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Abstract 25 

The monitoring of dust devils using only a meteorological station is limited by the size/distance 26 

degeneracy that affects the acquired time series. It is not possible to retrieve directly information on 27 

their morphology, translational motion, distance of passage and vortex intrinsic parameters as the 28 

core pressure drop and maxima rotational speed. 29 

We propose a simple model to estimate the distance of passage (commonly referred to as impact 30 

parameter) of the dust devils encounters from the station, monitored using a 2D anemometer. Our 31 

technique is based on the study of an easily recognizable feature of the signal trend, univocally 32 

connected to the vortex distance of passage.  33 

In order to test the model, we have analyzed the measurements acquired during a Sahara field 34 

campaign. Our meteorological station was equipped with a camera, to compare the modeled distances 35 

with the ones obtained from the images. For all the acquired events the experimental results are in 36 

good agreement with the model. Overall, we observed dust devils passing between 3 m and 150 m 37 

from the station, assessing the reliability of the technique over a wide range of distances.  38 

The evaluation of the impact parameter allows to fully characterize the meteorological encounters 39 

and to retrieve the vortex intrinsic parameters. The simplicity of the procedure makes it a powerful 40 

tool in the study of the relations among different vortex features (e.g., dust concentration and induced 41 

electric field) and their dependence on the distance from the station, easily applicable to past and 42 

future terrestrial and martian surveys.  43 

 44 

 45 

 46 

 47 



3 
 

1. Introduction 48 

1.1 Dust Devils 49 

Dust devils are convective vortices, stable columns of air in rotary motion, strong enough to entrain 50 

material from the surface. Sinclair has been the first to report the general characteristics of these 51 

whirlwinds by studying a large dust devil dataset observed in the Sonoran Desert (Arizona) (Sinclair 52 

1964; Sinclair 1969; Sinclair 1973). The diameter of the dust column can be roughly constant or 53 

increase with the height, and the vortex can be perpendicular to the surface or slightly tilted in the 54 

direction of motion. It has been shown (e.g., Balme and Greeley, 2006; Murphy et al. 2016) that 55 

strong insolation, low humidity, lack of high obstacles, and gently sloping topography are all 56 

advantageous conditions for the formation of such vortices. The whirling nature arises from regions 57 

of strong temperature gradients that could lead to the generation of the convection motion and 58 

pressure gradient. Indeed, the horizontal rotary motion is due to the presence of a low-pressure core. 59 

Let us call vr the rotational speed (see Table 1 for the complete list of the symbols used in the paper). 60 

Its dependence over the distance d from the center of the vortex can be approximated by the Rankine 61 

vortex model (see e.g. Rankine 1901; Giaiotti and Stel 2006): 62 

 

v௥(𝑑) = ൞
𝑉௥

𝑅

𝑑
      𝑖𝑓 𝑑 > 𝑅

𝑉௥

𝑑

𝑅
    𝑖𝑓 𝑑 <  𝑅

 

(1a) 

 

(1b) 

where R is radius of the vortex. Eq. (1) shows that as d increases vr increases, until it reaches its 63 

maximum Vr in d = R. The region identified by d = R is known as vortex wall. Further increase of d 64 

decreases vr. 65 

One can also prove that, when the signal is acquired by a stationary meteorological station, the 66 

dependence of the pressure P on d follows a Lorentzian curve (Ellehoj et al. 2010): 67 

 
𝑃(𝑑) =

−𝛥𝑃௢

1 + ቀ
𝑑
R

ቁ
ଶ + 𝐵 

(2) 
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where B and 𝛥𝑃௢ ≡ 𝐵 − 𝑃(𝑑 = 0) are the background pressure and the magnitude of the pressure 68 

drop in d = 0. The most common type of dust devils has one single pressure core and the magnitude 69 

of ΔPo is usually of the order of one thousandth of the atmospheric pressure (∼1 mbar on Earth) (e.g. 70 

Balme and Greeley, 2006; Murphy et al., 2016). 71 

In d = R, when the vortex is in a steady state we can assume the cyclostrophic balance, i.e., the force 72 

due to the gradient in pressure equates the centrifugal force: 73 

 𝑉௥
ଶ

𝑅
=

𝛥𝑃௢

𝜌
 

(3) 

where ρ is the density of the air. 74 

The motion of the dust devils is the sum of a translational motion, a rotation around the vertical axis 75 

and a vertical motion due to the convection. The combined effect of these flow motions, in addition 76 

to pressure-gradient force (Klose et al., 2016), makes the dust devils one of the most efficient 77 

phenomena for entraining grains into the atmosphere, in particular in the dust size range (Greeley et 78 

al., 2003, Neakrase et al., 2016). Dust devils can start dust grain lifting with a wind speed lower 79 

than the one required by the unidirectional winds of gusts and dust storms. 80 

On Earth, the whirlwinds can heavily affect the atmospheric dust concentration on local scale. 81 

However, this phenomenon is not limited to the terrestrial environment and several planetary missions 82 

have shown the occurrence of dust devil lifting phenomena on Mars. Mars is an active planet from 83 

the aeolian point of view, with frequent sand and dust mobilization events (Bourke et al., 2008; 84 

Silvestro et al. 2010; Silvestro et al. 2015). The nearly global coverage of Mars obtained by orbital 85 

cameras such as the NASA Mars Orbital Camera on the Mars Global Surveyor mission, and the ESA 86 

High Resolution Stereo Camera on the Mars Express mission, have shown that these vortices are 87 

highly diffused on the planet. Dust devils have been observed in both hemispheres, almost at every 88 

latitudes and elevation, over the whole martian year (Edgett and Malin, 2000; Malin and Edgett, 2001; 89 

Greeley et al., 2004; Stanzel et al., 2008). The dust devils formed on Mars are larger in size when 90 

compared to those formed on the Earth. However, the meteorological properties are very similar, 91 
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suggesting how the underlying dynamics and formation mechanism may have common foundations 92 

(Ringrose et al., 2003; Franzese et al., 2018).   93 

Many studies have aimed to assess the impact that dust devils have on the climate of Mars. Overall, 94 

they appear to account for ∼50% of the global dust budget (Ferri et al., 2003; Whelley & Greeley, 95 

2008; Guzewich et al., 2015). Also, dust devils have been indicated as principal sustaining mechanism 96 

for the Martian atmospheric dust haze, in particular outside the dust storm season (Neubauer, 1966; 97 

Thomas and Gierasch, 1985; Murphy et Nelly., 2002; Ferri et al., 2003; Fisher et al., 2005; Cantor et 98 

al. 2006). In addition, the mobilized grains tend to charge by collisions and the triboelectrification 99 

can induce strong electric fields (see Harrison et al. 2016 for a review on the topic). This variation of 100 

the atmospheric electricity can enhance the formation of oxidants able to scavenge organic material 101 

from the surface (Atreya et al., 2006). Potentially, the electric field induced by the dust devils can 102 

overcome the martian electric breakdown (Farrell et al., 2017; Franzese et al., 2018), leading to the 103 

formation of discharges able to affect the atmospheric chemistry and also interfere with the operations 104 

of the surface instruments in space missions.  105 

For these reasons, dust devils are an important factor in the study of the martian climate. They will 106 

be subject of specific study during the current and next martian surface exploration missions, such as 107 

NASA Insight, successfully landed on November 2018, and ESA/ROSCOSMOS ExoMars 2020.  108 

b average background wind velocity  

𝜃b direction of the vector b 

d distance of the dust devil from the meteorological station 

𝜃d direction of the vector d 

do impact parameter: minimum distance of the dust devil from the station 

𝜃do direction of the vector do, we will put ϑdo= ½ π 

𝑓(𝑑) generic function that describes the dependence on distance of the q signature  

ΔPo pressure drop at the vortex core 
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q generic meteorological feature of the vortex monitored by the station 

𝑞௢ intrinsic variation of the quantity q 

𝛥𝑞ெ௔௫ maximum measured variation of the quantity q  

R vortex radius 

s vortex translational velocity  

𝜃s direction of the vector s  

to time instant when the vortex reaches the distance do, we will put to=0 

vr vortex rotatory wind speed 

𝜃vr direction of the vector vr  

Vr maximum rotatory wind speed (reached at the vortex wall) 

vt total wind speed measured by the meteorological station 

𝜃vt direction of the vector vt  

w maximum rotatory wind speed measured by the meteorological station 

Table 1 List of the symbols used in the paper. All the directions are evaluated respect to the x-axis of the instrument frame.  109 

 110 

1.2 The problem of the degeneracy size/distance 111 

We introduce here two different frames: the rest frame of the meteorological station (instrument 112 

frame) and the vortex proper frame, comoving with the dust devil and centered on it (dust devil 113 

frame). Let us define q as a generic physical quantity monitored by our station, and qo its variation 114 

due the passage of the vortex, i.e. the variation observable in the dust devil frame. By definition, qo 115 

is independent from the distance d. It is related to the proper characteristics of the vortex (e.g. its size 116 

R) and is directly measurable only if the vortex passes directly over the instruments. 117 

 Eqs. (1) and (2) describe the trend of the pressure and of the wind velocity expected during a dust 118 

devil encounter. In case of P, qo represents the pressure drop at the vortex core (ΔPo). In case of the 119 

rotational wind speed qo  represents the rotation at the vortex wall, Vr. 120 



7 
 

In the dust devil frame, q(d) is simply a constant: 𝑞(𝑑) = 𝑞௢ + 𝐵; where B is the background value. 121 

Here we are considering a dust devil in a stable condition, where 𝑞௢ is constant in time and B is 122 

constant and spatially uniform. In the instrument frame, we have to consider the effect of the motion 123 

of the dust devil and q(d) can be written as: 124 

 𝑞(𝑑) = 𝑞௢ 𝑓(𝑑) + B (4) 

where the function f(d) expresses how the value of the induced variation decreases with distance and 125 

B is the background value in the new system. 126 

During its motion, the dust devil reach a minimum distance from the station do (the impact parameter) 127 

usually greater than zero. The maximum variation of the signal in the instruments frame, 𝛥𝑞ெ௔௫,  is 128 

obtained in the point of minimum approach: 129 

 𝛥𝑞ெ௔௫ = 𝛥𝑞(𝑑௢) = 𝑞௢ 𝑓(𝑑௢) (5) 

We can measure 𝛥𝑞ெ௔௫ directly. However, using only 𝛥𝑞ெ௔௫ it is impossible to derive qo, the function 130 

f(d) and the value of do: that is, it is not possible to completely characterize the observed dust devil. 131 

This leads to the degeneracy size/distance of the measure: i.e., a small dust devil passing near the 132 

station (low 𝑅 and 𝑑௢) or a large one passing farther away from the station (larger R and 𝑑௢) can in 133 

principle give rise to the same signals q(t) and 𝛥𝑞ெ௔௫. Another source of ambiguity is the vortex 134 

sense of rotation, which is also not directly inferable using the acquired signals. 135 

The various physical quantities scale differently with the distance from the vortex. In case of the 136 

pressure and wind rotational speed, the form of 𝑓(𝑑) is already known in literature, being it a linear 137 

function (eq. (1)), and a Lorentzian (eq.(2)), respectively. Studying the distribution of a single 138 

parameter q whose dependence on distance 𝑓(𝑑) is already given, the impact parameter can be 139 

marginalized starting from a statistically significant number of encounters and supposing a random 140 

statistical distribution of the passage distances. This approach is commonly used in literature, both 141 

for terrestrial and martian dust devils surveys. However, in most of the cases, we ignore the form of 142 

qo and f(d) and we are unable to empirically investigate them using the acquired signals q(t), due to 143 
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the size/distance degeneracy. In addition, in order to improve our knowledge on the physics of the 144 

whirlwinds, it is necessary to study the relations among the different vortex parameters. This is not 145 

possible ignoring how each scales with the distance.  146 

Franzese et al. 2018, have presented the first statistical analysis of the electric proprieties of the dust 147 

devils, observing how the electric signature is strictly connected to the measured pressure drop, 148 

horizontal and vertical wind speed and dust concentration. The results are affected by strong 149 

uncertainties, mainly due to the size/distance degeneracy. This kind of studies has motivated the 150 

development of techniques to estimate the impact parameters of the dust devil encounters with a 151 

stationary meteorological station.  152 

Lorenz, 2016 has addressed the problem proposing a model to study the acquired dust devils 153 

signatures and a heuristic estimation of the intrinsic and geometrical parameters of the encounters 154 

(impact parameter, size, core pressure drop and wall rotatory speed). In order to retrieve these 155 

parameters, the procedure involves a global fitting of the measured pressure, wind speed and direction 156 

time series. However, ambiguities remain in discriminating the more significant fit result. 157 

In order to find a direct approach and fully resolve the degeneration, we developed a new technique 158 

to evaluate the distance between the acquiring station and the passing whirlwind by analyzing the 159 

induced wind speed and direction variation.  160 

To validate the model, we performed a field campaign coupling the meteorological instruments with 161 

a camera. In this work, we compare the results obtained using our model with the ones obtained 162 

directly from the images of the events. This campaign is part of a series of field surveys performed 163 

in the frame of development of the DREAMS station, on board of the ESA/Roscosmos ExoMars 2016 164 

mission, and of the MicroMED sensor, which will be on board of the ESA/Roscosmos ExoMars 2020 165 

(Esposito et al. 2016; Aguirre et al. 2017; Esposito et al. 2018).   166 
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1. Methods 167 

1.1 Equipment 168 

In July 2017 we performed a field campaign in the Sahara Desert of the Tafilalt region (Morocco). 169 

The chosen site is placed along the dry bed of Ziz river, at coordinates: -4. 1226° W, 31. 1488° N (see 170 

Fig. 1 and Fig. 2).   171 

 172 

 173 

Fig. 1 The field campaign sites in the Tafilalt region (Morocco). (source: Google Earth) 174 

 175 
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 176 

 177 

Fig. 2 A close up of the soil at the measuring site 178 

 179 

We deployed a fully equipped meteorological station, mounted on a principal mast. We coupled it 180 

with a single camera system, hosted on a separate mast placed few meters away (see Fig. 3). The 181 

meteorological station included: 182 

- three 2d anemometers (Gill WindSonic) at 0.7 m, 2.0 m and 3.35 m; 183 

- three thermometers placed at different height from the ground. The first at 0.1 m below the 184 

surface, with a soil humidity sensor (CS616-C), and the second right under the surface. The 185 

last at 1.70 m above the ground, coupled with an air humidity sensor. 186 

- a solar irradiance sensor (LI-COR LI-200 Pyranometer) at 0.3 m; 187 

- an atmospheric pressure sensor (Vaisala Barocap PTB110) at ground level; 188 

- one Sensit sensor (instrument to monitor the saltation activity) placed 2.70 m away from 189 

station center. 190 

The camera was oriented in order to catch the first mast and the passing dust events in the same image 191 

with a field of view of about 130°.   192 
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 193 

Fig. 3 The station deployed during the field campaign. The principal mast is equipped with two anemometers, a thermometer, a 194 

pressure sensor and a solar irradiance sensor. A third anemometer is placed on a separate tripod. The camera system and the 195 

solar panel are hosted on a secondary mast. We installed also two thermometers, for the superficial and sub-superficial 196 

temperature, and a Sensit impact sensor. 197 

 198 

We have acquired the meteorological during day and night at 2 Hz rate. Camera images have been 199 

acquired during day time only at the same rate. Data were acquired from the 21th July to the 24th July 200 

2017. 201 

For the purposes of this paper we will focus only on the wind speed and direction data and on the 202 

synchronous camera acquisitions. 203 

 204 

 205 
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1.2 Wind signature model 206 

As discussed in the introduction, the induced variation 𝛥𝑞ெ௔௫ of a generic signal q(t) is the easiest 207 

quantity to measure. However, 𝛥𝑞ெ௔௫ depends on both qo and do (eq.(5)). We hence start by studying 208 

the wind speed signal q(t) (eq. (1)), in order to find another measurable quantity depending on just 209 

one of the two factors. 210 

The maximum value (Vr) of the rotary speed and 𝑅 are intrinsic parameters of the dust devil. Note 211 

that for fully formed and stable vortices, the ones we are interested in, we can consider Vr and R to 212 

be fixed. The varying parameters are those related to the relative motion of the dust devil with the 213 

observation point, such as d and the measured vr. The vortex translates advected by the wind 214 

background. This implies that its traverse velocity s closely matches the average background wind 215 

speed b, both in terms of magnitude and direction (b≅ s) (e.g. Balme et al. 2012). Dust devils may 216 

follow paths that are not strictly straight. Nonetheless, considering the short average duration of the 217 

encounter (Franzese et al., 2018), the motion can be we approximated as linear uniform with 218 

parameters: 𝑠 = 𝑏 and 𝜃௦ = 𝜃௕. 219 

 220 

 221 
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Fig. 4 Schematization of a dust devil passage. The chosen reference frame has the x axes parallel to the vortex travel speed s. In a) 222 
the vortex still far from the station; in b) the vortex at the minimum distance from the instruments. Notice how 𝒗𝒓 ⊥ 𝒅, from which 223 
it follows θvr = θd ± 

𝝅

𝟐
 (± depending on the sense of rotation).  224 

 225 

The center of the instrument frame 𝑂௫௬ (see Fig. 4) is on the meteorological station. Without losing 226 

generality, we choose the x-axis to be parallel to the translational velocity s of the vortex, directed 227 

along the dust devil motion. Being 𝑥 ∥ 𝑠, the direction of s is 𝜃௦ = 0. d is the vector position of the 228 

center of the vortex in 𝑂௫௬, with 𝜃ௗ its direction. Its dependence on the time t can be written as: 229 

 𝑑ଶ =  𝑠ଶ 𝑡ଶ + 𝑑௢
ଶ (6) 

which in components is: 230 

 
൜

𝑑௫ =  𝑠 cos(𝜃௦) 𝑡 + 𝑑௢௫

𝑑௬ =  𝑠 sen(𝜃௦) 𝑡 + 𝑑௢௬
 

(7) 

where t is the time variable, t∈[-∞,+∞] while d∈[-∞, do]∪[do +∞]. In particular, the minimum do of 231 

d is usually referred to as impact parameter. Following the convention introduced in Fig. 4b), do is 232 

reached at 𝑡 ≡ 𝑡଴ = 0 and is directed along 𝜃ௗ௢ =
గ

ଶ
. When 𝒅 ≡ 𝒅𝟎, 𝑑 ⊥ 𝑠, while the direction of the 233 

vortex rotation will determine if s and vr are parallel or antiparallel. We are going to consider both 234 

scenarios, as in literature these cases are both likely to happen. We will define a rotation “discordant” 235 

if s and vr are antiparallel at t = to, and “concordant” otherwise. 236 

The wind speed measured in O is the sum of b and of v. Let’s us call this sum the total wind speed 237 

(vt), in terms of its dependence on the distance from O we have: 238 

 𝐯𝒕(𝑑) = 𝐬 + 𝐯𝒓(𝑑) (8) 

In the above equation, we have not explicated the dependence of vr on R, for the only purpose of 239 

simplifying the notation. However, R will still appear in our calculations, as it should. We can rewrite 240 

eq. (8) in terms of its components: 241 

 v௧௫(𝑑) = s 𝑐𝑜𝑠(𝜃௦) + v௥(𝑑) 𝑐𝑜𝑠(𝜃௩௥) (9)  

 v௧௬(𝑑) = 𝑠 𝑠𝑖𝑛(𝜃௦) + v௥(𝑑) 𝑠𝑖𝑛(𝜃௩௥) (10) 

For its direction 𝜃௩௧ we get: 242 
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𝜃௩௧(𝑑) = arctan ቆ

v௧௬(𝑑)

v௧௫(𝑑)
ቇ 

(11) 

We can also derive a relation between the direction of d, its direction and the impact parameter. From 243 

the triangle OAB defined in Fig. 4a) we see that: 244 

 𝑑௢ = 𝑑 cos(𝜃ௗ −  𝜃ௗ௢  ) (12) 

from which it follows: 245 

 
cos( 𝜃ௗ −  𝜃ௗ௢) =

𝑑௢

𝑑
 

(13) 

 

sin( 𝜃ௗ −  𝜃ௗ௢) = ඨ1 − ൬
𝑑௢

𝑑
൰

ଶ

 

(14) 

We also define the quantity w as the maximum value of the rotational speed measured in O. In the 246 

case of non-direct passage we have that 𝑤 = v௥(𝑑௢) = 𝑉௥
ோ

ௗ೚
 , while, in case of direct passage, w 247 

simply coincides with 𝑉௥. 248 

Depending on the magnitude of do we can divide the events in two categories: 249 

- the case of direct passage, where the dust devils pass over the station (𝑑௢ ≤ 𝑅) ; 250 

- and the case of non-direct passage (𝑑௢ > 𝑅), for the dust devils passing outside the station. 251 

In the following subsections we will present the case of non-direct passage. The case of direct passage 252 

is presented for completeness in Appendix-A. Indeed, this latter case represents a very small 253 

percentage of the dust devils encounters. In addition, the passage of the vortex over the instruments 254 

already partially resolve the degeneracy, allowing the direct measurements of some of the intrinsic 255 

parameters.  256 

As noted, in 𝑑 = 𝑑଴ we can have s and vr either parallel or antiparallel, hence a concordant or a 257 

discordant rotation. Both cases are equally probable and has to be analyzed separately. We will show 258 

that, despite the two different geometry of the vortex passage, the method that we are proposing 259 

remains unaltered.  260 
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1.2.1 Concordant Rotation  261 

Given our definition, a concordant rotation satisfies the relation: 262 

 𝜃௩௥ = 𝜃ௗ −
𝜋

2
 (15) 

In addition, 𝑑 ⊥ 𝑣௥ ∀𝑡. From Fig. 4b we know that 𝜃ௗ௢ =  
గ

ଶ
. Hence, using eqs.(9), (13) and (15) we 263 

get: 264 

 
v௧௫(𝑑) = 𝑠 + v௥(𝑑) 

𝑑௢

𝑑
 

(16) 

while it follows from eqs. (10), (14) and (15): 265 

 

v௧௬(𝑑) = v௥(𝑑) ඨ1 − ൬
𝑑௢

𝑑
൰

ଶ

 

(17) 

For a dust devils passing outside the meteorological station (𝑑௢ > 𝑅), substituting the eq.(1a) in 266 

eq.(16) and eq.(17), the functions v௧௫(𝑑) and v௧௬(𝑑) became: 267 

 
v௧௫(𝑑) = 𝑠 + 𝑉௥

𝑅 𝑑௢

𝑑ଶ
   

(18) 

 268 

 

v௧௬(𝑑) = 𝑉௥

𝑅

𝑑
  ඨ1 − ൬

𝑑௢

𝑑
൰

ଶ

 

(19) 

v௧௬(𝑑) (eq. (19)) has 4 critical points: 𝑑 = ±√2 𝑑௢ and  𝑑 = ±∞, while v௧௫(𝑑) (eq. (18)) has one 269 

global maximum in 𝑑 = 𝑑௢ and two minima in 𝑑 = ±∞. The trend at infinite distance is not of 270 

interest for us, hence we will neglect 𝑑 = ±∞  in the remaining. 271 

With the above results and eq. (6), we can see that the maximum and minimum of v௧௬ are reached for 272 

𝑡 = ±
ௗ೚

௦
, i.e. their position does not depend on R and Vr. We have hence accomplished the initial 273 

purpose of our analysis: we have found a quantity that depends only on s and do, and not on the 274 

intrinsic characteristics (radius, rotatory velocity at vortex wall, core pressure drop) of the dust devil. 275 
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The situation is slightly different for the direction 𝜃௩௧(𝑑). Its stationary points are for 𝑑 = ±
ௗ೚√ଶ௦ା௪

√௦
. 276 

Substituting for t, we get 𝑡 = ±
ௗ೚√௦ା௪

√௦య
. The latter depends on w, which is function both of Vr and R, 277 

hence is not directly useful for the resolution of the degeneracy. However, we will describe in section 278 

1.2.3 how to find an approximated value for w from the wind time series.   279 

As an example, we show in Fig. 5 the total velocity 𝐯𝒕(𝑡), its components v௧௫(𝑡) and v௧௬(𝑡), and 280 

direction 𝜃௩௧(𝑡) of a vortex with intrinsic parameter equal to Vr = 25 m/s and R = 3 m, and with s = 5 281 

m/s  and do = 4.5 m. Fig. 5 a) shows that as t approaches 0 (that is, as the vortex gets close to the 282 

meteorological station) v௧(𝑡) approaches 𝑠 + 𝑤, in accordance to our previous results. Similarly, in 283 

Fig. 5 b) we can see that v௧௫(𝑡) also reaches a maximum in t = 0, but the peak is narrower. As 284 

expected, the trends of  v௧௬(𝑡) and 𝜃௩௧(𝑡) exhibit both a maximum and a minimum, Fig. 5 c) and Fig. 285 

5 d). We point out here that in the case of a concordant rotation the maximum precedes the minimum: 286 

we will see in par. Errore. L'origine riferimento non è stata trovata. that this is not the case for a 287 

discordant rotation, and we can then use this feature to identify the direction of the rotation. 288 

To show the independence of v௧௬(𝑡) stationary points from its intrinsic parameters, we have also plot 289 

in red the signal due to another vortex with different Vr and R. As can be seen, the instants of the 290 

maxima and minima for the two vortices remain the same. 291 
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 292 

Fig. 5 Wind speed signatures of a dust devil concordantly rotating as seen by a fixed meteorological station. The event in blue has 293 

the following parameters: s = 5 m/s, θs = 0, Vr = 25 m/s, R = 3 m, do = 4.5 m. The four plots are: 294 

a) the total wind speed vt; b) the x-axis component of vt; c) the y-axis component of vt; d) the direction of vt. In c) and d) the 295 

dashed lines indicate the position of the maximum and of the minimum. In c) the dust devils in red has a radius and a rotatory 296 

speed 1 m and 20 m/s greater than the blue one. Notice how the stationary points are still located in the same place (dashed lines). 297 

 298 

1.2.2 Discordant Rotation 299 

We now turn to the case of a discordant rotation. In this case: 300 

 𝜃௩௥ = 𝜃ௗ +
𝜋

2
 (20) 

for which the following equality holds: 301 

 𝑐𝑜𝑠 𝜃௩௥ = −𝑐𝑜𝑠 ቀ𝜃ௗ +
𝜋

2
− 𝜋ቁ = −𝑐𝑜𝑠 (𝜃ௗ − 𝜃ௗ௢) (21) 

 302 
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 𝑠𝑖𝑛 𝜃௩௥ = −𝑠𝑖𝑛 ቀ𝜃ௗ +
𝜋

2
− 𝜋ቁ = −𝑠𝑖𝑛 (𝜃ௗ − 𝜃ௗ௢) (22) 

where we have used the fact that 𝜃ௗ௢ =
గ

ଶ
 . Substituting eqs. (13) and (21) in eq.(9) and eqs. (14) and 303 

(22) in eq.(10), we get: 304 

 305 

 
v௧௫(𝑑) = 𝑠 − v௥(𝑑) 

𝑑௢

𝑑
 

(23) 

 306 

 

v௧௬(𝑑) = −v௥(𝑑) ඨ1 − ൬
𝑑௢

𝑑
൰

ଶ

 

(24) 

 307 

In Fig. 7 we show the trend of 𝐯𝒕(𝑡), its components and direction for a dust devil with the same 308 

charactheristcs of that in Fig. 5 but with discordant rotation. The maximum of 𝐯𝒕(𝑡) is now smaller 309 

than in the case of concordant rotations, due to the fact that now s and vr are antiparallel in to. In 310 

addition to this, Vr is usually larger than s (see e.g. Murphy et al., 2016), hence from eq. (23), v௧௫ 311 

tends to decrease for t → to. Fig. 7 b) shows the case of  Vr ≫ s, where v௧௫ became negative.  312 

From eqs. (17) and (24) we see that v௧௬(𝑑) has opposite trends for concordant and discordant rotation. 313 

Its stationary points have the same values in the two cases, and they are again in 𝑑 = ±√2 𝑑௢(𝑡 =314 

±
ௗ೚

௦
). The critical points of the direction 𝜃௩௧(𝑑) for a discordant rotation are in  𝑑 = ±

ௗ೚ඥ|ଶ௦ି௪|

√௦
  315 

(𝑡 = ±
ௗ೚ඥ|௦ି௪|

√௦య
). Both for v௧௬(𝑑) and 𝜃௩௧(𝑡), the principal difference compared to the concordant 316 

case is that the order of the maximum and minimum are inverted, i.e. now the minimum precedes the 317 

maximum (see Fig. 7 c) and d) ). As we noted, this particular feature makes very easy to recognize 318 

the direction of the rotation: one can infer it simply checking the order of the stationary points. 319 

 320 

 321 
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 322 

Fig. 6 Wind speed signatures of a dust devil discordantly rotating as seen by a fixed meteorological station. The event in blue has 323 

has the same parameters of the one of Fig. 5: s = 5 m , θs = 0,  Vr = 25 m/s, R = 3 m , do= 4.5 m . The four plots are: 324 

a)the total wind speed vt; b) the x-axis component of vt; c) the y-axis component of vt; d) the direction of vt. 325 

In c) and d) the dashed lines indicate the position of the maximum and of the minimum. In c) the dust devils in red has a radius 326 

and a rotatory speed 1 m and 20 m/s greater than the blue one. Notice how the stationary points are still located in the same place. 327 

Table 2 summarizes the functional form of v௧௬ and the position of its critical points, for both cases of 328 

concordant and discordant rotation.  329 
 330 

NON-DIRECT PASSAGE v௧௬ function 
Maximum and Minimum 

position 

Concordant rotation v௧௬(𝑑) = 𝑉௥

𝑅

𝑑
  ඨ1 − ൬

𝑑௢

𝑑
൰

ଶ

 𝑡 = ∓
𝑑௢

𝑠
 

Discordant rotation v௧௬(𝑑) = −𝑉௥

𝑅

𝑑
  ඨ1 − ൬

𝑑௢

𝑑
൰

ଶ

 𝑡 = ±
𝑑௢

𝑠
 

Table 2 The impact parameter do can be retrieved by studying the component of the measured wind velocity perpendicular to 331 
the vortex forward motion (𝒗𝒕𝒚). Indeed, the position of the critical points of 𝒗𝒕𝒚 is directly related to do and s. 𝒗𝒕𝒚 has simply 332 
an opposite behavior in the two cases, hence the only things changing is the chronological order of the maximum and the 333 
minimum.  334 
 335 
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1.2.3 Application of the model  336 

We now turn to the description of the application of the model to the data, in order to find the impact 337 

parameter do. Even without a priori knowledge of do, it is still possible to assess if an event has passed 338 

outside or over the meteorological station by some peculiar features of the signals (see e.g. Franzese 339 

et al. 2018). The main characteristic of a direct encounter is a double peak trend in the wind speed 340 

signal. This is due to the two separate passages over the anemometer of the vortex wall, where the 341 

rotational speed has its maximum. Instead, when the passage is not direct, the wind speed signal 342 

shows a single peak corresponding to the minimum approach. 343 

The situation most likely to occur is that of a dust devil non-directly passing over the station (𝑑௢ >344 

𝑅). Recalling paragraphs Errore. L'origine riferimento non è stata trovata. and Errore. L'origine 345 

riferimento non è stata trovata. , we note that the critical points of v௧௬(𝑡) for non-direct passage 346 

are independent of the direction of rotation and the vortex intrinsic parameter, and that they depend 347 

only on do and s (see Table 2). In order to evaluate s and its direction 𝜃௦, we consider the data of v௧(𝑡) 348 

and 𝜃௩௧(𝑡) relative to a time window of several minutes around the encounter and evaluate their 349 

median values to estimate the background wind speed and direction. With the information on 𝜃௕, 350 

given the hypothesis 𝒔 = 𝒃, we have performed a rotation of the frame of reference to obtain 𝜃௦ = 0. 351 

In the resulting frame, we have then evaluated  v௧௫(𝑡)and v௧௬(𝑡). Lastly, in order to calculate the 352 

impact parameter 𝑑௢, we have derived the time difference between the maximum and minimum of 353 

v௧௬(𝑡), obtaining 𝑑଴ =
௦ ∆௧

ଶ
. 354 

An alternative derivation can be performed using 𝜃௩௧ instead of v௧௬. Indeed, it is possible to measure 355 

the magnitude of w from the relation 𝑤 = v௧(𝑡௢) ± 𝑠 (where the ± depends on the sense of rotation, 356 

that can be inferred from the trend of v௧௬(𝑡) or 𝜃௩௧ ). From the critical points of 𝜃௩௧ one gets ∆𝑡ఏ =357 

2
ௗ೚ඥ|௦±௪|

√௦య
, hence a relation for 𝑑௢ is found. Since w is affected by its own uncertainty, this analysis 358 

introduces an additional error on 𝑑௢. 359 
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Considering the low acquisition rate of our survey and the subsequent difficult in the estimation of 360 

w, we decided to base our analysis on the study of v௧௬(𝑡). However, it is important to keep in mind 361 

that the analysis of 𝜃௩௧ can be crucial when only the wind direction is available. 362 

The data used for the analysis have been obtained by the anemometer at 3.35 m from the ground. The 363 

software to analyze such data has been developed in C programming language, and it is available 364 

upon request. 365 

 366 

1.2.4 Reconstruction of the vortex intrinsic parameters 367 

By knowing the impact parameters 𝑑௢ of the dust devils encounters, it is possible to easily estimate 368 

the intrinsic vortex wind speed and pressure drop. Indeed, using the measured pressure drop ΔP(t) 369 

signature and the value of do we can directly retrieve the value of the intrinsic drop ΔPo (eq.(2)).  370 

We can then couple the equation of the cyclostrophic balance eq.(3), and the equation of Rankine 371 

vortex rotation model eq.(1) to obtain a system in the variables Vr and R. For example, in the case of 372 

not direct passage, evaluating the eq.(1) in do, we obtain: 373 

 

⎩
⎨

⎧
𝛥𝑃௢

𝑃ത
𝑇ത =

𝑉r
ଶ

𝑅

𝑣௥(𝑑௢) = 𝑉௥

𝑅

𝑑௢

   

(25) 

𝑣௥(𝑑௢) is the quantity we defined as w and is measurable from the acquired signal, while with the 374 

other meteorological measurements we can evaluate the environmental temperature 𝑇ത and pressure 375 

𝑃ത. Therefore, we can resolve the system to calculate the intrinsic rotatory speed Vr and the radius R 376 

of the dust devil. 377 

Another easy measurable quantity related to the rotatory speed is the value that vy assumes in the 378 

stationary points: 379 

 
𝑣௬൫√2𝑑௢൯ =

1

2
𝑉௥

𝑅

𝑑௢
   

(26) 

this quantity can be used in eq.(25) in place of vr(do), obtaining an equivalent system. 380 
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Depending on the specific characteristic of the survey, other equivalent combinations of observable 381 

quantities can be used, but overall, once the impact parameter is known, the size/distance degeneracy 382 

expires and it is possible to combine the acquired pressure and wind speed signatures to evaluate the 383 

whole set of vortex intrinsic characteristics ΔPo, Vr and R. 384 

1.3 Image processing 385 

In order to validate our technique, we compared the impact parameters estimated through the model 386 

with the ones we obtained by the acquired images. Here, we briefly describe the method we used to 387 

analyze the images, that we developed in the Wolfram Mathematica® environment. 388 

The collected images represent the 2D projection of our site as seen by our camera. This projection 389 

is not isometric, i.e. it does not preserve the measurable quantities (angles and lengths). In order to 390 

reconstruct distances, we need to remap the images on an isometric frame, that we have chosen to be 391 

the bird’s-flight view of our site (i.e. the view-plan in isometric projection). We called Oxy the system 392 

of orthogonal coordinates on this isometric plane and, in order to refer all the distances directly to the 393 

station, we placed the center on it.  394 

As shown in Fig. 7, we have outlined on the ground around the station 1 full circle and 4 arcs of 395 

different radii (specifically, 3, 6, 9, 12 and 18 m). In addition to that, we have positioned 3 sets of 396 

stones at 21, 27 and 34 m from the station. We will use these marks as reference for finding the 397 

relative distances.  398 
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 399 

Fig. 7 An image acquired by our mounted camera, where are visible the marked arches (in blue, at different distances) and rocks 400 

(in red) that we used to reconstruct the distances.  401 

To process the images, we need to correct for the fish-eye effect (visible in Fig. 7) that arises from 402 

the grand angle lens of the camera (the details of the correction are not outlined in this paper). Once 403 

this effect is removed, we have defined on the corrected image a system of coordinates O’x’y’. For 404 

convenience, it is centered on the lower left corner of the image, as indicated in Fig. 8.  405 
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 406 

Fig. 8 Correction of Fig. 7  after accounting for the fish-eye effect. Note also the definition of the frame of reference O’x’y’. 407 

 408 

The range of the x’ and y’ axes are known due to the fixed size of the images, which are set at 409 

1024x768 pixels. Hence: 410 

𝑥ᇱ ∈ [0, 1024]                    𝑦ᇱ ∈ [0, 768]  411 

In order to perform the Oxy→O’x’y’ mapping, we need to derive the parameters of the transformation 412 

matrix. Due to its nature of superposition of rotation, translation, skew and scaling, we are interested 413 

in a 9-parameter bilinear mapping, also known as Möbius transformation. Restricting our analysis to 414 

the 2D case, we get a matrix of the form:  415 

 
𝑀 =  ቌ

𝑎ଵଵ 𝑎ଵଶ

𝑎ଶଵ 𝑎ଶଶ

𝑐ଵ 𝑐ଶ

ቮ

𝑏ଵ

𝑏ଶ

𝑑

ቍ 

(27) 

from which it follows: 416 
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⎩
⎨

⎧𝑥ᇱ = 𝑇௫(𝑥, 𝑦) =
𝑎ଵଵ 𝑥 + 𝑎ଵଶ 𝑦 + 𝑏ଵ

𝑐ଵ 𝑥 + 𝑐ଶ 𝑦 + 𝑑

𝑦ᇱ = 𝑇௬(𝑥, 𝑦) =
𝑎ଶଶ 𝑦 + 𝑎ଶଵ 𝑥 + 𝑏ଶ

𝑐ଵ 𝑥 + 𝑐ଶ 𝑦 + 𝑑

 

(28) 

where we have used the notation T(x,y) to indicate the transformation and (𝑎௜௝, 𝑏௜, 𝑐௜, 𝑑) its 417 

parameters. We outline the description of the methodology followed to derive the parameters in the 418 

following section. 419 

 420 

1.3.1 Fitting procedure  421 

Let us call 𝐷ெ the distance of each mark from the station, 𝐷ெ = ඥ𝑥ெ
ଶ + 𝑦ெ

ଶ . Using the inverse map 422 

T-1, this expression in O’x’y’ can be written as:  423 

 
𝐷ெ = ට𝑇௫

ିଵ(𝑥ெ
ᇱ , 𝑦ெ

ᇱ )ଶ + 𝑇௬
ିଵ(𝑥ெ

ᇱ , 𝑦ெ
ᇱ )ଶ ≡

≡ ඨ
(a21b1 − a11b2 + (b2c1 − a21𝑑)x′ + (−b1c1 + a11𝑑)y′)2 + (−a22b1 + a12b2 + (−b2c2 + a22𝑑)x′ + (b1c2 − a12𝑑)y′)2

(−a12a21 + a11a22 + (−a22c1 + a21c2)x′ + (a12c1 − a11c2)y′)2

 

(29) 

We performed a 9 parameters fit of function of eq. (29) using the whole set of marked points. The 424 

algorithm chosen for the least-square estimation is the Levenberg-Marquardt (Levenberg, 1944; 425 

Marquardt, 1963), with starting point the set of parameters (𝑎௜௝
௏, 𝑏௜

௏ , 𝑐௜
௏ , 𝑑௏) derived in Appendix-426 

B. Note also that we have relaxed the additional constraint on the scaling used for the decision of the 427 

starting fitting point.  428 

Fig. 9 shows our best fit model (𝑅ଶ = 0.9994), the agreement of the map with the frame is clearly 429 

evident. 430 

 431 
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 432 

Fig. 9 The result of our mapping of the horizontal plane on the images taken by the mounted camera. In red we plotted the circles 433 

passing for each marked points (radius of 3,6,9,12,18,21,27 and 34 meters as shown). In black we plotted the axes x and y relative 434 

to the original system of coordinates Oxy and the evaluated horizon line. Each marked point and the horizon are well fitted from 435 

this map. 436 

 437 

In order to ensure that the results of the fit remain consistent, we have varied the starting point. Fig. 438 

10 shows two of such results. As it can be seen, the set of curves coincide, and the distances resulting 439 

from the different starting points are consistent well within errors in all our tests. It is worth 440 

highlighting that this procedure returnes distances, e.g. the direction of the axis is not fix. This allows 441 

in principle to find all the possible frames of reference that can be obtained by rotation of our solution. 442 
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 443 

Fig. 10 Two results of the map fitting obtained using two different set of initial parameters values. The axis of the two systems 444 

obtained are plotted in black and blue, while we plotted in both cases the circles of radius 3,6,9,12,18,21,27,34 meter in red. The 445 

result coincides, as the horizon lines. 446 

 447 

Once the transformation parameters are known, the determination of the distances d proceeds as 448 

follows. The position (𝑥஽
ᇱ , 𝑦஽

ᇱ ) in O’x’y’ of the vortices can be measured directly from the images, as 449 

described in the next paragraph. We can then apply T(x,y) to get the coordinates of the dust devil in 450 

Oxy by mean of:𝑥஽ = 𝑇௫
ିଵ(𝑥஽

ᇱ , 𝑦஽
ᇱ ) and 𝑦஽ = 𝑇௬

ିଵ(𝑥஽
ᇱ , 𝑦஽

ᇱ ). d will hence be: 𝑑 = 𝑥஽
ଶ + 𝑦஽

ଶ . 451 
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1.4 Selection of the events and individuation of their position 452 

We performed the selection of the dust devils events recorded by our instruments by checking directly 453 

the acquired images. Due to the low contrast between the dust devil and the background composed 454 

of sky and sand, we have arranged an initial phase aimed to determine the most suitable region of 455 

image for the dust devil recognition. After thorough selection of the camera height and angle, we 456 

have chosen such background to be the black area visible in Fig. 3, which is composed of low hills 457 

covered by dark pebbles. The events that we were able to easily identify are concentrated in the last 458 

two days of the measurement process. 459 

Once the passage of the dust devil has been recognized, we processed the relative images in order to 460 

make clear its position in the pictures. In particular, we use a process of image subtraction between 461 

the ones where the vortex is visible and one taken just before its appearance, in order to isolate the 462 

differences and highlight the vortex. 463 

2. Results 464 

We focused on the last two days of measurement, where we acquired a data set of nine events suitable 465 

to be analyzed with both techniques. Fig. 11 shows the image of the closest approach of one of the 466 

vortices observed on 23 July, the whole sequence of its passage is shown in Fig. 12.  467 

 468 
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 469 

Fig. 11 The passage of a dust devil caught by our camera at July 23 around 3 p.m.. The vortex is particularly clear against the 470 

black hills background; the colors have been stretched to make it visible also against the sky background. 471 

 472 

 473 
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 474 

 475 

Fig. 12 The dust devil of Fig. 11 during its passage at ∼ 61 m from the station. 476 

 477 

Fig. 13 shows the same sequence after the image processing procedure described in par. 1.4.  478 

 479 

Fig. 13 The dust devil sequence of Fig. 12 after the image subtraction process used to isolate the presence of the vortex. 480 

 481 
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We observed both sense of rotation in our sample, e.g. Fig. 14 and Fig. 15 show the wind speed and 482 

direction signature for two of the vortex encounters. The first event rotates concordantly, as can be 483 

notice from the θvt and vy trends (Fig. 14 b and d: the maximum precedes the minimum). In this case, 484 

we expect that the vortex velocity follows the trend shown in Fig. 5. In particular, the x-projection of 485 

the velocity and the total wind speed have to reach the same magnitude (eq. (18)), how can be seen 486 

from the data (Fig. 14 a and c). The event depicted in Fig. 15 rotates discordantly: in plots b and d, 487 

the minimum precedes the maximum. The x-components of the translational speed s and rotational 488 

speed vr are opposite in do (see eq. (23) and Fig. 6). If the measured vr has a magnitude comparable to 489 

s, the component vx of the velocity can results completely covert. This is the case of Fig. 15, where 490 

both vr and s reach a magnitude around 4 m/s and the signature of the vortex passage is not visible in 491 

vx (plot c).  492 

 493 

Fig. 14 The wind speed and direction signature of one of the passing dust devil. a) shows the total wind speed vt (the direct 494 

measure of the anemometer); b) the direction of the vector vt already normalized to zero mean; c) the x-projection of vt (where 495 
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x is the direction of the translational motion of the vortex); d) the y-projection of vt . In the b and d plots the maximum of the 496 

signature precedes the minimum and this indicates that the vortex rotates concordantly to its translational motion. 497 

 498 

 499 

Fig. 15 The wind speed and direction signature of one of the passing dust devil. Fig. a) shows the total wind speed vt (the direct 500 

measure of the anemometer); b) the direction of the vector vt already normalized to zero mean; c) the x-projection of vt (where 501 

x is the direction of the translational motion of the vortex); d) the y-projection of vt . In the b and d plots the minimum of the 502 

signature precedes the maximum and this indicates that the vortex rotates discordantly to its translational motion. 503 

 504 

The observed distances range from few meters to more than 100 meters. The rate of acquisition is 2 505 

Hz, hence the main source of uncertainty is the distance between the positions of the dust devil 506 

between two consecutive measurements.  Therefore, we have estimated the uncertain level using the 507 

measured value of s (the vortex travelling speed). The uncertain is doubled on the wind signal 508 

analysis, because we have to evaluate both the maximum and minimum positions of the curve.    509 

Table 3 reports the obtained results for the whole dust devils set.  510 
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date ti do wind do images 

23_07_2017 12.78 15 ± 8 13 ± 4 

23_07_2017 13.76 53 ± 10 57 ± 5 

23_07_2017 14.67 54 ± 8 47 ± 4 

23_07_2017 14.72 56 ± 8 62 ± 4 

24_07_2017 10.38 30 ± 10 29 ± 5 

24_07_2017 10.545 50 ± 10 45 ± 5 

24_07_2017 11.145 43 ± 10 46 ± 5 

24_07_2017 11.3 156 ± 10 149 ± 5 

24_07_2017 11.857 4 ± 8 3 ± 4 

Table 3 The impact parameters do obtained from the wind signal analysis (do wind) and from the images (do images). ti is the initial 511 

time of the event in hour fraction 512 

  513 

Fig. 16 shows the comparison of the different results. All the points lie on the bisector, within the 514 

errors.  515 
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  516 

Fig. 16 The impact parameters do obtained from the images on x axis, compared with the ones obtained by the study of the wind 517 

speed signal. All points are compatible within uncertainties with the bisector, proving the agreement of the two methods. 518 

3. Discussion 519 

Lorenz, 2016 has proposed a heuristic procedure to retrieve simultaneously the intrinsic vortex 520 

characteristics (Vr, ΔPo, R) and the geometrical parameters of the encounter (s, ϑs, do) by fitting the 521 

acquired pressure, wind speed and direction time series. Overall, the process involves the use of six 522 

parameters that decrease to four in the restricted model, where the traverse speed and direction of the 523 

vortex are imposed equals to the environmental values, an analogue approach to the one used in this 524 

paper. The model is able to achieve good fits of the dust devils signals. However, it is not able to fully 525 

resolve the size/distance degeneracy because the fit result is not unique. The vortex sense of rotation 526 

has to be supposed a-priori, hence the analysis has to be repeated supposing both sense of rotation. 527 

Moreover, the obtained best fit can heavily depends on the chosen starting value of the fit parameters.   528 

There are cases where different set of the parameters (Vr, ΔPo, R, do) can fit sensibly better one of the 529 
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three time-series (pressure, wind speed and wind direction) than the others, leading to an ambiguity 530 

in the choice of the more significant result. 531 

The method we propose does not involve a simultaneous analysis of all the intrinsic and geometric 532 

parameters. We study the wind data to find the impact parameter and sense of rotation of the events. 533 

The evaluation of these quantities arises from the study of the signal trend and does not allow any 534 

ambiguities. With the analysis of the pressure data, it is possible to obtain the intrinsic vortex 535 

parameters as the pressure core drop, the wall rotatory speed and the vortex diameter.  536 

Theoretically, this procedure does not require any fitting. The only requirement is the solution of a 537 

series of equations proper of the model. In the case of the real data, it could be impossible to 538 

determine directly the position of the stationary points, due to instrumental limitation and non-539 

uniformity of the wind background. In this case, a fitting procedure can be implemented to improve 540 

the technique. However, the current work is aimed to test our model, hence we decided to leave the 541 

procedure as straightforward as possible. 542 

One of the main issues we faced during this study has been the difficulty to collect a sufficient number 543 

of vortices suitable for our test. The event has to pass inside the visual cone of the camera, in a 544 

portion of the image where there is enough contrast to be recognizable, and have to remain visible 545 

until it reaches the minimum distance do from the station. In addition, the meteorological signatures 546 

have to clearly show the distinctive change in wind direction proper of the vortex rotation. In some 547 

cases, dust devils recognizable in the pictures did not leave a suitable track in the wind data. This is 548 

related to the quality of the acquired signal: a high noise level due to a high wind turbulence or a too 549 

low acquisition rate can mask the trend of θvt and vy preventing the individuation of the stationary 550 

points, in particular for the small vortices that pass far from the station. 551 

The main purpose of the technique described here is, however, to analyze the meteorological 552 

signatures that are already clearly recognizable as dust devils, without the use of an additional camera. 553 

It is not intended to be used to clarify doubtful signals. The issues we faced are proper of the test 554 

performed to validate the technique and not of the technique itself. 555 
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The low acquisition rate and the short campaign length have also prevented the test of the applicability 556 

of the model to the case of dust devils passing over the station. This eventuality is indeed quite rare 557 

and even if we have observed an event with a do compatible with 0, the vortex would have passed too 558 

fast relatively to our acquisition rate to catch the double peak trend of the signal vt.  However, 559 

considering that the case of a direct passage already puts strong constrains on the possible impact 560 

parameter of the encounter, the ability to study the distance of passage for the not direct passages, 561 

where we have no information at all on do, is overall more useful in most surveys.  562 

As we mentioned, the limits of applicability of the model heavily depends on the signal to noise ratio 563 

that rapidly decreases with the event distance. However, our method has proven to be suitable even 564 

for dust devils with quite high impact parameter, indeed the farthest vortex has been measured at 150 565 

m from the station.    566 

4. Conclusion 567 

We presented the analysis of two days of dust devils activity acquired during a field campaign in the 568 

Sahara desert in Morocco. We monitored the whirlwinds using a meteorological station equipped 569 

with a single grand-angle camera. The purpose of this work is the validation of a simple model, based 570 

on the Rankine vortex model, to find the geometrical parameters of the encounters using the acquired 571 

wind speed and direction time series, in particular the distance of passage of the vortex from the 572 

station (impact parameter) and its sense of rotation. The impact parameters evaluated with the camera 573 

images of the events have been used to test the model.  574 

The technique requires only the monitoring of the wind and it is therefore applicable to every dust 575 

devil survey that includes an anemometer. When coupled with the measurement of the pressure time 576 

series of the events, our model allows also to directly derive the pressure core drop, the wall rotatory 577 

speed and the radius of the vortex, thus enabling the complete characterization of the event. 578 

The test of the technique has given good results, showing as all the distances estimated using the 579 

model are compatible with the ones from the images. 580 
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The ability to add the information on the vortices passage distance with its meteorological and 581 

morphological parameters greatly enhances our possibilities to study the physics of dust devils. 582 

Indeed, the results obtained so far are affected by a size/distance degeneracy that greatly limits the 583 

capacity to study individually the different vortex parameters and the correlations among them.  584 

For example, we do not know how the electromagnetic, seismic and dust concentration signatures 585 

depend on the distance and on the vortex size.  586 

In particular: (CHE C’ENTRA CON IL FATTO CHE NON SAPPIAMO COME LE PROPRIETA@ 587 

ELETTRICHE ECC DIPENDONO DALLA DISTANZA?) 588 

- the ESA/Roscosmos ExoMars 2020 mission will host on its lander also a meteorological 589 

station (METEO package) and the Dust Complex: a specific suite of instruments for the study 590 

of the airborne dust, comprehensive also of an atmospheric electric sensor, an electromagnetic 591 

activity probe (EMA) and an optical particle counter for the dust concentration and size 592 

distribution characterization (MicroMED);  593 

- and the NASA InSight 2018 hosts a seismometer and magnetometer in addition to the pressure 594 

and anemometer sensors (Spiga et al., 2018).  595 

The procedure we proposed is useful not only in the frame of the next missions. It can be used to 596 

improve the analysis of the previous surveys, both terrestrial and martian. In particular, the authors 597 

foreseen a new study of the data published in Franzese et al. 2018, to analyze how the vortex induced 598 

electric field depends on the distance, pressure, rotational speed and lifted dust concentration.  599 

 600 

APPENDIX – A  601 

Dust Devils direct passage case 602 

 603 
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Here we an application of the model for direct passage of the dust devil over the instruments. As in 604 

the case of non-direct passage, we study separately the two geometries of concordant and discordant 605 

rotation.  606 

A.1    Concordant Rotation  607 

 608 
The overlap between the dust devil and the meteorological station happens for |𝑑| ≤ 𝑅, during the 609 

time interval 𝑡 ∈ [−
ටோమିௗ೚

మ

௦
, +

ටோమିௗ೚
మ

௦
]. Using eqs.(1b), (16), (17) for this time range we get: 610 

 
v௧௫(𝑑) = 𝑠 + 𝑉௥

 𝑑௢

𝑅
   

(30) 

 611 

 

v௧௬(𝑑) = 𝑉௥

𝑑

𝑅
  ඨ1 − ൬

𝑑௢

𝑑
൰

ଶ

 

(31) 

Fig. 17 shows the trend of v௧(𝑡),  v௧௫(𝑡), v௧௬(𝑡) and 𝜃௩௧(𝑑) for a dust devil with the same intrinsic 612 

parameter of that of Fig. 5 and passing at 𝑑௢ = 1 𝑚 from the station. The resulting total velocity 613 

v௧(𝑑) has a different behavior from the case of non-direct passage: it has one peak in 𝑑 = 𝑑௢ (𝑡 =614 

𝑡௢), and two additional peaks at 𝑑 = ±𝑅 (𝑡 = ±
ටோమିௗ೚

మ

௦
), see Fig. 17 a. Note that v௧௫ (eq.(30)) does 615 

not depend on d, and hence it is constant during the entire duration of the passage over the station 616 

(Fig. 17 b). On the other hand, v௧௬ has maximum and minimum for 𝑑 = ±√2 𝑑௢ (𝑡 = ±
ௗ೚

௦
) when 617 

𝑅 < √2𝑑௢, and for 𝑑 = ±𝑅 (𝑡 = ±
ටோమିௗ೚

మ

௦
) when 𝑅 > √2𝑑௢ (Fig. 17 c). 𝜃௩௧(𝑑), the direction of 618 

v௧(𝑑), has stationary points in 𝑑 = ±
ௗ೚√ଶ௦ା௪

√௦
 (𝑡 = ±

ௗ೚√௦ା௪

௦
) for 𝑅 <

ௗ೚√ଶ௦ା௪

√௦
, and in 𝑑 = ±𝑅 (𝑡 =619 

±
ටோమିௗ೚

మ

௦
) for 𝑅 >

ௗ೚√ଶ௦ା௪

√௦
 , i.e., they depend of R (see Fig. 17 d). It follows that for 𝑅 < √2𝑑௢  they 620 

do not depend on the intrinsic parameter of the vortex. 621 

 622 
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 623 

Fig. 17 Wind signatures of a dust devils that has a direct passage on the meteorological station in case of concordant rotation. 624 

The dust devil depicted in blue has the following parameters:  625 

s = 5 m/s , θs = 0, Vr = 25 m/s, R = 3 m , do = 1 m. The four plots are: 626 

a)the total wind speed vt; b) the x-axis component of vt; c) the y-axis component of vt; d) the direction of vt. 627 

The dashed lines indicate the position of the maximum and of the minimum of the functions. In c) we also show how the position 628 

of the maximum and minimum is the same for dust devils of different intrinsic rotational speed (20 m/s faster rotation). 629 

 630 

A.2    Discordant Rotation  631 

Similarly to the concord rotation case, we first derive the trends of the components of the total velocity 632 

of the vortex during its passage over the station. Substituting eq.(1b) in eqs. (23) and (24) we get:  633 

 634 

 
v௧௫(𝑑) = 𝑠 − 𝑉௥

 𝑑௢

𝑅
   

(32) 

 635 
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v௧௬(𝑑) = −𝑉௥

𝑑

𝑅
  ඨ1 − ൬

𝑑௢

𝑑
൰

ଶ

 

(33) 

Also in this case v௧௫ is constant for the entire duration of the passage. The stationary points of v௧௬ are 636 

in 𝑑 = ±√2 𝑑௢ (𝑡 = ±
ௗ೚

௦
) for 𝑅 < √2𝑑௢, and in 𝑑 = ±𝑅 (𝑡 = ±

ටோమିௗ೚
మ

௦
) for 𝑅 > √2𝑑௢. The total 637 

velocity has two maxima in 𝑑 = ±𝑅 (𝑡 = ±
ටோమିௗ೚

మ

௦
), and the direction 𝜃௩௧(𝑑) assumes maximum 638 

and minimum values in 𝑑 = ±
ௗ೚ඥ|ଶ௦ା௪|

√௦
 (𝑡 = ±

ௗ೚ඥ|௦ା௪|

√௦మ
) for 𝑅 <

ௗ೚ඥ|ଶ௦ା௪|

√௦
, and in 𝑑 = ±𝑅 (𝑡 =639 

±
ටோమିௗ೚

మ

௦
) for 𝑅 >

ௗ೚ඥ|ଶ௦ା௪|

√௦
. Similarly to the previous sections, we show in Fig. 18 the trends of 640 

v௧(𝑡), its components vtx and vty and its direction 𝜃௩௧(𝑑) for a dust devil with parameters defined in 641 

Fig. 5 and passing 1 m from the station (𝑑௢ = 1 𝑚), to allow for easy comparison with the previous 642 

cases. Note that, as in the case of Fig. 17 b, in Fig. 18 b v௧௫ remains constant in the central region 643 

because eq.(32) does not depends on the distance.   644 

 645 

 646 
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  647 

Fig. 18 The time-trend of the measured wind velocity during the encounter of a discordantly rotating dust devil that passes over 648 

the fixed meteorological station. The dust devil depicted in blue has the following parameters: 649 

 s = 5 m , θs = 0,  Vr = 25 m/s, R = 3 m , do = 1 m. The four plots are: 650 

a)the total wind speed vt; b) the x-axis component of vt; c) the y-axis component of vt; d) the direction of vt. 651 

The dashed lines indicate the position of the maximum and of the minimum of the functions. In c) the dust devils in red has a 652 

radius and a rotatory speed 1 m and 20 m/s greater than the blue one. Notice how the stationary points are still located in the 653 

same position. 654 

 655 
As for the case of non-direct passage, the trend of v௧௬ is opposite in case of concordant or discordant 656 

rotation. It is still possible to study the position of the critical points of  v௧௬ (or 𝜃௩௧) in order to derive 657 

the impact parameter do, however, as show in Table 4, the situation is more complex and being this a 658 
direct passage (𝑑௢ < 𝑅) the knowledge of the distance is not of primary importance. 659 
  660 

DIRECT PASSAGE v௧௬ function 
Maximum and Minimum position 

𝑅 < √2𝑑௢ 𝑅 > √2𝑑௢ 

Concordant rotation v௧௬(𝑑) = 𝑉௥

𝑑

𝑅
  ඨ1 − ൬

𝑑௢

𝑑
൰

ଶ

 𝑡 = ∓
𝑑௢

𝑠
 

𝑡 = ∓

ට𝑅ଶ − 𝑑௢
ଶ

𝑠
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Discordant rotation 

v௧௬(𝑑)

= −𝑉௥

𝑑

𝑅
  ඨ1 − ൬

𝑑௢

𝑑
൰

ଶ

 
𝑡 = ±

𝑑௢

𝑠
 

𝑡 = ±

ට𝑅ଶ − 𝑑௢
ଶ

𝑠
 

Table 4 The functional form of 𝒗𝒕𝒚 in case of a direct passage of the event. The trend is the opposite in case of concordant and 661 
discordant rotation. The position of its critical points is shown. For 𝑹 < √𝟐𝒅𝒐 this position is independent on R, hence can be 662 
directly used to infer the impact parameter do. 663 
 664 

APPENDIX - B  665 

Initial parameter estimation for the image processing 666 
 667 
We report in Fig. 19 the collection of points whose distances from the station has been measured and 668 

that we have used use for our initial parameter evaluation.  669 

 670 

Fig. 19 The ensemble of marked points in the system O’x’y’  used for the map fitting. The distances are in meters, the units of 671 

axes are in pixels. 672 

 673 
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Before we proceed with the fitting of the 9 parameters (𝑎௜௝, 𝑏௜, 𝑐௜, 𝑑), we have to find an appropriate 674 

initial parameters. For this purpose, using polar coordinates, we fitted an ellipse onto the points closer 675 

to the meteorological station, i.e. those at 3m from it. We then transformed the resulting equation in 676 

Cartesian coordinates, obtaining: 677 

 𝐴௢ 𝑥′ଶ + 𝐵௢ 𝑥′𝑦′ + 𝐶௢𝑦ᇱଶ
+ 𝐷௢ 𝑥′ + 𝐸௢ 𝑦′ + 𝐹௢  = 0 (34) 

Since in Oxy the points at 3 m lie along a circle, they satisfy: 678 

 𝑥ଶ + 𝑦ଶ − 𝑅ଶ = 0 (35) 

Eq.Errore. L'origine riferimento non è stata trovata.) is related to eq.Errore. L'origine 679 

riferimento non è stata trovata.) by mean of the transformation T(x,y) defined in eq. (28). Hence, 680 

substituting x’ and y’ in eq.Errore. L'origine riferimento non è stata trovata.) as per eq.(28), we 681 

get: 682 

 𝐴 𝑥ଶ + 𝐵 𝑥𝑦 + 𝐶𝑦ଶ + 𝐷 𝑥 + 𝐸 𝑦 + 𝐹 = 0 (36) 

Comparing eq. (35) and eq. (36) we get: 683 

 

⎩
⎪
⎨

⎪
⎧

𝐴 = 1
𝐵 = 0
𝐶 = 1
𝐷 = 0
𝐸 = 0

 𝐹 = −𝑅ଶ 

 

(37) 

From the images (see f.e. Fig. 8) one can also find the coordinates (𝑥௖
ᇱ , 𝑦௖

ᇱ) of the origin of Oxy in 684 

O’x’y’: 685 

 

൞
𝑥௖

ᇱ = 𝑇௫(0,0) =
𝑏ଵ

𝑑

𝑦௖
ᇱ = 𝑇௬(0,0) =

𝑏ଶ

𝑑

 

(38) 

Adding to eqs. Errore. L'origine riferimento non è stata trovata. and Errore. L'origine 686 

riferimento non è stata trovata. a scaling relation a11=a22, we get a system of 9 equations in 9 687 

parameters (𝑎௜௝, 𝑏௜, 𝑐௜, 𝑑). The additional constraint a11=a22 will be relaxed in the next section. Let us 688 

call (𝑎௜௝
௏ , 𝑏௜

௏, 𝑐௜
௏, 𝑑௏) the solution of the system. Despite this solution being satisfactory only for 689 
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points close to the station (see Fig. 20), it can be used as starting point for the fitting procedure 690 

described in sect 1.3.1. 691 

 692 

Fig. 20 The result of our first step of the map fitting. The circles of radii 3,6,9 and 12 meters are plotted in red, while the axis and 693 

the line of horizon (top-right corner) are in black. The match between the red circles and the marked points is still poor farther 694 

than 3 meters from the station. 695 

 696 
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