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Abstract— This paper presents the experiences of thunderstorms 
studies carried out in Colombia in the recent years, which 
provided new physical data about the phenomenon in tropical 
region and introduced technological innovations, currently used 
as thunderstorm warning systems. 
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I.  INTRODUCTION 
The measurement of the atmospheric electric field is the 

oldest method and one of the most direct ways for studying the 
electrical characteristics of thunderclouds. Current knowledge 
about the electrical structure of thunderstorms is based on 
several electrostatic field measurements carried out by Wilson 
(1908, 1920) [1, 2], Wormell (1939) [3], Reynolds (1955) [4], 
Jacobson and Krider (1976) [5], Krider (1989) [6], Murphy 
(1996) [7] and several others. On the other hand, electrostatic 
field sensors have served as thunderstorm warning systems, 
where the most important reference is the Launch Pad 
Lightning Warning System (LPLWS) in Kennedy Space 
Center - KSC in Florida (USA) composed by 33 electric field 
sensors (field mills) which continuously monitor the 
thunderstorms electrification [8]. LPLWS was developed due 
to several incidents caused by lightning in KSC; in 1969, 
Apolo XII was struck by lightning showing that the ascending 
rockets could easily trigger lightning flying into electrified 
clouds. In 1987, Atlas/Centaur 67 and its payload were totally 
lost due to a triggered lightning [8]. Those incidents 
encouraged NASA to develop a very active research to 
understand lightning and cloud electricity.  

Last experiences constitute a very important reference for 
implementing lightning warning systems around the world; 
especially for regions with extremely high lightning activity 
such as the tropical zone and countries such as Colombia where 
Ground Flash Density is up to 60 flashes/km2year and 
Keraunic Level reaches 180 thunderstorm days [9]. Several 
previous studies have revealed the high rate of annual human 
losses caused by lightning in Colombia (Country rate: ∼ 2 
fatalities per million; Colombian army rate: ∼20 fatalities per 
million) and economic impact in power, oil, 
telecommunication, and several other sectors [10, 11].  

First electrostatic field measurements in Colombia for 
studying thunderstorm physical characteristics were developed 
in 1976 by Gordillo [12]. Aranguren [13-16] developed a new 
field mill sensor and carried out several measurement 

campaigns. This paper summarizes the most important results, 
which provide some new information about electric 
characteristics of thunderstorms and give guidelines for 
deploying lightning warning systems. 

II. THUNDERCLOUD ELECTROSTATIC FIELD 
In fair-weather conditions the atmospheric electric field at 

the ground level averages 100 V/m. When a thundercloud 
develops, electric charge centers with magnitudes varying from 
20 to 100 C are formed as described in Figure 1, creating 
bipolar or tripolar electrical structures. Underneath and in the 
immediate area (<15 km) of a thundercloud, the atmospheric 
electric field reaches intense magnitudes as high as 15 kV/m 
and expose polarity changes. Figure 1 describes the tripolar 
structure of a thundercloud and the electric field at ground level 
E due to the charge centers Q+ (upper positive), Q- (lower 
negative) and QLPCC (small low positive)[1-7]. 

 

Figure 1.  Typical thundercloud tripolar structure and electrostatic field at 
ground level. 

Thundercloud is a dynamic process of continuous 
electrification and discharging until the end of its life cycle. 
Lightning flashes neutralize electric charge from one (or more) 
of the cloud charge centers and those changes can be 
represented by a sudden point (or multi-point) charge variation 
as shown in Figure 2 [14]. The sudden electric charge 



variation, denoted as ΔQ, at a given altitude H, produces a 
sudden electric field change denoted as ΔE. Based on the 
images method, the solution for ΔE at ground level is given in 
(1). The magnitude of the sudden electric field change is 
proportional to the point charge variation ΔQ and decreases 
when the distance D increases. 

 
a) 

 
b) 

Figure 2.  a) Sudden electric field change ΔE due to point charge changes ΔQ 
for CG flashes. b) Example of E and ΔE measurements (Bogota, 18 November 

2014 [14]) 
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Last concepts are the basic physical principles that allow 
studying thunderclouds, characterizing the electrical structures 
and creating systems for early thunderstorms detection and 
lightning hazard warning. 

A. General pattern for electristatic field changes 
Aranguren [15] studied the electric field change ΔE due to 

lightning measured by 31 electric field mills in Florida during 9 
stormy days, in summer 2009. By using the same methods 
developed by authors mentioned above, the ΔE vs distance 

distribution was built (Figure 3), considering that all field mills 
present the same calibration procedures. Flash to sensor 
distance is obtained from the local lightning location system 
(CGLSS). Figure 2 is composed by 35529 ΔE related to CG 
flashes, which could be fitted to bipolar or point charge models 
by using multistation measurements [15]. Taking into account 
the characteristics of the field mill network in Florida, Figure 2 
can be considered as a “reference” curve of a field mill 
installed at ideal conditions, with these characteristics: i. the 
complete dataset is fitted by a point or bipolar charge model 
that agrees with previous reported by [5-7] (ΔQ1 = -25.07 C, 
H1 = 8.98 km, ΔQ2 = 5.55, H2 = 5.95 km) and ii. the 
distribution gives the typical limits of scattering for the ΔE 
expected at every distance. 
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Figure 3.  ΔE versus distance and point charge, bipolar charge and 
polynomial approximation curves (35529 events). (Up: linear scale, down: log 

scale) 

III. INSTRUMENTS 
The atmospheric electric field can be obtained by 

measuring the electric charge induced over a metallic surface 
which presents a periodic variation in the exposed area due to a 
rotating shielding (field mill). Electrostatic field mills used for 
measuring campaigns in Colombia have been described in [13-
15, 17]. Several prototypes of field mill were built for 
experimental campaigns in 1976, 2004, 2006, 2010 and 2012. 
Figure 3 shows the electric field meter used in the measuring 
campaign during 2004 (device used for the measure on Figure 
2). Field mill of Figure 3 had the same measurement principle 
and the same components of common field mills, with next 
settings: frequency of the analog signal of 100 a 700 Hz, 
measurement range of +/- 20 kV/m, resolution of 40 V/m, and 
a digital time resolution of 1 sample/s. 

 



 

Figure 4.  Experimental field mill, Aranguren 2004 [13] 

This is the common used measurement principle of devices 
known as “field mills”, however, posterior developments of 
electric field sensors presented a modified measurement 
principle that improves the electric field polarity detection and 
provides a more reliable measure. Geometrical changes allow 
the improved field mill to generate an asymmetric signal which 
provides both amplitude and polarity information of the 
measured electric field, without using elements such as charge 
amplifier and phase detector, as used in the common field mills 
[1-7]. Figure 3 shows the asymmetrical output signal generated 
by the improved field mill when exposed to a given negative 
electrostatic field.  

  

 
 

Figure 5.  Asymmetric output signal produced by the improved field mill [9] 

Currently, improved field mills have evolved to compose 
automated Thunderstorm Warning Systems – TWS used in oil, 
mining and other critical crowded locations with very high 
lightning risk. Current TWS used in real cases in Colombia are 
formed by several field mills covering a large area and a central 
processing center for data analysis and alerting. Figure 6 shows 
a field mill, part of a TSW in a real oil facility in Colombia. 

Historic data from systems mentioned above are used for 
studying the effects of the topography on the field mills 
measurements under the real conditions. Flash to sensor 
distances are computed from data by lightning location 
systems, so that the profile of the electric field changes ΔE due 
to lightning vs distance can be built. Additionally, the point and 
bipolar charge models for cloud to ground flashes are 
experimentally obtained for the studied sites. 
 

 

Figure 6.  Professional electric field mill (Cortesy of Keraunos SAS, 2015) 

IV. ELECTROSTATIC FIELD MEASUREMENTS IN BOGOTA 
(HIGH TERRAIN) 

Figure 7 shows the electrostatic field measurements made 
by a field mill installed at Bogotá - Colombia, at 2,555 MSL, 
during a thunderstorm episode on 17 november 2010. CG 
lightning data was given by the lightning location systems SID 
[16]. Both CG flash to sensor distance and electric field are 
given. Electric field changes are observed when the CG 
lightning activity is closer than 20 km. 
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Figure 7.  Electric field measured by a field mill located in Bogotá-Colombia, 
at 2,555 MSL, during a thunderstorm event on 17 november 2010 [21]. a. 
entire episode with flashes up to 80 km. b. episode part with flashes closer 

than 20 km 
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Figure 8 shows the ΔE due to lightning flashes measured 
during nine thunderstorm days in Bogotá during 2010. Dots 
denote the ΔE measured by the field mill and the red and blue 
lines represent fittings done by using point and bipolar charge 
models. By using the dataset described in Figure 8, the bipolar 
charge solution in Bogotá is: first charge ΔQ1 equal to -22 C, at 
5.86 km height and a second charge ΔQ2 of 6.8 C at 3.76 km 
height (respecting local altitude: 2,555 MSL). 
 

 

Figure 8.  Electric field changes ΔE vs distance measured by a field mill 
located in Bogotá-Colombia, at 2555 MSL, during nine thunderstorm events 

on 2010 [16]. a. lineal scale. b. logarithmic scale 

In spite of the high altitude, Bogotá is located at a large 
plain so that the electrostatic field is no affected by orography. 
The charge heights for the bipolar model obtained in Bogotá 
are between 2 and 3 km lower than those in the bipolar model 
in Florida; it agrees with the local terrain at Bogotá, so that the 
heights in Florida and Bogotá are very similar, respecting the 
sea level; in addition the charge magnitudes are also similar (-
25.07 and 5.55 in Florida and -22 and 6.8 in Colombia). 

V. THUNDERSTORM WARNING SYSTEMS 

A. Lightning warnings based on electric field 
Measurement campaigns of thunderstorm electrostatic field 

allowed studying the performance of thunderstorm warning 
systems based on field mills. Two main criteria are used for 
lightning warning triggering:  i. electric field threshold and ii. 

electric field polarity reversal. As an example, thunderstorm 
episodes measured in Bogota in 2010 [16] were used to study 
next statistical parameters:  

• Warning (W): cases in which the warning criterion is 
fulfilled (electric field threshold or polarity reversal). 

• Effective Alarms (EA): is a warning that was 
triggered before a CG flash within a given area of 
concern. 

• False Alarms (FA): is a triggered warning without the 
subsequent occurrence of a CG flash in the area of 
concern. 

• Failures To Warn (FTW): is the case that the first CG 
flash is produced into the area of concern without a 
previous warning. 

Probability Of Detection (POD): Portion of observed 
thunderstorm events that were correctly warned. 

   
FTWEA

EAPOD
+

=                                    (2) 

False Alarm Ratio (FAR): Portion of triggered warnings that 
result in false alarms. 

EAFA
FAFAR
+

=                                        (3) 

Figure 9 presents the parameters described above for nine 
thunderstorm episodes in Bogota during 2010 as a function of 
the electric field threshold used for warning triggering. When 
the threshold is as low as 200 V/m, all thunderstorm episodes 
presents Effective Alarms, so that the Probability Of Detection 
- POD is 1 (100%); however the number of warnings is 141, 
the number of False Alarms is 125 and the False Alarm Ratio – 
FAR is 0.93 (93%). On the contrary, if the threshold is as high 
as 5800 V/m, the number of warnings decreases until 8 but the 
Effective Alarms are only 2 and the POD is only 0.06 (6%).  

 

Figure 9.  Number of warnings (W), Effective Alarms (EA), Failures To 
Warn (FTW) and False Alarms (FA) during nine thunderstorm events in 2010. 
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Each cloud-to-ground flash has only two possibilities, to be 
a correctly warned lightning flash or a failure to warn. Figure 
10 presents the behavior of both cases. During the studied 
thunderstorm cases 69 lightning flashes occurred within the 
area of concern. When the electric field threshold is very low 
(e.g. 200 V/m) all 69 CG flashes are correctly warned and the 
higher electric field threshold, the lower number of correctly 
warned lightning flashes.   

 

Figure 10.  Correctly warned lightning flashes and Failures To Warn (FTW) 
during nine thunderstorm events in 2010. 

Based on the described results the optimum electric field 
threshold is that one that produce the highest number of 
correctly warned lightning flashes with an acceptable number 
of false alarms; in this case the optimum threshold is 1300 
V/m, in which the number of FTW is only 1 and the number of 
correctly warned flashes is 68; the false alarm ratio is 0.52 % 
(14 out of 27) and the probability of detection is 90%. 

 

B. Lightning warnings based on electric field and lightning 
detection data 
Procedure described above has been used taking 

information of several measurement campaigns in Bogotá and 
others sites in Colombia, from 2010 to 2012 [18], and using 
several warning criteria such as electric field threshold, 
derivative and polarity reversal. The most important results 
shows that optimum thresholds varies in the range from 600 to 
1500 V/m and electric field derivative from 30 to 80 V/m/s. 

In addition, lightning data provided by Lightning Location 
Systems (LSS) were also included for studying the lightning 
warning methods. Since 2011, a new LLS based on VLF/LF 
LINET antennae is measuring the total lightning activity in 
most of the country [9] and the CG lightning information has 
been used for lightning warning purposes, where the CG flash 
rate was used as an alarm criterion [18]. Table I summarizes 
POD and FAR obtained when different warning criteria, using 
both electric field measurements and lightning detection data.  

The best solution is found when electrostatic field 
threshold, derivative and polarity reversal are mixed with CG 
flash rate; in that case the probability of detection is 96% and 
the false alarm ratio is reduced until 45%.  

TABLE I.  POD AND FAR FOR DIFFERENT WARNING CRITERIA BASED 
ON ELECTRIC FIELD AND LIGHTNING DETECTION DATA 

Thunderstorm warning criteria POD (%) FAR (%) 

Electrostatic field 

Electric field threshold (from 600 to 1500 V/m) 90 66 
Electric field derivative following a polarity reversal 
(from 30 to 80 V/m/s) 80 68 

Lightning detection data 

CG flash rate (2 flashes/min) 76 50 

Electrostatic field and lightning detection data 
Electrostatic field (threshold, derivative and polarity 
reversal) and CG flash rate 96 45 

VI. CONCLUSIONS 
A general overview of electrostatic thunderstorm models, 

measurement instruments and lightning warning methods has 
been presented. The most important results from several 
measurement campaigns carried out in Colombia during the 
last decade have been summarized; showing the value of 
electrostatic field measurements in technological innovations 
for lightning prevention purposes. 

Future research on lightning warning systems in Colombia 
involves a lot of new available thunderstorm information 
sources such as total lightning location systems, radars and 
others, integrated to electrostatic field measurements. 

Colombia and other tropical countries present the highest 
lightning-caused fatalities in the world and such variety of 
lightning information sources have been available only in the 
recent years; so that further efforts on lightning warning 
systems implementation and lightning safety education are 
recommended.  
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