

  atmosphere-14-00174




atmosphere-14-00174







Atmosphere 2023, 14(1), 174; doi:10.3390/atmos14010174




Article



An Empirical Relationship among Characteristics of Severe Convective Storms, Their Cloud-Top Properties and Environmental Parameters in Northern Eurasia



Alexander Chernokulsky 1,2,*[image: Orcid], Andrey Shikhov 3[image: Orcid], Yulia Yarinich 1,4,5 and Alexander Sprygin 6





1



A.M. Obukhov Institute of Atmospheric Physics, Russian Academy of Sciences, 119017 Moscow, Russia






2



Institute of Geography, Russian Academy of Sciences, 119017 Moscow, Russia






3



Faculty of Geography, Perm State University, 614068 Perm, Russia






4



Research Computing Center, Lomonosov Moscow State University, 119991 Moscow, Russia






5



Faculty of Geography, Lomonosov Moscow State University, 119991 Moscow, Russia






6



Scientific and Production Association “Typhoon”, 249038 Obninsk, Russia









*



Correspondence: a.chernokulsky@ifaran.ru; Tel.: +7-(495)-951-6453







Academic Editors: Olga Antokhina and Mario Marcello Miglietta



Received: 21 November 2022 / Revised: 9 January 2023 / Accepted: 10 January 2023 / Published: 13 January 2023



Abstract

:

Severe convective storms that produce tornadoes and straight-line winds usually develop under particular environmental conditions and have specific signatures on the cloud tops associated with intense updrafts. In this study, we performed a comparative analysis of satellite-derived characteristics, with a focus on cloud-top properties, and ERA5-based environmental parameters of convective storms in forested regions of the western part of Northern Eurasia in 2006–2021. The analyzed sample includes 128 different convective storms that produced 138 tornadoes and 143 linear windstorms. We found most tornadoes and linear windstorms are generated by quasi-linear convective storms or supercells. Such supercells form under lower convective instability and precipitable water content compared to those for other types of storms. We found a significant negative correlation of minimum temperature on the storm cloud top with instability parameters. In turn, the longevity of convective storms significantly correlates with wind shear and storm-relative helicity. About half of the tornadoes and 2/3 of linear windstorms are associated with the presence of cloud-top signatures, such as overshooting tops, cold-ring or cold U/V features. The events associated with such signatures are formed under high values of instability parameters. Our results can be used for further analysis of peculiarities of tornado and linear windstorm formation and to enhance the predictability of such severe events, especially in regions with a lack of weather radar coverage.
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1. Introduction


Tornadoes and convective straight-line winds, induced by mesoscale convective systems (MCSs) and supercells, regularly cause high economic losses and fatalities worldwide, including in Northern Eurasia [1,2,3,4]. In the United States and Europe, the features of convective storms generating severe winds and tornadoes are usually identified based on the data from weather radar [5,6]. However, a substantial part of Northern Eurasia lacks radar observations. In that case, observations of cloud-top features from geostationary satellites remain an important data source to identify severe convective events, which may help forecasters to separate potentially hazardous storms (generating severe wind or tornadoes) from ordinary ones [7,8,9].



Identification of cloud-top features in satellite imagery has been used for severe weather detection since the late 1970s [10,11]. Intense convective updrafts often force cloud tops to penetrate through the surrounding cirrus anvil into the lower stratosphere and form well-detected signatures such as overshooting tops (OTs) [12,13,14], U- or V-shaped patterns in cloud-top temperature [15,16,17], cold-rings [18], and above-anvil cirrus plumes [19,20]. Convective storms with these signatures frequently produce severe weather such as heavy rainfalls [13], damaging winds [21], hailstorms [12], and tornadoes [8,22,23]. In particular, about 45% of severe storms over the eastern United States and Europe from 2004 to 2009 were associated with overshooting top (OT) signatures [7,24]. The same ratio for Northern Eurasia remains unknown.



Together with storm cloud-top features, the convective parameters of the atmosphere during convection initiation are also widely used to forecast and analyze the convective storms that can induce severe wind and tornadoes [1,3,25,26,27]. In particular, high convective available potential energy (CAPE) is important for the formation of a strong updraft, while strong vertical wind shear is crucial for the formation of long-lived updrafts, resulting in supercells and bow echoes [25,26,27]. Recently, multiple studies considered a large set of convective variables (such as instability indices, wind shear, storm-relative helicity, and composite parameters) associated with straight-line winds and tornadoes both in Europe [3,26,27,28,29,30,31] and in Northern Eurasia [32,33,34]. Most of these are based on the new-generation ERA5 reanalysis data [35], which substantially improves the quality of the convective parameters’ computation, especially those for parcel indices [27] and near-surface wind profiles [36].



A coupled analysis of satellite-derived characteristics of convective storms and the signatures of updrafts on the cloud tops with convective environments is presented in only a few studies. Moreover, these studies used only CAPE and wind shear, while other environmental variables were not taken into account. Thus, Bedka [7] noted that OT signatures are related to high CAPE, which explains their strong correlation with hail events and weak correlation with tornadoes. In line with this, Punge et al. [37] used a hail-specific threshold for CAPE and deep layer shear (DLS) based on the ERA-Interim reanalysis data along with satellite-derived OTs, to estimate the frequency of hail events across Europe. Bedka et al. [20] found that the formation of above-anvil cirrus plumes observed in satellite imagery is also associated with high CAPE and high shear.



Over Northern Eurasia, satellite-based studies of convective storms producing severe weather have been limited for a long time due to the lack of enhanced images from geostationary satellites such as MSG2 (Meteosat Second Generation) for most of the region. Researchers focused on the development of threshold-based algorithms for detecting areas with heavy rainfalls, thunderstorms, and hailstorms [38,39]. After 2016, when the Meteosat-8 satellite was relocated to 41.5° E [40], images with sufficient spatial resolution became available for the entire European Russia (ER) region, the Urals, and partly for Western Siberia. Since then, the cloud-top structure has been studied only for several tornadoes and straight-line wind events [32,34,41,42,43]. Features of cloud-top structures associated with severe weather events have not been analyzed previously for a relatively large sample due to a lack of information about tornadoes and straight-line winds in Northern Eurasia. Recent publications of the databases for tornadoes [2,44], and windthrow events [45,46] provide the possibility of performing such analysis.



In this study, we estimate the features of convective storms generating severe wind gusts and tornadoes in Northern Eurasia, specifically in the forest zones of ER, the Urals and a part of Western Siberia for the 2006–2021 period, and identify the environmental parameters that have substantially influenced the storms’ characteristics and cloud-top structure. We perform analyses for three datasets, namely (1) the presence of straight-line wind and tornado events that caused forest damage, (2) satellite-derived characteristics of convective storms that generated these wind-related events, and (3) environmental parameters calculated from the ERA5 data. We focus on the characteristics of convective storms that may be determined with satellite data and analyze relationships of these characteristics with event types (tornadic or non-tornadic events) and the values of convective parameters.



We describe the process of storm events sampling, the determination of convective storm characteristics from the MSG2 images, and the ERA5-based dataset of convective indices in Section 2. We present the main results of the study including the characteristics of convective storms themselves, signatures of the cloud tops, and statistical relationships between storm event types, cloud top features, and convective environments in Section 3. We discuss and summarize the obtained results in Section 4.




2. Data and Methods


2.1. Specification of the Sample for Storm Events


In this study, the databases for windthrow events in ER [45] and Western Siberia [46], were used as data sources for storm events. These databases contain the stand-replacing (total) windthrow events in the forest zones of European Russia (for the 1986–2021 period) and Western Siberia (for the 2001–2021 period). Windthrow areas were delineated based on Landsat and Sentinel-2 satellite images with a spatial resolution of 30 m and 10 m, respectively, and the Landsat-based Global Forest Change dataset [47]. Each windthrow was attributed to a specific type of event, including tornadoes, convective straight-line winds, and non-convective straight-line winds. The databases include stand-replacing windthrow events only with an area > 0.05 km2 and > 0.25 km2 for the events caused by tornadoes and straight-line winds, respectively. The date of an event (or a range of possible dates) and geometrical characteristics (i.e., path length, width, and damaged area) were determined for each windthrow.



We selected the windthrow databases as the main data source, since we focused on tornadoes and straight-line winds that can be classified as ≥F1 intensity, according to the Enhanced Fujita Scale [48] and the International Fujita Scale [49]. Indeed, the presence of a stand-replacing windthrow (with the total canopy removal) covering an area of at least 0.05 km2 for tornadic events and 0.25 km2 for non-tornadic ones clearly indicates the storm severity. Unlike other data sources (the ESWD database [50] or the reports from weather stations), long-term satellite data on windthrow allowed us to identify hundreds of previously unknown cases of straight-line winds and tornadoes and substantially increased the sample size [45]. Moreover, based on windthrow data, the coordinates of the start and end of the damage track are defined with sufficient accuracy, which is important when overlapping severe weather reports with the images from meteorological satellites. Both databases used for windthrow events cover the period of the availability of the MSG2 images (from 2006 to the present) [45,46].



The sample of windthrow events was compiled in several steps. Firstly, both windthrow databases (for the ER and Western Siberia) were unified and updated to 2021, based on the Global Forest Change dataset [47], Landsat, and Sentinel-2 images, according to our method [45]. Windthrow events associated with non-convective storms were excluded. Then, we selected only the events potentially covered by the MSG2/SEVIRI (Spinning Enhanced Visible and InfraRed Imager) satellite images. For the period 2006–2016 in particular, the MSG2 images have sufficient quality to identify signatures of intense updrafts on the cloud tops only in the western part of the ER. For this period, we selected 165 windthrow events that occurred in this region (Figure 1). In turn for the period 2017−2021, the area covered with MSG2 images expanded to 80° E due to the relocation of the Meteosat-8 satellite to 41.5° E [40]. For this period, we selected additional 254 windthrow events for further analysis.



For the next step, we excluded the windthrow events with unknown dates of occurrence. For each date when windthrow events occurred, we downloaded MSG2 images from the Eumetsat Earth Observation portal [51]. Convective storms that generated straight-line winds or tornadoes causing forest damage were identified based on the time series of MSG2 images (HRV and IRW bands, see Section 2.2 for details). In addition, independent information on the time of storm occurrence was also analyzed, for example, based on weather stations reports and/or ESWD. Windthrow events with known dates but unknown times (when it could not be determined which particular convective storm generated a linear windstorm or tornado) were also excluded from the subsequent analysis. As a result, the initial sample of 419 windthrow events induced by tornadoes or straight-line winds was reduced to 281 events (Figure 1).



The compiled sample contains an almost equal number of linear windstorms (143 events) and tornadoes (138 events). It also consists of two subsamples for the period 2006–2016 (82 events) and 2017–2021 (199 events) due to the relocation of the Meteosat-8 satellite in 2016.




2.2. Determination of the Convective Storms Characteristics and Cloud Top Features


We downloaded the MSG2/SEVIRI images for each date when windthrow events induced by straight-line winds or tornadoes occurred (on 98 different days in 2006–2021). According to the previous studies [18,20], we selected only the 0.7-µm high-resolution visible (HRV) 10.8-µm infrared (IR) bands, which are the most informative, to identify the signatures of intense updrafts on the cloud top. Their spatial resolution for the study area is about 1.2 km and 3.5 km, respectively, while the temporal resolution is 15 min.



The preprocessing of the MSG data, in particular extraction for the study area, calculation of brightness temperature and albedo, and further conversion to the Geotiff format were performed using the MSG Data Retriever software package. Next, the images (IRW 10.8 channel, and RGB-combination of the HRV and IRW 10.8 channels known as HRV cloud [52]) were overlapped with previously-selected windthrow areas in the ArcGIS software package. It is of note, that for the nighttime images, only the IRW 10.8 band was used.



As the next step, we determined the particular convective storm that induced each windthrow, based on the time series of the MSG2 images and the previously known time of occurrence of this storm event. Moreover, the time of occurrence of about 100 windthrow events was clarified according to the MSG2 images, in particular for straight-line winds that were reported by the weather stations according to standard three-hours observations.



For further assigning storm cloud-top signatures to windthrow, it is important to consider the parallax effect [53], which results in the displacement of cloud location in satellite imagery with regard to the Earth’s surface. We implemented no algorithms to correct the parallax shift effect, but we took this effect into account by looking for signatures as the cloud tops passed both over the windthrow area itself and at a distance of up to 40 km north of it (or northwest of it, for the images obtained in 2006–2016). We found the largest distance between the windthrow area and an OT or CRCUV signature on the MSG2 image was 45 km. It is of note that this distance depends on the parallax effect but also on mid- and upper-tropospheric wind speeds.



In the absence of weather radar data, we were able to determine only several characteristics of convective storms based on satellite data. Thus, the storm diameter (along the major and minor axis) was estimated as the diameter of its cirrus anvil by using the IRW images corresponding to the center of windthrow occurrence time interval (Figure 2). Next, all storms were classified into meso-α and meso-β scales, according to the 200-km threshold value of their diameters along the major axis (DMA) [54]. We also subdivided all storms into quasi-circular and quasi-linear types, according to the ratio of diameters along the major and minor axes. The threshold value was taken to be 1.5, which is close to the one suggested by [55].



According to [55], quasi-circular storms of meso-α scale are classified as mesoscale convective complexes (MCC), while quasi-linear ones are as squall lines. Following the classification [56], we also identified low-organized multi-cell clusters. In addition, we attempted to identify supercell storms, i.e., storms with deep and persistent rotating updrafts [57]. The use of satellite images did not allow us to detect the rotating updraft [58], which prevents the detection of supercells, at least according to their classical definition. However, previous satellite-based studies e.g., refs. [9,59,60] showed that isolated supercells are easily detected on the images from geostationary satellites. They are characterized by a cirrus anvil plume strongly elongated along the direction of the upper tropospheric flow, and often have a long-lived OT, cold U/V or cold-ring signature on the cloud top, except for the storms formed under low CAPE conditions [7]. We should emphasize that the use of satellite data only (without radar information) did not allow us to identify supercells embedded into larger convective systems. Such supercells (if any) were not separated in this study.



We classified all convective storms into six types: a supercell (Figure 3a,b), a squall line (Figure 3c,d), a quasi-circular or a quasi-linear storm of meso-β scale, a low-organized cluster, and an MCC (Figure 3e,f). Storm types were determined for the time interval when each windthrow occurred. It is noteworthy that supercells often transform into other storm types (into MCC in most cases), and these transformations were also taken into account.



The lifetime of convective storms was estimated based on IRW 10.8 images. According to [55], we considered the time of the beginning of the development of convective cells with brightness temperatures ≤ −32 °C as the storm start time. For re-generating storms (i.e., a squall line), the lifetime was estimated from the start of the regeneration process. The end of the storm’s lifetime was determined as the time when the dissipation of its spatial structure was clearly identified on a satellite image. If a convective cell causing a linear windstorm or tornado subsequently merged with another storm (e.g., a supercell merged with a quasi-linear system), then the end of the lifetime of each storm was estimated as the end of the lifetime of the merged storm.



In the next stage, we identified the signatures on the cloud tops associated with each windthrow event (Figure 4). Signatures of intense updrafts can be detected on multispectral weather satellite imagery both through visual inspection of the contextual information of pixels (i.e., dome-like shape) and with the use of various automated techniques. Thus, in the HRV channel, OTs are easily identified as having a lumpy texture (cauliflower-like appearance) [61]. In the IRW channel, OTs most often appear as isolated regions of cold brightness temperature (BT) relative to the warmer surrounding anvil cloud, which has temperatures at or near that of the tropopause level [62]. OTs are also characterized by a high difference between BT in the 6.5-µm WV channel and IRW channel (about 6–8 K), associated with stratospheric water vapor injection [63]. One of the well-known algorithms of automated OT detection focuses on the identification of small and distinct IRW BT minima within anvil clouds that are colder than the tropopause [64]. Alternative approaches are based on machine learning [65,66,67,68,69]. Automated algorithms are mainly used to compile long-term data series on OTs [7,37,70,71], while other signatures such as cold-U and above-anvil cirrus plumes are often detected manually [69]. It is also important, that OT signature has a quantitative definition [64], while cold-ring and cold U/V ones have no such definitions [18].



In line with Bedka et al. [64], we classified as OTs the small clusters of pixels (≤15 km diameter) that were significantly colder (≥7 °C) than the surrounding anvil cloud, and the minimum brightness temperature within the OT was −58 °C or colder. These threshold values were applied for the coldest pixel within the potential OT signature. Cold-ring and cold U/V signatures (CRCUV) were identified according to [17,18] based on the difference between the minimum temperature in the parent OT and the maximum in a central warm spot that typically ranges from several degrees up to 10–13 °C. We took into consideration only those well-detected CRCUV signatures that had such temperature difference of at least 6 °C and observed at least on two consecutive satellite images (Figure 2 and Figure 3).



For each signature object, we estimated its lifetime, the time lag between the formation of a storm and a signature (with ±15 min accuracy), minimum cloud-top temperature (minCTT), the temperature of surrounding anvil clouds (Tanvil) and their difference (TDIFF). These characteristics were calculated separately for each tornado or linear windstorm (in case the signatures were observed). Characteristics of convective storms (their types, DMA, lifetime, minCTT), and signatures on the cloud tops were analyzed separately for tornadoes and linear windstorms. The statistical significance of the differences between these two samples was estimated with the Kolmogorov–Smirnov (K–S) test at the 0.05 significance level.



We should highlight that our approach is associated with some subjectivity in the determination of both characteristics of convective storms (in particular, storm types) and cloud-top signatures. Because of our small sample (281 known events), we did not use any machine-learning models. The second limitation is that radar data are needed to properly identify supercell storms embedded in larger convective systems and satellite data alone are insufficient. Therefore, only isolated supercells were analyzed. The third limitation of our approach is associated with insufficient accuracy of the data on the start time of a tornado or linear windstorm, which prevented us from accurately estimating the time interval between the appearance of a signature on the cloud top and the beginning of a particular wind event.




2.3. Calculation of Environmental Variables


The values of environmental variables (indices), associated with windthrow events, were extracted from the previously-developed ERA5-based dataset of these variables for Northern Eurasia, covering the period 1979–2021 [33], which consists of 50 variables including parcel indices, wind shear, and helicity parameters, composite indices, calculated based on surface data and 20 standard vertical levels from 1000 to 300 hPa. The fields of convective parameters have 0.25° spatial resolution and 1-h time steps as the initial ERA5 data [35]. The ERA5 has the highest spatial and vertical resolution among other reanalyses, which allows obtaining plausible estimates of most convective variables. A comparison of the ERA5 data with a large set of sounding measurements in Europe showed that this reanalysis tended to slightly underestimate several boundary-layer-dependent parameters, such as CAPE, CIN, SRH, and related composite indices [72]. In this study, we analyzed the reduced list of environmental variables, which consisted of 19 indices: parcel indices calculated for mixed layer through 0–1000 m above ground level (AGL), total precipitable water content (PW), wind shear for 0–1 km (LLS), 0–3 km (MLS) and 0–6 km (DLS) layers, storm-relative helicity for 0–1 km (SRH1) and 0–3 km (SRH3) layers, and 6 composite parameters such as the supercell composite parameter (SCP), significant hail parameter (SHIP), significant tornado parameter (STP), SWEAT index, energy-helicity index (EHI) and ML WMAXSHEAR (a product of DLS and the square root of doubled ML CAPE [28]). The list of used variables (Supplementary Materials Table S1) is basically the same as in [27].



We obtained a dataset of convective parameters associated with each windthrow event. Convective parameters derived from the ERA5 data were extracted from the nearest grid cell to the starting point of each windthrow event. To estimate pre-convective environments, we used values of indices obtained one hour before the storm event formation. In addition, the maximum values of convective indices (minimum for lifted condensation level) were extracted within a 100-km radius around the starting points of each windthrow event (as in previous studies [32,34]). Sometimes, wider spatiotemporal criteria were applied (see e.g., [31,73]) that were more convenient when using radiosonde data with a rare observational network and 12-h gaps between observations. Using the ERA5 data allowed us to avoid wide spatiotemporal criteria. Presumably, too broad criteria could fail in rapidly developing storms, but one cannot say a priori which criterion is optimal. Additional sensitivity studies in the future may be carried out to clarify this issue.



At the next stage, we assigned the values of environmental variables for each convective storm identified from the MSG2 images. If a storm generated only one windthrow event, the values of indices associated with this event were assigned to the entire convective storm. For the storms that generated two or more windthrow events, the maximum values of indices among these events were assigned to these storms.



To determine the differences in environmental variables contributing to the formation of various types of events, various types of storms, and various types of cloud-top signatures, we grouped them into corresponding categories and estimated their distribution. The statistical differences (at the 0.05 level) of distributions were calculated based on the Kolmogorov–Smirnov test.



A general workflow used in this study for analyses of windthrow events, satellite-derived characteristics of convective storms, and environmental variables from the ERA5 is presented in Figure 4.





3. Results


3.1. Features of Convective Storms Generating Tornadoes and Straight-Line Winds


3.1.1. Satellite-Derived Characteristics of Convective Storms


We analyzed 281 windthrow events (138 tornadoes and 143 linear windstorms) that were associated with 128 different convective storms.



More than a third of both tornadoes and linear windstorms were generated by quasi-linear convective systems (QLCS) of the meso-α scale (squall lines in Figure 5a). For comparison, in the United States, QLCSs generate about 21% of tornadoes [74]. Tornado-generating QLCSs have embedded mesocyclones, which are in most cases clearly visible on satellite images as long-lived OT and CRCUV signatures (see Figure 3c,d for example). A substantial part of non-tornadic events is associated with MCCs (21.0%) and with supercells transformed into MCCs (21.7%), while supercells that were not transformed into MCC generated only 14.0% of non-tornadic events (Figure 5a). In turn, tornadoes are more often generated by local convective storms; about a third of tornadoes are associated with supercells, while MCCs generate only 5.8% of all tornadoes.



We found several seasonal patterns in the frequency of occurrence of various types of storms. In July, 29% of linear windstorms and tornadoes were associated with MCCs, while in May and September, the contribution from MCCs was only 11%. In general, this was associated with higher CAPE in the cases with MCCs (see Section 3.2 for details). In May and September, the proportion of the events caused by QLCSs reached 38% compared to 29% in mid-summer.



Most convective storms generated only one (53.2%) or two (22.6%) tornado or straight-line wind events (Figure 5b). However, three long-lived storms (MCCs or squall lines) that occurred on 12 June 2010, 2 August 2017, and 27 June 2020, generated more than 10 windthrow events induced by tornadoes or linear windstorms (17, 18, and 14, respectively). In these cases, several cold-ring or OT signatures moving quasi-parallel to each other were clearly visible on satellite images (see e.g., Figure 3c,d). Tracks of these signatures somewhat coincided with the damage tracks, which likely indicates that several parallel mesocyclones were embedded in these MCSs. It is of note also, that these MCSs generated damaging wind gusts or tornadoes for at least five hours.



We found DMA of convective storms varied from 35–40 km to 1250 km (Figure 5c). The smallest DMA (≤50 km) typically belonged to short-lived supercells that formed under low-CAPE and high-shear environments [75]. Such supercells generated several significant tornadoes in the studied region, such as the outbreak on 4 June 2018 [76]. In turn, squall lines were found to be the most extended (DMA ≥ 1000 km) compared to other storm types. Most windthrow events (62.2%) were generated by convective storms of the meso-α scale (with DMA ≥ 200 km). Only 31.3% of events were generated by storms of the meso-β scale, while in 6.5% of cases, the storms transformed from the meso-β to the meso-α. The contribution of meso-α storms for non-tornadic events (70.0%) was higher than for tornadic ones (54.3%).



The lifetime of convective storms ranged from 1 h to 26 h (Figure 5d). Ten of the most short-lived storms (with a lifetime of less than 3 h) were supercells that generated one or more tornadoes. We found only one linear windstorm associated with such a short-lived supercell. All other non-tornadic events were generated by storms with lifetimes of ≥ 3 h. We found the most long-lived storm lasted 26 h. This was a squall line on 25–26 May 2020, which passed about 2000 km through Western Siberia, supported by extremely strong wind shear and substantial instability (see Section 3.2 for details).



We estimated the time interval between the formation of a convective storm and the starting time of a straight-line wind or a tornado event (Figure 5e). In most cases, windthrow events occur 2–6 h after the start of the formation of a convective storm. The median interval was 3.0 h for tornadoes and 3.5 h for non-tornadic events (this difference is statistically significant). About 15% of tornadoes and 7% of linear windstorms occurred during the first hour after the formation of corresponding convective storms, which indicates the presence of explosive convection in these cases. It also points to better predictability of straight-line winds compared to tornadoes.



The minimum CTT, associated with straight-line wind and tornado events, ranged from –32 °C to –70 °C (with a mean value of –60.1 °C, and a median of –62.0 °C) (Figure 5e). It is of note that the difference between distributions of minCTT for tornadic (median value of –61 °C) and non-tornadic events (median value of –63 °C) is statistically significant. The warmest minCTT (–50 °C and even warmer) was typical for short-lived storms (with a 1–5 h lifetime) that formed under low CAPE and high shear environments. As noted above, such storms were mainly tornado-generating supercells. A substantial part of these occurred in May and in September when the frequency of high-shear, low-CAPE environments over Northern Eurasia is higher than in summer months see e.g., [76]. In turn, storms with low minCTT (–60 °C and below) occurred more often in summer months. The average values of minCTT for the events in May/September and in July were –56.1 °C and –59.9 °C, respectively; however, the difference is not significant.



We should stress that the temporal homogeneity of the data on the minCTT could be affected by the relocation of the Meteosat-8 satellite in 2017. The images obtained in 2006–2016 have lower spatial resolution and stronger parallax effect compared with those for 2017–2021. We compared two sub-samples of minCTT values for 2006–2016 and 2017–2021 and found that they were statistically different (according to the K-S test) with mean values of minCTT equal to −60.9 °C and −59.8 °C for the periods 2006–2016 and 2017–2021, respectively.




3.1.2. Signatures on the Cloud Tops


We found 100 signature objects on storm cloud tops. Most windthrow events (61%) were accompanied by the formation of signatures on the cloud tops, including both OTs and CRCUVs. Windthrow events induced by straight-line winds were more frequently associated with signatures (67.1%) than tornado-induced ones (53.6%) (Figure 6a); however, we failed to find significant differences between signatures that accompanied tornadoes or straight-line winds. Neither OTs nor CRCUVs were reliable indications of a tornado or a linear windstorm alone; moreover, since our analysis was initially windthrow-based we cannot properly estimate a false alarm ratio for signatures as a predictor of a tornado or straight-line wind formation.



An OT signature was the most common type of signature, accompanying 24% of tornadoes and 31.5% of linear windstorms, while cold U/V or cold-rings were observed for 19.6% of tornadic and 23.8% of non-tornadic events. Moreover, for most of these cases, CRCUVs were accompanied by OT-like signatures, since the so-called ‘parent’ OT is an essential component of most of cold-ring [18] and cold U/V [17] signatures, but we did not assign such OT-like signatures to an OT type. The exception includes cases with the transformation of OTs into CRCUVs that were observed in 11.9% of straight-line wind cases and 10.1% of tornado cases. For such cases, both OT and CRCUV signatures were assigned.



For comparison, in Europe, about 53% of large hail, and 52% of severe wind but only 14% of tornado events (according to the ESWD database) were associated with OT signatures [7]. In our sample, the proportion of the events associated with signatures on the cloud tops was higher, but the direct comparison of our results with those from [7] is limited since we evaluated several types of signatures (not just OTs). The proportion of summertime events (which usually formed under higher CAPE) in Russia is substantially higher than in other parts of Europe [77]; however, we did not find any seasonal patterns for the proportion of the signature-associated events with the season. In particular, both in May/September and in July, this proportion was about 55%.



We evaluated how the frequency of occurrence of the signatures on the cloud tops was related to the storm type, size, and lifetime. We found that half (50.9%) of meso-β scale storms but 2/3 (66.3%) of meso-α scale storms were associated with such signatures (Figure 6a). Only 20% of short-lived storms (lifetime ≤ 5 h) had the signatures on the cloud top, while for long-lived storms (lifetime ≥ 10 h) this proportion reached 68.7%.



The lifetime of signatures ranged from 15 min (that is, a signature observed on two consecutive MSG2 images) to 4.5 h (Figure 6b). The most long-lived signatures included both CRCUVs (6 of 11 cases with a lifetime exceeding 2 h) and OTs (5 cases). Several destructive linear windstorms that caused large-scale forest damage on 3 June 2017, 27 June 2020, and 15 May 2021 (see Figure 1) were accompanied by such long-lived signatures. In most cases, signatures formed within 2–5 h after the formation of a convective storm (with an average time lag is about 3.3 h). However, 10% of signatures appeared during the first hour after the formation of an MCS or supercell, which may indicate explosive convection during these cases.



The time interval between the appearance of a signature on the cloud top and the start of a straight-line wind or tornado event is a critical parameter of the usefulness of the information on cloud-top signatures in severe event nowcasting. For 115 (67.6%) of the analyzed tornado and straight-line wind events with signatures, we were not able to estimate this time interval with sufficient accuracy, since we clarified the time of occurrence of these events from the MSG2 images. Among the rest of the 54 events with signatures, in nine cases, a signature on the cloud top appeared after the start time of a linear windstorm or tornado. Only in 15 cases (28%), was the time interval between the formation of a signature on the cloud top and the occurrence of the event itself ≥1 h. Thus, for such events, satellite-derived information on signatures could be successfully used for their short-term forecast.



Most signatures (65%) were associated with only one straight-line wind or tornado event. In other cases, one signature was associated with more than one extreme event; moreover, in three cases (2 August 2017, 27 June 2020, and 2 August 2021), one signature was associated with 8 different straight-line wind or tornado events.



We also analyzed the parameter TDIFF that shows the difference between the minimum CTT associated with OT or CRCUV, and those of surrounding anvil clouds (for OTs), or central warm spots (for CRCUVs). TDIFF indicates the readability of a signature on a satellite image and is significantly correlated with the spatial resolution of satellite images [17]. We compared TDIFF for two sub-samples obtained for the 2006–2016 and 2017–2021 periods. We found a statistically significant difference in TDIFF between the two sub-samples (with the mean TDIFF value of 7.6 °C and 8.6 °C for two periods, respectively), which indicates the substantial influence of the Meteosat-8 relocation on the obtained characteristics of cloud-top signatures. The proportion of windthrow events accompanied by these signatures was close for two subperiods, i.e., 63.4% in 2006–2016 and 59.2% in 2017–2021, which presumably indicates the lack of critical differences in the data on signatures, obtained before and after the relocation of Meteosat-8 satellite.





3.2. Analysis of Environmental Variables Differences for Various Events, Types of Storms, and Types of Signatures


3.2.1. Differences in Convective Environmental Variables Associated with Linear Windstorms and Tornadoes


We identified differences in environmental variables for tornadic and non-tornadic events that are in line with previous studies for both Europe and North America [27] and for Northern Eurasia [78]. The significance of differences in convective indices mostly does not differ when it is calculated for the starting point of a linear windstorm (tornado), and for a 100-km radius around it. We found tornadoes formed under significantly lower ML CAPE, PW, and LFC, in comparison with linear windstorms (Figure 7). Several outbreaks of significant tornadoes occurred in relatively cold air masses, under low-CAPE and high-shear environments, see e.g., [76]. At the same time, most composite parameters related to CAPE did not show statistically significant differences between linear storms and tornadoes. In general, tornadoes were associated with lower ML CIN than non-tornadic events, which is also in line with [27]. Another critical factor for the formation of a tornado is a low cloud base associated with a lifted condensation level (LCL), which is substantially lower for tornadoes than for non-tornadic events. In turn, tornadoes formed under stronger wind shear (DLS and LLS), storm-relative helicity, and STP in comparison with non-tornadic events (Figure 7). The important role of strong DLS and high values of composite parameters in the formation of significant tornadoes was previously shown for all of Europe [29] and also for the Mediterranean region [30,31].



We found that the highest observed value of CAPE (1962 J kg−1) was associated with the outbreak of linear windstorms on 30 July 2017, under an intense advection of warm and moist air mass from the Caspian and Black seas. In turn, the strongest DLS (42.5 m s−1) and LLS (21.2 m s−1) contributed to the formation of the tornado outbreaks of 13 September 2018 and 12 June 2010, respectively. In both cases, extremely strong wind shear was formed by latitudinal-oriented low-level and midlevel jet streams. The highest values of composite parameters ML WMAXSHEAR (1736 m2 s–2) and STP (3.8) were associated with the severe weather outbreak of 12–13 June 2010 [79], when both significant tornadoes and linear windstorms caused substantial damage. The strongest SRH0–3 km (764 m s−1) was associated with the non-tornadic event of 25 May 2020, which occurred east of the Ural Mountains. The four highest values of LCL (≥2000 m) in our sample were associated with linear windstorms, which were observed during intense heat waves in July 2010 and 2020, when 2 m air temperatures reached +34 to +36 °C (including two derecho events of 27 June 2010 and 29 July 2010 [32]). On these dates, near-surface heating led to a decrease in relative humidity and an increase in LCL. Moderate-to-high CAPE along with the presence of a trigger (frontal zone) and strong wind shear contributed these days to the formation of destructive straight-line winds.




3.2.2. Dependence of Environmental Variables Associated with Types of Storms and Storm Characteristics


Figure 8 shows the distribution of environmental variables differentiated for types of storms. In general, supercells formed under lower LFC, CAPE, and PW, in comparison with other types of storms. Since supercells often generated tornadoes, this is partially in line with the distributions shown in Figure 7. We found QLCS formed under lower values of DLS but higher values of LLS than supercell storms and MCSs. It can be noted that under low CAPE (less than 500 J Kg−1) mainly supercells and QLCSs were observed, with only one case of a nighttime MCC. In turn, under low DLS (less than 12 m s−1) there was not a single case associated with a supercell.



The differences in storm-relative helicity and composite parameters among the three storm types were mostly not significant. Based on our analysis, we have to stress that SCP is not an informative index for identifying the environments favorable for the formation of supercell storms over Northern Eurasia. We found the highest values of SCP were associated mainly with quasi-linear storms. At the same time, nine out of ten storms with the highest STP (>2) were supercells. However, the best discriminators for supercells are the PW and LCL indices, at least according to our sample. We found that the statistical significance of the differences between indices distribution for various pairs of storm types is sensitive to the technique of their calculation, in particular, whether indices were calculated for the starting point of a linear windstorm (or tornado), or for a 100-km radius around it. Thus, only five indices (ML LFC, PW, DLS, LLS, and SCP) have the same estimates of significance for all pairs of storm types, regardless of the calculation technique.



To estimate the dependence of environmental variables on storm characteristics (such as DMA, lifetime, minCTT), we calculated the Spearman rank correlation coefficient between these characteristics and the values of environmental variables, both for the starting point of straight-line winds or tornado tracks and the maximum (minimum for LCL) in a 100-km buffer (Table 1). For convective storms that caused more than one tornado or linear windstorm, we used the averaged values of convective indices for these events.



Most correlation coefficients are statistically significant. Thus, DMA has the strongest correlation with the composite parameters SWEAT and 0–3 km EHI. Correlation coefficients for ML CAPE and PW are also statistically significant, which means that large-scale MCSs formed mostly in environments favorable for deep moist convection. The significant correlation of DMA with LLS presumably can be explained by the importance of strong LLS in the formation of long-lived, extended squall lines (see e.g., [80]). MinCTT was significantly negatively correlated with variables characterizing the potential intensity of updrafts, namely ML CAPE (Figure 9a), PW, composite parameters ML EHI, WMAXSHEAR, and especially SWEAT. That means the lowest values of minCTT were associated with the events that formed in warm and moist unstable air masses [7]. It is of note that extremely low minCTT in most of the cases was associated with the formation of cloud-top signatures. In its turn, the convective storm lifetime was determined by the combination of sufficient instability and a favorable wind profile. As a result, WMAXSHEAR, which is a product of CAPE and DLS, is a simple and rather efficient predictor of the formation of long-lived convective storms [27]. We found it significantly correlated with the storm lifetime (Figure 9b); as well as other composite indices (EHI, SWEAT, SHIP).




3.2.3. Links of Environmental Variables with Cloud-Top Signatures


We estimated the differences in environmental variables among the groups of events associated with different types of cloud-top signatures (or their absence) (Figure 10). In line with the previous studies [7,18,20], we found that ML CAPE is the best discriminator between the events accompanied and not accompanied by cloud-top signatures. The values of parameters related to CAPE (ML EHI, ML WMAXSHEAR, SCP, and SHIP) were also significantly higher for the cases with signatures compared to those with none. Some other peculiarities should be highlighted as well. Thus, the events with CRCUV signatures had higher values of SWEAT and ML WMAXSHEAR compared to the events with OTs. Since WMAXSHEAR is a product of CAPE and DLS [28], we can assume that CRCUV signatures are more closely related to both high CAPE and high shear environments. It is of note that in the environments with low DLS (<12 m s−1) and high CAPE (over 1500 J kg−1), the events with OT dominated. Events with no signatures were more often associated with weak or moderate instability (CAPE < 1000 J kg−1). However, under extremely strong DLS over 33 m s−1, the events with no signatures dominated as well.



We also calculated the Spearman rank correlation between environmental variables and the lifetime of signatures (not shown). Most of the correlation coefficients are weak (≤0.20) and not significant, which indicates the overall independence of signature lifetime on convective instability, wind profile, and storm-relative helicity. A statistically significant correlation coefficient was found only for the SHIP parameter (0.26), which indicates high CAPE and high shear environments.






4. Discussion and Concluding Remarks


In this study, we presented estimates of the empirical relationship among characteristics of the tornado- and squall-producing convective storms producing tornadoes and straight-line winds, their satellite-derived cloud-top properties, and environmental parameters calculated based on the ERA5 reanalysis data. The analysis was performed for forested regions in the western part of Russia for the 2006–2021 period. The analyzed sample includes 138 tornadoes and 143 linear windstorms, associated with 128 different convective storms, which occurred in 2006–2021.



Previous similar studies in Russia have been performed only for single cases, or have been based on substantially smaller samples. Thus, the features of convective storms that cause severe straight-line winds or tornadoes in Russia remained largely understudied. In contrast, in Europe and the United States, satellite-derived characteristics of convective storms producing severe events have been studied over the past 40 years. In Europe, such studies have mostly been focused on hailstorms [37,71,81], while analyses of environmental variables have primarily concentrated on CAPE and DLS indices. Therefore, the study region and a large set of environmental variables calculated based on the next-generation ERA5 reanalysis data distinguish our paper from the previously published studies [7,8,18,37,71].



We found that most of both straight-line wind and tornado events from the analyzed sample were generated by supercells or QLCSs. The ratio of tornado events associated with QLCSs reached 34%, which is substantially higher than those for the United States (21% [74]). Most convective storms that generated straight-line wind and tornado events were long-lived (with a median lifetime of 9.5 h), except for several tornadoes generated by short-lived supercells, which formed under low CAPE environments. About 15% of tornadoes and 7% of linear windstorms occurred during the first hour after the start of the formation of a convective storm, which may indicate the presence of explosive convection during those cases.



In three cases, long-lived storms generated more than 10 straight-line wind- and tornado-induced windthrow events. These storms were characterized by several cold-ring or OT signatures moving quasi-parallel to each other, which clearly indicated embedded mesocyclones. In line with the previous studies [7,41], we found that cloud-top minimum temperatures in the cases with tornadoes were higher than those for non-tornadic cases, which indicates weaker updrafts associated with tornadoes.



About 61% of windthrow events (53.6% of tornado-induced and 67.1% induced by linear windstorms) were associated with signatures on the cloud tops, wherein overshooting top was the most frequent signature type. We found that ratio of the events associated with signatures in the western part of Northern Eurasia is higher than in Europe, especially for tornadoes [7]. The frequency of occurrence of these signatures was higher for large-scale and long-lived storms (MCCs and squall lines), while short-lived storms of the meso-β scale were accompanied by the signatures only in 20% of cases. The lifetime of signatures ranged from 15 min to 4.5 h. Long-lived signatures were associated with several linear windstorms that caused large-scale windthrow.



We found that supercells in the study region formed under lower CAPE, PW, and LCL compared to the other types of storms. In addition, under low DLS (less than 12 m s−1) there was not a single supercell-associated windthrow event. This agrees with existing knowledge on tornadoes formed under high-shear, low-CAPE environments in the United States [75], which are often generated by supercells. We also found that MCCs were formed under significantly higher ML WMAXSHEAR, SCP, and SHIP compared with supercells and QLCSs. In general, large-scale MCSs were associated with high CAPE, high PW, and strong storm-relative helicity, that is, their formation environments were especially favorable for deep moist convection.



The minimum temperature on the cloud top is associated with updraft intensity and the tropopause height [7,64]. We found based on our sample that it indeed had a strong negative correlation with ML CAPE, PW, and some composite parameters, such as the SWEAT index. In turn, the lifetime of convective storms was determined by both ML CAPE and DLS, and their product, namely the ML WMAXSHEAR. This parameter has a strong positive correlation with the lifetime of storms, as well as other composite indices. The product of CAPE and storm relative helicity, EHI, also significantly correlated with storm lifetime. This confirms a substantial effect of storm-relative helicity on the lifetime of convective storms, previously identified based on numerical simulations [82].



The events associated with OTs, cold-rings, and cold U/V on the cloud top were formed under higher values of CAPE and composite indices related to CAPE (ML EHI, ML WMAXSHEAR, SCP and SHIP) compared to non-signature events, which is generally in line with previous studies on OTs in Europe [7,18,37]. We also found that the events with CRCUV signatures had higher values of SWEAT and ML WMAXSHEAR parameters compared to the events with OT signatures.



It is important to note, that our sample included convective storms that caused the most impactful squalls and tornadoes in Russia in the last 15 years. These were, in particular, two derecho events in the summer of 2010 [32], destructive straight-line winds and tornadoes on 12–13 June 2010 [79], a severe windstorm on 15 May 2021 [34]; an extreme tornado outbreak on 2 August 2017, which included 56 tornadoes [44], as well as F4 tornado on 18 June 2017 [43]. All these events were generated by the long-lived meso-α storms (QLCSs and MCCs, or supercells that transformed into MCCs). Most of these events were accompanied by the cold-ring or cold U/V signatures, although the F4 tornado on 18 June 2017 was associated only with the OT signature. All these events formed under moderate to strong instability (CAPE > 500 J kg−1) combined with strong shear (with DLS of 20–32 m s−1 and LLS of 11–21 m s−1). Such environments contributed to the formation of long-lived storms and strong updrafts that resulted in the signatures on the cloud tops. Only one of the most destructive events, namely the deadly Moscow windstorm on 29 May 2017 [83], formed under relatively low values of CAPE (<500 J kg−1), and the corresponding MCS had no signatures on the cloud top.



Our results add new information on the quantitative relationship among the characteristics of severe convective storms, the hazardous phenomena they cause, cloud-top features, and environmental conditions for this previously understudied region. This information can be used for further analysis of the peculiarities of the formation of tornadoes and linear windstorms. In addition, it may enhance the predictability of these severe events. For example, the implementation of the information on the cloud top signatures into the nowcasting could be rather important due to the lack of weather radar coverage for a substantial part of Northern Eurasia. Along with the development of automated algorithms to identify various types of convective storms and signatures on the cloud tops, future work can be directed toward the development of a satellite-derived climatology of the convective storms and the signatures on the cloud tops for all of Northern Eurasia. This information can be further used for risk assessment studies and implementation into climate change adaptation plans.
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Figure 1. (a)—Geographical location of the study area, and (b)—the analyzed sample of windthrow events (shown with red for straight-line winds and black for tornadoes). The dates and propagation direction of the most severe storms are also shown. 
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Figure 2. An example of estimation of the characteristics of an isolated supercell storm which caused forest damage (black areas), based on the MSG2 image (IRW 10.8 µm channel, 4 August 2021, 12.00 UTC): (a)—characteristics of the storm itself, (b)—characteristics of its cold-U signature. 
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Figure 3. Examples of the MSG2 images (HRVcloud RGB composite—left column, IRW10.8 channel—right column) of the convective storms that induced windthrow events: (a,b)—supercell on 19 August 2019, 12.00 UTC; (c,d)—squall line on August 2, 2017, 14.30 UTC; (e,f)—MCC on 15 May 2021 (14.00 UTC). Black arrows show the direction of storm movement, green arrows indicate (d)—cold-ring signatures, and (f)—OT signatures. 
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Figure 4. The workflow used in this study for mutual analysis of windthrow events, satellite-derived characteristics of convective storms, and environmental variables from the ERA5. 
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Figure 5. Characteristics of convective storms and related windthrow events: (a) a number of windthrow events (induced by linear windstorms or tornadoes; shown as bars and also as numbers over each bar) associated with different types of convective storms: 1—low-organized cluster, 2—MCC, 3—quasi-linear storm (Meso-β), 4—squall line (quasi-linear storm of meso-α scale), 5—supercell, 6—supercell transformed to MCC, 7—supercell transformed into quasi-linear system; (b) a number of windthrow events per storm; (c) distribution of windthrow events depending on characteristic horizontal size of corresponding convective storm (major axis diameter, DMA); (d) distribution of convective storms depending on their lifetime (orange and yellow colors stand here for storms with and without tornadoes, respectively); (e) distribution of windthrow events depending on the time interval between the formation of the corresponding convective storm and the starting time of the event itself; (f) distribution of minimum temperature on the cloud top associated with windthrow events. The sample size equals 281 for windthrow events and 128 for storms. 
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Figure 6. (a) Number of the tornado and straight-line winds events formed within a storm of different types associated with various signatures on storm cloud tops, (b) distribution of the signatures depending on their lifetime. 
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Figure 7. Distribution of various environmental variables separately for tornadoes (138 events) and linear windstorms (141 events). The statistically significant difference between distributions associated with tornadoes or linear windstorms is highlighted. 
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Figure 8. Distribution of various environmental variables separately for supercells (132 events), quasilinear convective storms (105 events), and mesoscale convective complexes (44 events). The statistically significant difference is highlighted. 
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Figure 9. (a) Relationships between (a) ML CAPE and minCTT, and (b)—ML WMAXSHEAR and lifetime of convective storms. 
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Figure 10. Distribution of various environmental variables separately for cloud top signatures including overshooting tops (88 events), cold-ring and cold-U/V signatures (61 events), OTs transformed to CRCUVs (31 events), and cases without signatures (111 events). The statistically significant difference is highlighted. 
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Table 1. The Spearman rank correlation coefficients between the characteristics of convective storms and the values of environmental variables. Statistically significant (at the 0.05 level) correlations are shown in bold font.
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ML LCL, m

	
ML LFC. m

	
MLCAPE, J kg−1

	
ML CIN, J kg−1

	
PW, mm

	
DLS, m s−1

	
MLS, m s−1

	
LLS, m s−1

	
ML EHI0–3 km

	
ML WMS

	
SRH1, m2 s−2

	
SRH3, m2 s−2

	
SCP

	
SHIP

	
STP

	
SWEAT






	
Values for starting point of a windthrow




	
DMA

	
0.08

	
0.09

	
0.23

	
−0.13

	
0.31

	
0.00

	
0.01

	
0.33

	
0.31

	
0.19

	
0.22

	
0.17

	
0.20

	
0.06

	
0.08

	
0.30




	
minCTT

	
−0.11

	
−0.14

	
−0.38

	
0.16

	
−0.36

	
−0.02

	
−0.08

	
0.02

	
−0.37

	
−0.33

	
−0.07

	
−0.16

	
−0.21

	
−0.32

	
−0.16

	
−0.44




	
Storm lifetime

	
0.15

	
0.35

	
0.44

	
−0.26

	
0.29

	
0.17

	
0.20

	
0.01

	
0.50

	
0.47

	
0.15

	
0.26

	
0.43

	
0.52

	
0.30

	
0.35




	
Maximum values for 100 km radius around the starting point of a windthrow




	
DMA

	
0.10

	
−0.03

	
0.20

	

	
0.21

	
−0.06

	
−0.01

	
0.31

	
0.28

	
0.17

	
0.18

	
0.12

	
0.18

	
−0.01

	
0.09

	
0.36




	
minCTT

	
−0.07

	
0.01

	
−0.36

	

	
−0.24

	
0.05

	
−0.06

	
0.00

	
−0.34

	
−0.30

	
−0.05

	
−0.11

	
−0.19

	
−0.25

	
−0.11

	
−0.48




	
Storm lifetime

	
0.18

	
0.16

	
0.52

	

	
0.34

	
0.08

	
0.17

	
0.06

	
0.53

	
0.48

	
0.13

	
0.25

	
0.39

	
0.57

	
0.32

	
0.41
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