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ABSTRACT 

Given the growing concern on lightning threats outside the main warm-season, the 

objective of this study is to get further insight on the seasonal variations of the 

necessary conditions required for the production of lightning. In this regard, the 

study aims to find a basic indicator of cloud electrification that could be useful as 

an all-year-round robust predictor to warn about lightning threats. To this end, a 

large dataset of weather radar data products, total lightning observations and 

radiosounding isotherm heights have been used. 

According to previous studies, the radar storm height is tightly correlated with the 

total lightning flash rate. A fifth order relationship fits from spring to autumn and a 

third order power law in winter. In spite of the good correlation between the radar 

storm height and the total lightning flash rate, the vertical development alone may 

be insufficient as a basic indicator for thunderstorm conditions. Alternatively, two 

different predictors for the lightning onset have been analysed: 12 dBZ radar 

reflectivity echoes reaching the –40°C isotherm height and 35 dBZ reflectivity 

echoes reaching the –10°C. Results show that the most suitable all-year-round 

predictor is the TOP-35 above -10°C.  

 

KEYWORDS: radar storm height, total lightning flash rate, lightning predictor 

 

1. Introduction 

For many years, the relationship between the lightning flash rate and 

thunderstorm characteristics such as the vertical structure of radar reflectivity in 

thunderstorms has been a topic of study (e.g. Williams et al., 1989; Carey and 

Rutledge, 1996; Schultz et al., 2011). Indeed, this is a subject of great interest, not 

only for understanding thunderstorm electrification, but also for other fields like 

nowcasting (e.g. Gatlin and Goodman, 2010; Farnell et al., 2017); lightning 
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protection (e.g. Rachidi et al., 2008; March, 2017); nitrogen oxide (NOx) 

concentration modelling (e.g. Mecikalski and Carey, 2017) and lightning 

parameterization in model convective schemes (e.g. Price and Rind, 1994; 

Mazarakis et al., 2009; Karagiannidis et al. 2019). Convective updraft is a key 

component of cloud electrification, since it drives the development of graupel and 

ice crystals, enhancing particle collision and providing a means to charge 

separation that ultimately leads to lightning production. Williams (1985) proposed 

a relationship in which the total lightning flash rate (TFR) increased as the fifth 

power with the maximum height of the storms. Ushio et al. (2001), Futyan and Del 

Genio (2007) and Yoshida et al. (2009) reported a similar relationship from 

satellite data.  

The onset of lightning has been typically associated with the exceedance of a 

certain limit of reflectivity at a given height (e.g. MacGorman and Rust, 1999, 

Chapt.7). However, a high vertical development is not always related to strong 

convective currents leading to charge separation, so this relationship is not 

straightforward. Studies such as MacGorman et al. (1989) and Carey and Rutledge 

(1996) concluded that the TFR of a storm is correlated with the level of radar 

reflectivity comprised between 30 and 40 dBZ that reaches the mixed-phase 

region. This relationship can be explained by the increase of charged particles due 

to the non-inductive charging mechanism (hereafter, NIC) (Takahashi 1978; 

MacGorman et al. 2008). The NIC mechanism as a dominant source for lightning 

production is supported by the strong correlations found between the amount of 

precipitation ice and the TFR using ground-based radar reflectivity and lightning 

observations in field campaigns (e.g. Williams et al., 1989; MacGorman and Rust, 

1999; Deierling et al., 2008; Liu et al. 2012).  

Since the NIC process is temperature sensitive, it is convenient to convert the 

height dependence of radar reflectivity into temperature dependence. Several 

studies have analysed the correlation between radar-derived storm characteristics 

like radar reflectivity and the sufficient heights of the isotherms to reach the 

conditions required for the lightning production. Among them, Dye (1989) 

established that the level of reflectivity of 40 dBZ has to reach the isotherm of –

10°C to initiate electrification, and others such as Gremillion and Orville (1999), 

Yang and King (2010) and Wang et al. (2016) used the same criteria for the 

appearance of cloud-to-ground discharges. Gremillion and Orville (1999) also 

established a relationship between the height of the –15°C and –20°C isotherms 

and the reflectivity levels of 30 dBZ and 20 dBZ respectively, to indicate the start of  

the electrical activity. In addition, Liu et al. (2012) concluded that the flash rate of a 

storm is well correlated with the volume of high radar reflectivity (35 dBZ) within 

the mixed phase region (between the –5°C and –35°C isotherms). 
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Interestingly, it seems that there is a relative invariance of this relationship 

between different climatic regions and different types of storms (Vincent et al., 

2003; Shindo et al 2015). For example, Michimoto (1991) found that these 

isotherm temperature levels are also applicable to winter storms. Keeping in mind 

the dependence of the electrification processes on temperature, cloud charges are 

at lower altitudes in winter, favouring interaction with ground structures such as 

towers and wind turbines. Under these conditions, wind turbines and other tall 

man-made structures are prone to trigger upward leaders (Wang and Takagi, 

2012; Montanyà et al., 2014a; Warner et al., 2014, Pineda et al. 2018) which can be 

followed by one or more downward-leader-return-stroke sequences, similar to 

those in downward lightning (Rakov and Uman, 2003 Ch. 4). Kingfield et al. (2017) 

found a fourfold increase in lightning densities on tower locations during 

autumn/winter. Additionally, winter storms can produce very energetic lightning 

events and a large amount of damage (e.g., Yokoyama et al., 2014, Schultz et al. 

2018). 

To better understand these relationships, it should be further investigated in 

different kinds of weather regimes and in different seasons, as pointed out by Liu 

et al (2012). 

Bearing in mind the growing concern on lightning threats outside the main warm-

season, the objective of this study is to get further insight on the seasonal 

variations of the conditions required for lightning production. In this regard, the 

study aimed to find a basic indicator of cloud electrification, which in turn can be 

useful as an all-year-round robust predictor to warn about lightning threats and to 

set up lightning parameterizations in model convective schemes. To this end, a 

large dataset of convective system properties derived from weather radar, total 

lightning observations and radiosounding isotherm height measurements have 

been used for the seasonal analysis. Skill scores have been calculated to determine 

the degree of diagnostic ability of the proposed predictors. 

The organization of the paper is as follows: Section 2 describes the studied area, 

the different data used and the methodology of the analysis; Section 3 presents the 

main results obtained, Section 4 deals with the discussion of the results and finally 

section 5 presents the summary and conclusions. 

 

2. Data and Methodology 

2.1. Studied Area 

The area of study (hereafter AoS) is the Ebro’s river mouth region, in the north -

eastern part of the Iberian Peninsula (Fig. 1). This area is interesting for a seasonal 

analysis since lightning activity is present allthroughout the year, not only in the 
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warm season (e.g. Soriano et al., 2001; Montanyà et al., 2016; López et al., 2017; 

Pineda et al., 2018). Although lightning activity is concentrated during the “warm 

season” (June to October in the AoS), the proximity to the Mediterranean Sea 

provides favourable conditions for autumn and winter activity, the warm waters 

being the driver for storm development. (e.g. Kotroni and Lagouvardos, 2016; 

Galanaki et al., 2018; Rigo et al., 2019). 

 

Figure 1. The Area of Study (AoS); Ebro river mouth region, in the north-eastern part of 

the Iberian Peninsula and in the western Mediterranean basin. The black circle inside 

the AoS corresponds to “La Miranda” radar (N 41° 05′ 30.24″ E 0° 51′ 48.58″; 950 m 

above MSL), and the outside one corresponds to Barcelona sounding station (N 41° 23’ 

4.08” E 2° 7’ 3.36” – N° WMO: 08190). 

 

2.2. Data used 

Atmospheric Soundings 

The heights of the significant isotherms in the current analysis (–10°C, –20°C and –

40°C) have been obtained from radiosounding data. The closest sounding station 

to the AoS is Barcelona (N 41° 23’ 4.08” E 2° 7’ 3.36” – N° WMO: 08190), which is 

operated by the Meteorological Service of Catalonia (Servei Meteorològic de 

Catalunya, hereafter SMC). Since December 2008, the radiosonde of Barcelona 

belongs to the World Meteorological Network through the GTS (Global 

Telecommunication System). Daily measurements (every 12h) from the years 

between 2001 and 2017, resulting in 12410 soundings, have been used to calculate 

daily averages of the height for the mentioned isotherms, as well as the for 

tropopause. 
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In particular, the height of the tropopause has been determined according to the 

following criteria. By convention, it is defined as the level at which the temperature 

gradient is below -2°C km-1, also provided that the average gradient between this 

level and all higher levels within 2 km does not exceed -2°C km-1 (Manual on Codes 

- International Codes, WMO 2011). In reality, it is possible to find different levels in 

which these conditions are fulfilled along the vertical profile. The lowest case level 

is called "first tropopause", and this is the one that will be used in this study. 

Indeed, the definition allows determining the first tropopause from a single 

radiosonde ascent (Wilcox et al., 2012). 

In addition, the CAPE index (Convective Available Potential Energy, Wallace and 

Hobbs, 1973) obtained from the Barcelona radiosonde has also been used. The 

magnitude and vertical distribution of CAPE play an important role in determining 

the updraft velocity and the size and vertical distribution of the hydrometeors that 

participate in the charge separation (Williams et al., 2005). The convective updraft 

must be strong enough to ensure supercooled liquid water  is replenished and 

graupel is lifted above the charge-reversal temperature zone (-15° C to -20° C) 

(Zipser and Lutz 1994). Most of the studies in the extratropics show good 

correlation between these two parameters (Carey and Rutledge, 1996; Ushio et al., 

2001; Boccipio, 2001; Zhou et al., 2002). 

Weather Radar 

Weather radar has been used to determine thunderstorm characteristics like the 

maximum height reached. The SMC operates a weather radar network in the 

region, consisting on four C-band (5600 to 5650 MHz) Doppler radars. The closest 

radar to the AoS is “La Miranda” (N 41° 05′ 30.24″ E 0° 51′ 48.58″; 950 m above 

MSL) (Fig. 1). Polar volumes are acquired every 6 minutes, in a fourteen-elevation 

scan scheme. Further technical details of the SMC weather radar systems and 

network characteristics can be found in Bech et al. (2004) and Argemí et al. (2014).  

Cloud phase identification using single polarization radar data is challenging in the 

0 to −40°C temperature range, where both liquid and ice hydrometeor phases are 

sustainable. In the absence of dual-pol capabilities, the present work relies on the 

radar echo top product (TOP) and on the maximum height of radar echoes within 

an intensity equal or higher than a given reflectivity threshold. In particular, the 

TOP-12 and TOP-35 dBZ were selected among the operative products generated at 

the SMC. TOP-12 is a proxy for the maximum height reached by the thunderstorm 

(Rosenfeld et al., 1993), whereas TOP-35 is a proxy for the maximum convective 

intensity of precipitation systems (Liu et al., 2012). The analysed period 

encompassed observations for years from 2013 to 2017. 

Lightning detection 
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Lightning data used in this study was collected by the SMC’s lightning location 

system (LLS). The SMC-LLS, which covers the Catalonia region (NE Iberian 

Peninsula), including the AoS, is composed of four total lightning detectors (Vaisala 

LS-8000). LS-8000 combines VHF and LF to detect both intra-cloud (IC) and cloud-

to-ground (CG) flashes (total lightning). On one hand, IC flashes are detected in the 

very high frequency (VHF, 110 to 118 MHz) region and located using 

interferometry (Lojou and Cummins, 2006). On the other hand, CG return strokes 

are detected by a low frequency (LF) sensor and located using a combination of the 

TOA/MDF (Time-of-Arrival/Magnetic Direction Finding) technique (Cummins and 

Murphy, 2009). CG strokes are grouped into CG flashes using an algorithm based 

on a time and a distance criterion (Cummins et al., 1998). Montanyà (2014b) 

evaluated the performance of the SMC-LLS, establishing a CG flash detection 

efficiency of about 80-85%. A detailed report of the SMC-LLS configuration can be 

found in Pineda and Montanyà (2009). Similar to the radar data, the lightning data 

used in this study includes the period between 2013 and 2017. At this point, it may 

be noticed that IC and CG data are combined into total lightning "flashes". That is, 

IC flashes and CG strokes are grouped by the Vaisala’s flash algorithm (Cummins et 

al., 1998), which relies mainly on the lightning spatial extension and on its 

duration.  

2.3. Methodology 

In the present study, the seasonal variations of the necessary conditions for the 

lightning occurrence are analysed through total lightning data, the radar echo top 

product, the heights of the significant isotherms and CAPE index derived from 

radiosounding data. 

The identification scheme applied considers two dichotomous categories: 

thunderstorm conditions and the lack of them. Precipitation structures in the AoS 

are characterised, on a 6-min basis (the time span of the radar volumes), by the 

radar TOP products TOP-12 and TOP-35, and binary labelled according to the 

presence of lightning. Heights of the isotherms and CAPE index associated to each 

6-min time bin are derived from the nearest sounding. 

Regarding the fifth power relationship between the radar storm height and the 

total lightning flash rate, the applied methodology follows the one presented in 

Williams (1985) and Ushio et al. (2001). This way, results can be compared 

directly. These authors performed a linear regression in a log-log graph using of 

the median flash in each 1 km interval of the thunderstorm height. 

Additionally, a climatological seasonal cycle of the significant isotherms and 

tropopause heights has been elaborated from the 2001-2017 sounding database. 

On this basis, monthly averages of the TOP-12 and TOP-35 heights (both with and 
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without lightning) were used to analyse the evolution during the year, as well as 

the seasonal variations. 

Dichotomous (event/non-event) forecasts are often verified by using a 2 by 2 

contingency table (Doswell et al., 1990). In the present study, this technique is 

used to determine the degree of diagnostic skill of the two proposed metrics for 

identifying periods of lightning and no-lightning. Different skill scores can be 

derived from the contingency table. Most common are the Probability of Detection 

(POD) and False Alarm Ratio (FAR). More sophisticated skill scores are o ften more 

useful, as the Critical Success Index (CSI), the True Skill Statistic (TSS) (Murphy 

and Daan, 1985) or the Heidke skill score (Panofsky and Brier, 1958). For details 

on contingency tables and skill scores see for example Haklander and Van Delden 

(2003). 

 

3. Results  

3.1. Relation between Lightning Flash Rate and Radar Parameters 

The first result presented is the relationship between the total lightning flash rate 

(TFR) and the thunderstorm maximum height derived from TOP-12. The plot has 

been split into seasons (Fig. 2), as it was found that this relationship changes 

throughout the year. A positive logarithmic correlation has been confirmed 

between the TOP-12 of the storm and its TFR. It applies above the 5 km height, as 

lightning activity with cloud tops (TOP-12) below 5 km heights is very low, mostly 

activity below 1 flash·min-1. Interestingly, a correlation is observed for all seasons, 

even though the majority of events correspond to summer and autumn. Compared 

to winter and spring, the TFR reaches one order of magnitude higher rates, 

attaining in some cases 100 flashes per min-1. Contrarily, the few episodes 

occurring during winter and spring seasons tend to have lower TOP-12 values, 

with a respective lower TFR. For each season, there is a maximum height that 

seems the storms cannot overcome, going from the lowest height in winter around 

10 km and a maximum between summer and autumn around 15 km. Indeed, this 

maximum height is related to the tropopause, the height of which varies across the 

year. This is further discussed in section 3.3. 
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Figure 2. Seasonal scatterplots of the total lightning flash rate per minute as a function of 

the mean convective radar storm height (TOP-12) on a log-log plot. TOP-12 values 

have been shifted to 5 km to represent radar only those echoes above the 0°C 

isotherm. The triangles represent the median of the TFR at each km height (amsl). 

Least squares fit line to the triangles is shown in red.  

Additionally, a trend line has been added to relate TFR with radar storm height 

(radar echo tops above the 0°C isotherm) in each season. Table 1 summarizes the 

correlations obtained through equation 1 

log(TFR) = α·log(TOP-12) –β     (eq.1) 

 

Table 1. Estimates of the seasonal correlation parameters corresponding to eq.1 

 α β R2 (adjusted) RMSE 

Winter 2.6783±0.3352 2.6511±0.2818 0.9402 0.0523 

Spring 4.9836±0.6195 4.5148±0.5850 0.8884 0.2173 

Summer 4.9634±0.5599 4.7689±0.5639 0.8758 0.2753 

Autumn 4.6966±0.5321 4.3180±0.5359 0.8748 0.2616 
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Note that the ratio factor between the TFR and the TOP-12 (α) indicates a fifth 

power relationship, in agreement with Williams (1985), Ushio et al. (2001) and 

Futyan and Del Genio (2007). Winter is the exception since it is closer to a third 

power relationship. Adjusted R-squared ranges from a minimum in autumn 

(R2=0.87) to a maximum in winter (R2=0.94) seasons. 

3.2. TOP versus CAPE 

The relationship between the TOP-12 and the TOP-35 with the CAPE index has 

been analysed. Figure 3 presents the distance between the TOP-35 height and the -

10°C isotherm versus the CAPE. The size of each point corresponds to the average 

of the TFR. Overall, a direct relationship can be identified between the maximum 

CAPE values and higher TOP-35 heights. The higher the CAPE, the higher the TOP-

35 can reach, allowing a higher TFR. Still, the TOP-35 has a maximum height at the 

tropopause. However, a high CAPE does not necessarily imply high TOP-12 or TOP-

35. Indeed, conditional instability allows for vigorous convective growths, but it is 

not a sufficient condition for high flash rates, as the number of flashes on days with 

similar CAPE can differ up to an order of magnitude.  Strong updrafts are needed in 

the mixed phase region (represented here by the TOP-35), where the NIC 

mechanism is effective (e.g. Deierling and Petersen, 2008; Liu et al., 2012). 

Kaltenböck et al. (2009) proposed a threshold CAPE value of 250 J/kg as a 

discriminator between thunderstorm and non-thunderstorm conditions 

throughout Europe. From this, Aran and Pineda (2011) carried on a research for a 

study area more similar to ours, and concluded that a value of 220 J/kg fits better 

to be used as a dichotomous predictor. This last threshold is also represented in 

Figure 3 for comparison with the current results. 
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Figure 3. Relation between the TOP-35 (height above -10°C isotherm), the CAPE and the 

lightning flash rate. The TOP-35 (above -10°C) has been segmented into one 

kilometre bins. For each bin, the average of the CAPE is represented. The diameter of 

each dot is proportional to the average of the TFR. Note that the vertical axis is 

logarithmic. A horizontal line has been added to CAPE (220 J/kg) for comparison. 

Besides, the data is classified by seasons using different colours, and the radius of 

the circles is proportional to the TFR. Each dot represents the average of the CAPE 

for each km height (height of the TOP-35 above -10°C isotherm). In general, the 

higher CAPE values correspond to autumn episodes, followed by summer, spring  

and winter. So, the logarithmic scale in the CAPE values shows that the heights of 

TOP-35 (above the -10°C) in the case of winter and spring seasons are mostly 

lower than those of summer and autumn, as well as their values of TFR, as 

observed in the previous figure. In addition, during summer and autumn seasons it 

is likely to find CAPE values much higher than those of the rest of the year, 

allowing the TOP-35 to reach high altitudes, that in turn will lead to stronger 

electric fields and ultimately, higher TFR. Also, it is observed that the highest 

values of lightning activity, especially during summer and autumn, correspond to 

values higher than the 220 J/kg indicated above for the AoS.  
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3.3. Radar TOPS vs. Heights of Isotherms and Tropopause 

This section introduces the height of the isotherms, to compare the height of the 

radar reflectivity with the temperature. In addition, the analysis applies a 

dichotomous classification, treating the two categories "with lightning" and 

"without lightning" separately. Figure 4 presents, on a monthly basis, the 

relationship between the tropopause, the –10°C and –40°C isotherms heights and 

TOP-12 in the AoS. The top panel corresponds to thunderstorm conditions (17635 

cases), whereas the bottom panel is for precipitation structures without lightning 

(271106 cases). 

a) 
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b) 

 

 

Figure 4. Monthly evolution of the height of significant isotherms (–10°C and –40°C) and 

of the TOP-12 for the 2001-2017 period. Boxplots correspond to the TOP-12 within 

the AoS for each month. a) TOP-12 with lightning activity. b) TOP-12 without 

lightning activity. The boxplots displayed in the figures represent the interquartile 

range (IQR) of TOP-12 heights (with or without lightning activity), with a solid black 

line indicating the median value. Whiskers indicate the lower and upper limits of the 

1.5 IQR. The altitudes of the –10°C and –40°C isotherms, as well as the height of the 

tropopause, are represented by a black line that indicates the median value and a 

grey shadow that delimits the corresponding IQR. 

The annual cycle of isotherm heights (–10°C and –40°C) has a minimum during the 

coldest months in the AoS, that is between December and February. They are 

located around 4 km and 8 km height amsl respectively. On the other hand, they 

reach 6 km and 10 km respectively between July and August, that is, the warmer 

months in the AoS. Regarding the tropopause, although it displays a higher short-

term variance, it has a long term trend similar to that of the isotherms, ranging 

from 10 km in winter to 14 km amsl in summer. 

Boxplots for the whole “TOP-12 with thunderstorm” population (Fig. 4a) show 

higher heights, the median being close to the –40°C isotherm height. The median is 

slightly above the –40°C isotherm in the warm season months, and slightly below 

during the winter months. The interquartile range (IQR, the box encompassing 

values between quantiles 25 and 75) is mainly located between the –40°C and the 
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tropopause heights during the warm-season months. Contrarily, the interquartile 

range stays below the –40°C during the coldest months. The behaviour of the other 

category “TOP-12 without lightning” is significantly different (Fig. 4b); the median 

for stays always below the –10°C height. It should be noted that the third quartile 

approximately matches the height of the –10°C isotherm all year long. 

During the cold season, the upper limit of the 1.5 IQR whiskers hardly exceeds the 

tropopause, and is not until June that the TOP-12 can reach 15 km heights. This 

overshooting pattern, which is the result of updrafts, associated with strongly 

convective storms, with enough force to rise above the general equilibrium level in 

the tropopause (e.g. Bedka, 2011) is an indicator of severe weather (e.g. Brunner et 

al., 2007) and it is present in the region until October. TFR during periods with 

overshooting is an order of magnitude higher compared to periods without 

overshooting, with averages of 47 flash per min -1 and 4 flash per min-1 

respectively. 

Regarding the TOP-35, Fig. 5 shows its evolution along the year, in comparison to 

the height of the –10°C and –40°C isotherms. For the "TOP-35 with thunderstorm" 

(14405 cases) category (Fig. 5a) the average height for all months is very close to 

or higher than the height of the –10°C isotherm. As in the TOP-12 case, it is not 

until the warm season months that the TOP-35 height reaches the tropopause. In 

turn, for the "TOP-35 without lightning" (41448 cases) case, neither the median 

height nor the top 1.5 IQR reach the height of the –10°C isotherm. 

While the median for “TOP-12 with thunderstorm” is related to the –40°C (Fig. 4a), 

the median for the “TOP-35 with thunderstorm” follows the average height of the –

10°C isotherm along the year (Fig. 5a). Regarding the “TOP-35 without 

thunderstorm”, the median hardly reaches 3-4 km. Here, the trend for upper limit 

of the 1.5 IQR is similar to the –10°C isotherm evolution 
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a) 

 

b) 

 

Figure 5. As Fig. 4 but for TOP-35. 

3.4. Contingency tables and skill scores 

Contingency tables were used to determine the degree of diagnostic skill of the 

height of the TOP-12 and TOP-35 as thunderstorm predictors. That is, lightning 
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activity is forecasted in two situations: when the height of the TOP-12 is above the 

-40°C, or when the height of the TOP-35 is above the -10°C. Additionally, the 

combination of both was also evaluated (one requiring both conditions and the 

second requiring at least one of the conditions). Table 2 presents the annual skill 

scores and by seasons for all the analysed period.  

Table 2. Skill scores for the TOP-12 height (above -40°C) and TOP-35 (above -

10°C) as thunderstorm predictors (annual, seasonal) compared with thunderstorm 

assessment through lightning observations. Probability of Detection (POD), False 

Alarm Ratio (FAR), Critical Success Index (CSI), True Skill Statistic (TSS) and the 

Heidke Skill Score. 

Index  POD FAR CSI TSS Heidke 

h(TOP12)> Annual 0.62 0.51 0.38 0.58 0.52 

h(-40°C) Winter 0.31 0.87 0.10 0.28 0.16 

 Spring 0.55 0.66 0.26 0.51 0.39 

 Summer 0.66 0.41 0.45 0.61 0.58 

 Autumn 0.64 0.43 0.43 0.60 0.57 

h(TOP35)> Annual 0.64 0.31 0.50 0.54 0.55 

h(-10°C) Winter 0.67 0.65 0.30 0.55 0.39 

 Spring 0.72 0.42 0.47 0.61 0.55 

 Summer 0.59 0.22 0.50 0.50 0.54 

 Autumn 0.68 0.26 0.54 0.58 0.59 

h(TOP12)> Annual 0.49 0.15 0.45 0.46 0.54 

h(-40°C) Winter 0.25 0.50 0.20 0.23 0.29 

AND Spring 0.49 0.23 0.43 0.46 0.54 

h(TOP35)> Summer 0.48 0.11 0.46 0.45 0.51 

h(-10°C) Autumn 0.54 0.13 0.50 0.51 0.57 

h(TOP12)> Annual 0.74 0.52 0.41 0.69 0.55 

h(-40°C) Winter 0.61 0.82 0.16 0.57 0.26 

OR Spring 0.73 0.65 0.31 0.68 0.60 

h(TOP35)> Summer 0.75 0.42 0.48 0.68 0.60 

h(-10°C) Autumn 0.76 0.45 0.47 0.71 0.60 

 

The TOP-12 has a POD of 62% and a FAR of 51%. Assuming a threshold of 50%, for 

both POD and FAR, to determine whether they are useful or not to predict lightning 

detection, this predictor would generate too many false alarms. Besides, it has little 

to no skill during winter. The POD reaches its maximum during summer (66%), 

with a minimum of 41% of false alarms for the same season. By using the TOP-35 

instead, the POD is almost similar (64%). However, the FAR is significantly lower 

(31%). Still, the condition for the TOP-35 generates too many false alarms during 

winter (65%).  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

If both TOP-12 and TOP-35 conditions are required, the FAR is significantly 

reduced (15%). However, these more restrictive conditions also lower the POD 

(49%). Again, this combination is not useful during winter, as the FAR is still too 

high (50%). 

Contrarily, when a looser criterion is applied (fulfilment of either one of the 

conditions) the POD values are the highest of any other predictor (74%), but the 

FAR also increases to its maximum (52%). 

The annual CSI, the ratio of hits to the total number of events and false alarms 

(Donaldson et al., 1975), is highest for TOP-35 and for “TOP-12 and TOP-35” 

conditions, with values between 50-45%, respectively. Again, a difference is 

observed between winter and the rest of the seasons, being the first one to obtain 

the lowest values. A known problem of the CSI is that it doesn’t take into account 

the correct forecast of null events. In our case, it is also important to correctly 

forecast that no lightning is going to occur if thunderstorm conditions are not 

attained. 

In this regard, the True Skill Statistic, TSS, does take the quiescent cases into 

account. The values of the TSS are lower than the corresponding POD, but the 

behaviour is similar for the two scores. The frequency distribution has a lot of 

quiescent cases, so the difference between POD and TSS remains quite low in all 

cases, especially with TOP-12, and TOP-12 or TOP-35. However, according to 

Doswell et al. (1990), the TSS fails to deal effectively when the correct forecasts of 

non-occurrence dominate the contingency table, which is our case. Instead, the 

Heidke skill score (Panfosky and Brier, 1958; Von Storch and Zwiers, 1999) is 

better suited. As presented in Table 2, all predictors present annual Heidke values 

above 50%. The lowest value corresponds to winter, with a minimum of 39% for 

TOP-35. For the rest of the seasons, “TOP-12 or TOP-35” is the best predictor with 

values of 60%. 

 

4. DISCUSSION 

4.1. Lightning flash rate and radar storm height 

Radar storm height is a basic indicator of cloud electrification and lightning activity 

(e.g., Zipser and Lutz, 1994; Petersen et al., 1996; Nesbitt et al., 2000). The link 

between both is the strength of vertical air motion, which plays a fundamental role 

in the charge separation, which in turn will determine the flash rate. This relates 

lightning production to fundamental meteorological aspects of thunderstorms like 

the height of the cloud tops, measurements that can be estimated from weather 

radar or meteorological satellites (e.g. Ushio et al., 2001; Pessi and Businger, 2009; 

Karagiannidis et al., 2015). Note that radar measurements provide a better 
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estimate of the height to which large particles are lifted by the convective updraft. 

Therefore, radar echo tops are more directly related to the intensity of convection 

than cloud top height measured by meteorological satellites, since the latter may 

be substantially higher than the height to which significant radar signal extends 

(e.g. Liu et al., 2007). 

As found in previous studies, the radar storm height is well-correlated with the 

lightning flash rate. Williams (1985) stated a fifth order relationship between both. 

Ushio et al. (2001) further quantified this relationship using TRMM (Tropical 

Rainfall Measuring Mission) and lightning imaging sensor (LIS) data, reproducing 

Williams’ fifth order relationship over the US, although with some variation in the 

power law slope. The present results bring more evidence to this power law 

relationship. Current results correspond to a long series and are from a different 

mid-latitude region of the world, compared to previous studies. Interestingly, 

spring to autumn data roughly follow the same power law relationship, suggesting 

that it may be possible to use a single fit in all three seasons (Table 1).  

Contrarily, winter shows some variation in the power law slope. From these 

results for winter, the following question arises: Why is it harder, for winter 

thunderstorms, to reach high flash rates? As pointed out by Williams (2018), water 

vapour concentration, the fuel for moist convection, has an exponential 

dependence on temperature (according to the Clausius-Clapeyron relationship). 

This relationship states an exponential dependence on temperature, with a rough 

doubling of water vapour concentration for every 10°C of temperature increase. In 

the AoS, the contrast between winter, with surface temperatures of 0°C or less, and 

summer, with temperatures around 30°C, is nearly an order of magnitude. This 

suggests a 6-fold increase in water vapour concentration in summer compared to 

winter. On the basis of the NIC mechanism, this increase provides at least partial 

explanation for the large contrast in lightning activity between summer and 

winter. Another difference between seasons is the Convective Available Potential 

Energy. 

4.2. TOP-35 versus CAPE 

The CAPE index is useful for forecasting favourable conditions for thunderstorm 

formation, through the assessment of vertical air motions in moist convection; 

perhaps the most important variable linking surface air temperature and lightning 

activity (Williams et al., 2005). A high CAPE value translates as a high convective 

power. This will allow TOP-35 to reach high altitudes, that in turn will lead to 

stronger electric fields and ultimately, higher TFR. As shown in Fig. 3, high TFR are 

related to high TOP-35 (above the -10°C isotherm), which usually occurs in high 

CAPE conditions. However, this index could not be used to make quantitative 

estimates of lightning flash rates within storms. A high CAPE is a favourable 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

condition to allow the TOP-35 to reach height, but is not a sufficient condition for a 

high TFR. In addition to high CAPE value, availability of moisture and certain 

triggering mechanisms are necessary for initiation and maintenance of convection.  

Thunderstorm activity in Europe occurs under a wide range of CAPE values 

(Kaltenböck et al., 2009). These authors suggested a threshold of CAPE 250 J/kg to 

distinguish between thunderstorm and non-thunderstorm conditions; and a 

threshold of 400 J/kg to discriminate between ordinary thunderstorms and severe 

events. Another study, which better fits our region of study, suggests a threshold of 

220 J/kg for a dichotomous predictor (Aran and Pineda, 2011). 

In general, CAPE values are an order of magnitude less in winter than in summer 

(e.g., Schultz, 1999; Market et al., 2007; Rauber et al., 2014). As shown in Figure 3, 

the CAPE hardly reaches the 200 J/kg threshold during winter and spring. In 

winter, CAPE is often produced by warmer, moister air sliding under cold air. 

Indeed, in winter, it is more difficult for sunlight to warm the surface to destabilize 

the atmosphere in the manner that is common in summer. Nevertheless, TFRs 

during the cold season are not negligible (the median values per season are 0.33 

flash min-1 in winter, 0.83 flash min-1 in spring, 1 flash min-1 in summer and 1.17 

flash min-1 during autumn), as they can still cause storms with sufficiently high 

electrical activity too produce discharges and impacts on various types of exposed 

elevated structures. 

4.3. Relation between Radar Reflectivity and Heights of Isotherms  

In spite of the existing relationship between radar storm height and lightning flash 

rate, the vertical development alone may be insufficient as a basic indicator for 

thunderstorm conditions. A more reliable predictor would be the attainment of a 

certain level of reflectivity (e.g. 35 dBZ) above the height of a given isotherm (e.g. –

10°C). On the basis of the NIC mechanism, the detection of a 30-40 dBZ or greater 

radar echo at heights above the –10°C isotherm is indicative of the presence of a 

sufficient quantity of hydrometeors in the mixed phase region for electrical 

charging, because the NIC mechanism requires precipitation-size ice particles and 

super-cooled liquid water to coexist between about –10°C and –20°C (Takahashi, 

1978; Saunders et al., 2006; Lang and Rutledge, 2011). 

Based on this premise, different predictors can be found in literature. For example, 

Dye (1989) required that the radar reflectivity of 40 dBZ reached the –10°C 

isotherm. Gremillion and Orville (2009) required the reflectivity levels of 30 dBZ 

and 20 dBZ to reach, respectively, the –15°C and –20°C isotherms. From the results 

of the present study, two different predictors are proposed: lightning production 

can be expected in radar structures where the height of the echo-tops (TOP-12 

product) exceeds the –40°C height. Similarly, the TOP-35 reaching the –10°C is 

indicative of electrification. Both predictors have a POD above 60%. However, the 
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FAR is also high. False alarms can be diminished combining both predictors, 

despite losing some prediction efficiency. For maximizing the POD, the best 

predictor is requiring that either “TOP-12 or TOP-35” reach the isotherms heights 

of -40°C and –10°C, respectively. All in all, these predictors are useful from spring 

to autumn. In winter the best predictor is a TOP-35 above –10°C, despite it also has 

a high FAR. 

Focusing on the -10°C isotherm, Fig.6 presents the monthly evolution of its height 

in the AoS throughout the year. The monthly averages for a 17-year period 

indicates that the –10°C isotherm is between 5.5 and 6 km amsl during the 

thunderstorm season (June-September) and around 4 km amsl in winter 

(December to March). Therefore, in the transition from summer to winter, the 

mixed phase region (i.e., the region between 0°C and the –10°C isotherm) descends 

around 1.5-2.0 km. The practical implication of this downward shift is that ground 

infrastructures (power lines, wind turbines, telecomm towers, etc.) are subjected 

to stronger electric fields and are therefore exposed to upward lightning (e.g. 

Wang and Takagi, 2012; Warner et al., 2012; Bruning et al., 2014; Montanyà et al., 

2016). Pineda et al. (2018) brought evidence on the higher incidence of lightning 

on wind turbines during transitional periods (spring and autumn), even though the 

main thunderstorm season in the AoS is concentrated on the summer months.  

 

Figure 6. Boxplots of the monthly evolution of the –10°C isotherm within the AoS (2001-

2017). 
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Adler et al. (1985) showed that the location of the overshooting tops 

approximately locates the updraft area of a storm and is often indicative of the 

intensity of the storm. Considering that the TFRs during periods with overshooting 

(here understood as TOP-12 above the tropopause) have been found to be an 

order of magnitude higher compared to periods without overshooting, this pattern 

seems relevant to warn about high TFR cores. 

 

5. Summary and conclusions 

A large dataset of weather radar echo tops, total lightning observations and 

radiosounde derived isotherm height have been used as proxies of the convective 

system properties in order to investigate relationships between storm intensity 

and lightning activity. 

As found in previous studies, the radar storm height is tightly correlated with the 

total lightning flash rate. The fifth order relationship proposed by Williams (1985) 

fits for the AoS from spring to autumn, whereas the power law growth decreases in 

winter to the third power.  

The CAPE index is useful for forecasting favourable conditions for thunderstorm 

formation. However, a high CAPE is not a sufficient condition for high TFR and 

cannot be used to make quantitative estimates of lightning flash rates  

In spite of the good correlation between the radar storm height and the total 

lightning flash rate, the vertical development alone may be insufficient as a basic 

indicator for thunderstorm conditions. A more reliable predictor would be the 

presence of a certain level of reflectivity above the height of a given isotherm, as it 

takes into account the dependence of the electrification processes on the 

temperature.  

From the results of the present study, two different predictors for the lightning 

onset are proposed: 12 dBZ radar reflectivity echoes (TOP-12 product) reaching 

the –40°C height (particles lifted by the convective updraft); and 35 dBZ 

reflectivity echoes (TOP-35 product) reaching the –10°C (sufficient quantity of 

hydrometeors in the mixed phase region). The skill scores of the two predictors 

have been calculated, as well as their combinations. For both predictors, POD 

values are above 60% all throughout the year but FAR values are slightly high. 

False alarms can be reduced combining the two predictors, while losing some POD. 

All in all, the most suitable all-year-round predictor is the TOP-35 above -10°C.  

The climatology of the –10°C isotherm in the AoS (2001-2017), shows a downward 

shift of about 1.5-2.0 km during winter (December to March). Practical implication 

of this descent is that infrastructure on the ground is subject to stronger electric 
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fields and is therefore prone to upward discharges and more exposed to return-

stroke impact. 
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Table 1. Seasonal correlation parameters corresponding to eq.1 

 α β R2 (adjusted) RMSE 

Winter 2.6783±0.3352 2.6511±0.2818 0.9402 0.0523 

Spring 4.9836±0.6195 4.5148±0.5850 0.8884 0.2173 

Summer 4.9634±0.5599 4.7689±0.5639 0.8758 0.2753 

Autumn 4.6966±0.5321 4.3180±0.5359 0.8748 0.2616 
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Table 2. Skill scores for the TOP-12 height (above -40°C) and TOP-35 (above -

10°C) as dichotomic thunderstorm predictors (annual, seasonal) compared with 

thunderstorm assessment through lightning observations. Probability of Detection 

(POD), False Alarm Ratio (FAR), Critical Success Index (CSI), True Skill Statistic 

(TSS) and the Heidke Skill Score. 

Index  POD FAR CSI TSS Heidke 

h(TOP12)> Annual 0.62 0.51 0.38 0.58 0.52 

h(-40°C) Winter 0.31 0.87 0.10 0.28 0.16 

 Spring 0.55 0.66 0.26 0.51 0.39 

 Summer 0.66 0.41 0.45 0.61 0.58 

 Autumn 0.64 0.43 0.43 0.60 0.57 

h(TOP35)> Annual 0.64 0.31 0.50 0.54 0.55 

h(-10°C) Winter 0.67 0.65 0.30 0.55 0.39 

 Spring 0.72 0.42 0.47 0.61 0.55 

 Summer 0.59 0.22 0.50 0.50 0.54 

 Autumn 0.68 0.26 0.54 0.58 0.59 

h(TOP12)> Annual 0.49 0.15 0.45 0.46 0.54 

h(-40°C) Winter 0.25 0.50 0.20 0.23 0.29 

AND Spring 0.49 0.23 0.43 0.46 0.54 

h(TOP35)> Summer 0.48 0.11 0.46 0.45 0.51 

h(-10°C) Autumn 0.54 0.13 0.50 0.51 0.57 

h(TOP12)> Annual 0.74 0.52 0.41 0.69 0.55 

h(-40°C) Winter 0.61 0.82 0.16 0.57 0.26 

OR Spring 0.73 0.65 0.31 0.68 0.60 

h(TOP35)> Summer 0.75 0.42 0.48 0.68 0.60 

h(-10°C) Autumn 0.76 0.45 0.47 0.71 0.60 
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Figure 1. The Area of Study (AoS); Ebro river mouth region, in the north-eastern part of 

the Iberian Peninsula and in the western Mediterranean basin. The black circle inside 

the AoS corresponds to “La Miranda” radar (N 41° 05′ 30.24″ E 0° 51′ 48.58″; 950 m 

above MSL), and the outside one corresponds to Barcelona sounding station (N 41° 23’ 

4.08” E 2° 7’ 3.36” – N° WMO: 08190). 
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Figure 2. Seasonal scatterplots of the total lightning flash rate per minute as a function of 

the mean convective radar storm height (TOP-12) on a log-log plot. TOP-12 values 

have been shifted to 5 km to represent radar only those echoes above the 0°C 

isotherm. The triangles represent the median of the TFR at each km height (amsl). 

Least squares fit line to the triangles is shown in red. 
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Figure 3. Relation between the TOP-35 (height above -10°C isotherm), the CAPE and the 

lightning flash rate. The TOP-35 (height above -10°C isotherm) has been segmented 

into one kilometre bins. For each bin, the average of the CAPE is represented. The 

diameter of each dot is proportional to the average of the TFR. Note that the vertical 

axis is logarithmic. A horizontal line has been added to CAPE (220 J/kg) for 

comparison. 
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a) 

 

b) 

 

Figure 4. Monthly evolution of the height of significant isotherms (–10°C and –40°C) and 

of the TOP-12 for the 2001-2017 period. Boxplots correspond to the TOP-12 within 

the AoS for each month. a) TOP-12 with lightning activity. b) TOP-12 without 

lightning activity. The boxplots displayed in the figures represent the interquartile 
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range (IQR) of TOP-12 heights (with or without lightning activity), with a solid black 

line indicating the median value. Whiskers indicate the lower and upper limits of the 

1.5 IQR. The altitudes of the –10°C and –40°C isotherms, as well as the height of the 

tropopause, are represented by a black line that indicates the median value and a 

grey shadow that delimits the corresponding IQR. 
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Figure 5. As Fig. 4 but for TOP-35. 
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Figure 6. Boxplots of the monthly evolution of the –10°C isotherm within the AoS (2001-

2017). 
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Highlights 

The fifth power relationship between the radar storm height and the total lightning 

flash rate has been reviewed for the area of study. 

The fifth power relationship applies from spring to autumn, whereas in winter is close 

to the third. 

A climatology of heights of isotherms and the radar echo tops heights is presented. 

The most suitable all-year-round predictor for thunderstorm conditions is the TOP-35 

height above -10°C. 
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