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Abstract

:

The distribution of hydrometeors in thunderstorms is still under investigation as well as the process of electrification in thunderclouds leading to lightning discharges. One indicator of cloud electrification might be high values of the Linear Depolarization Ratio (LDR) at higher vertical levels. This study focuses on LDR values derived from vertically pointing cloud radars and the distribution of five hydrometeor species during 38 days with thunderstorms which occurred in 2018 and 2019 in Central Europe, close to our radar site. The study shows improved algorithms for de-aliasing, the derivation of vertical air velocity and the classification of hydrometeors in clouds using radar data. The comparison of vertical profiles with observed lightning discharges in the vicinity of the radar site (≤1 km) suggested that cloud radar data can indirectly identify “lightning” areas by high LDR values observed at higher gates due to the alignment of ice crystals, likely because of an intensified electric field in thunderclouds. Simultaneously, the results indicated that at higher gates, there is a mixture of several hydrometeor species, which suggests a well-known electrification process by collisions of hydrometeors.
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1. Introduction


Investigation of atmospheric electricity and lightning has started several hundred years ago and intense attention to processes of cloud electrification has been examined over the last several decades. However, our knowledge is still not complete because of our limited abilities to measure and observe processes, which occur in the atmosphere. It is supposed that the existence and development of electric field in the atmosphere is related to cosmic rays [1,2] and synergy of hydrometeors in clouds [3]. Currently, it is widely accepted that the main process leading to cloud electrification and lightning discharges is the process of riming electrification, often called the non-inductive charging [3,4,5,6]. In the non-inductive charging, it is assumed that the charging occurs mainly due to collisions of hydrometeors; between ice and graupel hydrometeors in particular [3,5].



Except for mathematical models, research data on electrification processes are available from laboratory experiments [7,8] and field campaigns carried out in thunderclouds (e.g., balloon experiments, aircraft data) [9,10,11,12,13] or they can be derived from satellite or radar observations [14,15,16,17,18,19]. Cloud radars represent an important data source for estimation of distribution of hydrometeors and for derivation of vertical air velocity. Thereby in thunderclouds, the cloud radars may provide necessary information for the charging mechanism by collisions of hydrometeors. In addition, measurements from polarimetric cloud radars can be used to indicate the electric field in cloud. Vonnegut [20] was the first, who described that ice crystals align within the electrostatic field in thunderstorms. Since that time, there were other studies suggesting it as well [21,22,23,24]. This alignment of highly asymmetric ice particles is assumed to be indicated by clearly higher values of depolarization [25,26,27,28].



In this paper, we study differences in distribution of hydrometeors and in values of Linear Depolarization Ratio (LDR) in thunderclouds in dependence on whether a lightning discharge was recorded in the vicinity of the radar site or not. Based on data from a vertically-oriented polarimetric cloud radar, we estimate 5 hydrometeor species and we compare the identified hydrometeor species together with LDR values with lightning observations recorded by EUCLID (European Cooperation for Lightning Detection) network.



The paper is organized as follows. After this introductory section, Section 2 provides the reader with description of the cloud radar and of algorithms, which we apply to derive vertical air velocity (AV) and to classify hydrometeor species (Hclass). This section also provides an overview of analyzed thunderstorms and describes methods of comparison between obtained or derived data from the cloud radar and recorded lightning discharges near the radar site. Section 3 displays results; it details a thunderstorm that occurred on 10 June 2019 from diverse perspectives and then it shows common characteristics and average vertical profiles of LDR of (all) analyzed thunderstorms. Section 4 discusses the obtained results, while Section 5 draws conclusions of this study.




2. Materials and Methods


2.1. Vertically-Oriented Cloud Radar


A vertically-oriented Ka-band cloud radar MIRA 35c manufactured by METEK Gmbh (http://metek.de/) was mounted at the top of Milešovka hill (837 m a. s. l.) at a meteorological observatory (Figure 1) in Central Europe (northwestern Czechia; 50°33′18″ N and 13°55′54″ E) in March 2018. The polarimetric cloud radar (i.e., cloud profiler) works at a frequency of 35 GHz. After calibration of the instrument, the radar began operating in June 2018. Table 1 provides the reader with the technical specifications of the radar.



The cloud radar is equipped with an Interactive Data Language (IDL) software enabling the basic processing and visualization of Doppler spectra (http://metek.de/product/mira-35c/). Doppler spectra are obtained after averaging 40 consecutive values and after estimation of noise floor. Values below the estimated noise floor are considered as NaN values (they have no signal). The IDL software calculates three moments of averaged Doppler spectra such as radar reflectivity (Z), Doppler vertical velocity (DV) and spectrum width (σ). Among derived quantities, one also obtains values of Signal-to-Noise Ratio (SNR) and values of Linear Depolarization Ratio (LDR). Approximately, the radar records are available every 2 s from 509 gates. Gates are denoted ig = 4, …, ig = 512 because the first three gates (ig = 1, ig = 2, and ig = 3), which are closest to the ground, are not processed. The distance between two consecutive gates is 28.8 m.



In this study, we use averaged noise-free Doppler spectra to estimate vertical air velocity (AV) and derive five hydrometeor species. The algorithm deriving AV as well as the algorithm classifying hydrometeors (Hclass) are described in Section 2.2 and Section 2.3.




2.2. Calculation of AV


The calculation of AV is crucial for classification of hydrometeor species (Hclass, Section 2.3) because the classification is mainly based on their terminal velocity (TV). The cloud radar measures composed velocity (DV) of TV and air velocity (AV), such as DV = TV + AV. When calculating AV, the AV is oriented towards the radar (downward) in accordance with basic processing of measured data by the IDL software used by the radar manufacturer. At the end of our calculation of AV, however, the AV orientation is reversed and we present all outputs of AV with upward orientation.



AV calculation is based on very small particles in Doppler spectra that are assumed to be so light that their TV is very close to zero, i.e., they are carried solely by air, and thus their velocity defines the AV. This is a common approach that was detailed by Kollias et al. [29], Gossard [30] and Shupe et al. [31], and conducted by, e.g., Zheng et al. [32] or Sokol et al. [33]. In this study, we innovated the algorithm used by Sokol et al. [33] to derive AV from variances caused by turbulence, wind shear, particle size distribution, and finite radar beam width.



We found that the original algorithm used for AV calculation, which performs de-aliasing of the Doppler spectra, can lead in some cases to significant and unrealistic temporal changes of AV, which then result in erroneous hydrometeor classification. That is why our new de-aliasing algorithm uses three methods of AV calculation, compares the result of each of them (AV1, AV2 and AV3) with the result of the two others and also compares the three calculated AV with the AV calculated for the previous cloud radar recording, i.e., 2 s back in time, approximately (AVL).



Any Doppler spectrum is stored for each gate in intervals beginning with a component ia and ending with a component ib, where ia corresponds to lower speed and ib to higher speed. The intervals, which are identified by the algorithm of the manufacturer of the cloud radar, represent continuous parts of a Doppler spectrum which are ordered from the lowest speeds. Note that for a gate, we can obtain multiple intervals. Components, which are not part of any determined interval, are considered to have zero amplitude. In this study, we consider not only the interval with the lowest magnitude of velocity corresponding to ia in the first interval (Sokol, Z. et al. [33]), but also the ia from the second interval.



We assume that measured values might be aliased. Therefore, in addition to recorded values Vori, we also consider Vori ± Vd values, where Vd = VNyquist + VNyquist (for VNyquist value see Table 1). We use parameters qtol = 3 and qmax1 = 5 in the following calculations of AV. The calculations of AV consist of steps provided below, which are performed for individual gates (ig) from the bottom (ig = 4) to the top (ig = 512) because AV is not affected by aliasing in the lowest gates as updrafts cannot be that strong (>VNyquist) near the ground. We calculate AV1, AV2, AV3 and AVL and assign the resulting AV to the value (i.e., among AV1, AV2, AV3 and AVL) that best corresponds to conditions described in the next paragraph. In the de-aliasing algorithm, we also use a reference value Vref, which is define in steps 7, 8 and 9 in the procedure described below.



The procedure of AV calculation consists of following steps:




	
For an ig (ig = 4 at first), we define de-aliasing function (DAL) calculating velocity Vcor using original and reference velocities Vori and Vref, respectively:


Vcor = DAL(Vori, Vref),



(1)




where Vcor corresponds to one of the values (Vori, Vori + Vd or Vori - Vd) that is closest to the value Vref.



	
AV1 is calculated in the same way as by Sokol et al. [33], i.e., we consider only those components of Doppler spectra whose amplitude is at least 0.1% of the maximum Doppler spectra amplitude.



	
AV2 is calculated in the same way as in point 2 but without the mentioned condition concerning the maximum Doppler spectra amplitude.



	
In addition to the (first) interval corresponding to the lowest speed, we also consider the (second) interval corresponding to the second lowest speed. We determine AV3 as the most left point of the second interval. The reason is that it can happen that the first interval containing the lowest speed is very narrow and far from the second interval. A closer comparison commonly shows that the first interval is likely an unremoved noise since its values are usually inconsistent with values in a gate below and a gate above and these values are also inconsistent with the values recorded in previous measurements. In such a case, it is evident that the second interval should also be considered in AV calculation (AV3).



	
We take into account AV calculated for the same gate but in the previous recording (≈2 s prior to the investigated recording) and we denote the resulting value AVL.



	
If AV(ig − 1) is available, then we calculate AV(ig) using the following:



AV1cor(ig) = DAL(AV1(ig), AV(ig − 1))



AV2cor(ig) = DAL(AV2(ig), AV(ig − 1))



AV3cor(ig) = DAL(AV3(ig), AV(ig − 1))



If |AV2cor(ig) - AV(ig − 1)| < qtol, then AV(ig) = AV2cor(ig), stop



If |AV1cor(ig) - AV(ig − 1)|, then AV(ig) = AV1cor(ig), stop



If |AV3cor(ig) - AV(ig − 1)|, then AV(ig) = AV3cor(ig), stop



	
If all the above given conditions (no. 6) are fulfilled, then AV(ig) is assigned according to the nearest value among AV1cor(ig), AV2cor(ig) and AV3cor(ig) to Vref = AV(ig − 1) if AV(ig − 1) is available.



	
If AV(ig − 1) is not available but AVL(ig) is available, then:



Vref = AVL(ig) and AV(ig) = DAL(AV2(ig), Vref(ig)).



	
If AVL(ig) is not available, which usually does not happen, then AV(ig) from more past recordings is used as Vref.



	
AV(ig = 4) is calculated using no. 7 and if AV(ig = 4) > qmax1, then AV(ig = 4) is set to AV(ig4) − Vd, because we do not allow large positive values of AV.



	
We repeat the procedure from no. 1 to no. 9 for the next gate, i.e., one gate higher (ig = ig + 1).



	
The procedure finishes at the highest gate (ig = 512) or at the (highest) gate, where we still recognize discrete intervals of Doppler spectra in the radar data.








It should be noted that the applied procedure determining AV based on very small particles (tracers) is limited by how well very small particles are identified in the Doppler spectra. It may happen, especially in the case of heavy rain, that smallest particles with negligible terminal velocity are not detected anymore due to extinction or that in the radar volume of some gates, there are only larger droplets likely due to size sorting. This is related to spots in thunderclouds with high LWC, which make the larger droplets arrive earlier to lower gates. However, our experience suggests that these are very rare cases and their effect is marginal.



Calculation of AV precedes the classification of hydrometeor species (Hclass) because AV cannot be neglected in summer thunderstorms that are under investigation in this paper. Thunderstorms are a convective phenomenon for which (strong) updrafts and downdrafts are typical.




2.3. Clasiffication of Hydrometeor Species—Hclass


Hclass performed in this paper is similar to Sokol et al. [33] and stands on the idea that the TV of diverse hydrometeor species differs. It is natural that the existence of a hydrometeor species depends on ambient air temperature and its shape can be identified by LDR (e.g., shape of ice crystals differs from that of rain). In this paper, we define five hydrometeor species; cloud water (i.e., cloud droplets), rain, graupel, hail, and ice and snow particles together. We merged ice and snow particles into one group following the recommendations provided by Sokol et al. [33], where the algorithm was not able to efficiently distinguish ice particles from snow.



Terminal velocity range of the 5 hydrometeor species between minimum terminal velocity (TVmin) and maximum terminal velocity (TVmax) is provided in Table 2. Terminal velocity ranges of hydrometeor species do not overlap and stem from values provided in COSMO numerical weather prediction model. We use these values as “standard” values for hydrometeors whenever we make model simulations over Czechia (e.g., Sokol et al. [34]). The actual TV of a target for any discrete interval of Doppler spectra corresponds to the result of subtraction of AV from DV for a given peak of the Doppler spectra.



We define the ambient air temperature (T [°C]), which influences the presence of hydrometeor species, from ERA5 reanalyses (www.ecmwf.int). Specifically, we take temperature profiles of a grid point closest to the Milešovka observatory. ERA5 reanalyses provide us with hourly data at a horizontal resolution of 0.25° (geographical latitude) × 0.25° (geographical longitude). The use of ERA5 reanalyses differs from Sokol et al. [33], which used temperature profiles based on sounding measurements from Praha/Libuš station situated 60 km southeast from the Milešovka observatory. These sounding data are not only distant from the Milešovka observatory, which is a problem especially when investigating thunderstorms, but they are also available only at 00, 06 and 12 UTC. On the other hand, ERA5 reanalyses provide us with vertical profiles at a higher (i.e., hourly) temporal resolution and from a location much closer to the radar site (12 km). Thus, we consider ERA5 reanalyses more suitable for this study. On the other hand, we are aware that the used temperature profiles are not accurate because the ERA5 data have a low resolution to describe temperature profiles in convective storms that differ from those of the surrounding air.



Similar to Sokol et al. [33], we use 0 °C as a temperature threshold in the Hclass algorithm and as in Sokol et al. [33], if T > 0 °C, then the Hclass provides cloud water, rain, graupel or hail. However, if T ≤ 0 °C, we determine the existence of supercooled water in the higher atmospheric (i.e., tropospheric) layers differently than Sokol et al. [33]. Sokol et al. [33] used a fixed threshold of -20 °C below which the supercooled water could not exist although in the case of convective storms, it can happen that the supercooled water is observed at much lower temperatures (even at −50 °C in some cases) due to strong updrafts and lack of time to freeze. Therefore, we modified the Hclass provided by Sokol et al. [33] and set that the supercooled cloud water can be found from 0 °C up to −40 °C (instead of previous −20 °C), which corresponds to generally accepted temperature range for the existence of supercooled water in mid-latitude summer thunderstorms. We define the existence of supercooled cloud water within 0 to −40 °C only if a condition of AV is met: (i) AV > 1 m/s if T is between 0 °C and −20 °C or (ii) AV(T) =1 − (T + 20)/5 if T is between −20 °C and −40 °C. The threshold for AV and relationships determining supercooled cloud water were obtained empirically based on subjective evaluation of their performance at various thunderstorms recorded by the cloud radar.



A limitation of our Hclass is that we did not have the means to objectively verify its results. Since any Hclass depends on selected terminal velocity range of individual hydrometeors and real measurements show ambiguity in the terminal velocity ranges, any change in terms of terminal velocity range of any hydrometeor species will affect the results of all Hclasses. This is the key source of uncertainty of Hclasses in general. Moreover, while fixing the values of given parameters (e.g., terminal velocity range), it is almost impossible to avoid subjectivity. Thus, we tested several values of parameters, compared obtained results and fixed the parameters to values that provided results closest to reality based on our experience and/or literature.




2.4. Analysed Data: Thunderstorms of 2018 and 2019


In this study, we used data of the cloud radar situated at the Milešovka observatory (Figure 1) such as Z, LDR, derived AV (Section 2.2) and classified hydrometeor species (Section 2.3) during days with lightning registered up to 20 km from the Milešovka observatory by the EUCLID network. The data covered a period from June 2018 to September 2019. The dataset consisted of 38 days of thunderstorms (Table 3). Continuous data records lasted at least 2 h and more than one thunderstorm could have occurred during a single (analyzed) day.



For the dataset of 38 days of thunderstorms (Table 3), we dispose of ground-based observations of lightning discharges by EUCLID network [35]. We obtained the data from Blitz Informationsdienst von Siemens (BLIDS) [36], which provides it to EUCLID network, for the whole territory of Czechia and its neighborhood. BLIDS uses the time of arrival (TOA) principle to locate lightning discharges. TOA principle is based on assumption that the electromagnetic field induced by a lightning discharge propagates at the speed of light from its origin in all directions. Individual receivers record TOA and the difference in TOA among receivers defines the location of the discharge.



The lightning data include information on geographical coordinates of the discharge (in WGS84), time of the discharge [ms], peak current [kA], polarity of the discharge, type of the discharge (Cloud-to-Ground CG and Cloud-to-Cloud CC), and on quality of data (binary information). The spatial accuracy of the lightning dataset was 0.6 km (median) at a confidence level of 95%, while the lightning detection efficiency was about 100% [37]. All the data used in this study were of good quality according to the binary information in the lightning dataset.



In addition, we obtained weather radar reflectivity factor data at various Constant Altitude Plan Position Indicator (CAPPI) levels for the 38 days of thunderstorms (Table 3) from the Czech radar network (CZRAD; Sokol et al. [38]) operated by the Czech Hydrometeorological Institute. CZRAD network consists of two C-band weather radars recording measurements every 5 min at a horizontal resolution of 1 km. The closest radar is located 100 km southward from the Milešovka observatory. Main product of the two C-band weather radars is the radar-derived rain rate (R [mm/h]), which we calculate using the Z–R relationship, such as Z=200R1.6, where Z is the radar reflectivity factor [mm6/m3] [39]. Furthermore, we had synoptic data from the Milešovka observatory at our disposal, and in this study, we used rain gauge measurements with a temporal resolution of 1 min.




2.5. Methods of Comparison between Cloud Radar Data and Lightning Data


The comparison of cloud radar data with lightning data is not straightforward due to differences in their location. The cloud radar is a profiler, i.e., it registers a vertical profile from a particular location on the ground, whereas lightning data can be registered anywhere. Thus, in this study, we reduced the lightning dataset to lightning discharges that were located within a circular area around the Milešovka observatory, where the Milešovka observatory was situated in its centre. We considered several circular areas (with a radius of 1, 2, 3, 5, 7, 10, and 20 km) around the Milešovka observatory.



We decided to divide storms above the radar into storms with lightning (denoted “near lightning”, NL) and those without lightning (denoted “far lightning”, FL). After several testing, we selected 1 km as the radius defining NL because we believe that this is the distance, which describes the condition of a cloud above the Milešovka observatory, when the development of lightning (i.e., electrification) is taking place or will soon take place over the Milešovka observatory (or its nearest vicinity). Contrary, the FL (lightning registered at a distance of 10-20 km from the observatory) represent the condition of a cloud above the Milešovka observatory, when no discharges were recorded in its direct vicinity. In Section 3, we depict results for NL as compared to FL.



Another issue in comparing cloud radar data with lightning data is the difference in their temporal resolution. Cloud radar data are recorded every 2 s approximately, while lightning data are registered at a temporal resolution in the order of ms. However, this is not of high importance since based on our experience the temporal variability of radar measurements is not very high, even in thunderstorms.



Being aware of the difference in temporal resolutions of radar and lightning data, we still decided to consider cloud radar data registered just before and just after the time of any lightning discharge; i.e., we considered two consecutive cloud radar recordings (distant by 2 s) that we coupled with a lightning discharge. This way, we compared cloud radar data (vertical profiles of Hclass, AV and LDR) with lightning data in circular areas around the Milešovka observatory (NL vs. FL) during the 38 days of thunderstorms (Table 3). Note that there were 990 lightning discharges observed up to 1 km from the Milešovka observatory during the 38 days of thunderstorms and 171,754 FL discharges.





3. Results


This section is divided into two parts. The first part describes a particular thunderstorm that occurred on 10 June 2019. We selected this thunderstorm because on that date, the observer recorded a thunder less than 1 s after he saw the lightning flash at the Milešovka observatory. According to geographical coordinates in EUCLID data, the lightning discharge occurred at a distance of only 65 m from the observatory. This lightning discharge was the second closest in our dataset; on 1 June 2018, there was a lightning detected directly at the observatory, which hit the observatory according to the book of records written by observers. Nevertheless, we do not detail this thunderstorm (on 1 June 2018) in this study since Sokol et al. [33] already studied it in detail.



Contrary to the first part of this section, which is dedicated to one particular thunderstorm, the second part of this section presents common characteristics, including LDR, that were typical throughout all thunderstorms that occurred in the 38 days in the dataset (Table 3). It presents results from the comparison of cloud radar data with lightning data in dependence on the distance of lightning discharge to the Milešovka observatory (i.e., NL vs. FL).



3.1. Thunderstorm on 10 June 2019


Figure 2 shows the temporal evolution of rain rates (as derived from C-band weather radar data, Figure 2a) and lightning discharges (Figure 2b) during one hour of the thunderstorm on 10 June 2019, when most lightning activity was observed close to the Milešovka hill. The temporal evolution is displayed with a time step of 10 min. Based on rain rates (Figure 2a), it is clearly visible that the thunderstorm was severe, at least within the central European context.



Figure 2 also shows that the lightning discharges occurred (horizontally) not only within the precipitation areas but also outside of the precipitation cores; i.e., they may have originated in non-precipitating parts of the thundercloud as well. As the system moved in time towards east-northeast, CC flashes had a tendency to precede CG flashes, while lightning flashes (CC + CG together) tended to occur not only during the period of intense rainfall, but also prior to intense rainfall. This has been mentioned in other works as well, e.g., [40].



Figure 3 depicts precipitation totals with a time step of 1 min, as registered by a rain gauge with a resolution of 0.1 mm at the Milešovka observatory between 21 and 22 h UTC on 10 June 2019. Note that rain rates (i.e., precipitation intensities, Figure 2a) cannot be directly compared with recorded precipitation totals (Figure 3) as they do not represent the same information. Figure 3 shows that the highest 1-min precipitation total occurred between 21:39 and 21:40, while the closest lightning was recorded at 21:37 and 50.341 s. This confirms that lightning flashes may occur prior to heavy rain. Here, we note that measured precipitation totals by the rain gauge might be underestimated. The reason is that at the top of Milešovka hill, strong winds frequently appear during storms, which may result in an underestimation of rainfall totals due to the blowing away of the precipitation from the surface of the rain gauge.



Concerning data of the cloud radar, Figure 4 displays radar reflectivity together with NL (i.e., lightning discharges that occurred not farther than 1 km from the Milešovka observatory). It is obvious from the figure that NL were related to high reflectivity values, although high reflectivity values were also typical for the melting layer and below (i.e., below 2.5 km approximately).



It is worthy of note that between 21:30 and 21:40 approximately, there was a sudden decrease in the vertical span of the thundercloud, according to the cloud radar data (Figure 4). This is the time when most of rainfall was registered at the Milešovka observatory (Figure 3). This is probably caused by the fact that the received signal in the lowest gates was too strong due to heavy rain that the radar was unable to capture signal from higher gates.



Furthermore, it is interesting to check the temporal evolution of LDR values during the thunderstorm (Figure 5) that were not corrected using the integrated cross-polarization ratios [41]. In Figure 5, high values of LDR clearly show that the melting layer was around 2500 m above ground in the thunderstorm. Another zone of high LDR values is visible from 21:30 to 21:50 at higher altitudes, which is the time interval of intense rainfall (Figure 3) and lightning activity near the radar site (Figure 4). Contrary to very high LDR values in the melting layer, which are commonly associated with melting snow flakes, very high LDR values at higher altitudes, such as 4-7 km, can correspond to non-spherical shape of graupel and/or hail or to aligned ice crystals due to a strong electric field if the crystals are not aligned along with the co-channel, instead they are oriented at angle close to 45° with both the co- and cross-channels [25,42,43]. It is worthy of note that the elevation around 4-7 km, where we observed increased LDR, is also considered as the elevation where the main negatively charged area appears [40]. We discuss this finding further below.



It should be noted that the LDR data are not available at all gates where we obtained radar reflectivity factor data (for example, after 21:50). This is the consequence of the attenuation of the signal received in the plane perpendicular to the transmission plane.



Figure 6 shows the evolution of hydrometeor distribution (resulting from Hclass, Section 2.3) on 10 June 2019 from 21:00 to 21:59 UTC. Clearly, the lack of data in the vertical profiles between approximately 21:30 and 21:40 makes the interpretation of the obtained results difficult, especially because many NL discharges occurred at that time. Nevertheless, the majority of the ten closest discharges (Figure 6) occurred after 21:40, when we had data again, covering almost all the troposphere.



The results of Hclass indicate that the highest LDR values at the elevation from 4 to 7 km (Figure 5) correspond to a mixture of several hydrometeor species with a predominance of ice and snow particles and graupel. These are the species which play major roles in the process of cloud electrification by collisions of hydrometeors according to currently accepted theories [44]. The mixture of many hydrometeor species is also evident during very close lightning activity (between 2400 s and almost 3000 s in Figure 6).



The electrification process by collisions of hydrometeors at an elevation of 4–7 km is also supported by Figure 7, which presents values of the Doppler spectrum width (σ). High values of σ, i.e., large variability of vertical velocities, just after 21:40 confirm the coexistence of various hydrometeors and support the existence of collisions of hydrometeors (light species collide with heavier species having larger terminal velocity). The obtained results of high LDR and sigma values together with the presence of diverse hydrometeor species may bring us to the conclusion that around 21:40, collisions of hydrometeors caused a strong electrification of the thundercloud near the radar site.




3.2. Common Characteristics of Analyzed Thunderstorms


This subsection focuses on results related tall thunderstorms in the dataset (Table 3). It shows their common (different) features and compares them with recent knowledge on lightning processes. Our intention was to compare NL with FL, when clouds were present above the observatory. Therefore, in the statistical evaluation, we used data from only those gates, where Hclass identified at least one hydrometeor species.



Figure 8 summarizes the results throughout the analyzed thunderstorms at the Milešovka observatory. It depicts radar-derived quantities for NL discharges compared to that for FL discharges. It clearly shows that on average, hail, rain and graupel occurred in lower gates more frequently during NL as compared to FL. For FL, rain and graupel were almost not detected at all. For NL, hail concentration was higher at an elevation of 2000 to 2500 m above ground. This is the level which roughly corresponds to the melting layer (Figure 4). Rain concentration was higher at lower elevations, at 1800 m approximately. Thereby, it can be suggested that the closer the lightning, the higher the concentration of rain and hail. This agrees with our previous results based on 10 thunderstorms [45].



In addition, Figure 8 displays the results of AV for NL vs. FL. It shows that in the case of NL, the downward motion of the air substantially prevails at lower altitudes; from the ground to 1000 m and from 2000 to 3000 m. The layer between 1000 and 2000 m above ground is characterized by fluctuations in AV, which can be related to an interchange of up- and downdrafts. Updrafts mostly dominate the elevation from 3000 m upwards. Slow updrafts are typical for very upper vertical levels (above 9500 m).



Overall, AV seems to be quite low, which is caused by averaging. The variability in AV among gates seems high for NL. This is caused by much lower number of NL discharges (990) as compared to FL discharges (171,754), as shown in Figure 9. Concerning FL, AV does not fluctuate much on average between neighboring gates, which is due to large number of processed data. Figure 8 also shows that for FL, downward motion prevails from the ground up to 3000 m, while upward motion dominates the layers above 3000 m on average.



Taking into account the distance of the lightning from the observatory, we do not know whether the radar measurements took place in the frontal or back side of the thunderstorms or on their lateral sides. The placement within the thunderstorm may lead to diverse directions and values of AV, which can be confirmed by high variability of AV (not depicted). In addition to the uncertainty regarding the localization of measurements with respect to the movement and development of thunderstorms, it should be emphasized that we present results and quantities that are derived indirectly (i.e., not directly measured). Therefore, the results cannot be explicitly verified. However, we can state that the obtained results are in accordance with the general knowledge about thunderstorms. Therefore, we believe that the technique used to calculate the vertical air velocity and to classify hydrometeors give realistic results.




3.3. LDR during Analyzed Thunderstorms


Averages of LDR are depicted in Figure 10 for NL, as compared to FL. For both NL and FL, the melting layer is not pronounced in LDR averages; there is no obvious increase in LDR averages in lowest gates. This is very likely related to the fact that the height of the melting layer depends on current atmospheric conditions, which change from one thunderstorm to another and might also change during one particular thunderstorm. As a consequence, the height of the melting layer becomes smooth in averaging, making it imperceptible in the figure.



The character of the curves in Figure 10 (their oscillation) is influenced by the number of averaged cases (Figure 9). This is especially true for the red curve representing NL discharges. The isolated maxima of LDR averages are probably random. However, Figure 10 clearly depicts that at an elevation of 4 to 6.5 km approximately, there are large LDR averages, which show little oscillations for NL, thus they do not correspond to random processes. These averages are much larger than the LDR averages for FL. As in Section 3.1, we attribute it to electrification by collisions and alignment of ice crystals.



To better assign the cause of increased LDR averages in the middle troposphere, Figure 11 shows 1 km layers of frequency of LDR in profiles with similar distribution of graupel and hail (i.e., rounded hydrometeors). Because concentrations of graupel and hail are similar in both NL and FL (ice or snow being present almost everywhere in these 1 km layers, Figure 8), it is obvious that there had to be another process that made the higher LDR more frequent in the case of NL as compared to FL. We suggest that the additional process could be the alignment of ice crystals observed by other researchers, e.g., by Melnikov et al. [25]. However, we are aware that this hypothesis cannot be exactly verified.



At an elevation between 8 and 9 km, significantly higher averages of LDR for NL, as compared to FL, could be rather random because of high oscillations of that for NL. On the other hand, the high oscillations of LDR averages for NL can also be related to the orientation of aligned ice crystals in an electrified field. LDR can increase if the particles align at an angle close to 45° from both the co- and cross-channels, while it can decrease if the particles align along with the co-channel (LDR reaches large negative values). Thus, the LDR of non-spherical targets, such as ice crystals, can have strongly different values (large and small) depending on the azimuth direction to the channels. Therefore, the variability of LDR may be increased in the case of NL.



The results also suggest that the clouds producing lightning in the vicinity (NL) are vertically massive and higher than clouds producing FL, at least in our dataset.





4. Discussion


The method we chose, to distinguish between NL and FL, was based on the distance of observed lightning from the radar site. The results showed that the method can be applicable in general, however, it would be better if we could also identify in which part of the storm the vertical radar measurements are taken. We plan to focus on an analysis of the possibility to identify the position of radar within storms in future. Specifically, our aim is to study whether the radar is located on the frontal or back side of a storm or on its lateral sides. Such an analysis, however, needs a wider dataset of thunderstorms registered close to the radar, which we expect to obtain in future.



At present, the amount of data during two years of radar operation that meet the condition for NL is not sufficient to allow us to divide data into further subsets, which is necessary for the identification of where—in the thunderstorm—the radar is located. The division of the current dataset into further subsets would not lead to sufficiently robust results. Moreover, determining the position of the radar within a thunderstorm is not trivial and needs thorough investigations.



The distribution of data and the method of processing (averaging) inevitably led to a smoothing of AV. This smoothing (averaging) of vertical velocity resulted in low values of AV, since the dataset comprised both positive and negative velocities, which, after averaging, became naturally low. Nevertheless, regardless of AV smoothing, the profiles of mean AV for NL as compared to that for FL qualitatively correspond to our knowledge. During the mature state of a thunderstorm, (strong) positive as well as negative vertical velocities are supposed to be observed.



The applied technique for the recognition of hydrometeors (Hclass) provides meaningful results, although, of course, we cannot perform its exact verification. However, the structure of hydrometeors seems right during the maximum activity of the thunderstorm on 10 June 2019 (around 21:40 and later). At that time, there was a noticeable occurrence of all types of hydrometeors, including hail and supercooled cloud water throughout the vertical profile. The results obtained by processing all thunderstorms were also reasonable and explainable.



As far as the supercooled cloud water is concerned, there are no given rules on how to determine it exactly. In this study, we used a simple algorithm that allows the supercooled water to occur up to −40 °C under the condition that there are small values in the measured Doppler spectra and there is an updraft of the air motion. We are aware that such an identification of supercooled cloud water is burdened with uncertainties. However, we consider our results satisfying.



We studied how the LDR differs for stormy areas (NL) and non-stormy areas (FL) and in our opinion, we showed, in agreement with other works e.g., [25], that a strong electric field in a thundercloud can be identified by high LDR values. This opinion is based on the fact that the increased averages of LDR at altitudes of 4 to 6.5 km were reflected for NL only. Our analysis showed that it is unlikely that the increase in LDR would be solely related to the presence of hail or graupel. On the contrary, we believe that two processes occur almost simultaneously: (i) electric field formation due to collisions of graupel and ice particles and (ii) the alignment of ice particles in the electric field leading to high LDR. It should be mentioned that aligned targets may cause characteristic signatures in the differential phase between co- and cross-channel IQ signals, but the interpretation of these signatures is difficult and we would like to address them in the future.




5. Conclusions


We investigated 38 days of thunderstorms when lightning discharges were detected in the vicinity of the Milešovka observatory; the site of a vertically-oriented Ka-band cloud radar. We analyzed vertical profiles of diverse cloud radar-derived quantities to find differences between characteristics when a lightning discharge was recorded close to the radar site (≤1 km, NL) and characteristics when a lightning discharge was observed from 10-20 km from the radar site, i.e., there was a non-thunderstorm cloud above the radar (FL).



We concentrated on hydrometeor distribution, values of LDR and vertical air velocities (AV). We are aware that in most cases, we worked with data that were not directly measured; instead, we derived them (hydrometeor species, AV). The way we processed the data and derived the variables may have affected our results. Nevertheless, we believe that the procedure we chose can contribute to the current knowledge and/or the confirmation of the current knowledge on the occurrence of lightning in the atmosphere.



We showed that our technique of classifying hydrometeors provides outputs that reasonably describe thundercloud structures. Since the classification essentially depends on derived AV, our results indirectly prove that the way we derive AV provides acceptable results, although we cannot confirm it exactly.



The analysis of data characteristics of NL as compared to FL showed that:




	
In the case of NL, the vertical profiles contain vertically-oriented areas with clearly high LDR, likely caused by an intensified electric field, which makes the ice particles align. The areas with increased LDR are visible at an elevation from 4 to 6.5 km above the radar, approximately. This finding confirms results published in other studies. Unlike other studies, which usually analyze one single event, we processed 38 days of thunderstorms.



	
The vertically-oriented areas with increased LDR comprise various hydrometeors, namely the ice and snow particles, graupel, hail, and (supercooled) cloud water. These are the areas which meet the condition for the development of electrification by the collision of hydrometeors. In our opinion, electric field formation due to the collisions of graupel and ice particles is followed by the alignment of ice particles in the electric field and both the processes contribute to increases in LDR.
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Figure 1. Placement of the cloud radar MIRA35c at the Milešovka observatory situated at the top of Milešovka hill (837 m a.s.l.) and its geographical location in Czechia in Central Europe. 
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Figure 2. Temporal evolution with a 10-min time step of (a) rain rates derived from C-band weather radar data (radar circle domains having a radius of 250 km) and (b) lightning discharges between 21 and 22 h UTC as registered by EUCLID network on 10 June 2019. Note that in (b), blue symbols represent Cloud-to-Cloud (CC) flashes while red symbols display Cloud-to-Ground (CG) flashes. The Milešovka position is shown in Figure 1. 
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Figure 3. Rainfall totals with a 1-min time step recorded by a rain gauge at the Milešovka observatory from 21 to 22 h UTC on 10 June 2019. 
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Figure 4. Temporal evolution of radar reflectivity factor (Z [dBZ]) of the cloud radar at the Milešovka observatory during the thunderstorm on 10 June 2019 from 20 to 24 h UTC. Vertical magenta lines depict CC near-lightning (NL) discharges, while vertical black lines display CG NL discharges. Note that y-axis (z [m]) displays the height in meters above the cloud radar situated at an elevation of 837 m a.s.l. 
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Figure 5. Temporal evolution of linear depolarization ratio (LDR) [dB] during the thunderstorm on 10 June 2019 from 20 to 24 h UTC at the Milešovka observatory. Vertical (black) lines depict CG NL discharges and y-axis (z [m]) displays the height in meters above the cloud radar situated at an elevation of 837 m a.s.l. 
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Figure 6. Hclass during the thunderstorm on 10 June 2019 from 21:00 to 21:59 UTC at the Milešovka observatory. Vertical lines depict NL discharges; blue lines depict CC NL discharges, red lines the CG NL discharges. Ten lightning discharges closest to the observatory are numbered in ascending order starting from the closest discharge denoted no. 1. Dashed lines represent cases, when more CG/CC discharges occurred around the same time (order of ms). Note that capital letters in the legend indicate first letter of classified hydrometeors (Table 2) and y-axis (z [m]) displays the height in meters above the cloud radar situated at an elevation of 837 m a.s.l. 
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Figure 7. Doppler spectrum width (σ [m/s]) during the thunderstorm on 10 June 2019 from 20 to 24 h UTC at the Milešovka observatory. Note that the color bar is in logarithmic scale and that y-axis (z [m]) displays the height in meters above the cloud radar situated at an elevation of 837 m a.s.l. 
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Figure 8. Vertical profile of the percentage ratio of the occurrence of hydrometeors (r [−]) during analyzed thunderstorms for: NL discharges (left panel) and far-lightning (FL) discharges (middle panel). Right panel depicts the vertical profile of air velocity (AV) oriented upwards from the cloud radar during the thunderstorms: red curve displays averages for NL discharges, while blue curve the averages for FL discharges. Note that y-axis (z [m]) represents the height in meters above the cloud radar situated at an elevation of 837 m a.s.l. 
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Figure 9. Number of examined cases of NL (left) and FL (right) with available LDR at gates. Y-axis represents the height [m] above the cloud radar situated at an elevation of 837 m a.s.l. 
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Figure 10. Vertical profile of mean LDR during thunderstorms observed at the Milešovka observatory for NL (red curve) as compared to FL (blue curve). Y-axis represents the height [m] above the cloud radar situated at an elevation of 837 m a.s.l. 
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Figure 11. Frequency of LDR (f[−]) at an elevation of: (a) 3–4 km, (b) 4–5 km, (c) 5–6 km and (d) 6–7 km during thunderstorms observed at the Milešovka observatory for NL (red curve) as compared to FL (blue curve), when taking into account similar vertical profiles of graupel and hail concentrations. Y-axis represents the height [m] above the cloud radar situated at an elevation of 837 m a.s.l. 
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Table 1. Technical parameters of the cloud radar MIRA35c situated at the Milešovka hill.
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	Technical Parameter
	Cloud Radar MIRA 35c





	Radar system
	Doppler polarimetric



	Radar band
	Ka-band



	Radar core
	Magnetron type



	Antenna type
	Cassegrain



	Transmitter frequency
	35.12 GHz +/−0.1 GHz



	Peak power
	2.5 kW



	Antenna diameter
	1 m



	Antenna gain
	48.5 dB



	Antenna beam width
	0.6°



	Pulse repetition frequency
	2.5–10 kHz



	Pulse width
	min. 0.1 μs



	
	max. 0.4 μs



	Detection unambiguous velocity range (± VNyquist)
	±10.65 m/s



	Original measurements
	Doppler spectra
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Table 2. Terminal velocity range of hydrometeor species classified by Hclass.
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	Hydrometeor Specie
	Terminal Velocity Range





	Cloud water (C)
	0.0001–0.15433 m/s



	Rain (R)
	0.15433–6.3384 m/s



	Ice & Snow (IS)
	0.0290–1.3133 m/s



	Graupel (G)
	1.3133–7.7747 m/s



	Hail (H)
	7.7747–10.0253 m/s
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Table 3. Date of 38 days of thunderstorms with lightning discharges recorded up to 20 km from the Milešovka observatory in 2018 (left panel) and 2019 (right panel).
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	Thunderstorms in 2018
	Thunderstorms in 2019





	2018-06-01
	2019-05-20



	2018-06-10
	2019-05-25



	2018-06-11
	2019-06-06



	2018-06-27
	2019-06-10s



	2018-06-28
	2019-06-12



	2018-07-05
	2019-06-20



	2018-07-21
	2019-07-21



	2018-07-28
	2019-07-29



	2018-08-02
	2019-07-31



	2018-08-03
	2019-08-02



	2018-08-04
	2019-08-03



	2018-08-08
	2019-08-04



	2018-08-13
	2019-08-7



	2018-08-17
	2019-08-11



	2018-08-24
	2019-08-12



	2018-09-21
	2019-08-27



	
	2019-08-29



	
	2019-09-01
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