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Abstract

:

In this study, an investigation of a new thunderstorm intensity index (TSII) derived from lightning data is performed, along with its relationship to rain, wind, hail and waterspouts as well as instability indices (CAPE, LI, KI, and DLS). The study area is located in the northeastern Adriatic and includes various terrain types in a relatively small area (coastal, flatlands, hills and valleys, and mountain regions). The investigated period covers 11 years (2008–2018). The mathematical algorithm standing behind the TSII is based on the well-established methodology of lightning jump, allowing us to recognize areas where intensification in thunderstorms occurred. Our results suggest that these areas (with a positive TSII) experience significantly higher rain intensities and have higher total amounts of precipitation compared with areas where thunderstorms did not generate a TSII. Moreover, 76% of thunderstorm hail cases were associated with the presence of a TSII within a 15 km distance. The maximum reported wind speed also has higher values on a day with a TSII. Out of 27 waterspout events associated with lightning, 77% were related to a TSII. Due to the good spatial (3 km × 3 km) and high temporal (2 min) resolution of lightning data, the TSII can recognize even a local and short-lived intense system that is often misread by radars and satellites due to their inferior temporal resolution. The TSII is designed to be used as a climatological and diagnostic variable that could serve in lieu of more established data sources (e.g., station measurements and observations, radar imagery, etc.) if they are unavailable.
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1. Introduction


Thunderstorms can produce severe weather, such as heavy rain, large hail, wind gusts, tornadoes, and cloud-to-ground lightning, which can cause significant amounts of damage and can endanger human lives [1]. Usually, these thunderstorms have large spatial and temporal scales, such as mesoscale convective systems (MCSs) or supercells. However, even local systems such as Cb families or single-cell Cb can produce some of these severe weather elements. Considering some well-established criteria for severe weather identification, it can be seen that they are relatively strict [2,3], involving hail larger than 2 cm, wind gusts above 25 m/s and flash floods. In agricultural terms, a dense hail with diameters <10 mm in the blooming season or just before harvest can produce significant amounts of damage [4]. Additionally, it can indirectly endanger human life, causing traffic accidents. Heavy rain does not need to be large in total quantity to cause harm if the local intensity is high and it can thus temporarily flood the area [5,6]. Wind gusts pose elevated risks to structures, trees and any outdoor activities, and their reach is several tens of kilometers ahead of the storm [7,8]. Even a moderate gust can shake down various fruits during the harvest season or produce damage to trees and vines if the soil is soaked and soft from rain, and the roots are shallow, as reported by farmers and wine producers in the northeastern Adriatic region during our field measurements of hail. With this in mind, any thunderstorm system exhibiting intense precipitation, hail, wind gusts or producing a tornado should be considered potentially hazardous.



Tornadoes, in this study mostly observed over water (waterspouts), can pose a threat, especially if they move onshore. Winds connected to tornadoes usually exceed 29 m/s [9], and although most reported waterspouts in the Adriatic region are considered non-mesocyclonic, more than half of them are thunderstorm related [10]. Therefore, they are considered dangerous, especially for maritime and tourist activities, which are of significant importance for the region of interest. Active monitoring of these thunderstorm systems can be accomplished using remote sensors, such as radars, satellites and a lightning detection network. Nevertheless, it is difficult to obtain good radar coverage in most regions due to the limited range and various sampling frequencies of radars, as well as their overall cost [11]. Additionally, the frequency of satellite imaging is still relatively low to capture short-lived systems [12]; thus, lightning measurements are the only data source that has large spatial coverage and sufficiently high temporal resolution (1 s). Many convective storms are accompanied by lightning strikes, which are the main feature of storms over land [13]. The number of lightning strikes per storm generally depends on the concentrations of ice crystals and graupel and on the updraft intensity. When the updraft is sufficiently strong and a cloud contains both ice crystals and graupel, the non-inductive charging mechanism is triggered, and electrification (i.e., production of lightning strikes) will occur [14,15,16]. Depending on the strength of the updraft, lightning activity can increase or decrease, providing us with information on the development and intensity of a system.



There is a long history of thunderstorm studies using various data sources and methods. A comprehensive review of the methods is provided by Hayward et al. [17]. With respect to climatological studies, the most commonly used methods are thunderstorm frequency, thunderstorm tracking and flash density. Any of the above methods can provide information about spatial and temporal differences in lightning activity in a particular region, as well as providing spatial and temporal trends on various time scales. Thunderstorm frequency (per certain area and period) is a good measure for the overall impression of interannual, annual, seasonal and/or diurnal variabilities of thunderstorms over a particular region and is most commonly obtained from station observations. By using remote sensing detection of lightning (satellite, radar, and lightning detection networks), thunderstorm tracking and flash density can be obtained. Thunderstorm tracking can provide useful information on preferred thunderstorm movement over a specific region, providing data regarding the mesoscale or synoptic driver or time period, as well as information on the lifecycle, speed and intensity development of a particular thunderstorm. Flash density (per square kilometer and certain period) is in nature similar to thunderstorm frequency since the occurrence of lightning confirms the presence of thunderstorms. By using flash density, one can differentiate between different types of flashes (cloud to ground, cloud to cloud, or positive or negative flashes), providing more detailed inspection of thunderstorm behavior suited for different purposes, e.g., ground flash density as a measure of the risk to the asset. Additionally, by observing flash density at very short time scales (a few minutes), one can obtain detailed dynamic properties of thunderstorms and can attempt to associate them with severe ground effects. In the past decade, a new Lagrangian approach has been developed to connect lightning data with hail occurrence, severe winds, and tornadoes. The method is based on a mathematical model that detects sudden increases in flash density within a selected thunderstorm known as a lightning jump [18,19,20]. To date, the lightning jump method has been used in nowcasting as a precursor of severe weather, as the jump occurs several minutes to generally one hour prior to a severe event [19,20,21,22,23,24,25]. In nowcasting, the focus is on the detection of the first lightning jump; therefore, the forecaster would gain as much lead time as possible. Although the storm usually produces multiple jumps during the life cycle [17], later jumps do not offer as much of a lead time and are considered less relevant [24]. Although very powerful, the lightning jump method still does not provide information about the location of the severe effects. If we consider all the above methods, they also lack that skill. Thunderstorm footprints, which can be obtained from flash density, are spatially too large to adequately represent locations of severe effects, if any are present at all. If any threshold is applied to cut off areas with low flash density, there is a chance one will exclude a significant number of low lightning thunderstorms bearing severe effects. In other words, flash density is a measure of lightning activity relative to the storm rather than severe effects, and to obtain information about severe weather through lightning activity, a measure invariant to the total number of flashes is needed. The lightning jump method is invariant to the total number of flashes and depends only on the relative change in lightning dynamics, but location accuracy is exchanged in favor of gaining more lead time. Additionally, the lightning jump method involves some type of storm tracking using radar or lightning clustering to determine storm trajectory for nowcasting purposes [25] and/or to define storm clusters from within which the lightning data are obtained [20]. Exploiting the lightning jump method and converting it from a Lagrangian to Eulerian standpoint, we obtain a new angle for thunderstorm analysis and introduce a new thunderstorm intensity index (TSII). In our approach, radar information is excluded from the equation, and therefore, the method can be applied at the same scales as those of lightning networks. Furthermore, through the TSII, a spatial footprint of a thunderstorm can be obtained, suggesting the most intense area of the storm in terms of lightning dynamics regardless of thunderstorm size. In this way, we will finally be able to address both spatial and temporal relationships between lightning and severe effects.



Through this paper, we will focus on the spatial relationship between potentially severe effects and the TSII index, since this is the link that is currently missing. In addition, this study will continue previous research on lightning [26] and hail [27], revealing new knowledge about deep convective activity over the northeastern Adriatic region.



To achieve the aforementioned goals, we will first address all data sources used in this study in Section 2. In Section 3, the Results section, we will elaborate, in detail, the derivation of the TSII, and the methods used through verification. Also, we will verify the capabilities of TSII against all available data sources. Additionally, we will present a brief climatology of the TSII and related synoptic drivers. Finally, in Section 4, we will provide some conclusions and remarks.




2. Data and Methods


In this paper, we use four different data sources. The first and most important data source is total lighting measurements from the Lightning Detection Network in Europe (LINET), from which the TSII is calculated [28]. Afterwards, we compare them against the remaining data sources. The second data source comes from the Croatian Meteorological and Hydrological Service and addresses precipitation and wind measurements and hail observations. The third data source comes from public reporting of waterspouts, while the fourth is the ECMWF reanalysis ERA5 with a horizontal resolution of 0.25° [29]. In the following subsections, we will address each of the data sets in more detail. All above data sources are available for the northeastern Adriatic region presented in Figure 1. The choice of the domain was motivated by previous studies that showed high lightning activity [26], increased presence of overshooting tops [30], and high frequencies of hail as well as highly complex terrain [27].



2.1. Lightning Data


For the purpose of this study, we used LINET lightning data from January 2008 to December 2018. The LINET system is based on approximately 130 sensors that have been installed in many European countries (e.g., [28]). This system uses a very low and low frequency range (VNF/NF) and detects the density of the magnetic flow during atmospheric discharge by means of two mutually perpendicularly placed annular antennas [31,32,33]. All LINET system sensors are of the same type, which ensures the homogeneity of the collected data and eliminates the occurrence of an error that would occur due to the use of different parameters, measurement principles and the method applied if different types of sensors would be used. To determine the accuracy of the lightning location, the TOA (“Time of Arrival”) method is employed, which requires installation of a larger number of sensors.



Along the Croatian territory, the network consists of six sensors [26], that are accompanied by a number of sensors in neighboring countries. The location of sensors that are up to 250 km away gives a detection efficiency greater than 90% over Croatia [31]. The LINET reports provide lightning strike locations of larger and smaller amplitudes. Larger amplitude currents usually originate from cloud-to-ground discharges, while smaller amplitudes are due to discharges between clouds or within clouds. In the LINET system, the effective time accuracy of a strike over Croatia is ~0.2 ms. In the period from 2009 to 2018, the median values of detected current amplitude values had doubly decreased [32,33], showing significant improvement in the sensitivity detection toward smaller stroke current amplitudes. Strokes with small amplitudes occur very often, and consequently, the increased sensitivity of the detection amplitudes enhanced the total number of detected lightning strokes since 2016 [32]. The average minimum detectable signal is 0.7 kA for the total investigated domain (in Figure 1a), and the median location accuracy error is ±84 m. This statistical location accuracy error results from mathematical rules, system technology and performances of the mathematical algorithm used in the system. Despite certain errors in measurements regarding the location accuracy, minimum detectable signal and the ability to detect subsequent (usually negative) strokes, none of the potential issues significantly affect our computation and conclusions. The reason for this is that our method deals with total lightning without a separation between types or polarities of lightning strikes at a raster of 3 km × 3 km.



Using total lightning, we developed a 2D database of lightning strikes at a 3 km × 3 km resolution and 2 min intervals for the entire period. Higher temporal and spatial resolutions are possible; however, they exceed our computational and storage resources. The resolution used here is still much better than the available satellite and radar measurements for this area and sufficiently high to discern some local characteristics of thunderstorms and their impacts at the local scale. We will employ this dataset to develop the TSII and as a reference to differentiate between thunderstorm days with and without the TSII.




2.2. Precipitation


During the observed period (2008–2018), the northeastern Adriatic region had 37 weather stations from the Croatian Meteorological and Hydrological Service, which included 24 h sums of precipitation starting at 07 CET (CET = UTC + 1). The stations are presented with blue dots in Figure 1b, and these data are considered to be the main source for our validation. There were 17532 precipitation records in the observed period. In addition, we used one automated station to obtain 1 min daily maxima of precipitation intensity. This station is located on a lighthouse on a small island (approximately 3500 m2) named “Sv. Ivan na pučini”, approximately 3 km from the peninsula (yellow star on the coast in Figure 1b). It is the most distant island of the local archipelago unshielded by other larger islands. This automated station worked in total from 2009 to 2018 with occasional interruptions. Regardless, we were able to obtain 2633 operating days, of which 881 were precipitation days. For future reference, we will address this station as a coastal station. Due to the nature of our work and simplicity, we define a day with precipitation as a day reporting precipitation without any threshold.




2.3. Wind


Another set of measurements are data from automated cup anemometers located in the aforementioned coastal station and one located in the center of the Istrian Peninsula in Pazin (yellow star in Figure 1b). For future reference, we will address this station as an inland station. Due to local topography, the inland station is relatively shielded. We were able to obtain 10 min wind averages for each day, and we used maximum daily value to approximate the strongest gust measured on a particular day. Although the 10 min interval is relatively long to capture peak values, it is still sufficient to indicate the presence of a strong wind. The coastal station was operational from September 2009 to the end of 2018 with sporadic interruptions; thus, we obtained 3060 operating days. The inland station operated during the entire period, and despite sporadic interruptions, we collected 3896 operating days.




2.4. Hail


The database of hail includes data from 2008 to 2017. Hail records were observed and written down in weather diaries from where they were extracted and digitalized by Jelić et al. [27]. To ensure the maximal number of hail records, we considered all hail sizes with minimum hailstones sizes larger than 5 mm. In this way, we were able to obtain 269 hail records from 21 selected stations marked with a red cross in Figure 1b.




2.5. Waterspouts


Based on several different sources (weather stations, mass media, local residents and meteorology enthusiasts, as well as a survey that was active since 2011) [10], 53 independent reports of waterspouts were collected over 42 days during the observed period. All reports consist of date and location, most of them also have time of occurrence and duration of the event, and 23 reports included information on the number of waterspouts and/or accompanying meteorological phenomena (rain, thunderstorm, lightning, etc.). Although validation of all reports (mostly by confirmation with photos or several sources of the same occurrence) was made to avoid errors in further analysis, questions can still arise regarding the quality of these data, especially those observed during the night.




2.6. ERA5 Reanalysis


We computed instability indices, deep layer shear and objectively derived weather type (WT) analysis for the observed period using ERA5 data. For instability indices and kinematic parameters, we used (i) daily mean fields (as shown in [27]) of the most unstable CAPE (MUCAPE) by lifting the parcel with the maximum equivalent potential temperature values in the lowest 400 hPa, (ii) K-index (KI) from the temperature difference between 850 and 500 hPa and the moisture content of the lower atmosphere, (iii) lifted index (LI) as a difference between the observed temperature and the temperature of an air parcel at 500 hPa, (iv) the temperature of an air parcel lifted moist adiabatically to 500 hPa from the surface and (v) deep layer shear (DLS) as the difference in wind speed between the surface (10 m) and 6 km. All of the above variables were computed using the Sounding and Hodograph Analysis and Research Program in Python (SHARPpy) [34].



Objectively derived WTs are composed of 17 different weather patterns, of which 8 correspond to cyclones, another 8 correspond to anticyclones, and one pattern represents a quasi-non-gradient field where the mean ∇p is less than 0.06 hPa/km [27,35]. We divided synoptic systems into four regions taking into account the geographic position of the system affecting our domain and taking into account the location of the center of the synoptic system (red lines in Figure 1a): the front of the synoptic system affecting the domain (WT1 and WT5), the upper part of the system affecting the domain (WT2 and WT6), the back of the system affecting the domain (WT3 and WT7), and the lower part of the synoptic system affecting the domain (WT4 and WT8). Additionally, for each of the WTs, we differentiate between deep and shallow systems.




2.7. Thunderstorm Intensity Index (TSII)


The aim of this paper is to present and validate a new index for thunderstorm intensity, mathematically based on the method used to detect lightning jumps. The previous method uses a set of mathematical operations that measure lightning behavior in shorter time intervals (1–5 min) over several steps. While different iterations of this method have been developed [18,19], the guiding principle is the same. Prior to any computation, one usually defines the storm center using some type of storm-tracking algorithm. Furthermore, an area of influence within which lightning strikes are collected in each timestep is defined. The final steps include: (i) computation of the trend in the number of lightning flashes between several consecutive time steps, (ii) calculation of the standard deviation of several consecutive trends, (iii) the trend(s) is(are) compared against the standard deviation from the previous step and (iv) iteration of the procedure by moving one step forward. Finally, when a trend exceeds a predefined threshold of the standard deviation (the most common threshold is two sigmas), it is considered that a lightning jump occurred.



Although mathematically the same, the key difference between lightning jumps and the TSII is in lightning data retrieval. Contrary to lightning jump data retrieval, the TSII does not require the use of a storm tracking algorithm and influence radius because it observes a storm passing over a predefined grid on the ground, and therefore, this approach offers a new angle. The storm is divided into arbitrarily small segments (i.e., a predefined grid), allowing us to identify the potential impacts of the storm on a particular grid point and at a particular point in time. Since the TSII algorithm is computed independently for each grid point, severe storms will leave a trail of the TSII, revealing the area over which the most active part of the storm has passed. In other words, the TSII is a diagnostic tool that, in retrospect, highlights areas over which a storm was the most active. Additionally, due to the current computational settings, the TSII is a binary (yes/no) index that obtains a positive value (e.g., TSII = 1) if the storm intensifies rapidly, while otherwise TSII equals to zero.



To illustrate the computational process of the TSII, we selected one thunderstorm case (Figure 2a) from our database. On 11 May 2018, local convection was able to organize into a severe thunderstorm in the northeastern Adriatic, producing flash floods, hail and strong winds. The thunderstorm lasted approximately 90 min in total. Through media reports (magenta star), very dense hail was reported in two regions (black triangles), followed by flash floods at both locations. The northern location also reported strong winds. From station measurements (circles), the maximum accumulated rain was 55 mm. Additionally, four hail pads (black triangles) measured small dense hail with maximum diameters of 11.6 mm and a maximum of 2800 hailstones/m2. In Figure 2b, a graphical computation process of the TSII based on one selected grid point from Figure 2a is shown. To obtain the lightning data, we divided our domain into a 3 km× 3 km grid and summed all lightning flashes located in a particular grid. The choice of grid size and time interval (2 min) was a balance between computation speed and data storage requirements. Based on this compromise and following Figure 2b, the average flash rate per minute at 2 min intervals was computed:


  F  R  a v g     t i   =   F R   t i    2   



(1)




where   F  R  a v g     is measured in flashes per minute (blue curve in Figure 2b), and then a weighted moving average is applied to obtain the red curve:


  M F  R  a v g     t i + 3   =  1 3    F  R  a v g     t i + 3   −  2 3  F  R  a v g     t i + 2   −  1 3  F  R  a v g     t i + 1      



(2)




and computed consecutive trends for all time periods of the observed period per grid point (black curve):


   d  d t   M F  R  a v g     t i + 4   =   M F  R  a v g     t i + 4   − M F  R  a v g     t i + 3       t i + 4   −   t i + 3     = D F R D T  



(3)







The standard deviation    σ    of trends (DFRDT) was computed for each of the five consecutive time steps and multiplied by 2 (green curve in Figure 2b). To obtain a TSII, the sixth consecutive trends must be higher than   2 ∗ σ   obtained from the previous five trends (indicated with an arrow pointing from the TSII). The lightning characteristics of convective cells alongside hailstorm tracks show that the local mean lightning density close to a hail event exceeded 1.25 strikes per 1 km2 over 5 min [23]. Converted to our resolution of 3 km × 3 km and 2 min interval, the minimum threshold for a TSII should be 4.5 strikes over 2 min. Therefore, to ensure the physical meaning of TSII occurrences, we ignore all TSII arising from fewer than 5 strikes at any point over a 2 min interval (magenta line in Figure 2b). By repeating the method for each of the grid points in Figure 2a, the TSII footprint (yellow boxes) and the thunderstorm footprint (light blue) were provided. It should be noted that one storm event can produce multiple TSIIs depending on its size and intensity, as seen in our example. Some preliminary studies have suggested that there is added value for hail if we consider areas with multiple TSIIs; however, in this study, we will focus on the full TSII footprint to grasp the general capabilities and benefits of the described approach.



To understand and validate the capabilities of the TSII, various data sources addressed above have been used, and their relationship was examined. In the process of development of the TSII database for an observed period of 11 years, we were able to store hourly sums of the TSII. Furthermore, to maintain simplicity while aligning with the main data source (24 h precipitation records) and avoiding potential uncertainties with the timestamp accuracy of particular data records, daily data were used as a working frame. Due to validation and numerical comparison, all available data sources were georeferenced with respect to the grid, i.e., each station obtained a 3 km × 3 km grid point best corresponding to its geographic coordinates. Since waterspouts had a descriptive location (usually a nearby town or village on the shore) instead of coordinates, we examined each case separately using a subjective approach.




2.8. Verification Approach


Depending on the variable, two areas of influence were used around the location to verify its relationship to TSII and lightning, as illustrated with black nested squares in Figure 1b. The inner square indicates a 3 km area of influence used for precipitation, and the larger square is selected as a 15 km area of influence for wind, hail and waterspouts data.



By using the area of influence, three potential environments that can affect the station data were defined. The aim is to see if the area where the TSII footprint is located provides additional information about the thunderstorm. Three environments are defined as follows:




	(1)

	
Non-thunderstorm environment (NTD): if no lightning or TSII footprint was detected within a predefined area of influence;




	(2)

	
Thunderstorm only environment (TD): if only the lightning footprint was detected within a predefined area of influence;




	(3)

	
Intense thunderstorm environment (ITD): if the TSII footprint is detected within a predefined area of influence.









A realistic display of the described environments is shown in Figure 2a, where we highlighted the TSII and lightning footprint with yellow and light blue boxes, respectively. Different colors of circles indicate which environment was assigned to a particular station. In total, the applied definition gave three stations with an ITD environment (red circles), 11 stations with a TD environment (green circles), and 23 stations with an NTD environment (blue circles). Furthermore, for precipitation data, after we assigned environments, an additional filter was created to eliminate those stations that reported no precipitation. In this particular case, all NTD stations had 0 mm precipitation; however, if a mixed convective/stratiform event occurred, a considerable amount of NTD could be obtained. Additionally, the 10th, 25th, 50th, 75th and 90th percentiles of a particular variable and particular environment were calculated to inspect differences between them.





3. Results and Discussion


3.1. Verification of the TSII


The potential of the TSII was analyzed using data of precipitation, maximum wind speed, hail and waterspouts. The relationship of the TSII to instability indices and DLS computed from ERA5 reanalysis data was further examined. Special attention is given to the potential application of the TSII in local convective events.



3.1.1. Precipitation


The first step is to inspect how the occurrence of the TSII is related to intense precipitation events using data from the automated station (yellow star on the coast in Figure 1b). In the observed period, the automated rain gauge station had 2633 operating days, of which 881 days were with rain and 202 days were related to thunderstorms. From these thunderstorm days, 72 days included the presence of an ITD footprint in the immediate vicinity of the station. Figure 3a displays box and whisker plots of daily maximum 1 min precipitation intensity for NTD environments (in blue), TD environments (in green), and ITD environments (in red). The results show that during the NTD, overall precipitation intensities were low, with a median value of 0.06 mm/min. During the TD, precipitation intensity was higher with a median value of 0.18 mm/min, and for the ITD, rain intensities were the highest, exhibiting a median value of 0.51 mm/min. Thus, environments including the TSII obtained significantly higher values of precipitation intensity compared with both the NTD and TD. These results are consistent with those from Gaál et al. [5], who presented threshold peak intensities for four precipitation stations in Switzerland. The results obtained suggest that the TSII indeed highlights areas in thunderstorms with high intensity precipitation.



Furthermore, 24 h accumulated precipitation over the automated station was examined. Although the precipitation data present a combined contribution from both stratiform and convective precipitation, our results in Figure 3b show a clear difference among particular environments, with the TSII having the highest values. To confirm the obtained results, we used 37 precipitation stations that reported daily total rain rates and repeated the method for each of them. In summary, over the period of 11 years, there were 17,532 rain records, out of which 4179 included thunderstorm footprints and 1149 included TSII footprints. From these, 31% of rain events were associated with thunderstorms, while 9% contained intense thunderstorms due to positive TSII values. On average, 27% of thunderstorms exhibited rapid intensification near the precipitation station, resulting in more pronounced rainfall rates, as confirmed in Figure 3c.



In general, the overlap between values of different environments is expected, especially between the TD and ITD, for several reasons. First, the method is designed to be sufficiently robust to allow us to observe relationships with all severe effects. Therefore, tailoring of the method should be performed for specific severe effects. Second, our method considers all precipitation events regardless of type, size and intensity, and thus, it is expected that a very large system produces higher precipitation intensities and higher total amounts in a larger area and finally contributes more to the TD. Third, georeferencing of stations to a 3 km grid can sometimes place stations into a corner of a pixel, and by introducing an additional 3 km area of influence, in some cases, can place stations farther away from a particular environment, causing smaller (than expected) values to be recorded. The consequence is the most evident in lower values of the ITD. Fourth, during one day, stratiform precipitation can be superposed on both TD- and ITD-affected stations. Statistically, there are three times more TD environments compared with ITD environments, indicating that the contribution of stratiform precipitation is more pronounced at higher values of TD environments. Fifth, for short-lived and small systems, the footprint of intense precipitation can be smaller than 3 km in width and can easily miss the station(s). Finally, due to complex topography, local hills can slightly influence thunderstorm trajectories and indirectly shield stations from more severe impacts. Regardless, median values show clear differences between selected environments and suggest that the TSII footprint contains more intense precipitation compared with other environments, providing additional information about observed thunderstorms.




3.1.2. 10-m Wind


Wind gusts and microbursts are also one of the consequences of thunderstorms. While microbursts are very hard to capture due to their highly localized nature, wind gusts and gust fronts tend to reach 50 km from the storm center [8]. For comparison, only thunderstorms and TSII events that occurred in the relative vicinity of a station, i.e., 15 km from the station, were considered. Since our domain is relatively small and we are not able to determine in which direction a particular storm has traveled, including larger areas would be beneficial for some events. However, the number of false events would also increase significantly. Analyzing wind speeds from two locations (coastal (Figure 4a) and inland (Figure 4b)), a significant difference in the overall maximum wind speeds was found, which was expected due to geographic differences. However, it is clear that for the TD environments, higher wind speed maxima were measured compared to the NTD environments, and for the ITD environments, the highest median maximum wind speeds were recorded. For further investigation, the 90th percentile for the entire period and each station considered was calculated to isolate very strong winds for both stations. The 90th percentile for the coastal station was 17.0 m/s, while that for the inland station was 12.8 m/s. Within that upper range, 6% of the strongest wind observations at the coastal station occurred in NTD environments, while 19% and 35% occurred in TD and ITD environments, respectively. For the inland station, the distribution of very strong winds was 8% NTD, 15% TD, and 25% ITD.



In addition, wind roses for very strong winds in Figure 5 show frequency and mean wind maxima for selected directions (+/−11.25°). The first row (a–c) indicates the inland station while the second row (d–f) indicates the coastal station. The columns indicate NTD, TD and ITD environments. Columns 1 (NTD) and 2 (TD) show dominant winds from the first and second quadrants, which are well-known directions for bora (mostly NE-E) [36,37], and sirocco winds (mostly SE-S) [38]. The bora is a gusty offshore wind that brings dry and cold air over the coastal region, while sirocco is a warm, humid wind often followed by convection. Both types of air flow can be associated with severe wind speeds; however, only sirocco can be seen within the TD and ITD environments. For ITD environments, other wind directions became evident. For the coastal station, the most frequently reported wind directions were from the SW to NW, suggesting that storms form over the sea and travel inland. Winds from the NE to E can be partially explained by convective drift from the inland region to the coast [27]. For the inland station, the most dominant wind is from the SE direction (sirocco), while NE-E has the smallest contribution (16%). These results are expected due to the distribution of the local hills and mountains partially shielding Pazin from thunderstorm gusts. Although a positive relationship between the TSII footprint and wind gusts is identified, the overall intensities and relative frequencies suggest that the inland region is rarely affected by severe winds, while the coastal region does experience severe gusts related to both TD and ITD environments.



The importance of southerly wind directions for the occurrence of heavy precipitation on the eastern side of the Alps is highlighted in Ivančan-Picek et al. [39]. Based on the wind fields simulated with the ALADIN/LACE model, it was determined that the analyzed heavy precipitation event was caused by a frontal modification that was influenced by surface convergence between the warm southerly wind and the colder northeasterly bora wind. Moreover, Toreti et al. [40] investigated the relationship between precipitation extremes in the Mediterranean region and associated upper-level synoptic-scale flow structures. It was shown that during extreme precipitation events in the western Balkan Peninsula, a broad potential vorticity trough is located over central Europe. The western Balkan Peninsula is then affected by the eastern flank of the trough and is under the influence of strong SW winds at 850 hPa. The potential for an interaction between SW winds and NW-SE oriented orography in this area is indicated as well.




3.1.3. Hail


According to Changnon [41], hail swaths usually occur near the lightning center. In the majority of cases, they occur sidewise (left or right) to lightning centers but can also occur along the line or at some angle. Although the author did not comment on average or maximal displacements between the lightning center and hail swaths, using the figures and data he provided, it could be concluded that the general distance from lightning centers does not exceed 20 km. Wapler [23] analyzed the life cycles of hailstorms using lightning radar and rotation characteristics. She found that on average, there was a slight displacement of storm centers toward the northeast with respect to hail strikes and that a 15 km radius held most lightning activity. A positive TSII index, in the first approximation, could be related to lightning centers presented by the two aforementioned authors; thus, we should expect that recorded hail swaths occur with some spatial distance. First, the spatial distribution of hail cases recorded by the station is shown in Figure 6a, which reveals a high spatial variability in hail frequency (indicated with circle size and color). Additionally, the higher values of hail are obtained near the mountains and hills, suggesting orographically induced hail. Furthermore, with a greater 15 km area of influence, 185 hail records were associated with ITD environments, while an additional 58 of them were associated with TD environments (Figure 6b). More detailed analysis was performed to inspect the impact of different areas of influence. Figure 6c displays that 28% of hail records contained the TSII footprint directly above the station, another 29% in close proximity, while the rest of the events decreased significantly with greater distance, as shown in Figure 6c. These results are in good agreement with Changnon [41]. Out of 84 cases that were not associated with ITD (Figure 6b), 58 fell in the period of low thunderstorm activity (October to April). Considering NTD hail and the values of the TD and ITD environments, we can conclude that almost all hail in the northeastern Adriatic is produced by thunderstorms, while during the low thunderstorm activity season, hail tends to occur without the presence of a TSII footprint. In terms of skill score, it is difficult to make conclusive comments due to the very high number of false alarms. Hail occurs relatively rarely when considering station measurements (up to 2.8 times a year in Istria) and usually covers very small areas; thus, the direct connection between the TSII and hail is not possible without radar estimates. However, it is reassuring to note that the TSII performs several times better in terms of false alarm ratio compared with lightning-only data, as it narrows thunderstorm size to only intense areas. Additionally, preliminary studies have suggested that some hail reports are associated with thunderstorms producing multiple TSIIs, as suggested in Figure 2.




3.1.4. Waterspouts


Most waterspout reports come from the west coast of Istria (Figure 7a, Supplementary Table S1), and their occurrence varies annually (Figure 7b). Reports are also concentrated around more populated areas, which increases the chance of waterspout detection. According to Figure 7c, there were 15 days classified as fair weather (NTD environment) in an 11-year period. This is a rather small number if we take into account that approximately half of the waterspouts observed in the Adriatic fall into this category [10]. Since the exact time is not available for some events and it can be assumed that the same synoptic environment caused waterspout developments on a particular day, the final number of 27 days with lightning is extracted, of which 20 days had the ITD environment included. The selection was performed by using a 15 km area of influence to compensate for the lack of accuracy of the reports. Half of the reports connected to ITD were events with two or more waterspouts, and the highest number, at least 11 waterspouts, was observed on the 28 August 2013, the largest documented waterspout outbreak in the Adriatic Sea [42,43]. Only 3 days (events) that are associated with the TSII are observed in the low thunderstorm activity period. Although it is difficult to establish a direct connection between TSII and waterspout occurrence, it is evident that in this dataset, a large number (20/27) of waterspouts were associated with the TSII. There is room for further research that can be conducted for larger areas and longer datasets, together with the help of a radar network along the coast that will be available in the near future with the strategic project “Modernisation of the National Weather Observation Network in Croatia-METMONIC” [44].



Most waterspouts in the Adriatic are non-mesocyclonic according to Renko et al., [10], and approximately half of them occur without the presence of lightning, but still, some of them can produce damage at a level of F2 or greater on the Fujita scale [44]. At this moment, we can speculate that the TSII could be a good predictor for stronger tornadoes (≥F/EF2), as originally defined by Hales [45], that develop mostly from mesocyclones, since the lightning flash rate and mesocyclone behavior trend similarly, possibly as a result of the common factor of the updraft [46].




3.1.5. Instability Indices


In addition to ground measurements and observations, we calculated deep-layer shear (DLS) and various instability indices—most unstable CAPE (MUCAPE, J/kg), lifted index (LI, °C), and K-index (KI, °C)—to inspect the difference between NTD, TD, and ITD environmental days. The results of these parameters are shown in Figure 8, with the distributions for the NTD, TD, and ITD environments displayed in blue, green, and red, respectively. Although our observation period is relatively short (11 years) compared with the observed period from Jelić et al., the results of instability indices for non-hail days do correspond well with currently obtained NTD days. As expected, TD days do have a more unstable atmosphere, which is confirmed with green box-whiskers (Figure 8a–c). Compared with both NTD and TD days, a day with ITD exhibits even more instability, which is shown with a red box-whisker. In the case of MUCAPE, the median value on thunderstorm days is 652 [J/kg], while that on ITD is 832 [J/kg]. These high results for ITD days correspond well with other reports for severe thunderstorm environments in Europe, such as that by Púčik et al. [2]. Similar results were obtained for KI and LI, while DLS remained similar throughout all events, and equivalent results were obtained for 3 km shear and 1 km shear (not shown). One possible reason for this could be that daily mean fields oversmoothed the DLS signal, rendering it insensitive for comparison. The other reason could be that the northeastern Adriatic region is poorly represented in ERA5 due to highly complex topography, which is not procurable by ERA5 resolution. Nevertheless, the obtained results indicate that days with a TSII footprint mostly highlight very unstable environments capable of producing potentially severe weather followed by high intensity of rain, hail, waterspouts, and wind gusts.




3.1.6. Local Thunderstorms


Local thunderstorms are usually short-lived and less accurately reported/observed in radar and satellite data [45,46,47,48,49]. Local thunderstorm impact is very localized both in space and time; therefore, in comparison with MCSs or larger systems, it is often rendered insignificant and usually neglected or ignored as part of thunderstorm research. However, local thunderstorms can still be very intense and produce some severe effects. A considerable lack of techniques to efficiently capture environments that can lead to severe effects caused by local thunderstorms can be traced back to the difficulties associated with high resolution modeling of local phenomena and associated verification, as well as an overall lack of understanding of these processes.



To provide this new angle, which is often missing, and to contribute to a better understanding of local thunderstorms, we attempted to isolate only intense local thunderstorms such as single-cell Cb. As selection criteria, we only used those days where the size of the TSII footprint did not exceed 90 km2. This corresponds to 10 pixels of our grid (3 km × 3 km), which is approximately 11% of our domain. This selection is far from perfect since in one day, we can have several isolated intense local thunderstorms cumulatively exceeding the 10-pixel criteria. However, these criteria allow us to examine atmospheric environments, which lead to these localized occurrences. The aim is to inspect how successful our approach is by using precipitation data, as it represents the largest database at our disposal and provides the best chance to measure possible effects. Since local thunderstorms are hard to capture with station measurements, and to minimize errors, TSII and station data were directly compared, i.e., without the use of the area of influence.



During 364 days with intense local thunderstorms, 79 records of rain were directly associated with ITD. Furthermore, there were 1081 records of rain connected with TD and 7168 records of NTD environments. The comparison of these results is presented in Figure 9, presenting NTD, TD, and ITD events, respectively. The results show that thunderstorms can be intense regardless of their size. Moreover, the TSII footprint highlights the most intense storm regions leading to high precipitation intensities and rain rates regardless of thunderstorm size. Even for days including the smallest possible TSII footprint (only one pixel with positive TSII (3 km × 3 km)), we obtain similar results (not shown). Additionally, within the area of influence, 11 hail records were associated with the TSII, and the largest distance between the TSII footprint and hail record was 9 km. There were 11 events with strong wind at the inland station and five events at the coastal station using the 15 km area of influence. Based on our data, waterspouts related to the TSII tended to occur within large systems, as we were able to relate only one event to an intense local thunderstorm.



Moreover, the same inspection is performed for instability indices, and the results are shown in Figure 10, where 109 days have shown with only one TSII pixel (ITD1), 364 days with up to 10 TSII pixels (ITD10) and, as in Figure 6, all days with any number of TSII pixels (ITD), respectively. It is surprising to note how small the difference between particular thunderstorms is. Intense local thunderstorms (ITD1 and ITD10) do have slightly less unstable environments for all indices and a slightly more sheared environment in the case of only one TSII pixel. However, all values of instability indices confirmed more unstable environments compared with TD environments, as shown in Figure 6. These results suggest that very unstable environments tend to produce intense thunderstorms regardless of their size and archetype (single cell, multicell and supercell).




3.1.7. Summary of the Verification


In summary, the TSII introduces the added value in thunderstorm analysis, as summarized in Table 1. There is a strong relationship between TSII footprint and both precipitation intensities and daily amounts. Winds within the ITD tend to be stronger, while both hail and waterspouts prefer the presence of severe thunderstorms as defined by the TSII. Approximately 76% of thunderstorm hail is related to ITD environments. The same thunderstorms are related to the most unstable environments through the MUCAPE, KI and LI indices regardless of their size; the values obtained for ITD10 are similar to those obtained by the ITD. Since we know both the time and location of the TSII index, for the first time, we are able to provide both spatial and temporal information of potentially severe effects, which can be very useful information for damage claims, identification of hazardous regions for policy making and analysis of the temporal dynamics of the phenomena.





3.2. Climatology


We developed the TSII as a new index for the identification of the occurrence of intense thunderstorms and the identification of the area over which the storm had the strongest impact. Based on 11 years of lightning data, we can examine both the spatial and temporal activity of intense thunderstorms, and as a contribution to local-scale research, we include our findings regarding 364 days over which we identified intense local thunderstorms. We also provide potential synoptic drivers behind the NTD, TD, ITD and ITD10 environmental days.



3.2.1. Spatial Characteristics


In Figure 11, the spatial characteristics of total thunderstorm days, TSII and intense local thunderstorm days are presented. All maps show annual mean frequencies. The results obtained for thunderstorm days (Figure 11a) are consistent with the results shown in Galanaki et al. [50] for the period from 2005 to 2014. However, our results provide more structure due to higher resolution, and therefore, the overall number of thunderstorm days is lower. Nevertheless, contrary to thunderstorm days, the TSII (Figure 11b) indicates regions that are more likely to be affected by severe weather. A comparison of thunderstorm days with TSII days (Figure 11a,b) reveals that, while the northeastern region of the study area experiences a significant number of thunderstorm days, only a few of those days feature severe weather. In addition, portions of the northwestern region and southern half of the study region experienced fewer thunderstorm days than other areas, but a larger fraction of them were severe. Intense local thunderstorms (Figure 11c) also have preferred regions of occurrence, as indicated by higher numbers on the map. Precipitation could be directly compared with the TSII, as we have shown that the point under the TSII produces the highest intensities and rain rates (Figure 2 and Figure 7). Furthermore, the particular location and neighboring points up to 12 km have a higher likelihood of hail, which is supported by long-term hail climatology for Istria presented by Jelić et al. [27] (their Figure 6) and by Strzinar and Skok [51] (their Figure 8), who used radar assessments for the warm part of the year to investigate hail. Strong winds related to thunderstorms will occur more frequently inland, although greater speeds can occur along the west coast, as suggested by the coastal station shown in Section 3.2. Based on our results, it seems that the eastern part of the sea is more affected by thunderstorms and, thus, is more likely to produce intense phenomena, including waterspouts. Most TSII days in that region are related to larger thunderstorms. Unfortunately, that region is scarcely populated and has only two rain gauge stations; therefore, we cannot confirm our results for this region without extra observations and reports.




3.2.2. Temporal Characteristics


On average, there were 247 NTD days and 118 thunderstorm days in a given year. Of the 118 thunderstorm days, 51 had TD and 67 had ITD environments. Intense local thunderstorm (ITD10) days tend to occur 33 times on average during the year. Interannual variations in total thunderstorm days, TD days, ITD and ITD10 days are shown in Figure 12a, revealing moderate variation from the least active year in 2015 to the most active in 2018. While TD had a maximum in 2009, the ITD10 environments do not show any pronounced increases or decreases throughout the years. Furthermore, we examined a share of ITD10 within all ITD days (not shown) and found that on average, there were approximately 50% intense local thunderstorm days with approximately 10% variation. The years 2014 and 2016 had the lowest intense local thunderstorm activities, 36% and 38%, respectively. These years were characterized by the Croatian Meteorological and Hydrological Service as very wet to extremely wet. In contrast, the years 2008 and 2013 had relatively high percentages of intense local thunderstorm activity (60%), and Croatian Meteorological and Hydrological Service reports categorized those years as average to wet. However, no conclusive statements could be made due to various numbers of ITDs, thunderstorm days, and sub-seasonal factors, which are not specifically considered here.



The annual distribution in terms of monthly mean values shown in Figure 12b revealed that ITD environments have the strongest activity during the warmer part of the year, increasing in May, which is in agreement with other studies on lightning activity [26,52,53]. The overall maxima on both total thunderstorm days and ITD are in July, with a gradual decline by December. ITD10 has a similar pattern, although it peaks immediately in May and continues to gradually decrease by the end of the year with still pronounced activity in June and July. TD environmental days have a more irregular shape, and they start increasing one month earlier (April) and peak in May; however, they tend to remain active throughout the rest of the year. An interesting result is a slight increase in November for TD days and ITD days. As previously reported for heavy precipitation in the northeastern Italy [52], waterspouts over the Adriatic Sea [10], and hail over Istria [27], November stands out as a month with a relatively high amount of thunderstorm activity over a wider northeastern Adriatic region (e.g., [37]). Additionally, the same signature was obtained through lightning cases from the EUCLID network for western and central Europe [54]. However, this could not be seen for intense local thunderstorm days.




3.2.3. Weather Types


Synoptic drivers were present in most days during the observed period, with 49% of all days exposed to cyclonic activity, 42% to anticyclonic activity and the remaining 9% of all days reported as a quasi-non-gradient day. The results for the entire period of WTs obtained in this study (2008–2018) correspond well with a previous study by Jelić et al. [27]. Therefore, Figure 8 (WT distribution over the analyzed period) and Figure 9 (composite of surface pressure and 700 hPa winds) in their study can be used as references. Here, Figure 13 shows the distribution of particular WTs for NTD, TD, ITD days and ITD10 environmental days. NTD days are likely to occur in any WT, although they tend toward anticyclonic and quasi-non-gradient environments in 60% of days. TD days and ITD and ITD10 days have fairly similar distributions, showing clear dominance of cyclonic and quasi-non-gradient environments with 75%, 84% and 82% of the days, respectively. Most anticyclonic thunderstorms and ITD environments are related to WT8, representing the back side of deep (red) and shallow (blue) systems, which is similar to findings reported in Jelić et al. [27] for hail days (their Figure 8b and Figure 9 for air flow regimes). For WT8 and WT5, air flow comes from the NW and NE directions, which may advect colder air masses and produce unstable environments that are favored by thunderstorms. By examining the share of the ITD10 (Figure 13d) in total ITD (Figure 13c) per WT (not shown), we noticed that ITD10 slightly prefers shallow systems, probably due to weaker winds allowing local convection to develop.



High similarity in WT drivers between intense local thunderstorms and larger scale intense thunderstorms, and equivalent similarities with respect to instability indices between the aforementioned scales, offer equal likelihood for particular environmental combinations to generate both larger-scale and local thunderstorms; however, intense effects will occur regardless. Thus, our results suggest that using only model data, one can highlight strong and unstable environments, as has already been done [54,55], but one will not acquire information about final storm size and areas affected by thunderstorms.





3.3. Future Development and Potential of the TSII


Through the presented work, we established a robust and efficient Eulerian method for the identification of potentially severe storms using the TSII, which is well suited for climatological purposes and offers reasonable diagnostic potential. However, based on our obtained knowledge, we believe the potential of the TSII far exceeds the presented work. Although we used physically or empirically established thresholds, such as a minimum of 4.5 lightning strikes to filter unphysical TSIIs and   2 σ   as a detection criteria, both values can be iterated to tailor the method for a particular severe effect. If, for instance, the TSII breaches   3 σ   or more, then this can suggest very strong intensification (as seen in Figure 2b if we compare the first and second TSII) and potentially hold additional value. By introducing the measure   α σ  , where  α  is factor of the breach, the TSII can become a nonbinary index showing the strength of intensification, as shown previously for a lightning jump calculation [20]. Furthermore, multiple TSIIs from a single storm can also be detected, as shown in Figure 2b. We noticed in multiple cases that hail tends to occur more often near these locations, but detailed investigation was beyond the scope of this paper. Although the focus was on diagnostics and climatology, we expect that TSII has a predictive skill similar to lightning jump(s). If one would establish live retrieval of lightning data and a computation algorithm based on the presented method, the first few TSII values would indicate the beginning of thunderstorm intensification. The shape and size of both the TSII and lightning footprint could indicate the current size and intensity of the storm, while each new timestep would suggest the thunderstorm trajectory and dynamics. However, for these purposes, we believe one should consider the strength of the intensification (  α σ  ) rather than a predefined binary value. A similar method, but for lightning jump calculation, was introduced by Farnell et al. [24,25], where the authors used a 1 km × 1 km raster for lightning retrieval and then defined a larger cell by grouping all pixels with more than one flash together. Furthermore, they applied a computational algorithm using the   2 σ   threshold and inspected the lead time between the first lightning jump and most hail occurrences. Their results, however, showed that some events exhibited lightning jumps after a severe effect was observed. In addition, other studies reported the same phenomenon [23]. We speculate that by using the Eulerian approach, these events can, to some extent, be nullified. However, to date, no inspection has been conducted to test this hypothesis.



In model development, a potentially useful direction would be to find the relationship between the recently developed lightning potential index (LPI) [56] and TSII, and use it as an indicator for impacted areas, e.g., the size of thunderstorms. Additionally, HAILCAST, as a time-dependent hail growth model [57], is a relatively new tool for hail prediction, which is mostly coupled with the numerical model WRF [58]. Although its verification should mainly be performed through ground measurements and radar proxies, the TSII would significantly aid in filling gaps for regions not covered with other more established data sources.





4. Conclusions


The development of a new TSII based on lightning data, inspection utilizing multiple data sources (precipitation, wind, hail, waterspouts and ERA5) and the capability of the new index using dominant synoptic drivers is presented. The main conclusions are presented as follows:




	
The newly developed TSII represents a tool for thunderstorm monitoring from the Eulerian standpoint, allowing the detection of areas over which thunderstorms experience rapid increases in lightning activity. Since lightning data currently provide several times higher spatial and temporal resolution (compared with radar and satellite imaging) with large spatial coverage, calculation of the TSII allows a new perspective for thunderstorm investigations on larger scales.



	
Through our verification process (Table 1), we showed that regions of thunderstorms exhibiting positive TSII values reported considerably greater precipitation maximum intensities and significantly higher accumulated 24 h values. In addition, thunderstorms exhibiting a TSII footprint tend to produce stronger wind gusts while, over the coast, larger thunderstorms have the potential to generate waterspouts. Hail is shown to be closely related to thunderstorms with over 90% coincidence, and 77% of that hail is related to thunderstorms exhibiting a TSII footprint.



	
The method for TSII derivation is independent of storm size, allowing for the identification of even the smallest intense thunderstorms. These storms also reported equivalently large precipitation values at points where the TSII was positive. Additionally, these thunderstorms were related to strong gusts and hail occurrence. Thus, intense local thunderstorms should be taken into consideration in future research as potentially hazardous. In contrast, only one waterspout event was associated with an intense local thunderstorm.



	
Inspection of instability indices (Table 1) on thunderstorm days revealed that the days with a TSII clearly have the most unstable environments, reporting a median MUCAPE of 832 J/kg. Although MUCAPE is considerably high on TD days (652 [J/kg]), days containing one pixel with a positive TSII still have higher median values, as shown in Figure 8a. Similar results were obtained for the KI and LI.



	
Spatial analysis revealed a clear difference between thunderstorm days and areas affected by intense thunderstorm activity. This suggests that thunderstorm days, as a variable, should only be used as a first guess for determining regions with hazardous weather, while the TSII footprint will reveal those areas with considerably higher confidence. Temporal analysis revealed that intense thunderstorms tend to initiate later in the warm season (May), peak in June and decline toward December, while intense local thunderstorms mostly prefer the period from May to July. Nevertheless, both types are detectable throughout the year, which is in agreement with previous studies on lightning [50], hail [27], and waterspouts [10].



	
Synoptic drivers responsible for the formation of thunderstorm environments revealed no apparent difference between TD, ITD and ITD10 days. Combining these results with instability indices, it was shown by reanalysis proxy data that the likelihood of intense and potentially hazardous environments is the same for both local and large-scale thunderstorms.



	
The TSII can be used as a diagnostic variable for climatological studies to ascertain exposure to intense thunderstorm environments, which is useful for risk-assessment maps for insurance companies or policy makers, general estimation of areas not covered with more established meteorological data sources, or to obtain local temporal dynamics. Additionally, it can be used operationally to identify areas currently experiencing severe weather, especially local thunderstorms. Moreover, it can be used as a tool for validation and partial verification of modeled information regarding lightning (i.e., lightning potential index) and hail. The calculation of the TSII for severe storms tends to produce multiple positive values, providing continuous insight into storm activity and representing a basis for further research.
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Figure 1. (a) The central Mediterranean region investigated in this paper. The area is covered by lightning data from the LINET network in the 2008–2018 period, and it was a base for weather type classification. Color bar shading indicates elevation (m). Red lines indicate 4 influencing sectors related to synoptic weather types, as indicated in each sector. (b) The northeastern Adriatic region. Blue dots represent precipitation stations, while red crosses denote hail-reporting stations. The two automated stations are represented with yellow stars. Nested black squares indicate two areas of influence used in this study (3 km around the station for the inner and 15 km for the outer nested squares). 
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Figure 2. Real example of the TSII calculation based on the case from 11 May 2018 recorded over the northeastern Adriatic. In (a), a thunderstorm footprint is illustrated in light blue, while the TSII footprint is illustrated in yellow. Circles show location of precipitation stations. Different circle colors highlight three different environments that a station can be affected by. Red indicates an intense thunderstorm environment (ITD), green indicates a regular thunderstorm environment (TD), and blue indicates a non-thunderstorm environment (NTD). Four black triangles show hail records reported from the hail pad network located in the region. Magenta stars indicate media reports of extreme weather (hail, flash floods and severe winds). Orange lines connect stations with precipitation amounts recorded during the observed day. In (b), a time evolution of the average flash rate (in blue) is further processed by equations (2) (red line) and (3) to obtain DFRDT (black dash-dot line). Points exceeding the green line (  2 σ  ) and appearing above the threshold (magenta line) are considered TSII = 1. 
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Figure 3. Box and whisker plot comparisons of the (a) precipitation intensity derived from 1-min daily maximum intensities for the automated precipitation station located on the coast, (b) total daily precipitation for the same station and (c) total daily precipitation based on 37 precipitation stations located in the northeastern Adriatic region. The median values are shown with the horizontal lines in the boxes; box edges are the 25th and 75th percentiles, and the whiskers represent the 10th and 90th percentiles. The blue box and whisker are related to the NTD, green to the TD and red to the ITD environments. 
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Figure 4. Same as Figure 3 but for daily 10 min maximum wind speed (m/s) for the (a) coastal station and (b) inland station. 
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Figure 5. Wind roses (in m/s) plotted from the 90th percentile of 10 min maximum winds for inland (Pazin, (a–c)) station and coastal (Sv. Ivan na pučini, (d–f)) station for NTD (first column), TD (second column), and ITD (third column). Lines indicate the mean wind direction and numbers on top of the lines are mean values of that particular direction. Colors indicate particular wind speed ranges as indicated by the legend. 
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Figure 6. (a) Spatial distribution of the hail cases per station for the observed period (2008–2017). Circle sizes and color indicate hail frequencies <1 hail day per year (small, yellow), hail frequencies <2 hail days per year (medium, orange) and hail frequencies >2 hail days per year (large, purple). Color bar shading indicates elevation (m). (b) Distribution of hail cases with respect to different thunderstorm environments using a 15 km-area of influence. (c) Percentage of thunderstorm hail as a function of distance from the ITD environment. 
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Figure 7. (a) A spatial distribution of all available waterspouts and events recorded in the observed period (2008 to 2018) for the northeastern Adriatic region. (b) Yearly reporting activity of waterspout. (c) Distribution of waterspout days with respect to different thunderstorm environments using a 15 km-influence area. 
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Figure 8. Box and whisker plot comparisons of the instability indices on NTD (blue), TD (green), and ITD days (red) with the (a) most unstable CAPE (MUCAPE, J/kg), (b) K-index (°C), (c) lifted index at 500 hPa (°C), and (d) deep-layer shear (DLS, m/s) in the lowermost 6 km. The median values are shown by the horizontal lines in the boxes; box edges are the 25th and 75th percentiles, and the whiskers represent the 10th and 90th percentiles. 
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Figure 9. Box and whisker plots of daily precipitation totals (mm) for NTD (blue), TD (green), and ITD (red) environments. Plots are based on 364 intense local thunderstorm days over the 37 precipitation stations shown in Figure 1b. 
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Figure 10. Box and whisker plot comparisons of the (a) most unstable CAPE (MUCAPE, J/kg), (b) K-index (°C), (c) lifted index at 500 hPa (°C), and (d) deep-layer shear (DLS, m/s) in the lowermost 6 km for a different size of the TSII footprint on one day. The black box and whisker show 109 days with a footprint of only one TSII pixel (ITD1), 364 days with a footprint of up to 10 TSII pixels (ITD10) and 740 days with a footprint of any number of pixels (ITD). 
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Figure 11. Spatial distribution of annual mean (a) thunderstorm days, (b) TSII days and (c) intense local thunderstorm days based on 11 years (2008–2018) of lightning data. 
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Figure 12. Temporal decomposition of thunderstorm days (black), TD days (green), ITD days (red) and ITD10 (gray) for (a) interannual, and (b) annual distributions. 
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Figure 13. Weather-type (WT) classifications obtained from the objective algorithm using ERA5 reanalysis data (2008–2018) for (a) NTD days, (b) TD days, (c) ITD days and (d) ITD10 days. In all subfigures, the red bars denote deep systems, and the blue bars denote shallow systems. WT1, WT2, WT3, and WT4 represent the front, top, back and lower sides of cyclones, respectively, while WT5–8 represent the same respective sides of anticyclonic systems. NG-WT presents a quasi-non-gradient pressure field. 
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Table 1. Summary table of median values of precipitation, wind, and instability indices as well as number of cases of hail and waterspouts sorted through three observed environments. Additionally, if available, data from intense local thunderstorms (ITD10) are provided for comparison with ‘X’ denoting unavailable data.
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Rain Intensity

(mm/min)

	
Daily Precipitation

(mm/Day)

	
Wind (m/s)

	
Hail

(Number)

	
Waterspouts

(Number)

	
Instability Indices




	
Coast

	
Inland

	
(CAPE J/kg)

	
KI (°C)

	
LI (°C)






	
NTD

	
0.06

	
4.7

	
9.1

	
7.4

	
28

	
15

	
220

	
13.9

	
−1.4




	
TD

	
0.18

	
9.8

	
12.1

	
8.8

	
56

	
6

	
658

	
23.3

	
−5.8




	
ITD

	
0.46

	
17.6

	
14.9

	
10.2

	
185

	
20

	
832

	
26.8

	
−7.9




	
ITD10

	
X

	
15.2

	
X

	
X

	
X

	
X

	
785

	
24.8

	
−7.2
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