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Introdu ction

Suspended dust can significantly affect the thermal profile of the atmosphere, absorbing
and reflecting the solar radiation, influencing also the cloud formatidtife-cycle. Once
entrained aaltitude, smallest @ins can be transported all over the planet, mixing the soil
composition and affecting the amount of mineral and nutrients of the different ecosystems.
The average global effect on the terrestrial climate is still not well established. However,
except pecliar and rare conditions, it is estimated as not predominant. Indeed, the presence
on Earth of oceans, vegetation and other complex factorss lingtabundance of dust
sources and mitigas¢he aerosol total contribution.

The martian environment presemtstead a different situation. Despite being much thinner
than the terrestrial one, martian atmosphere can still sustain aeolian processes: they are
common and diffuse all over the planet and able to set in motion sand and dustagrains
evidenced by thdiffuse present of dune3he presence of fewer competing factors, the
arid environment and the widespread distribution of dust sources make the dust
contribution one of the crucial factors that drive the planet climate. Indeed, martian dust
storms can ldasseveral months, even covering the whole planet surface absorbing up to
80% of the incoming solar radiation.

Another important phenomenon associated with the dust clouds is the mutual contact
electrification of the grains, that can generdextric fieds up to several\Wkm. On Mars,

the triboelectricity associated with dust impacts is expected to be the main charging
mechanism of the atmosphere and could leagatential greater than the breakdown
voltage, with the consequent formationebéctrostatialischargesThese phenomena can
potentially affect the atmospheric composition and the habitability of the planet.
Therefore, in the frame of the Martian exploration, the study of the dust lifting phenomena
covers a key role and represents one ofjthass of the present and future missions.

The ExoMars 2012020 programme aims &earch for signs of past or present life on
Mars, and investigates the Martian atmosphere and thedomgclimate changes.

The first mission has been launched in 2016 cltided the Schiapparelli lander, developed

to demonstrate the technology for entry, descend and landing on the Martian surface, and
the Trace Gases Orbiter, actually in orbit around the planet with the aim to map the sources
of atmospheric trace gases.

Thesecond mission will be launched in 2020 and it will include a surface platform and a
rover. The aims of the mission dhe search for life sign#ye investigation of the boundary

and subsurface layer to characterize water and geochemicadistribution the climate
evolutionand the habitability of the planet

In this optic, the missions also involwbe deployment on the martian surface of
instruments able to study the meteorological, electric and dust activity parameters of the
planetary boundary layer.

The team | joined during my PhD work at the INAF astronomical observatory of
Capodimonte is direlst involved in the ExoMars programme, being chargeof the
DREAMS meteorologicastation on board of the Schiapparelli lander of the ExoMars 2016
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mission, and of the MicroMED optical particle counter on board of the surface platform of
ExoMars 2020.

In the frame of the instruments developing and the acquisition of martian analogous data
on Earth, our team has carried out various campaigns in the Sahara desert, during the peak
activity season for the dust processes, to study the environment and thehiimomena
thatareexpectedn Mars.

The data acquired ithe Sahara represent up to ntdve most comprehensiwtata set
available for the dust phemena, being also the only otigat crosses synchronous
acquisition of meteorological, electric, sand aodt activity parameters.

Currently there are still many open questions regarding the dust processes physics,
largely due to the lack of proper field surveys. Indeed, both on Earth and Mars, we still
lack a proper estimation of the injection rate, glarabunt and physical proprieties of
atmospheric dust. The wind speed threshold during dust storms and devils for the
entrainment of sand and dust grains are still matter of controversy, due to the not precise
knowledge of the magnitude of the differentdes involved. In particular, the role of the
electric forces is very unclear gnd generalthe proprieties and the development of the
electricfield related to the dust cloud composition and environmental meteorological
parameters heavily need furthevestigation to be understood.

Therefore, in order to answer at least paulthe aforementioned questions, my PhD
research topics haveeen:

- the development of proper detection algorithms able to individuate the dust events
acquired in the datatrucuring the techniques in such a way that they can be
usedbe used also for the analysis of the data collected by the ExoMars missions;

- thephysical characterizatioof the dust storm and dust devils adivobserved
during theSaharan campaigns, studyimgparticular the electric proprieties of the
eventsand the relations between the elecfietd, the amount of sand and dust
lifted and the environmental conditions;

- the comparison of our terrestrial results with the madetaavailablein
literatureand the study of what we can expect and what we have to look for in the
future ExoMars data, thatayfill many of current lacks.

The work is structured as follows:

- In Chapter 1 I will discuss the role of airborne dust on the planet climate, both on
Earthand on Mars, describing also what are the main lifting processes, such as dust
storms and devils. In addition, | will briefly introduce the boundary layer physics,
the basic laws of the surfae¢émosphere interaction that lead to the grains lifting
and theinvolved electrification process.

- In Chapter 2 | will present the ExoMars programme and the related field
campaigns we performed in the Sahara. In addition, | will describe the detection
algorithms we developed to individuate the active lifting procesmsgsired in the
surveys.

- In Chapter 3 I will discuss the analysis of the dust lifting activity monitored
during the terrestrial campaigns, focusing on the description of the observed
electric proprieties.



- In Chapter 4, | will present the analysis of tle@h&an campgn | personally
planned and k&in 2017, specifically aimed to the study of the dust devil
processes.

Enjoy my thesis.



Chapter 1
Atmospheric dust on Earth and Mars

In this chapter we explain what is the dust andats on the planetary atmosphere and
climate. We introducéhe maindustlifting phenomenandthe physicat the basef the
lifting process. In addition, weiscussabout the triboelectrification proceassociated with
windblowngrains and the resultingduced Efield.

1.1 Mineral Dust

The mineral dust is the component of the atmospheric aemgwatedby thesuspension

of mineral graing ¢ mm in diameterfrom the soil.The principal mechanism for the
mobilization of the soil grains is the wiretosion, howeverthere are cases wheoéher
natural mechanismlike the thermophoresis or the electric forces can give a relevant
contribution.

Thedust is mainly originated in arid and seamid regionlike deserts and dry lake beds.
On Earth,dl the main dust sources are located in the north hemisphere, while the
contribution of the south hemisphaseestimatedinder10% of the global dust emission
(Choobari et al., 2004The Sahara Desert repressthefirst contributor to the global dust
budgetgiving around 55% of the totéiRajot et al., 2008 and the highest concentration of
the emissioa comes fromthe Lake ChadBasin. Otherimportantsources arspread in
Middle East and Asia, like the Lut Desehte Karakum Desert, the Taklimakan Desed an
the Gobi Desert.

Dust is alsgroduced during the grinding and abrasion by ice over bedrock in river beds
and glaciers and hence it is abundartold climate regions and at high latitudesere it

is emitted by strong glacigriven or katabatic wind¢éDagssoAwaldhauserova et al
2013.

The abundance of the emissions depends on the season and iédsteethe dust storms
activity; some regioslike the Africa and the Middle East are more active in the summer
period (Goudie and Middleton, 2006while the activity in the Chinese region peaks in
spring(Shao and Dong, 2006; Sun et al., 200he dust originated from different sources
can presentsubstantialdifferent composition and, even considering a single source, the
composition could be not homogeneousvariating with the size of the grainsThe
characteristics and concentration of dust in an areactijestrelated to the local sources.
Indeed, once lifted thgrainscan remain in suspension for wegikavellingfor thousands

of kilometersdriven by the global circulation

Alongside the seasonality due to the atmospheric dust lifting phenomena, the dust
concentration can be affected by sporadic phenomena, like the volcanic erdap&boan
tremendouslyincrease the amount of dust iretatmospheren addition to the natural
sourcesapercentagbetween thd 0 and 30% of themissiorhas anthropic origi{iTegen

and Fung, 1995; Sokolik and Toon, 199®)e human contribution to the deforestation and



the desertification of many area dfet planetfavorsthe increase of the dust emission
Moreover,dust grains are directly lifted bactivities like the mining, agricultureand
overgrazing(Moulin and Chiapello,2006, e.g. in Australia the anthropogenic dust
emission counts for about 75%tae total Bryant 2013.

1.1.1 Impact on the Terrestrial land-atmosphere -ocean system

The effects of the dust on thémospheric balance atemplex and heavily depermah the
concentration, size and composition of the grdissially, the are divided intareéct, semi
direct and indirect effest The direct effe are relatedto the dust impact on the
atmosphericadiative budgetwhile the semidirectand indireckeffectsare both related to
the interaction of the dust with the clouds. In particular, émetslirect effectdescribe the
role of the dust absorption of radiation on the cl@ldecycle, while the indirect effects
are connected to the role of the dust as ice nuclei and cloud condensationimuiisi.
way the dust is able tonfluencethe weather and the hydrological cycle. In additidn
affects the biogeochemical cycle, working as a t@nginental vector of nutrients for land
and ocean habitats.

Lastly, the atmospheric dust affethe quality of the aiaffectingthe human caresrains
under 10 pum of sizare easily inhalabl€€oming in contact with wet airspace surfaces they
can deposit inside the respiratory systemelting andeleasingoxic constituents for the
organism and serving also as a vectorbadlogical components suchs &acteria,
endotoxins, and fungi.

1.1.1.1 Direct effect

The dust grainkave a diameteasf the order of tens ahicronsor less becaustne larger
grains are too heavy toer in suspension for a long periddhe range of diameters makes
the atmospheric dusbke to interactvith both the shornd the long wave radiatioHence
thedust playghe dual action of reflectingn spacepart of the solaradiation(short wave
radiation)and trapping part of the radiation emitted by the surfkee wave radiation)
heavily affecting the thermal gradient of the atmospherecandequentlyhe climate In
presence of asuspendd dust layer the surface will be cooled during the-tlaye and
warmed during the nighitime (Hansell et al. 2010), resulting im averallcooling due to
the preponderance of the interaction with the shortwave radiation (Yoshioka et al. 2007)
Thus, he atmospheric dust plaga averagea role opposite of thgreenhouse gasegiving

a cooling contribute that counterattacks the gases warming.effect

1.1.1.2 Semidirect and indirect effects on the cloud physics
After thesuspension, part of thrdustis embedded within clouds. Here, it can lead to the

Acl oud Bwercniong eefh an c i thrgughtha absogptwoa pf dhe adlar 0 n
radiation Hansen et al. 1997; Ackerman et al. 20@®addition, the influence of the grains
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on the atmospheric temperature profile affects the vertical and horizontal development of
the cloud coverageKch and Del Genio, 20}0

Due to their sizethe dust graingvork as ice cloud nucleBassen et al., 20p3&nd when

they are coated with soluble materials or absorb water, they can growth until to act as
efficient cloud condensatiorunlei (Levin et al., 200% In this way, the dust affects the
amount of droplet inside the cloud, modifying their optical proprieties and the precipitation
rate. These interactions are coreg| and,depending on the circumstanct®e net effect

can be bdt asuppressiomr an enhancement of the rain precipitatibar this reason, the
atmospheric dust can heavily affect the hydrological cycle

1.1.1.3 Indirect effects on the biogeochemical system

Alongside these contributionghe dust redeposition plays anndirect effect on
biogeochemicalsystem (Mahowald, 2011).Suspended dust is m®ved from the
atmosphere bgravitational sedimentation ameet precipitationDry deposition dominates
over the lands, while the wet deposition is preponderant on the oceadsi(gtal., 2003).
The dustis vector br long range transport afrucial nutrientsfor the ecosystesy in
particular nitrogen, phosphorus, and iréor example, we know that the tropical fosest
are phosphorubmited (Vitousek, 1984Swapet al.1992), while many ocean biota, such as
phytoplankton, are iron limited (Martin et ,2.990. The atmosphericCO; is one of the
stronger greenhouse gases amuld inhibits the growth of the Ozone layer.The
concentration of this gas is regulated by the plajtfes at i on and by t he
mechanisnof theoceamc phytoplanktonThe dust cycle modulates on a long time scale
(hundreds and thousands of years) the productivity of these ecosygiamstrongly
affecting the absorption of the atmospheric.GOkin et al., 2011) This effect is so
pronounced thathe variation in the suspended dust concentratienbean proposed as
one of thanain factor that drives the interglacglacial variation of the C&concentration
and thus the climatehangg(Martin, 1990)

1.1.1.4 Estimation of the total effect

It has been estimated thattb the dust indirect effect on the cloud development and on the
biogeochemical cycles give a neat contributorthe global radiative forcingpmparable

to the direct effect (Mahoald, 2011 ;Foster et al., 2007However, the impact of the dust

on the global climate is far from well establishedmarily due to the uncertainty that
affects the evaluation of the global dust burden value, the not total comprehension of the
chemical ad physical properties of the lifted grajias wellthe lack of kowledge of the
temporal and spi variability of the concentration.

The intergovernmental panel on climate change (IPCC) provides at regular intervals
Assessment Reportsf the state of knowledge on climate change. The |dtdtt
Assessment Reporgiven in November 2014ighlightedhow aerosols contribute the
largest uncertainty to the total climdtecing estimate for the Earth (IPCC, 201%hein

situ observations providelirect information on dust composition, size distribution,
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chemical and physical proprietiesiowever they aretoo sparsefor adequate global
coverage and whave touse satellite observatistto monitor the emissions on a global
scale. e planetarydust cycle is currently simulated using fdient models, but,
depending on the assumptions and starting input gesisthe aerosol emissioastimate
ranges over more than a factor 2

To improve these results, the acquisition of further field,detdhe ones presented in this
work, plays a crucialrole. In addition, we have to take into account the dust lifting
processes are not limiteéd the terrestrial environmenhdy are present also on other planet
equipped withan atmosphere able to sustain aeolian proddésseforethe understood of
dust lifting physics on Earthis importantalso for the implications onhé planetary
exploration In particular, in this work we willocusonthe Martian casen the frameof

the ExoMars 2012020 programmeéhataims to investigate thpossible presence pfst

or present life on Mar©ne of the requirements necessaryctieve thisobjective ighe study

of the climatic conditions of the planet that, as we will see in the next section, are strongly
influences by the dust processes

1.2 Mars

Marsis the fourth planet of the solar systdis.radius(D3.396 km)is about ondalf of

the terrestrial onewnhile its gravity(D3.71 m/$) is around one third. Ae solar longitude

(Ls) is the parameter used indicate the Martian seasah:s the angle that the planet
describesn its motion along the ecliptidt ranges from 0° t860° where0° correspond

to the start of the year, while 360° is the ehlde Martian year last687 terrestrial days,

while the rotational speed is similar to that of the Earth with a Martian day tra24dst

a nd [uBng its evolution the planetals lost most of its atmosphere and curreritly i
maintains onlya tiny one with a superficial pressuref D6 mbar around6 a of the
terrestrial oneDespite this, the atmospherestdl able to sustain aeolian processes

The environmental conditions of the two Martian hemispheres are strongly asymmetric.
The Martian rotational axis is tilted of 25.2° andoitbit has a large eccentricityioreover,

the southern hemisphere is on average around 5 km higher than the northern one. For these
reasons, the southern hemisphere summer is shorter than the northern one, but it is warmer,
due to the stronger insolatioand it is characterized by a stronger Hadley circulation
favoredby t he topography (Joshi et al, 1995) .
(from LD p ¢ 1t LD & & T Beselfact@s lead to the generation of strong boundary winds
andconsequentlythe planet exhilits the strongestdust lifting activity.

The Martian regolith forms a loosely packed, porous medium, which is the source of the
ubiquitous aiborne dust and allows the exchange of volatiles thighatmosphere.

The space missions for Mars exploration have been ongoing since the early 1960s, and
nowadays we count more than twesticcessfumissions. Currently, there are six orbiters
around the fanet (Mars Reconnaissance Orbiter, Mars Express, Mars Odyssey, Mars
Atmosphere and Volatile Evolution, Mars Orbiter Mission and ExoMars Trace Gas
Orbiter) and two active rovers on the surface (Mars Exploration Rover Opportunity and
Mars Science LaboratoQuriosity).
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The presence of dust in the atmosphere and the high frequency dfticigseVvents on the
surface havéeenknownsinceearly Martian missions. Indeed, has been observdwbw

the near surface atmosphere is characterized by aqpesantust haze. Despite this, the
mobilization of the sand size grains has not been observed until recent years. Indeed, until
2008 it was still considered that Martian aeolian bedforms were relict features formed in
the past when atmospheric densities or vépdeds we higher Merrison et al. 2007)

On Mars, it is supposed that, like on Earth, the dust lifting is initially triggered by the set
in motion of the sand grains (see saltation process iifaP. Therefore, theaburdance

of dust mobilization coupled with the lack of bedform migration has represented a paradox
for severalyears (Sullivan et al., 2008The acquisition of highesolution images from

both land and orbits has resolved this paradox, showing that theizatbi of sand
actually taks place on the planeBpurke et al.2008;Bridges et al.2007; M. Chojnacki

et al. ,2010;Sullivan et al. 2008) Silvestro et al. 2010 has given the first evidence of
widespread ripple and dunes migration on the planetjirmgdhat the Martian surface is
currently active, with frequent sand transport events.

1.2.1 Impact on the Martian land -atmosphere system

Overall, the dust cycle is a criticictor that drive the weather and climate of the planet.
As we described for theefrestrial case, Martian airborne dust affects the absorption and
reflection of the solar radiatioimside the atmosphere. Due to the enhanced presence of
dust, this effect is stronger than on Earth. In addition, also on Mars dust grains serve as
condensabn nuclei for the clouds of water, CO&nd ice present on thplanet.
Moreover, due to the of lack of vegetation and any other kind of coverage of the surface,
the optical properties of the soil hegvdffect the energetic balance between the amount
of radiation absorbed and reflected by the plambe measure of the reflectance of a
surface is called albeddhe continuous transport and redeposition of dust clouds around
the planet and the tracks tldfy dust devils passage can substantially change the local
albedo of the Martian region. These variations affecttieamal structur@and circulation

of the boundary layecausing a direct feedback on the momentum exchanged between soil
and atmospherend hence on the lifting processes.

In absence of precipitan and fluvial systems on the preséfdrs, the aeolian processes
represent the principal erosion phenomena of the landscapsng the migration of the
ripple and dune systems and the creatiowind streak on the surface.

We will discuss more deeply the dust lifting events active on the Martian surface in the
next section.

Another important aspet take into account is related to the induction of strong electric
fields nearthe grounddue b the presence of suspended dust; we will discuss more deeply
this topic inpar.1.6.
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1.3 Dust lifting phenomena
1.3.1 Dust Storms

On Earth, dustterms are local phenomena arising strong unidirectional winds and
extended gust frde able tolift sand and dust partickefrom the surfacereducing the
visibility under 1000m Goudie 1978 They are common in arid and seanid
environment and can growth up to scale of thousands of km, becoming visible from the
Terrestrial orbit. Insid the larger eventshe wind speed can exceed 30 km/h, while the
visibility can decrease up to few tens of m.

On Earth, aide from the case of sporadic episodes like volcano eruptions, dust gieems

the main contribuibn to the injection of dust in the atmosphere. The lifted dust can travel

for thousands of km, evidence of this is the frequency with which the Europe is covered by
the dust originated in the North Africa dust storms. In very rare cases, the same storm can
extend over an area with a sedéngth of some thousands of km, e.g the great North
American dust storm of 1933 that covered the region between Montana, Ohio, Missouri
and the Lake Superior. However, on average, the Terrestrialssaioermuch smaller than

their Martian counterpart.

1.3.1.1 Martian Dust storm

Martian dust storms have been observed from Earth fivecaineteenth centuryntoniadi

firstly reported large yellow clouds obscuring part of all of the surface.

With the beginning of the Martiaspaceexploration the Mariner 9 pbe in 1971 wathe first
spacecrafto orbit around thelanet encountering thiargest globastormobserved so far.
Successively, the Viking missions have observed the global dust storm of 197iboth f
land and orbit.

The rate of dust injection o the atmosphere is comparable on Mars and on ERrth

p T "Fwi Greeleyand Iversen1987 and local dust storms occur frequently and are
probably dynamically similar to dust storms on Earth.

In period of high activity, there may be several tens of storms contemporaneously active
on the planet. Typically, the activity peaks in late spring and early summer, when Mars is
near perihelion. However, in some ygathestorms do not develop at all. Thegn last

from few weeks to few months, even various months in case of global dust storms. Usually,
the major storms become visible as local bright clouds core, yellow or red, of few hundreds
of km. After few days the core stadn expansion phase with tfemation of secondary
cores that join the main cloud. Under particular circumstatitatsare still not completely
clear,on average every three martian ye#ns expansion can lead to the formation of a
planet encircling storrtseeFig. 1). There is no evidence that dust is raised simultaneously
on a global scale, more likely different strong storms originated in particular geographical
localities lift enough dust to cover the whole planet. Aboutlwadé of the dust clouds
appeared near the edge of the southern polar caps, and the other half occurred mainly in
the southern hemisphere, for ttiéferent elevation and topographgswe explained in
parl.2
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The greater intensity dhe Martian dust storm compared to the Terrestrial ones is related
not only to the major abundance of dust sources but also to the stronger orographic effects
that drive the wind circulation. Indeed, the Martian surface has a height gradient that
overcoms 30 km and many storms originate from slope winds generated off the flanks of
the volcanoes in the Tharsis region (up to 22 km of he{gh® et al., 1982)

Guzewich et al2015 haveanalyzedhe dust storms active in dust lifting recognizable from

the obital images of the Mars Global Survey ahé Mars Orbiter Camerdor Martian

years (MY) from 24 to 28They observed how the dust storm activity peaks in the equinox
periods but is nearly absent near each solstice. Comparing theirs results with the ones
obtained for the global dust opacity during M¥24 (Montalbone et al 2014), Guzewich

et al. 2015 concluded that the dust storm activity is strictly related to the global dust opacity,
being responsible of around 50% of the total lofted dust. Smallee skt lifting
phenomena, in particular dust devils, have to be takeraatountand have to plag role

on the optical depth comparable to the dust storms one. These kind of phenomena become
predominant in the solstice and aphelion periods tdihe écrease of dust storm activity

Fig. 1 Two images of Mars, taken by the Mars Orbiter Camera on NASA's Mars Global Surveyor orbiéore and
after the great dust storm of 2001. The first image is taken at the start of Junegvithéd second one is relative to the
end of July. Credit to: NASA/JPLCaltech/Malin Space Sciences Systehtps://mars.nasa.gov/resources/21448/

1.3.2 Dust Devils

Dust devils are convective vortices, stable vertical columns of air in rotary motion, strong
enowgh to entrain material from the surface.

Their formation isfavoredin conditions of strong insolation, low humidity environment,
lack of vegetation and buildings or other high obstacles and gently sloping topography
(Balme and Greeley, 2006). For thesasens, they are often observed in terrestrial deserts
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and are also very common on the surface of Mags2 shows a dust devil photographed
during one of the field campaigns. The diameter of the dust column can remain roughly
constant or increase with the height, the column can be perpendicular to the surface or
slightly tilted in the direction of motion.

Fig. 2 A dust devil observed a few kilometers from the measurement site.

At the center of the cohan there is a low pressure core, related to the vertical convection,
that induces a horizontal rotary motion of the air flow. The rotational speedunction

of the distance d from the center of the vortex, can be reasonably described using the
Rankinevortex mode(Giaiotti and Stel 2006
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b= QQ Y (1a)

L Q \ (1b)

w— QQ Y

where d is the distance from the vortex center and R is its radilQ ‘Yis the vortex
region with maximum rotational speechlled vortex wall The speed linearly increases
with the distance d from the center of the vortex up to its wall, where it reaches its
maximumV;, then decreases as the reciprocal of d.
The pressre has its minimum \ae in the center of the vortex aitsltrend in time can be
described by a Lorentzian curvellehoj et al. 201p

- ALY . @)
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whereB is the background pressuralwe,p Ris the magnitude of the pressure drop at the
centerof the vortex relative t®, to is instantrelative to the minimal pressueend G i s t he
full width at half maximum (FWHM) of theignal The first term of on the right side of
eq(2) is the pressure drap P (and)it represents the theoretical signal that a vortex leaves
in the pressure time series
Dust devils with a single pressure core are the most common, however in some cases the
vortex can presemmore than one cordhe magnitude adp Hs usually of the order of one
thousandth of the atmospheric pressiré nbar on Earth).
At vortex wall, the rotational speed is approximately in cyclostrophic balance with the
magnitude of the pressure drop, nimehe force due to the pressure gradient is equal to
the centrifugal force:

ol <

<

® w0 (3)

The rotational motion of the vortex overlaps the motion of the winkigraand When the

total wind speed reackea sufficient magnitude, the whirlwind starts to lift sand and dust
from the surface becoming a true dust deMilese vortices are one of the most efficient
aeolian lifting mechanisms, thanks to the combined effect of horizontal and vertical wind,
saltaton and pressurgradient force Klose et al., 2016 The relative importance of the
different mechanisms is still unclear, but, their sum makes the dustdmeleffective in

dust size grain$ifting than the shear stress related to unidirectional \(@réeley et al.,
2003. Inside the wall of the column the lifted grains follow an upward helical pattern,
forming a debridaden annulus, while the central region of the vortex is relatively dust free.
The vertical wind speed rapidly decreases outsidedhecal column, and the dust devil

is surrounded by a region characterized by a downward directed motion, where the lifted
grains relapse toward the surfabesome cases, the passage of the dust devil can leave a
visible track on the surface due to tleenoval of the first soil layer and the consequent
albedochange.

On Earththe whirlwinds affect the atmospheric dust concentration on local scale, but, they
seem to be responsible of only some percent of the global dust bdelgeh¢tSmith et

al. 2015.
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Sinclair in 1966 has been the first to systematically study a large dust devil dataset in the
Sonora Desert (Arizona). He observed that the best environmental wind speed to favor
vortex formation is around 5 m/s and that the activity peaks around wbhen,ground is

at itswarmest. Indeed, one of the main mechanism to generate the vorticity that lead to the
whirlwind is the vertical air motion induced by surface region warmer thanetigbbors

The horizontal gradient of surface temperature leadptessure gradient that indsdbe

air convection and rotation.

1.3.2.1 Dust Devils on Mars

The presence of dust devils on Mars has been confirmed by several Mars Mission, using
both landed and orbital instruments.

Ryan, 1964 has been the first to suggest tssiple existence of dust devils on Mars. The
possibility to find convective vortices on the surface was strongly suggested by the desertic
conditions of the plangéNeubauer, 1966; Gierasch and Goody, 197Bg first evidences

of their presence was givdary the NASA Viking missionsRyan and Lucich, 198and
Ringrose et al., 200Bave identified many convective vortices in the Viking landers wind
and temperature measarens. The complete characterization of the pressure signatures
of these events was npbssible yet, due to the infrequent sampling and the poor digital
resolution of the data. The confiationthat the vortices could be actually dusty was later
given by the analysis of the Viking Orbiters images, where a hundred e$unéace dust
columrs were identifiedThomas and Gierasch, 198buring the Pathfinder mission, tens

of dust devils have been identified both in the images of the IgidBrcamerajnd in

the data of the surface meteorology package (MET), allowing the first Martiancsttinay
vortices pressure and temperature profigshpfield et al., 1997; Murphy et Nelly., 2002;
Metzger et al.,1999; Smith and Lemmon, 1999; Ferri et al.)2003

Afterwards, the NASA Mars Global Survey and the ESA Mars Express mission have
allowed the bservation from the orbiter of dozen dust columns and dust devilsstrack
throughthe highresolution Mars Orbital Camer&dgett and Malin, 2000; Malin and
Edgett, 2001 and the High Resolution Stereo Camésaegley et al., 2005; Stanzel et al.,
2008.

The NASA Mars Exploration Rover mission landed in 2004, has monitored three seasons
of dust devil activity in Gusev crater using the Spirit rover (Greeley et al., 2006) W23
equipped with a compositeameras systemwithout meteoological instrumentsand it
collected imagesf hundreds of events. The NASA Phoeniang Lander, landed in 2008,
collected meteorological data almost continuously for 151 Martian sols, measuring 502
pressure drops compatible with dust devil passagéshpj et al., 2010 The NASA
Martian Science Laboratory (MSL) Curiosity rover, landed in 2012, is still active on the
surface, monitoring the boundary layer atmosphere through the Rover riEngmb
Monitoring Station (REMS). & far it has collected 245 convective vortices sigres
(Steakley and Murphy 2016)

The nearly global Mars coverage of the orbiter images show how dust devils are common
and widespread on the surface of the planet. Dust columns have been identified in both
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hemispheres in every season, and dust deviksrhave been observed almost at every
latitudes and elevatioMalin and Edgett, 2001; Greeley et al., 2004; Stanzel et al.)2008
The diameter of the observed Martian dust devils ranges fromeherto thekilometer,

while the height goes from the hdneds ofmeterso variouskilometers The pressure drop

is of the order of ten pbar, the rotatory speed ranges from few m/s to over the 50 m/s, while
the translational speed usually goes from few mébtautl5 m/s, with rare peaks up to 50

m/s. The temerature variation is of the order of the kelvin degree.

Pathfinder, Phoenix and Curiosity are the only missibat have collected usable pressure
time series of the events. Despite the three mission have landed in very different sites,
subtropical for Bthfinder, norther polar for Phoenix and equatorial for Curiosity, they
observed very similar dust devil characteristics. In all the cases the cumulative distribution
of the pressure drops is describable with a power law with exponent aredjnd the

sane range of variation. Both the Martian surface pressure P and the pressure drop of the
events are around one thousand times small er
is quite similar on the two planets. However, Martian dust devils can ban order of
magnitude larger in diameter and height than the terrestrial &eesof et al., 2026
Overall, the meteorological characteristics of the Martian diesgts are really close to the
terrestrial ones suggesting that the events could havera@oformation mechanism and
dynamics(Ringrose et al., 2003

Usually the whirlwinds are observed between 8:00 and 17:00 (Local True Solar Time
LTST) and most of the daily ocaence is concentrated aroundon: between 11:00 and
13:00 for Pathfinder an@uriosity, and between 11:00 and 15:00 for Phoenix. The seasonal
occurrence usually peaks in the summer season.

As already mentioned, the role and importance of dust devils in the Martian climate is a
highly studied and debated subject, however they deerount for around 50% of the
global dust budgetGuzewich et al 2015. They represent a continuous source of lifted
dust, active even outside the dust storms season. For these reasons they have been proposed
as the main mechanisms able to sustain ther @resent dust haze of the Martian
atmosphereNeubauer, 1966; Thomas and fagch, 1985; Klose et al., 201Gurphy et

Nelly., 2002; Ferri et al.,2003; Fisher et al.,2005; Stanzel et al.)2008

The study of dusty vortices is one of tkey scientific points to be pursued by the next
Mars space missions: the NASA InSight 2018 and the ESA/ROSCOSMOS ExoMars 2020.

1.4 Physics of the boundary layer

The planetary boundary layer (PBL) is the region of the atmosplesest to theurface
where the principdiactors that influence the air flow are the friction with the surface and
the vertical temperature gradiemaimal and Finnigan 1994The height of the PBbn
Earth is usually under the km amtbove this layer the aftow is in neargeostrophic
balance Indeed,increasing the heighthe effects of the surface beconess and less
relevant

The boundary layer can be in turn adisided in two regions:
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- a surface layer of about 50/100 m where the quantity of momejtheatH and
moistureE exchanged between the soil and the atmosphere are independent from
the height;

- and a region above up to a Km, whéid andE can slightly dependnthe altitude
and the Earth rotation.

Our main intereswill be focused a the suface layeywhere the dust lifting happens.

1.4.1 Atmospheric Stability

The atmospheric pressuredecreases with the altitude metto the lesser weight of the
overlying air columnWhen the pressure gradient is affected only bygthgity force we
say thathe atmosphere is imydrostaticequilibrium and we have that

Q0 Q@ (4
where g is the gravity acceleration gnig the air density.
Hence even in adiabatic conditions, the temperaluoé the air layers is not constant with
the altitudez, but it changes according to the pressvariationWe can define the potential
temperaturel as the temperature that the air layer would have if it was at the reference
pressurd:

5 — )

— 40
whereR is thegas constantard ¢, is thespecificlheat at awtant pressurdJsually, the
reference?, is chosen equal to the pressure at surface level.
Using the ed4) and the ideal gas lawe can connedhe potential temperature gradient
to the temperate gradient by the equation:
T 1™ Q (6)
Ta Ta o
That is more useful to rewrite in the form:

pL—p. @
vy v :
where: —i s the dry adi:abatiisc tlhaep seen vriartoen naenndt a |
There are three different condit®of atmospheric stability:
- stablewhen—— mand: : . Any kind of wvertical mi X
i's inhibited by the buoyancy forces.
- neutra] when — Tt and: . An air | ayer does not s
forces ascending or descending.
- unstable when — mand: . The vertical motion of

favoured by the buoyancy forces.
The unstable conditiois usually observed during the déiyne, when the surface is heated
by the solar radiatigmraising the potential temperature of tbevestair layers. During the
nighttime, the situation is inverted because sheerficialsoil layercools faster than the
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atmospherejowering the temperature of theear groundair. The neutral condition is
observed at the sunset and sunrise, when there is the transition between the stability and
instability of the atmospherélhe amount of momenturexchangd between the surta

and the air flow is affected by the atmospheric stability.

1.4.2 Neutral case

1.4.2.1 Wind Speed Profile

We startsplitting the wind speed in two components, the main component (denoted by
an overbar) and the fluctuating component (denoted by the prime):

0 U vee (8
We can define the same subdivision for each atmospheric parameter, like pressure,
temperature and humidity.
The main component is related to the large scale motion of the flow, Whifictuations
are linked to théehaviorof the atmospheric turbulence. Heneg, have to meiateon a
time interval much longer than the turbulence time scale, sathatrt. More generally,
the mean has to be evaluated avéme interval where the Reynolds averaging conditions
are verified Kaimal andFinnigan,1994).
L e t &call (uv,8) the tridimensioal components of the wind. The air flownsalaminar
regimeif x e T, otherwise we are in presenceagiurbulent regimeln this work, we will
dealonly with laminarflows.
Above theboundary layer, in particular at middle latitudes, the wind flow is usually in
geostrophic balance: the two main forces that affect the flow, the Coriolis force and the
Pressure gradient force, are nearly equal. In this condition, if the dteresps in
hydrostaticequilibrium, the wind speed does not directly depend on the altitude and the
wind blows at the so called geostrophic speed.
Instead, in the boundary layer theflow is mainly affected by friction with the soil surface
and the effet increaseby decreasing the heigfithe wind is slowed down by friction and
hence transfarenergy to the soil. Wdefine Uthe flux of momentumthat flows through
the horizontal planeUsing the so called #heory,Ucan be expressei afunction of he
wind speed vertical gradient as:

LY ®
whereu s the turbulent exchange coefficient for momentuns, the air density.
Since it is a fluxUcanalsobe definedin terms of thecovariarte between the horizontal
and vertical wind componerfor simplicity, if we consider the coordinate system with the
axis x parallel to the wind propagation directi@r ohit |, we have

o : -2 (10)
It is convenient to introduce a parametér called friction velocity, to parametrizdand
the wind profile. The friction velocityas indeed the dimension of a speed and all the
estimates on the lifting process efficiency can be brought back to the ewvalohthis
parameter. It is defined by the relation:
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P (1)
the subscript symbol 0 indicate that thex is evaluatedt the surface leveln the general
casewhere 6h) ohrt , we obtain:

v - (12)
0 o@ee Lad e

Even ifall the quantitiesreevaluated right at the surface leveie value oflis practically
constant up tdew tens of meters above the surfacenkk it is possibé to evaluate the
covariance also at some meters from the (dddnin and Obukhovy 1954;Haugen et al.,
1971)
0 has the dimension of a speed tingelength hence we can introduce a constant of
proportionalityk and rewrite the coefficient as:

v WG (13
k takes the name ¢farman constant, its valueaspiricallyderived and ranges between
0.35 and 0.43. In this work we will assuffe 1@ .
Joining the equati@19), (11) and(13), we obtain the following equation for the horizontal
speed gradient:

To & (14)
. . . Toa O .
By integratng, we obtainhe so calledi | a w wd | (Rridstkey 1959)
, . 0. (19
oqQ T)I Iae

where zis the roughness lengthatrepresents the altitude where the wind speed becomes
zero. The value ofuzs related to the height of tiseil coarsenessand it is roughly equal

to 1/30 of the mean grains diameter.

To summarizeincreasing the altitude the value of the wind speed logarithmically increases
from the value 0 to the value of the geostrophic wind.

1.4.2.2 Temperature Profile

Starting from the temperature gradiewe can define the amount béatH exchanged
between the surface and atmosphesiag the Ktheory
1 -ta (16)

T a
whereKn is turbulence heat exchange coefficient.
More specificallyH represents the heat flux that passesugh the horizontal plane. In
analogy with what we did for the flux of momentuwe can also definkl in term of the
covariancebetweerthe vertical turbuleree and temperature fluctuation

O UT®

"0 " Qlasee 17
Usually it is introduced the temperature scafeas analogous af*:
0 eeee (18

z

In theory, &0 this quantity has to be evaluated right over the surfaceadute saigthe
fluxesvariatiors arenegligiblein the surface layer.

22


http://context.reverso.net/traduzione/inglese-italiano/coarseness
http://context.reverso.net/traduzione/inglese-italiano/to+summarize

If no heat is exchange@= 1), we are in the neutral cased sing the definition of
potential temperaturere will havesimply:
Ta — (19
that is,the potential temperaturegsnstant wh height
Wherebythe temperature change with heighgiven only bythe pressure variation:
Y& Y —79('.1 (20
W

whereT, is the temperature of ttar layer immediately over the surface.

1.4.3 Not neutral cas e

1.4.3.1 Stability parameters L, Ri, R

Different parameters can be usecewvaluate the atmospheric stabilitye choiceof one

over another depends on the quantities that are known for the system that we want to study.
The mostusedparameter has been intraged by Monin and Obukhov and has the form:

(21)

4_?% SN
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z

—

L has the dimension of a length atiné ratioz/L (where z is the altitudegxpresssthe
stability of the atmosphere:

- stable, ifz/L>0;

- neutral, ifz/L=0;

- unstable, ifz/L<0.
Generdly speaking, the Moni#Obukhov similar theory introduces the concepts that the
fluxes UandH can be evaluated using only the paramaiéis— and-, as we will see in

the next two ections
One of the practical difficulties in evaluatiar L is its directly dependencen 6° and
—and hence ttomeasgueremenwind turbulence co
di mensinom®st of the cases, the wind is meas
with a rate lodwatcque waltu atne ttoloe tur bul ence t
For this reason, it can be more practical to utilimeRichardson numb&:
q-fro (22
—F ar «a
where usually, the gradient terms are evaludtdirectly by using the differencef
temperature and wind spestasurements takehtavo different heights:
o)A (23
Y —=Y
e ¢
whereby,R does not require the measure of the turbulence terrds, ant doesnodt de
directly by the vertical wind speed.
Using theMonin-Obukhovsimilarity functiont , that we will describe in the negection,
we can directly link_ to R:
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Lastly, it has been introduceldet Richardson bulk numbgy, for the cases whathewind
speed and the aiemperaturere known at only one heightbut the surfaceemperature
is also available
. QY (24)
YQ ——
. o
whereY-findicates the difference between the surface and air temperature.
Both R thanR, are defined with the same signlgfhence if the parameter is positive it
indicates stable atmosphere, unstable ifteigative and neutral if it is zero.

1.4.3.2 Wind Speed Profile

We can introducehe effectsof not neutrality of the atmosphemn the wind profile
incorporating dunction that dependent from the stability paramigterg(14):

re o % a (29

Ta a0
%o is called momentum similarity function and its trend has to be derived empirically from
the experiments. Currentlthe most used expression is tBesingerDyer form (Dyer,

1974;Businger, 1988H6gstitm, 1989:

“p vz (00dHan (26
) ::U 0(oaloquO(Q
v P PY
anyway, these expressions are validonditionsnot too far from the neutriay.
The generalorm of the integratedq.(25) is:
J (27)

., 0 D o]

o =5 a@ * S
wheree is the primitive o6 and itrepresents the correctiveneto the law of the wall.
However, it is clear that the introductiontoimakes the integration much neocomplex
than the neutral case and the @4), as it is, can be very unpractical to use in a context of
real data. Dependg on the case, various simplification can be assumed, as rewrite the eq.
(26) in function of R and consider%. not depending on z durinthe integration,
reintroducing the altitude only in e@7).

1.4.3.3 Temperature Profile

We can construct the analogous of @4) for the potential temperature:
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where%o is the heat similarity function, iose expression smilar tothat of %o :
a ;a e
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In the limit of neutral atmospher# 1 p, while— 1and the rigt term of eq(28)
simply reduces to O.

1.4.4 Dust feedback

The emission of dust can establish a feedback on the local dust lifting prodasses 4.

2010. As discussed earlier, the dust layer absorbs the solar radiationghisaifand the
atmospherecooling the surface at the same time. This inciedise stability of the
boundary layer decreasing the valuaubfandthe shear stresgeq (27)): the wind speed

is increased over the dust layerdadecreased below it. For this reason, the feedback is
usually negative, leading to the partial slowdown of further lifting phenomena. For
example, in presence of aerosol clouds, a wind speed reduction up to 8% and 4% has been
measured over the China atlte Sahara, respectively (Jacobson and Kaufman, 2006;
Heinold et al., 2008

On the other hand, this effect can be inverted during the night time, whereiss®mardue

to the dust cloud can warthe surface, leading to an increase of the wind sheasstre
Moreover, in some cases the feedback can result positive even during the daytime. Indeed,
a dense near ground dust haze capturing the outward thermal radiation of the soil, can lead
to an overall heating of the lower air layers. This $gadthe incrase of the atmospheric
instability, favoring the convective motions and hence a furtherciige of grains in
atmosphere.

1.5 Physic of dust lifting

R. A. Bagnold has been one of the most important early researcher of the phygsains
lifting. During his studies he individuated three main modes for the wind to set in motion
the grainsthe suspension, the saltation and the creep.

In the following we will analyzethese different processesxplairing their range of
effectiveness, both on Eardind on Mars.

1.5.1 Suspension
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Let us consideliffstly a grain that iglreadyin atmospher€eThe particlas only affectedy
the wind andhe gravity (G). When the air flow encounters an obstacle, in this case the
particle, it exerts a dynamic pressi&xd-ollowingthe Bernoulli theory P assumes than:
~ P, (30)
V) E V)

where} is the air densityandv is the relative speed between the flow and the particle
motion L et 0 s Adsdhie crasesectionalraaof the grain,i.e. the pgojection of the
particle surfacen a plan@rthogonal to theelativemotiondirection The force that affest
the grain dpends also othe shape of the objetéxture,viscosity and other proprieties of
the particle surfaceand fluid turbulenceHence we define a generidrag coefficientCq
that take into account these factoesmd that is usually empirically estimataffe obtain
that the wind drag forcB over the particle is:

(@] g O # O
We can define the draas the opposition force exedtby the wind on a body that tries
penetrate the flow. HencB, has the same direction but opposite vevih respecto the
motionof the body in the rest frame of the flow
Considering onlya vertical motion, the particles will falicelerated by the gravity until
reaching a maximum speedalledfree fall valueve, for witch D equalsG. Smaller is the
grains, and hence lessGs less vill be thevr needed to obtain the eqitglO "0
As seenin parl.4.2.1 even in case of laminar flow, the air hawveaatical turbulence
componentv 6 The motion of the grain relative to this vertic@mponenis downward
directed with a speed equalte+ w 6Hence, on averagéhe turbulence will exercise a
drag D éupward directedD &tends to lift the grains with a speadp hence if we have
w 0 ®, \the particleswill stop falling and will be maintained in suspension by the
turbulence. Obviously, thiprocess is effective only for smaller particles, the ones of dust
size that have a low, while sand size and bigger particles will tend to return to the surface.
As we mentioned dust in suspension cdre lifted upin the atmosphere and travel for
thousands of km before tofelling on the ground.

(31

1.5.2 Saltation

Until now, we faced the case of a particle that is already injected in the atmosphere. To
consider the case of a patrticle that is still on the surface we have to introduce other
important forcesLet consider a spherical grain placed on a bed of other similar particles
under the influence of a horizontal wind flow. The drag tends to set in motion the grain in
the horizontal direction, hosver this is not the only foraexerted by the wind. Theres
another aerodynamic force directed orthoglyntd the direction of relative motion that

take the name dift force. Indeed, ven the wind blowsround the particle, the stream
moves faster over the particles than below it, where it encaartencrased friction and
number of obstacles. The Bernoulli principle states that the velocity is inversely
proportional to the pressure, hence a region of low pressure is created over the particle and
a high one below, leading to a net upward pointing pressaient force also called
Saffman forcethat generatethe lift.
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In order to set in motion the soil graitise aerodynamic drag and lift have to overcome
the gravityand the friction that link them to the bbedlow. This friction is made by the
interpaticle forces of chemical and electrical nature that coalesce the ,gagiv&an der
Walls, electrostatic and water absorption forces
As we said in the last section, the magnitude of the drag demends on the factQy that
hasto be evaluated empaally. However, the evaluation of the lift force is even more
complicated, as it is the evaluation of theerparticle cohesianThe factors that regulate
these forces are both macroscopic (e.g. composition of the soil, shape of the grains, fluid
turbulerce and environmental condition as the humidity and temperature) than microscopic
(e.g. the distribution of the electron on the grains surface and around the contact points)
and a propegrain by grairmodellingis currently unachievable.
Instead to resobs the singular forces for each particle, we can consider on average the
interaction between the air flow and the sa#. we introduced in pat.4.2.1 the amount
of momentum transferred by the wind to the sollladit canbe parametrized with the
parameteu*, eg.(11). The friction velocity is not a real speed of the wind, however, it
approximatively gives the amount of vertical turbulencénear the surfacés particles
of different sizes wilheed a different amount of momentiiito be set in motionye can
define this threshold asfanction ofu*.
Bagnold defined two kirglof threshold: a statior fluid thresholdu* needed to set in
motion the particles when they are still at resigl an impacthreshold needed to sustain
the motion once this has already stari&f can definex* as(Bagnold, 1941):
w om (32
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whereO and” are the diameter and density of the grain, wAiles a factor tht takes

into account the contribute of cohesion, flow turbulence level and lift force.

For the smaller particlethe cohesive forcestronglyovercome the gravitgontribution
becoming the main resistance to motitiris results in aenhancediifficult in lifting dust
sizegrains than sand ondadeed, on Earth, it has been observed ttiaiptimum grain

size for the lifting by wind is arountb pum, with avalueu* around 0.20.3 m/s(seeFig.

3). The threshold rapidlincreasesfor particlesizes greater and smaller than the optimum.

On Mars, where the atmosphere is more rareffethreshold is one order of magnitude
higher D2 m/sfor the optimum siz® 115um (Greeleyet al., 197%.

This means that the first particledlvoe set in motion by wind speed of around 50 m/s, a
value that is quite uncommon on the planet. Moreover, if we consider dust size particles,
the necessary wind speed value grows up to over 200 m/s, a condition extremely rare on
the planet. Hence, thdirect aerodynamic wind lift cannot explain the abundance of dust
lifting phenomena on Mars and the mean distribution of the dust haze, that peaks around
diameter oD 1-2 um (Pollack et al., 1979Indeed, even if a particle is too heavy to enter

in suspension, when the draghigh enougto break the cohesion, the lift force could
imprint enough impulse to raise it even slightly off the surface.
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Fig. 3 The fluid threshold in function of the grain size for Earth, Mars and Venusiodified,from Iversenet al.,
1976)

After the detachment from ground, the sand grains trajectories are mainly affected by the
wind drag and gravity, whilghe lift force due to horizontal wind that raised the object
rapidly becomes negligible due telalancing of the flux speed above and below it. Also
other contributionsas turbulence lift and the Magmiorce due to grains spin, se&rbe
negligible. Hence, # grains will move in ballistic trajectories gaining horizontal
momentum by drag before to-fall. By impacting on the ground, these bullets partially
convert a fraction of their horizontal momentum in vertical one, transferring energy to other
grains. Tle energy can be enough not only to raise other sand grains but also to break the
agglomerates of dust with a sandblasting pro¢ées impacts on the ground of the re
falling sand grains at high velocitynakingthemmuch easier to liftAlfaro et al., 197;

Shao, 2008Greeley, 200The whol e process i, ,startingfoomn as
the particles of optimum size, it can set in motion a range of grain from large sand to small
dust. Once started, the saltation can be sustained by wind lesseirkam the static
threshold, wherehyt is possible that a single strong gust begins the process and that this
is able to propagate even in a low wisigeedbackground(Almeida et al., 2008; Kok,

2010.

The saltation process is generated by the windhasia feedback effect on its profile.

Indeed, the particle motion increases the roughness lesigithza mechanism called
AOwen Ewénel®d4d;,(Raupach, 1991)
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Some authors hawasoargued that electrostatic forces can affect the mati@saltatos

(the grains in saltation)Schmidtet al. 1998; Zhenget al. 2003; Kok and Rennp2008
increasing also the numbergrains involvedZhenget al.2006;Rasmussegt al.2009.
Finally, if the particle is too heavy to be lifted, but still light enotgle set in motion by

the drag, it will start to creeplongthe surfacalisplacing other particle on its trajectory
Thedisplacedyrains could in turn enter in suspension or saltation depending on their size.

1.6 Electrification

The terrestrial atmosphers characterized by a global electric circthiait connect the
ionosphere to the surface. Inside the ionosphere, the electric condustivitygased by

the ionization bysolar and cosmic rays and its valisgeapproximatively constant with
height. Undetthe ionosphere there is the so called electrosphere where the conductivity
decreasetoward the surfacé general positive current flowfsom the upper atmosphere
andto the soil, tending to positively charge the electrosphere and the sdrfecealueof

the electric field is inversely proportional to the conductivlignce its maximum is
reached iralayer ofroughlyl km above the surfaceitiv a fair weather fielef D50 V/m
downward directed.

Sand and dust lifting phenomenan lead to the inductioof electric field (Efield) up to
threeordess of magnitude geater than thi®ackgroundFor example, dust devilsith a
vertical electric fieldof over 4000 V/mhave bee reported firstly by Freier (1960) and
Crozier (1964, 1970) and more recently by Farrell et al. 2004.

Inside thedust cloudthe grains mobilized by th&ind collide with each other and with the
surface, acquiring charge by triboelectricityaving the whole system approximatively
neutral (Kunkel, 1950Eden and Vonnegut, 1973).

The exact mechanism that leads to tirains electrificationis still debated and not
completely understoodsee Harrison et al. 2016 for a review on the topic). For a
heterogaeous system the charge acquired during the impacts depends primarily on the
composition of the colliderand their superficial proprietigdicCarty and Whitesides
2008. In the simplified case thathe whole cloudis approximatively hmogeneous, the
chaging process is sizdependentthe smaller grains tend to acquire a charge opposite to
the larger ones (Inculet et al., 2006; Duff and Lacks, 2008; Esposito et al., 2016a; Harrison
et al., 2016; Neakrase et al., 2016). The smaleticles are lighter an@rethendriven
upwardsby the flow; while the larger onegemaincloser to the groundhus producinghe

charge separation.

The presence of suspended dust negatively charged over a cloud of sand of the opposite
sign (upward directed -Eeld) is consisent with the majority of field and laboratory
measurements reported in literatuB® (and Zheng 2013Frier 1960; Croizer 1964 and
1970; Farrell et al. 2004, Jackson et al. 20B@)\wever, there are cases where this electric
configuration is not reproducddrigwell et al. 2003, Sowinski et al. 2010, Kunkel 1950)
and there are also reported cases where the electric field is downward directed (Demon et
al. 1953; Esposito et al. 2016).
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Overall, thecontactelectrification isstill poorly understood. Laboratprexperimerd
confirm thatcomposition and the diameter distributiongoins play a fundamental role;
however the quantification of their effeds still not clear. The problem is even more
complex when we want to study the triboelectrification insite dust lifting events,
because the dynamic of the phenomena and the environmental atmospheric conditions can
heavily affect the final result.

These reasons haweotivated the execution of more detailed field suryegsthe ones
reported in this worklndeed,the main purpose of this thesis is exactly the study of the
proprieties of the Hield induced by dust lifting events, in order to deepen our knowledge
on afield that is still really poor understood and apply the results to the Martian atmpsphere
that recent studidsypothesizeonsideraly affected by the triboelectrification

1.6.1 Electrification on Mars

A global atmospheric electrical circuit is likely to exist also on Mars,du#,to the lack

of an adequate in situ instrumentatidas presencédias not yet been confirmed. However,
the abundance of entrained dust, the genefaligrablecondition for lifted grains to
acquire and hold charge and laboratory experimentsipeetl in Martian like condition
suggest the existence of an atmospheric rtefield, widespread across the planet and
highly variable in relation to the dust lifting activity (Eden and Vonnegut 1973, Forward et
al. 2009, Barth et al 20160he triboelectricity associated with dust impacts is expected to
be the main charging meahism of the atmosphere, differently than on Earth where the
atmospheric ionizatiodominate.

The electric field induced by théting processesnay significantly affect the composition

of the Martian atmosphere and the habitability of the planet, Jyoealhancing by up to

200 times the chemical formation of oxidants able to scavenge organic material from the
surface (Atreya et al. 2006).

If the potential difference equals the breakdown voltafjéhe systeman electrostatic
discharge can occur. Accordg t o t h e ,Bis goltagedeceassswithdhes gas
density that on Mars is two order of magnitubiever than theerrestrial one. Hencéhe
Martian atmospheric electric breakdown field strenigtlonly ~20 kV/m (Melnik and
Parrot 1998) andhe concentration of suspended charges can lead to the formation of
electric dischargespotentially able tointerfere and cause danmego the landed
instrumentationrepresentinglsoan issue for the human exploration
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Chapter 2
The ExoMars missions and the
Moroccan field campaigns:
detection and study of dust lifting
events

Airborne Dust is one of the main factors that drives the short and long term variahen of
thermal structure and global circulationtbé atmosphere on Mar3herefore, in order to
study tre martian climate it is fundamental to understand the physics of the dust lifting
processes. In this chapter, we gavbrief introduction to thExoMars programme, whose
principal mission will land on Mars in 2021. We will focus in particular on the piete

the scientific payload under the direct responsibility of our tehenDREMSstationof
ExoMars2016andthe MicroMED sensor of ExoMars 2020

In the frame of the development of the DREAMS instruments and their test in harsh
environment, our team perined various field campaigns in the Sahara desert. We will
present the different campaigns and the characteristics of the meteorological station
deployed. One of the main purposes of terrestrial surveys was the acquisimidian
analogous data sem order to study the physics of the dust lifting phenomeleace we

will discussthe algorithmswe developed to detect dust storm and dust devil events
occurred during the campaigasd how we intend to apply these teicjues in nartian
environment.

2.1 The ExoMars program

ExoMars (Exobiology on Mars) is a joint program of the European Space Agency (ESA)
and the Russian federal Space Agency (Roscosmos). The aim of the project is tiosearch
evidencs of life on Mars, extant or extinct, and investigtte Martian atmosphere and
long-term climate changes, monitoring the atmospheric trace gases and the boundary layer
meteorology in both clear and dusty environments. The program foresees two separate
mission. The first mission launched on"March 2016 mcluded the Trace Gas Orbiter
(TGO) and the Schiaparelli Entry descent and landing Demonstrator Module. The TGO is
actually in orbit around the planet to map the sources of various atmosjpaeeigases
characterizing their spatial and temporal variatlarparticular, the TGO will monitor the
methane, in order to study the biological or geological origin of the gas.

The scientific payload ddchiaparellincludedthe DREAMS(Dust Characterization, Risk
Assessment, and Environment Analyser on the Ma&iariace)meteorological station,

we will describehe DREAMS experiment in the next subsection.
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One of the aims of the Schiaparelli lander was to test the entry, descent and landing of a
payload on the surface of Mars, in preparation of the next ExoMisson, planned in

2020.

The ExoMas 2020 mission will deliver to Bts a surface platform and a raver

The rover aims to investigate the martian subsurface to search for sign of organic material,
particularly from tle early planet stages. The martiamasphere is not able to shield the
surface from the ultraviolet radiation, therefore the biological traces could be host only in
the underground. The rover is powered by solar panel and, through its stereo and close up
camera (PanCam and CLUPI), it is atdl@avigatefully autonomouslylin this way it could
travel up to 100 m per spin order to reach the sites more suitable for finding organic
material, selected by usirggground penetrating radaV{SDOM) and a water searcher
instrument Adron). The rover is also able to automatically exact sample up to 2 meters
deep with its drill, characterizing at the same time the borehole with an infrared
spectrometer (ISEM) and arnara to establish the mineralogy (Ma_MISS). The collected
samples will be delivered to the internal instruments and crushed in powder in order to be
analysed by the infrared (MicrOmega) and raman (RLS) spectrometer and by the organic
molecule analyser (MOM). The study of thesub surface compositicsoupled with the
analysis of the trace gases performed by the TGO will allow to retrieyea#telimatic
condition of theplanet.
The landing platform instead will characterize the atmospheric environméra kainding
site, acquiring data of an entire martian yedverall,its main scientificgoals are:
- the study of the vertical structure of the atmosphere, from the orbit to the surface;
- the determination of the present climatic conditions;
- the analysis oftte aeolian processes and of their causes in both cases of clear and
dusty environment;
- the proof of the existence of an atmospheric electric field,;
- the first direct measure of atmospheric dust concentration;
- the providence of ground data to validate theepbations made by the orbiters;
- the study of the amount of atmospheric humidity and its daily and seasonal
variation;
- the study of the internal structure of the planet, its rotation and orientation, using
X-band radio measurement betweengihdace platbrm and the Earth
- the investigation of the amount of volatiles exchanged between the atmosphere and
the surface, in order to study the possible presence of subsurface water;
- the monitoring and characterization of the radiation environment, including the
ultraviolet one
Among the other instrumentkheplatformwill carry also aMETEO packageequipped by
atemperature, pressure, humidity and wind speed and direction sensor. It will study the
vertical atmospheric profile starting from the descending, mangahe global circulation
and the cycles of carbon dioxide and watgvor Moreover, he lander hostalso the Dust
Complex, a suite of instruments able to monitor the actarityelectric proprieties of lifted
dust and saltatiorit is a suite of 4 sesors:
- an impact sensor, for the detection of the saltating sand grains and the
measurement of their charge;
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- an electric probe for the study of the atmospheticH;
- an electromagnetic activity sensor (EMA) for the observation of the possible
electromgnetic discharges;
- an optical particle counter (MicroMED) able to monitor the airborne dust
concentration and size distribution.
The synergy between the meteorological package and the Dust Complex will be able to
fully characterize the aeolian processes the environmental conditiom$ere theyare
generated The station deployed by our team in the Sahara desert has acquired
measurements analogous to thesomepected by the Meteo and the Dust Complex.

2.2 The DREAMS Experiment

DREAMS was the only scientific payload that equipped the Schiapparelli lander, it is a
meteorological station comprehensivelt first electric field sensa@ver sent on Mars.

The pupose of the experiment was the characterization of the Martian boundary layer in
both clear and dusty weather, providing in particular the first investigation of the
atmospheric electric proprieties, through the crossing of meteorological and electric
measiremens. This data can also help to study the hazards for the landed instruments and
human exploration, quantifyg the velocity of the winénd the magnitude of possible
electrical discharges. The meteorological station consists of the following seasors:
thermometer (MarsTEM), a pressure sensor (DREAMSan air humidity sensor
(DREAMS-H), a 2D anemometer (MetWind), an electric field sensor (MicroARES) and a
Solar Irradiance Sensor (SIS). The data are collected by an autonomous Central Edectronic
Unit (CEU) and all the systems are powered by an internal battery.

MarsTem

-

¥ DReAms-H ‘ oIS

MicroARES - MetWind

MetMast

DREAMS-P

Fig. 4 The DREAMSsuite
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DREAMS has been developed througltamperation of six European Countries (Italy,

France, Spain, Netherlands, Finland, United Kingdom). Thed&#uk project is in Italy,

at the AOsservatorio Astronomico di Capodim
Francesca Esposito. During my PhD | joined the team of dr. Esposito, working on the
analysis of terrestrial data analogous to the fores@dpAMS and ExoMars 2026nes, in

preparation to the analysis of the Martian data.

The ExoMars 2016 mission arrived at Mars ori" 1October 206. Unfortunately,

Schiaparelli failedhelast phase of the landing. DREAM&s supposed to start to operate

afterthe touchdown, and few seconds before crashing it switched on feednence of

operations scheduled after landipgoving to be healthy and ready to start measurements.

2.2.1 MicroARES

On Mars, the effective triboelectrification of the grains during titiedi processes and the
existence of an atmospheriefield and the has still to be proven by measurements.
MicroARES has been designed aoquire the first\adenceof martian electric activity by
measuringhe amplitude of the vertical atmospheri¢i@d component, using the lander
potential as a referenda. order to check its capacity to monitor the dust lifting evehts
instrument has been tested in the Sahara desert during one of the campaign performed by
our teamsee par2.4.

MicroARESis constituted by a spherical electrode installed on a stiff metallic support with
an electronics board housed in the common electronics box (DREAMS CEU). In order to
be in condition of floating potential, namely in this case the itilmndnecessary to obtain

a uniform potential on the electrode surface when it is immersedheatmosphere, we

need the internal instrument impedance to be an order of magnitude greater than the
surrounding one.

The MicroARES experiment was design tatain the first observation of:

- the electric conductivity, its diurnal anidy by dayariations and its
perturbations following solar events;

- the quasi DC (direct current}ield;

- the ELF/VLF (extreme and very low frequency) radlectric emissions liked to
the AC (alternating current) component of the signals.

The nstrument can indeed workéhi f f er ent modes: Afa relaxatio
measure the conductivity during fair weathe]
electric activity.
Working inrelaxation probe modevhen the potential ranges between the +9th¥
sensor measures the DC component of the signal with a sensitivity of 10 mV/m.
When the potential exceeds the value of 90 V the instrument enters in the high voltage
mode to senspotential up to the order of k\However, this mode can be maintained
only for a limited amount time of time due to the increased power output required.
The acquired signal is separated in two components in the analog portion of the
electronics. The firgk related to the large amplitude and low frequency of the DC
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channel and the secorgrelated to the small amplitude and high frequency of the AC
channel.
The AC channel can be used to detect the impacts of charged dust particles on the
antenna.

Fig. 5 Flight version of Micro-ARES. (source: The MicreARES Experiment as Part of the DREAMS, The Sixth
International Workshop on the Mars Atmosphere)

2.2.2 MicroM ED

As we explairedin Chapter 1the atmospheridust heavily influences the thermal
structure and dynamiad the atmospheraffecting the circulation at all the scales. This is
especially truen the martian case, where the stronger dust storms can lead to an
absorption of over 80% of the solar radiat However, the exact mechanisms of raising
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and settling of dust as its temporal and geographical variability are still not well
understood, in particular due to the lack of proper data. Indeeeéstimation of the
suspended dust concentration and dig&ibutionis indirectly inferred from the opacity
obtainedusing land or orbit image3he indirect evaluation of these quantitieesed
severala-priori assumptions and a lot of the information related to near surface layers
cannot be extractetloreower, he surface dust and sand flux and their granulometry
represent keinput parametersdr the Mars climate models.

MicroMED (Fig. 6) has been developed to fill this lackmeasurgdirectly monitoring

for thefirst time the lifted dust concentration arsizedistribution as well as its temporal
variability. As for the DREAMS station, the lead of the MicroMED sensor is at the
Osservatorio Astronomico di Capodimonte with the dr. Francesca Esposito as P.l.. The
instrument is anpdated and miniaturized version of the sensor MEDUSA that was
selected for an early version of the ExoMars payload.

The sensoconsists of a single particle optical counter that analygegrains in the 0-4
20 pum range. A pump will inject the air thrdugn inlet and the flow will cross
collimated laser beam emitted by a diode laser. The light scattered by the passing grain
will be detected by a photodiode producing a sigelaltedto the particle size.

The instrumentanwork in a rangérom the clea weathercaseup to the heavy load
scenario

Working in tandem with the other instruments of the Dust flexnand METEO

package, MicroMEDwill be able to fully characterize the lower laggedust processes,
from a meteorological, electric and lifting &ty point of view.
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Fig. 6 Terrestrial test version of MicroMED

2.3 Saharan field campaigns

The Sahara Desert is the biggest source of dust on our planet. Hence, it represents an
optimum environment to study the dust lifting ppenena and the dust proprieties. The
Terrestrial results, when appropriately tuned to take into account the differences in the
atmospheric pressure, composition and gravity, can be very useful to understand the
physics of dust processes on Mars.

Our team Bs carried out various field campaigns in the North West Sahara Desert, in the
Moroccan region of Tafilalt, deploying a meteorological station equipped in a manner
similar to DREAMS. The aims of the missions were the acquisition of measnteuseful

to prepare for Martian data analysis and the testDBEAMS sensorsn a harsh
environment. Indeed, some of the sensors on board of DREAMS, like MarsTEM, SIS and
MicroARES have been tested and tuned in the Moroccan expeditions.

Moreover, the data set acquinedthe Sahara is in many aspects specular to the ones that
will be acquired during the ExoMars 2020 mission. Bothsilneysforeseenot only the
analysis of the atmosphemaeteorologicaparameters gsressuretemperature, humidity

and wind (MetedSuite), but also the monitoring of the saltation activity and lifted dust
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concentration and distributionpupled withthe study of the induced electric figlBust
Complex)

The first campaign ds been carried out in the 2012oWever the mission represesd

mostly a test useful for theubsequentampaigns. Afterward, three other missions have
been performed in 2013, 2014 and 2017 during the local dust storm season, allowing a deep
analysis of the local dust lifting activity. In this thesis, we will foonsthe data collected

in these last three missions.

2.3.1 2013 field campaign

The field campaign took place between July and September 2013 at geographical
coordinates 4.113° W, 31.161° N, elevation of 797 m a.s.l. The area is characterized by an
arid environnent, rich in both sand and dust and very active from an aeolian point of view.
The site chosen to deploy the meteorological station is near the center of a flat Quaternary
lake sediment betew kilometers away from thErg Chebbi, an agglomeration of sand
dunes heighD150m The composition of the sediment (sand, silt, and clay fractions) is the
result of the erosion of the regional bedrock of late Paleozoic sedimentary rocks outcropping
in the area and is chiefly constituteddgftrital shale, quartz, and carbonatesrgg. The soil

clay fraction (< 2 um), is represented by Fe oxides and carbonates, whilst it is depleted in
clay minerals. The positionear thecenterof the lakemade the site rich in hygroscopic

and soluble minerals. For this reason, most of the saihgiare aggregated in an extended
saline crust, aBig. 7 shows.

It is likely that the absorbed water produces deliquescence, forming local brine
pockets/films that influence the overall physical properties ofdin& (e.g., electrical
conductivity, electrical charge/discharge).

The deployedneteorological stationonsistedf:

- soil temperature (CS thermistor) and moisture (CS6)16ensors,

- three 2D sonic anemometers (Gill WindSonic) placed at 0.5, 1.41, 4 m,

- one temperature and humidity sensor (Vaisala HMP155) at 4.5 m and one
thermometer (Campbell Sci. (CS)) placed at 2.5 m,

- pressure sensor (Vaisala Barocap PTB110) at 2 m,

- solar irradiance sensor @QORLI-200 Pyranometer) at 4 m,

- atmospheric electric field ssor (CS110) faced down at 2 m.

In addition, to monitor the sand anchon motion were deployed also:
- sizeresolved airborne dust concentration sensor at XGrimm EDM 164E) that
analyses dust in 31 channels in the range 0.26%m,
- two sand impactensors (Sensit Inc.) for the detection of saltating sand grains,
- three sand catchers (BSNE) at different heights (12, 25 and 40 cndgifgr
collection of sand in saltation.

The station was set to operate 24 hours/day at a sampling rate oA Eélarpanel system
powered the station.
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In this site, as well for the sites of the following campaigns, the surrounding soil was the
main source of the lifted dust observed.

Fig. 7 The 2013 soil site, where it is possible to notice #bundance of saline crusts.

2.3.2 2014 field campaign

The 2014 field campaign lasted 83 days from Jurfetd Beptember B at geographical
coordinatest.110° W, 31.193° NUnlike the 2013 mission, the team deployed the station

on the edge of the Quatergdake sediment, where the decrease of soluble minerals makes
the soil more easily erodible, as showifrig. 8. The sand, silt and clay fractions of the soil
have a composition similar to the 2013 one, consistirdetftal shée grains, quartz and
carbonates

At the beginning othe campaign, we deployed the same instruments of 2013 placing the
three 2D sonic anemometers at 0.5, 1.41, and 4m heights above the ground, one
thermometer and humidity sensor at 4.5 m and the otbentdmeter at 2.5 m, the pressure
sensor at 2 m, the solar irradiance sensor at 4 m, and the atmospheric electric field sensor
at 2 m. The atmospheric dust concentration sensor and the sand catebdrsdmaplaced

at same height as #013. In addition tahis set up, from July 14ve added a second mast
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with two 2D sonic anemometers (Gill WindSonic) placed at 7 and 10 m and one 3D sonic
anemometer (Cambell CSAT3) placed at 4.5 m.

The station operated 24 hours/day at a sampling rate of 1 Hz, despit® theni®
anemometers that acquired at 20 Hz. The final set up is shdvig. &

Fig. 8 The 2014 soil site.
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Fig. 9 The final set up of the 2014 meteorological statidfrom theright to the left: the first mast hosts the electric
field sensor and the solar panel; the second mast hosts two thermometers, three 2D anemometers, the solar
irradiance sensor and the dust concentration sensor; the third mast hosts two 2D anemometers@i3d
anemometers. At the surface level there are the two sensits and the tree sand catchers. Under the surface there are
the thermometer and the soil humidity sensors.

2.3.3 2017 field campaign

The mission lasted from the ®3uly to the 2% July, for a tdal of eleven scheduled days
of measurements, in a site near the previous ones, at coordin@@s# W, 31.2018 N.
The purpose of the campaign was the deployment of a station equipped in a similar manner
to the 2013 survey, with the addition of alhigite acquisition camera to catch actyres
the encountered dust lifting phenomena.
The final set up envisaged the use of two masts:
- the first one equipped by three anemometers, three thermometers, a humidity sensor
for air and another one for soilsand impact sensor and a night lightning system;
- the second mast placed about ten meters from the first one with the solar panel
system and the camera.
The camera had to be oriented in order to catch the first mast and the passing dust event in
the samemage with a field of view of about 180°. All the instruments were powered by a
battery, recharged by the solar panel. After the installation, the entire station was planned
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to be totally independent with the need to visit the measuring site just to aimimMie
acquired data or to fix possible problem. The station had to acquire day and night with a
sample rate of 1 Hz, while, the camera had to take a picture every 2 seconds during the day,
and to enter in a sleep mode during the night, to preservetteeyp@he camera would be
turned on by a trigger system that we developed on the base of the dust devil research
software used to analyse the data of the 2014 field campaign: when the meteorological
station acquires a signals compatible with the passagelast devil, the trigger turns on

the camera and the night lighting system in order to acquire a 30 seconds video.
Unfortunately, due to various issues faced during the campaign we had to reduce the
acquisition time, partially changing also the staseth up. We will deeply discuss on the

plan, organization and on field correction of the campaigbhiapter 4

Fig. 10shows a zoom of thEafilalt region near the border between Morocco and Algeria
where the three Sahara campaigns took place, the sites are there indicated.

' Fi. 0 éér;]‘pa’ign sites in the Tafilalt region (orcco}squrc . Gogle Earth)

2.4 DREAMS as dust devils probe on Mars

A terrestrial version oMicroARES has been tested during the 2014 field campaign.
MicroAREShas to work in condition of floating potential, hence its internal impedance
has to be one order greater than the environment. The terrestrial conductivity is two order
of magnitwde smalkr than the martian on&r these reasons we had to use an electrode
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much larger than the martian version (6&e 11). The purpose of test was the study of the
instrumentbehaviorin dusty condition and its capability to monitalso the transient
events,suchas dust devils. We compared the results with thes ob&ain throughthe
deployed meteorological station.

Fig. 11 The terrestrial version of MicroARES tested in the Moroccan campaign

The CS110s the commercial instrument that we mounted on the Moroccan station to
monitor the atmospheric-field. This sensor can measure only the sigwiéls a frequency

below 0.5Hz, hence, only the MicroARES DC channel data can be compared.

Overall there is a god level of agreement between the measergs of the two
instrument, taking also into account that a punctually comparison of the data is not possible
due to the different positions. Indeed, on average MicREESmeasures the-keld at 0.5

meters fromhe ground in contrast with the 2 meters of the CS110, moreover there are 50
meters between the two locatgon

We also observed how, in most of the occasions, dust devils detected by the CS100 are
identifiable also in the MicroRESdata.Fig. 12 shows the plots of one of these detection

as seen by the whole set of instruments of the station and by MicroARES.

The Morroccan test reasonably demonstrate how DREAMS had the concrete possibility to
monitor the dust lifting activity, notrdy for fairly long eventsuchas the dust storms, but

also for the short duration evestschas the dust devils. The vortices detection techniques
used for the analysis of the Moroccan campaigns has been deveiopiesv of their
forthcominguse on the DREAMS data.
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Fig. 12 One of the 2014 dust devil events caught both by the deployed meteorological station and the terrestrial
version of MicroARES(in green in the second plot).

2.5 Dust storm detection

We used an instrument called SENSITO6 to moni
the number of saltating grains measuring the number of impactseconds through

piezoelectric crystal (Stoakm & Gillette, 1990). ih theory it is possible to use the SENSIT

out put signal to estimate the sand mass an
instrument principally to individuate the time intervals characterized by saltation. The

sensor is calibrateb detect theand size grains and it is unliketly respond to particles

with a diametetessthan 150um $tout and Zobeck 1997)

The detection of the time intervals charactetiby active saltation processkas been

performed by using a custom autdimoaoutine. The routine identifies periods where

activity is almost continuous, following a procedure similar to that described in Stout and
Zoebeck (1997). For each instant, we have considargte windowT=3600saround the
measuremerdénd we have dafed the saltation activity functiog as the ratio between

the number of nomull sensit measures and the total number of measures Within

0
Yop T Fe—— (33
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When thesaltation frequencis higher than a chosen threshold valtie data interval is
selected as an active lifting evefhe analysis of the detectsaltationevents is tbcussed
in theChapter 3

2.6 Dust Devil detection

The main signatures of the passage of a dust deiteeealsgparl.3.2:

- a peak in wind speed,

- a change in wind direction,

- adrop in presure,

- a peak in the electric field,

- a peak in concentration of the lifted dust and sand,

- a raise in atmospheric temperature.

Depending on the dust devil distance and its magnitude, these features can be more or less
evident and some may be totallidtlen. Clearly, the simultaneous occurrence of all of
them strongly indicates the passage of a dusty vortex.

The detection of dust devils recorded into the meteorological data starts from the search
for one of these features. Howeyegenerally tle studyof a single parametes not
sufficient to avoid the falspositive detection. Indeedn a first approximatigna wind

gust can give a signal of duration anshavspeed trendimilar to a vortex; the gust could

also be strong enough to lift grain, perturbing also the dust concentratiorfitdl \Ealue

in a manner similar to a dust devil.

Regarding the pressure, the enhanced speed of the gust can also theéaeldterizontal
pressure gradient, inducing a variation in the acquired measures. In addition, also the air
convective motions related to solar heating can be measured as transient variations of
atmospheric pressure. However, it is less likely that quedsconvection pressure signals
could be confused with the pressure drop induced by a vortex passage.

For these reasons, usually the pressure is chosen as the main probe parameter to start the
events detection, with the addition of the other parametalgsas as next step, in order

to eliminate the false positivdetections

For example, the dust devils have been individuated in the Pathfinder, Phoenix and
Curiosity data using thatmospheric pressure as the principal identification parameter,
perform ng an analysis called fAphase pickero to
pressure coreMurphy and Nelli, 2002; Ellehoj et al., 2010; Steakley and Murphy, 2016

In order toanalyzethe data collected during our field mission, we developed thifieeent

detection algorithms. Two of them are based on the phase picker techiajweorkson

the time domain of the signal. For the first we have used the pressure as commonly done
in literature, while for the second one we tested the possibilitytiiae the Efield.

For the last method, we developed a code based on a bilinear transform of the acquired
signal,analyzingit in a domain constructed on purpose. The different techaeqnatheir
advantage and disadvantage are described in dethé fiollowing paragraphs.
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2.6.1 Time domain research

Phase picker is a tertinat comes from the seismology: it involves search ér a
significant excursion between a short and a {pagod average of the sign&/hen the
difference between short and lov@ues exceeds a chosen threshold the event is selected.
The threshold depends on the fluctuations around thernwan value, namely, on the
variability and noisiness of the signdlhe signatures of the dust devils passage last on
averageD20 seconds,dmce the short term interval has to be as bsgi@ssike, while the

long term one has to be loegough to marginalize the turbulence contributiorl /20
minutes). A phase picker detection applied on the pressure signal is the most used
procedure nobnly in the Martian, but also in the terrestrial measuremdiatskéon and
Lorenz, 201% We developed two similar phase picker algorithms to individuate the dust
devil events occurred during the 2013 and 2014 campaign. As we said, the vortex pressure
dropis around only one thousandth of the atmospheric background, hence, its revelation
can be challenging in case of a noisy signal. For this reason, we hadpmgess the
acquired pressure time series before to proceed to the vortex detection.

2.6.1.1 Pre-processing of the data

As the passage of the vortex lastsyoalfew seconds in the daia, order to perform a
phase picker analysis, both the letegm time interval and the short one have to be as short
as possible. We chose a letagm mean of 2 minutes, gnilarly to whatis commonly done

in literature (e.g. Jackson and Lorenz 2015). The standard deviation of our pressure
measurements in this interval.3 mbar. This noise level is too high to allow a clear
detection of the mediuramall vortex signals and it could totally cover the weaker
encounters.

In order to use the standard phase picker method on the pressure time series we need to
reduce the noisd-or this purpose, we have used a running average of the signal on a time
window of 11 seconds. The extension of the window would lead to further cut the noise
but also to reduce the pressure drop magnitude, until the complete elimination of the dust
devis signals.

Hence, instead of increasing the running average time windows we decided to couple
another kind of filter. The dust diév formation is not astrictly periodicphenomenon

hence the individuation of characteristic frequency in the variatidgheopressure signal
cannot be related to vortex passage. We performed a fast Fourier transform (FFT) of the
pressure signal dumping the characteristic frequencies comparable or inferior the duration
of the vortex passages.

Both the duration of the runnirayerage window and the dumping level of the FFT have
been choseto maximize the signal to noise ratio limiting the loss of information on the
dust devil passages.

Fig. 13 shows the pressure signal in the three phases of thesgras acquired, after the
running average and after the running average and the Fourier filtering.

After the application of the filters the standard deviation around thetdng mean is
inferior to 0.1 mbar and we used the 1 Hz rate as the shorivtdum of the phase piker
analysis.
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Fig. 13 The pressure time series relativedadust devil observed during7" July 2014 The first plot is relative to the
raw acquired signal. The second and the third are relative to the ®uel of filtering, the running average and the

2.6.1.2 2013 detection algorithm

fast Fourier transform respectively.

We have developed a software that analyses the filtered data, dividing the whole day in
time intervals of 12 minutes. For each one, it evaluatmedian value of the atmospheric
pressure. When the instantaneous and median pressure values differ more than a given limit
(p M, the time interval is selected. For these selections, the software analyses also the
variations from mean of wind direction and electric field. If both these variations overcome
the chosen thresholdgWidandp |5 the event is identified as a possilolust devil. We
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have used the following limit valuegiZ=0.18 mbargp W30°, gp = 50 eV. Indeed, we
verified that these values give a good compromise between the possibility of detecting even
the small dust devils and the ability to cut off the main pathe nonsignificant events.
After this automatic selection, we crosschecked the selections using the whole set of
measured parameter and we classified the events, from A to D, using the guidelines

described inmablel.
Fig. 14 shows how a Class A event appears for each measured parameters.
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Fig. 14 A dust devil occurred on8August around a quarter to five p.m., identifidny the meteorological instruments

Classes Main Char acteristics
D The event is a false positive, where the ¢
devil features are certainly not recognizalt
C The pressure drop is barely observable

there are weak variations in electric fie
wind speed and direction. The signal usu:
shows alsdeatures hardly compatible wit
a dust devil, i.e., a peculiar shape
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anomalous time duration. The eve
probably is not a dust devil.

B The magnitude of the pressure drop
comparable with the noise level so could
partially hidden. However, thevent shows
a clear peak for each of the other m
parameters. The event is probably a c
devil

A The event shows a clear peak for each of
main parameters, it is clearly recogniza

as a dust devil
Table 1 Classes and nia characteristics regarding the division of the events identified by our phase picker research
technique.

2.6.1.3 2014 Detection algorithm

Unlike what we did for the 2013 data and the comrbehaviorof literature, we have
chosen to use the electric field iretieof the pressure as the principal detection parameter.
Indeedthe vortex pressure drop ranges from few tents of mbar to a couple of mbar, while
thest andard deviation along the té&mhbae mi nut
Insteadthe vortex nduced Efield ranges from few hundreds of V/m up to twenty thousand

V/ m, while the deviation around the twelve
reason, we individuated in thefteld variation the most easily recognizable feature of the

dust devipassage. Hence, we developed a code that follows the same passages of the 2013
one, but starting from the analysis of théid¢id time series.

Again, our algorithm splits the whole day in time intervals of 12 minedet and selects

the eventdor which: SO O s ®Q whereEn is the median Hield, E is the 1 Hz
measurement angk is the chosen threshold. As we said, the detection of a single dust

devil feature is not enough tmambiguouslyecognize the event. Hence, the next step of

the algeithm analyses the wind direction and the pressure senes When the pressure

drop @ P and wind direction variationg§ Wy overcome the chosen threshotdd and

wWd, the events are categorized as a possible dust devil.

We used the following threshis: wE=250V/m,wP,=0.18 hPawWd=25°. The threshold

values have been chosen analyzing a subset of the whole dust devils sample, studying the
typical magnitude of the induced variation and the noise level.

The value ofwE is higher than the correspding one used for the 20i8utine This is

due to the different characteristic of the twoss#ed in particular to the increased amount

of soil humidity and the consequent decreased amount of dust lifted in 2013. indked,

2014 campaigiwe obseved that dust lifting events induced on average a stronfjetce

In order to eliminate the falggositive detections (mainly gusts and pieces of dust storms),

the selections have been cra$®cked using the other measured parameters as the

49



horizontal ad vertical wind speed, lifted sand and dust concentration, solar radiance and
atmospheric temperature. We used the same categorization desciilaétei

2.6.2 Tomography technique

As wementioned(par. 2.6), isolated wind gusts could give a variation in wind speed and
direction similar to the dust devil one, while, the pressure drop is more unlikely to be
reproduced by not vortex phenomehignce, the pressure is usually chosen as principal
detection prameter, coupling the analysis with the study of other key parameters, as the
wind speed and directigntc..
However, it is not uncommon that the monitoring of the dust devil's activity is affected by
complications that prevent the acquisition of a catgtet of meteorological parameters.
This is true in particular for the exttarrestrial missions. For example, the Viking
Meteorology Instrument System on board of the Viking Lander 1, as well as Meteorology
Package on board of the Pathfinder landertaadRover Environment Monitoring Station
on board 6the Curiosity rover have suffereshomalies with the wind speed and direction
detectors, making the wind data totally unavailable in some cases. The lack of these key
parameters represents a seriougadsr the unambiguous identification of the vortices.
This has ld us to study the eventuality to perform dust devils detection using a single probe
parameter. For this purpose, we decidednalyzethe signal not directly in the time
domain, but to usanother domain built on purpose.
The most utilized integral transforms are the Fourier transform (Fourier, 1888) and the
Wavelet transform (Daubechies, 1990). However, the Fourier transform does not provide
information on the transieriiehaviorof the signal, while, Wavelet transform provides
some localization but it presents problems in coefficients interpretation and it is not
appropriate for our signals. Localized transforms, such as the Windowed Fourier transform,
for shorter window sizes allow a godakcalization in time but reduce the capacity of
detection of low frequency components; on the other hand, longer window sizes reduce the
capacity of time localization of the transfagthsignal
We decided to adopt a bilinear transforms and among thes&VitreerVille quast
distribution (Wigner, 1932) is the most commonly used. However, it does not guarantee
the absence of spurious or even negative terms that can also appear in areas where there is
no signal at all, presenting also the same issues of théowed Fourier Transform.
These problems in the bilinear transforms arise from the fact that time and frequency are
two noncommutative operators and therefore a joint probability distribution cannot be
defined, even in the case of positive quasi protiegsl(Husimi, 1940; Kano, 1965).
For these reasons, we opted for the Tomograms: strictly positive bilinear transforms that
provide a full characterization of the sign®d & n 6akdoMendes, 199% a n Gek al.,
2001). The transforms are obtained from phgections on the eigenstates of sadfoint
operators B obtained as a linear combination of a pair of commuting ezomomuting
operators @and Q.

6 ‘H ‘0’0 (34)
For the timg(t) T frequency(¥) opertor we obtain:
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5 H ‘o1 o ;l- (39)
(0]

Taking' AT ©and” OE+we have an operator that depe
N (0, Iinterpdajing between the time and frequency dpesa

6 — AiGo OEEL ¢ (39
When d = 0 we are in the time domain and wh:
The construction of the timeequency tomogram reduces to the calculationthef
generalized eigenvectors of the oper&orThe projectiond —hw for a finite time signal
"Q0 defined in an intervabto to+T is:

on Y <

6 - > Vo[ gono D& 7

O
wherer . o are the eigenfunctions of operatgr, namely:
‘ B e M ol N
(w0 RRCOTEES FEY
The dust devils pressure drop has a clear bielavior (see edq2)), but this trend could be
totally or partially hidden by noise. Moreover, in the frequency domain, dust devils
pressure does not possess a charactdistiavior This fact suggests that a different kind
of tomagrams should be used. In this new tomograme of the operators should be
adapted to the characteristics of the component we want to separate
With the detection of dust devils in mind, a new type of sigulapted tomogram has been
recently proposedAQuirre and Vilela Mendes2014; GimeneBravo et al., 2013). The
signatadapted tomogram is a linear combination of a standard operator, such as time or
frequency, with an operat@ that is specially tuned for the component that we want to
extract:

(39

6 ‘R Co Y (39
The construction of signaldapted operator follows the same technique used in the bi
orthogonal decomposition of signasupry et al., 1991Dente et al., 1996).
We can consider a set bfN-dimensional tne sequencesish Ge8 foop that are typical
representations of the component one wants to detect. In our case, we walgrsas of
dust devils pressure dropshsecs duration. This set of time sequences can be represented
by meas of 8Q 0 matrix U, with usuallyQ 0

G P30 630 E & 030
Y 8 E 8 (40)
0 p3d O COE @ 030
to construct the square matrix:
0 Y YN ! (41)

The diagonalization ofA provides k norzero eigenvalues| h B and the
correspondindc N-dimensional eigenvectors h B .

The linear operato§ can be constructed from the previous set of eigenvectotisein
following way:
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v . (42)

While the time operator for discrete time is built in the following way:

pwo (43)

- Cwo N 1

0 . !

E
. 0 wo
Hence® ‘N assumes the form:
pwo (a4)
6 LH 1 b ] nY . Cq) OA L] N !
e |
0 WO

In analogy to the timérequency tomogram, a particular sef’ofi pairs can be selected
by a single parametef withO=c ag d .3%Me oan proceed in a waymilar tothe
time-frequency operator, looking for tiNeeigenvectors’ 2 2 8 {2  of operatod —.
The projections of theignald® on these eigenvectors are obtained by:

w @N>20 "QEN phB ) (45)
These projections construct a tomogram adapted to the operatgrair
For the way in whicts has been builtit is possible to separate the signal components we
are interesteth by looking for particular values afwhere noise or undesired components
vanish or becomes small. To do this, we have to search for high energy concentration in
particular coefficierg that indicates the presence of the component we are looking for.
Therefore, we selected a threshpldnd we considered theet of values that contain a

given amount of the total energy T .
We chose& depending on the spectrum averag® @
- . 46

S VLS 49

0

where'Q is only a constant.
In order to reconstruct the denoised signalretaining its temporal structure information,
we can consider onlyie indexedQ "CHOB HQ for which@  § . We obtain the subset

of h coefficients 6 & f B RO 8 Considering only the eigenvectors
2 W2 B h2 of the subsed, we obtain the filtered signal:

. @7

® w2

2.6.2.1 Application to dust devils and categorization of the detections

We have built a 277x1000 matrix containing a set of 27fpical vortex pressure drop
signals of 1000 second duration. The drop is aroundd3Be background with durations
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ranging from few seconds to a minute; the entire signal is normalized to zeroThean.
set of signals can be tuned for cases of low apheric pressure, to be adapted to the
detection of dust devils on Mars.

As described in the previous section, we have Budind S from U. Fig. 15 shows the
signatadapted operat@, it is visible that it is symmetric and deiie positive.
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Fig. 15 Matrix form of the signatadapted operator S.
Finally, we builtthe tomogram with the linear combinatibn— ®¢ i—o { Q&Y

for the values— — & plt 8 ¢ i
T

To analyzeeach dayof data we divided the signal in 1688cond samples with a 200
second overlapping margin between consecutive interval, to avoid loss of events close to
the borders. We have normalized the signals to zero mean.

Fig. 16 shows one of the pressure samples of one thousand seconds containing a dust devil
event relative tol0" August2014
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Fig. 16 Raw pressure signal of a dust devil observed during the 2013 campaign, thé&dgust aound 4:45 pm,
corresponding taD500" second of the sample.

For this eventfig. 17 shows the value of the coefficietgin function ofi and—A clear
peak in the tomogram is visible for everyvalue when(D v T, that is the time instants
relative to the dust devil passage.
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Fig. 17 Tomogram of the event depicted Fig. 16. A clear peak of the coefficientﬁg, is visible for iD500.
Fig. 18 shows the projection of the tomografkid. 17) for — -. In order to avoid border

effects, the first and last coefficient of the projection are digchrds these coefficients
tend to concentrate the energy of the signal that does not correspond to dust devil events.

54



1.6 1 I 1 i I I I I

14t N

<
(o]
T
1

0 100 200 300 400 500 600 700 800 900 1000
i

Fig. 18 Projection of the pressure data tomogram fBr z,

As explained in the previous section, we maise of the spectrum averag8 & to

identify the dust devil components of the signithe clearer the dust devil event is, the
bigger is the value of the corresponding coefficientdrencewe classify the dust devil
events depending of the relative sizgth respecto the spectrum average. As can be seen

in Fig. 17, the event can be clearly detected for each value tiferefore, we opted to
simply consider— -.

The deected events have been divided into classes from the least to most probable
depending on the relative magnitudexfThe classification used is shownTiable2.

Classes Main Characteristics
E Transform coefficient 8 A s pe
average
D Transform coef fic
average
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C Transform coef fic
average

B Transform coef fic
average

A Transform coef fic

average
Table 2 Classes and main characteristics regarding the division of the events identified by Tomography technique.

2.6.3 Validation of Tomography technique

Unlike the phase piker, the tomography is a completely new method for the dust devils
detection. For this reaspwe have to validate the technique evaluating its reliability and
effectiveness.

In order to do so, wanalyzeds days of data acquired in 2013 campaiidy 17", 21",

24" and August 10 and 11". The days have been chosen randomly along the entire
campaign, varying between the ones of high and low dust activity.

Overall, tomography has identified 47 dust devils candidates: 12 class E, 21 class D, 3 class
C, 7 class B and 4 class A eveiwée have crosschecked all the selectionsamslyzing

the enire set of measured meteorological parameters, in order to confirm if theylgre
identifiable or not aseal dust devilsThe complete list of the detected events and the results
of the crosscheck are given irifable 3, they ae labelled with the letter T and a
progressively increasing number.

. Tomograms Full parameters
D Date tich) Class Crosscheck
T1 |17 _07_2013 4.7944445 E No
T2 |17_07_201% 4.8316667 E No
T3 |17_07_2013 4.8650000 E No
T4 |17 _07_2013 5.0838889 E No
T5 |17_07 2013 5.1352778 D No
T6 |17 _07_2013 5.4038889 D No
T7 |17_07_2013 5.4352778 D No
T8 |17_07_2013 7.0977778 E No
T9 |17_07_2013 9.6669445 E Not dusty Vortex
T10|/17_07_201314.0333333 E No
T11 17 _07_201315.5966666€ D Yes
T12|17_07_201315.878888¢ D Not dudy Vortex
T13|/17_07_201216.0333333 D No
T14/17_07_201318.9736111 A Yes
T15/17 07 _201319.573055€ D No
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T16|/17_07_201320.0319444 D No
T17/17_07_201320.5786111 B No
T18|17_07_201%20.6494444 B Yes
T19|17_07_201321.5641667 A Yes
T20|/21 _07_2013 8.4327778 D No
T21|21 07_201312.800000(¢ A Yes
T22|21 07_201313.3691667 B Yes
T23/21 _07_201%314.948055€ D No
T24|21 07_201315.7708333 D No
T25/21 07_201518.623888¢ D No
T26|24 07_2013 8.7080555 D No
T2724 _07_201% 9.0041667 D Not dusty Vortex
T28/24 07 2013 9.6888889 B Yes
T29|/24 07_201510.925000( B Yes
T30|24 _07_201311.0016667 D Possible
T31/24 07_201311.589166¢€ D Yes
T32|24 _07_201316.880555€ B Yes
T33/10 08 2013 0.0497222 E No
T34/10 08 201: 4.8011111 E No
T35/10 08 201311.9986111 D No
T36|/10 08 201312.2894444 D No
T37/10_08 2013 13.9894444 D Not dusty Vortex
T38/10 08 201316.7441667 A Yes
T39/10 08 201317.9986111 D No
T40|/11 08 2013 1.9922222 E No
T41|11 08 2013 3.9872222 E No
T42|/11 08 2013 5.9919444 E No
T43|/11 08 2013 9.9916667 D Not dusty Vortex
T44|/11 08 _201311.4319444 B Yes
T45/11 08 2013 13.012500(¢ C Yes
T46|/11 08 2013 13.990555€ C No
T47/11_08_201519.990277¢ C No

Table 3 List of the events identified with the tomography technique. Théegdéhe initial instant, the tomogram class

and the result of the manual crosscheck are reported. The results of the crosscheck are simply given in term of yes

and no, except one case for which the meteorological data is not conclusive and the evemtiiguat as possible.

We also indicate the events recognizable as convective not dust loaded vortices.

As it is possible to see, all class A events are recognizable as dust devils, while all the class

E ones are not. Regarding the class B events, justi@®® not seem to be a dust devil,

whil e,

ther e

ar e

t wo

ot her

finot

dust

devi

are recognizable as dust devilsj@ notseemto be a dusty convective vortex, while the
remaining ones appear to be wind gust related to dust storms. Some of the events
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% of Success

selected by the tomography adentifiable as vortex not strorenough to lift soil grains;
however, these cases fall in lower classes D and E. The percentage of true dust devils in
every class rapidly growswards the A, how it is possible to noticeHig. 19, where we
showed the number of true dust devils in every class normalized by the number of events

in the class.

100%

0%

E D c B A

Classes
Fig. 19 The percentage of true dustevils, recognized by the full parameters crosscheck, for every class of the
tomographicanalysis.

The affability of the tomography technique and the reliability of the chosen classification
is proven by the fact that 100% of the class A events are irtiestdievils, and overall it

is highly probable that the events belonging to the higher class A and B are not false
positive detections.

2.6.3.1 Comparison of the different methods

In order to test theffectiveness of the tomographic techniguee decided to péorm on

the same 5 data days also the phase picker detection descrihédLi@ comparing the

two results.

Both algorithms use the pressure as main probe parameter, however, the tomogram works
on a single parameter, whilégse picker couples also the analysis of the wind direction
and Efield.

Table4 reports the class A, B and C identified by the time domain technique, the events
have been labelled with the letter P and a progressively increasimger.

. S NWair nP
ID Date ti(h) | nt(s) (countsis) | (%) (mbar) Classes
Pl 17 07 2013 | 12.115| 6.1 0.2 45 0.4 A
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P2 | 17 07 2013 [ 13.0614] 9.0 | 0.0 31 0.3 B
P3 | 17 07 2013 | 13.7617| 18.7] 00 | 175 | 03 A
P4 | 17 07 2013 | 15595 | 23.0| 1.4 31 0.5 A
P5 | 17 07 2013 | 17.1817| 40 | 21 34 0.3 C
P6 | 17 07 2013 | 17.8178] 4.0 | 3.1 41 0.3 C
P7 | 17 07 2013 | 18.9661] 45.0| 3.6 94 0.8 A
P8 | 17 07 2013 | 20.5736| 37.1| 0.9 52 0.7 C
P9 | 17 07 2013 | 20.6439| 36.0| 12.8 | 42 0.7 A
P10 | 17 07 2013 | 21.3003| 38.9| 1525 | 60 0.6 C
P11 | 17 07 2013 | 21.5617| 34.9| 359 | 164 | 1.3 A
P12 | 17 07 2013 | 22.0197| 12.2| 5.3 36 0.3 C
P13 | 17 07 2013 | 22.0675| 29.9| 8.0 51 0.5 B
P14 | 21 07 2013 |12.7928| 41.8| 0.0 | 179 | 0.8 A
P15| 21 07 2013 | 13.3683 13.0| 5.9 80 0.5 A
P16 | 21 07 2013 | 18.5372| 13.0| 0.4 37 0.4 C
P17 | 24 07 2013 |9.68722| 12.0| 00 53 0.4 A
P18 | 24 07 2013 | 10.9225) 24.8| 0.1 92 0.7 A
P19 | 24 07 2013 | 11.5881) 20.9| 0.0 94 0.5 A
P20 | 24 07 2013 | 16.8775/ 51.1| 0.0 | 124 | 0.9 A
P21 | 10 08 2013 | 16.7394| 41.0| 24.4 | 116 | 1.0 A
P22 | 11 08 2013 | 11.4311| 13.0] 29 | 120 | 06 A
P23 | 11 08 2013 | 13.0119| 40.3| 00 174 | 05 A

Table 4 List of the events identified by the time domain research technique. For each events we report the date, the

initial instant (ti) ,

We focused on the best candidates detected by the phase picker researchgjeth8y,A

t he

ti me

durati on

( pt ),

t he

me an

direction change (W), the pressure dropn(P) magnitude and the class.

val ues

crossing the results with the ones obtained by tomography. As it can be ndtdulab,
the events detected are in good agreement for all days. There are only 4 events not detected

by tomography: two class B and two s$aA, and they all happened during July".17

i nsi de

Overall, there is a match of 12 events over 16. Moreover, there is an event detected only
by tomography during July 34recognized by the full parameters crosscheck as a possible

dust devil.

The first step bthe time domain analysis performed on the pressure parameter only has
identified a total of 6611 events. Such large number of detections shows that a simple
pressure phase picker analysis is not sufficient to strictly constrain the identification of dust
devils, especially when the noise level is relevant. As we said, to reduce the number of non
significant detected events, we had to couple the analysis of other two parameters: the wind

direction an

d the field.

On the other hand, the tomography is speadly calibrated to search for the dust devil
signature byanalyzingone single parameter. It has reached a good efficiency in the
detection, providing a clear classification of the events, allowing to individuate the best
candidates. In addition, themmgraphic analysis can be performed directly on the raw data,
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despite the presence of high noise level because the tomogram automatically filters the
signal.

Time domain research Tomography research
ID Date ti (h) Class Match ID ti (h) Class
P2 17 072013 13.0614 B No
P13 17_07_2013 | 22.0675 B No
P1 17 _07_2013 | 12.115 A No
P3 17_07_2013 | 13.7617 A No
P4 17_07_2013 | 15.595 A Yes T11 15.5966 D
P7 17_07_2013 | 18.9661 A Yes T14 18.9736 A
P9 17_07_2013 | 20.6439 A Yes T18 20.6494 B
P11 17_07 2013 | 21.5617 A Yes T19 21.5641 A
P15 21 07_2013 | 13.3683 A Yes T22 13.3691 B
P17 24 07 2013 | 9.68722 A Yes T28 9.6888 B
P18 24 07_2013 | 10.9225 A Yes T29 10.9250 B
P19 24 07_2013 | 11.5881 A Yes T31 11.5891 D
P20 24 07_2013 | 16.8775 A Yes T32 16.8805 B
P2 11 08 2013 | 11.4311 A Yes T44 11.4319 B
P23 11 08 2013 | 13.0119 A Yes T45 13.0125 C
P14 | 21 07 2013 | 12.7928 A Yes T21 12.8000 A
P21 10_08_2013 | 16.7394 A Yes T38 16.7441 A
24 07_2013 No T30 11.0016 D

Table 5 The match betwen the events identified by time domain research technique and by the tomography technique.

On the base of these results, we can conclude that the tomography appears to be a very
promising technique for dust devil detection, in particular in those cds®sitis possible

to count only on a single acquired parameter. It can be easily tuned for the Martian
environment, providing good reliability and detection efficiency, even in case of strong
noise.

2.7 Dust Devil impact parameter

We described how to induate the dust devils signals recorded by a fixed meteorological
station and what is the trend thatpecedrotational wind speed eq(1) and pressure drop

o eq(2) trend

Now we want to briefly describe what are the difficulties and the limitaditging by
studying the vortex signals using the measuremacqsiired by dixed meteorological
station as the ongve used irthe Salraor the ExoMars 2020 surface platform.

In both pressure and wind rotaticgguations, we can interchange between the variable
spacdl (the distance betweendlvortex center and the stati@nd the variable time To
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do so, we have to make explicit thedation between these two variables. For simplicity
let us defind,, the instant of minimum approach of the vortexhe stationas zero and
let us call this minimum distanch. Therefore, we have simply:

Q o0 i 0 Q (48)
wheresis the translational speed of the vortex and we cardgtile impact parameter of
the encounter vortegtation.

In general, theecordedsignature of the dust devil passage in ecffit meteorological
guantityq can be factorized as the product of quamggyintrinsically depending on the
dust devil characteristics as its sizes, for a functidh that expresses how the signal
decreases with distarnce

nNQ 1/ 'QQ +B (49)

whereB represent the background value of the signal.
If we are considering the pressugewill simply be the pressure drop at the vortex core
(oqP0), while if we consider the rotational wind spegavill be V, the roaition at the vortex
wall. The quantitygo represents the maximum variation of the parantgteat the vortex
could induce, but it is directly measurable only when the impact parafei®equal to
zero. WhenQ is greater than zero, the vaiat observedty < ns, will reach a
maximum value smaller thagy. The most easily observable is actually this maximum
variation ofthe signal from the background.eXan calky]  this quantity and rewrite
the eq49) as:
NQ n/ 'QQ QQ Q 0 @ QQ Q (50)
We defined as intrinsically dependent on the dust devil characteristics, that gavittie
the environmental condition of the dugsvil formation, like temperature, wind regime,
pressure, humidity, soils composition etc.. However, we expect that the different
dependences df could be mainly summarized as a function of vortex radiuke larger
is the value oR, the largemill be the intrinsic induced variatiaim .
Hence, we expect:
o YHQ n Y QQ (51)
As we saidux) is directly measurable, however, we cannot resolve the degeneration
radiusdistance: i.ea tiny dust devils passing near the statiori (XA T ‘@) or a huge one
passing farther (largdR and’Q ) could give very similar signalg(t) and then measured
variationun
Varying the considedparameteq, we coutl have different forms for the functiofs Y
and’QQ . Indeed, we have already seen that rotatory speed and pressure signals follow two
different decreasing trends with distance, being the TXst linear, while the second is
Lorentzian ( e (1) and(2) ). Overall, also the other observed parameters, as f.i. the
induced Efield or the concentration of lifted dust, can in theory follow different trends in
time and intrinsic dependence on tlwgtex size.
Depending on the magnitude difwe can divide the events in two categories:
- dust devils passing outside the station, wfen ‘Y (Ris the vortex radius);
- and dust devils crossing over the station, wen Y.
Despite the difficulties in the evaluation of thefrom the measuraentof the acquired
q(t), we can still recognize if an event passes over the meteordistgt®n by some
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peculiar features of the sign&ig. 20 schematically shows the passage of two dust devils:
the first one does not intercept the meteorological staffignZ0a), the second crossegth
instrumentsKig. 20b). In the case depicted kig. 20a we measure a single maximum in

the variation of all the monitored parameters in the instgntorresponding to the
maximum approach of the vex to the statio 'Q . Instead, when the impact parameter

is smaller than the radius of the dust devil, the vortex wall passes two times over the station
(time instant$; andt; of Fig. 20b). In these instants, the instrams measure the maximum
values of horizontal and vertical wind speed, lifted sand and dust concentration and hence
E-field variation. Betweeliy andt, the dustfree inner part of the vortex crosses the station
resulting in a decreasing of the magnitufithe wind speed and grains concentration, that
reach the local minimum in the instantFor the pressure signal, taking into account that
the magnitude of the pressure digpiis maximum in the center of the vortex and not on

the wall, we measure a single maximungofin the instant, in both cases d¥ig. 20a and

Fig. 20b. We are then able to distinguish between the cégdg. 20a andFig. 20b by

looking for a single or a double peak trend in the measured data of wind speed, grains
concentration and -Eeld. The double peak feature is usugligrticularly markedn the
horizontal wind speed data, becoming clearer also in the other affected parameters when
the impact parameter approaches zero.

[i] Case
d,=R

Vortex d
Wall

[©] e

it (%o it !

T 1 T
Fig. 20(a) Case®  4: dust devil of radius R that passes out of the meteorological station placed at the point O. t
represents the instant of maximum approachtd the station. (b) Cas®  {: dust devil that intercepts the
meteorological station seen in threbfferent instants. The vector S represents the translational velocity of the
vortex. t represents the instant when the vortex wall passes over the station the first ireprésents the instant

when the vortex center reaches its maximum approachh $tation and4 represents the instant when the dust devil
moves away crossing for the second time the station with its wall.
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P(hPa)

Temperature(°C)

Fig. 21 shows one of the dust devils that crossed the instruments. In contrast to the events
depictedn Fig. 14that passed outside the station, it is visible how the measured wind speed

(seventh plot) shows a clear two peaks trend.
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Fig. 21 A dust devil encounter of an event that passed over the melegical station.The double peak trend in the
horizontal wind speed (seventh panel) is clearly recognizable.
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Chapter 3
Proprieties of the
dust induced Efield

Dust storms and dust devils are the main lifting phenomenaabiebilize and entrain

into the atmosphere the dust on Mars. Irder to understand the martian climate it is
fundamental to study the dust cyskarting fromthe lifting phenomena that drive it. This

is one of the main purposes of ghieesent and future martian missions,NASA InSght

2018 and Roscosmos/ESA ExoMars 202Bey role in this process is represented by the
acquisition and analysis of terrestrial analogous data, in order to understand the physics of
the lifting processes and allow a proper preparation and planning dflahitéean data
surveys.

In this optic, we pdormed various field campaigns in the Sahara desert, deploying a set
of meteorological instruments similar to the ones that will be on board of ExoMars 2020.
In the last Chapter we described the detection teaksigve developed and used to detect
the dusty events$n this Chapter we will present the dataalysigegarding the dust storms
and devils activity observed during the first two Sahara campaigns. Wéoeus in
particular on theslectric proprietiesn dusty environmenthat curratly represent one of

the mostunknown factor of the dust lifting phenomena. The generation anuktievior

of the Efield and the contribution of the electrical forces to the lifting process are indeed
still poorly understod, andourfield data can significantly help to shed light on this subject.
We will also draw a parallel to the martian case to see if our results are edeyrditait

in that environmentThe results here presented have been published by our team in
Espaito et al. 2016 and Franzese et al. 2018.

3.1 Dust Storms

In this section we will focus our attention on the dust storm activity observed during the
2013 and 2014 campaigngleasurements were performed during the peak of the dust
storm season in Morocc®y using the procedure described in @25, we detected 83
events with a saltation level over 1%: 13 during 2013 campaign and 70 during 2014.

To the best of our knowledge, this is the first data set compreleasisimultaneous
measurements of the dust concentration and relatedddEvariation.We studied how the
behaviorof the dust storms is connected to the environmental conditions, focusing in
particular on the dependence of the inducdiel on the humdity level. Moreover, we
investigate if this Hield generated by the grains electrification can in turn affect their
lifting.
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# of events

3.1.1 Bimodality of the observed dust stormdistribution

Fig. 22shows the daily saltation activity obsedvduring the two campaigra peak around

the 4 p.mis clearly visible, however we observed a sustained activity also in the night time
hours. We noticed several differences inltedaviorof the diurnal and nocturnal events,
hence we decided to studyese two classes of events separately.

We classified as Class1 the day time events, i.e. the ones that occur between 6 a.m. and 6
p.m., and a€lass2 events all the othersiefmean between the start and end instant of the
saltation intervahas been cordered as théme of the events

10

T T T T T T 42
# dust storms .

Temperature @2.5m

Temperature (°C)

0 2 4 6 8 10 12 14 16 18 20 22 24
ti(hour)

Fig. 22 Daily distribution of the saltation events observedlong the 2013 and 2014 campaign. On the x axis we
plotted the mean time of the events. The activity peaks around 4 p.m., however wecatdserved a moderate
night time activity.

As shown inFig. 23, Classl events are mainly characterized by winds blowing from the
South and SoutkVestern sectors, while, the Class2 events are mostly associated with
North-East windg.

The bimodality of the events distribution is evident also in the air relative humidity, as
shown inFig. 24: Class1 events show a smaller interval of RH variation, with a peak around
8.5%, while, Class2 events have a broadstridution with an larger median value
D23.5%.

Examples of the dusty events of thveo classes are depicted kig. 25 (Classl1) andFig.

26 (Class2). For both stoswe plotted in order from left to right, tegown: the trend of
pressure, Hield, saltation and airborne dust activity, temperature, vertical wind speed,
horizontal wind direction and speed, solar radiation, air and soil humidity.
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The average wind speed,-field value, saltation level and dust concentration are
comparably betweethe two classes, however, Class2 signals are much shorter and
continuous with a duration that usually does not overcome the couple of hours. Moreover,
Class2 events are generally characterizg a sudden initial decrease of atmospheric
temperature and inease of the relative humidity, that, after the initial step, remain quite
steble for the rest of the storm.

The behavior of these events seems to indicate a particular kind of storm known as haboobs.
These phenomena are typical of southern borders alr&gWilliams et al., 2009,), but
similar events have been also repoiited/loroccq during the SAMUM 2006 campaign

(see Emmel et al., 2010; Knippertz et al., 2007; 2088hoobs formation arisérom to

the evaporation of precipitations in dry and deaszas. The resulting cooled air mass gjive

rise to density currents with strong winds at their leading edge t@abiebilize a large
amount of dust. This phenomenon is favored by the presence of mountains, as they help
the convection and the acceleratadrcooled air along their edges (Knippertz et al., 2007,
2009). The behavior of several Class2 swisnindeed interpretable as connected to the
arrive of a moist cold front from the norést (sed-ig. 26),where,around 40 km w&ay

from our sitethei Ha mma d a igllacated,uthie upfand @f1100 m of height that set

the border between Morocco and Algeria.

Taking in mind the differences between the two classes of events we analyzed their electric
proprieties.
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Class1 med 220°
North Class2 med 73.2°

30

270

180

Fig. 23 Histogram of wind direction that characterizes the dust storm events belonging to Classl (in green) and
Class2 (in blue)

All —
Class1 RH median 8.5
Class2 RH median 23.5

0 5 10 15 20 25 30 35
air RH %

Fig. 24 Histogram of the relative humidity RH of the events. In red the whole dataset, whélin green and blue
there are the Class1 and Class2 events.
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Fig. 25 Dust storm event belonging to the Class 1. Class 1 usually comes from the south west direction (see sixth
plot) and they can last for several hours, up to the wdie day, as the one here depicted.
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Fig. 26 Dust storm event belonging to Class 2. The storm is related to the arrival of a moist cold air front from
the north. Indeed, it is evident the instantaneous drop of temperature (fourth pl), change of wind direction
(sixth plot) and RH increase (ninth plot

68



# of events

3.1.2 E-field proprieties

We clearly observed a sudden and strict connection between the increase and behavior of
saltation and dust lifting activity and the induced variation of #field. The second and

third panels ofig. 25 andFig. 26 are an example of the trend generally observed during

the campaigns, showing how thefi&ld signal closely mirrors theand and dust activity.

During the dusty events, we observed a generally downward pointing field, directed the
same as the fair weather one, ranging from few hundreds of V/m Dyl 8KV/m (see

Fig. 27).

1 4 T T T T T T

E median =-6186.82 VIm

12

10

-20000 -18000 -16000 -14000 -12000 -10000 -8000 -6000 -4000 -2000 0
E (V/m)

Fig. 27 Histogram of the downward E-field excursions measured during the dust storm events.

We have measured occasional and short inversionsfielihsign, especially in th€lass2
events, that could be connected to raindrop. As we explained il pathe general
behaviorexpected in a dust cloud is that the contact electrification (during the saltation,
sandblasting, etc.) leaves the smalleirgreegdively charged and the larger one with an
opposite sign. The different weight of these grains causes=t#ve charges to be driven
upper in the cloud, leading to the charge separation and the generation ofiglte E
(upward directed followinghis description).

However, our observations on thefigld orientation (downward) are in contrast with the
diffuse description of the collisional charge transfer as a predominantidesmdent
process, indicating how the composition of the dust claudbcrepresera key factorwe
will discuss more deeply this topic in ga2.4.1



Total Dust, #/ dm3

We analyzed the principal factors that influence the behavior of-fredi: studying also
its close connections and feedbacks on the liftet chrecentration.

3.1.2.1 Relation with the dust concentration and atmospheric relative humidity

We observed how the relative humidity (RH) has a significant impact on -freddE
intensity. For this reason, veeibdividedthe dusty events into folnumidity clases RH <

10%, 109%20%, 209%30%, and > 30%. We considered the whole set of data acquired at 1
Hz rate and performed a binning of thdiéld data with 200 V/m steps, comparing this
guantity to the total numeric grains concentration (summed over the mboi®redrange
0.26534 pm). The results of this analysis are showhig 28, separating in two different

plots the one regarding the 2013 and 2014 campaign. Indeed, as we mentioned in Chapter

2, the two sitearecharacterized by a different amount of soil and air humidity that results
in a different erodibility level. The moisture content was obtained by averaging the soil
humidity data acquired during the campaigns and we obtained a value of 0.49 £0.03 H
Vol / Soil Vol for the 2013 case, around one order of magnitude higher than the 2014 one:
0.067 £ 0.010 KD Vol / Soil Vol.
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Fig. 28 Relation between suspended dust concentration anfiekl intensity for the 2013 (left) and 2014 (right)
campaigns (different colors represent the RH level). In both plots, two main trends can be individuated with diffe
values of the linear slope depdimg on the RH (black data vs red and green for 2013; black, green and red vs blue

2014)

We observed a linear trend between the dust concentration-aeld Etensity for each
humidity classwith an absolute value @k slope increasing with RH. This means that, at
a given dust concentration, thefield decreases with the increasing RH. However, the
dependence of-Eeld from humidity does not seems to beamtinuougelation, but more
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similar toa step function: we can obsetve main trends separated by a critical RH value.
Such value is different for the tvgites being the 2013 one around RH ~ 10% and the 2014
one at RH~30%, rdlecting the different amount &oil humidity observed during the
campaigns.Under the RH critical value,he slops obtained in dry conditions are
compatible in both sites, arour240 + 10 driiPAV/m)™* (R? = 0.90).
Over the RH critical valuethe absolute slope value increases up to the higtieldE
intensities, when a decrease seems to happen again.
A dependence of field behavior on the RH was also observed during wind tunnel
experimentdy Xie and Han, 2012. The authors measured thelé&in a chamber covered
with a sand bedusing a field mill (KDY-IV) varying the RH, wind and temperature
conditions. They observed that thei@ld linearly increased with the RH up to a critical
value and then exponentially decreased. This critical RH value was observed to increase
upon increasing the wind speed. They reported values of RH ~20% for a wind speed of 12
m/s and ~40% at 14 m/s. We believe that theéeerease of the slope for the highefi &d
values could be related to the increment of the wind speeds, as supposed by Xie and Han,
2012. Even if the laboratory experiment cannot be fully compared with the conducted
Saharacampaigs, due to the different conditions, the obtained results argoiod
agreement.
Our observations provide strong evidencenoW RH represents critical parameter in
aeolian processes, affecting the charging mechanism of dust and sand grains. A likely
explanation of this phenomen@nthe evaporite deliquescence: alring the atmospheric
moisturethe evaporite may dissolve in a water solutibme hydrated evaporites (Mg and
Ca chlorides) present in both the 2013 and 2014 soils (with different abundance) are
affected bydeliquescence at low RH valugsitical RH, GRH = 28.7% for CaGl2H.0
and 32.78% for MgGI6H20).
When the atmospheric RH exceeds the local compositiRiH@alue, the hydrated salts
dissolve in the absorbed water and create a liquid film around the sand and dust grains,
increasing their electricaonductivity and impacting the charging process.
A direct relation between the humidity and dust lifting could also exist and, consequently,
influence the Hield. In field experiments, Halleaux and Rer2@l4,found that the dust
lifting increases with té soil humidity. They proposed that this could be due to either an
increase in the amount of dust aggregates able to initiate saltation as the humidity increases
or an increase in dust lifting due to the formation and breakup of crusts favored by the
increase in humidity.
In summary from our results we can conclude that
- saltation and dust emission processes produce an enhancement in the atmospheric
electric field (due to the exchange of electric charge among grains and successive
charge separation by Iddarbulence);
- the concentration of emitted dust and thidd intensity are linearly related at
fixed RH (Fig. 28);
- humidity affects the conductivity of the surface and evaporite deliquescence could
play a key ole in this;
- the soil and air humidity affects the slope of the linear relation between the dust
concentration and-eld: at a given value of the dust concentration, tHeld
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decreases when the humidity exceeds a threshold, in agreement with vésat aris
from the laboratory experiment ®fe and Han, 2012
It is difficult at this stage to discriminate between causes and effects in the phenomena
observed in the field, however, it results clearly evident from our data that the concentration
of lifted dust E-field and humidity are very strongly related.

3.1.2.2 E-field feedback on dust emission

In the previous sections, we have shown evidence that the saltation and dust lifting
processes cause particles to become electrically charged and generate an atmospheric
electric field, which is also affected by the ambient relative humidity and soil moisture. In
this paragraph we will study if a feedback mechanism exists and how the genefiatdd E

can in turn influences the grains liftingok and Renno2008 and Holstein et al.,2012
supposed that when thefield intensity exceeds a certain threshold, the electric forces can
play a significant role in the liftingeducing the static friction velocitiiresholdhecessary

to initiate the saltation process. We hereoren Fig. 29 the original Fig. 4 oKok and
Renno, 2008where the authommodelled how the density mass of saltating grains depends
on the friction velocity u*.In particular, above ag-field thresholdvalue (corresponding

to a shear velocity dD 0.6 m/s) their model predictand abrupt increase of the amount of
grain mass in saltatiomn turn, thisfurther boost the Efield magnitude and the saltation
activity.

400
300-
200-

100

Saltating Particle Load (g/m’)

O lamageeees*”
025 050 075 100 125  1.50

Shear Velocity (m/s)

Fig. 29 Original Figure 4 of Kok and Renno, 2008. The predicted relation between the mass of grains in saltation
for two models: in black the one that does not include the electric forces, in red the one in which are included.
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The models are in agreement up to a critical value of shear veibc D 0.6 m/s, when the red one predict an
abrupt increase of the amount of mass in saltation.

Up to now, this active effect of the electric forces has never been investigated on field,
hence we decided to use our data to study this subject. We cannotedaleetly the
saltating mass density, so we used instead the mass density of grains in suspension,
evaluated from the numeric lifted grain concentratioin order to do so, we considered

that the dust size fraction of the soil in the site of measurem&mbmposed mainly of
quartz (=2.66 g/cml) and muscovite}E2.82 g/cmi), with a minor part of calcitg €2.71

g/en?) and illite (=2.79 g/cnd), as measured in our laboratolg density can be roughly
estimated ag=2.7 g/cni. We have evaluated thetad lifted mass density of dust (with

di ametem) Ousidng t he ddforeach of theedhsnisiveenmretored o f
and as sasthé megn density.

We derived the friction velocity* directly from the high rate 3D wind componenis \(,

w) measured by the CSAT3 3D anemometer at 4.5 nfi®qo” 6 0 bo 7).
Considering that the vertical variationuwfwith height can be assumed to be negligible in
the surface layer (Haeg et al., 1971), we use this measuwredalue as representative of
the superficial shear stress.

In their model,Kok and Rennp2008 has assumed a soil made conductive due to the
absorption of conducting films of water. Therefore, to compare our reseeglected
the drieststorms(RH < 10%). Moreover, ve have not considered in this analysis the
minority of data characterized by an upward pointinfielel and the nightime storms
clearly recognizable as haboobs. The physics of these events needttdibe as a
separate case, #s haboobs arise i heavily moist environmenaking energy mainly
from the latent heat released during the evaporakaippertz et al., 2007, 2009

For the remaining events, we compared the data regarding the catioantvith the
corresponding shear velocity one, as showdelgn30.
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Fig. 30 Suspended dust mass concentration (left) and atmosphetiele (right) as a function of the wind friction
velocity for dust storm events with RH in the range-30%. The data are binned in step 0102 m/s.

In agreement with the theoretical prediction that neglect tfiel@& contribution Kok et

al., 2012 ; Merrison, 2012 for lower shear spead the dustmass concentration increases

asa power law u* G8£04(the gray line irFig. 30). Howeverat a threshold value of ~

0.6 m/s, the mass concentration experiences an abrupt increase coupled to a cargespond
increase of Hield (see right panel d¥ig. 30).

Kok and Renn@008showed that this suddgmowth of the particle load is not predicted

by lifting models that do not include electric forcés.agreement withiheir model,
exceeding the threshold, our data show an increase of approximately an order of magnitude
in the lifted dust mass concentration.

Kok and Renno, 2008 and Rasmussen e2@09speculatedhatthe Efield should exceed

150 kV/mto significantly affect the particle lifting However, this value is predicted at
short distance from the sand bed (few centimeters) and thus cannot be directly compared
with our measurements performed at 2 m from the ground (whiedédBvas found to be

< 20 kV/m).

The effective role of the electric forces on the set in motion of the grains and their trajectory
need further studies to be really understood, however, our results provide the first field
evidence that the-Eeld play a key role in the dust lifting prag® It suggests the utmost
importance of including its contribution in dust entrainment models to improve predictions
on dust load and its effect on the atmospheric thermal structure and on the planet climate
in general.
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3.2 Dust Devils

Il n this Isefcdcddwsn ovme d6tlhe dust devil 6s acti vi

ty

Al ong the 83 days of the campaign, we obser:

belonging to the Class A (the most probable dust devils candidates, s2® daBfor

the description of the detection method and the categorization). For 54 days we have also
collected the 3D anemometer data, monitoring 338 ClasgeAts

For the first time weadallected a data set that coupthe meteoralgical measurements of

the vortices with the monitoring of the induced saltation and dust lifted activity. In
addition, we measured also thdi&d signatures of the whirlwinds, a data that has been
repored in literature for less than a tensewents. @erall, our survey represents the most
comprehensive one available up to now for the dust devils and has allowed the first
statistical study of their electric proprieties.

Fig.3lshowsan ex ampl e orfsetc@mead thesesedents. i shis mstance, all
the dust devil features described in.2a6 are clearly recognizable. Fig. 31a we can see

the drop due to the vortex low pressure céig, 31b shows the Hield peak due to the
passage of the charged graiRgy. 31c shows the increase in saltation activity measured
by the Sensit anflig. 31d the increase in temperatusdated to the convection lifting of

the warm air layer near the ground.Aig. 31e we show the peak in vertical wind speed
connected with the upward motion inside the vortex column (negative values indicate a
downward directed velocity). IRig. 31f andFig. 31g it is possible to recognize the change

in the horizontal wind direction and the related peak in wind speed due to the vortex rotary
motion, respectivelyFinally, Fig. 31h and i show the peak in the lifted dust concentration
and the decrease in the measured solar radiance due to the passage of the dust column and
its shadow.

We analyzedthe environmental conditiothat characterize the whirlwinds activity, the
distributions of the vortex principal parameters and the correlations arising between them.
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Fig. 31 A dust devil (Class A) encounter as detected by our measurement station. Thelptatsthe time series of
the different monitored parameters. In order from left to right and from top to bottom there are: (a) atmospheric
pressure, (b) Hield, (c) counts of near surface saltating grains, (d) temperature, (e) vertical wind speed, (f)
horizontal wind direction, (g) horizontal wind speed, (h) lifted dust concentration and (i) solar radiance.

3.2.1 Daily and seasonal activity

The dust devils activity starts around 9 a.m., around 3 hours after the sunrise, increasing
up to the early afternoon atiten it reaches its minimum around 10 p.m., gt®of hours

after the sunsdseeFig. 32).

The daily trend closely follows the temperature trend and this results is in agreement with
what reported in the literature and firstiybserved bySinclair 1973 However,
unexpectedly, after the first minimum the activity slightly reincreases reaching a maximum
around 12 p.mfinally totally stoppingaround 2 a.m. Despite representing only a small
fraction of the total sample, this pdde nighttime activity is of great interest, potentially
opening new scenario for the dust devils formation. Night time dust devils like signatures
have been observed also in the Martian data,ir.gllehoj et al. 2010, however these
events have stilhot been considered in the statistieing not in agreement with the vortex
physics as we knowit currently. The eventuality of night time activity neerther
investigation in order to be validated. This is one of the reasons we decided to equip the
station of the 2017 and future campaigns with a camera and a nigh flash system. The results
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of the 2017 data are described in the next Chapter, but currently they are conclusive on this
topic.

80

T T T T T 42
# of event mmm

Temperature @2.5m

70 -

60 -

50 -

40 |+

30 -

Temperature (°C)

20 -

0 2 4 6 8 10 12 14 16 18 20 22 24

ti(hour)
Fig.32Di ur nal d ust obberved in tliesSahara data,\it cleanyy follows the temperature variation.

The activity during the entire campaign has been very variable, as sh&iga33, and it
seemsto weakly correlate with the temperature trend. Therefarlike the daygcale
activity, the long term one is not mainly driven by the temperature varidtienfactors
playing a significant role are of difficult individuation and we are still investigating this
subject.
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Fig. 33 Seasoal activity along the entire campaign, on the x axis there are the day of the year, and on the y one
the number of events observed that day. It is also shown the mean daily temperature in gredmugh, it seems
to weakly correlate with the activity.

3.2.2 Wind speed regime

The wind speed signab () acquired from the station during the encounters js: o, 4,
wherewvy represents the vortex wind speed, the relative horizontal speed of the dust devil
in the rest frame of the background wirm. (

We analyzedthe environmental winadonditions considering a time window of thirty
minutes around each event. Most of the dust devilssdiige a wind background of
about 6 m/s andomes preferably from the south west direction (§&g 34). Overall, this
respecisthe average wind regime faced during the campaign and is in agreement with what
we observed for thdiurnaldust storms.

A reasonablsimplifying assumptiois to consider that the vortex travels paralleb.t®he
maximumwvy of the total wind signak is reached in the instant of minimum distance from the
station @ = d,). Hence, from the direct measarentsof v , we can evaluate, ou -H—
obtairing an estimation of the rotatory vortex wind speed vi(do). As we explained in par 2.7,

we are not able to obtain the intrinsic rotatory wind spéeuhd the impact parametgy from this
measureWWe have evaluated all these quantities usingléta acquired by the anemometer
placed at 4 mMoreover,through the 3D anemometer mounted at 4.5 m we were able to
monitor also the vertical wind speed of the vortices.

The distribution of maximum vertical wind spegdd vortex wind spead are showd inFig.

35.
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Fig. 34 The environmental wind regime observed during the dust devils encounters. a) shows the histogram of
the background wind speed, while b) shows its direction.
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Fig. 35 The histogram relative to: a) the vortex wind speed., and b) the maximum vertical wind speed

observed during the dust devils encounters.

For the rotatory speeds we observed a mean value around 6 m/s with peaks up to 18 m/s, a
range of variation in agreement with what previously reported in literébimelair 1973.
Regarding the vertical wind speed, it ranges from 0.1 m/s to 5 m/s, with a mean value of ~

1 m/s. Even when the vortices peg®xactly over our stationd¢ < R) the maximum
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vertical wind speed remains ~ 1.5 m/s and only during two evienteercomes 3 m/s.
Overall, from the collected signatures, we observed how the dust devil passage leaves a
signal clearly recognizable thehorizontal wind speed and direction, pressure afidl&

time series, with a full duration half maximum of wars seconds. Compared to these ones,

the trace left in the vertical wind speed is usually more similar to a delta function or a series
of deltas, without a clear growing and decreasing trend (see for examplg.tB&e). The
reduced duration of the vertical flow signal coupled with its tiny magnitude makes the
vertical wind speed peak less clear to recognize and study than the other dust devils
features. This led us to the conclusion that the upward and downaersed gir flows have

to decay much faster with the distance than the other monitored parameters.

Reporting the results of the field campaigns he performed in Arizona, Sinclair (1973)
observed how the vertical wind speed of the vortioe=asured approxiatively at 2.1 m

and 9.4 musually reaches 10 m/s inside the dust column, rapidly decreasing outside it.
The vertical speeds we measured at 4.5 m are far slower than the ones observed by Sinclair,
even for the vortices that pass exactly over our stakan 85b). We also noted that the
measured vortex horizontal wind speeds usually overcome the vertical speeds. This result
is in agreement with the observations made by Ryan and Carroll (1970), which reported
vertical wind speedsneasured at 2 m from ground between 0.2 m/s and 2.2 m/s,
approximately one order of magnitude lower than the horizontal wind speed.

Starting from our observed rangesspkednagnitude, we have estimated the contribution

to the lifting due to the vortexdnizontal (the shear stress force described inlp&r2 and

vertical wind flow (the suspension force described in @ab.1 eq (31). From our
evaluatia it results that none of the two contributsoran be neglecteand for the dust

size particlesthey both contribute with a force per grairttedé order of 1 N, on average

one order of magnitude greater than the gravity force.

3.2.3 Pressure drops distrib ution

The measured pressure drops (@pP) raFAgge from
36a). Most of the detected vorticesdia therange0-D . 8 hPa and in this i
cumulative distribution is well describdy a power law (y = a®with and exponent b =

2.85 + 0.05Fig.36b ) . For the | argest and saoffftbom est @P
the power law igvident, as also seen in other terrestrial data (e.g§ign36b we showa

dataset fromLorenz and Lanagan, 200L4The deviation of the distribution of lowest and

highest drops values from the main trend could be attributable to the inefficient detection

of the smallest vortices and to the underglamy of the largest ones due to the finite sample

size (Jackson and Lorenz 2015). However, a reason of physica naturot be excluded.

Despite the facive obtained a similar trend distribution, the value obtained for our power

law exponent-@.85) ishigher than the ongsreviously reported for the Terrestrial dust

devil surveys<{-1.5).

We observed that in the samerange®.28 hPa t he ®@P cumul ative di
described by an exponential function with a coefficient of determinationar@aile to the

one of the power law fittd @p 1T with an exponent b =3.32 + 0.05). Although there

is not a compelling reason to prefer one representation to another, througheotkhie
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will continue to use the results of the fit power lamorder to allow an easier comparison
with the literature.
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Fig. 36 The distribution of the pressure dropg® for our Sahara dust devils. a) shows the histogram gfP, while
b) shows its cumulative distribution (absolute value): imed for our data and for comparison, in violet another
terrestrial survey collected in Nevada by Lorenz and Lanagan, 2014 (Category 1 events in the P28 dataset).

3.2.4 E-field proprieties

3.2.4.1 Distribution and Orientation

The fairweather value of the electriefd measured during the campaign is almost always
negative around T1T50V/ m. During the dust
vertical Efield always downward directed from few thousands V/m up to 16000 V/m, with

a mean value aroun@600 V/m (sed-ig. 37a). Up to now, there are ragher survey of

dust devils electric field with which compare our results, indeed our data have allowed the
first statistical study of this parameter. We observed that the cumulative distribiutien
E-field excursions (showed in a setag plot inFig. 37b) is well describable in the whole
variation range by an exponential layw=a 10®*wi t h an exponent of
(V/m)'t,
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Fig. 37 The distribution of the E-field excursions induced by the dust devils passages. a) shows the histogram

with a bin width of 450 V/m, while b) shows the cumulative distribution (&solute value), that is describable by
an exponential law.

An important difference between our results and those commonly reported in the dust
devil 6s literature is r epr eficle mdeedds wWe yaidt he or i
for the dust sirms,in presence of a lifted dustoud an upward directed-eld is usudly

reported, corresponding to size dependentlectrification with the smaller grains
negatively charged over a base of bigger particles of opposite sign (Forward et al. 2009;
Lacks and Levandovsky, 2007; Duff and Lacks, 2aD&sch and Cuzzi, 2000; Melnik and
Parrot, 1998Bo and Zheng, 2013).

Regarding specifically the dust devilke literature so far reports only cases characterized

by upward directed Held (Frier, 1960; Crazer, 1964 and 1970; Farrell et al., 2004,
Jackson et al., 200@lowever, these measurements are still few and there is not a physical
constrain on the possible direction of thdidld. Indeed, the statement that the charge
process of the grains is sidependent is secondary to the hypothesis that the dust cloud is
homogenous from the bottom to the top. We d
our site of measurement.

For the dust storm&w casesire reported where this electric configusat{smaller grains
negatively clarged over positive bigger ones not reproduced (Trigell et al., 2003;
Sowinski et al., 2010; Kunkel, 1950) and there are even lesser cases where the electric field
has been observed with both orientations (Demon dt93; Kamra, 1972)n particular,

Kamra 1972 measured both positive and negative electric gradient and space charge during
the dust storms, depending on the site and, even at fixed site, depending the atmospheric
conditions. He observed that dust stoarising from soil mainly composed by silica show

both orientations of the-Eeld, while the ones arising from soils mainly composed by clays
materials usually induce a positive (upwardjidtd. Moreover, he speculated that its
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measurements acquired otbe sand dunes suggest a dipole configuration with positive
charge up and negative down, like the configuratiermm supposingpr our acquisitions.

As far as we know, our data set is the first example of a dust devils sample entirely
characterized by downward directed Held, being the first evidence that the orientation

of the vortex Hield is not a universal propertye believe that the principal factor that
affecs the sign of the induced-teld is the composition of the dust cloud, and thetireta
differences in composition between the smaller and the bigger grains. Hotesvsupject

is still matter of controversy anal full comprehension requires further investigation, in
particular laboratory analysis on the composition and size distibwf the soil that
sustairs the whirlwinds.

3.2.4.2 Signal trend and connections to the other vortex parameters

Fig. 38 shows the recorded verticalfield, pressure drop and lifted dust signals for three
different events with a strgnmedium and tiny atmospheriefield variation, respectively.
These signatures are always well visible and distinct from the background and the pressure
signature appears to last for a longer time than the correspondirld Eariation.Indeed,

we obseved how the full width half maximum of signal induced by the vortex passage is
around 50% longer in the pressure time series than in tHeeldE one

The Efield signature is usually roughly symmetric, however strongly asymmetric events
as the one depiaden Fig. 38c are not totally uncommon.
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Fig. 38 The vertical E-field time series for three Class A events of strong (a), medium (b) and tiny (c) magnitude,
respectively. For the same events there are alseported the pressure drops (d, e, f) and the dust concentration

in the bin-size 1.45um (g, h, i).

In particular, during the passages over the station, we observed both BiggB9) and

double peaks shap€Ei¢. 40) as well as irregular and highly noise signals. Unfortunately,
the events that directly cross the instrumentation represent only a few percent of the total
sample &round 6%)The high number oflifferent observedrendsand thelow statisics

for each case does not allow to proper stin#ycase of dust devils directly passing over

the station

For the whole set of data, we analyzed how tHeel excursions are connectéal the
other parameters signdf®r the discussion regarding thecantain level of these results

see the next paragrapt®.4.3.
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Time (h)
13.66 13.665 13.67 13675 13.68 13.685 13.69

-200

E
2 -400
-600 E— 110
Wind Speed 0.5m
-800

Wind speed(m/s)

Fig. 39 An event passing over our station, where it is possible to see the double peaks trend in both the wind
speed and the Hield

Time (h)
14.12 14.125 14.13 14.135 14.14 14.145 14.15

E(V/m)

E—

Wind Speed 0.5m

Wind speed(m/s)

t

Fig. 40 Another event passing over our station, where it is possible to see the double peaks trend in the wind
speed, but a single peak trend in the feld
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Electric field (\V/m)

3.2.4.2.1 E-field vs vortex pressure drop and wind speed

We observed that the indute-field is linearly related to both the pressure diéig.(41a)

and the vortex wind speed of the vorticEég(41b). The physiclemeaning of these relation
hasprobably to be seareldin the dependermcof the vortex lifting ability to its horizontal
pressure gradient, which in turn is connected to the rotatory speed. Greeley et al. (2003)
observed how the dust devils can entrain dust with wineldspp to 80% lower than those
required tathe simple bondary layer winds. This feature probably due téhe presence

of the pressure gradient forgenerated bythe low pressure core, that acts like a lifting
force additional tahatexerted bythe wind (Neakrase et al., 2016). The magnitude of the
pressuredrop is therefore related to the amount of the lifted dust, which generate the E
field. The theoretical prevision of the relation function is a completemadue to the
difficulties in quantifying the actual contribution of the pressure gradient forcg an
currently this relation is not investigated by any model of dust devil formation and
dynamic. Our data show the first proof that the inducddiEe |l d and t he vort
actually connected, and that the relation is approximatively describable byrddimetaon
(Fig.41a). The relation between thefield and the vortex wind speed probably arises from

the previous one, considering thatcould be with good approximation equated to the
rotary vortex speed, that related totlte pressure dropribughthe hydrostatic equilibrium

eq.(4).

0 & . 'so0®°
binned data ¢ binned data .4
7000 |  best fit slope=(100£9)-10? R?=0.86 — | 7000 | best fit slope=(58+6)-10 R2=0.
6000 | / 6000 |
4
5000 | 5000 L
*
4000 | | 4000 | /
>
3000 | 3000 L
2000 | | 2000 |
1000 + 11000 L
0 L L L L L L L 0 L L L L L L L
0O 01 02 03 04 05 06 07 08 0 2 4 6 8 10 12 14
Pressure Drop (mbar) Vortex Wind (m/s)

Fig.41Rel ati ons of t he -fidldwith: a)dhe vortdx prassure drdyarad ®)dhe #ortex wind
speed.Each point represents ain of 30 dust devils, the error bars represent the 25th and 75th percentile.
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3.2.4.2.2 E-field vs vertical flow speed

We also observethat the Efield is linearly related to both the upwarbig. 42a) and
downward Fig. 42b) directed vertical flow speed measured during the encounters. The
vertical wind acs like a driving force for the suspended grains matidnving their
collisions and spatial distribution, hence it is directly linked to the amount ofietetion

of the system.

Farrell et al. (2006) modelled the electric field generated by a dust devil system simplifying
the conposition by considering only two species of grains wlifferent sizes. The grains

are stratified by gravity and the auth@ssumed, as it is common in literature, the small
negatively charged and the large ones positivelfigld upward directed). Moreover, they
assumed the horizontal wind contribution to the lifting process to be negligible compared
to the vertical one, basj this hypothesis on the Sinclair results (a vertical wind speed one
order of magnitude greater than the horizontal one). In Fig. 7 of their paper, the authors
showed how the modelled verticalfigld is linearly related to the upward vertical wind
speedNonetheless, they pointed out that this relation has to be applied with caution to the
case of vertical speed whose magnitude is small enough to be compared with the horizontal
one, because this possibility is not contemplatedeir thodel.

According toour data, the Hield and the vertical wind speed seems to be actually linearly
related and the relation subsists also for the low upward vertical spieed Eig. 42a).
Differently to the assumption of Farrell et al. (2006),haee seen that the contribution of

the horizontal wind is not negligible (see pa&2.2. Indeed, we found a direct relation
between and the-feld andw, (Fig. 41b).

As we said, the induced-field seems to be also related to the downward directed wind
componentKig. 42b). This downward motion is usually predominant right outside the dust
column, where the grains start to sediment by convective flow motion and gravity. This
suggests that the electric current related to the descending motion of the grains could play
an important role on the behavior of the E field, while, the current dust deVigsdE

model s dondédt take into accourafth 206 s contr.i
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Electric field (\V/m)
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Fig. 42 Relations of the induced Efield with: a) the upward directed vertical wind speed and b) the downward
directed one.Each point representsa bin of 28 dust devilsthe error bars represent the 25th and 75th pezentile.

3.2.4.2.3 E-field vs lifted dust

Finally, we studied the correlation between the inducd@let and the amount of lifted
dust.We already showetthat,during the dust stormthe vertical Efield is linearly related

to the numeric lifted grains concerttom (d). Here,in the place of the instant by instant
values considered in pé8.1.2.1 we have analyzed the maximum of grains concentration
vs maximum induced-eld intensity for both dust devils and dust storms evétits 43).

In Fig. 43a we plotted the lifted dust grains concentration against the corresponfikéhd E
absolute valueThe data related to the dust dewle showrnn red while, for comparison
thedust sormsdataare reportedh blue

We have observed that thefield and the grains numeric concentratiaf &re linearly
related ato during the dust devil events. Moreovitle slops of the tworelatiors are
compatible: dust devils slope = (3.7 + 0.2)2#073(V/m)?; dust storms slope = (4.0 +
0.3) -1¢ dm3(V/m)™. This correspondence indicates thatlthear relation Eield/grain
concentration is probably a general law common for the dust lifting phenomena.

From d we have also evaluated the total lifted mass concentration as described in par
3.1.2.1 Fig. 43b shows in a semog plot that the relation between thdi&ld magnitude

and the mass concentration can be described by a power law (exponent = 0.53 £ 0.05).
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Fig. 43a) the total dust grain concentration is shown aa function of the induced Efield for the dust devils (in
red) and the dust storm (in blue) events observed during the field campaign. (b) Sefag plot that shows the
relation between the induced Hield and the total dust mass concentration during the dst devils events. Each
point represents a bin of 30 events for the dust devils and of 7 events for the dust storms; the error bars
represent the 25th and 75th percentile.

For each of the linear regressigrb+ax)here reportedve have evaluated the tesatistic

t and the p value of the relations and performed a one tail test, simply assuming as Null
hypothesis a=0. In all the cases,abinga | e v e | of significance
the null hypothesis, confirming thatespite the high uncentalevel, the studieduantities

are actually related.

Except thdor relation between the-feld and the upward vertical wind speed, none of the
reported correlation is currently investigated by any model of dust devil formation and
dynamic. Our resultsncourage the acquisition of further data to study this subject and the
start of a theoretical study of these relations, alsihéroptics of the upcoming martian

data.

3.2.4.3 Sources of uncertain

For all therelations waeported that connect thefleld to the other vortex proprietiese
observed an high level of fluctuation of the data points around the main trerfrdg(sEe

Fig. 42 andFig. 43).

As we explained in paR.7, it is not possible to directly interfere the impact parameter (the
minimum distance achieved by the vortex during its passage near the $tatiotf)e data
acquired from a fixed meteorological statidimerefore we cannot ealuate the intrinsic
parameters of the vortex, as its core pressure @®a@nd rotatory speed at wall, and
either its morphological parametersuchas the diameter and the height. This lack of
information does not represent a huge problem whesmagze the parameters singularly;
indeed given the large number of observed evewtscan suppose thae dust devils are
sampled at random vortex radii, height, and intrinsic parameters and no systematic bias is

89

of















































































































