[image: image1]Using the Perseverance MEDA-RDS to identify and track dust devils and dust-lifting gust fronts

		ORIGINAL RESEARCH
published: 11 October 2023
doi: 10.3389/fspas.2023.1221726


[image: image2]
Using the Perseverance MEDA-RDS to identify and track dust devils and dust-lifting gust fronts
D. Toledo1*, V. Apéstigue1, J. Martinez-Oter1, F. Franchi2, F. Serrano1, M. Yela1, M. de la Torre Juarez3, J. A. Rodriguez-Manfredi4 and I. Arruego1
1Instituto Nacional de Técnica Aeroespacial INTA, Madrid, Spain
2Department of Earth and Environmental Science, Botswana International University of Science and Technology (BIUST), Palapye, Botswana
3Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, United States
4Centro de Atrobiología (INTA-CSIC), Madrid, Spain
Edited by:
Robert C. Allen, Johns Hopkins University, United States
Reviewed by:
Akos Kereszturi, Hungarian Academy of Sciences (MTA), Hungary
Stephen Metzger, Planetary Science Institute, United States
* Correspondence: D. Toledo, toledocd@inta.es
Received: 12 May 2023
Accepted: 18 September 2023
Published: 11 October 2023
Citation: Toledo D, Apéstigue V, Martinez-Oter J, Franchi F, Serrano F, Yela M, de la Torre Juarez M, Rodriguez-Manfredi JA and Arruego I (2023) Using the Perseverance MEDA-RDS to identify and track dust devils and dust-lifting gust fronts. Front. Astron. Space Sci. 10:1221726. doi: 10.3389/fspas.2023.1221726

In the framework of the Europlanet 2024 Research Infrastructure Transnational Access programme, a terrestrial field campaign was conducted from 29 September to 6 October 2021 in Makgadikgadi Salt Pans (Botswana). The main goal of the campaign was to study in situ the impact of the dust devils (DDs) on the observations made by the radiometer Radiation and Dust Sensor (RDS), which is part of the Mars Environmental Dynamics Analyzer instrument, on board NASA’s Mars 2020 Perseverance rover. Several DDs and dust lifting events caused by non-vortex wind gusts were detected using the RDS, and the different impacts of these events were analyzed in the observations. DD diameter, advection velocity, and trajectory were derived from the RDS observations, and then, panoramic videos of such events were used to validate these results. The instrument signal variations produced by dust lifting (by vortices or wind gusts) in Makgadikgadi Pans are similar to those observed on Mars with the RDS, showing the potential of this location as a Martian DD analog.
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1 INTRODUCTION
Dust devils (DDs) are dry, dusty convective vortices that play a major role in the Mars dust cycle Newman et al., 2002; Basu et al., 2004). Their horizontal wind speeds are intense enough to transport the dust available on the surface into the atmosphere, and there, the lifted dust particles can directly affect the energy balance of the planet by absorbing and scattering the solar radiation (Changela et al., 2021). Furthermore, dust particles in the swirling DDs may become electrically charged via triboelectric effects (Farrell et al., 2004) and lead to the aggregation of the dust grains. Although the exact DD contribution to the global atmospheric dust budget is still under discussion, some modeling works have suggested values of approximately 50% of the total budget (Kahre et al., 2006). However, the need for model validation against DD observations (e.g., DD frequency of formation and temporal variability) leads to uncertainties in the relative DD contributions in comparison to other dust-lifting mechanisms. For example, recent observations have demonstrated that outside the dust storm season, dust lifting (DL) by convectively driven wind gusts could raise amounts of dust similar to those due to DDs (Newman et al., 2022). Another important aspect of the DDs is their impact on the distribution of dust particles throughout the surface (concentration and size distribution), which affects the planet’s thermal inertia and surface albedo (Martínez et al., 2023; Vicente-Retortillo et al., 2023). Thermal inertia determines surface and shallow subsurface temperatures, and thus, variations in this geophysical property of the terrain might occasionally favor the formation of brine through deliquescence (Pál and Kereszturi, 2020).
The amount of dust transported from the surface into the atmosphere by a DD mainly depends on the dust flux (dust raised per unit area per time) and the DD lifetime (tDD) and diameter (dDD). By assuming the same dust flux for all the DDs and the relation between tDD and tDD given in the work of Lorenz (2013)([image: image]), Toledo et al. (2023) used the product [image: image], where ρDD and [image: image] represent the DD frequency of formation and average radius, respectively, as a metric to compare two locations in terms of the amount of dust raised by DDs. Estimations of ρDD and [image: image] at different locations and time periods (Ferri et al., 2003; Greeley et al., 2006; Fenton and Lorenz, 2015; Reiss et al., 2016; Perrin et al., 2020) show that these parameters (and so the amount of dust lifted by the DDs) are highly variable in time and from place-to-place. Thus, continuous DD observations (encompassing the diurnal cycle) at different locations are critical to establishing quantitative constraints on the DD contribution to the Martian dust budget.
Martian DDs have been observed and characterized (e.g., DD height and diameter or frequency of formation) from the following: 1) orbital images (Thomas and Gierasch, 1985; Fisher et al., 2005); 2) images obtained from surface platforms and rovers (Metzger et al., 1999; Greeley et al., 2006); 3) DD tracks visible on the surface (Verba et al., 2010; Hargitai and Kereszturi, 2015; Reiss et al., 2016; Perrin et al., 2020); 4) in situ observations of pressure, radiation, temperature, and wind (Ordóñez-Etxeberria et al., 2020; Kahanpää and Viúdez-Moreiras, 2021); and 5) currents registered by solar arrays (Lorenz et al., 2021). More recently, different works have analyzed data of irradiance, pressure, temperature, and wind collected from the Mars Environmental Dynamics Analyzer (MEDA) station (Rodriguez-Manfredi et al., 2021; Rodriguez-Manfredi et al., 2023) on board the Mars 2020 Perseverance rover (which landed on Mars on 18 February 2021 and has been operational since then) to study the properties of DDs, vortices, and events of DL produced by non-vortex wind gusts in the Jezero crater (Hueso et al., 2022; Jackson, 2022; Newman et al., 2022; Toledo et al., 2023). A main advantage of MEDA observations is the sampling frequency (1 Hz) and the temporal coverage: blocks of 1 h selected along the day based on a cadence that alternates between even and odd hours. Although the number of blocks sometimes changes depending on data volume and power availability, MEDA often covers around 12 h per day, which allows studying the diurnal cycle of the DDs and its seasonal variability.
One of the MEDA sensors is the Radiation and Dust Sensor (RDS) (Apestigue et al., 2022), which measures solar radiation at different wavelengths and incident geometries. As demonstrated by Apestigue et al. (2021) and Toledo et al. (2023), the RDS measurements are sensitive to the presence of DDs, and for some particular dust events, some information on the DD properties can be derived. In order to test the capabilities of the RDS to characterize DDs, a terrestrial field campaign was conducted from 29 September to 6 October 2021 in the Makgadikgadi Salt Pans (Botswana), an arid region where the formation of DDs is frequent during the dry season. Field campaigns in Martian analogs offer a chance for assessing and verifying the reliability of certain measurements for the characterization of DDs. In this regard, by acquiring elemental data of the DDs by reference instrumentation (e.g., cameras), it is possible to validate the RDS (or other instruments of interest) retrievals to an extent that is not possible on Mars (because of the limited number of instruments and observations). For the field measurements, we used the RDS terrestrial spare unit and several instruments to validate the DD retrievals. In this paper, we present the results obtained during the campaign and compare the RDS measurements with the data on Mars (acquired by MEDA on board Perseverance). The different DD products obtained from the RDS measurements were validated against images captured by two commercial cameras that operated continuously. This manuscript is organized as follows: in Section 2, we describe the different instruments involved in the field campaign and the field deployment; in Section 3, we present an overview of the data, characterize the impact of DD and DL caused by non-vortex wind gusts in the RDS signals, compare the DD observations with those made on Mars, and study the impact of the instrument sampling frequency on the detection and characterization of DDs; and in Section 4, we outline the main conclusions derived from this work.
2 MATERIALS AND METHODS
2.1 Instrumentation
The main instrument used in this campaign was the spare unit of the radiometer RDS (Apestigue et al., 2022) (see Figure 1A). The RDS is a part of the instrument Mars Environmental Dynamics Analyzer (Rodriguez-Manfredi et al., 2021; Rodriguez-Manfredi et al., 2023) on board NASA’s Mars 2020 Perseverance rover, which has been operational on the Martian surface for more than 2 terrestrial years. The RDS has two sets of photodetectors and a camera pointing at the zenith (not included in the spare unit). The first set of photodetectors, referred to as the Top channels, corresponds to eight detectors pointing at the zenith that cover the light spectrum from the ultraviolet to the near infrared (Top-1 to Top-8: 255 ± 5, 259 ± 5, 250–400, 450 ± 40, 650 ± 25, 750 ± 5, 190–1,100, and 950 ± 50 nm). Most of the Top detectors use interferential filters and mechanical masks to constrain their field of view (FOV) to ± 15° zenith angle, while the Top-7 channel covers the full sky. The second set of photodetectors are eight lateral channels, referred to as Lat channels, which are pointed sideways at 20° (except Lat-8, which is 35°) above the platform and are all in the wavelength range of 750 ± 5 nm. The Lat-1 channel is blinded to study the degradation of photodetector performance. The FOV of all the Lat sensors is ± 5°.
[image: Figure 1]FIGURE 1 | (A) Images of the RDS and SIS showing the disposition of the different sensors. SIS Top sensors correspond to four zenith-pointed detectors, which cover the following spectral bands: 255 ± 5 nm, 269 ± 5 nm, 250–400 nm, and 750 ± 5 nm. For the first two sensors, the FOV is constrained to ± 15° zenith angle, while for the other two, it is constrained to ± 40°. The second set corresponds to twelve Lat channels, grouped in pairs at two different spectral bands (250–400 and 750 ± 5 nm), pointing sideways at six different azimuth angles and 20° above the platform. The FOV of all the Lat sensors is constrained to ±5°. (B) Pictures of the field deployment. The instruments were placed at two different stations separated by approximately 25 m. The SIS and ZEN radiometers were installed in station-1, while the RDS and Vaisala weather station were in station 2. Both stations were equipped with a GoPro camera that was installed on tripods (as were the RDS, SIS, and Vaisala weather station). (C) Diagram showing how the instruments were deployed and oriented along the field. (D) Image taken by the GoPro camera at station 2. The green, blue, and black lines indicate the 25, 50, and 75 m radius concentric circles that were made on the ground.
In addition to the RDS, the following instruments are also used in the field campaign: i) the radiometer Solar Irradiance Sensor (SIS) (Arruego et al., 2016), which was selected to be part of the ExoMars 2022 Meteo package (not included anymore in the ExoMars mission). Similar to the RDS, the SIS has two sets of photodetectors (Top and Lat channels) with different spectral bands and FOVs (see Figure 1 for a full description); ii) a Vaisala weather station (model WXT-530) to perform measurements of pressure, wind speed and direction, temperature, and relative humidity; iii) 2 GoPro Max commercial cameras to record panoramic videos and identify the different dust events captured by the RDS and SIS; and iv) a ZEN radiometer (Almansa et al., 2017) to provide information about the aerosol opacity conditions. As on the Mars 2020 mission, the sampling frequency of the RDS was set at 1 Hz.
2.2 Dust-lifting detection with the RDS
Like for the clouds, the presence of DDs or DL caused by wind gusts produces changes in the sky brightness as a result of the interactions between sunlight and the lifted dust particles. If a DD or DL crosses the FOV of one or more of the of the RDS sensors, then these variations can be captured by the instrument as signal temporal variations. Their signature on the irradiance observations can be positive or negative (as observed in similar terrestrial analog observations with solar flux sensors (Lorenz and Jackson., 2015), depending on the DD dimensions (diameter and height) and opacity (dust load), as well as on the following observation properties: spectral bands, distance DD-RDS, and the DD and Sun angular positions (Toledo et al., 2023). As detailed in the following sections, the intensity of the detections, defined as the signal variations with respect to the background measurements, also depends on all these factors.
2.3 Makgadikgadi Pans and field deployment
The instruments were deployed in a small pan near the town of Mopipi (around latitude 21.22 ° S and longitude 24.86 ° E), in the central district of Botswana. This pan is part of the larger systems of ephemeral salt lakes called Makgadikgadi Pans that developed due to the gradual shrinking of a giant lake called Palaeo-Makgadikgadi that occupied the central Kalahari since the Upper Pleistocene (Franchi et al., 2022). The giant lake developed within the Makgadikgadi–Okavango–Zambezi Basin as part of the south-western branch of the East African Rift System, and its evolution is controlled by NE–SW-trending normal faults (Schmidt et al., 2023a). This is now one of the largest salt pan complexes on the planet and receives seasonal surface water from local rainfall, groundwater upwelling, and ephemeral rivers flowing from the east and northeast and, seasonally, from the Boteti River that terminates less than 10 km southwest of the study area. The region is characterized by ca. 300 mm/year of rain, mostly limited to the summer rainy season, between November and March, which is followed by a long dry winter (Franchi et al., 2022). During the winter dry season, the dominant processes are wind erosion and calcretization under playa-like conditions. It is for the overlaps of groundwater upwelling, evaporite processes, and wind erosion that the Makgadikgadi Pans have been identified as potential analogs of Mars playa deposits (Franchi et al., 2020; Schmidt et al., 2023b).
Measurements were conducted in September-October 2021, at the end of the dry season and before the seasonal winter rains. For each day of the campaign, the instruments were deployed in the morning and packed up at the end of the day. They were installed at ∼1.5 (station 1) and 2 (station 2) m height (except the ZEN radiometer that operated over the surface) on two different tripods (referred to as stations 1 and 2 in the right panels of Figure 1), separated by approximately 25 m (see Figure 1C). The objective of having the instruments at two different locations was to capture the dust events with different observing geometries. For the power supply, we utilized solar panels (as the campaign was conducted during daylight hours of maximum solar irradiance) and car batteries. The RDS was configured in an I-Box, a portable and embedded system designed in the INTA (Serrano et al., 2022), to prevent dust deposition over the sensors. All the instruments were controlled from a third station (station 3) located approximately 30 m away from stations 1 and 2. To estimate the distance of the DDs passing near the stations, several concentric circles with radii of 25, 50, 75, 100, 125, and 150 m were made on the ground. However, it was difficult to identify the concentric circles with radii greater than 75 m in the images (see Figure 1D). Thus, it was not possible to determine a distance reference for the events traveling at distances greater than 75 m. Operations on the first 2 days of the campaign were partially interrupted because of issues with the power supply and the system.
3 RESULTS
3.1 Data overview
During the campaign, a total of eighteen DDs and events of DL caused by non-vortex wind gusts were detected by both the RDS and the cameras. Figure 2 shows an example of DD detection carried out by the RDS on September 30 (the second day of the campaign). The event was registered by Lat-2 and Lat-8 sensors (likely by Lat-3 too) and Top channels. It should be noted that Top-1 and Top-2 data are not displayed in Figure 2 because sunlight at these channel spectral bands is negligible at the surface (because of O3 absorption). Here, it is observed that the signal variations produced by the DD are different in the Lat and Top channels: in the Lat channels, the encounter with the DD results in a sequence of detections, while in the Top channels, the maximum (or minimum for Top-3 and Top-4) occurs at the same time. Figures 3A,B illustrate a diagram of the intersection between a DD trajectory and the different sensors’ FOV. The Lat sensors’ FOVs are oriented at different azimuth angles, and thus, the intersection between the DD and the different sensors cannot occur at the same time (unless the DD is very close and covers all the instrument sensors). For Top channels, however, all the sensors have the same FOV (except Top-7, which is total sky), and thus, the detections must be at the same time. As we will see in Section 3.2, this different geometry of detections allows us to estimate DD properties such as dDD or the trajectory. Interestingly, we observed from Figure 2 that the net impact of the DD depends on the spectral band: in Top-8, -6, and -5 channels, the DD increased the irradiance with respect to the background levels, while in Top-4 and -3 wavelength ranges, the DD impact was the opposite. The possible reasons for this result and the comparison with the Martian cases are discussed in Section 3.4.
[image: Figure 2]FIGURE 2 | An example of a DD detected by the RDS Lat (A) and Top (B) sensors on the second day of the campaign (signals normalized by their respective maxima). For Lat-2 and -8 sensors, the DD produced increases of more than 50% (with respect to the background signals). The signal variation observed in Top sensors occurs when the DD is at its closest approach to the RDS, and the net impact (increase or decrease in irradiance) depends on the spectral band of the sensors.
[image: Figure 3]FIGURE 3 | (A, B) Diagram showing the RDS Lat-2 and -8 (A) and Top (B) sensor orientations, along with the possible trajectory of the DD shown in Figure 2. For Top sensors, the height of the DD determines the maximum distance at which the DD can be detected (or the maximum distance at which the DD intersects the sensor FOV). (C) Field photo after the rainy day. Once the first layers of the ground dried out, desiccation cracks formed on the surface and little dust was available. After that, the DDs were less frequent and had a lower dust load.
Detections similar to those shown in Figure 2 were carried out by the RDS during the different days of the campaign. The DD frequency of formation, DD size, and dust load varied from day to day depending on the amount of dust available on the surface and the wind conditions. On our third day in the Pans (1 October 2021), the campaign had to be canceled due to rainy conditions. Despite lasting only a few hours, the rain left the ground slightly moist at some locations for the following days (especially the day after), and once dried, the mud was rather hard, and there was little dust (see Figure 3C). For this reason, the DDs (or DL caused by non-vortex wind gusts) after the rainy day were less dusty than those observed during the first 2 days.
Wind speed conditions influenced the formation of DDs or DL. Figure 4 shows the measurements of wind speed and direction made by the Vaisala station for the 6 days of the campaign (not 7 days because on 1 October 2021, the instrument deployment had to be canceled). The same temporal periods were covered by RDS observations. On the first day of the campaign, the wind speed was 3.7 ± 1.3 m s−1 on average but with frequent wind gusts of 6 m s−1 or above. DDs were very frequent during this day, but because of power supply issues, not all the events were registered by the instruments. For the second day, winds were stronger (7.5 ± 1.6 m s−1 on average) with gusts of up to 14.5 m s−1. During this day, events of DL caused by wind gusts were more frequent than DDs, and in some cases, we observed DDs that were suppressed by the winds (DDs sheared out by the strong winds). Yet, some DDs were formed and detected by the instruments (an example is the case shown in Figure 2, for which the background wind was between 6 and 11 m s−1 around the detection).
[image: Figure 4]FIGURE 4 | Diurnal variation in wind speed (blue axis on the left) and direction with respect to north (red axis on the right) measured by the Vaisala weather station during the 6 days of the campaign. The gaps in the measurements are due to issues with the power supply and the system.
For the rest of the days, average winds were 6.7 ± 1.7, 2.9 ± 1.7, 2.46 ± 1.4, and 6.5 ± 1.4 m s−1. The DD frequency during these days was lower than that given for the first 2 days of the campaign. This could be due to a decrease in the number of vortices capable of lifting dust (because of the wind conditions), a decrease in the amount of dust available on the surface (for the previously discussed reasons), or a combination of these two factors. Previous works have studied the impact of the background wind speed on the DD frequency of formation. For instance, Oke et al. (2007) observed a total of 557 DDs at a field site in Australia and found that DD formation was restricted to background wind velocities between 1.5 and 7.7 m s−1 with peak activity at ∼ 3 m s−1. This is consistent with the measured wind conditions and the number of DDs observed during the campaign. On the first day, the wind speed at around 13 was 3.93 ± 1.43 m s−1 on average, which is close to the peak in activity reported by Oke et al. (2007). On the contrary, for the second day, the average wind speed around the same time was close to the upper limit reported in the same work, which explains the different number of DDs observed during these 2 days. For the rest of the days (after the rainy conditions), the average wind speeds between 12 and 14 local time (that is, the time of the day when most of the DDs were detected) were 6.55 ± 1.65, 1.73 ± 0.90, 2.01 ± 1.15, and 6.81 ± 1.36 m s−1, which are, except for day 5 of the campaign, well below or above the 3 m s−1 peak reported by Oke et al. (2007). Thus, these results indicate that both factors (the wind conditions and the dust available on the surface) could have influenced the variability of the DD frequency of formation along the campaign.
Finally, we tried to study the population of vortices during the campaign using the Vaisala pressure observations. As shown in previous works (Sinclair, 1973), vortices can be detected by searching for the local drop in pressure expected with the vortex passage. Unfortunately, the pressure observations made by the Vaisala station did not have enough precision and sampling frequency to detect vortex passages (see the work of Lorenz. (2012) for more information about the precision and cadence required for detecting vortices or DDs with pressure loggers). Therefore, these observations were not used in this work. Figure 5 presents some images of DDs and DL caused by wind gusts observed during the campaign. The DDs shown in Figures 5A,B correspond to the first 2 days of the campaign, and the DD in Figure 5C (indicated with the black arrow) was observed 3 days after the rainy day. In general, and as shown in the figure, the dust load of the DDs was smaller after the rain.
[image: Figure 5]FIGURE 5 | Examples of DDs (A–C) and wind gusts (D–G) observed during the field campaign. The DDs observed for the first 2 days of the campaign (A, B) were much dustier than those formed after the rainy day (C). In general, dust lifting caused by wind gusts has a larger horizontal extension (indicated with black arrows) than vertical extension (in contrast to the DDs, where dDD < DD height).
3.2 Dust devil characterization with the RDS
The signal variations produced by DDs are specific and different from those produced by other factors (e.g., clouds). Figure 6A shows different signatures in RDS signals (Lat sensors) produced by the presence of DDs, clouds, and DL caused by wind gusts. Here, the duration of the increase produced by clouds (approximately 3–4 min) is much longer than that due to DDs (approximately 20 s). This is explained by the larger distance between the instrument and the cloud than between the instrument and the DD, making the sensor FOV projection larger too. For Lat sensors, the ratio between the time duration of a DD detection (TDD) and a cloud detection (Tcloud) can be approximated as follows:
[image: image]
where vDD and vcloud are the velocities of the DD and the cloud, respectively, dRDS−DD is the distance between the RDS and the DD, and hcloud is the altitude of the cloud. Here, we assumed that both the DD and the cloud cross the sensor FOV through the center and that their dimensions are negligible with respect to the FOV projections at the cloud and DD distances. For example, for a ratio vcloud/vDD = 5 and dRDS−DD and hcloud values of 400 m and 4,500 m, the time duration of a cloud detection is about five times longer than that of a DD. Although this ratio can change depending on the cloud and DD dimensions (and other parameters), signal variations longer than ∼1 min are, in general, not produced by the presence of DDs and can be discarded in the analysis.
[image: Figure 6]FIGURE 6 | (A) Time duration of RDS Lat signal variations produced by two DDs, a DL caused by wind gusts and a cloud. The cloud detections generally last longer, and the signal variations are smoother than those due to a DD or a wind gust. (B) Sequence of RDS Lat detections produced by a DD encountered near the instrument on day 5 of the campaign.
In the case of DL caused by wind gusts, it is observed that the timescale of the detection is very similar to that of the DDs. However, as detailed in the following section, in general, the DDs are registered in the RDS observations as sequences of Lat detections (for the same event), while for the wind gust events, the signal variations are simultaneous (in case the DL is large enough to cover the FOV of more than one Lat sensor). Figure 6B shows an example of a DD detection carried out by the RDS on day 5 of the campaign. As in Figure 2, the different signals were normalized to their respective maxima. The DD was detected by three Lat channels (the sequence of detections does not include Lat-1 because this channel is blinded) and the Top sensors (not displayed in the figure). The fact that the Top sensors also detected the DD indicates that it passed in close proximity to the RDS. From the sequence of Lat detections and the orientation of the instrument, we infer that the DD had a trajectory coming from the northeast.
As demonstrated in the work of Apestigue et al. (2021) and Toledo et al. (2023), information on the DD velocity, trajectory (θDD, angle clockwise with respect to the north), and diameter can be derived from a sequence of RDS detections by fitting the measured times to a straight DD trajectory (referred to as DD trajectory analysis thereafter). Although the DD trajectories can be affected by terrain obstacles or other factors, in general, the DDs migrate with the background wind in somewhat straight lines (Balme et al., 2012; Lorenz, 2016). In addition, in our simulations, we assume DD is a dust column with no slope. For the Lat sensors, with a narrow FOV and pointing sideward at 20° above the platform, the slope is not expected to cause changes in the duration of each detection (which is the main parameter to retrieve the DD properties). For the Top detections, a DD tilted by 5° could have detection durations up to 10% longer than when the DD is not tilted, thus affecting the DD retrievals. However, for the estimation of the DD velocity, trajectory, and diameter, the Top detections are not used. For each Lat detection, three times are defined: the time when the detection starts (t1), finishes (t2), and reaches the signal maximum (t3). These times are the moments when 1) the DD enters the sensor FOV; 2) the DD leaves the sensor FOV; and 3) the DD is at the center of the sensor FOV, where the light transmission is at its maximum. Thus, in the example shown in Figure 6B, we have a total of nine different times to fit. Once a sequence of detections like that shown in Figure 6B is provided, several DD trajectories are computed for different combinations of vDD–θDD–dDD to find the combination that minimizes the χ2 function, which is defined as follows:
[image: image]
where ti and [image: image] are the measured and modeled times of the Lat detections; nTotal is the number of times to fit (9 for the example shown in Figure 6B); and F is a penalty function used to avoid solutions that are not compatible with the observations (e.g., a DD trajectory crossing a sensor’s FOV that does not display a detection).
Figure 7 shows contour plots of χ2 in the θDD–vDD, θDD–dDD, and vDD–dDD spaces (for the example shown in Figure 6B) and constant values of dDD (left panel), vDD (central panel), and θDD (right panel). These results indicate that dDD and vDD are linearly correlated and also that the optimum solutions of θDD are well constrained, θDD = 28° ± 2° (errors are defined as ΔθDD that gives Δχ2 = 3σ significance level). Therefore, from a sequence of Lat detections (for a given DD), we can constrain the angle of the trajectory (θDD) and provide the linear relation between dDD and vDD. In the example shown in Figure 7, we found dDD = 3.610⋅vDD+0.0147, which represents a family of straight-line solutions with the same slope (given by the θDD solution), crossing the Lat-2, -8, and -7 sensors’ FOV, at different distances from the RDS. In the next section, we will compare these DD retrievals with the information derived from the images taken by the cameras.
[image: Figure 7]FIGURE 7 | Contours of χ2 in the θDD–vDD space (left panel), θDD–dDD space (central panel), and vDD–dDD space (right panel) for the solutions dDD = 6.40 m, vDD = 1.70 m s−1, and θDD = 27.50°.
3.2.1 Dust devil trajectory from the cameras
Most DDs captured by the RDS were also recorded by the two commercial cameras operating during the campaign. Each camera has two fisheye lenses (one on either side of the camera) that can record full videos covering 360° in azimuth and 180° in elevation, with a resolution of 5.6 k (5,376 × 2,688 pixels) at a sampling rate of 30 frames per second. Because we do not have access to the raw data, we had to perform a pseudo-calibration. For doing that and assuming fisheye lenses are radially symmetric, we tried different relationships between the angle of incident light and where it is recorded on the camera sensor (e.g., stereographic, equisolid projections). By using the concentric circles made on the ground at 25, 50, and 75 m, we found that the equisolid projection is the most appropriate to relate the distance in pixels and the angle of incident light (each point on the circumference is at the same distance from the RDS, and thus, they should be at the same distance in pixels). With this relationship, we can project the DD trajectory derived in the previous section over the different images of the DD and, thus, validate the model retrievals. From different tests carried out after the campaign, we found that the errors in the estimation of these DD parameters using this approach are smaller than ∼6%. As indicated in the previous section, with the RDS observations, we can only obtain θDD and provide the relationship between vDD and dDD, which represents a family of DD trajectory solutions (straight-line trajectories) with the same slope but at different distances from the RDS. We can derive vDD from the times and positions when the DD enters and leaves the 25-m concentric circle in the images, and from that, we can calculate dDD using the relationship derived in the previous section (dDD = 3.610⋅vDD+0.0147). From this analysis, we obtain vDD = 1.6 m s−1 and dDD = 5.8 m.
Once θDD, vDD, and dDD are known, we have a unique solution for the DD trajectory, whose projection over the camera images is shown in Figure 8. Here, the base of the DD follows the straight-line trajectory derived from the trajectory analysis quite well, highlighting the potential of the RDS observations to constrain not only the DD frequency of formation but also vDD, θDD, and dDD. The estimated vDD and θDD were compared with the wind speed and direction measured by the Vaisala station (Figure 9). While vDD is very similar to the values of the background wind speed measured around the detection, the wind direction is highly variable and different from the DD migration direction (θDD). From the data acquired during a terrestrial field campaign in the southwest United States of America, Balme et al. (2012) compared the background wind speed with the variation in the DD migration direction from the wind direction and found that the lower the ambient wind speed, the larger the deviation between these two direction components. If we compare the wind direction with θDD in the period between 3 min before and 3 min after the detection, then we get deviations that go from 0° up to [image: image], making the comparison difficult. Despite the low ambient wind speed and highly variable wind direction, the trajectory analysis indicates that, for this case, the DD trajectory is well represented by a straight line.
[image: Figure 8]FIGURE 8 | Color images of the DD detected on day 5 of the campaign (∼13:30 local time), along with the trajectory derived from the analysis of Section 3.2. The white arrow indicates the position of the DD.
[image: Figure 9]FIGURE 9 | Comparison between the wind speed (blue dots) and direction (red dots) measurements with the derived parameters θDD (blue dashed line) and vDD (red dashed line) for the DD encounter in Figure 8. The black dotted lines indicate the detection times of Lat-2, -8, and -7 sensors.
3.3 Dust lifting by wind gusts
In the previous section, it was demonstrated that by analyzing the detection timescales, we can differentiate the signal variations attributed to clouds and rather than DDs. However, from this parameter, we cannot automatically discriminate between a DD or a DL caused by wind gusts as both events have similar timescales (see Figure 6). Figure 10 shows two examples of DL events produced by wind gusts that were measured by the RDS on two different days of the campaign. These examples indicate that when the DL is registered by more than one channel, the time lag between detections is very short (or negligible) compared with that for a DD. This means that for the whole duration of an event detection (from the first detection up to the last one), the correlation between signals for a DL is much greater than for a DD. For instance, for the DL displayed in Figure 10A, we obtain a linear correlation coefficient (R2) between Lat-2 and Lat-3 signals of ∼0.54, while for Lat-2 and Lat-7 of the DD detection given in Figure 6B, R2 is lower than 0.05. The main reason for these results lies in the differences between the DDs and the DL caused by wind gusts in terms of their dimensions. In contrast to the DDs, DL caused by wind gusts has a greater horizontal extension than it does vertically (see Figure 5). Because of this, a wind gust can cross the FOV of more than one Lat sensor almost simultaneously, which explains the different correlations between the DD detections (Figure 6) and wind gusts (Figure 10). Thus, for a dust event involving two or more Lat detections, we can determine if it is a DD or a DL by looking at the correlation between signals and the time lag between detections. The correlation criteria is very useful for cases where the DD passes in close proximity to the instrument; in such cases, the time lag between detections can be a few seconds.
[image: Figure 10]FIGURE 10 | Two DL events produced by non-vortex wind gusts detected by the RDS on days 2 (A) and 6 (B) of the campaign. The smaller signal variations registered for the event of day 6 indicate a lower dust load. As for DDs, this is potentially due to the decrease in the amount of dust available on the surface following the rainy day. For each event, Lat detections are almost simultaneous and somewhat similar.
For the different DD and DL events detected by the RDS during the campaign, we found that the R2 and time-lag criteria are robust enough to discriminate between these two events. As detailed in the following section, these results can be used for RDS observations on Mars. As pointed out by Newman et al. (2022), DL caused by wind gusts can cover an area several times larger than that of a DD, suggesting that both types of dust events could equally contribute to the dust budget of the planet during the non-storm period (depending on the frequency of formation). Although information on DL sizes from RDS observations is very limited, the high sampling frequency of MEDA (1 Hz) and its capability to operate for long periods allow us to constrain the diurnal, day-to-day, and seasonal variability of the frequency of formation of both of these events. From the analysis of the MEDA pressure observations, we can determine when a sequence of RDS detections is likely attributable to the presence of a DD (Hueso et al., 2022; Toledo et al., 2023). However, if the DD is far from the instrument, we can have cases in which the pressure measurements do not show a local pressure drop. Thus, in these cases, the values of R2 between signals and the time lags between detections can provide key information to identify the event (as long as it has been registered in at least two Lat sensors).
Not all the dust events detected during the campaign were as easily identifiable (without the use of cameras) as those shown in Figures 6B, 10A. For example, in the case of the DL shown in Figure 10B, two simultaneous detections (for Lat-3 and 4) are observed, followed by a subsequent detection 3–4 s later by Lat-2. Through the videos recorded by the cameras, we could determine that the last detection was produced by the dust initially lifted during the first detection (by the Lat-3 and -4 sensors) and subsequently transported by the wind into the Lat-2 sensor’s FOV. That explains why the Lat-2 signal variation is not simultaneous with Lat-3 and -4 detections. For this reason, the correlation analysis should be carried out for any pair of detections, and if a correlation significantly different from zero (not necessarily for all of them) is observed, then the event is classified as a DL. For instance, in the case presented in Figure 10B, we found a correlation of 0.36 between Lat-3 and -4 detections, while the correlation between Lat-3 and Lat-2 detections is lower than 0.05.
Finally, there is a particular case in which the identification of the dust event can be complicated without the use of other instrumentation (e.g., pressure measurements) or further signal analyses. This is when a DD passes over the RDS such that it covers the FOV of different Lat sensors simultaneously. These DD encounters can be easily identified by combining the RDS with pressure measurements: if a local pressure drop is given at around the same time as the simultaneous detection, then the dust event is a DD. Otherwise (no local pressure drop), the dust event is a DL. If we do not have pressure measurements, a way to identify the event is also to look at the observations made by the Top sensors. If the simultaneous Lat detection is produced by a DD passing over the RDS, then the Top sensors should also display a detection at the same time. On the contrary, if simultaneous detection is produced by a DL, then, in general, the Top sensors should not display the sharp variation characteristic of when a DD completely covers the instrument. In general, the DL caused by wind gusts does not reach the heights of the DD, and thus, DL detections, as those shown in Figure 10, do not include significant variations by the Top sensors.
3.4 Comparison with RDS data on Mars
The results presented and discussed in the previous sections show the capability of the RDS to detect and characterize DDs. The following step in this work is to compare these DD detections with the RDS data on Mars and analyze the possible differences. These differences can arise from the following factors: i) DDs are, in general, larger in diameter and height on Mars (Balme and Greeley, 2006); ii) the different scattering properties of the Martian dust; and iii) the different conditions in the background aerosol optical depth (AOD) and Rayleigh scattering. Variations in the DD diameter and height (keeping constant the rest of the DD parameters) should result in different DD projections over the sensor’s FOV. As demonstrated by Toledo et al. (2023), these different projections yield different intensities in the DD detection (variation with respect to the background signal) but should, in principle, not change the shape of the detection. Figure 11A shows an example of DD detection performed by the RDS on Mars (on Sol 21 of the Mars 2020 mission). Similar to the campaign observations, the presence of the DD resulted in a signal increase for each of the RDS Lat sensors involved in the detection. We also observe that the sequence of detections is similar to those shown in Figures 2A, 6B. We made similar comparisons for other DD detections on Mars with the Lat sensors and found similar results. With respect to the Top sensor observations, Figure 11B shows an example of DD detection performed on Sol 313 (Top-1 and -7 signals are not displayed to facilitate the visualization). By comparing this detection with that shown in Figure 2, in both scenarios, the Top-8, -6, and -5 channels display a maximum. However, for Top-4 and -3 channels, the impact of the DD is different. On the other hand, in Figure 2B, we only see a minimum in the signals; for the Martian DD example, the minimum follows a maximum (a maximum that diminishes at shorter wavelengths).
[image: Figure 11]FIGURE 11 | (A) DD detected by the RDS Lat sensors on Sol 21 of the mission (time of the detection ∼15:14 LTST). The DD produced increases to approximately 2.5, 8, and 7 W m−2 in Lat-8, -7, and -6 sensors, respectively. (B) DD detected by the RDS Top sensors on Sol 313 of the mission (time of the detection ∼13:42 LTST). The minimum observed after the peak in the signals indicates that the DD affected the direct sunlight, or the light scattered at small scattering angles, received by the sensors. (C) RDS Top observations for the DD encounter of Figure 6 (day 5 of the campaign).
As discussed by Toledo et al. (2023), the net impact of the DD on the RDS Top observations depends, among other factors, on the DD and Sun angular positions. When DDs are at a position that affects the direct light or the forward scattering near the diffraction peak of the dust phase function, a decrease with respect to the background signals is expected at all the RDS wavelength bands. This was confirmed by the DD analyzed in Section 3.2 (Figures 6B, 8), for which the Top sensors also captured the event (see Figure 11C). Similar to the Martian case shown in Figure 11B, in Figure 11C, an increase and a decrease are observed during the encounter with the DD. From the DD trajectory derived from the camera videos and the trajectory analysis (see Figure 8), we know that the decrease in the signals is produced when the DD is affecting the direct light, or the light scattered at small scattering angles, received by the sensors. Therefore, it is very likely that the signal decrease observed in the DD case of Figure 11B is due to the same reasons. We examined several DD detections on Mars performed by the RDS Top sensors, and interestingly, we did not find cases similar to those shown in Figure 2B (maxima and minima occurring at the same time). The main reason is the impact of Rayleigh/molecular scattering in the terrestrial atmosphere (unlike the Martian dust particles, air molecules scatter the light equally at the forward and back scattering angles). In the Top-3 and -4 channels, the Rayleigh scattering contribution to the total sunlight received by the sensor is very important (e.g., scattering opacity at 450 nm ∼ 0.24). This means that, for the example shown in Figure 2B, the DD blocks the light scattered by the molecules in the Top-3 and -4 wavelength bands. In the other RDS wavelength bands, the Rayleigh opacity is much lower (e.g., at 650 ∼ 0.04), which explains why the signal decrease is not observed in the other channels on Earth (or in any of them on Mars, where the molecular scattering is negligible in all the wavelength bands).
The DL events caused by non-vortex winds observed during the campaign were also compared with cases detected on Mars. Figure 12 shows different dust events observed on Mars on sols 29, 64, 140, and 179. These cases could not be classified as DD by Toledo et al. (2023) because the pressure measurements did not show a local pressure drop and also because the Top sensors did not show any signal variations (the criteria followed in that work to classify a dust event as DD). By comparing these detections with the DL cases identified during the campaign (Figure 10), we clearly see that the events of sols 140 and 179 are DL caused by wind gusts. However, the dust events of sols 29 and 64 are complicated to classify. Although the sequence of detections is similar to that of a DD, the time lag between maxima (∼10 s) and the fact that the pressure sensor did not show a local minimum indicate that this event cannot be a DD. Indeed, for that short time period between maxima, the DD would have passed in close proximity to the RDS, and in such a scenario, the pressure sensor would have detected the vortex passage. For instance, for the DD event shown in Figure 11, the time between maxima was approximately 40 s, which indicates that the DD was far from the rover and explains the lack of pressure detection. A possibility for the events on sols 29 and 64 is that the wind gust only covered the FOV of the Lat sensor reporting the first detection (Lat 7), and then, the lifted dust particles were advected by the winds into the second Lat FOV (similar to what we observed in the example shown in Figure 10B). Another possibility is that the two detections are independent; e.g., they are produced by two distant DDs or two wind gusts. In any case, these dust events are difficult to classify and in general, only for the cases displaying a correlation between signals different from zero (Figure 10A,B), we can certainly confirm that they are produced by wind gusts.
[image: Figure 12]FIGURE 12 | Dust events registered by the RDS Lat sensors on Mars for sols 29 (A), 64 (B), 140 (C) and 179 (D) of the mission. The correlation between signals indicates that the events shown in the lower panels are due to wind gusts.
3.5 Sampling frequency
In this section, we will discuss the impact of the instrument sampling frequency (f) on detecting DD and on deriving information about the DD trajectory, radius, and velocity (by performing the analysis described in Section 3.2). During the campaign, the RDS was operating at the same sampling frequency as on Mars (f = 1 Hz). However, SIS observations were acquired every 2 seconds (f = 0.5 Hz), which is the original configuration selected for the ExoMars 2022 mission (before it was suspended). These different configurations during the campaign allowed us to study what the optimal and minimum cadences required to detect and analyze DDs with this type of instrumentation are. When a DD crosses the FOV of one of the sensors, the number of observations involved in the detection mainly depends on 1) the instrument f and FOV; 2) the DD trajectory, vDD and dDD.
Figure 13 shows, as an example, two DDs detected by the SIS and RDS on day 5 of the campaign (the DD represented in the left panel is the same event as for the analysis in Section 3.2; see Figure 6B). For both instruments, the angular aperture of the Lat sensors is the same (±5°). Here, the limitations of SIS sampling frequency for detecting DDs are as follows: for Lat-3 and Lat-4, the number of observations involved in the detection is very limited (just one observation per channel). If, in this event, the Lat-2 had not been involved in the detection, then it would have been difficult to interpret these observations and confirm the detection of a DD. It is true that, in this particular case, the DD was formed very near the SIS (25 m away from the RDS), and this could explain the simultaneous increases of channels Lat-2 and -3. However, for the other example of DD detection (Figure 13B), we see again only one SIS observation that is significantly above the background signal (as a result of the DD). Even if the DD had been detected by another SIS Lat sensor, confirming its presence would have been challenging (unless we had additional complementary instrumentation, such as a pressure sensor).
[image: Figure 13]FIGURE 13 | Examples of DD detections performed by SIS and RDS Lat sensors. The example in (A) is the same event analyzed in Figure 8 (day 5 of the campaign). For the DD encounter of (B) only one of the SIS Lat sensors captured the event.
Although in other DD events during the campaign, the SIS sampling frequency was enough, in some other cases, such as those illustrated in Figure 13, it was not enough. This implies that if the SIS and RDS were operating at two different locations but with the same DD frequency of formation (the number of DDs formed per unit of area and time, ρDD), the RDS would detect more DDs than the SIS, and thus, we would derive different values of ρDD. In order to study the impact of f on the detection of DDs, we performed several numerical simulations. In these simulations, we start with an a priori DD frequency of formation, and several DDs are formed randomly within an area Amax = [image: image], whose initial positions are given as follows:
[image: image]
[image: image]
where r and Θ are uniformly distributed variables (r ∈ [0,1] and Θ ∈ [0,2π) and dmax is the maximum distance at which a DD can be formed in the model. The square root of r is used to have the same number of points per unit of area. Once a DD is generated, it travels a distance d = vDD ⋅tDD, assuming a straight line. The left panel of Figure 14 shows a schematic of the model: the red dots indicate the initial position of the DDs, and the black dots indicate the trajectories (the number of dots is equal to tDD/f, where f is the sampling frequency). A detection is made if the DD crosses the FOV of the sensor for at least three observations. That is to say, if the part of the trajectory that crosses the FOV contains at least three black dots (for the diagram in Figure 14), this condition is met for only 1 DD. See the work of Toledo et al. (2023) for a complete description of the model. The right panel of Figure 14 shows the variation of the number of DD detections (nDD) with the sampling frequency for a Lat sensor and for two different angles between the DD trajectory and the azimuth orientation of the sensor (θ). The number of detections was normalized by the value of nDD for f = 5 Hz. These simulations indicate that for f = 1 Hz and 0.5 Hz, most of the DDs that cross the Lat sensor are detected (variations with respect to nDD for f = 5 Hz are lower than 8% and 15%, respectively). However, for f smaller than 0.33 Hz–0.50 Hz, the differences with respect to the ideal case can be important (greater than 20%–25%) and lead to noticeable errors in the estimation of ρDD.In the latter case, however, a correction can be applied to the measured nDD based on the sampling frequency of the instrument and the simulations shown in Figure 14. It should be noted that this correction depends significantly on the DD trajectory for sampling frequencies below 1 Hz. Indeed, while the normalized DD detections for θ = 0° and = 45° are quite similar for f = 1 Hz, we observe noticeable deviations for smaller values of f = 1 Hz. As information on the DD trajectory (θ) is limited for the cases when the DD does not cross more than one sensor FOV, we conclude that a sampling frequency of 1 Hz is adequate for assessing the DD density of formation from the RDS or SIS observations.
[image: Figure 14]FIGURE 14 | Schematic of the RDS detections (for a Lat sensor) for a constant DD frequency of formation, advection velocity, and trajectory (left). The initial position of the DD trajectory is indicated by the red dots, and the trajectory length is given by tDD and vDD. A detection is only accounted for if the DD trajectory crosses the sensor FOV (delimited by the solid blue line) and for at least three sensor observations (defined by the sampling frequency). Variation in the number of sensor detections (nDD) with the sampling frequency for two different DD trajectories (right). All the nDD values were normalized by the number of sensor detections when f = 5 Hz.
Finally, we studied the impact of the sampling frequency on the DD trajectory analysis of Section 3.2. The same trajectory analysis as shown in Figure 7 was performed using only the RDS observations collected every 2 seconds (f = 0.5 Hz), whose results are displayed in Figure 15. For comparison purposes, the original results (f = 1 Hz) are also shown. Although the derived DD trajectory is not very affected for f = 0.5 Hz, for the DD diameter and advection velocity relationship, some significant differences are observed. If we assume the DD migration velocity derived from the images (vDD = 1.6 m s−1), then the differences in dDD are approximately 33%. Thus, these results indicate that for sampling frequencies lower than ∼ 1 Hz, the capability of the RDS to detect and characterize DD is highly limited.
[image: Figure 15]FIGURE 15 | DD trajectories (left panel) and linear relationships between the DD diameter and advection velocity (right panel) derived for the DD encounter of Figure 6 using two different sampling frequencies (f): f = 1 and 0.5 Hz. The red and green dots in the left panel represent the DD trajectories for f = 1 Hz and 0.5 Hz, respectively.
4 CONCLUSION
In this paper, we analyzed the RDS observations collected during a field campaign conducted from 29 September to 6 October 2021 in the Makgadikgadi Salt Pans (Botswana). The main goal of the campaign was to study the capabilities of the RDS to detect DDs and DL caused by non-vortex wind gusts. We reached the following main conclusions:
1. We demonstrated that the RDS is a reliable instrument for the detection and characterization of DDs. During the campaign, several DD encounters detected by the RDS were recorded using the cameras, and from that, we could validate the different models used to detect and constrain the DD properties on Mars. In DD encounters involving more than one Lat detection, the DD migration speed and direction, as well as the diameter, can be constrained. The DD migration speed and diameter can only be constrained by a linear relationship that can be resolved with data from other instruments (such as pressure measurements). As expected, the number of DDs detected by the cameras was higher than the detections carried out by the RDS (by a factor of 8). However, the potential of the RDS (or similar instrumentation) is its low power consumption and data volume, which allow it to operate on Mars for longer periods of time and at a higher sampling frequency than the cameras.
2. The signal variations produced by other factors such as clouds or wind gusts can be filtered out by looking at the timescale of the signatures or the correlation between the signals involved in the detection. For clouds, the timescales are about 10 times longer and the variations are smoother. For DL caused by wind gusts, although the timescale of the detections is comparable to that of DDs, the correlation of the signals involved in the detection is significantly different than zero (contrary to the DD detections). This is due to its greater horizontal extension, which can cover more than one Lat sensor FOV simultaneously (or almost simultaneously). If the dust event is only detected in one Lat sensor, then we cannot determine if it is a DD or a DL caused by a wind gust.
3. The comparison between the Earth and Martian RDS observations shows that DD and DL events have a similar impact on the RDS. The only differences observed are for the Top sensors, whose spectral bands are significantly affected by Rayleigh scattering. Therefore, the Makgadikgadi Salt Pans are a good analog for Martian DD investigations.
4. The sampling frequency (f) of the instrument is a critical parameter for the study of DDs with this type of instrumentation. First, f has an impact on the number of DDs detected. If f is decreased to 0.3 Hz or more, then more than 20%–24% of the DDs crossing the FOV of the sensors will not be detected. Thus, this can result in large errors in the estimation of the DD frequency of formation (the number of DDs per unit area and time). In addition, increasing f also results in large errors in the estimation of the DD diameter and advection velocity. For example, a decrease in f from 1 Hz to 0.5 Hz leads to errors of approximately 33% in the estimation of the DD diameter.
Finally, this work shows the importance of field campaigns in Martian analogs to characterize the potential of the observations made by RDS-type instrumentation. The high place-to-place and temporal variability of the DD properties on Mars requires continuous DD observations at different locations to really constrain their contribution to the global atmospheric dust budget of the planet. In this regard, observations from the SIS that was part of the ExoMars 2022 lander could have provided information about DDs at a new location and, thus, new data for the validation of the theoretical dust-cycle models. In future field campaigns in terrestrial analogs, we plan to evaluate the use of simpler sensors, such as the SIS’16 (Arruego et al., 2017; Toledo et al., 2017) that was part of the DREAMS Experiment on board the ExoMars 2016 mission (Esposito et al., 2018) or the Optical Depth Sensor (ODS) (Toledo et al., 2016b; Toledo et al., 2016a), to constrain the DD properties. Indeed, these light, small, and low-energy-consumption sensors can be easily installed on small stations on board probes or rovers, and thus, they are a good option for future missions with limited energy and transmission resources.
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