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Abstract

:

Three-body scatter spike (TBSS) is one of the most common signatures associated with hailstorms using weather radar. It consists of an appendage appearing behind the storms in the radar imagery. The cause is the multi-scattering between hail particles and the ground. The TBSS is detected in plan position indicator (PPI) reflectivity fields at the elevation coinciding with the hail core. Surveillance staff usually analyzes low-level PPI in real-time, but the signature can appear at mid or high elevations. This study takes advantage of the three-dimensional maximum reflectivity (MAX) product for detecting the presence of the TBSS in thunderstorms more easily, instead of the usual way of analyzing the PPI fields. The new technique is more direct and immediate, crucial in real-time surveillance tasks. This preliminary analysis has focused on the hail days with ground registers that occurred in Catalonia between January and August of 2022, observing this signature in the MAX product in 96% of days with large hail and 72% of small hail events. This fact indicates that MAX can be useful for identifying large hail in thunderstorms, but the efficiency decreases for hail smaller than 2 cm.
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1. Introduction


According to Allen et al. (2020) [1], weather radar is the most useful remote-sensing engine for detecting and sizing hail in thunderstorms. The radar variables used are: (1) the reflectivity (horizontal, ZH, and vertical, ZV, only on dual-polarization systems); (2) the differential reflectivity (ZDR, the relationship between horizontal and vertical reflectivity, for dual-polarization); and (3) the Doppler velocity estimated in horizontal fields. However, none of these variables, or the combination of some, provides an accurate estimation of the hail size. In any case, there are different methodologies for estimating the hail characteristics in thunderstorms. The techniques include three different categories: direct detection, signatures from explicit variables, and indirect estimation.



There is no direct link between hail size and the observed horizontal reflectivity [1]. This is because the sixth power proportionality between ZH and the particle’s equivalent diameter does not hold any more for hail size larger than 2 cm. Hail size starts to be comparable with typical weather radar wavelengths at S, C, and X bands. However, several experimental and observational studies deduced that rainfall does not produce ZH over 55 dBZ [1], or at least 50 dBZ [2]. For small hail (<1 cm), [3,4] found that the threshold is 45 dBZ. This threshold is considered an indicator of the presence of hail. However, this does not allow for discriminating between large and small hail [5]. To improve the capability of segregating between different hail sizes (2 cm threshold), the addition of the dual polarization by means of the ZDR to ZH provides promising results [2,6,7,8]. However, more research is needed on the dual polarization integration in hail diagnosis. One of the main issues of direct detection methods is the assumption of spherical or spheroid hail shapes, which do not always occur.



The indirect estimation of hail occurrence and size is mainly based on the calculation of the ZH through each column of the radar volume. In this way, the first estimation consists of the vertically integrated liquid (VIL) [4,5,8], which is an assimilation of the conversion of the horizontal reflectivity in liquid precipitation along all heights. This product has been operational at the Servei Meteorologic de Catalunya to delimitate the affected areas in hailfall cases in agricultural regions [9]. Despite the good results, there are also some limitations (such as the dependence of the VIL threshold throughout the period of the year or the distance of the radar to the region). The VIL density divides the original VIL by the Echo Top of the thunderstorm to consider the vertical development of the cloud. VIL density provides a better estimation of hail presence in thunderstorms throughout all seasons of the year [5,10]. Other indicators consider the exceedance of a ZH value of an atmospheric level [4,11,12,13] and some Doppler velocity signatures, such as the divergence at thunderstorm top levels and maximum rotation velocity [1,5]. Farnell et al. [14] presented an acceptable estimation of the hail size in a hailfall event through the combination of radar fields with ground registers using geospatial methodologies. However, a minimum of observations is necessary to work well (one each 10 km2).



Indirect signatures are those patterns not estimated directly in the radar fields. These signatures, caused by hail in thunderstorms, have been analyzed for detecting and sizing hailstones in real-time surveillance tasks [1]. One indicator is the radar side lobe [15], but the results of using this signature as a diagnostic or forecaster are still preliminary. The well-known signature is the three-body scatter spike (TBSS), defined by [16,17]. The TBSS, or flare echo, consists of a region of large values of ZH echoes at mid-levels, producing a low reflectivity area with the shape of a spike extending from the core downrange. The physical cause of this signature is still not completely solved, with a dominant theory indicating a contribution of the different scatterings between the hail core, the ground below, and the weather radar [18]. The relationship between the occurrence of hail and TBSS observation seems clear [5,9,11,18], mainly for thunderstorms not farther from the radar than 120 km and with cores at heights between 1200 and 8200 m [19]. Most references agree that the distance to the radar, the size of the region, and reflectivity intensity play a principal role in the size of the TBSS: for those distances to the radar lower than 120 km, with maximum reflectivity over 60 dBZ, and the higher the core area, the more extensive the TBSS [9]. In this way, [18] found that 46% of the analyzed cases had a TBSS. However, there are doubts regarding the TBSS and the hail size [19,20]. It has been detected that weak TBSS patterns in hailstorms produce small sized stones, which could be associated with the dissipating stage of the thunderstorm [19]. For instance, [5] found that the TBSS was detected in 51% of cases with large hail (~5 cm) and 43% of thunderstorms with giant hail (>10 cm). Kumjian et al. [21] observed that the TBSS signature was clearer in polarimetric radar in intense reflectivity cores. Particularly, the best parameters were differential reflectivity and cross-correlation coefficient. Reference [18] indicated that the lead time of the TBSS and the occurrence of hail on the ground does not exceed 30 min. Besides, a principal difficulty of detecting TBSS is that the forecaster needs to analyze the whole set of PPIs, which implies a high time consumption of personal resources that are not always are available in operational meteorological services. Another disadvantage of using TBSS with reflectivity PPIs is that the results are worse than other products, such as radial velocity [18] or storm-relative velocity [11]. However, forecast staff are more commonly adapted to the use of the reflectivity fields.



From the operational surveillance tasks, the forecast team of the Servei Meteorològic de Catalunya has detected some issues related with the identification of the TBSS in real-time. Departing from the premise that the operator has little time for analyzing the radar imagery to diagnose the presence of hail in a thunderstorm and to estimate the probable size of the stones, these issues are the following. (1) The TBSS can be masked by simultaneous and close thunderstorms. (2) The signature can be observed only in mid or high PPI elevations, not typical in those tasks. (3) The TBSS can be masked by electromagnetic interferences [22], anomalous propagation conditions [23], or noise signal (in case of thunderstorms very close to the radar) because of the low values of the reflectivity in the regions. (4) The signature is not always evident, showing different shapes depending on the nature of the hailstorm, the stage of maturity, or the proximity to the radar, among other elements. To minimize the previous points, the present research considers using the three-dimensional maximum reflectivity (MAX) product for detecting TBSS instead of the PPIs, taking advantage of the fact that this signature is reflected in the vertical cross-sections of MAX. The observations from previous hail campaigns and other analyses such as [24] have led to considering this product for replacing the PPIs. In this way, the use of MAX for detecting the TBSS has been tested in hail events that occurred in Catalonia during the 2022 campaign (from January to August). TBSS observation in MAX consists of a signature over the hail-bearing thunderstorm in some events, like a top hat area of weak reflectivity values observed in the XZ and YZ panels, just over the upper side of the convective cell. Then, we wondered if this signature occurs in most hailstorms. In the case of an affirmative answer, it would help to diagnose the occurrence of hail. The main goals of this preliminary analysis are (1) to investigate the capability of the MAX reflectivity product for identifying the TBSS and (2) to determine the circumstances in which it presents good and bad performance.



The manuscript has the following scheme. First, the document introduces the different radar products used in the study and the methodology considered in each case. The next section presents the obtained results, followed by a discussion of the main elements found. Finally, it ends with the main conclusions of this preliminary analysis of the TBSS observation in the MAX reflectivity product.




2. Materials and Methods


2.1. Data Used


The Radar Network (XRAD) of the Servei Meteorològic de Catalunya consists of four C-Band Single Polarization radars. However, during the period of analysis, only three of the four (PBE, PDA, and CDV in Figure 1) worked in operational mode. There are two scan modes: long (~250 km) and short (~130 km) range. The first one has only one unique elevation (0.6°, the lowest one) and it is used for surveillance purposes. The short-range mode consists of 16 elevations (from 0.6 to 27°) to generate volumetric products. The full scan procedure lasts for 6 min. The data used for this study has consisted of different types of radar products:




	
Instantaneous PPI (Plan Position Indicator): The PPI measures the reflectivity and the Doppler velocity fields at each one of the 16 scheduled elevations in a 6-min volume for the closest radar to the hailfall of each day. The coordinates are polar (distance to the radar, azimuth, and elevation) and the resolution is 1 km, 1°, and the 16 elevations. The time resolution is 6 min, and the format of the files is IRIS.



	
MAX (maximum reflectivity): MAX provides planar imagery (JPG) of the closest radar to the hailfall. The time resolution is again 6 min, and the spatial resolution is 1 km × 1 km × 0.5 km (cartesian coordinates). The images are composed of three panels, with the maximum reflectivity fields in the X-Y, X-Z, and Y-Z planes.



	
VIL (Vertical Integrated Liquid): The VIL is estimated using the classical equation that integrates reflectivity for each layer in the vertical and are an estimation of the precipitable mass water over a pixel. The values range from 0 to 65.5 mm, with 20 mm being a reasonable threshold for hail in our region, according to Rigo and Farnell [19]. The daily fields of the maximum value are in GeoTIFF format, with a spatial resolution of 1 km × 1 km.



	
VILD (Vertical Integrated Liquid Density): This parameter normalizes the VIL values thorough the division by the echo top (height of the cloud). These normalization results are helpful for obtaining comparable values along the different seasons, and for different vertical developments of the thunderstorms. The values usually move between 0 and 6 mm/km, and 1.5 is a reasonable threshold for hail identification. These have the same attributes as the VIL files.









2.2. The Definition of the TBSS in MAX Images


The experience of the Servei Meteorologic de Catalunya staff analyzing hailstorms with radar imagery leads to the identification of a signature in the MAX reflectivity product coinciding with the development and fall of the hail into the cloud. This signature consists of a weak reflectivity (<5 dBZ) region observed in the XZ and YZ panels. The structure goes from the top of the thunderstorm to the top of the radar volume (~20 km A.S.L.) in the vertical of the reflectivity core associated with the hail region. Figure 2 shows an example of a hailstorm affecting the southern coast of Catalonia (1012 UTC on 16 August 2022), observed with the CDV radar (see Figure 1 for the location). The A panel presents the MAX reflectivity product with the signal marked with a blue dashed circle. The B panel is the PPI at 5° elevation for the same time, in which it is possible to observe the “real” TBSS signature. Finally, the C panel is that for the Doppler velocity field at the same time and elevation as the previous one, indicating the high variability observed in the area, associated with the high shear occurring in this type of event.




2.3. Methodology


The research has been divided into three main stages:




	
Identification of days with hail: The selection was made using the hail registers database and the maximum daily VIL and VILD radar fields. We used the ground register (that is, observations provided by humans) as the confirmation of hail and to estimate the maximum hail size (we have assumed that the maximum hail size of the event is the maximum observed), while the radar fields were used for estimating the hailfall area. The daily VIL maps were used as the main product, while the daily VILD allowed for confirmation of the selected region. Additionally, the 6-min VIL fields helped to confirm the time of occurrence of the hailfall. To validate the characteristics of the TBSS signature, we divided the cases into those with hail of a diameter near 1 cm (small hail) and a diameter larger or equal to 2 cm (large hail). The total of registers was 89: 33 of small hail and 56 of large hail, distributed over 29 days. Figure 3 shows the violin plots of the VIL for the hail register’s distributions for each category. The VIL moves between 5 and 65.5 mm (the maximum estimated by the algorithm of the software) in the case of small hail, with a median of 36.5 mm. Opposingly, practically all the values of the VIL for the large hail observations move between 50 and 65.5 mm, with the median close to the latter value.








For each hail ground register, we selected the probable area of hail precipitation considering the different factors: the type of event (small or large hail), the month, the distance to the radar, and the area for the different VIL thresholds (this is 20 and 40 mm, similar to [10]). Figure 4 presents two examples of hail events for the two categories (small and large hail), with the area affected by the hailfall.



	2.

	
Detection of hail cores: Detection consists of the identification of those pixels exceeding the 50 dBZ threshold at each of the PPIs scanned on each of the days selected in the previous phase. Figure 5 shows two examples of the location of the PPI cores centroids (coloured dots) superposed to the VIL area (grey dashed region). The threshold is a bit lower than the one proposed in the bibliography as confirmation of hail. From the authors’ experience, the selected threshold is enough for discarding small hail and graupel cases, but this first analysis focuses on those confirmed events. For each PPI, it selected the region exceeding the threshold, identifying different elements, such as the maximum and mean reflectivity, the height (according to the radar equation), the distance to the radar, the time, and the coordinates.







	3.

	
Observation of the TBSS: To verify the occurrence of the TBSS, we have inspected the PPI and MAX imagery in the period between 120 min before and 30 min after the hail ground register has been directly inspected (see examples in Figure 6 and Figure 7). In the case of Figure 7, the TBSS does not appear as in the classical mode, but as a like-a-hat over the thunderstorm top. The analysis includes every 6-min PPI composite and the MAX product with at least one area exceeding the 50 dBZ threshold. First, we searched for the TBSS signature in the PPI composite, selecting those elevations where it was observed. Second, we analyzed the XZ and YZ panels of the MAX product to estimate the vertical profile of the reflectivity in the area with the reflectivity exceeding 50 dBZ.







	4.

	
Statistical analysis: To determine the reliability of the occurrence of the TBSS signature in the MAX product, some of the classic skill scores have been estimated using the elements of the measure (Table 1), where the observation is the TBSS occurrence in one or more PPIs, and the forecast is the TBSS detection in the MAX product. The analysis has been made for all the volumes with at least an exceedance of the 50 dBZ threshold.







The selected skill scores are the probability of detection, false alarm ratio, and critical success index (Equations (1)–(3)).


POD [Probability of Detection] = a/(a + c),



(1)






FAR [False Alarm Ratio] = b/(a + b),



(2)






CSI [Critical Success Index] = a/(a + b + c),



(3)









3. Results


3.1. Identification of Days with Hail during 2022


The research consists of the analysis of the observation of the TBSS in radar imagery for the hailstorms that produced the 87 ground registers. We divided the cases into two types according to the hailstones’ size and following the same method as a previous analysis [25]: small hail, for cases of 1 cm diameter; and large hail, for cases of 2 or more cm. In the first case, May is the month with more registers (9), followed by July, August (7), and April (6). January, March, and June had at least one observation of small hail. On the opposite hand, large hail occurred only in August (38) and July (15). In both cases, the number of hail days was 17, but the mean number of registers was of two per day in the case of small hail and three per day for large hail. The days with more registers were 29 July (12), 21 August (7), 29 May (6), and 30, 27, and 12 August (all three with five registers). There were five days with four registers, three with three registers, and five with two registers. The rest (11) registered only one observation.



This event distribution is consistent with the climatology of the region (see, for instance, [26,27]), with the usual variability of this kind of phenomenon. In any case, the number of days with large hail is a bit larger than the usual, but it is difficult to identify any trend.




3.2. Detection of Hail Cores


The detection of hail cores has allowed for a better identification of the TBSS signature in the next step of the research, for both the PPIs and MAX products, because it indicates the location of the possible candidates. A total of 730 volumes (48.86%) had at least a reflectivity core at any of the 16 PPIs. Of these volumes, 94.24% have registered 16 cores or less. Only 5.75% of the volumes include a thunderstorm with a hail core at all the levels.



To present some of the details of the identified hail cores, Figure 8 illustrates the more representative ones. First, the number of pixels exceeding the 50 dBZ per volume are in the top panel. Most of the cores had very reduced dimensions, especially at high PPI levels. In general, the cores had less than 10 pixels per region. Another factor associated with the size of the cores is the season: larger cores are observed during the warmest months (June to August).



The maximum reflectivity (middle panel of Figure 8) varies from 50 and 65.5 dBZ, but 70.09% range between 53 and 59.5 dBZ, which can be considered as the more common values for this parameter. Again, a high seasonal influence exists in this variable, with the larger values during July and August.



Finally, the bottom panel of Figure 8 presents the highest height of the core, considering that this parameter has been estimated from the radar equation:


h = h0 − rea + sqrt(dst^2. + 2 × dst × rea × sin(theta × pi/180.) + rea ^2.),



(4)




where h0 Vis the height of the radar, dst is the distance of the core to the radar, theta is the elevation angle of the PPI, and rea is the radius of the Earth. More than the half of the cores were located below 2 km and only few cases exceeded 4 km.




3.3. Detection of TBSS Signatures


First, we have manually analyzed a total of 22,107 PPI fields, corresponding to 1465 radar volumes (each volume is composed of 16 PPIs if the volume is complete). A total of 11,200 PPIs correspond to CDV, 4000 to PBE, and 6907 to PDA (the selection of the radar was made according to the distance of the ground register). For each volume, we identified the number of PPIs where a TBSS signal has been observed. The TBSS signature was observed in a total of 3535 PPIs (15.99%), corresponding to 731 volumes (49.89% of the total of volumes).



Figure 9 shows the distribution of the percentage of PPIs per volume with TBSS signature detection. If each volume has 16 PPIs, then this figure indicates if the signature is easy to detect in the whole set of fields, or, on the contrary, it is usually detected only in a small part of the elevations. As it has been previously stated, half of the volumes included a TBSS. Of this dataset, most of the volumes (a 67.17%) have a third or less than PPIs with the signature, while only a 6.98% have two thirds or more of the PPIs with a TBSS. This means that a TBSS is rarely observed in more than 5 of the 16 PPIs of each volume.



The signature was also analyzed according to the recorded hail size. In the case of the PPI fields, the signature was identified in 93.94% of the events with small hail, while this percentage is 90.74% for the large hail episodes. Then, the signature was similarly detected for both types of hail size.



The second part of the research consisted of the same type of analysis, but for the MAX products (1442 in total, because the full volume is necessary for generating this product). In this case, the characterization was binary: observation (1) or not-observation (0) of a TBSS in MAX. In this case, the signature was observed in lower volumes than for the PPIs, with 435 cases, or 30.16% (as it is presented in Figure 10).



This indicates that this criterium is more restrictive than using PPIs, with some TBSS not identified. However, it is much faster and easier to apply in complex situations. However, there are also some false alarms, because 142 of the signatures corresponded with no signature in the PPIs (19.97% of the total with no TBSS in the PPIs). As the criteria are more restrictive, this increases the percentage of PPIs where the TBSS is detected, and the percentage of identification in the MAX rises: 36.88% of cases when the TBSS is detected in less than one-third of the PPIs of the volume, and 46.21% is the percentage of PPIs that exceeds one-third of the volume.



In the case of the MAX product depending on the hail size register, the TBSS was observed in 57.58% of the events with small hail and 88.89% for the large hail episodes. Unlike the PPIs, the percentage of detection is clearly larger in the case of large hail.



Finally, the seasonal component also plays an important role: the percentage of good observation (that is, observed in MAX and in PPIs) is 6.38% between January and June, while it increases to 48.14% in July and August. This is caused by the fact that the signature is clearer in the warmest months when the convection highly develops.




3.4. Statistical Analysis


The skill scores presented previously (POD, FAR, and CSI) were used to evaluate the quality of the performance of the MAX for identifying the TBSS. We have considered two types of evaluation: first, direct observation of the signature per volume, and second, the same, but for each register (that is, the detection of the TBSS in the 2 h before the hail register).



In the first case, the first three rows of Table 2 show the performance of the MAX respective of the PPI for the whole set of volumes, in direct comparison. The values indicate that the capability of directly reproducing the identification of the TBSS with the MAX is of less than half for the whole set, while there is one-third of false alarms. However, these scores vary depending on the season, with clearly worse numbers (lower POD and CSI, and higher FAR) for the colder months (January to June), and much better numbers for the warmer ones (July and August).



However, the interesting use of the signature detection is at the event level, for operation purposes. This means that we are not especially interested in the volumetric detection if the signature has not been detected in the last 2 h prior to the hail register occurrence. In this case, the values are clearly better than for the previous analysis. Again, we divided the dataset in two categories: small and large hail. In the first case, in practically three-quarters of the total cases, the signature was observed in at least one volume prior to the register. This POD is close to 100% in the case of large hail, meaning that the TBSS appeared in practically all the events of large hail. Besides, the FAR is very low (0.04 and 0.02, respectively).





4. Conclusions


The experience in the analysis and observation of hail events in real-time lead to the observation in many cases of a signature in the MAX reflectivity product, which consisted of a vertical structure of weak echoes over the core connected with the hail precipitation in the thunderstorm. The objective of this analysis was to verify the percentage of cases in which the TBSS occurred in the MAX signature. In other words, our goal was to verify if the signature was typical in hail events, and in which cases it occurs more frequently.



To reach the objective, the first eight months of 2022 in Catalonia were analyzed, in which many hail events occurred, most of them with a lot of social interest. Using the VIL and VIL density, the criteria considered in [10], and the registers of the Catalan Hail database [26], the number of cases was 87. To select the hail-producing thunderstorms in each event, the criterium of the 50 dBZ in the reflectivity PPIs at any of the 16 elevations of the more representative radar was used. This criterium is based on the bibliography, and it has a good performance for large hail.



Moving to the results, the vertical weak echo zone in the MAX reflectivity product was usually detected in the events that mainly occurred in July and August. Then, a notable relationship existed between this signature and severe convection, which is the most common type of convection during those periods [28,29,30]. The comparison with other analyses [1,5,16] or [8] demonstrates that the results obtained are similar with those obtained in this study, clearly detecting the TBSS signature in the MAX product in hail events with a well-defined reflectivity core. These events are associated with hail of a size larger than 2 cm (or severe hail, [26]). Furthermore, this signature is not as clear in events of small hail, coinciding with the findings of [21]. New analyses should also include the height of the reflectivity core [19] or the distance from the radar to the thunderstorm [11].



This preliminary analysis introduces the vertical TBSS as a signature related to hail in events analyzed in Catalonia. This signature would be associated with the TBSS detected in PPI, but in this case, the product used was the MAX reflectivity field. The MAX takes advantage of the capability of representing the reflectivity structure in the atmosphere close to the radar in the different planes (XY, XZ, and YZ).



Although there are some points that need to be investigated more in-depth, the research has led to the main conclusion that the signature effectively reproduces the classical TBSS in severe hail events but is less efficient in small hail cases. The misidentification of cases is contrasted with the faster observation of the signature because the operator can easily identify the signatures using only one image, instead of the difficult analysis of 16 PPIs, in which there is a large set of anomalous reflectivity patterns that can complicate the surveillance tasks.



To end, the conclusions can be summarized as follows:




	-

	
We have tested the TBSS signature using MAX in front of a PPI product for the 2022 campaign. During the hail season, large hail only occurred in July and August. The day with more registers was 29 July, but the number of registers per day was higher in August.




	-

	
Hail cores detected using PPIs (50 dBZ threshold) are usually small (less than 20 pixels), with maxima reflectivity values between 52 and 60 dBZ, and the height varies between 0.5 and 2 km.




	-

	
The TBSS signature usually is observed in two or less PPIs, and rarely in more than two-thirds of the whole volume (16 PPIs). This fact complicates the identification of the signature in real time.




	-

	
In the case of the MAX product, the TBSS was observed in 40% of cases where the signature was detected in the PPIs. However, this percentage changes for cold season events (only 6% of detection) and warm season cases (near the 50%).




	-

	
If we consider the detection of the signature during a hail event, the percentages of detection are higher, with 72% for small hail and 96% for large hail. This indicates that the MAX can be used properly for large hail identification, while the effectivity for small hail is reduced.
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Figure 1. Area of study and the radars of the Servei Meteorologic de Catalunya. The solid and dashed lines indicate the short and long ranges, respectively (see text for more details). 
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Figure 2. (A) Evolution of the MAX reflectivity product at 1012 UTC on 16 August 2022. (B) PPI of reflectivity at 5° elevation for the same times as (A). (C) The same as (B), but for the Doppler velocity field. The circles with a dashed blue line in (A,B) indicate the location of the TBSS. 






Figure 2. (A) Evolution of the MAX reflectivity product at 1012 UTC on 16 August 2022. (B) PPI of reflectivity at 5° elevation for the same times as (A). (C) The same as (B), but for the Doppler velocity field. The circles with a dashed blue line in (A,B) indicate the location of the TBSS.
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Figure 3. Violin plots for VIL measurements for each of the ground hail registers (Left: for hail close to 1 cm diameter, small hail. Right: for large hail, equal or larger than 2 cm). 
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Figure 4. VIL fields for two hail events with different sizes of registers (the green and white dots placed in the centre of each image indicate the location of the register). (Left): small hail detected with PDA radar (29 May 2022). (Right): large hail detected with CDV (29 July 2022). The cyan line delimitates the hail observed on the ground, according to the criteria of the month, the distance to the radar, the hail size, and the VIL thresholds. 
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Figure 5. VIL field associated with the hail fall (grey areas) for the same cases shown in Figure 4 (left: PDA radar, 29 May 2022; right: CDV radar, 29 July 2022). The coloured dots show the locations of the regions exceeding the 50 dBZ threshold for each PPI elevation angle and the colour indicates the maximum reflectivity value. 
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Figure 6. (A) Elevations of the PPI fields (0.6, 0.8, 1.7, and 2°) of the same case as Figure 4 (PDA radar, 29 May 2022). (B) As in Figure 6A for the 1, 1.3, 3, and 4° PPI elevations (PDA radar, 29 May 2022). (C) As in Figure 6A, but for the CDV radar (29 July 2022). The TBSS signature is marked with a purple triangle (in 1.7 and 2° PPI elevations). (D) As in Figure 6B, but for the CDV radar (29 July 2022). The TBSS signature is marked with a purple triangle (in 3° PPI elevation). 
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Figure 7. MAX fields of the same cases as Figure 4 (left: PDA radar, 29 May 2022; right: CDV radar, 29 July 2022). The TBSS signature is marked with a rectangle. 
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Figure 8. (Top): The number of pixels per core. (Middle): The maximum reflectivity detected in each volume. (Bottom): The maximum height at which the core per volume was detected. 
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Figure 9. Percentage of PPIs per volume with a TBSS signature. 
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Figure 10. Proportion of MAXs without and with a TBSS signature. 
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Table 1. Elements of the measure, forecast, and observation.
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	Event Forecast
	Event Observed
	Event Not Observed





	Event forecasted
	a
	B



	Event not forecasted
	c
	D
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Table 2. Skill scores (POD, FAR, CSI) for the global dataset, for the months of January to June, and from July to August.
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	Period
	POD
	FAR
	CSI





	Global
	0.40
	0.33
	0.34



	Jan to Jun
	0.06
	0.63
	0.06



	Jul & Aug
	0.48
	0.31
	0.40



	Small hail (event)
	0.72
	0.04
	0.69



	Large hail (event)
	0.96
	0.02
	0.94
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