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Abstract

:

An updated climatology of EF1+ (Enhanced Fujita category 1 or stronger) tornadoes in Italy (445 events in the period of 1990–2021) confirms that the central Tyrrhenian (CT) and the southeastern (SE) regions of the Italian peninsula represent two of the areas most affected by tornadoes in the Mediterranean. We performed a comparative analysis between these two hotspots, examining the large-scale atmospheric features associated to the tornado occurrences, throughout the analysis of radiosounding observations and reanalysis (ERA5) fields. The conditions in which the tornadoes develop are investigated using metrics regarding atmospheric instability and/or horizontal/vertical wind shear. Common synoptic characteristics are found for both regions, i.e., a prevalent occurrence of tornadoes on the eastern flank of approaching troughs, with moderate shear/CAPE mean values. A large number of events develop in a high-shear/low-CAPE (HSLC) environment, in the presence of positive sea surface and 850 hPa temperature anomalies. Conversely, the upper-level winds suggest different characteristics of the tornado-spawning cells in the two areas, i.e., multi-cells/linear systems for CT and isolated supercells for SE. The maximum values for some typical atmospheric fields/instability parameters in the areas around the tornado hotspots permit the obtention of thresholds that identify the most favorable environments for tornado formation in these Italian areas.
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1. Introduction


The growing attention by the scientific community and civil society on hazardous weather phenomena and environmental disasters has led to a significant increase in tornado research interest, not only confined to the USA as in the past, but also extended to other mid-latitude countries. European tornadoes have been analyzed in several works, either in terms of single case studies or through continental or regional climatological analysis, that were able to demonstrate the high frequency and damage potential of tornadoes in many European countries [1,2,3,4,5,6].



The analysis of the environmental conditions conducive to tornadoes has been based in the past on radiosounding profiles (e.g., [7,8,9]). However, to overcome the problem of sparse radiosonde locations or limited availability of data, climatological studies in some European regions have been based more and more on atmospheric reanalysis over the years [10,11,12]. In some cases, both soundings and reanalysis data have been used together to investigate tornado events in Europe (e.g., [13]), mainly with the aim of comparing the associated environmental conditions. Although reanalysis fields (due to their limited horizontal resolution) cannot reproduce fine-scale atmospheric features, they can adequately represent synoptic/mesoscale patterns potentially associated with extreme weather events, as recently investigated by Pilguj et al. [14].



The Mediterranean basin is considered a hotspot for climate change (e.g., [15]) and, as a consequence, is becoming more exposed to extreme weather events. Therefore, some recent studies have focused on the possible change in the intensity of significant tornadoes because of global warming. Miglietta et al. [16] and Avolio and Miglietta [17] investigated two significant tornadoes occurred in two different parts of the Italian peninsula, the central Tyrrhenian coast (CT) and southeastern Italy (SE), which are among the areas most affected by tornadoes in the Mediterranean. Using numerical simulations, they explored the sensitivity of the tornado-spawning supercells to sea surface temperature (SST), finding a significant impact of the latter on the supercell intensity (a higher SST implies more intense supercells).



The aim of the present work is a comparative analysis between the two tornado hotspot regions CT and SE, examining the large-scale atmospheric features and the main instability parameters associated to the tornado occurrences. Compared to previous works on Italian tornadoes [18,19], the present study represents a step forward in the sense that: (i) it includes a larger number of years (32), thus a larger number of reports; (ii) the investigation is performed using not only gridded data (reanalysis), but also upper air observations. The use of two different datasets will also allow evaluating and comparing the main environmental fields and instability parameters. Finally, the paper reflects the interest in comparing the environmental conditions in two coastal regions that are going to suffer more from climate change issues related to the increase in SST.



The paper is organized as follows. The 32-year period of tornado reports and the observational and gridded data used to analyze them are described in Section 2. Section 3 presents the results in terms of climatological analysis, sounding/pseudo-sounding-derived parameters, and main synoptic/instability environments. Section 4 summarizes the main results of the work.




2. Data and Methods


2.1. Tornadoes in Italy


Until a few years ago, the scientific literature dealing with tornadoes in Italy was limited to a few climatological studies [20,21,22] and some qualitative papers describing events affecting mainly northeastern Italy (e.g., [23,24,25]). More recently, Miglietta and Matsangouras [18] developed an updated “climatology” of tornadoes and waterspouts based on 10 years of data, identifying the areas particularly affected by tornadoes in Italy: the Po Valley and the Venetian Plain in particular, the Central Italy Tyrrhenian coasts, southeastern Italy (the Apulia region in particular), and Sicily. In two subsequent works [19,26], the synoptic/mesoscale conditions favorable to Italian tornado occurrence were addressed using reanalysis data.



In order to better understand the mechanisms of development of tornado-spawning supercells affecting the Italian peninsula, some numerical studies were also performed. Using a combination of numerical simulations and high-resolution observations, Miglietta et al. [27] proposed a conceptual model for the development of intense supercells in northeastern Italy. The genesis and intensification of a supercell responsible for a significant tornado in the Italian Ionian regions were also investigated through numerical simulations [16,28]. Avolio and Miglietta [29] extended the work to three additional tornado-spawning supercells in the same southeastern regions that hit the same areas and were characterized by similar synoptic conditions. Avolio and Miglietta [17] focused on the most intense tornadoes affecting the central Italian regions through synoptic/mesoscale analysis of the main patterns emerging in about 20 years of reanalysis data and through the high-resolution simulation of a significant tornado. Furthermore, they extended the climatology of EF1+ (Enhanced Fujita scale [30], category 1 or higher) tornadoes over Italy to a longer period and confirmed the existence of some tornado hotspots (shown in Figure 1).




2.2. Tornado Reports


Tornado events were identified starting from the European Severe Weather Database (ESWD [31]), which collects and provides quality-controlled information on different kinds of severe convective storms over Europe. The database is widely used and successfully adopted in several research activities and publications.



In the present study, we first selected all the tornado reports (1848) that occurred in Italy from 1990 to 2021 (in the following, we will refer to the “32-year period” for the complete database). Then, the reliability of the reports was considered by retaining only reports with quality control level 1 (reports confirmed by reliable sources) or 2 (scientific case studies). In addition, we considered only:




	-

	
events classified with category 1 or higher on the Enhanced Fujita scale (EF1+);




	-

	
tornadoes over land (thus including waterspouts making landfall, but excluding waterspouts remaining over sea);




	-

	
reports with a time accuracy of 3 h (−1.5 h/+1.5 h) or less, and location accuracy smaller than 3 km.









We did not perform a separate detailed analysis of tornadoes and waterspouts making landfall (apart from the hodographs of the RAOB data), as we are mainly interested in the ground effects of the vortices, although their formation environments could be rather different.



After this selection, 445 events were identified over Italy; of these cases, 93 events occurred in the CT regions (Tuscany, Lazio, and Campania) and 48 in the SE regions (Calabria and Apulia).For CT (SE), 52% (71%) of the total tornadoes are reported over land; the remaining percentages refer to waterspouts making landfall.



These restrictive criteria, while they caused the conspicuous reduction of the initial database, permitted the analysis of all and only the highly plausible most intense events recorded in the two hotspots.




2.3. Upper Air Observations


Upper air Radiosonde Observations (RAOB) from the Global Telecommunications System (GTS) were used to study the atmospheric conditions closest to the time of tornado occurrences and to compute some instability parameters to be compared with those derived from ERA5 reanalysis. Sounding data were downloaded from the Department of Atmospheric Science, University of Wyoming archive. Only the profiles at 00:00 and 12:00 UTC were taken and, to make uniform the sounding format among the observations, only the 18 mandatory pressure levels from the surface up to 5 hPa (https://glossary.ametsoc.org/wiki/Mandatory_level, accessed on 10 December 2022) were considered.



As representative for the CT regions, the sounding station of Pratica di Mare (Lazio region; Figure 1) was chosen, while for the SE regions we have considered the soundings at Brindisi until March 2021 and Galatina airport (Apulia region; Figure 1) afterward, as the radiosounding station was moved.



The considered RAOB parameters are primarily the wind and the temperature fields at the prescribed 18 pressure levels. Apart from these fields, other parameters useful for severe weather studies have been extracted or calculated: the Convective Available Potential Energy of the most unstable parcel (MUCAPE), the Total Totals index (TT), the deep/mid-layer wind shear (DLS/MLS), and the 0–3/0–1 km storm relative helicity (SRH03/SRH01). Their definitions are provided in Table A1 (Appendix A).



In order to choose the representative soundings for the selected tornadoes, we followed a temporal proximity inflow method already used in other studies (e.g., [9,17,32,33]). This criterion consists of retaining the soundings within a 9 h window, starting 6 h before and ending 3 h after each event; the asymmetry of the time window with respect to the tornado occurrence takes into account the possible changes in the environmental conditions caused by the passage of the mesocyclone and the tornado itself; thus, the soundings at earlier times are considered more representative of the environment in which tornadoes develop.



For CT (SE), of 93 (48) cases, we retained 78 (44) of them; of these events, 9 (3) soundings were not available in the University of Wyoming archive, and 6 (7) refer to two or more nearby events. Therefore, 63 (34) proximity soundings were ultimately considered.




2.4. ERA5 ReAnalysis


The analysis carried out in this work is also based on the use of the global climate monitoring dataset ECMWF ReAnalysis (ERA5; [34,35]). Reanalyses are used with the dual purpose of studying the main large-scale atmospheric patterns and of characterizing the convective environment related to the tornado occurrences.



We will firstly compute the composite hodographs and some sounding-derived parameters at the sounding sites, with the aim of comparing them with the analogous hodographs/parameters derived from the RAOB observations. Then, we will compare the main synoptic patterns, also in terms of anomalies, between the two hotspot regions.



We considered the ERA5 fields, available on a regular latitude–longitude grid with 0.25° × 0.25° horizontal resolution, at 00:00 and 12:00 UTC for the 32-year period (1990–2021) over the domain delimited by: 20° W, 20° S, 50° E, 60° N. Both “pressure-levels” and “single-levels” fields are extracted: geopotential height at 500 hPa (HGT500); temperature at 850 hPa (T850); mean sea level pressure (MSLP); U and V wind components at 500, 700, 900 hPa and at 10 m height; MUCAPE; TT; and K-index (KI). Conversely, deep/mid/low layer wind shear (DLS/MLS/LLS) and SRH03/SRH01 were calculated from the wind fields (see Table A1 in Appendix A). For the punctual comparison between RAOB and ERA5 (Section 3.2), the shear was calculated using 1000 hPa as the lower level (the lowest available level for RAOB); for the discussion accounting for only the reanalysis (Section 3.3), we instead considered the wind at 10 m. The sea surface temperature (SST) is provided to ERA5 from two external sources, HadISST2 (Hadley Centre Sea Ice and Sea Surface Temperature v.2) and OSTIA (Operational Sea Surface Temperature and Ice Analysis) datasets, both from the Met Office, and is a combination of satellite and in situ data, available at daily temporal resolution (thus, diurnal variations are not represented).



For the punctual comparison with the RAOB data (Section 3.2), we exclude the times at which the soundings were not available. Thus, 63 (34) pseudo-proximity soundings will be computed for the CT (SE) regions. Conversely, for the analysis of the main large-scale patterns (Section 3.3), the full set of 72 (37) events will be considered.





3. Results and Discussion


3.1. Climatology of Intense Tornadoes from 1990 to 2021 in the CT and SE Regions


Figure 2 reports the event locations for both CT and SE hotspots: in the upper panels (a,b), the colors refer to the decades; on the bottom (c,d), the colors refer to the seasons.



Figure 2a,b permits the assessment of a significant increase in the number of events in the last 10 years, both for CT and SE (60% and 67% of the total tornadoes occur in the last decade, respectively). This can be mainly attributed to the greater availability of data, due to the increased possibility of reporting provided by smartphones and social network pages and websites. The same temporal distribution is observed for the most intense events (EF2+). Although the dataset is not homogeneous, we believe that including the information provided by these early cases makes the statistics more robust; thus, we decided to keep them in our analysis.



The increase in the number of reports in the last 10 years would allow us to speculate on a possible role of climate change, but for the reasons indicated above, a more in-depth analysis is needed to identify possible interconnections between tornado intensity/frequency and climate change effects. However, numerical simulations allowed assessing a significant role played by the SST (e.g., [17,29,36]) in the intensity and trajectories of tornado-spawning cells. The conclusion of these studies is that a warmer SST, as expected in the future climate, will favor the occurrence of stronger events.



The bottom panels of Figure 2c,d allow us to evaluate the seasonality of these events in the Mediterranean. Both for CT and SE, autumn (September, October, November) is the season most affected by tornadoes (47% and 56% of the total, respectively), followed by summer (June, July, August) (34% and 21%). During winter (December, January, February), the number of events in the SE regions is nearly the same as in the CT regions, thus the relative frequency in SE is much higher (19% against 10%).




3.2. Composite Hodographs and Sounding-Derived Parameters in the CT and SE Sounding Sites


The upper-level atmospheric characteristics at the sounding sites of Pratica di Mare (for CT) and Brindisi/Galatina (for SE) (Figure 1) are compared hereafter in terms of composite hodographs and sounding-derived parameters, considering both observations (RAOB) and reanalysis (ERA5). As previously stated, 63 proximity soundings are considered for CT and 34 for SE; the composite hodographs and the sounding-derived parameters are calculated averaging all data on the mandatory 18 standard pressure levels (see Section 2.2).



The composite hodographs are reported in Figure 3, while some sounding-derived parameters are shown in Table 1.



The composite hodographs show, in both regions, a very similar shape of the RAOB and ERA5 data, proving the ability of the latter to correctly reproduce the observed wind profiles. For CT, the linear shape indicates more favorable conditions for multicell systems [37], with some directional shear distinguishable only at the lower levels. The latter is mainly due to the contribution of the tornadoes originated inland (Figure A1a), while for those originated as waterspouts (Figure A1b) the low-level shear is mainly related to a strong change in wind speed and very weak directional shear in the lower 1 km (this behavior suggests the presence of a low-level jet and favorable conditions for isolated supercells in this subcategory). Above, the linear shape characterizes both sub-categories (Figure A1, top), although for tornadoes originated as waterspouts, the flow has a stronger westerly component. For SE, a more pronounced clockwise low-level curvature suggests, together with the intense deep layer shear, conditions more favorable for isolated supercell development [10,38,39]. The hodograph shape follows fairly well that of the inland tornadoes (Figure A1c), which represent the large majority of the cases.



The upper-level flow is also different for the two regions, i.e., west-southwesterlies in CT and southwesterlies in SE; this is consistent with a trough more elongated in the meridional direction in the SE events (cfr. with Figure 4). In both areas, the increase in wind speed with height is not associated with significant changes in direction (unidirectional shear).



The storm relative motion reported in Figure 3 is an estimate based on the hodograph structure and indicates that the system moves mainly eastward, with a slight northerly (southerly) component in CT (SE), thus to the right side of the mean environmental wind, a typical feature of right-moving supercells [40].



In a recent study about significant tornadoes, Coffer et al. [10] showed how European hodographs are on average much more linear than in the USA, particularly in the lower levels; in these conditions, the storms initially develop with weaker updrafts [41]. This is the case of the CT hodographs, which more closely resemble those of multicellular systems [38], rather than the case of the SE hodographs, which look closer to those of the typical tornadic supercells in the USA [10].



The differences we identified so far in the composite hodographs in the two regions are consistent with those emerging in previous case studies, i.e., a QLCS (Quasi-Linear Convective System) affecting CT [17] and multiple supercell occurrences in SE [29]. However, more in-depth analysis would be needed to exhaustively discriminate the characteristics of the tornadoes in the two regions (e.g., by analyzing Doppler radar maps and/or by performing dedicated high-resolution numerical simulations). The unavailability of a complete archive of radar data, mainly due to the high number of years/events here considered, does not allow us to draw definitive conclusions regarding the convective modes for each event.



The obtained DLS values suggest conditions moderately favorable for supercell development in both regions, with a non-negligible splitting storm potential. A stronger updraft force would favor more discrete cells in the SE region, compared to CT which appears mainly influenced by the presence of cold fronts/baroclinic zones, implying more linear storm modes.



In Table 1, we report the composite values for some sounding-derived and convective parameters defined above, calculated in the two sounding locations. In particular, we report the composite values of TT, MUCAPE, DLS, MSL, SRH03, and SRH01.



Overall, ERA5 and RAOB data are quite similar; the main differences are observed in CT and are associated with stronger instability and weaker storm relative helicity (both SRH01 and SRH03) in ERA5. Comparing the two regions, the environment appears more favorable to tornadogenesis in CT, due to higher MUCAPE (in ERA5) and stronger shear (both DLS and MLS). No conclusions can be drawn on storm relative helicity, since soundings indicate higher values in CT, while ERA5 shows the opposite. However, the SRH calculation, near the ground, was made using too few levels; also, we can speculate that the ERA5 underestimation can be a consequence of the smaller wind shear in the low levels.



In addition to Table 1, we also report in Appendix A (Figure A2) the box-and-whiskers plots for TT, MUCAPE, DLS, and SRH03/SRH01, both for CT and SE, in order to better evaluate the statistical distribution of the data. All the sounding-derived parameters show a good agreement between observations and reanalysis in terms of upper/lower extremes/quartiles and medians (except for the SRH03). However, for CT, the upper extremes of MUCAPE in ERA5 data are higher than in RAOB; for SE, the opposite is true.



In general, moderate values are observed both for MUCAPE and wind shear parameters. However, these results should be taken with caution; parameter values in Table 1 are composite that refer to single points, which may not be representative of the convective environment where tornado-spawning cells form, considering the strong spatial variability of some of these fields (e.g., Figure 13 in ref. [16]). Therefore, to cope with this issue, the environmental features are also analyzed on a wider domain rather than on single points, studying some ERA5 environmental conditions in the two tornado hotspots.




3.3. Large-Scale Meteorological and Convective Environments


Based on ERA5 reanalysis, the main large-scale atmospheric patterns are commented on hereafter, both in terms of anomalies (HGT500, MSLP, T850, SST; Figure 4) and average fields (10 m wind, MUCAPE, DLS, SRH03; Figure 5) for the reported tornadoes (72 events for CT and 37 for SE). For the anomaly calculation, the whole 32-year period was considered to compute the average fields in the ERA5 dataset, apart from the SST and temperature, which have a clear seasonal component. For these two fields, the averages and anomalies were calculated considering the same day on which the event occurred in each of 32 years; then, the anomalies were averaged over all days.
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Figure 4. Average anomalies of the ERA5 fields of: geopotential height at 500 hPa [m] (a,b), mean sea level pressure [hPa] (c,d), temperature at 850 hPa [K] (e,f), and sea surface temperature [K] (g,h). Left (right) panels refer to CT (SE) regions. 






Figure 4. Average anomalies of the ERA5 fields of: geopotential height at 500 hPa [m] (a,b), mean sea level pressure [hPa] (c,d), temperature at 850 hPa [K] (e,f), and sea surface temperature [K] (g,h). Left (right) panels refer to CT (SE) regions.
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Figure 4 and Figure 5 allow us to evaluate, in a comparative way, the roles of the main large-scale atmospheric fields and of some instability parameters during the identified tornadic events.



The main findings from Figure 4 can be summarized as follows:




	-

	
For both CT and SE, a deeper-than-average upper-level trough is observed over the western Mediterranean Sea (elongated further south and shifted southeast for the SE cases) (Figure 4a,b). The tornado-spawning cells occur on the southeastern/eastern side of the trough, driven by a southwesterly steering flow.




	-

	
The mean sea level pressure fields exhibit lower-than-average values for both regions (Figure 4c,d), centered about 400 km (northwest for CT and west for SE) from the center of the tornado hotspots. Maximum negative anomalies of about 8 hPa (6 hPa) were found for the CT (SE) cases.




	-

	
Positive low-level temperature anomalies are present in both CT and SE (up to 2 K for CT and 3 K for SE; Figure 4e,f) surrounding regions, while negative anomalies are evident west of the areas with lower-than-average MSLP. However, for the CT cases, the tornado locations are at the border between the cold and warm air (slightly on the colder side); conversely, in the SE regions, the tornadoes occur in the warm anomaly, as the cold front is still over the Tyrrhenian Sea.




	-

	
For both CT and SE, positive SST anomalies are found (Figure 4g,h) in the sea sectors near the areas affected by the tornadoes in the central Tyrrhenian and Ionian Sea, respectively. However, for CT cases, the anomalies are of a few tenths of K near the Tyrrhenian coast, while averaged values up to 0.8 K are visible in the SE cases (however, much higher peaks of positive anomalies were found in single events, as discussed in the next section). These results are consistent with previous works [19].









From Figure 5, the following conclusions can be drawn:




	-

	
For the CT regions (Figure 5a), colder air is advected toward the western Mediterranean Basin by higher-than-average (anomaly not shown) surface (mistral) winds (10 m wind speed locally greater than 9 m s−1). This is a typical configuration associated with Atlantic perturbations penetrating the Mediterranean basin through the Rhone Valley/Gulf of Lion. The CT regions, Lazio in particular, are affected by southwesterly surface currents, flowing on the southeastern side of the low-pressure area (Figure 4c). For the SE regions (Figure 5b), the mistral wind is still present in the western Mediterranean, while stronger-than-average (anomaly not shown) southerly surface winds (10 m wind speed locally greater than 6 m s−1) blow on average from North Africa to the Ionian Sea, transporting warm air over warm sea sectors (Figure 4f,h) that further increase the instability of the air mass.




	-

	
Moderate-to-high values of the composite MUCAPE are present in the sea sectors near the tornado areas, for both hotspots (maximum values of composite MUCAPE up to 850/1000 J kg−1 for CT/SE, respectively; Figure 5c,d). However, while the area of maximum instability reaches the Tyrrhenian coast in CT cases, it is located some hundreds of km further south from the position of the tornadoes in SE events, which explains the higher values of MUCAPE in the tornado locations in CT (ERA5 values in Table 1).




	-

	
Nearby the tornado hotspots, both average DLS and SRH03 exhibit moderate-to-high values. DLS (Figure 5e,f) is stronger on the southern side of the corresponding tornado hotspot areas, in the southern Mediterranean, close to the northern African coasts. For the CT regions, directly exposed to the prevailing westerly currents, the highest SRH values are near the coastlines adjacent to the tornado areas (Figure 5g), while, for the SE regions, the highest SRH values are in the Balkan regions that are affected by the intense southerly flow over the Ionian Sea.









3.3.1. Maximum-Values Approach


From the maps reported in the previous sections, the high spatial variability of some fields/parameters is noticeable; thus, also considering the limited temporal and spatial resolution of the reanalysis fields, it may be useful to estimate their values even at distance of several km from the areas affected by the tornadoes. In this section, we propose an approach based on the definition of specific 400 km × 400 km sub-boxes (close to the two hotspots, including the areas in which the tornadic cells developed), in which we will calculate the maximum areal values of different parameters, both in terms of mean fields and extremes.



The choice of the position and the extent of these boxes (hereafter, CT-box and SE-box; Figure A3) was based on Figure 4 and Figure 5, which revealed the sub-areas characterized by higher values of the mean fields and anomalies. Since the CT regions cover a large spatial extent, the CT-box position was defined taking into account that about 56% of the events occurred in the Lazio region.



This procedure provides the opportunity of identifying specific thresholds (in terms of maximum values) for different fields/parameters, also from the perspective of an operational use for forecasting purposes. Other works used a similar approach to characterize the environmental conditions: Chernokulsky et al. [42] computed the maximum values of several thermodynamic and kinematic parameters over the Ural Region; Grieser and Haines [3] proposed a tornado risk climatology over Europe, also based on the maximum daily values of CAPE and DLS in specific grid boxes of 0.5° × 0.5°; maximum values of tornado-related indices and convective parameters were also evaluated for several tornado cases in Italy [17,29].



The results of this analysis are summarized in Table 2. The maxima refer to: KI, TT, wind speed at 10 m (WSP10), MUCAPE, DLS, MLS, and LLS. Only for SST and T850, the daily anomalies are considered rather than the daily fields.



The values reported in Table 2 were calculated as follows: first, the daily field/anomaly was considered for each day/event (72 for CT and 37 for SE); then, the spatial maximum was calculated in the two defined boxes; finally, the maxima were averaged over the whole set of events. In addition to the average value, their extreme maximum value (corresponding to a single day/event) is also reported in the table. Thus, the values in Table 2 refers to maxima and not to averages, as in Section 3.3.



The maximum values of KI and TT are on average high in both boxes, with isolated peaks up to 40 K (KI) and 60 K (TT), indicating that conditions extremely favorable to convective development may occasionally occur. The maximum horizontal 10 m wind speed exhibits average maximum values greater than 11 m s−1 in both areas, with peaks of almost 20 m s−1. The CT-box shows, on average, a maximum value of MUCAPE slightly higher than the SE-box (both above 1700 J kg−1), although the highest values in the latter case are mainly observed in the southern part of the area covered by the SE-box (Figure 5); for both regions, in single events, MUCAPE may reach values greater than 5300 J kg−1. Maximum values of deep-, medium-, and low-level shear are very similar in the two boxes. The high values of shear are comparable with those found by Pilguj et al. [14] for 12 violent (EF4+) tornadoes in Europe, although they considered the mean values from the proximity soundings and not the mean of the areal maxima as we did.



The maximum SST anomaly is on average +1 K for both regions; isolated values of 3.1 K (CT) and 2.4 K (SE) were also found. However, the maximum values were observed quite far from the coastlines and may not be representative of the temperature of the sea surface on which the tornado-spawning cells developed. For T850, the daily maximum anomaly in the SE-box is on average about 1 K greater than in the CT-box (3 K vs. 2 K), in agreement with the results in [19]; very high isolated peaks can be observed in both regions (9 K for CT-box and 7 K for SE-box).



Overall, the mean values of the parameters in the two boxes are very similar, suggesting that some thresholds in the ERA5 data can be identified independently of the considered area. What differs between the two areas is the main synoptic configuration associated with these events (Figure 4) and the nature of the cells that generate tornadoes (Figure 3). For the SE regions, the high values of SST and the noticeable positive anomalies of T850 (Figure 4), combined with a favorable hodograph pattern, support the formation of single convective cells over the sea. A greater tendency to develop linear and multicellular systems in CT can be reasonably attributed to the greater frequency of conditions in which a contrast of different air masses occurs (i.e., cold front from NW and low-level warmer air from the south), a configuration generally associated with the development of linear convective systems (e.g., [43]).



To conclude this section, we analyze two scatter plots to investigate the simultaneous occurrence of couples of fields/parameters in the tornado cases. A similar analysis (not shown) concerning all the fields/parameters and all their possible combinations confirmed that no linear relationship is easily identifiable; however, the most interesting results concern the scatter plot for the maximum MUCAPE and DLS values (Figure 6a).



In both regions, intense tornadoes occur predominantly in HSLC (high-shear/low-CAPE) environments; furthermore, a certain number of cases fall near the diagonal of the graph, indicating situations in which CAPE and DLS exhibit similar characteristics (low/medium/high). Only a few cases show LSHC (low-shear/high-CAPE) characteristics.



HSLC environments are often responsible for severe weather events with strong synoptic-scale disturbances and are particularly frequent and well-documented in the USA [44,45]. A typical, although not strict, HSLC criterion (mainly related to the USA, where events are generally more extreme with respect to Europe) is based on MUCAPE ≤ 1000 J kg−1 and 0–6-km wind shear ≥ 18 m s−1 [45]; 33% (27%) of our CT (SE) cases fall into these criteria. The related tornadoes may be associated either to supercells or non-supercell systems; therefore, major forecast operational difficulties are assessed with respect to situations with high CAPE [46,47,48].



Figure 6b shows the scatter plot for the maximum daily anomaly values of T850 and SST. The figure clearly shows that positive SST and T850 anomalies characterize most of the tornadic events in both regions, and, for a few days, the daily anomalies are noteworthy. The positive anomalies of these thermodynamic fields in these two Mediterranean hotspots thus describe an environment particularly prone to tornado occurrences.






4. Summary and Conclusions


In this work we presented a comparative analysis of two Mediterranean tornado hotspots, namely the central Tyrrhenian (CT) and the southeastern (SE) regions of the Italian peninsula, considering long-term series (32 years, 1990–2021) of radiosonde observations and ERA5 reanalysis. We analyzed the main synoptic patterns, the atmospheric instability conditions, and the wind variability to assess the environmental conditions associated with these events.



The two regions share common features, characterized by a large horizontal geopotential and mean sea level pressure gradient over an area of enhanced instability. In both regions, tornadoes mainly occur in the warm sector, on the eastern flank of an approaching trough, and the events are accompanied by low-tropospheric southerlies (for CT) and south-southeasterlies (for SE). Considering the wind at different levels, tornadoes in SE regions exhibit more clockwise-curved hodographs, especially in the low levels, compared to those in CT, suggesting a stronger tendency to isolated supercell development for the former and favorable conditions for multicellular systems for the latter.



The analysis of the main instability parameters reveals that a large number of events develop, in both regions, in high-shear/low-CAPE (HSLC) environments; the events occurring in low-shear and high-CAPE situations are rare. The variability in CAPE is very large, ranging from 100 up to 5000 J kg−1; the average maximum values of the deep layer shear are greater than 21 m s−1, with isolated cases having maximum shear greater than 35 m s−1.



In almost all the selected events, positive anomalies in sea surface temperature and in 850 hPa temperature are found; several tornadoes are characterized by very large anomalies of these parameters, since a significant number of cases occurs in an environment with T850 (SST) anomaly greater than 6 K (2 K). Ongoing global warming suggests that these thermodynamic conditions will be exacerbated in the future, possibly affecting the intensity of Mediterranean tornado occurrences; a more in-depth analysis is however needed to assess the possible interconnections between tornado intensity/frequency and climate change effects.



The growing attention by the scientific community towards these issues, together with a greater civil society awareness for environmental disasters, emphasizes the need to develop integrated observational/modeling systems devoted to the study and the prediction of such extreme weather events in Italy and in the Mediterranean regions.
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Appendix A


In this Appendix are shown: the equations for some parameters considered in the manuscript (Table A1), the figure with the composite hodographs (RAOB data) for inland tornadoes and waterspouts making landfall (Figure A1), the box-and-whiskers plots supporting the comments in Section 3.2 (Figure A2), and the map showing the two sub-boxes considered in Section 3.3.1 (Figure A3).
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Table A1. Equations, units, and main references for some of the calculated parameters. v is the horizontal wind vector (the numbers, when no units appear, refer to the vertical pressure level); g is the gravitational acceleration; LFC is the level of free convection; EL is the equilibrium level; TLP is the lifting parcel temperature; TE is the environmental temperature; k is the upward unit vector; c is the storm motion vector; T is the temperature; Td is the dew point temperature.
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	Parameter Equation
	Long Name
	Units
	References





	DLS = |v500-v1000/10m|
	Deep Level Shear
	m s−1
	[49]



	MLS = |v700-v1000/10m|
	Mid Level Shear
	“ ”
	“ ”



	LLS = |v900-v10m| (*) ERA5 maps only
	Low Level Shear
	“ ”
	“ ”



	CAPE = g    ∫  L F C   E L        T   L P     z   −   T   E   ( z )     T   E   ( z )     d z  
	Convective Available Potential Energy
	J kg−1
	[50]



	SRH03/SRH01 = −    ∫  z = 0   z = 3 k m / 1 k m    k ∙     v − c   ×   ∂ v   ∂ z       d z  
	Storm Relative Helicity (0–3/0–1 km)
	m2 s−2
	[51]



	KI = (T850-T500) + Td850-(T700-Td700)
	K index
	K
	[52]



	TT = (T850-T500) + (Td850- T500)
	Total Totals index
	K
	[53]
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Figure A1. Composite hodographs at Pratica di Mare (top) and Brindisi/Galatina (bottom) from RAOB sounding. The blue points near the x−axes represent the storm relative motion (SRM). The events are divided into inland tornadoes ((a,c); 33 events in CT and 24 in SE) and waterspouts making landfall ((b,d); 30 events in CT and 10 in SE). 
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Figure A2. Box−and−whiskers plots for TT, MUCAPE, DLS, and SRH03/SRH01, both for CT and SE. 
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Figure A3. The two sub-boxes (namely CT-box and SE-box) in which the maximum values are computed. 
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Figure 1. The selected EF1+ tornadoes over Italy in the whole study period (1990–2021) and other locations cited in the manuscript. Figure reprinted/adapted with permission from Figure B1 of [17]. 2022, Elsevier. The ellipses indicate the main tornadic hotspots considered in the present study, i.e., CT (blue ellipse) and SE (red ellipse) regions. On the top right, the different colors refer to the seasons: DJF (December, January, February), MAM (March, April, May), JJA (June, July, August), SON (September, October, November). 
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Figure 2. Position of the 93 (CT regions; (a,c)) and 48 (SE regions; (b,d)) tornadoes during the 32-year period. On the top right, the different colors in (a,b) refer to the different last decades, while in (c,d) they refer to the seasons: DJF (December, January, February), MAM (March, April, May), JJA (June, July, August), SON (September, October, November). 
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Figure 3. Composite hodographs at Pratica di Mare (a,b) and Brindisi/Galatina (c,d) from RAOB sounding (b,d) and from ERA5 reanalysis (a,c). The blue points near the x-axes represent the storm relative motion (SRM) (RAOB data source: Department of Atmospheric Science, University of Wyoming). 
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Figure 5. Average ERA5 fields of: 10 m wind (vector and speed) [m s−1] (a,b), MUCAPE [J kg−1] (c,d), deep layer wind shear [m s−1] (e,f), and 0–3 km storm relative helicity [m2 s−2] (g,h). Left (right) panels refer to CT (SE) regions. 
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Figure 6. Scatter plots for the maximum daily values of: (a) MUCAPE [J kg−1] (x-axis) and DLS [m s−1] (y-axis) and (b) maximum daily anomaly values of T850 [K] (x-axis) and SST [K] (y-axis). Blue (red) dots refer to the CT−box (SE−box) maxima. The two ellipses on (a) help to individuate the HSLC/LSHC environments. 
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Table 1. Composite sounding-derived and convective parameters in the two sounding locations.
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TT [K]

	
MUCAPE [J kg−1]

	
DLS [m s−1]

	
MLS [m s−1]

	
SRH03 [m2 s−2]

	
SRH01 [m2 s−2]




	

	
ERA5

	
RAOB

	
ERA5

	
RAOB

	
ERA5

	
RAOB

	
ERA5

	
RAOB

	
ERA5

	
RAOB

	
ERA5

	
RAOB






	
CT

	
48

	
49

	
741

	
616

	
15

	
15

	
9

	
10

	
77

	
137

	
38

	
64




	
SE

	
49

	
48

	
585

	
645

	
11

	
12

	
8

	
8

	
80

	
101

	
57

	
55
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Table 2. Maximum values in the two sub-boxes. ”MEAN” indicates the averages of the maxima and “MAX” indicates the extreme values.
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SST

[K]

	
T850

[K]

	
KI

[K]

	
TT

[K]

	
WSP10

[m s−1]

	
MUCAPE

[J kg−1]

	
DLS

[m s−1]

	
MLS

[m s−1]

	
LLS

[m s−1]




	

	
CT

	
SE

	
CT

	
SE

	
CT

	
SE

	
CT

	
SE

	
CT

	
SE

	
CT

	
SE

	
CT

	
SE

	
CT

	
SE

	
CT

	
SE






	
MEAN

	
1.0

	
1.0

	
2.0

	
3.1

	
31

	
32

	
53

	
53

	
11.7

	
11.1

	
1824

	
1732

	
22

	
21

	
16

	
17

	
10

	
10




	
MAX

	
3.1

	
2.4

	
8.9

	
7.0

	
40

	
41

	
61

	
58

	
19.3

	
19.5

	
5386

	
5512

	
38

	
36

	
32

	
30

	
20

	
19
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