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Abstract

:

During explosive eruptions, tephra fallout represents one of the main volcanic hazards and can be extremely dangerous for air traffic, infrastructures, and human health. Here, we present a new technique aimed at identifying the area covered by tephra after an explosive event, based on processing PlanetScope imagery. We estimate the mean reflectance values of the visible (RGB) and near infrared (NIR) bands, analyzing pre- and post-eruptive data in specific areas and introducing a new index, which we call the ‘Tephra Fallout Index (TFI)’. We use the Google Earth Engine computing platform and define a threshold for the TFI of different eruptive events to distinguish the areas affected by the tephra fallout and quantify the surface coverage density. We apply our technique to the eruptive events occurring in 2021 at Mt. Etna (Italy), which mainly involved the eastern flank of the volcano, sometimes two or three times within a day, making field surveys difficult. Whenever possible, we compare our results with field data and find an optimal match. This work could have important implications for the identification and quantification of short-term volcanic hazard assessments in near real-time during a volcanic eruption, but also for the mapping of other hazardous events worldwide.
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1. Introduction


Volcanic eruptions close to inhabited areas represent a major natural hazard due to lava flows, tephra fallout, mudflows, toxic gasses, and other phenomena that can be triggered during volcanic activity. Explosive eruptions can prove extremely dangerous for air traffic, causing severe damage to aircraft jet engines, obscuring the windscreen and landing lights, and resulting in other damaging effects [1,2]. These eruptions also pose risks to agriculture, roof stability, and human health [3,4]. Indeed, fine ash is associated with long-term health effects, such as silicosis and chronic pulmonary diseases [5]. For the characterization of explosive eruptions and their hazards, field investigations of tephra deposits constitute the first and, today, an essential step. Tephra samples are collected in the field and then analyzed in the laboratory to evaluate the main features of the eruptive event (e.g., total mass, total grain-size distribution, etc.). The volume of volcanic products can be mapped with field measurements by multiplying the covered area, which can be determined with a good precision, and estimating the average thickness or mass on square meter. Furthermore, tephra could be cleaned up or carried away by the action of the winds, making a rapid analysis necessary. In addition, field activities could also be impractical in some contexts and prove risky for volcanologists in proximal areas. Indeed, volcanoes are often located in remote areas, and they are generally inaccessible during eruption and for extended periods after the eruptive event ends, and their products can be scattered or dispersed over regional or global scales. Moreover, depending on the eruption, tephra deposits can cover larger areas, some of them very difficult to sample in one or two days. The values of mass (kg/m2) are in general calculated and used to draw an isomass map of the tephra deposit. Isomass maps and isopach maps (distribution of mass/area and tephra thickness) are necessary to estimate erupted mass or volume [6,7,8], whereas the distribution of largest clasts (depicted in isopleth maps) is typically used to estimate column height and wind speed [9]. These parameters are important for evaluating the areas that may be affected by volcanic ash and forecasting regions that should be avoided by aircraft (e.g., [10]). Dedicated empirical and analytical models are generally used to determine the plume height, erupted mass, initial grain-size distribution, mass eruption rate, and duration. Many numerical models are currently available to reproduce the dispersion and fallout processes, and they have been successfully applied to several recent eruptions [11,12,13,14,15,16,17,18,19,20]. However, it is well-known that the reduction of uncertainty in model outcomes cannot be done without integrating observational data coming from an advanced monitoring system [21,22]. Radar, cameras, and infrasound sensors constitute valuable tools for monitoring active or potentially active volcanoes and have recently been used for forecasting volcanic ash transport and dispersion during an eruption, facilitating real-time management of volcanic hazards [23,24,25,26]. In particular, these instruments have been used to directly estimate the mass eruption rate (MER) in near real-time and determine the eruptive column height [27,28,29,30,31]. However, these pioneering applications are either not operational or limited to a few of the world’s best-monitored volcanoes (e.g., Etna volcano, Italy). In recent years, satellite detection techniques have been investigated. The use of remote sensing techniques aimed at analyzing the tephra deposit is essential to have a more rapid response during a volcanic crisis. It is necessary since emergency responders and government agencies need to make fast decisions that should be based on accurate forecasts of tephra dispersal and assessments of the expected impact. By differencing successive digital topographies, deposit thickness can be mapped, but this method is limited by the availability of topographic data of the surface underneath the volcanic deposit of interest, and such measurements are difficult, if not impossible, to be made retrospectively [32]. Moreover, this method can only be used if deposit thickness is more than 1 m, making it impractical for tephra fallout arising from a single episode of lava fountain because of the high measurement error, which is equal to 1 m [33].



The technological advancements and increasing availability of high-resolution satellite imagery offer new possibilities for mapping volcanic deposits related to a single eruptive event. Spatial resolution is one of the main limitations in deposit mapping, together with the revisit time of satellites, particularly in rapidly evolving situations. The constant improvements in satellite sensors over the years allowed us to achieve, with the launch of the PlanetScope microsatellite constellation, very high spatial resolution (~3 m) images, with a daily temporal cadence.



In this work, we present a new method to identify the fallout deposits related to individual eruptive episodes in near real-time, exploiting the low cost and high spatial resolution PlanetScope imagery. Near-real-time tephra mapping is of primary importance since it could help field volcanologists in faster sampling and provide a synoptic view of the areas affected by volcanic deposits where sampling is not possible. The programming codes were developed on the Google Earth Engine computing platform (GEE) considering the variations in measured reflectance with and without fallout in urban paved areas. To test the method, we chose Mt. Etna volcano as a case study.



During 2021–2023, Mt. Etna produced more than 60 lava fountains characterized by persistent tephra fallout, which often affected the same portion of the volcano, sometimes two or three times within a day. The extremely high frequency of these explosive events made field surveys difficult, since sampling soon after each eruptive event is fundamental. Moreover, at Etna, field surveys are carried out in certain areas based on simulations, which can differ from the real tephra deposit if the eruption has different eruption source parameters. As an example, the column height may change during the course of an eruptive event, depending on the eruption style, and this reflects on the area affected by the tephra fallout. Indeed, models that consider a constant column height for an entire eruptive event will provide greater impacted areas than those that include decreasing column heights [34].




2. Materials and Methods


The techniques currently used to identify fallout deposits can prove extremely time-consuming and are unsuitable for the study of individual eruptive episodes with near-real-time results. Technological advancements and the increasing availability of high-resolution satellite imagery have recently offered new possibilities for mapping volcanic deposits related to an individual eruptive event. PlanetScope satellite imagery (PS), operated by Planet Labs Inc., is acquired from a constellation of over 180 microsatellites (‘CubeSat’ or ‘Doves’), roughly 10 × 10 × 30 cm in size (i.e., three-unit or 3U CubeSats), orbiting at an altitude of ~400 km. The constellation consists of multiple launches of groups (‘flocks’) of single satellites from 2014 to 2022, allowing on-orbit capability to improve steadily, with technology improvements being implemented at a rapid pace. The first available image dates to July 2014, acquired by the first generation of PlanetScope satellites (known as ‘Dove Classic’ or ‘PS 2’). The second generation of PlanetScope satellites (‘Dove-R’ or ‘PS2.SD’) has been in operation since November 2018, having sensor characteristics which allow excellent spectral resolution. The third and latest generation of PlanetScope satellites (known as ‘SuperDove’ or ‘PSB.SD’) is currently in orbit, providing a limited number of images with 8 separate spectral bands since 2022.



Figure 1 shows the three generations of PlanetScope imagery with related spectral bands and wavelengths, including the spectral response curves.



The main feature of PlanetScope imagery lies in its high spatial resolution (~3 m) and daily image capture rate for each point on the Earth’s surface. These characteristics, together with the policy of free access to data for study or research purposes, make PlanetScope imagery ideal for monitoring volcanic activity, as well as for studying other dynamic geophysical phenomena [36]. Several PlanetScope data products with different processing levels are available; in this work we used the orthorectified ‘Analytic Surface Reflectance’ data products with four spectral bands (RGB NIR). In addition to orthorectification, radiometric corrections are applied to correct for any sensor artifacts and transform the data to scaled at-sensor radiance.



The methodology introduced to process PlanetScope imagery is illustrated in the flowchart of Figure 2.



Firstly, PlanetScope satellite imagery in the ‘Analytic Surface Reflectance’ format was downloaded as GeoTiff and imported on the cloud-based geospatial analytic Google Earth Engine (GEE) platform, selecting those images without volcanic plume (which in general cover a large area) and with a low percentage of weather clouds (less than 25%), since clouds could alter or mask, together with other factors (e.g., snow, solar zenith angle, satellite zenith angle), the reflectance value of the ground. Among those images, we performed our computations considering only selected geometries not affected by any clouds. GEE allows users to import their own imagery and manage and process enormous volumes of data, making its use ideal for this study. Geometries, thus provided as input (Figure 2), were chosen, possibly with a progressively greater distance from the source area and localized in different points of the volcano flanks in order to analyze a larger area. We picked out quite large, paved zones, without vegetation, to distinguish the volcanic deposit. Moreover, we chose similar areas, both in terms of surface composition and texture, to have an effective comparison in terms of emissivity. For each image, we also took into account the satellite zenith angle and the solar zenith angle, available from the image properties. The objective of the proposed method was to find any variations between the pre- and post-eruptive reflectance values in the selected geometries, exploiting the different ways that different materials exhibit (in this case tephra and cement) to reflect light.



We expected to find higher variations in the average value of the NIR band after the occurrence of explosive events characterized by intense tephra fallout since this band is particularly sensitive to materials and their texture [37].



In order to magnify the temporal variations potentially observed in the NIR band, we introduced a new index, which we called the Tephra Fallout Index (TFI) to be computed for selected paved areas. This index is the result of the average as a percentage between the NIR band mean value of the date before and after the eruptive event considering those days not affected by any fallout, defined as follows:


  T F I =   |     R   N I R e   − (   R   N I R p d   +   R   N I R f d   ) / 2   |   (   R   N I R p d   +   R   N I R f d   ) / 2     × 100  



(1)




where, once a geometry is defined,     R   N I R e     is the mean reflectance value in the NIR band of the date considered, i.e., the day of eruption;     R   N I R p d     is the mean reflectance value in the NIR band of the date prior to the eruptive event; and     R   N I R f d     is the mean reflectance value in the NIR band for the first acquisition in the days following the eruption. All these physical quantities are computed in the selected geometry. Eventually, the methodology aims to identify a threshold (Th) for the TFI in order to spatially define those areas affected by the presence of tephra fallout. The threshold value is a dynamic limit, which we defined by observing the minimum value in each investigated area, and so it can differ between one eruptive event and another. It is, therefore, necessary to analyze the values of the same day or the day following the eruption, depending on the time of passage of the satellite and based on the quality of the image, which must be free from snow and clouds in the examined area. It is worth noting that days too distant from the eruption need to be taken with caution since the volcanic material could have been cleaned up or carried away by the action of the winds. To obtain a spatially coherent threshold value for the TFI, it is essential to consider the same pre-eruption date and post-eruption date in the whole area investigated. Moreover, the TFI value is affected by the absolute radiometric uncertainty of the PlanetScope sensor, which should be quantified on a case-by-case basis.




3. Case Study: Mt. Etna 2021–2022 Paroxysmal Eruptions


Mount Etna has a persistent activity characterized by degassing and explosive phenomena at its four summit craters, Voragine (VOR), Bocca Nuova (BN), North-East Crater (NEC) and South-East Crater (SEC), as well as by frequent flank eruptions [38,39,40]. Since 1989, the volcanic activity has mostly taken place at SEC, which has produced several eruptions involving multiple eruptive episodes, defined as ‘episodic’ eruptions [41,42], characterized by long-lived episodic activity (e.g., [43]). Each episode lasts a few hours and is characterized by explosive activity ranging from powerful Strombolian activity to lava fountaining [44]. Usually, violent Strombolian activity produces both weak plumes that last from hours to months and eruptive columns up to 15 km a.s.l., along with associated tephra falls extending several tens of kilometers from the vent [45,46], often accompanied by short-lasting lava overflows from the crater rim [45]. Several paroxysms have occurred at the summit craters over the last decades. Between 2011 and 2013, more than 50 eruptions of this type were recorded from the SEC [47]. In 2015, the paroxysmal episodes at the Voragine crater generated an eruptive column up to 15 km a.s.l., defined as a sub-Plinian eruption. In this type of eruption, the contribution in terms of tephra can be very significant, producing considerable volumes [48,49,50]. In 2019, several Strombolian and effusive eruptions affected the South-East Crater, which then renewed activity in the spring of 2020, with Strombolian activity leading to four major episodes in December of the same year.



For this study, we consider the eruptions that occurred in 2021, when the SEC was affected by several paroxysmal episodes [47,51], often more times within a day. We also benefited from numerous ground-based data useful to validate our satellite-based results. Between February and April 2021, 17 paroxysms occurred, the last one being the longest of the entire series (540 min). During these episodes, the eruptive column reached up to 11 km a.s.l., leading to the dispersion of ashes and lapilli up to hundreds of km from the point of emission, as well as to the fall of bombs coarser than 15 cm at more than 7 km away and lava flows that affected the Valle del Bove and the southern flank of the volcano [52]. After a break of about one month, the paroxysmal activity resumed on the night between 18 and 19 May and continued until the end of 2021, with interspersed episodes of inactivity, concluding in February 2022 with two very violent explosive events on 10 and 21 February.



We analyzed about one hundred PlanetScope images from February to October 2021 (available in the Supplementary Material), considering the villages located on the north-east, east, south-east, and south flanks of the volcano (Figure 3), which were the most affected by tephra fallout in 2021. Areas adjacent to the summit craters of Etna and more distal areas were chosen to have an overall view of the distribution of the tephra deposit.



We selected those images that were not influenced by the volcanic plume passage and had a low percentage of clouds, since clouds could alter or mask the reflectance value of the ground. We imported the images in the GEE platform. In the case of cloudy images, we only considered locations where the area of interest had no clouds. The same reasoning was applied to the areas covered by snow, focusing mainly on the areas located on the north-east flank of the volcano due to their altitude, which could alter the reflectance value too. The chosen PlanetScope images were uploaded to Google Drive and imported individually in the “Assets” section of Google Earth Engine, to which the platform is connected. Since the analyzed area includes about 400 km2, multiple PlanetScope images were often processed for a single date. Thus, we defined a geometry for each paved area of interest in a specific village and calculated the mean reflectance value in the NIR band and the Tephra Fallout Index.



As we can see from Figure 4, showing pictures of Piazza del Duomo (Giarre), as an example of a paved area we analyzed, before and after the eruptive event of 7 March 2021, the reflectance of the square changes with respect to both the color and the texture of the fallout. The two pictures shown in Figure 4 are exemplificative of this study, since the square changes its appearance and its reflectance significantly when entirely covered by the tephra. Moreover, we chose specific areas based on the INGV-OE bulletins (www.ct.ingv.it; accessed on 22 November 2023), which also report field data for some villages. Other examples of selected areas are the parking in front of Rifugio Citelli, Rifugio Sapienza, and Monte Conca or the one in front of the Hotel Belvedere (Zafferana Etnea).




4. Results


We found a general decrease in the reflectance values and high values of the TFI in correspondence with the eruptive episodes. Taking the paved area in Nicolosi as an example, after the eruptive episode of 20 June 2021, there is a variation in the TFI from ~0.05 (5%) (considering the day before and after the eruption) to 0.13 (13%) (in correspondence with the eruption) (Figure 5).



Figure 5 shows the TFI normalized between 0 and 1 for Nicolosi, Giarre, and Sapienza. We observed higher values in correspondence with the days of eruption or the following day (Figure 5), expecting a higher surface coverage density here as well.



In the Nicolosi TFI time series it can be observed how all the days affected by the eruptive activity (in red) exhibit normalized TFI values above ~0.3, while the others are below this value. Some exceptions to this rule are due to high solar zenith angles, the lack of cloud-free satellite data on the immediately preceding or succeding day with respect to the eruption, or proximity to the eruption date. Indeed, days too distant from the eruption need to be considered with caution, since the volcanic material could have been cleaned up or carried away by the action of the winds. As an example, on 28 March and 8 April, two high values of TFI occur in correspondence with high values of solar zenith angle (about 40 degrees), higher than the same values found in the other images (30 degrees).



As for the Giarre TFI time series, we observed that the days affected by the eruptive activity are above ~0.5, while the others are below this value. In addition, in this case, on 1 April, we found a high value of TFI in correspondence with a high solar zenith angle (about 40 degrees).



In the Rifugio Sapienza TFI time series we observed how all the days affected by the eruptive activity (in red) are above ~0.6, while the others are below this value. Again, on 28 March and 9 April, two high TFI values are characterized by a solar zenith angle of approximately 40 degrees. Moreover, from Figure 5, we can see that the eruption that occurred on 17 June also impacted the following date (18 June), characterized by a slightly lower value in comparison, which could represent the presence of volcanic tephra deposit not yet cleaned.



To estimate the accuracy of the TFI calculation, we verified the absolute radiometric uncertainty in the ASR images acquired on Mt. Etna during 2021. From the technical note on the quality assessment for PlanetScope (DOVE) provided by ESA (https://earth.esa.int/eogateway/search?text=planetscop; accessed on 22 November 2023), we found that the biggest uncertainty for the NIR band in the two-stripe ‘Dove Classic’ (δ) is of 6.5%, which leads to 2 × δ ≈ 13% of uncertainty in the TFI values.



After temporal coherence on each area analyzed was verified, we verified spatial coherence too, creating normalized TFI maps for each eruption and reporting all the analyzed areas. For a more targeted analysis, various data were cross-referenced to have a visual comparison. The data were obtained from the INGV-OE bulletins (www.ct.ingv.it; accessed on 22 November 2023) and from the SEVIRI satellite sensor available on the Eumetview platform (https://view.eumetsat.int/; accessed on 22 November 2023), which allows the visualization of the dispersion of volcanic clouds from 2020 to the present, providing updates every 15 min through the volcanic ash RGB product, where the ash is represented in red color. From the Eumetview platform, the main direction of the volcanic plume can be observed, and the areas that could have been involved are immediately noticed. The best view of the plume from the satellite was selected, considering the time of the eruption, as well as any changes in its direction. By cross-referencing the information from PlanetScope imagery with that from SEVIRI, we were able to extrapolate a threshold to distinguish the presence of volcanic tephra in a certain area, rather than in another for the same eruptive event.



Three lava fountains that occurred at Mt Etna are detailed below, reporting for each eruption the TFI value calculated on each paved area (reported in brackets). For each geometry, we made a punctual calculation of the index and compared the result with the other areas where the same pre- and post- eruptive dates are available. Indeed, the TFI value is not reported on the map for the villages covered by clouds or snow or cut off in one or both satellite PS image.



On the map inset, the corresponding RGB product retrieved from Eumetview and used to draw the volcanic plume profile is shown. The delimitation of the plume profile helps to immediately visualize the areas potentially involved, considering that there may not be a direct match between the volcanic cloud and the volcanic deposit on the ground.



4.1. 2 March 2021 Paroxysmal Eruption


During an eruptive event, even if short-lived, conditions may vary in terms of wind direction and speed, and this will inevitably affect the ash fallout. Figure 6 reports the TFI results for the eruption that occurred on 2 March 2021. On this date, at 10:45 UTC, weak Strombolian activity started at the SEC. This activity increased from 11:34 UTC with a consequent emission of tephra, and at 12:24 UTC, the Strombolian activity suddenly changed to a lava fountain, producing an eruptive column that reached a height of approximately 9000 m from the top of the volcano [23,53] and ended at 14:50 UTC. The volcanic cloud dispersed on the southern slope of the volcano causing ash and lapilli fallout in the villages of Nicolosi, Aci Sant’Antonio, Pedara, and finally in Catania. The lava fountain activity at the SEC ceased in the afternoon. The total volume of the erupted material on 2 March is equal to 1.03 × 106 m3 [47]. The density map reporting the normalized TFI values related to the eruption is compared with the corresponding ash RGB products calculated from SEVIRI and available on Eumetview (Figure 6). In this example, two different frames are reported to highlight the change in the direction of the plume, thus increasing the area involved by the plume passage (dashed black line). To study this eruption, the image of 3 March 2021 was taken into consideration for the TFI calculation, as the eruption occurred in the afternoon.



Reporting the data related to the eruption on 2 March 2021 (Figure 6), we found higher normalized TFI values (shown in red on the map) in the geometries located at the middle of the volcanic plume profile, with still appreciable values in the south. From the observation of the ash RGB products it is possible to notice that the ash (in red-orange) changes direction from 14:30 UTC to 15:00 UTC, involving these two areas and confirming the success of our method. Here, the visual comparison with data from SEVIRI is particularly important to verify the quality of our results, allowing us to better constrain the areas affected by the tephra fallout, since the plume does not follow a clear direction. In this example, it is not possible to define a threshold to distinguish the areas affected by the tephra fallout because of missing data in the northern part of Etna, which is not involved in the ash fallout.




4.2. 22 May 2021 Paroxysmal Eruption


A resumption of Strombolian activity was registered at the SEC on 19 May, after more than a month of inactivity. On 22 May 2021 at 08:14 UTC, sporadic intra-crater explosions were observed and, after about an hour, the explosive activity increased, with weak ash emissions, dispersing rapidly. The activity increased again in the early evening hours, accompanied by abundant emission of tephra. After having recorded a further increase in Strombolian activity, it evolved to a lava fountain at 20:27 UTC [47], and the emitted products dispersed in the ENE direction. This eruptive phase ended at 22:08 UTC with the formation of two lava overflows, fed by the crater, one dispersing in the SW direction and the other in the E direction. A few hours after the end of the lava fountain, starting from 01:51 UTC, a new resumption of explosive activity was observed at the SEC, with abundant emission of ash, which dispersed in the E direction. This phase continued until approximately 02:03 UTC, then moved on to discontinuous explosions with weak emissions of ash, which quickly dispersed. The total volume of material emitted by this eruption, with a maximum height of the eruptive column of approximately 8 km, is equal to 0.87 × 106 m3 [47].



The density map reporting the normalized TFI values related to the eruption that occurred on 22 May 2021 is reported in Figure 7, along with the corresponding ash RGB product calculated from the SEVIRI sensor on the same date by Eumetview. To study this eruption, the image of 23 May 2021 was taken into consideration, as the eruption occurred overnight.



From Figure 7, it can be observed that the villages affected by the passage of the ash cloud have a higher normalized TFI value than the other areas, ranging from 0.29 (Fornazzo) to 0.89 (Citelli), whereas the other paved areas show values from 0.19 (Milo) to 0 (Fleri). In the north-east area, we therefore find the highest values, confirming the direction of the dispersion of the products emitted, as reported in the bulletin on the INGV-OE website related to that day. Among the localities affected by the passage of the volcanic cloud, Fornazzo is the one which presents a lower percentage, constituting the threshold limit value for this eruption among the areas on which the calculation could be performed.




4.3. 1 July 2021 Paroxysmal Eruptions


During the week of the 1 July, three episodes of lava fountaining occurred at the SEC, with the formation of eruptive columns, which reached heights varying from a minimum of 5 km to a maximum of 10 km a.s.l. (8 km in the case of the 1 July). The activity started as Strombolian at 22:40 UTC to evolve to lava fountain activity at 22:50 UTC, finishing at 00:27 UTC [47]. All lava fountains were accompanied by lava overflows southwestward. The tephra fallout on this date affected the eastern/south-eastern sector of the volcano. The total volume of material emitted by the eruption is equal to 0.91 × 106 m3 [47]. To study this eruption, the image of 2 July 2021 was taken into consideration for the calculation, as the eruption occurred overnight (Figure 8).



Figure 8 reports the density TFI map after the eruption occurred on the 1 July 2021, with the corresponding ash RGB product calculated from a satellite image of Etna dated 1 July 2021 by Eumetview. From Figure 8, it is possible to observe that the villages affected by the passage of the ash cloud have a higher normalized TFI value compared to the other areas, with values up to 1. On the other hand, the areas which do not seem to have been affected by the tephra fallout show lower values, with a minimum value of 0. We also found a quite high value in the Ragabo area, which is probably due to the accumulation of tephra coming from different episodes, since this area is not usually cleaned. In the example above, we can define a threshold based on the lowest value present within the delimited area affected by the passage of the volcanic plume. It can be represented by the value of 0.27, corresponding to Fleri.





5. Discussion and Conclusions


Satellite remote sensing techniques constitute a valuable tool for volcano monitoring, and their use, aimed at analyzing the tephra deposits, is fundamental for achieving a more rapid response during a volcanic crisis. This is particularly important, considering the fact that field surveys can be impractical in certain contexts, representing a source of risk for operators.



In this work we identify, for the first time, the volcanic deposit related to individual eruptive events in near real-time by processing PlanetScope satellite imagery, which offers high spatial resolution and a daily revisit time for each point on the Earth’s surface.



Since tephra deposits alter the spectral signature of the reflectance detected by satellite, for eruptions having sufficient data in terms of image quality, PlanetScope imagery allows for the evaluation of the areas in which the tephra fallout took place. Hence, the introduction of a new index, which we call the Tephra Fallout Index (TFI), maps the areas involved by the tephra fallout and quantifies the related surface coverage density.



We applied our technique to Mt. Etna (Italy), which, during 2021, was affected by recurring eruptive events. Whenever possible, we compared our results with field data available on the bulletins on the INGV-OE website and found an optimal agreement. Some areas were specifically chosen for their presence on the bulletins to have easier feedback on the areas where the tephra fallout occurred. Higher TFI values were observed in temporal correspondence with the same day or the following day of the eruption (depending on the time of satellite’s passage with respect to the eruption time) and in spatial correspondence with the area below the volcanic plume observed by the SEVIRI sensor. The normalized TFI maps provide a surprising spatial coherence that is in agreement with the satellite observations of the volcanic plume. Moreover, after comparing the TFI values with field measurements, we could observe that they provide interesting information about the surface coverage density of the fallout deposit.



We also identified a threshold to distinguish areas affected by tephra deposits. The threshold value is a dynamic limit, given by the observation of the minimum value in each investigated area, and thus, it differs between one eruptive event and another. Moreover, the TFI is affected by a certain percentage of uncertainty (in our case 13%), due to the absolute radiometric uncertainty on the NIR band.



It is worth considering that while some eruptions produce volcanic deposits visible only after a few days, due to the accumulation of multiple deposits, for others, the tephra deposit may not have been cleaned up and remains observable for a while. Thus, the fact of not knowing whether an area was cleaned or not after an eruption constitutes a limit for this analysis. This problem is greater in cases where it is not possible to study the eruption immediately after its occurrence due to the timing of the satellite passage compared to the eruption itself or in case where no dates are available for calculation (if several eruptive events occurred in the previous or following days).



Since the introduced method is based on satellite optical data analysis, it is affected by cloud covering, which can alter, together with other factors, such as the snow, the solar zenith angle, and the satellite zenith angle, the reflectance values measured at the satellite sensors. For this reason, we discarded the areas affected by cloud or snow cover, with a consequent lack of data in some areas, and we identified as anomalous the data with high satellite or solar zenith angle. Anyway, the fast growth of satellites in orbit and their integration with other satellite data, such as synthetic aperture radar (SAR) satellite instruments, could solve this problem since they are not adversely impacted by cloud, rain (partially) or ash cover, or time of day [54]. Our methodology could indeed integrate multispectral imagery with data coming from high spatial resolution X-band SAR imagery, using sources such as the ICEYE constellation with 27 active satellites or Capella Space with 9 active satellites.



Furthermore, a future aspiration is to obtain a shorter revisit time in the passage of satellites and, therefore, a greater number of data available. In this regard, several studies have highlighted a positive trend in the last ten years regarding the launch of satellite sensors and their use for volcano monitoring [55]. As for PlanetScope microsatellites, their number and quality have been increasing at a rapid pace. This growth, starting from 2022 with the advent of the third generation of PlanetScope satellites, has led to the acquisition of multispectral images with eight separate spectral bands which could prove to be the key for future studies.



Future improvements will include punctual ground-based validation, including the use of disdrometers (e.g., [56,57,58]) to investigate the relationship between the thickness of the deposit and the TFI values. Indeed, TFI supplies information about the ash coverage density, expecting higher TFI values in the areas covered mostly by tephra, and lower values where the coverage is rarefied, but not with regards to the deposit thickness.



Considering the limitations described above, this work could have important implications not only for the identification and the quantification of short-term volcanic hazard assessments in near real-time during a volcanic eruption but also for the mapping of other hazardous events worldwide.
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Figure 1. Spectral responses for PlanetScope: (a) Dove Classic ‘PS2’, (b) Dove-R ‘PS2.SD’, and (c) SuperDove ‘PSB.SD’ sensors (from [35]). 
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Figure 2. Flowchart with the main steps of the methodology: PlanetScope PS imagery (in ASR—analytic surface reflectance format) and selected geometries represent the data input; blue rectangles report the main processing steps (where GEE stands for Google Earth Engine and TFI includes the Tephra Fallout Index computation), while orange parallelograms are the possible outputs to highlight areas impacted by tephra fallout depending on the TFI values with respect to the selected threshold, Th. 
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Figure 3. Google map of Mt. Etna, where the localization of the analyzed areas and villages located on the north-east, east, south-east, and south flanks of Mount Etna is reported. In the bottom left inset, the map of Sicily with the Etna volcano framed in red is reported, and in the top inset, there is a zoom on the Summit Craters. 
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Figure 4. Piazza del Duomo (Giarre) before (a) and after (b) the paroxysmal event on 7 March 2021 (courtesy of T. Caggegi). On the left inset the satellite view of Mt. Etna is depicted, with Giarre highlighted in yellow. 
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Figure 5. Normalized TFI values related to a square in Nicolosi (900 m2 surface area, blue dotted line), Piazza del Duomo, Giarre (2600 m2 surface area, green dotted line), and the parking area next to Rifugio Sapienza (14,250 m2 surface area, purple dotted line). The days affected by eruptive episodes are highlighted with red dots: (i) Nicolosi: 28/02/2021, 3/03/2021, 24/03/2021, 2/04/2021, 17/06/2021, 20/06/2021; (ii) Giarre: 15/03/2021, 23/06/2021, 2/07/2021, 1/08/2021; (iii) Sapienza: 3/03/2021, 2/04/2021, 14/06/2021, 17/06/2021, 5/07/2021. 
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Figure 6. Density TFI map related to the 2 March 2021 eruption, integrated in a GIS. The profile of the volcanic plume is shown (dashed black line), and all the selected geometries are reported in yellow, with the name of the corresponding village and the respective normalized TFI value in brackets. On the left insets are reported the ash RGB products calculated on the same date at 14:30 UTC and at 15:00 UTC. 
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Figure 7. Density TFI map related to 22 May 2021 eruption integrated in a GIS. The profile of the volcanic plume is shown (dashed black line), and all the selected geometries are reported in yellow, with the name of the corresponding village and the respective normalized TFI value in brackets. On the left inset, the ash RGB product calculated at 21:45 UTC on the same date is reported. 
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Figure 8. Density TFI map related to the 1 July 2021 eruption, integrated in a GIS. The profile of the volcanic plume is shown (dashed black line) and all the selected geometries are reported in yellow, with the name of the corresponding village and the respective normalized TFI value in brackets. On the left insets, the ash RGB product calculated at 23:45 UTC on the same date is reported. 
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