion) and environmental conditions (e.g., wind shear stress 7, atmospheric density 2, and
gravity g). Traditional wind tunnel experiments (Bagnold, 1941; Greeley et al., 1980) have generally focused
on saltation of sand particles, as this is the dominant mechanism guiding the development of aeolian bed-
forms (dunes and ripples). In this scenario, the major stabilizing forces are considered to be gravity and
interparticle cohe sive forces and the major erosional force is the horizontal drag force generated by the
shear stress resulting from boundary layer winds flowing over the surface (Figure 2). Saltation thus occurs

when the wind friction velocity (defined asu, = /7o, ; e.g., Stull, 1988; White, 2006) exceeds a critical value

termed the “fluid threshold”; an elegant model for the fluid threshold friction speed was presented in Shao
and Lu (2000):

Uy, = AN [O-pgDp + pLD] (1)

a™p
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In this equation, Ay and y are empirically derived constants of 0.0123 and ~3 x 10 kg/s?, respectively, and

0, is the ratio between particle and atmospheric density (&] Equation 1 is a modification of the original

a
threshold equation presented in Bagnold (1941), and it is perhaps the most commonly used expression for
predicting aeolian activity on Mars.

Even though shear stress is the more fundamental parameter controlling sediment motion than friction
speed, studies typically cite the corresponding friction speeds, as variations in atmospheric density are as-
sumed to be negligible on Earth. This is not the case on Mars, however, where there are large seasonal and
diurnal variations in atmospheric density, making it nontrivial to convert shear stress to a single friction
speed. The continuous wind speed and pressure data provided by the APSS instrument provide an oppor-
tunity to calculate exact surface shear stresses and explore the impact that changes in atmospheric density
have on aeolian activity. With this in mind, we can use Equation 1 to solve for a single threshold shear stress,
which is independent of atmospheric density:

/4
Ty = Ay [ppgDp + D_] @)
P

Based on this relation, we calculate the minimum threshold shear stress for the most-readily mobilized
material (~150 wm sand) to be 0.045 Pa. We can use this value to examine the difference between aeolian
activity predicted using traditional u,, values (assuming an average atmospheric density) and using 7y,.

It is also important to note that Equation 1 is most appropriate for the idealized scenario of steady-state
saltation within unimodal aeolian bedforms (i.e., ripples and dunes), which is not representative of all
naturally occurring surfaces or transport modes. In order to assess the possibility of surface creep, we also
utilize the model put forward by Merrison et al., 2007, which incorporates the impact of direct drag-induced
rolling:
1/(2-n)
4 3

ggppr + Cathp
Uroll = 2-n 3-n 1-n (3)

(c.oy +cpD; ) o

where coefficients Cygp, C1, Cp, and n were, respectively, determined to be 2.7 X 10°N/m, 1.45,4.4x 10*m™,

and 0.07 for spherical glass beads. Although the experimental setup used to derive this equation may not be
perfectly analogous to the surface at the landing site, to our knowledge this is the most robust model that
has been put forward to quantify the winds required for surface creep and it has been successfully applied
to aeolian transport on Mars previously (Baker et al., 2018a; Bridges et al., 2017).

The fluid thresholds calculated from Equations 1 and 3 can be used to extrapolate a freestream wind speed
at the equivalent height of the TWINS booms (z = 1.2 m) using the logarithmic “Law of the Wall” (e.g., Kok
etal., 2012):

v(e) - &m[LJ @

K |z

where x is von Karman's constant (~0.4) and z, is the aerodynamic surface roughness, which represents
the height at which the wind speed profile goes to zero. The value of z, is generally controlled by the size
and spacing of nonerodible surface elements that impact the wind profile close to the surface. In reality, zo
can only be accurately determined through wind speed measurements made at two different heights above
the surface (z, has only been directly measured once on the surface of Mars from Mars Pathfinder, which
had windsocks at different heights on the mast; see Sullivan et al., 2000) but more commonly it is estimated
through assessment of the surface particles in the direct vicinity of the spacecraft. As there is significant
uncertainty in these values, we have chosen to apply a range of possible aerodynamic surface roughnesses
(300 um-2 mm), which were derived by applying local rock abundances to the Hebrard et al., 2012 surface
roughness model (see Charalambous et al., 2021 for further explanation of surface roughness estimates).
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Whereas Equations 1 and 2 are useful for understanding the dynamics of motion as a result of freestream
boundary layer winds, they are less useful for understanding mobilization of sediment during convective
events, which are significantly more complicated. In particular, vortex flow introduces additional surface
forces that are not considered in traditional fluid threshold equations (e.g., the vertical pressure gradient
and electrostatic forces). A limited number of studies have sought to quantify the impact of the pressure gra-
dient on sediment lifting, and even fewer have derived a formula for use in these situations (see review by
Neakrase et al., 2016). However, assuming vortices are in cyclostrophic balance allows one to approximately
relate the pressure drop across the vortex with the maximum tangential velocity. Greeley and Iversen (1985)
used this approximation to derive an empirical formula for the threshold tangential wind speed required to
entrain sediment during a convective event:

12 D 2
K;n:[u = ] (”dg "] )
P4ED, Pa

Note that while this threshold is formulated in terms of the peak wind speed around the vortex core, it is
intended to account for additional processes acting to raise dust rather than the wind stress effect alone,
because the physics of vortex dynamics relate the tangential wind speed to the pressure drop and more.
Part 1 introduces some of these vortex-specific effects and explores their possible interactions as the vortex
passes by the station; here we more robustly analyze how the unique conditions with a vortex can enhance
sediment transport. Although all threshold equations should be considered with caution (their limitations
are discussed more in Section 4), they can provide valuable insight into the physics of grain transport and
help elucidate the dominant surface forces controlling mobilization of different size populations. Although
Equation 5 is not formulated as a friction speed, it is similarly dependent on atmospheric density, and thus
we can also examine the role that seasonal variations in atmospheric density have on this threshold. Fig-
ure 2 shows the threshold curves for the three transport models described herein for average atmospheric
density (~0.019 kg/m®), which is useful for determining probable modes of transport for a range of grain
sizes. Figure 7 considers the effect of seasonal variations in atmospheric density on these thresholds.

3. Results

Overall, the surface at Homestead hollow has been generally stable over the first 400 sols of the mis-
sion, with localized aeolian motion observed on the surface and within disturbed sediment piles (Part 1;
Charalambous et al., 2021, this issue). Fifteen instances of localized surface change were observed over this
timeframe (indicated with yellow lines in Figure 3 and summarized in Table 1, which is adapted from Part
1). Between Sol 18 and 65, fine material (<62 pm; Charalambous et al., 2021, this issue) was incrementally
removed from the lander footpad (Movie S1); ICC images captured four distinct removal events, and high-
er-resolution IDC images acquired on Sol 10 and 106 were used to confirm this removal. On multiple sols,
ICC image differencing also revealed the formation of linear darker-albedo features resembling dust devil
tracks in the vicinity of the lander (Figure 5, Table 2); these subtle surface color changes are likely caused
by the removal or redistribution of fine surface material. Some localized (non-linear) surface color changes
were also apparent without image differencing (Movie S2), which may similarly be caused by redistribution
of surface dust. Opportunistic IDC images acquired while the scoop was positioned only ~0.65 m above the
surface (Figure 1c) were able to capture sporadic creep of granules up to 3 mm in diameter on Sol 364 and
Sol 385 (Movie S3; Charalambous et al., 2021, this issue). Although these four types of motion were catego-
rized differently (i.e., footpad changes, dust devil tracks, surface darkening, and granule creep), we hypoth-
esize that they likely do not result from distinct atmospheric phenomenon; on many sols, two or more types
of change occurred concurrently (Table 1) and all seem to correspond to the passage of convective vortices
detected in APSS data by abrupt drops in atmospheric pressure and simultaneous increases in wind speed
(Figure 5). The candidate convective events associated with each observed change are reported in Part 1
(Charalambous et al., 2021) and are summarized in Table 1.

While the timing of observed changes generally correlates with expected seasonal and diurnal variations
in vortex activity and wind (enhanced vortex activity and higher wind speeds occur during midday of local
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Figure 3. (a) Seasonal variability in maximum daily wind speed recorded by TWINS (gray circles) compared to
MarsWREF predictions for maximum freestream winds (blue dots) and maximum tangential velocity (green dots).
Maximum freestream winds and tangential speed are also simulated through L, = 0 for the regional dust storm (red
and orange dots, respectively). The anticipated minimum threshold velocity for sand (dashed line) is calculated using
Equations 1 and 4 and z, = 2 mm. (b) Seasonal variability in maximum shear stress measured by APSS (circles) color-
coded by atmospheric density (again calculated using z, = 5 mm) compared against MarsWRF predictions for shear
stress (blue dots) and the critical shear stress for saltation of sand (dashed line). Sols with surface change are noted by
the yellow lines. APSS, Auxiliary Payload Sensor Suite; MarsWRF, Mars Weather Research and Forecasting; TWINS,
Temperature & Wind for InSight.

spring and summer), aeolian activity is stochastic in nature, as some particularly energetic events (as indi-
cated by high winds and/or large pressure drops) did not produce any observable motion (Figures 3 and 4).
The implications of this are discussed further in Section 4. We compare seasonal variations in peak daily
measured winds (wind speed at 1.2 m and shear stress at the surface) as well vortex activity recorded by
APSS to MarsWRF wind, shear stress, and DDA predictions. For completeness, we compare the daily max-
imum wind speed measured by TWINS to MarsWRF predictions of both daily maximum freestream wind
speed and the maximum tangential speed predicted around a vortex (Figure 3a) as vortex-induced gusts
cannot be captured explicitly in a mesoscale model; a much finer model resolution, with grid spacings of
~10m, would be required to resolve vortices. Although the overall shape of the MarsWRF freestream wind
curve provides a better fit to the seasonal variation in peak measured winds, predicted tangential speeds do
a better job at matching the actual wind speeds measured on the surface.

As the physical representation of predicted dust devil activity (DDA) is somewhat ambiguous, we compare
MarsWRF DDA to both the number and magnitude of pressure drops recorded by APSS (Figures 4a and
4b). Again, a MarsWRF simulation including the regional dust storm seems to better simulate the signif-
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Figure 4. (a) Number of pressure drops detected in APSS data every sol (gray circles) compared against MarsWRF
predictions for dust devil activity during “normal” conditions (green dots) and including the regional dust storm
through L, = 0 (orange dots). (b) The magnitude of pressure drops recorded by APSS (gray circles) compared against
MarsWREF predictions for dust devil activity during “normal” conditions (green dots) and including the regional dust
storm through L = 0 (orange dots). Sols with surface change are noted by the yellow lines; aeolian activity displays
some seasonality corresponding to periods of higher winds and larger pressure drops associated with enhanced vortex
activity, but motion is also found to be stochastic, as some particularly high winds and large pressure drops did not
correlate with any observable surface change. APSS, Auxiliary Payload Sensor Suite; MarsWRF, Mars Weather Research
and Forecasting.

icant decrease in DDA at the end of winter. It is interesting to note that MarsWRF DDA peaks earlier in
the year (Ls ~140°) than tangential speed (~Ls 200°). This is because DDA is proportional to sensible heat
flux and vertical thermodynamic efficiency, whereas the tangential wind speed depends only on the size
of the pressure drop, which depends in turn on the thermodynamics of the convective plume. Thus, while
predicted DDA is directly related to wind speed via the drag velocity term in the sensible heat flux equation,
the predicted tangential wind speed is not. While the most appropriate formulation of the DDA is still to be
determined, it is possible that a ‘wind speed’ effect may be present in observations anyway, due to stronger
winds blowing more vortices over a stationary sensor in the same period (as opposed to stronger winds
causing more vortices to be present in a given area). Continued monitoring over the rest of the Mars year
will help constrain the seasonal variability in environmental conditions and resultant surface activity and
determine which MarsWRF parameters (i.e., freestream winds, tangential speed, DDA) are most useful for
predicting vortex-induced sediment motion. It is worth noting that a regional dust storm occurred shortly
after landing, greatly increasing atmospheric dust levels and thus decreasing solar insolation and the drive
for convection. Results from a MarsWRF simulation run with the dust storm included up until L = 0°),
using observed dust column opacities to impose dust loading in the model, are also shown in Figure 3. The
tangential wind speeds predicted by this simulation show a better match to the observed seasonal variations
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gzlr:reniw of Surface Changes Observed During the First 400 Sols of the InSight Mission
Time 1 Time 2 Candidate event Wind speed (m/s) Pressure drop (Pa) Type
Sol 18 13:38 Sol 20 13:03 Sol 19 14:08 23.6 5.8 Footpad, DD track
Sol 23 14:12 Sol 24 13:04 Sol 24 12:14 25.9 3.7 Footpad
Sol 26 11:03 Sol 26 15:53 Sol 26 13:47 28.2 4 Footpad
Sol 65 13:48 Sol 66 10:05 Sol 65 13:32 20.1 9.2 Footpad
Sol 164 16:41 Sol 166 16:41 Sol 166 12:50 16.5° 4 DD track
Sol 166 16:41 Sol 167 16:20 Sol 167 11:46 18.8 3 DD track
Sol 167 16:20 Sol 168 16:18 Sol 168 11:34 14.7 3.5 Surface darkening
Sol 179 16:31 Sol 180 16:31 Sol 180 12:16 16.2 2.3 DD track
Sol 201 17:23 Sol 202 16:41 Sol 202 12:52 19.5 1.2 DD track
Sol 203 13:46 Sol 205 13:26 Sol 204 10:42 18.9 2.1 DD track
Sol 230 17:31 Sol 232 13:18 Sol 231 12:36° 17.8 6.8 DD track, surface darkening
Sol 258 16:33 Sol 259 13:11 Sol 259 10:51° 17.7 1 DD track
Sol 259 11:32° 21.4 0.7
Sol 259 13:11 Sol 261 15:31 Sol 261 11:55 21.3 2.3 DD track
Sol 362 15:54 Sol 364 15:54 Sol 364 13:28 31.6 3.5 Granule creep
Sol 385 11:56 Sol 385 15:54 Sol 385 12:33 30.5 5.4 Granule creep, saltation, DD track

Note. Adapted From Part 1 (Charalambous et al., 2021, This Issue).

“The maximum wind speed on Sol 166 was 17.1 m/s, but this peak wind was not accompanied by a pressure drop, and thus was not selected as the formative
event. °Gata gap on Sol 232 between 00:00 and 15:13. “Two candidate events were identified during this timeframe with moderately strong winds and small

pressure drops.

All tracks (Sol 0 —400) N
Spring/Summer

Figure 5. Left: orientation of all dust devil tracks observed in ICC images between Sol 0 and 400. Tracks are primarily
oriented NW-SE, consistent with those seen from orbit (Reiss & Lorenz, 2016; Perrin et al., 2020, this issue) and
seasonally reversing winds (Banfield et al., 2020). Tracks formed in the winter are driven by dominant northwesterly
winds (yellow), and spring and summer tracks are driven by southeasterly winds (blue). The uncertainty in track
azimuth angle increases with increasing distance from lander (see Table S1 for track distances). Right: Example of ICC
image differencing method for track detection. ICC, Instrument Context Camera.
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in peak wind speed, due to the decreased convective activity during the

Table 2
Dust Devil Track Parameters Measured in ICC Images. storm.
Closest Closest Azimuth ~ Width Peak According to the transport models used herein, the minimum theoretical
ol eppremen(E)  eppiesan() © (m) contrast(%)  wind speed required to mobilize sediment at the InSight landing site is
19 13 180 150 2 3 ~25 m/s, assuming an average atmospheric density = 0.019 kg/m’ and
166 6 220 90 2 <1 maximum g, = 2 mm (Figure 2). Approximately 1% of the daily peak
167 3 230 130 0.5 5 winds exceed this threshold, but this is equivalent to less than 0.001% of
winds measured since landing overall and is consistent with the general-
180 3.5 220 120 0.5 <1 . .. . .
ly low levels of observed aeolian activity. Of the fifteen vortices hypoth-
2L . 190 100 2 3 esized to be responsible for the observed changes, only four had peak
231 7 180 90 2 4 measured wind speeds exceeding this value, and conversely, not all winds
259 2.7 220 130 0.3 4 above this value produced observable changes. Whereas the threshold
261 11 180 90 2 3 curves in Figure 2 should be considered with caution, comparison be-
385 3.5 200 130 3.5 ’ tween these differing transport models can help interpret the simulta-

Tracks are generally oriented northwest-southeast (North is 0°).

neous movement of a wide range in grain sizes observed during vortex
encounters and illuminate the relevant surface forces acting on different
size populations (see Section 4 for more discussion). Based on these for-
mula, in the presence of a convective vortex, similar wind speeds may be
able to mobilize a range of grain sizes from dust to granules, consistent with observed motion. That said,
it is notable that ~75% of peak winds measured during formative vortex events are below the minimum
threshold of 25 m/s predicted by Shao and Lu (2000) for entrainment of ~150 um sand. Based on Equa-
tion 1 (which is commonly applied to aeolian activity on Mars), both smaller and larger particles require
higher winds to be mobilized by boundary layer winds; granules would require roughly double the wind
speeds, while dust would require roughly four times higher winds. Instead, direct dust entrainment could
be achieved at similar speeds to mobilization of sand if one considers the additional lift provided by the
vertical pressure gradient at the center of the vortex (Equation 5); this delta-P effect is most effective on fine
dust particles, hence why the left side of the Greeley and Iversen (1985) curve is significantly reduced from
the traditional Shao and Lu (2000) curve. At the coarse end of the grain size range, the Merrison et al. (2007)
model (Equation 3) indicates that granules can roll across the surface at lower winds than would be pre-
dicted by Shao & Lu, 2000 for lifting off the bed (and at wind speeds more equivalent to those required for
saltation of fine sand). In other words, whereas traditional threshold equations (e.g., Shao & Lu, 2000) are
designed for saltation occurring in response to steady boundary layer winds, the other two models consider
slightly different modes of transport (i.e., vortex-lifting and drag-induced rolling). Comprehensively, these
three models can help us understand the dynamics of transport across a range of grain sizes.

In all seasons observed thus far, periods of enhanced wind are typically associated with daytime thermal-
ly-driven turbulence and peak wind gusts often correspond directly to the passage of a convective vortex
above or near the lander. The highest wind speed measured during one of these convective events occurred
on Sol 364 (31.6 m/s wind, 3.5 Pa drop) and the largest pressure drop occurred on Sol 65 (9.2 Pa drop,
20.1 m/s wind); both of these vortices generated sediment motion on the surface and the latter includes
the largest pressure drop recorded on Mars to date (representing a ~1.2% drop in atmospheric pressure).
Figure 6 shows the abrupt pressure drops and transient wind gusts that induced sediment motion on Sol
26 (removal of material on footpad) and on Sol 385 (surface creep and dust devil track formation). These
two events are particularly useful given that they caused surface changes close to the lander (i.e., in the
immediate workspace < 2 m away), so we have much better constraint on the grain sizes that were mo-
bilized during these events (whereas the size populations being mobilized along more distant dust devil
tracks is not well-constrained). In other words, the proximity between the location of sediment motion
during these events and lander instruments (APSS, ICC, and IDC) allow us to more confidently correlate
meteorological data with observed motion. Peak winds during both of these events were above the mini-
mum predicted threshold of 25 m/s (Figure 6), but these wind gusts were short-lived; in the five-minute
timeframe surrounding vortex encounters, winds demonstrate considerable variability in speed, indicating
the transient and highly turbulent nature of convective events. Despite formative vortices being some of
the most energetic events detected on the Martian surface to date, these vortices seem to be producing very
limited sediment motion relative to those observed at some other landing sites. In Section 4, we analyze this
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Figure 6. Two sols with energertic vortex encounters that resulted in sediment motion in the near workspace of the lander (Sol 26 and Sol 364). Peak wind
speeds on both sols correspond to abrupt drops in atmospheric pressure and changes in wind direction, indicative of passing convective vortices. Vortices cause
significant atmospheric turbulence; the 5 min around each convective event show considerable variability in wind speeds, and peak wind gusts are short-lived.
Winter vortices are driven by northwesterly winds, while summer vortices are driven by southeasterly winds, consistent with the orientation of dust devil tracks
seen in ICC images and from orbit. ICC, Instrument Context Camera.

finding in light of other lander and orbiter studies regarding dust devil activity and track formation in the
region around Homestead hollow.

Figure 7 shows how these individual events fit into the overarching circulation patterns at this location:
when the spacecraft landed during local winter, measured winds were predominantly northwesterlies.
As spring approached, winds weakened overall and rotated 360° within each diurnal cycle. In late spring
and summer, daytime winds strengthened again, this time showing a dominant southeasterly component.
Nighttime winds are generally low across all seasons; daytime winds are particularly strong during summer.
Comparison between MarsWRF output (Figures 3, 4, and 8) and APSS data (Figures 6 and 7) demonstrate
that the model does relatively well at simulating seasonal and diurnal variability in wind speed over the part
of the year sampled thus far. Although MarsWRF consistently underpredicts peak wind speeds, it accurate-
ly predicts the direction and time of peak winds. Daytime circulation patterns during winter (summer) are
dominated by regional-scale northwesterlies (southeasterlies), which control the translational movement
of vortices and thus the orientation of tracks formed in their wake. As atmospheric density varies across
the first 400 sols of the mission, threshold wind speeds also vary accordingly by ~2-3 m/s, with the lowest
(highest) thresholds occurring during local spring (summer). Although these variations may seem trivial,
they do represent a ~10% uncertainty in traditional threshold estimates and a thorough investigation of
these factors is vital when attempting to constrain motion thresholds on another planet. When maximum
speeds are converted into wind stress using atmospheric density measurements (Figure 3b), even fewer
wind gusts reach the minimum shear stress threshold of 0.045 Pa. This is particularly true in late spring and
early summer, when atmospheric density is relatively lower.

Orbital HiRISE images over the landing site and immediately surrounding area, covering a time period of
three Mars years (5.6 Earth years), did not reveal any clear evidence of bedform migration (Supplemental
Movie S4). It is possible that the bedforms are moving at a rate below the HiRISE detection limit which is
the time interval between repeat image acquisition combined with the resolution of the images (i.e., the
bedforms have migrated a distance that is less than ~3 pixels, which in most cases is less than ~75 cm,
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Figure 7. Wind speeds and directions as measured by TWINS across the full mission and for four sols that contained aeolian motion. Immediately after
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storm at the end of winter may have suppressed wind strength). Winds are generally low at night in all seasons and peak winds generally occur in the middle
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changes. The sampled winds above at least one of the three thresholds are marked with a red box. TWINS, Temperature & Wind for InSight.

over the baseline). With this in mind, we can estimate an upper limit migration rate, based on the HiRISE
detection limit, of ~0.15 m/Eyr (Earth year). Still, the lack of motion in aeolian bedforms over the observa-
tion window (and appearance of new dust devil tracks over that same period) is consistent with the lander
observations of turbulent, low-flux changes caused by passing vortices and the lack of strong, sustained
freestream winds necessary for the development and migration of aeolian bedforms.

4. Discussion

Robotic exploration of Mars has enabled the first observations of active aeolian transport on a planet other
than Earth. As data continue to be returned from orbiting and landed spacecraft, researchers are able to
build a more comprehensive understanding of aeolian surface modification across a wider range of en-
vironmental conditions. Of particular interest on both planets is establishing a robust understanding of
critical motion thresholds, as this is a key parameter in predicting dune migration, estimating erosion rates,
modeling dust activity, and mitigating risk to instruments. Extrapolating the most widely used terrestrial
threshold model (Shao & Lu, 2000) to martian surface conditions implies that winds have to be an order
magnitude of higher on Mars than on Earth to mobilize equivalent surface material. This threshold expres-
sion displays a nonlinear dependence on grain size with a minimum at ~150 um, indicating that fine sand
should be the most susceptible to wind-driven transport. Yet, currently available data suggest that contem-
porary martian winds rarely exceed these minimum thresholds, much less the significantly higher thresh-
olds required to explain motion of both finer and coarser material. In other words, whereas sand transport
on Mars is difficult to explain, it appears even more challenging to reconcile dust and granule motion with
traditionally cited threshold values. This long-standing paradox has challenged our understanding of - and
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Weather Research and Forecasting.

thus ability to model - aeolian activity on Mars. Even on Earth transport models often fall short in their abil-

ity to explain aeolian activity observed in the field (e.g., Barchyn et al., 2014; Sherman et al., 1998), in large
part due to inherent differences between controlled (and often idealized) experimental designs and the
naturally turbulent conditions that exist within atmospheric boundary layers. For example, fluid thresholds
have traditionally been derived for fully-developed saltation of unimodal sand within a steady wind flow.
Yet, in reality, this set-up is not representative of most natural aeolian environments, where there are sig-
nificant spatiotemporal variations in wind (and thus in resultant fluxes; see Baas & Sherman, 2006; Dupont
et al., 2013; Stout & Zobeck, 1997) and where surface heterogeneities (e.g., in particle size, the distribution
of nonerodible roughness elements, and moisture content) complicate the use of a singular deterministic
threshold value for predicting erosion (Schonfeldt, 2004; Sullivan & Kok, 2017). Furthermore, atmospheric
boundary layers in nature are ~10-100 times thicker than artificially imposed wind tunnel boundary layers,
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which may introduce fundamental differences in turbulence and ensuing sediment mobilization (Pdhtz
et al., 2018).

The challenges associated with modeling aeolian activity from a set of simplistic, empirically-derived for-
mulas are expounded when extrapolating to another planet. Recent advances in experimental and numer-
ical modeling have revealed unexpected differences between martian and terrestrial saltation due to, for
example, differing gravity on the two planets. Although gravity is explicitly considered in the Shao and
Lu (2000) expression, it is difficult to quantify the complete influence gravity has on the initiation (and
continuation) of sediment transport. Along with reducing the effective particle weight, the lower gravity on
Mars may also impact sediment compaction (Musiolik et al., 2018) and particle trajectories (e.g., Almeida
et al., 2008), thus facilitating saltation at lower friction speeds than are predicted by Shao and Lu (2000)
(Sullivan & Kok, 2017; Swann et al., 2020). However, just as terrestrial field work is used to validate models
on Earth, in situ data from the Martian surface are necessary to test these hypotheses and determine real-
istic motion thresholds. The joint imaging and high-frequency meteorological capabilities of the InSight
lander provide a rare opportunity to correlate aeolian activity with atmospheric conditions on the surface.
Here we take advantage of this opportunity to compare synchronous observational and meteorological data
against activity predicted by three transport models in order to: (1) test the ability of current threshold equa-
tions to explain motion, (2) probe the dynamics of transport during erosional events, and (3) interpret the
nature of ongoing aeolian modification at Homestead hollow. As each of the models presented herein was
designed for use under slightly different conditions, integrating all three allows us to consider a wider range
of possible transport modes. Whereas deterministic use of any one of these models should still be carefully
considered given the inherently limited conditions under which they were derived, they are nonetheless
still valuable for illuminating the dynamics of sediment transport occurring under on modern-day Mars.

Change detection images acquired since landing have revealed a highly stable surface surrounding the
InSight spacecraft; minor surface erosion occurred during fifteen individual vortex encounters, as indicated
by abrupt drops in atmospheric pressure (1-9 Pa) and increases in wind speed (peak winds of 14-31 m/s).
Evidence of dust entrainment during these formative vortex events included dust clearing from rock faces
and the lander footpad, as well as formation of linear albedo features closely resembling dust devil tracks.
Terrestrial field studies (Reiss, 2010) and laboratory experiments (Wells, 1984) have indicated that such re-
flectance variations can occur with minimal disturbance (including removal, deposition, or redistribution)
of dust coating coarser (generally lower-reflectance) underlying material. On Mars, the removal of only
microns of dust may be sufficient to generate observed dust devil tracks (Greeley et al., 2005, 2006; Mi-
chaels, 2006; Reiss 2014). Other evidence of erosion during formative vortex encounters included localized
saltation (mostly within disturbed material around lander hardware) and surface creep of granules up to
2 mm in diameter (Charalambous et al., 2021).

Based on the traditionally cited threshold equation (Shao & Lu, 2000), only four (~25%) of the forma-
tive vortex events had peak winds speeds above the minimum threshold for entrainment of fine sand, and
none were high enough to explain mobilization of dust or granules (peak winds are less than half Shao &
Lu, 2000 dust and granule thresholds). It is possible that this discrepancy is partially attributed to data gaps
present during turbulent events and/or increased surface roughness caused by deployed instruments, either
of which could cause us to underestimate the peak wind shear felt on the surface (see Part 1 Charalambous
et al., 2021, this issue). Nonetheless, it is also important to consider that the Shao and Lu (2000) expression
may be inappropriate for interpreting all types of observed transport, thus adding to the discrepancy be-
tween measurements and observations. For example, the modified model provided by Merrison et al., 2007,
which allows for mobilization through drag-induced rolling, has been previously utilized to explain mobili-
zation of dust (Sullivan et al., 2008) and granules (Baker et al., 2018a; De Vet et al., 2014) on Mars. Following
this model, larger particles can detach via rolling at far lower friction speeds than are required to be lifted off
the bed and entrained in the wind flow (i.e., driven into saltation), effectively flattening the right side of the
threshold curve as compared to the one presented in Shao and Lu (2000) (Figure 2). This modification may
provide one explanation for how vortex-induced wind gusts are producing simultaneous mobilization of a
wide range of grain sizes, including rolling of low-density dust aggregates observed on the InSight lander
deck (Charalambous et al., 2021, this issue), redistribution of sand, and surface creep of granules.
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Furthermore, as both the Shao and Lu (2000) and Merrison et al. (2007) expressions are designed for use
within steady free-stream wind flows, neither considers the additional erosional forces that may be present
during turbulent convective vortex encounters, such as the lift provided by the vertical pressure gradient
(Hsu et al., 1976; Greeley & Iversen, 1985; Greeley et al., 2003; Neakrase & Greeley, 2010a, 2010b). Laborato-
ry experiments and theoretical modeling have suggested that this “delta-P effect” (or “suction effect”) might
be particularly useful for reconciling dust lifting on Mars, with vortex thresholds for dust entrainment hy-
pothesized to be only ~20% of canonical boundary layer thresholds (Greeley et al., 2003; Balme & Hager-
mann, 2006). Neakrase & Greeley (2010) demonstrated that the sediment flux in dust devils is dependent on
the magnitude of the pressure drop and the exposure time at the surface (i.e., translational speed), such that
small, fast-moving vortices with large pressure excursions are the most capable of lofting sediment into the
atmosphere. These studies have demonstrated the potential efficacy of the pressure gradient in the entrain-
ment of fine particles, but they also underscored the importance of in situ observations to test the validity
of these models under natural conditions. As shown in Figure 2, including the effect of the delta-P force
within our threshold equation (Equation 5; Greeley & Iversen, 1985 expression) preferentially impacts low-
mass particles, such that the left side of the curve is reduced from Shao and Lu (2000). Although subsequent
studies showed slightly modified curves from the one presented in Greeley and Iversen (1985) (e.g., Greeley
et al., 2003), it is nonetheless still true that the vertical pressure gradient is highly effective at lifting dust par-
ticles and can thus facilitate removal at wind speeds that are lower than traditionally cited dust thresholds.

Here the atmospheric conditions present during convective events were found to be capable of entraining
dust, saltating sand, and rolling granules - and sometimes all at once. The complex and highly dynamic
nature of vortices make it challenging to model the full force balance acting on the surface during vortex
encounters, especially given that APSS measurements will not always be sampling the same part of the
vortex. Thus, although we cannot determine whether we sampled the most energetic part of the vortex
(only a perfectly diametric encounter will probe both the maximum pressure drop within the core and the
maximum tangential winds at the wall; Lorenz et al., 2016), detailed assessment of surface changes that
occurred relatively close to the lander (and thus relatively close to the APSS sensor) can help us confident-
ly correlate transport to recorded meteorological conditions. Spatially variable vortex flows are expected
to generate preferential erosion in certain parts of the vortex (Michaels, 2006). The horizontal drag force
caused by quickly rotating vortex winds can generate sporadic saltation and short-trajectory rolling of sand
and granules respectively, in analogy to freestream boundary layer winds. In this sense, it is possible that
dust lifting via sand blasting or disaggregation may be relevant at the edge of the core where tangential
winds are the strongest. However, our results (in light of those of past studies) suggest that the additional
lift generated by the delta-P effect within the vortex core provides an additional mechanism for direct lifting
of low-mass dust particles. This lift force becomes less capable of overcoming normal gravitational forces
as mass increases (Neakrase & Greeley, 2010), although rapid degassing has also been shown to produce
localized saltation of sand grains (Bila et al., 2020). Whereas lifted dust may become suspended within the
atmosphere, detachment of coarser grains (i.e., sand and granules) is expected (and observed) to be short-
lived. This is consistent with the results of Michaels (2006), who found that vortices cause suspension of
fine material (<10 um) and rapid, local redistribution of coarse material (>104 pm).

The fact that ~10% of wind speeds measured since landing fell between 14 and 31 m/s (the range of peak
vortex winds), but only an exceedingly small subset of these winds (namely those accompanied by signifi-
cant pressure excursions) were observed to generate surface change provides further evidence for preferen-
tial erosion during vortex encounters. In other words, the unique atmospheric conditions present during a
vortex encounter compared to background meteorological conditions are transiently applying higher stress
on the surface and are thus facilitating sediment transport (see Part 1 for a summary of possible detach-
ment-enhancing mechanisms). APSS measurements indicate that the background circulation at Homestead
hollow varies seasonally, with dominant flow directions toward the southeast in winter and northwest in
summer. MarsWRF predictions are relatively consistent with the observed seasonal and diurnal variations
in wind direction and speed, but peak measured winds are on average 5-10 m/s higher than predicted in
the model. Again, this is not necessarily surprising, given that MarsWRF is run at mesoscale resolution
and thus simulated flows are more representative of the wind field averaged over a model grid cell (~4 km)
and a period of minutes. In other words, mesoscale models do not resolve local-scale turbulence and will
consequently underpredict the maximum shear stresses felt on the surface. This makes it difficult to predict
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aeolian activity, especially given the crucial role turbulence plays in mobilizing surface material (e.g., Bar-
chyn et al., 2014; Pédhtz et al., 2018; Stout & Zobeck, 1997; Sullivan et al., 2017). Nevertheless, MarsWRF
provides a sense of how regional-scale circulation patterns impact aeolian activity by controlling the direc-
tion and strength of ambient background winds, both of which will affect sensible heat flux and turbulence
characteristics, control what local-scale topography influences the wind field, and may also favor or sup-
press vortex development (e.g., winds may provide a source of vorticity but if too strong may also disrupt
vortex growth; Rafkin et al., 2016). One indication that the model does not explicitly resolve vortices (nor
the increased drag they generate) can be seen in Figure 3, in which peak tangential vortex winds simulated
by MarsWRF (in combination with the Renn¢ et al., 1998 scheme) are notably higher and display a fun-
damentally different seasonal trend than peak free-stream winds predicted by the model. This divergence
is important to note for comparison with and interpretation of meteorological data. For example, if strong
vortices passing close to InSight were to dominate APSS measurements of peak instantaneous wind speed,
we might expect those measurements to align more closely with the predicted variation in tangential wind
speed. However, if vortex winds do not dominate, we might expect APSS peak instantaneous winds to vary
more with the predicted free-stream winds output from MarsWRF.

Thus far, the seasonality in peak APSS winds has more closely followed that predicted for free-stream winds
than peak tangential winds, but it is difficult to determine the impact that the regional dust storm shortly
after landing had on local atmospheric conditions. When the effects of the regional dust storm are included,
by prescribing MarsWRF's dust distribution using MCS observations of the storm period (instead of using
a “storm-free” dust distribution), maximum time-averaged free-stream winds are barely impacted, but tan-
gential winds (and dust devil activity more generally) both decrease substantially. This is because the key
driver of convective activity, the daytime surface-to-air temperature difference, is greatly reduced when dust
opacities are high, due to more solar energy being absorbed in the atmosphere before reaching the surface.
Indeed, vortex encounters were rarer and less energetic during the period when dust storm conditions
were present (between L 330 and 30) and no surface changes were observed during this time. Continued
monitoring over the duration of the mission will allow us further investigate how individually varying
atmospheric conditions (including ambient wind speed, atmospheric density, and vortex activity) interact
to control aeolian activity. Furthermore, future observations will help better constrain which MarsWRF
outputs (e.g., free-stream wind or tangential vortex wind) are most useful for predicting vortex-induced
sediment motion at this location. For example, given that the model predicts tangential winds (free-stream
winds) reach a maximum (minimum) in local fall, it will be particularly interesting to observe which of
these two parameters align more closely with winds sampled from APSS and with surface activity during
this upcoming period of the year. Whereas the timing of surface activity observed thus far has broadly cor-
related with periods of increased winds and vortex activity, this activity is nonetheless highly intermittent.
The stochastic nature of aeolian transport here is evidenced by the fact that two-thirds of the most energetic
convective vortices recorded on the surface, including multiple with pressure drops > 5 Pa and wind gusts
> 20 m/s (Spiga et al., 2020, this issue), did not produce any observable surface erosion. Even the strongest
wind (~31.5 m/s, sol 364) and largest pressure excursion (~9 Pa, sol 65) sampled on the surface to date only
produced minimal, localized surface changes.

As it turns out, a majority of landed spacecraft (e.g., Viking landers, Mars Pathfinder, Phoenix, and MER
rovers) observed similar levels of stability at their respective field sites as is observed at Homestead hollow
(Sagan et al., 1977; Moore et al., 1985; Sullivan et al., 2000; Geissler et al., 2010). Dust removal and local
sediment redistribution (predominately within disturbed areas) at the Viking and MER landing sites were
observed as a result of episodic dust storms (Geissler et al., 2010; Guinness, 1979; Moore et al., 1985). At
multiple landing sites, active sediment lifting has also been observed in the form of columnar dust devils
(Drake 2006; Ellehoj et al., 2010; Greeley et al., 2006; Metzger 1999). Dust devil activity was found to be
particularly high within Gusev crater, where the Spirit rover imaged over seven hundred dust devils, at least
one of which left a dark track in its wake (Greeley et al., 2010). The stark contrast between these observa-
tions and the paucity of dust devils imaged from InSight suggests that either (1) vortices at Gusev crater are
more erosive (i.e., energetic) than those sampled at Homestead hollow and/or (2) local motion thresholds at
Gusev are relatively lower than those at Homestead hollow. Unfortunately, the Spirit rover was not equipped
with meteorological instruments and thus could not provide information on the strength of convective
vortices at its location. At the El Dorado ripple field in Gusev, passing vortices were able to lift dust and

BAKER ET AL.

20 of 28



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2020JE006514

cause localized surface darkening without disturbing impact ripple morphologies (Sullivan et al., 2008),
even though sand within ripples are theoretically easier to mobilize than dust. The authors reconciled this
discrepancy by attributing mobilization of dust aggregates to a mechanism similar to that described in Mer-
rison et al. (2007). Here we propose that the strong suction effect within the vortex core may also help ex-
plain how dust can be lifted with only minimal disturbance to surrounding sand populations. Interestingly,
a subsequent dust storm was able to generate cm-scale migration of El Dorado impact ripples, underscoring
the difference between the turbulent redistribution of surface material that can result from the transient
passage of convective vortices and the development of organized aeolian ripples, which form in response to
episodes of strong, unidirectional winds. Dust devil tracks and aeolian bedforms are both archetypal Mar-
tian surface features, but they are indicative of fundamentally different atmospheric processes.

Gale crater is geomorphically distinct from previous landing sites, in that background circulation patterns
generate near-daily ripple migration during ~half of the martian year (Baker et al., 2018b). In contrast to
bedforms at other landing sites, which were either immobile or only active during exceptional dust storm
conditions, aeolian bedforms at Gale crater are being modified on a regular basis in response to ambient
background winds. Despite widespread sand motion at this location, active dust devils have not been report-
ed since landing (Moores et al., 2015; Streakley & Murphy 2016). Given that at least some dust is available at
the surface (e.g., Arvidson et al., 2014), and unless the paucity of imaged dust devils is an observational bias
(Newman et al., 2019), it would be intuitive to conclude that vortex pressure excursions need to be >3 Pa
(the maximum drop recorded from MSL REMS) to lift material (Kahanpaa et al., 2016). In fact, prior to
the InSight mission pressure drops above 3 Pa had rarely been recorded on the surface of Mars (Ellehoj
et al., 2010; Murphy & Nelli, 2002). Despite a large number of vortices sampled at Homestead hollow hav-
ing pressure excursions above this value, including 10 between ~5 and 9 Pa (Banerdt et al., 2020; Lorenz
et al., 2021; Spiga et al., 2020), vortices at this location are apparently not generating enough erosion to sub-
stantially modify the surface or to become visibly dust-loaded themselves. Variability in environmental fac-
tors such as ambient wind speed (Rafkin et al., 2016) and boundary layer thickness (Fenton & Lorenz, 2015;
Pihtz et al., 2018) can influence sediment lifting and dust devil formation. Nevertheless, aeolian surface
modification is not solely dependent on atmospheric conditions but also on the properties of the substrate,
including dust cover thickness (Balme 2003, Fisher 2005; Whelley & Greeley, 2006, 2008), which could help
explain regional differences in dust devil activity and track formation. It is well-understood that only a rel-
atively small subset of vortices will become dust devils, and an even smaller subset will leave a visible track
in their wake, but the exact relationship between vortex activity, dust devil occurrence, and track formation
is not a simple one (Cantor et al., 2006; Fisher et al., 2005; Verba et al., 2010). For example, a strong vortex
passing over a thick dust layer may be able to entrain enough material to form a dust devil without signifi-
cantly altering the reflectance of the surface, while an equivalent (or weaker) vortex passing over a relatively
thinner layer of dust could more readily form a dust devil track even if not lifting as much material. In this
light, modeling vortex-induced sediment transport requires placing these transient phenomena within the
broader context of atmospheric and geologic properties of the area.

Thermal inertia and imaging data at Homestead hollow suggest the top layer of the surface is composed
of unconsolidated fine sand mantled by a microns-thick dust coating (Golombek et al., 2020). This dust
layer was mostly removed by retro-rockets during landing, creating a notably lower-albedo area of 20-me-
ter radius around the lander (Golombek et al., 2020). New dust devil tracks observed from HiRISE since
the start of the mission are often significantly fainter (or altogether invisible) within this low-albedo area
(Charalambous et al., 2021, this issue), demonstrating that there may be a deficiency in susceptible surface
material within the immediate vicinity of the lander. However, regionally- derived track formation rates
are also relatively low (Perrin et al., 2020; Reiss & Lorenz, 2016), implying that minimal dust coverage and/
or low dust removal rates may be intrinsic characteristics of this region. Dust devil track analysis suggests
that Elysium Planitia is dominated by dust devils that are relatively small (<10 m wide) compared to some
other locations (globally, dust devils have been observed to be up to 500 m wide; Fisher et al., 2005). Dust
cover estimates are variable across landing sites (Bell et al., 2004; Fergason et al., 2012; Mellon 2000; Rogers
& Bandfield et al., 2009; Ruff & Christensen, 2002), with Meridiani Planum being the lowest-albedo (and
thus presumably least dusty) site, consistent with the lack of visible dust devils and dust devil tracks at this
location (Golombek et al., 2005).
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Dust devil tracks observed before (Reiss & Lorenz, 2016) and after (Perrin et al., 2020, this issue) InSight's
landing are predominantly oriented northwest-southeast, consistent with the direction of seasonally-re-
versing winds predicted by atmospheric models and measured by TWINS (Banfield et al., 2020; this paper;
Spiga et al., 2018). The orientation of subtle linear tracks observed from the surface (reported here and in
Banerdt et al., 2020) are well-aligned with dominant flow directions at the time of vortex encounters and are
also consistent with northwest-southeast winds, suggesting that these regional-scale flows also dominate at
the local scale. Overall morphological similarities between dust devil tracks observed from orbit and those
observed in situ suggest that they are presumably formed by equivalent atmospheric processes. However,
unlike orbital tracks which were detectable in raw images, tracks observed from the surface were only
discernible with image differencing, which suggests that the latter formed by a relatively smaller amount
of dust removal. Given the relative strength of vortices measured from APSS, it seems likely that limited
surface erosion is at least partially attributable to a deficiency in susceptible surface material, possibly due
to increased cohesion. Despite the important role of sediment compaction in setting thresholds, there is no
way of varying this parameter within threshold equations themselves. Close grain packing and intermixing
of sand and dust can stabilize a surface against aeolian modification (see Part 1; Charalambous et al., 2021
this issue). Furthermore, the efficacy of the delta-P effect within a vortex is significantly influenced by
the thickness and permeability of the surface dust layer (e.g., Bila et al., 2020). As the cohesion of a given
surface results from the long-term competition between erosional and stabilizing forces, repeated and sus-
tained periods of aeolian activity will work against gradual surface induration and will prime the surface
for continued modification. This may be especially true on Mars, where the relatively lower gravity can
influence, for example, the compaction of dust being continuously re-deposited on the surface through
atmospheric fallout (Musiolik et al., 2018). On the other hand, long periods of inactivity will promote indu-
ration and further stabilize the bed against subsequent erosion.

It is evident that aeolian processes have contributed to the long-term surface evolution of Elysium Planitia
(Grant et al., 2020, this issue; Golombek et al., 2020; Warner et al., 2020, this issue). Over 100 Myr to 1 Ga
timescales, transport of fine material generated by impact bombardment has caused crater rim degradation,
development of aeolian bedforms on crater rims, and significant crater infilling (Grant et al., 2020, this
issue; Warner et al., 2020, this issue). After formation 400 Ma, Homestead hollow experienced rapid aeoli-
an infilling that re-equilibrated the surface with the wind regime. Subsequent aeolian modification rates
decreased significantly within the hollow itself, further promoting gradual induration and stability. The
surrounding plains have also become significantly more deflated, lags have developed, and fine material has
become trapped between rock obstacles and within nearby craters. This process has led to partial or com-
plete infilling of many craters across the region, significantly smoothing the landscape (Grant et al., 2020,
this issue; Warner et al., 2020, this issue). Surface disruption generated by new impactors might allow for in-
termittent episodes of bedform development, but bedforms are evidently not mobilized frequently enough
in modern times to overcome gradual induration. However, relatively fresh craters on the plains, with re-
tention ages of <100 Myr, show evidence for bedform organization and relatively recent migration (Warner
et al., 2020, this issue). These bedforms are dust-covered today, but imply more favorable climate conditions
for sediment transport in the recent late Amazonian epoch.

It has long been understood that changes in orbital configuration (e.g., eccentricity and obliquity) can
cause climate conditions to vary over geologic timescales, which can in turn impact aeolian surface activity
(Haberle et al., 2003; Newman et al., 2005). The location and morphology of aeolian bedforms observed
within and adjacent to craters surrounding Homestead hollow are also consistent with dominant winds from
the northwest and/or southeast, suggesting that contemporary flow directions may have prevailed for much
of the recent geologic history of the region (Banks et al., 2019; Warner et al., 2020, this issue). However, the
existence of these bedforms does indicate a divergence from current climatic conditions, as these necessar-
ily require sustained saltation (and thus sustained free-stream winds above threshold) to form. Although a
small subset of relatively smaller-scale and “fresh” (darker albedo) ripples do exist within some nearby cra-
ters (within a few kms of the landing site; Movie S4), a majority of bedforms display high albedos indicating
significant dust cover and relative stability under current climatic conditions (Banks et al., 2019), consistent
with the lack of bedform motion observed in HiRISE images. Although we cannot entirely rule out the
possibility that bedforms are being mobilized under the modern wind regime, it would have to be occurring
either (1) very rarely and/or (2) very slowly, such that no migration or changes to aeolian bedforms has been
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observed in orbital images acquired at HiRISE resolution over roughly five Earth years. The juxtaposition
between sparse, dust-mantled bedforms and fresh dust devil tracks suggests that ongoing aeolian modifica-
tion at Homestead hollow is dominated by transient convective events that can locally redistribute surface
material, but do not aid in bedform development or migration and result in limited net surface change over
time. The intermittent vortex-induced sediment motion observed in situ from the InSight lander is consist-
ent with this regional surface expression.

The aeolian environment at Homestead hollow is likely similar to morphologically similar plains regions
across the planet, where infilled craters and dust-mantled TARs often co-occur with transient dust devil
tracks. For example, Elysium Planitia is predicted to share a similar origin and evolution to the Gusev
cratered plains (Golombek et al., 2006, 2020; Weitz et al., 2020). However, while the former may have ex-
perienced higher erosion rates in the past (Sweeney et al., 2018; Warner et al., 2020), the latter shows more
evidence for sand and dust transport under modern climatic conditions. Given that aeolian modification
is fundamentally controlled by how often (and under what conditions) the atmosphere is able to exert
enough force on the surface to mobilize sediment, variations in the nature and frequency aeolian activity
are uniquely tied to local geologic and climatic conditions. It is noteworthy that (unlike other landing sites,
including Gusev; Guzewich et al., 2019; Moore et al., 1985; Sullivan et al., 2008) no surface changes were
observed as a result of the dust storm that occurred early in InSight's mission, consistent with the reduction
in vortex activity and peak wind speeds predicted and observed during this time. These observations suggest
that Homestead hollow is one of the most stable landing sites and that local motion thresholds are rarely
being exceeded under current climatic conditions.

5. Conclusions

In many ways, the relationship between environmental conditions on Mars and resultant aeolian surface
modification remains a mystery, greatly hindering our ability to accurately predict sand transport and dust
lifting. Synchronous observations of aeolian activity and high-frequency meteorological data are needed
to constrain the dynamics of sediment transport and testing terrestrially-derived theories under natural
martian conditions. In Part 1 (Charalambous et al., 2021, this issue) we present the record of vortex-in-
duced surface changes observed at the InSight landing site over the first 400 sols of the mission, which
correlate with abrupt pressure drops and transient wind gusts associated with convective vortex passage.
When compared against current theoretical models as is done here, we are able to decipher the dominant
erosive forces during convective events: a combination of the vertical pressure gradient force at the core of
the vortex and the drag force generated by quickly rotating tangential winds are able to generate small-scale
redistribution in surface material ranging from dust to granules. Integrative studies that utilize available
ground-truth data are invaluable for addressing outstanding knowledge gaps, including with regard to the
relationship between atmospheric conditions and resultant surface modification. Ultimately, achieving a
predictive understanding of aeolian sediment transport on Mars is essential for interpreting the sedimen-
tary rock record, modeling the dust cycle in climate models, and mitigating risk to landed spacecraft and
future human explorers.

Data Availability Statement

Orbital images used herein are available on the HiRISE website: https://hirise.lpl.arizona.edu/. All lander
imaging and meteorological data are publicly available through the Planetary Data System (PDS) Geo-
sciences node: https://pds-geosciences.wustl.edu/missions/insight/index.htm. MarsWRF model outputs
analyzed herein can are publicly available via Figshare (Baker, 2020).
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