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1.  INTRODUCTION 
  

Lightning is one of Earth’s natural dangers, 
destructive not only to life but also physical 
property. According to the National Weather 
Service, there are on average 58 lightning 
fatalities each year, with over 300 related 
injuries (National Weather Service 2010). Most 
of these fatalities and injuries are incurred during 
outdoor activities. Various activities emphasize a 
need for different initiation forecasting skill.  For 
example, the ability to accurately forecast total 
lightning is critical to space vehicle launch 
operations. The 45th Weather Squadron 
(45 WS) issues lightning watches and warnings 
for Cape Canaveral Air Force Station, NASA 
Kennedy Space Center, Patrick Air Force Base, 
and other locations (McNamara et al., 2010). 
These lightning watches and warnings provide 
safety for over 25,000 personnel and facilities 
worth over twenty billion dollars. Forecasting 
lightning is also part of forecasting Lightning 
Launch Commit Criteria to protect in-flight space 
launch vehicles from natural and rocket-
triggered lightning that could cause billions of 
dollars of damage and possible loss of life 
(McNamara et al., 2010). Lightning forecasting 
that provides longer lead times could provide 
officials of large outdoor venues with more time 
to respond to possible threatening weather 
events.  

Many researchers have developed and 
tested different methods and tools of first flash 
forecasting, however few have done so using 
dual-polarimetric radar variables and products 
on an operational basis. The purpose of this 
study is to improve algorithms for the short-term 
prediction of lightning initiation through 
development and testing of operational 
techniques that rely on parameters observed 
and diagnosed using C-band dual-polarimetric 
radar. Dual-polarimetric observations provide  
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enhanced information on hydrometeor types, 
effective shape and amounts. According to most 
studies, significant electrification and first flash 
occurrence in thunderstorms rely on the 
presence of specific hydrometeors (such as 
graupel and hail) (Workman and Reynolds 1949; 
Reynolds et al. 1957; Church 1966; Takahashi 
1978; Dye et al. 1986, 1988, 1992; Goodman et 
al. 1988; Keith and Saunders 1990; Saunders et 
al. 1991; Rutledge and Petersen 1994; Carey 
and Rutledge 1996, 2000).  As such, we explore 
the hypothesis that the use of dual-polarimetric 
variables should significantly improve current 
radar reflectivity based first flash forecasting. For 
example, the 45th Weather Squadron has used 
reflectivity ≥ 35 dBZ reaching -10°C with a depth 

of  3000 Ft above that level for  10 - 20 min to 
forecast the first lightning flash, including 
lightning aloft (Roeder and Pinder 1998). 
 
 
2.  METHODOLOGY AND TOOLS  
 

Using the University of Alabama in Huntsville-
Northern Alabama area C-band dual-
polarimetric radar, ARMOR (Advanced Radar for 
Meteorological and Operational Research), data 
is collected on ordinary convective storms 
(Petersen et al. 2007). Ordinary convective cells 
are generally isolated, pulse type storms, weak 
in comparison to supercellular and multicellular 
storm structures. An optimized PPI (plan 
position indicator) sector volume scan with 
excellent vertical coverage of the storm was 
used to collect data on cells from initial formation 
to first flash or dissipation. The scan strategy 
employed consists of a sector volume scan 
repeated every two to five minutes for temporal 
data quality. To further ensure data quality at 
significant observation levels for cloud 
electrification and lightning production (e.g., 0 to 
-20°C), a maximum range of evaluation is also 
established based upon the scan strategy and 
vertical temperature profile. The vertical 
temperature profile soundings used are provided 
by the Redstone Arsenal in Huntsville or derived 



using a linear average of the Birmingham and 
Nashville soundings. To observe individual 
cellular microphysical processes, the cells are 
evaluated for spatial distinction from other 
convective systems and radar coverage. This 
means that each cell is observable within the 
radar sector volume scans from initial formation 
to first flash and must be distinguishable and 
relatively independent from convective systems, 
such as a squall line, where cells typically 
closely interact. The first lightning flash (either 
inner-cloud lightning or cloud-to-ground 
lightning) is determined using the NAL LMA 
(Northern Alabama Lightning Mapping Array), a 
network of 10 time-of-arrival VHF total lightning 
sensors, as mapped in Fig. 1 (Goodman et al. 
2005). NAL LMA reports on the time and 
location of the source of VHF signals associated 
with lightning. To ensure the accuracy of the 
source data, the first flash is determined by the 
location of the first VHF source as reported by a 
source-to-flash algorithm (McCaul et al. 2005). 
For data quality purposes, ARMOR horizontal 
radar reflectivity (Zh) and differential reflectivity 
(ZDR) are routinely calibrated using dual-
polarimetric techniques (Bringi and 
Chandrasekar 2001; Ryzhkov et al. 2005). The 
ARMOR Zh and ZDR are furthermore corrected 
for precipitation attenuation and differential 
attenuation, respectively (Bringi et al. 2001).  

The radar data are further processed by a C-
band polarimetric radar modified NCAR fuzzy-
logic based particle identification (PID) algorithm 
using Zh, ZDR, correlation coefficient (ρhv), 
specific phase shift (KDP) and the temperature 
profile as inputs. The PID algorithm estimates 
the hydrometeor types associated with the 
values of the radar variables (Deierling et al. 
2008, Vivekanandan et al. 1999). Radar 
reflectivity provides an estimate of relative drop 
size concentration. High values of Zh, such as 45 
dBZ, are indicative of a concentration of mm-
sized particles, such as graupel. ZDR is the 
estimated reflectivity weighted measure of 
particle oblateness. Values of ZDR near zero (ZDR 
< 0.5 dB) indicate apparent spherical 
hydrometeors, such as tumbling hail stones or 
small rain drops.  Larger values, greater than 0.5 
dB, are associated with oblate spheres such as 
large raindrops. This parameter, combined with 
reflectivity, is also useful in hydrometeor 
identification as discussed later. KDP is the 
difference in horizontal and vertical phase shift 
of the radar signal at a specific radar volume. It 
assists in the estimation of the physical phase of 
the hydrometeors in a radar volume as it is 

dependent on the radar signal’s propagation 
speeds. ρhv is the correlation, or similarity, 
between the horizontal and vertical pulse signals 
received by the radar. A well correlated radar 
volume will have a value near 1, such as a 
volume of uniform raindrops. Non-hydrometeors, 
such as insects, produce values less than 0.8. 
Due to the sensitivity and relative error 
associated with this process, the hydrometeors 
types are evaluated based on condensed bulk 
hydrometeor classification categories to ensure 
accurate classification.  

After the data are fully processed, an area of 
interest, or “Larsen area” (Larsen and Stansbury 
1974), is visually assessed for each cell that 
meets the previously stated criteria. The Larsen 
area is defined by a Zh reflectivity threshold at a 
significant thermal level related to charging 
mechanisms. This study defines the Larsen area 
as an area with a diameter encompassing the 30 
dBZ reflectivity echo at -10°C as demonstrated 
in Fig. 2. The thermal level is based on the NIC 
(non-inductive charging) method in which charge 
separation occurs by chance collision of large 
ice particles with smaller ice crystals in the 
presence of supercooled liquid (Reynolds et al. 
1957). The -10°C level is approximately the 
lower level of the main negative charge layer of 
the tripole charge structure created by storm-
scale charge separation (MacGorman and Rust 
1998). Reflectivity values greater than 30 dBZ 
imply the likely presence of larger precipitation 
sizes, such as mm-sized graupel and small hail, 
in concentrations required for significant 
electrification. Visual tools such as SOLOII, an 
NCAR radar sweep file viewer, and ANGEL 
(Analysis of NEXRAD, GPS, EDOT, and LMA), 
UF (universal format) radar and LMA lightning 
viewer, are used to evaluate cells.  

Once a cell of interest is identified and 
defined, the test algorithms listed in Table 1 are 
applied to the data. Polarimetric radar 
parameters within the area of interest from 
levels above and below the target height that 
approximately meet the test criteria are 
extracted from the data to a text file. These 
values are then evaluated and interpolated.  

The Zh and temperature thresholds provide a 
crude means of hydrometeor identification and a 
means of comparison to previous studies. 
Reflectivity thresholds at a given temperature 
level have been previously studied and 
employed as a forecasting technique for non-
polarized Doppler radars (Buechler and 
Goodman 1990, Dye et al. 1989, Gremillion and 
Orville 1999, Roeder and Pinder 1998, Vincent 



et al 2003, Wolf 2007, Yang and King 2010). For 
example, reflectivity values above 35 dBZ 
associated with temperatures below freezing are 
consistent with the presence of mm-sized 
hydrometeors significant to electrification (i.e., 
graupel and hail). The various reflectivity 
thresholds are sensitivity tests consistent with 
previous studies conducted with 40 dBZ at -
10°C as a benchmark. The benchmark is the 
leading “best method” of reflectivity based first 
flash forecasting in previous studies (Dye et al. 
1989; Buechler and Goodman 1990; Gremillion 
and Orville 1999; Vincent et al. 2003; Wolf 2007, 
Yang and King 2010). “First instance” in this 
study is defined as the first occurrence of a 
single value (PID or dBZ) at a defined 
temperature threshold, as seen in Fig. 3. This 
can be a value linearly interpolated between two 
elevation scans for greater accuracy (as 
employed for Zh). The secondary reflectivity level 
is a method of false alarm reduction by ensuring 
vertical development of the updraft as related to 
charge separation and NIC mechanism 
(Lhermitte and Krehviel 1979; Dye et al. 1989; 
Petersen et al. 1996).  The 45 WS has used a 
depth of a reflectivity threshold above -10°C as 
part of their lightning forecasting since the early 
1990s, along with duration and area (Roeder 
and  Pinder 1998). 8 km is approximately in 
accordance to previous research which 
determined thunderstorm cloud top heights to 
peak over 7-9 km (Lhermitte and Krehviel 1979; 
Dye et al. 1986, 1989; Williams 1989; Petersen 
et al. 1996; Gremillion and Orville 1999; Carey 
and Rutledge 2000; Vincent et al. 2003). 

The method of ZDR column detection of 
oblate liquid hydrometeors is also a well studied 
method of hydrometeor identification associated 
with thunderstorm charging (Jameson et al. 
1996; Bringi et al. 1997; Lund et al. 2009). ZDR is 
a measure of reflectivity-weighted particle 
oblateness and is calculated as follows: ZDR = 
10*LOG10(zh/zv). ZDR column is the association 
of high radar reflectivity values (Zh > 35 dBZ) 
and enhanced values of ZDR (ZDR > 0.5dB) 
representative of lofted raindrops above the 
freezing level, as can be examined in Fig. 4. A 
ZDR column in warm cloud base storms that 
extends through the altitude of the freezing level 
is an indication that super-cooled raindrops exist 
that may later freeze into hail if the convective 
cell persists in time. These ZDR column 
signatures could provide early warning of large 
precipitation ice and lightning. 

PID is a modified NCAR fuzzy-logic based 
particle identification (PID) algorithm for C-band 

polarimetric radar (Deierling et al. 2008, 
Vivekanandan et al. 1999). PID was chosen as a 
test variable for its ability to represent the wide 
suite of variables (previously discussed) that a 
dual-polarimetric radar is capable of producing 
and assisting the operator in real-time 
hydrometeor identification. These variables have 
been studied extensively and a trend of values 
for each dual-polarimetric parameter can be 
associated with particular hydrometeor types 
due to their innate characteristics (Lim et al. 
2005, Vivekanandan et al. 1999). PID categories 
are based on bulk hydrometeor identification, 
meaning that each value is representative of the 
dominate hydrometeor signal in a volume of the 
storm which contains various hydrometeor sizes 
and types. This modified algorithm has 17 
identification categories as listed in Table 2.  For 
this reason categories are grouped together into 
lightning-relevant categories, e.g. graupel. 
Graupel and large ice particles are one of the 
key factors in cloud electrification.  
 
 
3.  RESULTS AND CONCLUSIONS  

 
The data collected are obtained from eight 

case dates, from 2008 and 2010, producing a 
data set of 50 cells, 31 thunderstorm and 19 
non-thunderstorm cells. These storms conform 
to the previously stated criteria, with the 
exception of two cells observed at a lower 
Larsen area requirement of 25 dBZ at -10°C to 
provide a more robust data set. The lower 
Larsen area requirement supports the 
assumption that cellular development that does 
not meet the higher Larsen area threshold does 
not generally produce lightning. The results of 
the test algorithms on these 50 cells can be 
seen in Tables 3 - 5.   

The lead time is an average of lead times for 
all correctly forecasted events. POD, or 
probability of detection, is the ratio of correctly 
forecasted events to the total number of 
observed events (Jolliffe and Stephenson 2003).  
A perfect score of 1 indicates the accurate 
forecasting of positively occurring events.  False 
alarm rate, FAR, is the ratio of falsely forecasted 
events to the number of forecasted events. A 
FAR value of 0 indicates the accuracy of the 
forecasting algorithm to indicate the occurrence 
or non-occurrence of an event. A score of 1 is 
not a negative result, but indicates the algorithm 
is a perfect forecast for the occurrence of a non-
event. FAR is used to determine the accuracy of 
the forecasting algorithm. Critical skill index, 



CSI, is an evaluation of the skill of a forecast 
algorithm as determined by the ratio of correctly 
forecasted events to the total number of 
observed events. One is an ideal score that 
indicates a perfect forecasting algorithm. The 
Operational Utility Index (OUI) is a nonstandard 
performance metric developed by the 45th 
Weather Squadron at Kennedy Space Center, 
FL (DeArcangelo 2000). This skill score is 
calculated by OUI = [(3 * POD) + (2 * TSS) + (-1 
* FAR)] / 6. TSS is the true skill score, another 
skill score examining the accuracy of a 
forecasting algorithm. A perfect OUI score is 
0.83, with a failing score of 0 or less. The 
different skill scores used in OUI are weighted 
according to their significance to operations at 
KSC. The weights applied to POD, TSS, and 
FAR were set subjectively by operators at 
45 WS. POD gets the highest weight since 
lightning prediction is so important to personnel 
safety to 45 WS customers. TSS gets a 
moderate weight since skill is also important to 
the economic interests of 45 WS customers. 
Finally, FAR gets the least weight since reducing 
flase alarms is the least important goal given the 
importance of personnel safety to 45 WS. 

Table 3 suggests, as expected, that the more 
stringent the requirement is made for a threshold 
to be met, the smaller the lead time and the 
lower POD. This is particularly evident in 
decreasing lead times and POD associated with 
applying decreasing temperature (increasing 
height) thresholds. The reflectivity threshold of 
35 dBZ at -10°C has the best lead time with high 
POD. However, this algorithm is also associated 
with the greatest FAR. 40 dBZ at -15°C is the 
best reflectivity based forecasting algorithm 
determined by the perfect POD, FAR, and OUI. 
It does not result in a large lead time, thus if a 
forecaster is more interested in a strong lead 
time, 35 dBZ at -10°C might be found a more 
ideal algorithm in such a situation. The lead 
times of Zh and temperature are comparable to 
previous studies. Secondary reflectivity levels 
reduce FAR while maintaining lead-time and 
POD compared to the benchmark.   

The best ZDR column algorithm is ZDR >1 dB 
and 40 dBZ at -10°C. Compared to the 
benchmark, FAR is reduced by about half, 
increasing CSI and OUI with an increase in lead 
time by approximately 0.5 minutes. This 
supports the utility of dual-polarimetric variables 
in first flash forecasting. The difference between 
40 dBZ reflectivity at -10°C and the best ZDR 
column algorithm is found in the reduction of 
POD and lead time difference stems from two 

missed ZDR column forecasts. On the other 
hand, the leading ZDR column algorithm results 
in a lead time that is greater than the best 
reflectivity forecasting method.  If a forecaster is 
more concerned with an increased lead time at 
the expense of decreased skill, ZDR column 
algorithm forecasting is a useful approach. This 
increase of half a minute, however, is only a 
marginal increase and is not significant to 
general forecasting advancement. 

When examining PID categories and time 
evolution of the cells in these cases, ice and 
snow are dominant initially, followed by the 
formation of graupel, which is also observable in 
the ZDR value trends in Fig. 5. PID categories 
containing hail in smaller quantities are present 
just prior to first flash. The first instance of 
graupel PID and supercooled drops PID is found 
to have similar results. In general, the trigger for 
the first instance of graupel is a graupel and rain 
mixture PID as is for the detection of 
supercooled drops PID. This leads to similar 
results between the two algorithms. However, 
even in presence of these similarities, the best 
algorithm of the PID forecasting category based 
on skill scores and lead time is the detection of 
the first instance of graupel PID at -15°C.  
However weighting lead time over skill, the 
better forecasting algorithm of this group is the 
detection of graupel PID at -10°C. The lead time 
of graupel and supercooled drops PID at -10°C 
results in about a minute increase in average 
lead time. Comparison of lead time and skill 
scores of PID and the benchmark (40 dBZ at 
-10°C) shows a reduction of FAR and increased 
CSI, which supports the conclusion that dual-
polarimetric variables are useful in first flash 
forecasting though without a significant 
improvement to current forecasting algorithms.   

This study shows a marginal increase in skill 
resulting from a decrease in FAR using dual-
polarimetric variables such as ZDR column and 
PID signatures in comparison to a benchmark of 
40 dBZ at -10°C representing typical radar 
reflectivity forecasting algorithms. In general, the 
decrease of FAR is also associated with a 
decrease in POD. Though the accuracy of 
correctly determining a non-occurring event is 
increased, there is also a resulted decrease in 
POD. In general, for safety, it is more 
advantageous to positively identify a weather 
event, than to accurately identify a non-event. 
The limited data set also concludes a marginal 
increase in lead time associated with dual-
polarimetric variable forecasting. The lead time 
gained by the use of dual-polarimetric variables 



is in general approximately half a minute. This 
does not provide a significant increase. An 
increase of five minutes would significantly 
improve forecast warnings, however half a 
minute provides little improvement. The utility of 
the PID algorithm is found in the flexibility of 
hydrometeor identification by the fuzzy-logic 
approach compared to the hard set thresholds of 
such algorithms as the ZDR column. The best 
method for detection based on high POD and 
reduced FAR is 40 dBZ at -15°C. However, the 
best method for detection based on a strong 
lead time and skill, (e.g., CSI) is graupel PID at 
-15°C. Depending on the need of the user, dual-
polarimetric variables can be more 
advantageous than basic radar reflectivity based 
forecasting algorithms. 

Errors in results may derive from the 
subjective methodology of selecting area of 
interest. Potential bias also originates from the 
limited sample size. Furthermore, some bias 
maybe inherent in the PID algorithm 
optimization. For these reasons further work 
should be conducted.   
 
 
4.  FUTURE WORK  
 

To further determine the utility of dual-
polarimetric variables this study should be 
expanded. A data set including different 
meteorological and convective situations such 
as multicellular structures could provide further 
support and reduce sample biases. To do so, 
cell selection should be automated to reduce 
possible sample biases and enabling analysis of 
a larger data set. Another possibility for future 
work is to compare dual-polarization techniques 
against other aspects of the 45 WS approach, 
including depth and duration of reflectivity 
thresholds relative to temperature levels. To 
further develop the utility of dual-polarimetric 
variables, this study should be replicated in 
different geographical regions. To determine the 
cost-benefit of dual-polarimetric variables a 
similar study should be conducted in real-time 
operations. Finally, the PID algorithm should be 
optimized and tuned for accuracy to determine 
the true value of this tool. 
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Table 1. Table of lightning initiation algorithms tested on the radar data set. The test focus column 
indicates the variables used for the test. The thresholds column contains the various parameters used to 
compose the algorithms. Each parameter is then paired with each thermal threshold level found in the 
third column. The final column describes the observation requirements. 
 

Focus  Thresholds  Thermal levels  

Zh and temperature  35, 40, 45 dBZ  -10, -15, -20 ˚C  First occurrence of 
Highest value  

2nd level Zh and 
temperature  
(1st level Zh > 30 dBZ)  

15, 20, 25 dBZ  8 km  First occurrence of 
Highest value  

ZDR and Zh with 
temperature  
(Zh >40 dBZ)  

>1dB  -10, -15, -20 ˚C  First instance of 
Highest value  

PID and temperature  PID = 8,9 (graupel)  
PID = 7,9,14 
(supercool drops)  

-10, -15, -20 ˚C  First instance of PID 
value  

 
 
Table 2. 17 bulk hydrometeor categories of the modified NCAR PID algorithm categories. 

Category Color NCAR PID

1 Cloud

2 Drizzle

3 Light Rain

4 Moderate Rain

5 Heavy Rain

6 Hail

7 Rain and Hail

8 Graupel and Small Hail

9 Graupel and Rain

10 Dry Snow

11 Wet Snow

12 Ice Crystals

13 Irregular Ice Crystals

14 Supercooled Liquid

15 Flying Insects

16 Second Trip

17 Ground Clutter

 
 



 
Table 3. Results of the reflectivity threshold algorithms. Skill scores include, probability of detection 
(POD), false alarm ratio (FAR), operational utility index (OUI), critical success index (CSI),and average 
lead time. The first column indicates the forecasting algorithm associated with each score set. 
 

 POD FAR OUI CSI Lead 
Time 

35 dbz at -10°C 1 0.2439 0.6172 0.7561 12.5 
40 dbz at -10°C 1 0.2051 0.6588 0.7949 10.5 
45 dbz at -10°C 0.9677 0.0909 0.7387 0.8824 10 
35 dbz at -15°C 1 0.0606 0.7881 0.9394 9.5 
40 dbz at -15°C 1 0 0.8333 1 8 
45 dbz at -15°C 0.9032 0 0.7527 0.9032 5 
35 dbz at -20°C 0.9677 0.0323 0.7835 0.9375 5 
40 dbz at -20°C 0.9032 0 0.7527 0.9032 4 
45 dbz at -20°C 0.5161 0 0.4301 0.5161 2 
15 dBZ above 8 km 0.9677 0.1176 0.7167 0.8571 10.5 
20dBZ above 8 km 0.9677 0.0909 0.7387 0.8824 9 
25dBZ above 8 km 0.9677 0.0625 0.7609 0.9091 7.5 

 
 
Table 4. Results of the ZDR column algorithms. Skill scores include, probability of detection (POD), false 
alarm ratio (FAR), operational utility index (OUI), critical success index (CSI),and average lead time. The 
first column indicates the forecasting algorithm associated with each score set. 
 

 POD FAR OUI CSI Lead 
Time 

40 dBZ at -10°C 1 0.2051 0.6588 0.7949 10.5 
      

Zdr >1 dB at -10°C 0.9355 0.0938 0.7113 0.8529 11 

Zdr >1 dB at -15°C 0.8065 0 0.672 0.8065 6.5 

Zdr >1 dB at -20°C 0.3226 0 0.2688 0.3226 2 
 
 



 
Table 5. Results of the PID test algorithms. Skill scores include, probability of detection (POD), false 
alarm ratio (FAR), operational utility index (OUI), critical success index (CSI), and average lead time. The 
first column indicates the forecasting algorithm associated with each score set. 
 

 POD FAR OUI CSI Lead 
Time 

40 dBZ at -10°C 1 0.2051 0.6588 0.7949 10.5 
Graupel      
8,9 at -10°C 1 0.1842 0.6798 0.8158 11.5 
8,9 at -15°C 0.9355 0.0333 0.7565 0.9063 9.5 
8,9 at -20°C 0.9032 0.0345 0.7294 0.875 4 
Supercooled Drops     
7,9,14 at -10°C 0.9677 0.1429 0.6949 0.8333 11.5 
7,9,14 at -15°C 0.871 0.0357 0.7023 0.8438 7 
7,9,14 at -20°C 0.7097 0 0.5914 0.7097 3 

 

 
 

Figure 1. Map of the North Alabama Lightning Mapping Array, the NALMA consists of 10 TOA 

VHF sensors centered on the NSSTC.  Locations of the sensors are indicated by green dots, 

green circles indicate locations of relay centers, the base station is indicated with the blue square, 

and the pink dot indicates the location of ARMOR relative to the array. 
 



 
 
Figure 2. Larsen area of cell 1 of case 20100604 is indicated by the black circle. The Larsen area is 
defined as the reflectivity threshold (≥ 30dBZ) at thermal threshold (-10°C) estimated by the reflectivity 
echo and radius required to encompass the majority of the threshold reflectivity gates. The  temperature 
level of the radar scan is at approximately -10°C. 
 

 
 
Figure 3. First instance of graupel PID signature in cell 1 of case 20100604 at approximately -10°C. 
 
 



 
 
Figure 4. An example of a ZDR column indicated by the black circles.  The enhanced values of ZDR, ≥ 1dB, 
associated with high values of Zh, ≥ 40 dBZ, indicate oblique liquid particles at temperatures below 
freezing.  The altitude of the radar scan is approximately 5.64 km at an environmental temperature of 
approximately -8.5°C. 
 

 
 
Figure 5. Evolution of cellular and precipitation development as seen by Zh, ZDR and PID (left to right) in 
the thunderstorm cell 1 of case 20100604 at approximately -10°C thermal level. UTC times of each figure: 
a) 181837, b)182537, c) 182944, and d) 183644. 


