26

27

28

29

30

31

32
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Key Points:

» Vortices and dust devils are frequent on Jezero. MEDA detects 5.0 and 1.0
events per sol respectively when correcting from sampling effects.

+ Intense vortices on Jezero tend to be dusty with 66% of all vortices with a
pressure drop larger than 2.0 Pa being dusty.

« We calculate 2.5 and 0.1 dust devils km~2sol~! with sizes of 20 m and 100 m
respectively. The largest events dominate dust lifting.
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Abstract

We characterize the vortex and dust devil activity at Jezero from pressure and winds
obtained with the MEDA instrument on Mars 2020 over 415 sols (Ls=6-213°). Vortices
are abundant (4.9 vortices per sol with pressure drops >0.5 Pa when correcting from
gaps in coverage) and peak at noon. At least one in every 5 vortices carries dust
from RDS-MEDA data, and intense vortices are more likely to carry dust. Seasonal
variability was small but dust devils were abundant during a dust storm (Ls=152-
156°). Vortices are more frequent and intense over terrains with lower thermal inertia
favoring a higher daytime surface-to-air temperature gradient. We fit measurements of
wind and pressure during dust devil encounters to models of vortices, and investigate
their physical characteristics. Diameters range from 5 to 135 m with a mean of 20 m.
Three 100-m size events passed within 30 m of the rover. From the close encounters
we estimate a dust devil activity of 2.0-3.0 dust devils km~=2 sol~!. A comparison
of MEDA observations with a Large Eddy Simulation of Jezero at Ls=45° produces
a similar result. We estimate that large dust devils with diameters > 100 m have a
density of 0.1 dust devils km~2sol™!, implying that dust lifting is dominated by the
largest vortices in the region. At least one vortex had a central pressure drop of 9.0
Pa and internal winds of 25 ms™'. The MEDA wind sensors were partially damaged
during two dust devil encounters, and we detail these events.

Plain Language Summary

Dust devils are whirlwinds of warm air with winds strong enough to lift dust.
They are common in Earth deserts and much more abundant on Mars, where they are
one of the elements that bring dust to the atmosphere. The Mars 2020 mission landed
in Jezero crater on February 2020 and has observed a plethora of dust devils that we
investigate with the meteorological sensors on the MEDA instrument. Results for more
than 400 Martian days from Spring to Autumn indicate a high abundance of events
with small seasonal variability. Terrains with lower thermal inertia warming more
efficiently at noon favor the appearance of dust devils. We also found an increased
dust devil activity during a short dust storm that covered the region. From modeling
MEDA data we find that dust devils at Jezero have diameters from 5.0 to 135 m. We
estimate that about 2-3 dust devils are formed per km? and sol. Large vortices with
diameters of 100 m form frequently enough to dominate dust lifting at Jezero. Two
dust devils damaged part of the hardware of the wind sensors of MEDA and we detail
the characteristics of those events.

1 Introduction

Daytime convective vortices are common on Mars and Earth (Balme & Greeley],
2006). They constitute one of the various phenomena that develop in the Planetary
Boundary Layer (PBL) of both planets, but are much more common and can be far
larger on Mars due to the more extended PBL depth. Dusty convective vortices or Dust
Devils (DDs) are vortices that have raised dust from the surface, via the combination
of tangential winds around the vortex, central pressure drop and electrostatic forces
between dust grains (Neakrase et al., |2016]). DDs constitute an important element of
the Martian atmospheric dust cycle thought to account for a significative part of the
background dust haze on Mars (Newman et al.l 2002; Basu et al., [2004; [Kahre et al.)
2006, 2017)). In addition, DDs can change the local albedo creating Dust Devil Tracks
(DDTs) (Fenton et al., [2016; |[Reiss et al. |2016)) and can also ’clean’ dust off spacecraft
surfaces (Vicente-Retortillo et al., 2018)), including solar panels (R. D. Lorenz & Reiss,
2015)), enabling solar-powered missions to last longer. Conversely, dust grains carried
by the strong vortex winds can represent a hazard to surface hardware (Balme &
Greeleyl 2006]). Thus, characterizing the dust devil activity at Jezero, the location of
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the Mars 2020 mission, which is collecting the first samples of Mars to be brought to
Earth (Farley et al.l[2020), is important for understanding risks to the landed elements
involved in the Mars Sample Return mission.

Field data obtained by meteorological sensors can characterize the physical prop-
erties of convective vortices and imaging instruments can also determine many of the
properties of DDs (Murphy et al., 2016). Vortices can be identified in dips in the
pressure record and in sharp changes in wind intensity and direction
. Vortices also produce warmer temperatures at their core, and the presence of
dust can be investigated with photodiodes (Mason et al., [2013;|Ordénez-Etxeberria et |
2020; Kahanpéaa & Viidez-Moreiras| 2021).

The MEDA instrument on the Mars 2020 Perseverance rover carries sensors ca-
pable of simultaneously obtaining all those measurements (Rodriguez-Manfredi et al.,
. MEDA measures air pressure and horizontal winds that can be used to deter-
mine the physical properties of the vortices. The Radiation and Dust Sensors (RDS) on
MEDA are a set of photodiodes oriented at different directions including a a panchro-
matic sensor pointing to the vertical (RDS Top 7) with a 90° Field of View
2022). On Earth and Mars the near surface temperature lapse rate is a key
element in determining the frequency, intensity, and horizontal size and vertical exten-
sion of the vortices (Ryan) 1972; Renné et all |1998; |Ordénez-Etxeberria et al., 2020;
[Spiga et al.| 2021). MEDA measures the ground temperature and air temperatures at
different altitudes using the Thermal InfraRed Sensors (TIRS) and Air Temperature
Sensors (ATS) packages (Rodriguez-Manfredi et al., [2021} [2022} [Munguira et al.,|2022).
Thus, multi-sensorial investigations of convective vortices and DDs and the properties
of the environment in which they develop are possible with MEDA.

The Mars 2020 Perseverance rover landed on Mars in Jezero crater at 77.5°E
and 18.4°N at Ls=6.2° (North hemisphere Spring). Predictions before landing based
on Mars atmospheric models suggested that Jezero is a location where intense vortices
form regularly, peaking in activity at Ls~ 120° (Newman et al.| 2021)). [Jackson| (2022)
performed an initial analysis of MEDA pressure and RDS data in the first 89 sols of the
mission, finding a high frequency of vortices and high rate of DDs. A more extensive
analysis up to mission sol 216 (covering early spring through early summer), which
also examined DDs in Mars 2020 imaging instruments, found that on average over four
vortices passed the rover per sol, at least a quarter of which were dusty (Newman et |
2022). The same study showed a positive correlation between vortex intensity (in
terms of the measured pressure drop and wind speed) and dust lifting (in terms of
vortex dust content and local surface dust removal).

The abundance of DDs at Jezero has a stark contrast with the lack of them
in Elysium Planitia, where the Insight mission has detected thousands of vortices
(Banfield et al.l 2020} [Spiga et all 2021} |Chatain et al| 2021) with no dust activity
(Lorenz et al. 2021). Following arguments presented by [Spiga et al.| (2021)) of vortex
abundance being influenced by environment winds, [Newman et al.| (2022) concluded
that the intrinsic activity of vortices at Elysium Planitia and Jezero is very similar
over spring and early summer, but the stronger winds at Elysium advected vortices
more rapidly over the sensors, resulting in nearly double the number of detections.
Differences in the DD abundance are most likely due to distinct surface properties,
including the different availability at the surface of mobile dust particles.

Here we extend the vortex and DD results presented in Newman et al.| (2022)
to cover the first 415 sols of the mission up to to Ls=213° (northern hemisphere
autumn). This allows us to explore the effects on the vortex and DD activity caused
by the combination of seasonal variations and changes in the properties of the terrain
traversed by Perseverance. In addition, we study the effect on vortices and DDs of
a regional dust storm that covered Jezero on Ls=153-156° (Mars 2020 sols 312-318),
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which significantly affected the local environment (Lemmon et al., |2022). Further
insights can be gained through comparisons with models of vortices, simulations of the
convective activity at Jezero and an statistical analysis of the closest DD approaches
to Perseverance resulting in estimates of the density of DDs in Jezero.

The structure of this paper is as follows. Section 2 describes MEDA datasets
and the analyses conducted to identify vortices and dust devils, the results of which
are shown in Section 3. Section 4 describes the variability of this activity, including
its seasonal evolution, variations associated with the dust storm, and effects linked
to different terrains. Section 5 presents a more detailed analysis of a subset of DDs
obtained by fitting the observed pressure and winds to a model of a drifting vortex.
Section 6 explores a comparison of our in situ data with a Large Eddy Simulation
(LES) of vortex activity at Jezero. Section 7 discusses the density of DDs in Jezero
and gives details of two DDs that partially damaged MEDA wind sensors. Section
8 presents a summary of our conclusions. Times in this paper are given in terms of
Local True Solar Time (LTST).

2 Data and data analysis

MEDA acquires data in measurements sessions that can extend from 5 min. to a
few hours and that typically cover 54% of a sol. The data is obtained with a cadence
of 1 Hz in most sensors (including pressure), and up to 2 Hz in the 5 Atmospheric
Temperature Sensors (ATS) and the two Wind Sensors (WS). Gaps in the data are
due to a combination of minor hardware issues and mission operations. The Wind
Sensors (WS) were required to be off during orbiter communication passes, and as
a result, some observed vortex encounters do not have simultaneous wind data. In
addition, one of the two wind sensors was partially damaged on sol 313 by a DD that
will be described in Section 7. Wind data obtained afterwards requires modified wind
retrievals not yet available at the time of writing this paper. Supplementary Fig. S1
shows the cadence of MEDA observations. About 64% of all vortices detected in the
pressure field have simultaneous wind data.

2.1 Vortex detection

We search the entire pressure dataset for vortex pressure drops by using a moving
window of a fixed time duration. We use a linear fit to the first and last 10% of the
pressure signal disregarding the central 80%. The pressure minus the linear fit form
a signal detrended from the daily variation of pressure. When the central point of
the detrended signal is at least -0.3 Pa we identify a candidate vortex event and plot
the pressure for the event together with a Gaussian and Lorentzian fit to quantify
the duration of the event (Ellehoj et al., |2010). The moving window advances by 1
s on each evaluation. We perform several searches of the data with time windows of
80 and 180 s with a detection threshold of 0.3 Pa and searches with a time window
of 60, 120, 180, 300, 600 and 900 s with a detection threshold of 0.5 Pa. This dual
strategy is based on both the sensor noise level (~0.04 Pa, see [Sanchez-Lavega et al.,
2022) and experiments with the data. Detection thresholds from 0.3-0.5 Pa with long
time windows produce numerous false detections caused by small-scale fluctuations of
pressure. However, there are many short-duration vortices with pressure dips in the
0.3-0.5 Pa range. Supplementary Fig. S2 shows the cumulative distribution in terms
of Ap of pressure drops with a shape characteristic of the passage of a vortex. Power
law fits to this distribution have similar slopes for different ranges of Ap, which is a
good indication that the survey is complete for pressure dips larger than 0.5 Pa.

Fig. [I|shows examples of typical vortices found on a single sol, and demonstrates
how different time windows are needed to identify and quantify the properties of very
different events. Fitting a vortex with a Gaussian function or a Lorentzian results in
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Figure 1. Finding vortices in MEDA data. (a) Pressure over sol 293. Boxes identify the lo-

cation of four vortices. (b) Two typical vortices. The second one is invisible to the algorithm

operating over long time windows. (c) Vortex fitting for the first event in panel (b). Detrended

data (red) compared with a Gaussian fit (blue) and a Lorenzian function (green) with similar

parameters defining each fit. (d) Second vortex identified using a short time window. (e) Vortex

fitting for the event in panel (d).

slightly different values of the intensity of the pressure drop and its duration. Typically
these parameters can vary up to 12% in Ap, and up to 25% in the duration of the
event. Lorentzian functions generally fit better the central part of the encounter, while
Gaussians can fit better the approach and distance phases. Vortices not moving with
a constant velocity produce more complex patterns not well fit by these functions

(Lorenz, 2013).

Each evaluation of the algorithm generates a catalog of events and a series of plots
that are visually examined to remove spurious and duplicate detections and select the
time window that results in the best fit to each event. The 300 s time window is found
to capture the majority of events, but shorter time windows provide better fits to short
or weak events, and long time windows can be required in some cases for a good fit to
the data. The longest time windows also allow the detection of longer pressure drops
that do not fit a vortex signature, but are instead possibly related to the passage of
the low-pressure edges of convective cells. An event of this type is the gust wind event
on sol 117 described by Newman et al.| (2022)) that was associated with a large dust
lifting event.




201

202

203

204

205

206

207

208

209

210

211

212

213

2.2 Vortex characterization

For each event we generate plots of all MEDA sensors using a time window of 8
minutes. These plots are examined to quantify the properties of each pressure drop,
such as the simultaneous detection of a change in airborne dust from RDS Top 7. We
also examine changes in wind speed and direction, and the thermal response of the
surface and the atmosphere to the passage of the vortex. Variations in the lateral RDS
detectors can be found both during and outside of the pressure drops, and are caused
by vortices passing at a range of distances from very close to the rover up to 1 km.
Vortices found in the RDS lateral detectors are not examined in this work and are the
subject of a parallel analysis (Toledo et al.l [2022]).

Sol 82 LTST=12:04:36

— 17— 340
750 Fd ARDS=132% ] 300 o=
2 748 300 =
o ~
2 g
2 746 280
~ [%2]
& I Ap=565Pa 4 260 2
744 |- FWHM: 9.6s |
1 1 1 1 1 1 1 1 240
25
@ 20 180(8) 5
£ )
> [
515 90 (E) S
C [&]
[0] [0]
€ 10 &=
g 0 (N)Z
s 5 =
0 -90(W)
260FC = 270
I 1 €
268 o
(0]
'_
266 S
@©
€
\ =]
(2}
264

Time (ticks every 10 s)

Figure 2. Dust Devil on sol 82. (a) Pressure (black line, left axis) and solar irradiance from
RDS Top 7 (blue line, right axis). (b) Wind speeds (purple line, left axis) and direction from
which the wind is coming (green line and symbols, right axis). (c) Temperatures during the vor-
tex passage. From top to bottom: Surface temperature (dark-red, right axis); air temperature at
2z=0.85 m from ATS5 (cyan) and ATS4 (dark blue), located at the front of the rover; air temper-
ature at z=1.45 m from ATS1 (black), ATS2 (red) and ATS3 (green) located around the Remote
Sensing Mast; air temperature at z ~ 40m (green-yellow) from TIRS chanel 2. Note the strong
thermal gradient of 40 K from the surface to 40 m during this event and the change in wind

direction and thermal behavior of the different ATS after the vortex passage.

Fig. |2| shows an example of the multi-sensorial response of the atmosphere to
the passage of a strong convective DD. The vortex produced a pressure drop of 5.7 Pa
with a Full Width at Half Maximum (FWHM) duration of 9.6 s from the gaussian fit.
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The dust in this event resulted in a decrease of the RDS Top 7 signal of 13%, with
additional counterparts in RDS lateral sensors (not shown here). This corresponds to
an increase of the optical depth of AT =0.14, which can be compared with values of
optical depths at Jezero over that period of 0.4-0.5 (Rodriguez-Manfredi et al., [2022).
MEDA measured winds of 18 ms™! distributed in two peaks coincident in time with
half the maximum pressure drop. This symmetric double peak wind structure and its
timing with respect to the pressure drop indicate a direct encounter with a vortex, in
which each peak in the winds corresponds to the maximum winds in the ”walls” of the
vortex as it approaches and recedes from Perseverance. This is confirmed from fitting
the pressure and wind data from this vortex to models of passing vortices in Section
5. The direct encounter implies that at the central time we are measuring the physical
properties of the center of the vortex and that vortices and DDs in Jezero are common
enough to produce extremely close encounters, an aspect we discuss in Section 7.

Panel 2 focuses on the complex measurements of temperatures during this event.
At the time of this event the rover orientation and ambient wind direction were such
that air warmed by the Perseverance’s Radio-isotope Thermonuclear Generator (RTG),
situated at the rover’s rear, was carried over the ATS, creating an increased level of
thermal fluctuations (Munguira et al.,[2022)). With the vortex arrival, the winds bring
air not exposed to the RT'G reducing the thermal fluctuations to typical levels during
the convective period. Our assessment of the thermal plume associated to the vortex
from ATS measurements at z = 1.45 m is +8 K. Thermal effects of the vortex at
z = 0.85 m cannot be quantified for this event, as both sensors are located in the
front of the rover and are sheltered from the wind before and after the vortex arrival.
Air temperatures obtained by the TIRS instrument at an approximate altitude of
z ~ 40m are not affected by the thermal influence of the RTG and show an increase
of temperatures during the vortex passage of +9 K. The ground-surface temperatures,
also measured by TIRS, experiences a short cooling of -1.8 K during the vortex passage
followed by a gradual recovery of temperatures. An additional change in albedo during
this event consistent with the motion of surface particles by the vortex is discussed
in |Vicente-Retortillo et al.| (2022)). This example shows that the measurement of
the internal thermal structure of vortices is complex and we leave for future work a
thermodynamic characterization of a selection of the best cases. On the other hand, the
capability to measure the surface-to-air temperature difference at the time of MEDA
vortices is an important piece of information that we will examine in Section 4.

3 Pressure drops: Vortices, dust devils, convective cells and waves
3.1 Catalog of pressure drops

Our survey of pressure drops shows events with varied characteristics. Their
classification requires a visual examination of the pressure drops and related environ-
mental variables. Figure [3] shows the temporal distribution of 3,900 pressure drops
identified by our algorithm and visually classified based on the pressure curve shape.
About 2,330 events are compatible with pressure drops caused by vortices with a pres-
sure drop detection threshold of 0.3 Pa. These events are concentrated in the daytime
hours with a peak activity near noon. A small number of events are detected also
during the night. There are clear changes in the overall activity of pressure drops
over the time period of this study. An interesting change occurred on sols ~312-318,
when a regional dust storm arrived and was active over Jezero enhancing dust devil
activity (Lemmon et all 2022). During the dust storm a wealth of wavy features was
also observed in the nighttime signals, and a significant amount of night time wavy
variations in pressure was observed afterwards (Sanchez-Lavega et al., |2022)).

Fig. [4shows examples of pressure curves associated with different types of events.
Besides standard cases (a), vortices can be very short (b), or long (¢), intense (d), or
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weak (e), simple (a), or complex in terms of their pressure curves (f-g), including
nearly double or very close events (h). Some of the nighttime vortex-like pressure
drops are coincident with turbulent pulses of high-temperatures measured with the
ATS. These events are most likely caused by weak winds flowing above the rover’s
RTG (i), and, thus, are similar to the nighttime vortices found by the Viking Lander,
which were attributed to the Lander acting as a heat island [Ryan & Lucich| (1983)).
MEDA data allows us to demonstrate the artificial nature of some of these events
thanks to wind measurements showing the direction of the winds coming from the
RTG position at the back of the rover towards the front of Perseverance. Other
nighttime pressure dips equivalent in shape to those caused by daytime vortices, are
found in the data with winds coming from the opposite direction of the RTG, with
no clear thermal counterparts and equivalent to other nighttime pressure drops found
in other Martian locations (Ordonez-Etxeberria et al.| [2018; |Chatain et al., [2021). A
further type of event consists of long and turbulent pressure drops observed near noon,
which sometimes exceed durations of 300 s (j-k). Some of these can be interpreted as
the passing of convective cells, as a remarkable event found on sol 117 and discussed in
(Newman et al.| [2022)). However, the interpretation of the individual nature of these
events requires examining additional data beyond pressure. Finally, pressure drops
caused by atmospheric waves are also identified in the general pattern of pressure
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drops (1). These were particularly abundant after the dust storm on sols 308-316 and
are discussed by [Sanchez-Lavega et al.| (2022).
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Figure 4. Variety of pressure drops on Jezero. (a-d): Typical vortices. (a) Typical vortex.

(b) Shortest event. (c) Long and intense pressure drop followed by a secondary event. (d) A very
intense pressure drop with an internal structure followed by a secondary event. (e) Low intensity
vortex. (f) Vortex with a wide pressure drop. (g-h) Complex events showing signature of super-
position of vortices or complex trajectories. (i) Long pressure drop during the night accompanied
by a thermal plume originated over the RTG (right-axis). (j-k) Long and noisy events typical of

near-noon hours. (1) Series of wavy structures in the nighttime pressure.

The overall pattern of vortices, turbulence and waves at Jezero after the dust
storm period is similar to the northern autumn activity described at the Insight landing
site by |Chatain et al|(2021) with bursts of daytime vortices, nighttime vortices and
intense nighttime turbulence. Future analyses over a full Martian Year will be needed
to asses if this change in activity was caused by the dust storm or seasonal evolution.

3.2 Vortices and Dust Devils

We identify DDs as events with a pressure drop of at least 0.3 Pa and a simul-
taneous reduction in irradiance captured by the RDS Top 7 sensor of at least 0.5%
(corresponding to a AT = 0.05). Figure [5[shows the temporal distribution of vortices
(a; 2,328 events, where 1,058 events have a Ap >0.5 Pa) and DDs (b-c; 238 events
with ARDS Top 7>0.5%). Panel (d) shows that intense vortices with large pressure
drops tend to be dusty. Only 1.8% of the vortices with a pressure dip from 0.3 to 0.5
Pa had a simultaneous detection of dust. About 20% of all pressure drops with AP
>0.5 Pa have dust and this fraction increases for higher values of the pressure drop
becoming 66% for events with AP >2.0 Pa and 100% for events with AP >4.3 Pa
(Supplementary Fig. S3). Panel (e) shows that the duration of vortices containing
dust tends to be smaller than non-dusty vortices implying smaller diameters for dust
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devils events. However, a few extremely long DDs with FWHM of up to 220 s are also
found. Supplementary Fig. S4 details the distributions of FWHM of the population

of vortices and DDs.
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Figure 5. Distribution of vortices and dust devils. (a) Temporal distribution of vortices. Sym-

bols identify events of different intensities. (b) Same as (a) but only for events with a RDS Top
7 detection of a dip in irradiance of at least 0.5%. (c¢) Same as (b) but showing here the level of
dustiness of individual DDs. (d) Histogram of the number of events with a given pressure drop.
(e) Histogram of the number of events with a given duration. Light-green bars in (d) and (e)
correspond to all vortices and dark brown bars correspond to DDs. The period of the dust storm

is highlighted with a shaded region in panels (a-c).

We explore the relationship between the intensity of the pressure drop detected,
its duration, and observed dustiness in Figure [f] These aspects depend on a com-
bination of distance to closest approach, vortex diameter, dust density in the DD,
and solar illumination. Events with pressure drops higher than 2.0 Pa are typically
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short (<FWHM>= 26 s, with maximum FWHM of 160 s) and dusty. They proba-
bly represent relatively close encounters with DDs. Dusty events with pressure drops
smaller than 1.0 Pa are more numerous and tend to be longer (<FWHM>= 41 s and
maximum FWHM of 215 s). They probably represent the more distant passage of
vortices intense enough to raise dust. The very few DDs with pressure drops smaller
than 0.5 Pa have <FWHM>= 20 s and might be DDs in the process of losing strength
and vanishing, rather than detections of distant vortices carrying dust. Panel c in
this figure also shows the distribution of dust devils per hour corrected for the uneven
temporal sampling with MEDA and can be directly compared with Fig. B¢ for the
vortex activity.
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Figure 6. DDs pressure intensity, duration and dustiness. (a) RDS Top 7 decrease as a func-
tion of Ap. The circle size identifies the duration of each event from 1.0 (smallest) to 200.0 s
(largest). The purple line is a fit to the data with a squared coefficient of regression r2=0.40
(40% of the variations of the irradiance decrease is directly related to the variations in Ap). (b)
Daily distribution of dust devils. The circle size codifies the reduction of irradiance detected
from 0.5% (A7=0.05) to 26 % (A7=0.30). (c) Histogram of the number of dust devils events
per hour corrected from sampling effects associated to different sampling at different hours. The

charactersitics of the data make the survey incomplete for events from 0.3 to 0.5 Pa.
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320 4 Variability of vortex and dust devil activity

31 Perseverance moved about 10 km as the seasons evolved from early Spring to
32 Autumn over the first 415 sols of the mission. Several changes in the vortex and dust
23 devil activity were observed in this period. Because events with pressure drops smaller
324 than 0.5 Pa are more difficult to characterize and only represent a tiny fraction of the

325 DDs detected, we only explore seasonal variability for events with Ap > 0.5 Pa.

326 4.1 Seasonal evolution

327 Figure [7] displays histograms of the daily activity of vortices corrected from sam-
328 pling effects in four different periods. Numerical models predicted that the most intense
329 daily activity of vortices and dust devils should occur at noon in early Summer around
330 Ls=120° (Newman et al.,2021). The data shows that this is indeed true. However, the
331 vortex and DD activity remained strong after Ls=120° with a more spread-out activity
3 over different hours in that period. The number of dust devils at Jezero detectable by
333 MEDA grew from 0.7 events per sol in early Spring to 1.2 events per sol at the end of
334 the Summer (correcting from gaps in MEDA coverage).
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Figure 7. Daily histograms of vortices (left column) and DDs (right column) over different
periods. All histograms are corrected from sampling effects and observational gaps. The figure
also shows the average number of hours observed each LTST, ng, the total number of events

detected, N, and the mean number of events produced per sol in each period.
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Maximum irradiation at the top of the atmosphere occurred at the latitude of
Jezero on sol 337 (Ls=166°). This was a period characterized by higher atmospheric
opacity and weaker surface-to-air temperature gradient than earlier in the mission
with a relatively low vortex activity. The maximum surface temperature at Jezero,
and maximum near surface thermal gradient, was found around sol 280 (Ls=136°)
(Munguira et al., [2022), which agrees with the cluster of strong DDs found on sols
280-330 including the period covered by the dust storm. This is in agreement with the
correlation found by |Spiga et al. (2021) between the number of diurnal vortices and
the sensible heat flux from the surface to the atmosphere from Insight data.

4.2 Dust Devil Activity during the Ls=153° Dust Storm

A regional dust storm passed over Jezero from sols 312 to 318 (Ls=152.8-156°).
The storm brought significant changes in atmospheric opacity (Lemmon et all, [2022]),

temperatures (Munguira et al., 2022), and behavior of pressure (Sanchez-Lavega et

, and also mobilized large amounts of dust and sand that caused a decrease
in surface albedo (Vicente-Retortillo et al., |2022). [Lemmon et al. (2022) present a
detailed study of the dust storm. Dust Devil Surveys and Dust Devil Movies that
were obtained during the dust storm observed a record number of 14 dust devils on sol
313 over 11:35-11:59. One of the MEDA wind sensors was partially damaged during
one DD approach on sol 313 (see Section 7).
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Figure 8. Vortex and dust devil activity during the dust storm. (a) All pressure drops from
sols 280 to 335. (b) Dust devils in the same period. Red squares in (a) correspond to pressure
drops not caused by vortices. Symbols identify the intensity of the pressure drop. Shaded areas
highlight the period of dust storm over Jezero. The intensity Ap of individual events and per-
centages of the reduction of light measured by RDS are given in (b) for selected events. A DD
highlighted with an arrow in (b) damaged part of the hardware of one wind sensor on sol 313 at

13:38. LTST.
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MEDA detections of vortices and DDs around and during the dust storm period
are presented in Fig. which shows that vortex and DD activity picked up several
sols before the storm reached Jezero. The largest concentration of vortex detections
occurred over sols 313-315, but most of them were weak in terms of their Ap. These
sols were those with the higher dust opacity in the atmosphere and were accompa-
nied by a reduction in the surface to air thermal gradient caused by air temperatures
that increased +14 K compared with previous sols (Munguira et al., |2022)). Pressure
oscillations not related to vortex activity started to be numerous around sol 313 and
changed the pattern of small nighttime pressure oscillations after the dust storm died
away (Sanchez-Lavega et al|, [2022)). Although the sampling cadence over this period
was higher than in previous sols (Supplementary Fig. S1), the increase in DD de-
tections is significant. DDs in Figure show a concentration of 1.5 events detected
per sol that translates in 2.0 events per sol if we correct from the time sampling over
sols 310-318, which doubles the inferred activity of 1.0 events per sol for that seasonal
period. There were no events detected on the last few sols of the storm (317-318),
which also corresponded to lower surface and air temperatures and reduced surface to
air thermal gradient (Munguira et al. |2022). The recovery to normal environmental
conditions occurred in sol 318, when the dust opacity (Lemmon et al 2022)), pressure
(Sanchez-Lavega et all [2022) and temperatures (Munguira et al.| |2022) returned to
normal levels.

The dust devil activity during the dust storm was very different to that ob-
served by Curiosity at Gale crater during the M'Y34/2018 Global Dust Storm (GDS)
(Guzewich et all[2019), when a strong suppression of vortex activity was observed for
most of the storm (Ordénez-Etxeberria et al., |2020]). This suppresed vortex activity
occured when the dust opacity grew to 7 = 3.5, and vortex activity recovered when
the dust opacity diminished to 7 = 1.5. The situation at Jezero was more similar to
that observed by Insight during a Large Dust Storm (LDS) on 2019 (Viddez-Moreiras
et al) 2020). The MY34/2019 LDS developed at Ls=320°, reaching peak values of
7 = 1.9 with a temporal duration of ~ 110 sols. Insight observed an enhancement of
vortex activity during the storm onset, and a reduction in its long decaying phase. In
the 2022 dust storm at Jezero, there was a cluster of intense events before the storm,
an increase of activity over sols 313-315 with a dust opacity peak of 7 = 2.4 on sol 314,
and a reduction of activity over the decaying phase of the dust storm that extended
only until sol 318, when 7 was down to 1.3 (Lemmon et al., [2022). This phenomenol-
ogy represents a faster version of what was observed by Insight during the longer-lived
2019 LDS.

4.3 Variations of DD activity correlated with terrain properties

There are fundamental differences between meteorological stations fixed in a
landing site (Viking Landers, Phoenix and Insight) and those in moving rovers (Mars
Exploration Rovers, Curiosity, Zhurong, and Perseverance) that sample atmospheric
properties over different terrains. An important result from MEDA is the small-scale
spatial distribution of Thermal Inertia (TI) of the terrain, which is measured from
a combination of TIRS and RDS data (Rodriguez-Manfredi et al., |2022; [Martinez et
all 2022). MEDA derived values of TI range from 180 to 610 Jm 2K ~1s~1/2 (TI
units hereafter). These values are comparable to values obtained from orbit by the
THEMIS instrument (Fergason et all [2006) on the Mars Odyssey orbiter. THEMIS
data in the Jezero region has a spatial resolution of ~ 100 x 100 m?2, and average
values of Thermal Inertia of ~ 300 TI units for Jezero. MEDA measures values of
TI over small patches of the terrain observed in the FOV of TIRS, which covers
an area of 3 m2. These measurements show strong variations in the values of TI
over the rover’s traverse that correlate with strong variations in the vertical thermal
gradient of the atmospheric surface layer (Rodriguez-Manfredi et al., [2022; [Munguira
et all [2022)). The vertical thermal gradient of the atmospheric surface layer is a

—14—



407

408

409

410

412

413

414

415

416

417

418

419

420

manuscript submitted to JGR: Planets

key element in producing convective vortices, and more frequent and more intense
vortices are expected over low T1T terrains that favor higher vertical thermal gradients
of temperature (Rennd et all 1998} [Spiga et al] [2021). Figure [J] shows a map of
Jezero’s T1 from THEMIS data with the rover’s trajectory and the DDs detected. We
show the intensity of the pressure drop of individual events and the decrease of light
measured by RDS on the dustiest DDs. These are compared with the derived values
of thermal inertia from MEDA up to sol 380 (later sols correspond to frequent drives
during a rapid traverse phase that did not allow to measure TT).
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Figure 9. DDs over Perseverance’s traverse. (a) THEMIS map of thermal inertia, rover tra-
verse (line) and DDs identified with symbols quantifying the intensity, Ap of the pressure drop.
Black numbers correspond to sols with the most intense events. Colored numbers give the per-
centage of light decrease in RDS Top 7. (b) Distance travelled by Perseverance (grey line, left
axis) compared with thermal inertia of the terrain (vertical bars, right axis) with individual

events superimposed following the same symbols as in (a).

Figure [I0] shows relations between vortex properties, the vertical thermal gradi-
ent of the atmosphere from the difference between the surface temperature and the
air temperature at 40 m and the TI of the terrain. The vertical thermal gradient is
calculated for a time window of 8 minutes around the vortex passage, and is a func-
tion of LTST and surface TT with only minor effects from seasonal changes. The daily
distribution of vortices as a function of the vertical thermal gradient shows that local
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terrains with values of thermal inertia larger than 400 TI rarely produce vertical ther-
mal gradients at noon larger than 25 K, and the associated vortices are less intense
and have a lower probability to become DDs. We note that the distribution of DDs
follows the same trend as that of the intense vortices.
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Figure 10. Vortices intensities in terms of their Ap, vertical thermal gradient of the atmo-
sphere, and surface thermal inertia. (a) Distribution of vortices as a function of LTST and the
vertical thermal gradient. Individual vortices are plotted with circles whose size indicates the in-
tensity of Ap from 0.5 (smallest) to 6.5 Pa (largest). Colors correspond to different values of the
surface TI. Polynomial fits to vortices found over terrains with TI<400 and TI>400 are shown
with green and red lines respectively. The 2 coefficient of determination of the fits are 0.84 and
0.62 in the green and purple lines respectively. (b) Scatter plot of the intensity of pressure drops
for all vortices compared with the values of the local TI. Colors correspond to those used in panel
(a). (c) Histogram of the number of vortices found for different values of the vertical thermal
gradient. (d) Relation between the surface TT and the vertical thermal gradient. Circles identify

different vortices and colors their LTST. A linear fit to data close to noon hours is shown with a
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Supplementary Fig. S5 shows a scatter plot of pressure drops of DDs and the
vertical thermal gradient during these events showing also their observed dustiness
from the RDS Top 7 decrease of irradiance. The most intense events are not always
found for the strongest vertical thermal gradient, but a temperature difference of at
least 20 K between the surface and the atmosphere at ~40 m is needed to form intense
vortices and DDs.

5 Physical properties of Dust Devils from model fitting

Our vortex and dust devil observations are sensitive to a combination of the
physical properties of the vortex and the geometry of its encounter with the rover. In
order to obtain realistic values of the physical parameters of DDs we compare pressure
and wind data of MEDA vortices with a model of a drifting vortex (Lorenz,
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Vortex parameters

Apg Pressure drop at the vortex center

D Diameter of the vortex (maximum winds)

S Vorticity sign: Positive for counter-clockwise rotation, negative for clockwise
« Cyclostrophic factor from 0.5 (fully ciclostrophic) to 1.0

Geometrical and environment parameters

Amin Minimum distance
Path : (+) for vortices at y positive when closest
(—) for vortices at y negative when closest
U Vortex drift velocity
Q Vortex drift direction angle (measured clockwise from the North)

Table 1. Parameters defining a vortex encounter.

following a similar approach to (Kahanpaa & Viudez-Moreiras| [2021) without fitting
the RDS signals. We calculate the pressure drop at the center of the vortex, APy, and
its diameter D, together with the trajectory of the vortex and its minimum distance
to Perseverance.

5.1 Methodology

We assume vortices that move in a straight line with the environment winds. The
parameters that define the pressure and winds at a fixed location are given in Table
[[l We also assume a Lorentzian pressure drop and vortices close to cyclostrophic

equilibrium that follow:
‘/:‘, =V QAPO/ )

where V; is the maximum tangential velocity of the vortex at the vortex edge, Apg
is the pressure drop at the vortex center with respect to the environment, p is the
atmospheric density, and « is a free parameter from 0.5 to 1.0 that allows deviations
from cyclostrophy, with 0.5 representing a fully cyclostrophic vortex (see discusion in
Kurgansky et al., [2016).

We implement the numerical model from Lorenz (2016) and follow a Monte-
Carlo approach to find the parameters that best fit MEDA pressure and wind data
for selected vortex encounters. For each vortex we generate random values of the
parameters in Table [1| within reasonable ranges for each parameter, and compare the
modelled pressure and winds with MEDA observations. Because we are sampling a 6-
dimensional space of parameters (plus the uncertainty in vortex rotation and path) we
test ~ 20,000 to 50,000 models for each of the MEDA vortices analyzed. We calculate
values of x? for pressure and wind and we use a combined figure of merit x? to select
the best fits. The parameters of models that best approach the observations of a
MEDA vortex converge in narrow ranges. To refine the fits, we launch a second set
of 20,000-50,000 models in the parameter region that contains the best models. The
parameters that best reproduce the observations are defined with the statistics of the
ten best models, which are visually examined to confirm they represent a close match
to the observations. Supplementary Figure S6 shows an example of the procedure for
the strong DD observed on sol 82 (see Figure .

For the DD on sol 82, Figure shows a comparison of the three best models
and the MEDA data. The parameters that fit the DD on sol 82 correspond to a vortex
with a diameter of 11.4 + 4.0 m passing at a closest approach of MEDA of 0.0-0.4
m with a mean crossing distance of 0.15 m and anticlockwise rotation. Such a close
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approach implies a central pressure drop of 5.6 + 0.3 Pa essentially identical to the
one observed by MEDA. Because of the stronger variations in winds than in pressure
crossing distances are more representative of the distance to the rover wind sensors
than to the pressure sensor.

MEDA data Best Model
S Second Best -
Third Best

Total Wind Speed (m/s)

Ux (West-East Component) (m/s)

Vy (South-North Component) (m/s)

Time (s)

Time (s)

Comparison of MEDA data and best models for the Dust Devil on sol 82. (a)

Pressure. (b) Total wind speed. (c) Zonal (west to east) component of the wind. (d) Meridional

Figure 11.

(south to north) component of the wind. Grey lines show MEDA data. Colored lines show the
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best three models.

This method has been validated for a DD on sol 215 also imaged by Navcam and
observed acoustically by the SuperCam Microphone (Murdoch et all [2022). Vortex
properties were obtained independently from Monte-Carlo modeling of the MEDA
data, from the acoustic data, and from images, and were found to be highly consistent
with each other.

5.2 Results

There are 131 DDs with wind data in the MEDA data presented here. We
selected 22 events that we analyzed individually. These DDs were the most intense,
more dusty, and those with a strongest wind signature. This implies a strong bias
towards close encounters with DDs. An event specifically selected to explore this bias
is the DD on sol 264, whose pressure curve is shown in Figure [4f and has a wide
central pressure drop that could be considered as representative of a distant vortex.
This event was accompanied by a weak reduction of irradiance in the RDS Top 7 with
longer signals in the RDS Lat detectors.

Our results for the sample of 22 vortices result in values of a = 0.65 £ 0.08 with
40% of the vortices having clockwise rotation and 60% having anti-clockwise rotation,
which implies an equal distribution of the sense of rotation. Figure[I2]shows the results
for our fits to DDs. These DDs have central pressure drops comparable or up to twice
the observed Ap in MEDA data. Most events have crossing distances smaller than
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Figure 12. DDs from modeling pressure and winds. (a) Apo at the vortex center as a func-
tion of the observed Apyps. Circle sizes represent vortex diameters from 4.8 to 135 m. Dashed
lines correspond to Apo=nApes with n=1,2,3 (blue, red, green respectively). (b) Minimum
distances compared to vortex diameters. Circle sizes indicates the observed pressure drop (inner
circle) and at the vortex center (outer circles). Diagonal dotted lines show crossing distances as
a function of the vortex radius R. (c) Scatter plot of vortex central pressure drop and vortex
diameter. Circle sizes indicates irradiance decrease in the RDS Top 7 from 0.5 % to 26%. Num-
bers indicate sols of specific events. Underlined events have been specifically modelled here or in
|Vicente-Retortillo et al.| (2022)); [ Murdoch et al.|(2022)). Colors indicate the thermal gradient of
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the atmospheric surface layer (T ground - T air at z ~40 m) for each event.

the vortex radius and only a few events are observed at a distance comparable to the
vortex diameter. For the DD on sol 264 that was selected to test distant passages we
find that while our model simulations converge towards a close encounter, there very
large error bars associated to the small pressure perturbation and weak winds observed
during this event.

The vortices have diameters from 4.8 to 135 m, the latter found in the event in sol
213 at 12:14 LTST. This DD was discussed by [Newman et al.| (2022)), as it was a dusty
event with a reduction in the RDS Top 7 irradiance of 26% (A7 = 0.3, the largest in
415 sols). This large opacity can be explained by a dusty vortex with a diameter of
135 m crossing at a minimum distance of 40 m from Perseverance. Paradoxically, this
intense and large event occurred under a small vertical thermal gradient over a terrain
with a relatively high local surface thermal inertia of 420 SI units. However, this was
a large vortex that may have formed over nearby terrains with a more typical vertical
thermal gradient.
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We note that the estimation of the size scale of this event given in Newman et |
. m was 300 m, estimated as the distance traversed during the FWHM of the
event at the environment wind speed u. Here we find a smaller diameter of 135 m
from our fits to models of this event. We interpret the distance obtained in
as the distance traveled by the vortex while its properties can be sensed
by MEDA. Given its minimum crossing distance (40m) and size (68m in radius), the
vortex was detected at distances of 150 m, or 2.3 times its radius. For most of the
~vortices that we have modeled, we find that the estimated diameters given in
should be corrected by dividing by 3

Another interesting DD is the event on sol 173 at 12:01 LTST. This was a 3.2
Pa pressure drop with a temporal duration of 45 s. The vortex was accompanied by
variations in the winds of 20 ms~! and a small reduction of irradiance at the RDS Top
7 sensor (0.5%, A7=0.05). The parameters that fit this event converge in a vortex
with a diameter of 12-30 m crossing at a distance of 10-20 m. This intense vortex may
have had a central pressure drop of 6.5-9.0 Pa. This upper limit is similar to the most
intense vortices directly detected at Elysium Planitia by Insight (Spiga et al, [2021)).

- N
o o

N events (d>d,,,)
(9]

100 3 3

Diameter (m)
(S}
)

10 F E
E “0 :

0.1 0.3 1 3 10 30

Figure 13. Crossing distances and diameters of DDs. (a) Cumulative distribution of DDs as
a function of their crossing distance. Circles represent individual events with the size of the circle
representing vortex diameters from 5 to 135 m. Error bars are calculated from the Monte-Carlo
fits to each event. The blue line is a logarithmic fit to all the data. The dotted line is a linear

fit to the first 7 events extended to the limits of the plot. (b) Diameter of individual DDs as a
function of their crossing distance. Events with a crossing distance smaller than 1 m appear in

the shadowed area. The blue solid line shows a linear fit to all the data. The light-blue dotted

line shows the average of the 7 closest events suggesting that the most common diameter is 17 m.

The green dotted line shows the average of all DDs that have a calculated diameter.

From our model fits to the most intense vortices we have found their likely cross-

ing distances. There are 7 DDs for which the vortex center is modeled to have passed
within 1 meter of Perseverance. These vortices are sensed in their true magnitude and

—20—



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

provide an unbiased sample of the properties of vortices at Jezero. Figure shows
the vortices whose properties we have been able to fit ordered with respect to their
minimum crossing distance. A linear fit to the 7 vortices with closest approaches has
an 12 regression coefficient of 0.986.

We examine the distribution of diameters in Figure [[3p. For the very close ap-
proaches, representing an unbiased sample, the diameters of the vortices characterized
is 1748 m, which is comparable to the diameters of vortices in images of Jezero shown
in [Newman et al.|(2022). There are three vortices with a diameter of 100 m passing
at a distance of 30 m and the mean diameter of all the vortices with model fits is
34 m. Thus, while the average diameter of vortices at Jezero can be constrained to
25 + 8 m, most DDs at Jezero have diameters of ~ 17 £+ 8 m. In addition, the events
with crossing distance below 1.0 m have central pressure drops from 0.7 to 5.6 Pa with
an average value of 3.5 Pa. This can be considered as a typical central intensity of
frequent vortices at Jezero. More intense events, with values of central pressures up to
9.0 Pa appear only rarely, and we have only observed one of them at a large distance
resulting in a smaller value of observed Ap.

The distance of approach of the closest passing vortices and the frequency at
which we observe the largest vortices constitute a set of strong constraints on the
density of dust devils in Jezero and their size distribution, as will be analyzed in
Section 7.

6 Comparison with LES results

In order to gain further insight in to the complexities of characterizing a sample of
vortices from measurements obtained with a single station, we explore vortices in a LES
representative of the conditions at Jezero and analyze the data from the simulation
with the same algorithm used for MEDA. We examine one MarsWRF (Richardson
et all [2007) simulation of Jezero crater in LES mode (Wu et al., 2021} [Newman et
al., [2022)). The LES grid has an horizontal resolution of 10 m over a region covering
10x10km with periodic boundary conditions. The model output is given every 10 s. A
background wind of 4 m/s, comparable to daytime winds at Jezero, is imposed. The
latitude, surface properties (e.g., height, albedo), and dust loading are chosen to match
Jezero crater at Ls~45°, and the simulation is started at 06:00 LTST and continued
through 15:00. Results presented below correspond to half an hour starting at noon.

6.1 Vortices and pressure drops in the LES

The LES shows the pressence of intense vortices mixed with convective cells and
turbulence. Figure [IZh shows a snapshot of the simulation where vortices create local
minima of pressure. Figs. and show the tracks of the 20 most intense vortices
in each time step of the simulation as they drift over half an hour. In that period
vortices evolve in intensity and can vanish or merge with new vortices being produced
in other locations. The strongest vortex was observed with a peak Apy = —8.0 Pa and
there was always at least one vortex with Apy = —5.0 Pa within the 100 km? domain.

6.2 MEDA and model comparison

We positioned 400 synthetic stations at regular distances covering the simulation
domain and analyzed the pressure time-series at each station using the same algorithm
used for MEDA including the analysis of data from multiple time windows. The 400
stations operating over the period of the simulation examined are representative of 400
sols at noon with a total analysis time of 200 hours. This number is comparable to our
analysis of MEDA data at noon for 415 sols, which accumulates 242 hr of observations
for the 12:00-13:00 time range.
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Figure 14. LES simulation of Jezero convective period at noon for Ls=45°. (a) Snapshot of
the pressure field in the simulation showing intense vortices. (b) Tracks of the most intense vor-
tices. (c) Highest pressure drop identified by the MEDA algorithm. (d) The same vortex in the
LES with its true parameters. The large pixels in this image correspond to the spatial resolution
of 10 m in the simulation. (e) Comparison of the number of events per hour detected in MEDA

data and LES at noon. (f) Relative frequency of both distributions as a function of the vortex
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The most intense pressure drop found with the MEDA algorithm in the LES
corresponded to an event of only Ap = —2.7 Pa with a FWHM of 25s. (Figure [T4k).
The true characteristics of this vortex are shown in Figure[14d. The event is a vortex
of 85 m in diameter crossing at a minimum distance of 20 m of the meteorological
station with a Apy = —3.35 Pa. There are many other more intense vortices in the
simulations that are never detected, or that are detected as weaker vortices because of
the distance at which they approach one of the measurement points. Supplementary
Fig. 7 shows some of the most intense vortices in the simulation and how they are
perceived by the closest meteorological station.

A systematic comparison of our detections of MEDA vortices and those in the
LES analysis is given in Figure [14p. For pressure drops larger than 0.5 Pa, MEDA
detects three times as many events per hour at noon as in the simulation. The MEDA
data also has stronger events than those found in the equivalent analysis of the LES.
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The most intense vortices found at Jezero are comparable to the most intense vortices
in the simulation (although they are not identified by any of the 400 synthetic stations).
The distribution of the duration of the events is similar for events of 20-30 s, and very
different for short and long events (Figure [14f). Short events cannot be examined in
the LES, which is limited by its output frequency of 0.1 Hz. The population of long-
duration vortices in the LES contrasts with the smaller time durations of most events in
MEDA data. In the LES this population is created by the capability in the simulation
to detect the passage of distant vortices. In the MEDA pressure data obtained at
Jezero, turbulence and noise make detections of distant events more difficult, while
the ”clean” long pressure drops created by distant vortices in the LES are easier to
distinguish.

The LES allows us to examine how many vortices are present at any given time,
and in particular, how many intense vortices with the potential to become dusty are
produced in the simulation. The probability of a vortex to be dusty at Jezero depends
on the intensity of the pressure drop and becomes larger than 66% for events detected
with Apyps = —2.0 Pa or larger. Over the 1,800 s of the LES, there are 20 vortices
active with pressure drops from -1.0 to -8.4 Pa with a mean pressure intensity of -2.0 Pa.
This results in a vortex production rate in the simulation of at least 0.2 events km™?2
at noon (with Apyps < —2.0 Pa). Since MEDA data shows 3 times as much activity,
the production rate of comparable vortices in MEDA data is 0.6 km~2 at noon. These
events are nearly always dusty in MEDA data. In addition, the integrated vortex and
DD activity over a sol can be 3-4 times larger than the peak activity at noon, scaling
to a DD production rate at Jezero of ~ 1.8 —2.4 DD km~2 sol~!. This estimation is in
agreement with an independent estimation of the DD production rate at Jezero of 2.0
DD km~2 sol~! (Toledo et al.| [2022)), which is based on a combination of the frequency
of DDs detected with the RDS Top detectors, the estimated diameters of vortices from
the duration of RDS variations, the average winds, and the range of times the vortices
are expected to be active (Toledo et al.l 2022).

7 Discussion
7.1 Density of dust devils at Jezero

Our analysis of the LES illustrates the difficulties to observe the very close pas-
sages of vortices. In our model fits to selected MEDA vortices we observed the close
passages of several DDs at distances much smaller than the vortex radius. Statisti-
cally, these are infrequent events that produce intense pressure drops and that in our
sample of MEDA vortices were DDs that carried significant amounts of dust. Here we
investigate the statistical significance of these close passing DDs.

We model the trayectories of vortices randomly launched in a two-dimensional
box of 10x10 km? assuming a vortex production rate, p,, defined as the number of
dust devils per square kilometer and sol. We consider that vortices can survive ac-
tive during a time ¢, = 0.66 x (D)%, where D is the vortex diameter and ¢, is given
in minutes (Lorenz, 2013). Vortices with diameters of 20-40 m survive 5-7.5 min-
utes and we assume a fixed surviving time of 7.5 minutes. We also assume a vortex
drift of V,, = 5 ms™! from average wind speeds measured during daytime at Jezero
(Rodriguez-Manfredi et al.,[2022]). We examine trajectories replicating 415 sols of data
with measurements for 50% of the time. The trajectory of each individual vortex is
integrated over 7.5 minutes measuring its closest approach to the center regardless of
any distribution of diameters. For each simulated sol we identify the closest approach
to the center of the domain and we count how many vortices pass at a range of dis-
tances from 10 to 500 m. We perform 15-25 Monte-Carlo simulations of the whole
process for each value of p, to obtain statistical values (each Monte-Carlo simulation
implying the integration in time of p, x 100 x 415/2 vortex trajectories).
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Figure 15. Monte Carlo simulations of trayectories for different DD production rates. (a)
Whisker box plot of the minimum crossing distance of a population of vortices produced by

2 s0l™!. For each produc-

Monte-Carlo simulations with production rates of 0.02-10.0 DDs km™
tion rate the box shows the distribution of values organized in quartiles with the median being
the central horizonal line. Long horizontal lines show minimum distances of 0.15m and 1.0 m and
the dashed area is the region to fit. (b) Whisker box plot of the number of vortices that would
cross at different minimum distances of MEDA for values of p, from 1.0 (blue), 2.5 (green), 5.0
(purple) and 10.0 (orange), all in units of DDs km™2sol™*. Horizontal lines show the number of
detections in MEDA data of pressure drops with at least 4.0 Pa (yellow green), 2.0 Pa (green),
and 0.5 Pa (red). (c) Whisker box plot of the number of vortices that would cross at minimum
distances for p,=0.1 DDs km~2sol™!. The horizonal line highlights the three 100-m size DDs

observed at a minimum distance of 30 m.

The DD with the closest approach to Perseverance was the one in sol 82, with
a modeled minimum approach of 0.15 m. To take into account possible uncertainties
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in the minimum distance of the modeled vortices we consider that this minimum
approach could be as high as 1.0 m. We examine our simulations to determine which
DD production rate is compatible with this observation. Figure shows a whisker
plot of these simulations. In order to have a single vortex crossing a distance of
Perseverance of 0.15-1.0 m, a dust devil production rate of 0.5-5.0 DD km™2sol~! is
needed, with the best results found for 3.0 DD km~2sol~!. Smaller vortex survival
times than the one assumed would require higher DD production rates.

Figure shows the number of events in simulations with different production
rates that cross at different distances to the MEDA sensors. This is compared with the
number of vortices detected for different pressure drop thresholds. A DD production
rate of 2.5 DDs km~2sol™! is compatible with detected pressure drops in MEDA
data of 2.0 Pa (most of them being dusty at Jezero) being caused by more intense
vortices crossing at distances of about 30 m or smaller. The very large number of
vortices detected in MEDA with Apyps>0.5 Pa cannot be fitted by this production
rate, and requires the more frequent formation of vortices of smaller intensity. Thus,
the production rate of small intensity vortices must be substantially larger than the
2.5 DDs km~2sol~! that we consider can fit the intense vortices that we detect with
values of about 2.0 Pa and that tend to be dusty.

In addition, there are three DDs in the MEDA observations with a diameter of
87-135 m crossing at distances of about 30 m. Figure shows results of our Monte-
Carlo simulation of trayectories considering a dust devil production rate of DDs of
this size category of 0.1 DD km~2sol~!. This simulation fits the number of encounters
of large vortices at 30 m. This implies that vortices with diameters of 100 m are
produced at Jezero 25 times less frequently than the vortices that we detect with a
mean diameter of 20 m.

When putting together our results, we find that for typical dust devil sizes of 20
m in diameter, DD production rates of of 2.0-3.0 DD km~2sol~! are reasonable values.
This range of values is comparable to other studies at Jezero (Toledo et al.|2022), and
smaller than the largest values found at some other locations on Mars that range from
7-15 DD km~2sol~! from analysis of DD surveys in images obtained by Pathfinder
cameras (Ferri et al., [2003; [Metzger et all [1999), to 50 DD km~2sol~! from Spirit
during a season of high DD activity (Ls=173-340°) (Greeley et al.| 2006} |2010; [Ferri
et all [2003; |Waller, 2011)). In many other locations, like Gale crater, the dust devils
production rate is much smaller (Ordénez-Etxeberria et al.l 2020), or negligible, like
in the location of Insight in Elysium Planitia (Spiga et al.l [2021)). While vortices in
Jezero are very frequently dusty, the observed activity is not beyond what has been
observed in the past.

7.2 Intense vortices and risks to surface hardware

The WS has two booms. Each boom is made of 6 transducer boards that include
redundant elements. In each transducer board hot and cold dices are connected to
the board by sub-mm diameter filaments (Rodriguez-Manfredi et all [2021). Over
the course of the mission two failures in the boards were detected at the same time
as encounters with DDs. The DD on sol 313 was the 13th dustiest event detected
and the DD on sol 413 was the 4th dustiest. The characteristics of these events are
summarized in Table Bl

The first event occured during the dust storm period and affected the WS boom
2. Supplementary Fig. S8 shows images of the WS and MEDA measurements obtained
during passage of this DD. The delay between the peak pressure drop and the largest
decrease in light measured by RDS Top 7 suggest this was not a direct impact with
the vortex, but a more tangential one. Wind measurements obtained just before the
WS failure peaked at values of 22 ms™!, which are on the same level as the peak winds
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Table 2. Vortices implied in Wind Sensors damage.

Sol LTST Apy,s Rank FWHM RDSTop7 Rank WS peak

(Pa)  (Apaws) () (%)  (RDSTop7) (ms™))
313  13:42:14 1.8 95 36 9 13 22
413 14:22:26 4.0 13 13 20 4 -

observed in the most intense vortices detected in the MEDA data set. All this factors
suggest a vortex passage at a distance comparable to the vortex radius, which would
be coincident with the strongest winds in the vortex. Using equation (1) to invert the
value of the central presssure drop, this would require a vortex with a central pressure
drop of at least 7 Pa. If the vortex impacted Perseverance at a distance larger than its
radius, then the dust devil could have been substantially more intense carrying larger
size grains. Because we only have wind information during the approach phase we
cannot retrieve the physical parameters of this vortex using the vortex drift model.

The second wind sensor failure that can be linked to a DD occurred on sol 413.
The event had a detected pressure drop of 4.0 Pa and a high dust content with a 20%
reduction of irradiance measured by RDS. Although wind measurements were obtained
during the vortex encounter, examining their values requires a new retrieval process
that takes into account the functional boards at the time. Because the central pressure
drop and event duration are typical of the very close approaches, and the dustiness of
the vortex measured by RDS is high, we expect that this was a very close approach
of an intense dust devil in Jezero with a likely size close to the most common vortices
with diameters of ~ 17 + 8 m.

7.3 Contribution of vortices to dust-lifting at Jezero

Greeley et al.| (2006) computed the average dust flux to the atmosphere trans-
ported by dust devils in Gusev crater from images obtained by the Spirit cameras.
Vertical velocities in the dust devils had a mean value of 1.8 ms™!, and dust devils
transported an average dust flux of 2.1 x 107° kg m~2 s~!. However this number could
vary over several orders of magnitude for individual vortices and seasons.

MEDA offers information on the dust content of individual vortices from RDS
data. However, its interpretation is subject to geometrical effects associated with the
vortex size, crossing distance and vortex path relative to the Sun. Thus, an unbiased
quantification of how much dust each DD transports is not straight-forward. If we
also consider the DD longevity relation from Lorenz (2013]), then, the largest DD in
the MEDA observations, i.e., the DD on sol 213 with a 135 m diameter, can lift 45%
of all the dust lifted by the 22 events that we have fitted.

If we assume for estimative purposes that the very uncertain average values of
vertical velocity and dust flux found at Gusev crater by |Greeley et al.| (2006) may also
be used for Jezero, then the vortex on sol 213 could potentially raise 300 kg of dust to
the atmosphere over a life time of 1,000 s. If vortices at Jezero have a mean diameter
of 17 m, as calculated from the closest passing vortices, that means that individual
vortices can lift about 1.4 kg of dust each. A dust devil production rate of events of
this size of 2.5 DD km—2 sol~! would result in a dust flux of 3.5 kg km—2 sol~!, which
is about 20% of the estimates at Gusev crater from |Greeley et al.| (2006).

The large vortices with sizes of 100 m and a production rate of of 0.1 DD km—2
sol™! would result in longer-lived vortices with a dust flux of 16 kg km—2 sol~*.
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This means that large vortices dominate the dust flux at Jezero, even though a full
calculation of how much dust is being lifted by vortices is not possible with the current
data.

8 Conclusions

The rich vortex and DD activity at Jezero, and the multiple atmospheric sensors
in MEDA, combine to provide a valuable description of vortices and DDs on Mars.
Our main findings in examining these data are:

e Vortices are abundant in Jezero during day-time hours. Their average abun-
dance is 4.9 vortices per sol with a Apyps >0.5 Pa. This number takes into
account a renormalization for the portion of time over which MEDA operates.
One in every 5 of these vortices carries dust. The daily activity of vortices and
dust devils peaks at noon with 1.1 vortices per hour with Ap,,s >0.5 Pa and
0.25 DDs per hour.

« Nighttime pressure drops similar to those caused by daytime vortices are rare
but do exist. Some cases can be caused by convective plumes from the RTG and
are accompanied by high temperatures. Other cases do not seem related with the
RTG and should be caused by the environment. Additional long pressure drops
are observed during the day and can be highly variable, potentially indicative
of the passage of convective cells.

» The seasonal evolution of vortices and dust devils over Ls=6-213° is small, but
there are clear changes at the end of the Summer and early Autumn with a
more spread activity in local time of sol that preserves an overall vortex activity
of 4-5 vortices per sol. The seasonal variation of vortices occurs in parallel to
changes in the vertical thermal gradient of the atmosphere, which is small until
the arrival of the Autumn (Munguira et al.| [2022]).

e DDs became very frequent during the first sols of a dust storm that affected
Jezero at Ls=152°. These sols had warmer air temperatures and lower surface to
air temperature differences than in previous sols. Vortex activity was inhibited
a few sols later accompanying a reduction in the temperature of the air and
surface with a gradual increase to the seasonal vertical thermal gradient.

¢ There is a strong correlation between the intensity of the vortex from the de-
tected pressure drop, and its dust content. Most of the vortices with Ap > than
2.0 Pa were dusty. The strongest decrease in RDS Top 7 was caused by a long
and intense pressure drop that resulted in a light reduction of 26% (A7 incrase
of 0.3). This was caused by a close encounter at 30 m of a DD with a diameter
of 135 m.

« Clusters of vortices and DDs are related to the terrain properties. The most in-
tense vortices are found over terrains with relatively low thermal inertia (TI~300).
There is a strong correlation between the local vertical thermal gradient and the
intensity of the vortices. Some intense and large vortices are found over terrains
with relatively high thermal inertia and small vertical thermal gradients. We
suggest that these events could have formed over different terrains and moved
over the location where they are detected.

e A comparison of vortex activity at Jezero with a LES calculated for Ls=45°
shows similar characteristics, although MEDA measurements of vortex activity
suggest three times higher activity at Jezero than the simulation. The LES
allows to examine biases from a meteorological station that has a low probabil-
ity of finding very close events. The comparison of MEDA data and the LES
suggests a dust devil production rate of 1.8 — 2.4 DD km~2 sol~!.

e« MEDA pressure and wind data allow us to fit models of vortices that were
applied over DDs causing intense pressure drops. These fits result in vortex
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781 diameters from 5 to 135 m. The DDs with the closest trajectories to Perse-

782 verance have a mean diameter of 17 m and the mean diameter of all vortices
783 that we could fit to models was 34 m. Model fits predict that at least one of
784 the vortices detected had a central pressure drop of 9.0 Pa, similar to the most
785 intense vortices observed at Elysium Planitia (Spiga et al., |2021]).

786 « The abundance of DDs passing Perseverance at very close distances results in a
787 vortex formation rate at Jezero of 2.0-3.0 DDs km~2 sol~!. A comparison of this
788 formation rate with the number of vortices detected in MEDA data suggests that
789 vortices with pressure drops of 2.0 Pa, which are generally dusty, correspond to
790 the approach of stronger vortices observed at a distance that in most cases is
791 smaller than 30 m.

792 + At least three large DDs with diameters of 100 m passed within 30 m of Perse-
793 verance. This implies a vortex formation rate for events of this size of 0.1 DDs
704 km™2 sol~!. The comparison with the formation rate of smaller DDs implies
795 that the total dust lifting by vortices at Jezero is dominated by the activity of
796 the larger vortices.

797 Future analyses of Perseverance observations of DDs combining MEDA data and
798 images will unveil new characteristics of the DD phenomenology in Jezero. New obser-
799 vations over different seasons and terrains, exploring properties such as surface rough-
800 ness and particle size and cohesion from surface images, will help to understand the
801 characteristics that make Jezero so active in developing DDs within its rich population
802 of convective vortices.
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