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Abstract The Mars Environmental Dynamics Analyzer, onboard the Perseverance rover, is a
meteorological station that is operating on Mars and includes, among other sensors, the radiometer Radiation
and Dust Sensor (RDS). From RDS irradiance observations, a total of 374 dust devils (DDs) were detected

for the first 365 sols of the mission (Ls = 6°-182°), which along with wind and pressure measurements,

we estimated a DD frequency of formation at Jezero between 1.3 and 3.4 DD km~2 sol~! (increasing as we
move from spring into summer). This frequency is found to be smaller than that estimated at the Spirit or
Pathfinder landing sites but much greater than that derived at InSight landing site. The maximum in DD
frequency occurs between 12:00 and 13:00 local true solar time, which is when the convective heat flux and
lower planetary boundary layer IR heating are both predicted to peak in Jezero crater. DD diameter, minimum
height, and trajectory were studied showing (a) an average diameter of 29 m (or a median of 25 m) and a
maximum and minimum diameter of 132 + 63.4 and 5.6 + 5.5 m; (b) an average minimum DD height of 231 m
and a maximum minimum-height of 8§72 m; and (c) the DD migration direction is in agreement with wind
measurements. For all the cases, DDs decreased the UV irradiance, while at visible or near-IR wavelengths both
increases and decreases were observed. Contrary to the frequency of formation, these results indicate similar
DD characteristics in average for the studied period.

Plain Language Summary Dust devils are dry, dusty convective vortices that play a key role

in the dust cycle on Mars by lifting dust from the surface to the atmosphere. Parameters like the dust devil
formation frequency or size characteristics are key to constrain their contribution to the planet's dust budget.
Using observations made by the Radiation and Dust Sensor of the instrument Mars Environmental Dynamics
Analyzer onboard Perseverance rover, we estimated the dust devil (DD) frequency for the full diurnal cycle in
Jezero crater, Mars, during the first half of the Martian year. We find that between 1 and 3 DD per km~2 form
every day, mainly around noon, and they become more frequent as spring advances to summer. The formation
frequency is smaller than that estimated at the Spirit landing site but much greater than the values derived at
InSight landing site, indicating a high variability in activity depending on location. When the DDs blocked the
direct sunlight from reaching the sensor, we estimated their diameters to range between 5 and 130 m with an
average of 29 m. In all detections, the presence of DDs resulted in a decrease of the measured UV radiation.

1. Introduction

On Mars, the dust cycle is a critical factor that drives the weather and climate of the planet (Read & Lewis, 2004;
Zurek et al., 1992). Airborne dust affects the absorption and scattering of the solar radiation, directly affecting
the energy balance that drives the atmospheric dynamics of the planet. In turn, the atmospheric dynamics influ-
ences the distribution of the dust particles and the distribution of surface dust lifting (DL), thus setting up a
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complex feedback process. This type of nonlinear feedback mechanism is thought to be the cause of the observed
year-to-year variability in the dust-storm activity (global, regional, and local scales). Therefore, for studying the
present-day and recent-past climate of Mars we need to observe and understand the different processes involved
in the dust cycle. To date, two main mechanisms have been identified for the lifting of the dust particles: lifting
by dust devils (e.g., M. Balme & Greeley, 2006; Toigo et al., 2003) and by wind stress (e.g., Bagnold, 2012; Kok
etal., 2012; Sullivan & Kok, 2017). In modeling studies, DD lifting has been suggested to account for about 50%
of the total dust budget (e.g., Kahre et al., 2006), where the peak in such lifting occurs outside the dust storm
season. However, in such large-scale models (grid spacing ~100 s of km), the parameterization of DD lifting is
also accounting for any subgrid scale (unresolved) lifting associated with smaller scale convective motions, which
would include the lifting by convectively driven wind gusts that has also been observed in Jezero (C. E. Newman
et al., 2022). Observations of DDs from orbit, although only sensitive to DDs above a certain size and with some
other biases, provide another estimate of their contribution to the global dust budget and demonstrate that this is
significant, especially through northern spring and summer when large dust storms are far less frequent (Cantor
et al., 2006). For these reasons, DDs have been proposed as one of the main components in the Martian dust cycle
and thus in the sustenance of the ever-observed dust haze layer (e.g., Fisher et al., 2005). Although a number of
modeling groups have simulated aspects of the dust cycle with Mars global climate models (Basu et al., 2004;
Haberle et al., 2003; C. E. Newman et al., 2002), no climate model completely reproduces the observed dust
cycles and storms. Indeed, additional surveys of DD observations, along with measurements of DL by wind
stress, are needed to place quantitative constraints on the diurnal cycles of these events. These surveys should
include both surface and orbital observations, and the range of observations must encompass the full diurnal
period and consider the wider meteorological context surrounding the observations.

Since the first observation of a DD on Mars from the Viking Orbiter (Thomas & Gierasch, 1985), many instru-
ments on Mars have been used to identify and characterize DDs. Several cameras and imaging system onboard
orbiters have provided DD images from which the size of the DD can be estimated (e.g., Cantor et al., 2006;
Cushing et al., 2005; L. Fenton et al., 2016; Fisher et al., 2005; Reiss, Hoekzema, & Stenzel, 2014; Reiss, Spiga,
& Erkeling, 2014; Stanzel et al., 2008; Thomas & Gierasch, 1985; Towner, 2009). Orbiters also provide images
of the tracks produced by the DDs on the Martian surface (e.g., Cantor et al., 2006; Reiss et al., 2016; Wang
et al., 2021; Whelley & Greeley, 2008), allowing the occurrence of these phenomena during a given time period
and in specific regions of the planet to be estimated. These measurements, covering large geographic areas, have
demonstrated that DDs can be found at a wide range of latitudes (from 0 to about 70° in both hemispheres) and at
any longitudes on Mars. However, both kind of measurements are biased toward the largest DD sizes, since only
the largest DDs are directly observed from orbiters, and only 10%-20% produce tracks on the surface (Cantor
et al., 2006). In addition, most of the orbiters observe the same geographical location at a similar local time each
Sol. Thus, daily temporal variation of the DDs is difficult to obtain from most of these data sets. The moment at
which DDs are produced is even more difficult to determine when studying DD tracks since the tracks can persist
for whole seasons (M. R. Balme et al., 2003; Daubar et al., 2018). Cameras and imagers on landers and rovers
of several missions have also captured DD images (e.g., Ferri et al., 2003; Greeley et al., 2006; Metzger, 1999;
Metzger et al., 2000; Moores et al., 2015). Variations of some meteorological variables such as wind speed, wind
direction, temperature or pressure, recorded also from Mars landers and rovers, have been studied to characterize
vortices, which may be clear or dusty (DDs), and to estimate their occurrence (e.g., Ellehoj et al., 2010; Ferri
etal., 2003; Greeley et al., 2003; Kahanpiid & Viddez-Moreiras, 2021; Kahanpii et al., 2016; R. D. Lorenz, 2016;
Murphy & Nelli, 2002; C. E. Newman et al., 2019; Ordonez-Etxeberria et al., 2018; Steakley & Murphy, 2016).
Despite providing very valuable information, images are usually constrained by the field of view (FOV) of the
camera and the typically very short time period over which such imaging is possible, while events inferred
from meteorological variables such as pressure may correspond to clear rather than dusty vortices (DDs), in the
absence of additional evidence. This is why orbiter (global picture of the phenomena) and lander (more sensitive
to the lowest atmospheric layers and to smaller DD) data are complementary.

To provide a complete meteorological context of the observations, the Mars Environmental Dynamics Analyser
(MEDA) station (Rodriguez-Manfredi et al., 2021), onboard of the Mars 2020 rover Perseverance (Farley
et al., 2020), includes a set of sensors capable of measuring the radiance fluxes over the Martian surface. Combin-
ing these observations with radiative transfer (RT) simulations, airborne dust particles can be detected and char-
acterized (optical depth, particle size, and refractive index) over the day with high temporal resolution (Toledo
et al., 2017). The great azimuthal range covered by the FOV of MEDA's different photodetectors (including
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SKYCAM

the MEDA's Skycam camera) provides a global picture of the surroundings
of the rover. Combining data from different MEDA sensors, we are able to
discriminate DDs from other DL events (such as DL by wind gusts) or estab-
lish when a particular vortex is lifting dust.

In this work, we analyzed observations acquired by MEDA, in particular by
the Radiation and Dust sensor (RDS), during the first 365 sols to constrain
the DD frequency of formation at Jezero crater, as well as to derive DD
properties such as DD diameter, trajectory, or advection velocity. In order to
better constrain the DD properties, the observations were analyzed with RT
simulations and combined with measurements made by other MEDA sensors
(e.g., pressure). We describe the data used in this work, the RT model, the
principle of detection, and simultaneous detections with other instruments in
Section 2. In Section 3, we present our model results, compare them to data,
and discuss the impact of our results.

Figure 1. Image of RDS showing the disposition of the upper (top) and lateral 2. Methodology
(Lat) detectors and SkyCam. Credits JPL/Caltech.

2.1. RDS Measurements

The MEDA instrument (Rodriguez-Manfredi et al., 2021) is a meteorologi-

cal station onboard the Perseverance rover with the aim of characterizing the
daily and seasonal evolution of the Jezero crater environment. The instrument includes two wind sensors (WS) to
infer wind direction and speed, five thermal sensors at different locations and heights (ATS), an infrared radiom-
eter (TIRS) to measure the downward and upward LW and upward SW radiation at the surface and also provides
the ground and ~40 m altitude temperatures, a relativity humidity sensor, a pressure sensor (PS), and the ultra-
violet A (UVA) to near infrared radiometer RDS dedicated to studying dust and clouds (Apestigue et al., 2022).
RDS takes its heritage from previous Mars developments (Arruego et al., 2017; Gémez-Elvira et al., 2012) and
is comprised of two sets of photodetectors (RDS-DP) and a camera pointing at zenith (RDS-SkyCam). The first
set of photodetectors, the Top channels, corresponds to eight zenith-pointed detectors, which cover the light
spectrum from UVA to Near IR (Top-1 to Top-8: 255, 259, 250-400, 450, 650, 750, 190-1,100, and 950 nm).
Most of the Top detectors use interferential filters and mechanical masks to constrain their FOV (FoV) to +15°
zenith angle, while the Top-7 channel covers the full sky from 0° to 90° zenith angle and for all azimuth angles.
These channels have strong surrounding magnets to minimize the dust deposited over the sensors (Gémez-Elvira
et al., 2012). The second set corresponds to the eight Lateral (Lat) channels, which are pointed sideways at 20°
above the rover deck (except Lat-8, which is 35°) and with 45° degrees in azimuth between them. Lateral chan-
nels are all centered at the same wavelength (750 mm) and have a FoV of +5° (see Figures 1 and 2). The Lat-1
is blinded and serves as a monitor of the possible photodetectors degradation due to the radiation accumulated
during the mission. RDS-DP is able to operate at 1 Hz during MEDA sessions of measurements, which often
cover around 12 hr per sol.

The camera, SkyCam, takes its heritage from the engineering cameras of the Mars Exploration Rover and Mars
Science Laboratory missions (J. Maki et al., 2003, 2012). The electronics remain the same but the optics have
been redesigned to be able to take pictures of the sky. The outermost Skycam lens has an annular coating of
semiopaque material. When the sun is in such a position that it sits behind this annulus (at most times of the year,
this occurs twice per day, in the morning and afternoon) an image is taken and used to derive the atmospheric
opacity. The combination of these two sensing technologies allows RDS to characterize the optical and scat-
tering properties of suspended dust, detect and characterize clouds during twilight, estimate the ozone column
abundance from the Martian surface (from UV channels), and detect DL events such as DDs at a high sampling
frequency and for long periods of time. In general, MEDA sampling is set at 1 Hz with all sensors operating for
blocks of ~1 hr. The disposition of the blocks along the day are selected for each sol based on the atmospheric
research activities, and the duration and number of block sometimes change depending on power availability and
data volume constrains. Figure 3 shows the hours covered by MEDA for the first 365 sols, and demonstrates good
coverage of the most convective period (~08:00 through 17:00) when DD activity is at its peak (see Section 3.2).
As we will see in the following section, the MEDA time coverage is key for estimating the DD frequency of
formation.
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Figure 2. Example of RDS signals measured by RDS Top (top panel) and Lat sensors (lower panel) on sol 128. For
representing purposes, the Top-7 signal was divided by a factor of 20. The maximum of Top sensors (those pointing at zenith)
signals occurs when the sun is at the minimum solar zenith angle. However, for Lat sensors a significant increase only occurs
when the sun is low and near to the sensor-azimuth-pointing direction (in this example Lat-3 in the morning, and Lat-6 and
Lat-7 in the evening).

2.2. Dust Lifting Detection With RDS

The approach used to detect and characterize DDs using RDS observations is based on the expected changes
in sky brightness when a DD is near the rover. If the DD crosses the FOV of one sensor, then a change in the
signal intensity is expected (note that each sensor measures the solar irradiance weighted by its FOV). The
variations caused by the DD can be positive or negative (as observed in terrestrial analog observations, e.g., R.
D. Lorenz and Jackson (2015), and in observations of solar array currents on the InSight lander, R. D. Lorenz
et al. (2021)), depending on the DD properties and position, the spectral band and orientation of the sensor, and
the solar zenith (SZA) and azimuth (PHIO) angles. Figure 4 shows a sequence of signal variations produced
by the first DD detected by RDS. In order to enhance the DD signature, the background signals, obtained by
fitting the data just before and after the detection to a polynomial function, were subtracted from the observa-
tions (see Section 3.1 for a complete description of the procedure employed to detect DD in RDS signals). This
detection occurred on sol 21 at 15:13:30 local true solar time (LTST). The data acquired by the PS during this
event is also shown in Figure 4 (bottom panel). The first detection was made by the Lat-8 sensor (circle A in
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Figure 3. Day-time MEDA temporal coverage during the first 365 sols of the mission (colorbar units in minutes).

Figure 4) which displayed, as a result of the dust scattering, an increase of about 1.1%. Subsequently, the DD
crossed the Lat-7 FOV (signal variation indicated with circle B in Figure 4) about 43 s after the Lat-8 detection,
increasing by 1.3% the irradiance measured by the sensor. The last lateral detection was performed by the Lat-6
sensor 40 s later and consisted of an intensity increase of 0.28% (circle C in Figure 4). Just after the increase
in the Lat-6 signal, which is due to an increase in scattered light, a decrease occurs in the same signal which
is caused by the blocking of direct light; in this particular moment the DD is located between the Lat-6 sensor
and the sun. This direct light-blocking is also found in the Top sensor measurements, where we see a minimum
in the signals ~9 s after the last lateral detection (see circle D in Figure 4). Following the detections sequence
described above, Figure 5 shows the rover and RDS sensor orientations during this event, the sun position (263°
with respect to North clockwise), and the possible trajectory of the DD. The information about the rover posi-
tion and orientation as well as the sun location was obtained from the ancillary data of M2020 (also available
at NASA's Planetary Data System). The rover Yaw angle measured from North was 127.84°, hence the RDS
Lat-1 channel was pointing at 118.84° (as this channel points 9° to the left of the rover's longitudinal axis).
The trajectory was derived by assuming a straight line crossing the different Lat sensor detections, along with
the direct light-blocking occurring when all Top sensors have the greatest drop in their corresponding signals.
Despite the clear detections carried out by the different RDS sensors and the consistent DD trajectory, this
event is unusual at first glance due to the pressure measurements. As discussed in previous works, vortices can
be detected by searching for the local drop in pressure expected with the vortex passage (Banfield et al., 2020;
Kahanpdd & Viadez-Moreiras, 2021; R. D. Lorenz, 2013; Ordonez-Etxeberria et al., 2018, 2020). However,
and as shown in Figure 4, the pressure measurements did not show a local pressure drop during this event. A
possible explanation for this lack of PS detection is that the DD was far from the rover; as we will discuss in the
following section, RDS Lat sensors can detect DDs localized at distances as large as 1 km (as long as the DD
covers a significant % of the sensor FOV). The Top sensors are more limited in detecting distant DDs due to
their more upward-pointing FOV, but it is important to note that, because of the low sun elevation of this event,
the blocking of direct light can still occur even if the DD is far from the rover (if this event had not blocked the
direct light then the Top sensors would not have displayed any variations in the signals). Thus, all these factors
explain the detections made by the RDS Lat and Top sensors and the absence of a local minimum in the PS
measurements.
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Figure 4. Analysis of the first dust devil (DD) detection carried out by RDS on sol 21. The DD produced increases of about 2.5, 8, and 7 W m~2 in Lat-8, 7, and 6
sensors, respectively. The decrease observed in Top sensor is due to the block of direct light by the DD.

LAT7

North

LAT3

LAT8

LATI (blind)

Figure 5. Diagram showing the rover and RDS sensors orientations, along
with the possible trajectory of the dust devils shown in Figure 4.

2.3. Simultaneous RDS Detections With Navcam

Jezero crater is an active aeolian location (C. E. Newman et al., 2022) that
has been intensively analyzed by Perseverance's cameras. In particular,
Navcam frequently acquires images of the landscape and horizon (Lemmon
et al., 2022; C. E. Newman et al., 2022) with the objective of studying the
different DL processes taking place in the area. One of the Navcam obser-
vations designed with this objective is the so-called 'dust devil surveys' with
five different pointings that survey the complete horizon around the rover
with three consecutive images acquired at each pointing. On sol 151 at 13:55
LTST, we were fortunate to follow the progression of a DD past the rover in
three of the five image sequences in a Navcam dust devil survey, as well as
tracking this with RDS and other MEDA sensors. Figure 6 A (chronologi-
cal from left to right) shows the three Navcam pointings corresponding with
three consecutive sequences where the DD was detected. The three images of
each sequence are processed, subtracting the stationary parts of the sequence
to emphasize the changing parts (the DD) and then processing the result to
highlight these differences. Finally, each processed picture is merged in a
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Figure 6. On the a panels at top, from left to right, three different sequences (three pictures each, the first of which is shown) for three consecutive RSM clockwise
orientations, captured by NavCam consecutively on sol 151 at 13:55 local true solar time, and with looking toward azimuths of 143.98°, 215.99°, and 288.17° in the
Mars local frame (North—0°, clockwise). The field of view (FOV) of the RDS Lat sensor relevant to each RSM pointing is shown by the circle. The B panel represent
the three pictures of each sequence processed and superimposed to enhance the dust devil (DD) detection: first picture in red, second in green, and third one in blue.
The D panels represent the three DD positions (1, 2, and 3) identified on each sequence, selected to derive the trajectory, velocity, and diameter. The C panels at left
represent the corresponding DD positions in the topographic map, where the black cone represents the camera FOV and the blue shaded area represents the surface in

the line of sight (i.e., visible) to NavCam.

frame (Figure 6 B from left to right), where we can show clearly the passing of the DD over the landscape (first
picture in red, then in green, and final in blue). Then, for each sequence we select a picture where the DD is clear
visible (Figure 6 D, from up to down) that permits us to characterize its properties. By using the M2020 tools
Campaign Analysis Mapping Planning and MMGIS (Calef et al., 2021; Pyrzak et al., 2022) and high-quality
topographic maps (Fergason et al., 2020) represented in Figure 6c, the DD distance and angular position at the
locations 1, 2, and 3 were estimated. By following a procedure similar to that described in Greeley et al. (2006),
the DD was estimated to be approaching from a heading of 120.0° + 3° clockwise from N, with an advection
velocity of 3.70 + 0.08 m/s and 31.4 + 5.2 m.

This Navcam DD survey was covered by MEDA sensors that were operating at its usual 1-Hz sampling frequency.
Figure 7 illustrates the observations made by RDS Lat- 6, 7, and 8 sensors, PS, and the wind sensor. The times
of the corresponding Navcam images shown in Figure 6 are also represented. Here, we see that RDS Lat-8 is
affected by the movement of the RSM during the DD survey, and thus this channel is not considered in the anal-
ysis. The Lat-5 sensor is also not in the analysis as it is always affected by Perseverance's High Gain Antenna
in its parked position. The first RDS detection was carried out by the Lat-7 sensor at the same time as the first
Navcam image. By about 45 s later and between the two first Navcam sequences, Lat-6 displayed an increase in
the signal lasting about 16 s. Therefore, the sequence of RDS Lat detections is consistent with Navcam imaging
of the DD, as well as with the estimated DD trajectory and velocity. Regarding the RDS Top sensors, none of
them with FOVs of +15° at zenith detected the event, indicating that the DD height is lower than the minimum
distance between RDS and the DD divided by tan(15°). Based on the time when the greatest drop in local surface
pressure is measured at the rover, and assuming the DD trajectory shown in Figure 6, we estimate a minimum
distance of ~150 m and thus a DD height smaller than ~560 m (assuming a flat surface between the rover and
DD). The WS observations indicate changes in wind velocity and direction at the time of closest approach, and
the match between the WS and DD inferred wind direction and speed is quite good, despite the large distance
(~150 m) between the DD and MEDA sensors. In summary, this example (and other similar cases) contribute to
better understand the effect of DDs on RDS signals, as well as to derive information on the DD trajectory from a
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Figure 7. Sol 151 multisensor Detection Event.

sequence of Lat sensor detections. In Section 3.3, we analyze different sequences of Lat detections, for which the
DD trajectory was estimated and then compared with the wind sensor observations.

2.4. Radiative Transfer Modeling

In order to study the effect of DDs on RDS signals, we simulated the irradiance measured by the sensors with
RT simulations. Because the DD has a finite size and is located at a particular position, we need to evaluate sepa-
rately its contribution to the total intensity. We performed this calculation in two steps. We first computed with
a RT code the source function (S,) for an atmosphere with only airborne dust (without the DD). This is assumed
to be the background intensity field. Then, we added the DD as a dust layer (with the same optical properties as
the airborne dust) with a height A, and column opacity . Tulal’ and computed the source function for this other
scenario (S,). We then integrated the source function from the surface to the top of the atmosphere using S, or S,
depending on the size of the DD (height and radius), the DD position, and the zenith (0) and azimuth (¢) angles of
observation (a summary of the DD parameters involved in these simulations and in Section 3 is given in Table 1).
Note that the use of S, in a given height is determined by whether or not there is an intersection between the line
of sight from RDS defined by the angles 8 and ¢) and the DD. Integrating the final intensity field over the FOV of
each sensor as detailed in Toledo et al. (2017), we can derive the net effect of the DD on RDS signals. Therefore,
for the RT simulations, we need information about the DD radius, height, opacity, optical properties (assumed to
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Table 1
Summary of the Dust Devil Parameters Involved in the Radiative Transfer Simulations and the Models Described in
Section 3

Parameter Description

Dust devil radius
hpp Dust devil height
T Dust devil opacity along the direct light direction
1) Total dust devil vertical opacity
fpp Number of dust devils crossing the sensor area of detection, expressed in number per units of area and time
Ppb Dust devil frequency of formation, expressed in number per units of area and time
s Maximum distance at which a given RDS sensor can detect a dust devil
Arps RDS sensor area of detection, Arps = 7 - léns
o Dust devil life time
Vbb Dust devil migration velocity
Opp Dust devil migration direction
3 Angle between 6, and the solar azimuth angle

Background dust optical depth

Tdust

be the same as the airborne dust), and location, along with the properties of the background dust. While the DD
height and radius are easy to constrain from observations made by different instruments (e.g., cameras), the range
of possible DD opacities (r?o'?ﬂl) required for our RT simulations is not easy to estimate. However, for the particu-
lar cases in which the DD blocks the direct light but practically does not affect the scattered light received by
the Top sensors (like in the case shown in Figure 4), the DD opacity along the direct light direction (zj,;,) can be
constrained following the procedure described in Appendix A. Once 7, is derived from the observations and
assuming that the dust concentration within the DD does not change with radius or height, we can compute TIT)o?ul
(needed for the RT simulations) using the following equation:

B2, = 0 in(SZA) X 7on )
2- DD

where 1, is the DD radius. This equation comes from the fact that the ratio % should be equal to ’DTD, where
L is the length of the direct light path within the DD (2-r/sin(SZA)). Of the total number of detections, only
in a few cases, we were able to estimate 7, (e.g., for sol 21 we found a 7, ~ 0.1 for SZA = 49°), as in most of
the direct light-blocking events, the DD covered a significant portion of the sensors FOV (and so they were not
far from the rover) and thus affected the scattered light received by the sensors. For the RT simulations of this
section, we made used of the 7, derived for the case on sol 21, but in the following sections we will discuss the
impact of the uncertainties in this parameter on the results presented in this work.

Figure 8 shows, as example, the impact of a DD, expressed in signal variations compared to the case with only
airborne dust (65), localized at different azimuth angles and distances on the Top-8 sensor observations. For these
simulations the dust optical depth, i, and rp,, were fixed to 0.4, 800, and 25 m, respectively. Regarding the sun
position, the sun zenith and azimuth angles were set to SZA = 10° and PHIO = 270°. These simulations show
that depending on the sun and DD azimuth positions and distance RDS-DD, the net effect can be either positive
(68 > 0—DD producing an increase in RDS signal) or negative (6S < 0—DD producing a decrease in RDS
signal). Note also that the sharp decrease at the DD position azimuth of 270° is due to the blocking of direct light
by the DD (DD position azimuth angle = PHIO). We see that as the distance becomes smaller, the variation in
RDS signal becomes stronger and the range of azimuth angles at which oS < 0 is larger. This is due to the fact that
the % of the sensor FOV covered by the DD increases as the distance decreases. As we will show in Section 3.5,
the DD net effect on RDS signals depends also on the sensor spectral range (as a result of the spectral refractive
index of dust particles).

From Figure 8, we also see that for a constant dust-devil-position azimuth angle (x axis), the variation of §S
with distance (d) is not linear (similar results were found for the Lat sensors). The main factor controlling this
dependence of 6S with distance is the % of the sensor FOV (P) that is covered by the DD (which also depends on
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Figure 8. Top-8 signal variation (6S) simulated for different dust devil (DD) distances and azimuth positions. The DD height
and diameter were set to 800 and 50 m, respectively.

the DD dimensions). The analytical equations to compute P from the distance between RDS and DD and the DD
dimensions (A, and rpp) are provided in Appendix B. Figure 9a shows the variation of P with distance (normal-
ized by its value when the DD is at a distance of 50 m) for the Lat sensors and for different DD radii. These curves
can be divided into three segments according to P/P(50 m) variation with distance as follows: (a) a first segment
in which P/P(50 m) remains constant and equal to 1 as d varies and for which the sensor FOV is fully covered
by the DD (the extension of this first segment depends on the DD dimensions); (b) a second segment where the
sensor FOV is fully covered by the DD height (defined by /,,) but not by the DD width (defined by rp,,); and (c)
for the third segment the sensor FOV is not fully covered by either the DD height or width, and it lasts up to the
distance where the DD is fully out of the sensor FOV. For the cases shown in Figure 9a, the third segment starts
at the same distance as a result of the same DD height.

Similar computations but for the Top sensors (see Appendix B) are illustrated in Figure 9b, where we see that
P/P(50 m) goes to 0 at shorter distances compared with the Lat sensors, meaning that the distance over which DD

TOP sensors TOP sensors
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Figure 9. (a) Variation of P (normalized by P at 50 m distance) with distance for Lat sensors computed with Equation B1 for different dust devil (DD) radii. (b) Same
as left panel but for Top sensors (computed with Equation B5). (¢) Comparison between P/P(50 m) for Top sensors and the 5/55(50 m) given in Figure 8. As the
angular transmission of the sensors varies with the zenith angles, the curve P/P(50 m) was weighted by the field of view (according to the area covered by the DD).
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may be detected is much smaller. We also observe that, as a result of the azimuthal symmetry in the sensor FOV,
the P curves are much simpler compared with the Lat sensors. As we will show in Section 3.5, the DD net effect
on RDS signals depends also on the sensor spectral range. In order to estimate the weight of P on 65 (Figure 8),
Figure 9c compares the variation of 4S with distance (normalized to the value at 50 m) with P/P(50 m) (weighted
by the sensor angular transmission). These results indicate that for constant values of the DD properties (e.g.,
height or diameter) the main factor controlling the variation of 6S with distance is the DD projection over the
sensor FOV. As we will discuss in Section 3.3, this result is key for estimating the DD trajectory from a number
of Lat detections.

2.5. RDS Limit of Detection

The simulations discussed in the previous section are key for evaluating each sensor's limit of detection (lyp),
which is defined as the maximum distance at which a DD can be detected by a particular RDS sensor. This can
also be expressed in terms of an area, which for Top channels is given by Ap o =7 - Irps>. From the curves of 58
given in Figure 8, we can define the distance at which the DD does not have an impact on the signal. For given
values of hpyp, Ty, Ty Tho, > and SZA and PHIO, we define Iy, as the distance at which 65 = 0.1%, a value
selected based on the signal noise level and the observed variations in RDS signals caused by DDs. In the case
of the Top sensors, whose FOV covers all the azimuth angles (and so different DD azimuth positions, x-axis of
Figure 8), we define [, as the distance at which 6S > 0.1% for at least the 80% of the azimuth angles. For the
Top-4 and 8 sensors, for instance, we found [y, = 67 and 83 m, respectively, for the same DD properties as in
Figure 8 and SZA = 10°. These values change with SZA, and the variation of [y, with the channel comes from
the wavelength range of that channel and the spectral optical properties of the dust particles (e.g., M. Wolff
et al., 2009). As we will discuss in Section 3.2, the sensor limit of detection (or area) is needed to estimate the DD
frequency of occurrence (number of DDs formed per unit area and time) from RDS observations.

3. Results
3.1. RDS Dust Lifting Detections

Once the DD signatures in RDS signals were studied and characterized using RT simulations and observations
with other instruments, an algorithm was developed to automatically detect the different dust events. This algo-
rithm first fits the RDS observations to a polynomial function to extract from the observations the background
signal (the fits are performed over time windows of about 5 min). After subtracting the background signal at
each temporal window, the algorithm searches for maxima and minima in the signals with at least 3 consecu-
tive samples below or above the level of noise (>30). Although the original algorithm was capable of detecting
signal variations produced by DDs, we also found detection cases that were produced by shadows or movements
of different parts of the rover that directly affected the RDS measurements: the High Gain Antenna, for the
Lat-5 and Lat-4 channels or the RSM, for the Lat-8 and Lat-7 channels. To filter these events in RDS detections
(mostly when the RSM is moving), we developed a 3-D simulator model using Blender (Community, 2018). This
includes a model of the rover with its attitude and position of the different moving parts at any time during the
mission, along with the relative sun position. Thus, for each detection, we studied the possible interferences with
the rover and so discarded the cases that were not produced by DL. Figure 10 a-b shows histograms of all RDS
detections per day as a function of sol and the diurnal variation over the first 365 sols (Ly = 6°-182°), employ-
ing the RDS algorithm described above. For this statistic, a DD with multiple detections (e.g., a DD crossing
3 different Lat sensors) is counted as one event. Although the diurnal variation of detections is similar to that
found for vortices (Hueso et al., 2022), some of them might have not been caused by DDs; for example, a dust
cloud that is crossing the Top sensors FOV. For this reason, the detections shown in Figures 10a and 10b were
classified into two groups. The first group, called DL, consists of the events that included the following: (a) one
or more RDS detections and a local pressure drop caused by a vortex (Hueso et al., 2022) and (b) two or more
RDS detections including at least one Lat sensors and for which the PS did not show a drop. The events with
simultaneous Lat detections, which are also included in this group, are likely DL produced by wind gusts. Indeed,
DL driven by wind gusts can cover a much larger area than most DDs and may be seen in multiple Lat channels at
once, whereas DDs are typically only seen by one Lat channel at a time. Therefore, DL includes any kind of DL
events, including those produce by DD or by wind gusts. The condition of counting only the cases with at least
one Lat detection comes from the fact that these sensors are pointing 20° above the horizon, and so any local DL
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Figure 10. Histogram of the number of detections (a and b), dust lifting (c and d), and DDs (e and f) performed by RDS. Left panels (a, c, and e) represent the number
of cases per sol and right panels (b, d, and f) represent the diurnal variation for the first 356 sols of the mission.

detected by a Top sensor should in principle be registered by at least one of these sensors. The histograms for the
DL cases are displayed in Figures 10c and 10d (a total of 426 cases for the full period), which indicate a slightly
lower number of cases and a similar diurnal variation (Figure 10d).

The second group of detections, called DD events, represents the cases that are confirmed to be produced by
a DD (a total of 374 for the full period); RDS detections including a local pressure drop or sequences of Lat
and Top detections that are consistent with the presence of a DD (see examples shown in Figures 4 and 7).
To classify an event as a DD without a pressure drop, a minimum of two Lat detections are required, and the
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Figure 11. Map showing the rover traverse and the locations of the different

dust devil detections (normalized by the number of days the rover remained at
each location). The yellow and green circles (radii proportional to the number
of cases) show the detections carried out by RDS-Top sensors, while the green

sequence of detections should be consistent with the DD trajectories that will
be discussed in Section 3.3. Similar to DL cases, the DD detection peaks at
noon (Figures 10e and 10f), with the period between 1200 and 1400 LTST
accounting for about the 50% of the total number of cases. Before 10:00
LTST and after 1700 LTST, we found almost no DD activity with just 2
cases out of 370. A table reporting the date and time of each DD detection is
provided as supplementary material.

We observe a notable increase in the number of detections in the period
between sol 310 and 316, which corresponds to the time when a regional dust
storm was actively raising dust in the area containing Jezero crater (Lemmon
et al., 2022). Figure 11 displays a map of the rover traverse for the first 365
sols of the Mars 2020 mission, as well as the location of the different DL
events detected by RDS-Top (yellow circles) and Lat (green arrows) sensors.
The circle and arrow extension is proportional to the number of cases. Here,
we see some clusterings in the detections at the lower part of the map as
well as at the top right, indicating possible changes in the surface proper-
ties, including potentially the surface roughness, thermal inertia or albedo,
or grain size distribution. In the next section, the DD frequency of formation
will be estimated and the possible changes as a result of the surface or winds
will be discussed.

3.2. Dust Devil Frequency of Occurrence Derived From the Top
Sensors

From the results given in Section 3.1 and the RDS limit of detection
(Section 2.5), we can derive the number of DDs detected per unit of area and
time for each sensor (). However, it is important to note that nj,;, does not
represent the number of DDs that are formed per unit of area and time (or
DD frequency of formation). This results from the fact that not all the DDs
detected by RDS are necessarily formed within the sensor area of detection

arrows represents the detections by RDS-Lat sensors (length proportional to Agps- Indeed, in some cases DDs formed away from the instrument can be
the number of detections) and the Lat pointing direction of the first detection. advected into Ay, and thus be detected by RDS despite not forming in that

Arrows length were multiplied by a factor 3.6 to facilitate the visualization.

area. The number of such cases depends on the DD speed (vp), trajectory,
and lifetime (#,,) (R. Lorenz, 2013). In addition to these cases, a DD detec-
tion can also occur when the DD is outside Ay (they are not close enough to
produce a 8S > 0.1% in the scattered intensity received by the sensor) but is high enough to block the Sun's direct
light (definition of Ay in Section 2.5). Note that only the sensors receiving the Sun's direct light can detect these
events (e.g., Top sensors). In order to study the impact of all these parameters on RDS detections and the relation
between np, and DD frequency of formation (referred as pp, thereafter), we performed a number of numerical
simulations. In these simulations, we start with an a priori p,, value, and a number of DDs are formed randomly
whose initial coordinates are given by the following equations:

o _ )
within an area A, =7 - d;,,,

X = dmax X /F X cos(©) 2)
Y = dmax X \/r X sin(©) 3)

where r and @ are uniformly distributed variables r € [0,1] and ® € [0,27] and d,,, is the maximum distance at
which a DD can be formed in the model (referred as MC model thereafter). Note that the square root of r is used
in Equations 2 and 3 in order to have the same number of points (or generated DD) per unit of area. Once a DD
is generated, it travels a distance d = vy, - I, assuming a straight line. In the model each DD has associated
the DD parameters Ay, 1y, Inps Vpp, and trajectory. A detection is accounted if the DD crosses the effective
area of the sensor or if along its trajectory it blocks the direct light (A, > distance/tan(SZA°) and DD azimuth
angle = PHIO) for a distance greater than [,,;. See Appendix C for a complete description of the model.

For the estimation of pp,, we will assume the DD advection velocity and direction can be approximated with
the wind sensor observations (Rodriguez-Manfredi et al., 2021). For this reason, only the detections performed
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100 -

DD detections (km~2 hour™!)
=

by the Top sensors will be used in this analysis as Lat sensors can detect DD
found at longer distances for which the WS measurements may not be repre-
sentative. Figure 12 shows the variation of ny, with vy for the Top-4 and
Top-8 sensors, computed with the MC model and using a DD frequency of
formation of pp; = 3.6 km=2 hr~!. The DD height, radius, and lifetime were
fixed to 800 m, 25 m, and 4 min, respectively. These results show that as the
advection velocity increases, the differences between the DD frequency of
formation (dashed line) and the number of detections become larger. Note
also that the number of detections by the two sensors is different as a result of

o— TOP-8 J the different limits of detection (see Section 2.5). Similar results were found
—5— TOP-4 when the DD lifetime is increased and, as this parameter is unknown, for the
— — ppp=3.6 km? hour! following simulations it is assumed the expression 7, = 0.66 X (2 Xrp;)%%6

derived in R. Lorenz (2013) using data from Earth and Mars. Regarding the
direct light-blocking events, the number of cases mainly depends on A, the
SZA, and the angle between PHIO and the DD trajectory (). Therefore, the

10 15 procedure to estimate pp, relies on using these simulations to establish the

DD velocity (m secfl) DD frequency of formation which provides the observed number of detec-

tions. If we assume the DD advection velocity and direction can be approx-

Figure 12. Variation of the number of DDs detected per unit of area and imated with the WS observations, then our problem is reduced to two free

time simulated for TOP-4 and TOP-8 sensors, using a dust devil frequency of
formation of ppp = 3.6 km= hr=!.

vXtpp

parameters: the DD height and diameter. As information on these two param-
eters from RDS observations is limited, we will test different values of them
and the variations in p will be included in the errors.

The main problem of using MC to compute pp, is the number of computations required for all the different
conditions in which the DD detections occurred (e.g., wind conditions, PHIO, or SZA). However, another way to
compute ppp, is to estimate the increase in the effective area of the sensor due to winds, the direct light-blocking
events, and the DD lifetime. Accounting for these effects, the new effective area of the sensor (compared with
7 - Irps?) is given by the following equation:

AA=r- léDS +vpp - top - Ci + lrps + C> - Upp - tDD - tg(SZA) - hpp - sin(é) (4)

where C, =1 and C, = 1 for tan(SZA) * hpp > fli—‘()()*) or C;, =2 and C, = 0 in the other cases. The three terms on
the right side of Equation 4 represent the sensor effective area, the wind advection area (R. Lorenz, 2013), and
the area due to the direct light-blocking cases (see Figure 13). Figure 14 shows the variation of DD detections
per hour with velocity for Top-4 and Top-5 sensors computed with MC and
Equation 4 and for the same conditions as in Figure 12. This comparison
shows that both approaches provide similar results, and thus for the esti-

mation of pp;,, we will make use of Equation 4. For each RDS Top-4 and

hpp Xtan(SZA)

Top-8 DD detection, the effective area is computed with Equation 4 using

the wind velocity and direction measured by the WS and the corresponding

% solar angles. In cases for which no wind data are available during the detec-

tion time, the average values around that time are used. For the computation

of Iypg, We assumed a dust opacity of 0.4 and different combinations of Ay,

and rp, values, as these parameters are unknown. Therefore, for a given time
period At the DD frequency of formation is computed as follows:

(Quisx 993xa

N/
lRDS

<]

Sun 1 v 1

pop = = 1 AA )

where 7 is the number of DDs detected by the sensor in At, and AA, is the

Figure 13. Diagram showing the different effective areas for the Top sensors,  effective area of the sensor (computed using Equation 4) for the particular
resulting from (a) DDs formed within /g (in green); (b) DDs formed at conditions when the detection occurred. The DD frequency of formation was

distances greater than /¢ but that are advected into the RDS effective area
by the winds (in gray); and (c) the DDs that block the direct light and thus are
detected by RDS (in orange). The total effective area is given by the sum of

derived for each MEDA block of measurements available (Figure 3) using
the detections performed by the Top-4 and Top-8 sensors. Figure 15 shows

these three areas and removing the overlap between areas B and C. the daily average (from 10:00 to 17:00 LTST) and diurnal variation of pp,
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DD detections per hour

computed for the first 365 sols. The errors were computed based on the uncer-
tainties in 7, App, fhp, and r’T)o'?ul and their impact on p, (see Appendix D
for more details). Note that although /¢ depends also on the dust opacity
(and in most of the cases it is different to 0.4) because Top sensors detect
DDs that are found at not very long distances, the impact of this parameter is
negligible compared with the errors caused by the uncertainties in ryp, iy,
and 7. In Figure 15, we can see that both sensors provide similar results for
the seasonal variations of pp,, namely an increase in the DD activity with
sol number or as we move from spring in to summer (where summer begins
at Ls = 90°). These results are consistent with previous studies (e.g., M. R.

—— TOP-4 Derived from Eq.11 Balme et al., 2003; Cantor et al., 2006) that found the peak in DD activity
——— TOP-8 Derived from Eq.11

TOP-4 Derived f; MC . . .
: TOP-4 DEEZZ d fizz MC cale atmospheric model and the Renné et al. (1998) thermodynamic theory

during local summer. C. Newman et al. (2021) used the output from a mesos-

of DD to predict a dust devil activity (DDA) (a measure of the amount of

2 4 6

DD velocity (m sec™!)

Figure 14. Variation of dust devil (DD) detections per hour with wind
velocity for the Top-4 and Top-8 sensors computed using MC model and

8 10 12 14 energy that can be harnessed by convective vortices) and predicted a peak in
the daily maximum DDA at the landing site location during the mid-to-late
summer, which is also in agreement with the results displayed in Figure 15.
Note, however, that the rover has visited different regions (Figure 11) with

Equation 4 and using the same DD frequency of formation as in Figure 12. apparent changes in the surface properties, which may also have an impact on

the observed DD activity variations along the sols.

Regarding the diurnal variation, we observe the highest DD frequency of formation between 12:00 and 13:00
LTST with values of ~0.83 DD per km? per hour, which is at least ~4 times larger than the frequency of formation
found after 14:00 LTST. This period (between 12:00 and 13:00 LTST) follows the peak in solar insolation at local
noon and is when the convective heat flux and lower planetary boundary later IR heating are both predicted to
peak in Jezero crater (see Figure 16). On the other hand, the lower frequencies are observed at times after 16:00
LTST or before 11:00 LTST, with values below 0.13 DD per km? per hour. The time of maximum DD frequency
is coincident with that of the vortex activity derived in Jackson (2022), C. E. Newman et al. (2022), and Hueso
et al. (2022) from observations made by MEDA PS. However, while Figure 15 shows a notable decrease in ppp,
after 14:00 LTST, the vortex encounters reported in Jackson (2022) do not indicate a significant decrease after
that time. This suggests that the decrease in pp, observed after 14:00 LTST is not due to a decline in the vortex
activity but is rather due to the number of vortices capable of lifting dust. We also studied the diurnal variation of
Ppp but for periods of 60 sols (instead of for the 365 sols), and similar results were found; a maximum between
12:00 and 13:00 LTST, and no more peaks after this period or before noon. From these results, we derive a DD
frequency of formation at Jezero between 1.3 and 3.4 DD per km? and sol. These results are in agreement with
the DD frequency of between 2.0 and 3.0 DD per km? and sol derived in Hueso et al. (2022) from an independent
estimation.

3.3. Dust Devil Trajectory Analysis

Dust Devil size and trajectory characterization has previously been studied using in situ observations. Typi-
cally, those studies have been performed using cameras (e.g., Ferri et al., 2003; Greeley et al., 2006; Metzger
et al., 2000; Moores et al., 2015), pressure sensors (e.g., Kahanpéi et al., 2016), or a combination of meteoro-
logical sensors (e.g., Kahanpdid & Vitdez-Moreiras, 2021; R. D. Lorenz, 2016). In this section, we investigate
the possibility for estimating information on the DD properties (e.g., diameter and trajectory) when a sequence
of RDS detections occur for the same event. To this end, a model that computes the expected signal variations
when a DD crosses the FOV of different RDS sensors was developed. Because of the large simulation time that
would be required, this model does not make use of RT simulations. As demonstrated in Section 2.4, most of the
RDS signal variations produced by a DD comes from the changes in the DD projection over the sensor FOV (see
Equations B1-B5 and Figure 9). Therefore, for a given DD velocity, trajectory, and diameter we can make use of
the results discussed in Section 2.4 to compute the expected signal variations.

For each detection performed by any of the Lat sensors, the model first searches for the times when the detection
starts (7,), finishes (1) and reaches the signal maximum (7). These times are assumed to be the moments when
(a) the DD enters the sensor FOV; (b) the DD leaves the sensor FOV; and (c) the DD is at the center of the sensor
FOV (maximum of transmission). With respect to the Top sensor detections, if any, we only study the cases when
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Figure 15. (a) Seasonal variation of the dust devils (DDs) frequency of formation (pp,p,) calculated by applying Equations 4 and 5 to the DD detection cases shown in
Figure 10 (using only the Top-4 and Top-8 detections). Errors, which are represented by the shaded areas, were computed using the procedure described in Appendix D.
(b) Diurnal variation of the DD frequency of formation for the whole 365-sols period.
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Figure 16. Diurnal variation of sensible heat flux and lower planetary boundary later IR heating predicted for the Mars 2020
(black), InSight (blue), Spirit (green), and Opportunity (red) landing sites and Ls = 90°. These simulations were performed
using the model described in C. E. Newman et al. (2019) and C. Newman et al. (2021).
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Figure 17. Contours of y? in the 6j,,-vy, space (left panel), 6,,-rpyp, space (central panel), and vy -y, space (right panel) for the solution rpy = 15.75 m, vy, = 3.5 m/s,
and 6, = 122°. The white area of left panel indicates the combinations of 8,,-vy,, that are not valid for r,, = 15.75 m.

a direct light-blocking is registered (similar to that shown in Figure 4). In the direct light-blocking cases, the DD
azimuth angle is the same as PHIO at the time of the Top sensor detection. Note that all these times depend on
the DD diameter, advection velocity, and trajectory. Therefore, all these DD properties are considered as free
parameters in the model. For the intersection times between the DD and the sensor FOV, we assume that the DD
is a perfect cylinder with a constant diameter.

The trajectory is assumed to be a straight line, whose parameters are the angle clockwise with respect to the north
and the distance from the DD to the rover. Although for some cases a straight line may not represent the real DD
trajectory, a more complex curve would result in an increase in the number of model free parameters and thus a
high degree of degeneracy in our best fit solutions. In order to better constrain the DD properties, the model also
uses the PS detections; the time of the pressure local minimum occurs at the moment of closest approach between
the rover and the DD. Once the sequence of time detections is provided for a given event, then the model searches
for the DD trajectory, velocity, and diameter that minimizes the y2 function defined as follows:

2
Xz(rDD, Upp, distance) _ E'; (ti* — ti)

NTotal HTotal

1
2 2 (6)
(t:+1 - t“"'l) + (t:+2 - t“"'z) +F
NTotal ) NTotal ;

where ¢, and ¢t} represent the measured and simulated times of (a) the n Lat sensor detections (first term on the
right-hand side); (b) the direct light-blocking produced by the DD (second term on the right-hand side), if any;
and (c) the closest approach between the DD and the rover (third term on the right-hand side) established from
the local pressure drop. Note that for each Lat detection three different times are fitted with the model (¢, 7,
and £.3)). The last term on the right-hand side of Equation 6 (F) is a penalty function that takes a value of 9,000 s
for the solutions which are not compatible with the observations (i.e., a simulated detection which is not observed
by RDS), and 7, is the total of times to fit. If the event does not include a direct light-blocking, then 7, ,, = 0.

+

The DD detected on sol 151 shown in Figure 7 was analyzed with this model, accounting for the two Lat
detections and the local pressure drop. A number of combinations of vy, 7, and DD direction (0y,,) were
used to compute the times 7 of Equation 6 and then the values of y* were studied. We found that while 6, is
well constrained in this analysis, the parameters vy, and ry, are correlated, and then there is a degeneracy in
the solution space. Figure 17 displays, as example, contour plots of Equation 6 in the 0p,-vy,p, Opp-7pp, and
Vpp-Tpp Spaces for the case of sol 151 and for r,, = 15.75 m (left panel), v, = 3.5 m/s (central panel), and
Opp = 122° (right panel), which is one of the combinations that minimizes y2. Here, we see that optimum

TOLEDO ET AL.

17 of 31

85UB017 SUOWIWOD dATeR1D) 3ol dde aup Aq peusenob afe sajolie YO ‘@SN JO S8|nJ 0} A%Iq1T8UIUO /8|1 UO (SUO 1 PUOD-PUR-SLUIBYW0D A8 |1 Afe.d 1 |Bu JUo//SdnY) SUORIPUOD PUe swia | 8y} 88s *[£202/60/60] Uo AriqiTauliuo A8|Im ‘(-ouleAnde) aqnopesy Aq #612003r2202/620T 0T/I0p/ w00 A8 |mAReiq1putjuosqndnfe;/sduy wo. pepeojumoq ‘T ‘€202 ‘00T669TZ



~1

A\-"Ul Journal of Geophysical Research: Planets 10.1029/2022JE007494

AND SPACE SCIENCE
Table 2
Comparison Between Dust Devils Migration Direction and Surface Wind Direction for Different Cases

Avg. DD trajectory deviation DD diameter
background Avg. background DD respect to wind direction  from background

Sol SCLK LTST velocity (m/s) direction trajectory DD diameter (m) (min, max) velocity (m)
39 670412297 14:43:05 6.6 +2.0 97.8°+10.0° 104°+1° dpy=1.24- vy, + 1.22 R?=0.81 [0°-17.2°] 94+25
127 678211562 11:42:09 48+1.8 89.4° +13.0° 92°+1°  dpp =2.00 - v + 5.00 R? = 0.49 [0°-16.6°] 14.6 +3.6
151 680350036 13:55:20 6.4+2.0 123.0° £ 12.6°  122° £ 1° dp; =8.88 - v + 0.06 R* = 0.99 [0°-14.6°] 56.9 +17.8
158 680968291 13:05:17 72+0.9 117.6° +7.6° 120° + 2° dpp =452 - vp, R*=0.99 [0°-12.0°] 325+4.1
178 682741651 12:34:10 54+17 153.5°£16.2°  163°+1° dpp=1.50 - vpp + 0.50 R2 = 0.75 [0°-26.7°] 8.6+2.6
208 685406867 13:10:31 47 +2.1 117.7° + 47.8° 75° £ 1°  dpp =728 - vpp + 0.10 R? = 0.99 [0°-91.5°] 343+ 153
241 688336509 13:16:15 54+23 72.7° +£43.1°  100° +1°  dpp=9.10 - v + 0.86 R? = 0.87 [0°-71.4°] 50.0 +20.9
271 690993849  11:44:59 34+15 94.9° + 68.9° 90° +2°  dp, =0.34 - vpp + 0.10 R = 0.95 [0°-75.8°] 1.3+0.5
283 692059639 11:54:54 43+25 132.2° £60.0°  115°£3° dp, =558 vpp + 5.52 R2=0.85 [0°-80.2°] 29.4 + 14.0
312 694630823 11:06:23 2,7 42 119 224.8° +67.5°  215°+2° dy; =590 vy, + 1.26 R =0.90 [0°=79.3°] 172 £ 11.2

Note. The relationship between the DD diameter and advection velocity is also given, based on the solution space of Equation 6, and from the wind velocity measurements,
an estimation of the DD diameter is given. In the latter calculation, it is assumed that the DD is advected at the wind velocity.

solutions of 8, are found for a narrow range of angles and also that r and v, are linearly correlated (right
panel). The straight line given by r,, = 4.44 - v, + 0.027 provides the rp,-vy,, combinations that minimizes
x> for Oy, = 122°.

This solution is in agreement with the analysis of Figure 6 for which we derived a DD trajectory of 120° + 3° and
Vpp-Tpp Values of 3.7 + 0.08 m s~! and 15.7 & 2.6 m that lie within the derived straight line. By comparing these
results with Figure 7, we see that the DD trajectory is similar to the wind direction and velocity measurements
seconds after the maximum approach. Therefore, this analysis shows that from a sequence of Lat detections, we
can estimate the trajectory of the DD and the relationship between the DD radius and advection velocity and
then compare them with the wind measurements. A similar analysis was performed for a number of different DD
detection cases, whose results are summarized in Table 2. These results show that in general the DD migration
direction and surface wind direction are in agreement (to ~+10°). In all the cases the DD diameter and advection
velocities were linearly correlated, and so they could not be estimated from RDS observations alone. Because of
the correlation between these parameters, only a straight-line relationship was given for each case (along with the
coefficient of determination obtained).

3.4. Dust Devil Diameter, Lifetime, and Height Characterization

Quantifying the DD contribution to the Martian dust budget requires that we estimate not only DD frequency
of occurrence but also the dimensions and lifetime of each event. However, information on DD sizes from RDS
observations is very limited. Only in a few cases, for which wind measurements are available, can the DD diam-
eter and height be constrained. As discussed in Section 3.2, a number of the detections shown in Figure 10
correspond to scenarios for which the sun direct light was blocked by the DD. In these particular cases, the
detection is characterized by a steep drop in the signal (see next section) whose duration depends on the DD
diameter, the advection velocity, and the angle between the DD trajectory and the solar azimuth (Kahanpéid &
Vitdez-Moreiras, 2021). If we approximate the DD advection speed and direction based on simultaneous wind
sensor data, then we have the following equation:

rop = vpp - At* - sin(6) @

2
where, as in Equation 4, § represents the angle between the DD trajectory and PHIO. Of the statistics illustrated
in Figure 10, only a few % of the cases presented direct light-blocking, whose analysis provided the DD diame-
ters given in Figure 18 (blue lines) and Table 3. The 5 min average of the wind velocity and direction was used
in Equation 7, and the standard deviations of these parameters were employed to compute the errors. In most of
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Figure 18. Dust devil diameters estimated using Equation 7 for the direct light-blocking cases. For comparison purposes, the
figure also shows the diameters using the pressure sensor observations.
Table 3
Dust Devil Diameters Estimated Using Equation 7 for the Direct Light-Blocking Cases
Sol SCLK DD diameter (m)  Sol SCLK DD diameter (m)  Sol SCLK DD diameter (m)
37 670232977 23.1+16.2 128 678302747 36.2 +25.0 237 687975280 56.7 +26.3
39 670412344 37.4 +£372 131 678567469 41.1 +23.8 242 688426062 23.0£19.1
44 670846889 237 2 227 135 678923082 347 £ 18.5 246 688777425 289 +19.3
45 670933103 26.3 +£25.6 141 679453063 7.4 +6.1 255 689581269 27.6 +14.2
48 671207441 5.6+55 143 679631617 27.1 +£26.1 265 690461977 39.0£253
55 671824637 41.6 +41.0 151 680342956 11.5+11.5 265 690467979 31.8£29.8
57 671995983 22.6 +20.5 153 680525575 17.4 +12.8 280 691799191 24.6 +23.7
57 672002166 10.4 +8.5 161 681235202 354 +249 284 692143596 153 £ 145
62 672444830 42.0+41.3 161 681237808 199 £ 19.6 284 692153092 28.6 +£26.7
71 673245882 37.4+£239 166 681678408 25.8 +£10.5 293 692953281 18.4 +17.8
81 674133320 30.3 +£29.9 167 681768311 23.0+ 124 305 694018848 30.8 +29.5
82 674218888 21157 4= 2113 174 682380468 14.6 £ 12.1 311 694546430 35.6 +£21.5
89 674843562 30.5 +£29.8 177 682649434 18.4 + 18.4 327 695969394 23.4+22.8
89 674850856 18.8 +17.4 179 682824016 18.0 + 12.2 330 696228563 14.4 +13.7
99 675732309 81.0 £75.7 195 684247546 323 +31.8 333 696499462 23.0+224
110 676713166 14.5 + 13.7 198 684517058 423 +24.0 337 696861425 21.4 +20.8
111 676798569 257 +22.5 208 685406019 24.0 +£23.5 348 697826179 10.7 £ 10.5
111 676799961 25.1+23.0 208 685406923 19.7 +16.3 360 698891309 182+174
114 677055259 20.9 +20.5 211 685668823 259 +18.9 365 699331347 23.6 +£23.5
114 677067864 32.3 +28.0 213 685853656 132.2 + 63.5 - - -
119 677501518 46.7+25.9 215 686017624 50.7 £243 - - -
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these cases, DD diameters were smaller than 60 m and with no particular seasonal trend (information is limited
by the errors), and on average we found dp,, = 29 m (or a median diameter of 25 m). The maximum diameter for
these cases is found for sol 213 with dp, = 132 + 63.4 m, while the minimum diameter was reported on sol 48
with d, = 5.6 + 5.5 m. These numbers are also in agreement with those given in Hueso et al. (2022) which are
based on Monte-Carlo modeling pressure and wind data of vortices including the large event on sol 213.

For comparison purposes, the DD diameter was also estimated from MEDA PS measurements and the vortex
model described in R. D. Lorenz (2016) (red dashed lines in Figure 18). To simplify the calculations only the
pressure observations were used to constrain dp,p, and for this reason only an upper limit of dj,;, was estimated (red
dashed lines in Figure 18). Although in some cases the DD diameter is poorly constrained, we see that in general
both diameter estimations are in agreement (only for two cases out of 60, do the two approaches provide different
dpp)- If we assume the DD timelife can be approximated as #,y, = 0.66xX (2 X 1) %% (R. Lorenz, 2013), then from
the results in Figure 18 we find an average #;,, of ~6 min.

Information on the DD height can also be estimated from the time duration of the Top sensor detections. Given a
DD at a given distance d from RDS and excluding the direct light-blocking cases, a Top sensor detection occurs
only if the DD height is greater than d/tan(15°) (otherwise there is no intersection between the sensor FOV and
the DD). If we assume the DD crosses the sensor FOV through the center (or at a zenith angle of the sensor FOV
of 0°), then the DD height is given by the following equation:

_ UpD * At
~ 2 -tan(15°)

hpp ®)
where At is the detection time duration (see diagram in the right panel of Figure B3 and in the upper panel of
Figure 19). In most of the cases, however, the DD does not cross the sensor FOV (whose projection over a x-y
plane is a circle as shown in the upper panel of Figure 19) through the center, and thus Equation 8 does not repre-
sent the real height of the DD. Taking into the account the fact that the longest straight line inside a circle is the
one that intercepts the center, we find that for a given v, - Az value, Equation 8 represents the minimum DD
height. Indeed, if the DD does not cross the sensor FOV through the center, then the intersection between the DD
and the FOV should occur at a greater height (see top panel of Figure 19). Note that for this analysis we are only
considering the Top sensors with a FOV of +15° at zenith, and so the TOP-7 sensor is excluded. The Top panel
of Figure 19 shows the minimum heights estimated for Top sensors observations for the first 365 sols. Overall,
the mean minimum height is found to be ~231 m and for about 16% of the cases min(/,,) > 400 m. This analysis
also indicates higher min(h,,) during the period between sol 125 and sol 225, a result that may be related to the
variation of the boundary layer height, which may in turn be related to the circulation in the specific Ls range or
the properties of the surface over which the rover traveled in those sols.

3.5. Dust Devil Effect on Irradiance Observations

The effect of DDs on the irradiance levels measured by RDS was studied for the DD detections shown in the lower
panel of Figure 10. We observed that, depending on the event and the sensor wavelength, the net effect of DD on
the irradiance measurements can be positive or negative. To quantify the variations in the irradiance produced by
the DD, we selected for each event a time window At centered at the minimum or maximum of the signal change
(see Figure 20a). The extension of At is established such that 80% of the observations in that time window are
outside the 3¢ level (3 times the signal standard deviation) outside the minimum or maximum. To estimate the
irradiance values across the period covered by At that would have been experienced in the absence of the DD,
we fitted the RDS signal to a polynomial function but using only the observations outside At (Figure 20b). This
fitted signal represents the irradiance for the case without the DD, and thus by integrating both the fitted signal
and the observed signal over Az (giving the integrated irradiance over time, IIOT, for both the cases without and
with a DD), we can estimate the net radiative impact of the DD at the rover location. Figure 20c compares the
areas obtained for the cases with (in blue) and without (in red) a DD, and for which the DD net effect was found
to be —22 J m~2 or —2% of the integrated irradiance (calculated with respect to the case without DD).

A similar analysis was performed for all the detection cases involving the Top-7 sensor (190-1,200 nm), whose
results are illustrated in Figure 21. Here, we see that in UV wavelengths all DD events resulted in a decrease in
TIOT (with respect to the case without a DD) with average drops of —0.438%, —0.622%, and —0.620% for the
Top-1, Top-2, and Top-3 sensors, respectively. On the contrary, the events registered by Top-8 displayed both
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Figure 19. (a) Diagram showing two intersection heights between the Top sensor field of view (FOV) and a dust devil (DD).
If the DD crosses the Top sensor FOV through the center, then the DD height is given by Equation 8. If the DD does not cross
the Top sensor FOV through the center, then the DD height should be greater than that given by Equation 8. Indeed, if the
DD height was lower than the height from Equation 8, then the length v, - A7 would be greater than the diameter of the FOV
projection over the x-y plane at the DD height, which is not possible. (b) Minimum DD heights estimated using Equation 8.
As in the previous analyses the DD advection velocity and trajectory was approximated using the wind sensors measurements.

positive and negative variations in the integrated irradiance, depending on the DD and sun angular positions; from
the simulations discussed in Section 2.4, we inferred that DDs affecting the forward scattering had a negative
impact on the observations, while those affecting the backward scattering resulted in increases in the irradiance.
On average, we find a reduction in IIOT value (with respect to the case without a DD) of —0.268% for Top-8, the
absolute magnitude of which is smaller than that at UV ranges due to the different dust scattering properties. The
main reason why in the UV the DD only produced decreases in the irradiance observations comes from the fact
that dust particles are very absorbing at UV wavelengths (M. Wolff et al., 2009; M. J. Wolff et al., 2010), and so
most of the light received by these sensors comes from the direct light or the light scattered at small scattering
angles. Therefore, the detection carried out by UV sensors corresponds to direct light-blocking events or DD
mostly affecting the forward scattering. On the contrary, at visible or near IR wavelengths, dust particles are much
less absorbing (or much brighter), and thus the contribution of the scattered light at different angles to the total
irradiance measured by these sensors is much greater compared with the UV sensors. Therefore, the detections
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Figure 20. (a) RDS signal drop of about 24 s produced by the presence of a dust devil (DD). The sharp decrease can be produced by the blocking of the direct or
scattered light. (b) Selection of RDS observations affected by the DD through the standard deviation (o). (c) Comparison between areas (W) for the cases with and

without the DD.

by these sensors can occur at both forward and backward scattering, and thus explains the lower number of detec-
tions registered by the UV sensors compared to the visible or near-IR sensors. Regarding the TOP-7 sensor, we
found in most of the cases negative variations in IIOT with values ~—0.659% in average but with drops of up to
~—10% when the DD blocked the direct light.

In general, Figure 20 does not show a particular seasonal variation in the DD impact on the irradiance measure-
ments. As the RDS signal drop depends on the DD dimensions, these results indicate that on average the char-
acteristics of DD sizes are similar across the 365 sols. This is also consistent with the results given in Figure 18,
which do not show a strong seasonal variation in dj,;,. The intensity of the drops depends also on the duration of
the detection, which can last from a few seconds to more than 2 min (see left panel of Figure 22). The events with
longer durations are those for which the DD passed near the rover with low advection velocities and crossing all
the sensor area of detection. The right panel of Figure 22 shows the correlation between the time duration of the
events and the intensity of the reduction in IIOT (expressed in %). Here, we see that in general the events with
longer durations presents greater drops. However, the higher drops do not correspond to the longest events (nor to
the case with the largest DD diameter). Therefore, these results suggest that the magnitude of the different inte-
grated irradiance variations depend also on other DD parameters such as the DD opacity or the distance RDS-DD.

4. Discussion and Conclusions

The MEDA instrument onboard Mars 2020 Perseverance rover has collected a unique set of in situ meteorolog-
ical data from Jezero crater (C. E. Newman et al., 2022) and with this data set, in particular using MEDA-RDS
observations, DL events such as DDs were studied for the first 365 sols of the mission (half a martian year). A
principal advantage of using the MEDA-RDS data set for this study is its sampling frequency (1 Hz) and temporal
coverage (see Figure 3), which allowed us to study the DD properties encompassing the full diurnal period. The
period between 12:00 and 13:00 was when the maximum of detections occurred, with no other maxima found.
Among all RDS detections, ~70% of the cases were classified as DL events (including any DL event occurring on
the surface) and ~61% as DDs. For the remaining 30% of the detections, we were not able to establish the cause
of the RDS signals variations.

For the whole 365-sol period, we found a DD frequency of formation between 1.3 and 3.4 DD km~2 sol !, with a
slight increase as a function of sol number. The DD frequency of formation at Jezero seems to lie between the values
found at the Pathfinder and Spirit landing sites. From images made by Spirit's cameras, Greeley et al. (2006) and
Greeley et al. (2010) derived frequencies of 51 DDs km~2 sol~! for Season One (Ls = 173°-340°, local spring and
summer), 11 DDs km~2 sol~! for Season Two (Ls = 181°-267°, local spring), and 20 DDs km~2 sol~! for Season
Three (Ls = 189°-355°, local spring and summer), values much greater than the DD frequency at Jezero derived
in this work. Regarding the DD diameters, Greeley et al. (2010) reported median diameters of 19 m in season
one, 24 m in season two, and 39 m in season three, values that are similar to those derived in Section 3.4. For the
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Figure 21. Dust lifting radiative impact on RDS-Top measurements for the cases shown in Figure 10. Left axis represents the
reductions in IIOT with respect to the case without a dust devil in J m~2, while right axis in %.
Pathfinder landing site (PLS), however, a DD frequency of 0.5 DDs km~2 sol~!(Ferri et al., 2003; Waller, 2011)
was found for a period of 83 sols during the local spring and summer seasons. Although this pp, is about 5 times
smaller than the range derived in this work, Ferri et al. (2003) reported average DD diameters of ~200 m, about
7 times larger than that obtained from the analysis of Section 3.4. For an average DD dust flux F (amount of dust
raised by a DD per unit area per time) and z,, = 0.66 - (2 - rpp)*%, the total amount of dust lifted by the DDs
TOLEDO ET AL. 23 of 31
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Figure 22. Histogram of the event durations (left panel) and correlation between the duration of the Top-7 drops and the
integrated irradiance over the time (reduction in IIOT expressed in %).

formed in an area A and a time period T is of the order of ppp - A - T - F - nféD -0.66 - (2 - Tpp )0'66, where the prod-

uct of the first three terms expresses the total number of DDs and the product of the rest of the terms expresses the
amount of dust lifted per DD (in units of mass). If we assume the same average DD dust flux at the two locations
(e.g., we use the mean value of 2.10~ kg m~2 s~! derived in Greeley et al. (2006) for Gusev crater), then the ratio

- 266
between the dust raised by DDs at PLS and Jezero is of the order of 22X ol < 200m ) ~ 30. That

DD, Thiswork DD, Thiswork
is to say, even if py, is larger at Jezero, the larger Tpp at PLS results in a greater amount of dust lifted by DDs.

2.66 5

Therefore, the product ppp X tpp“® is a better metric than pp, to compare two locations in terms of the amount

of dust raised by DDs (as long as the pp at the two locations are significantly different).

Regarding InSight landing site (ILS), Reiss et al. (2016) and Perrin et al. (2020) derived from the DD tracks
(DDT) imaged with orbiters the seasonal variation of the DDT frequencies. In particular, they found for midspring
a frequency of ~0.05 DDT sol~! km~2, following by a major decrease in late spring. These results indicate DD
frequencies at ILS much lower than that estimated for Jezero and explain the lack of visual DD detections by the
lander (Jackson et al., 2021; Spiga et al., 2021). In terms of dust lifted by DDs, Reiss et al. (2016) reported DD
diameters <10 m, resulting in ppp X fpp>®® values by about ~10~3 smaller than that estimated in this work. Hence,
these different results, along with other works (e.g., L. K. Fenton & Lorenz, 2015; Fisher et al., 2005), indicate
notably place-to-place and year-to-year variations in DD frequency.

Although the DD frequency was well constrained with MEDA-RDS observations, information on the DD diame-
ter characteristics, migration direction, and advection velocity is limited to the cases for which the DD blocked the
direct light or to events on which we have different Lat sensors detections. For these particular cases we found the
following: (a) an average, maximum, and minimum diameters of 29 m, 132 + 63.4 m, and 5.6 + 5.5 m and with-
out apparent seasonal changes; (b) DD migration directions in agreement with MEDA wind data. A constraint on
the minimum DD height was also derived from Top detections. For the whole period, we estimated an average
minimum DD height of 231 m and a maximum of 872 m. The period between sols 125 and 225 (Ls = 64°-109°)
shows greater minimum DD height which may be related with variations in the planetary boundary layer (L. K.
Fenton & Lorenz, 2015). From the average diameter and #;,, = 0.66X (2 X r1,)*% (R. Lorenz, 2013), we derived
an average DD lifetime of about 6 min.

The differences in DD dimension, as well as other parameter such the DD height, impacted the irradiance levels
measured by RDS (see Figure 21). In all the DD cases, the presence of a DD near the rover resulted in a decrease
in the UV fluxes, in contrast to the visible and near-IR sensors for which both increments and decreases with
respect to the background irradiance were observed. Expressed in terms of the irradiance integrated over the
time duration of the event (IIOT), we obtained an average value of ~—0.659% for TOP-7 sensor (190-1,200 nm).
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However, the events display a wide range of IIOT values that correspond to the different detection scenarios (DD
blocking the direct light or DD passing at different distance from the rover) and DD properties (advection veloc-
ity, dimensions, opacity, and timelife).

Appendix A: Estimation of the Dust Devil Opacity From RDS Top Sensor
Observations

For the DD detection cases that involved a blocking of direct light, and the DD was at a distance such that the
scattered light received by the Top sensors was practically unaffected by the DD, a direct estimation of 7y is
possible. The intensities measured by a Top sensor before (Igp,; ;) and during (Ipgp,; ,) the direct light-blocking
are given by the following equations:

Itorar = Isears + C - FOV(SZA, PHIO) - g~ 7aust/SZA (A1)
Itotar = Iican2 + C - FOV(SZA, PHIO) - e ~"aust/SZA . g =D (A2)

where 7, is the column dust opacity, I,,; is the scattered light contribution (produced by the DD and the
background dust), and C is the solar flux at the top of the atmosphere over the sensor wavelength range, which
is constant for each sensor. The second term on the right side of Equations A1 and A2 represents the direct light
contribution to the total intensity (see Toledo et al. (2016) for more details). If the DD is at a far distance from
RDS, we can assume that most of the scattered light received by the Top sensors is due to the background dust,
and thus I, | = I, ,- An example of such events is the one shown in Figure 4 (sol 21); three Lat sensors detect
the DD but the Top channels do not see it up to the moment when the direct light is blocked. Therefore, in these
cases we can combine Equations Al and A2 as follows:
ItoraL, — ItoraL2

D = | —
¢ C - FOV(SZA, PHIO) - ¢ ant/S7A (A3)

For a known dust opacity 7, the DD opacity along the line of sight 7, can be estimated from Equation A3, as
Urorar1 — TrotaL) 1s calculated from the measurements made by the sensor that detect the direct light-blocking.
Note that for this calculation of 7, we do not make use of any RT simulations.

Appendix B: Geometric Model

For a given DD detected by any of RDS sensors and for known values of d,, &, and the distance between RDS
and DD, we can compute the % of the sensor FOV that is covered by the DD. For Lat sensors and assuming a
cylinder shape, this % can be approximated by the following equation:

p=10ox S AZ159XB ®B1)

sensor

where A, . represents the sensor-FOV area (see Figure B1) in the zenith-azimuth space (e.g., for Lat sensors,

we have A =7 % (5°)?) and

sensor

0 for (d — rpp) - tan(15°) > hpp
C= (B2)
1 for (d —7pD) * tan(15°) < hpp

25° for (d — rpp) - tan(25°) < hpp
A= hop (B3)
arctg<—> for (d — rpp) - tan(25°) > hpp

d—rpp
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Figure B1. Measured RDS Lat (left) and Top (right) sensors field of view. White and black areas correspond to 100% and 0% of transmission, respectively. For Top
sensors (except for Top 7), most light is collected for zenith angles between 0° and 15°.

2 arct (’D—D) for arctg( 22 ) < 5°
arctg q or arctg 3
10° for arctg(r%) >5°

(B4

For given values of Ay, ryp, and d, the term C in Equation B2 establishes whether the DD is high enough to
intersect the LAT-sensor FOV (assuming the DD is in front of the sensor). Thus, if C = 1 the DD projection over
the sensor FOV is approximated by the product between (A-15°) and B, which represents the FOV zenith range
and azimuth range covered by the DD. The geometric interpretation of terms A and B are illustrated in right panel
of Figure B2 and left panel of Figure B3.

For Top sensors the % of the FOV covered by the DD is approximated by the following equation:

(15° - arctg(—d_""" )) X2 - arctg(’ﬂ)
P = 100 x ”"1'; : (BS)
a= 25"
Tan(15°) — M we 20° - Tan(25°) — M a= 25"
d—r1pp — Tpp a=20°
a=15 /
S i = a=15°
: s o
! 8 T i h
! hpp A ! DD
¢ : I «
. ) g . T
E d—1pp : | “ ; d—1pp P
e 3 a1
1 I 1 1 1 1

<#A

Figure B2. Left) Diagram showing the maximum distance d* at which a dust devil (DD) (with radius r,, and height /) localized in front of a Lat sensor intersects
with the field of view (FOV). For distances <d* the term C of Equation B1 is equal to 1, while for distances > d* C = 0. Right) Maximum elevation angle (@ = 90°-0,
being 6 the zenith angle) in the projection of the DD over the sensor FOV. As Lat sensors point at @ = 20° + 5°, the maximum value of A in Equation B3 is 25°.
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Figure B3. Left) Range of field of view (FOV) azimuth angles (¢) covered by a dust devil (DD) (with radius rp,, and height
hpp) localized in front of one the Lat sensor at a distance d. Right) Diagram showing the intersection between the DD and the
Top sensor FOV.

where P = 0 for Ay, < d/tan(15°) (no intersection between FOV and DD). The two terms of the right side of
Equation B5 give the ranges of zenith and azimuth angles of the FOV covered by the DD (see right panel of
Figure B3). Therefore, by using Equation B1 and B5, we can easily evaluate the variation of P with the DD
dimensions and the distance between the DD and RDS.

Appendix C: Dust Devil Frequency of Occurrence From MC

=7r- dmax2
and time period At is given by Ny = pppy - @, - At. The % of Ny, detected with RDS is given by (a) the number

For a given DD frequency of formation pp,,, the total number of DDs (Np,,) formed in a given area A
of DD that crosses the RDS area of detection, given by Agpg =7 - lrps? (for Top channels) and (b) the cases that
block the sun direct light. In the model each DD of the total Ny, is formed within the area A
are given by Equation 3. Subsequently, the DDs travels a distance fp,, - v, following a straight line (defined by

max Whose coordinates
the migration direction) that may or may not cross Ay (see Figure C1). Direct light-blocking events occur when
DD trajectory crosses the sun azimuth angle PHIO and &, > d/tan(SZA), where d is the distance between the DD
and RDS when the DD azimuth angle = PHIO.

Time=4.4 hours Time=30 hours i 7~ 1| Time=95 hours P /’/’/;// ?
. . . 7
Numer of detections=1 Numer of detections=4 /// 1 Numer of detections=16 ~ /./{ s ///
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Figure C1. Schematic of the evolution of RDS detections for a constant dust devil (DD) frequency pp, = 0.36 DD km~2 hr ~! and a DD advection velocity of 3 m s~
The blue circle indicates the RDS area of detection Ay, while the red dots along with the black dashed lines represent the initial DD location and its trajectory,
respectively. If a DD crosses Ay, and also blocks the sun direct light, only one detection is counted in the model.
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Figure C2. Temporal evolution of RDS detections per hour simulated with MC (blue solid line) and Equation 4 (red dashed line) for a constant dust devil (DD)
frequency ppp = 0.36 DD km~! hr ~!, and DD advection velocities of 3 m s=! (left panel), 6 m s~' (middle panel), and 9 m s=! (right panel). We see that a steady value
is not achieved with MC until the number of DDs N, does not reach a certain threshold, which mainly depends on pp,p,, v, App, and ;.

Figure C2 shows the temporal evolution of RDS detections with time simulated with MC and Equation 4 for a
constant DD frequency and three different advection velocities. Although a steady value is not achieved after
several hours (or number of DD launchedin A, ), we observe that MC and Equation 4 provide similar results. Note
that as vy, and #, increase, the A required for simulating the RDS detections per time becomes larger, and thus
Npp as well. Indeed, d,,, defining the DD area of formation should be greater than lyg + v, - 15 (lgpg computed
from the results shown in Section 2.4). For the Top sensors with a simple area of detection the use of Equation 4 to
compute pp,, presents greater advantages over MC. However, for sensors with more complicated areas of detections

(e.g., Lat sensors) or combining sensors with different FOVs, the use of MC may be much simpler.

Appendix D: Errors in the Estimation of p,,

The largest uncertainties in the calculation of pp, are introduced by the DD parameters ryp, hpp, and #,,
which are unknown and have an impact on the sensor limit of detection, the DD direct light-blocking
cases and the increase in the effective area (Equation 4). From RT simulations similar to those shown in
Figure 8, we can evaluate the variation in /g, and so in pp,, when we vary the DD parameters within the
expected range of values on Mars. We first tested the variations in pj,, when the average DD height is varied
from h = 400-1,400 m, range selected based on previous works (e.g., Cantor et al., 2006; L. K. Fenton &
Lorenz, 2015; Fisher et al., 2005). In this case ry; and 7, were fixed constant: r, = 14.5 m (average value
derived in Section 3.4) and #,, = 0.66- (2 rp,)*®. For each channel, we computed Iy, for the parameter
sets (hpp = 400 m,ry, = 14.5 m,tp, = 6 min) and (hp, = 1,400 m, r,, = 14.5 m, #;, = 6 min), and then
ppp from Equations 4 and 5. This provides a maximum value of py, (for Apy = 400 m) and a minimum (for
hpp = 1,400 m). Subsequently, a similar analysis was performed but for the other DD parameters, rj;, and
tpp- In particular, we varied ry,, and so t,, from 25 m (value used in the simulations shown in Figure 12) to
14.5 m, which is the average radius estimated in Section 3.4 (hj, was fixed to a constant value of 800 m). In
this case, the maximum and minimum pp, values were within the range estimated for s, = 400 and 1,400 m,
and thus it is the ), the parameter selected for defining the final errors in pp. Similar tests were done for
the DD opacity (7). As indicated in Section 2.4, only in a few cases, we could estimate 7, from the obser-
vations. By using the DD opacity derived for the case on sol 21 as reference, we varied the value of 7, as we
did for rpp, hpp, and #,p. We found that by changing r, by a 50%, the range of pp values is, as it was for 7y,
within the errors derived from /.

In summary, the procedure to compute the errors in pp, is as follows: (a) we first compute for each DD detection
the limit of detection [y for ry, = 14.5 m and hp,, = 400 m; (b) subsequently, pp,, lower limit is computed from
Igps derived in previous step and using Equations 4 and 5 (for iy = 400 m, #;,, = 0.66 X (29)%%%); and (c) ppp,
upper limit is obtained by repeating the steps (a) and (b) but for 4, = 1,400 m. This procedure is applied to the

DD DD

covers both Apg‘g’4 and Apg‘g’g (see black dashed lines in Figure 15).

detections performed by Top-4 (ApT°p4> and Top-8 (Ap“’p8 ), and then the final error is given by the range that
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