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Summary  

 

An overview of atmospheric electricity area is given, including the global electric 

circuit, lightning incidence to areas, thundercloud charge structure, and general 

characterization of lightning, as well as transient luminous events in the middle and 

upper atmosphere and energetic radiation from thunderstorms and lightning. Every 

effort has been made to maintain a balance between completeness and an emphasis on 

the primary features of modern research.  

 

1. Introduction 

 

Systematic studies of atmospheric electricity can be traced back to May 10, 1752 in the 

village of Marly-la-Ville, near Paris. On that day, in the presence of a nearby storm, a 

retired French dragoon, acting on instructions from Thomas-Francois Dalibard, drew 

sparks from a tall iron rod that was insulated from ground by wine bottles. The results 

of this experiment, proposed by Benjamin Franklin, provided the first direct proof that 

thunderclouds contain electricity, although several scientists had previously noted the 

similarity between laboratory sparks and lightning (Prinz, 1977; Tomilin, 1986). The 

Marly experiment was repeated thereafter in several countries including Italy, Germany, 

Russia, Holland, England, Sweden, and again France. Franklin himself drew sparks 

from the probably moist hemp string of a kite after the success at Marly, but before he 

knew about it (Cohen, 1990). In addition to kites, balloons, mortars, and rockets were 

used to extend conducting strings into the electric field of the cloud (Prinz, 1977, Figure 
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5).  

 

In all these experiments, the metallic rod (such as in the experiment at Marly) or the 

conducting string was polarized by the electric field of the cloud, so that charges of 

opposite polarities accumulated at the opposite ends of the conductor. As the gap 

between the bottom end of the conductor and ground was decreased, a spark discharge 

to ground occurred. The scale and effect of this spark discharge are orders of magnitude 

smaller than those of lightning. In designing his experiments, Franklin did not consider 

the possibility of a direct lightning strike to the rod or the kite. Such a strike would 

almost certainly have killed the experimenter. Thus all those who performed these 

experiments risked their lives, but there is only one case on record in which a direct 

strike did occur in such experiments. This happened on August 6, 1753 in St. 

Petersburg, Russia when Georg Richmann, who had previously done Franklin's 

experiment, was killed by a direct lightning strike to an ungrounded rod. Interestingly, 

Richmann was not in contact with the rod, and what caused his death appeared to be a 

ball lightning that came out of the rod and went to his forehead. Franklin also showed 

that lightning flashes originate in clouds that are "most commonly in a negative state of 

electricity, but sometimes in a positive state" (Franklin 1774). 

 

2. The Global Electric Circuit  

 

Shortly after the experiment at Marly that confirmed Franklin's conjecture regarding the 

electrical nature of thunderstorms, Lemonnier (1752) discovered atmospheric electrical 

effects in fair weather. Further research established that the Earth's surface is charged 

negatively and the air is charged positively with the associated vertical electric field in 

fair weather being about 100 V m
-1

 near the Earth's surface. 

 

2.1. Conductivity of the Atmosphere 

 

The atmosphere below about 50 km is conducting due to the presence of ions created by 

both cosmic rays and the natural radioactivity of the Earth. Small ions, those with 

diameters of 0.1 to 1 nm, and life times of about 100 s, are the primary contributors to 

the conductivity of the lower atmosphere. Free electrons at these heights are attached to 

neutrals on time scales of the order of microseconds, and their contribution to the 

conductivity of the atmosphere below about 50 km can be neglected (Gringel et al., 

1986; Reid, 1986). Above 60 km or so, free electrons become the major contributors to 

the atmospheric conductivity.  The average production rate of ions at sea level is one to 

ten million pairs per cubic meter per second. Cosmic rays and natural radioactivity 

contribute about equally to the production of ions at the land surface. Since large water 

surfaces have no significant radioactive emanation, the production of ions over oceans 

is about one half of that over land. At altitudes of roughly 1 km and greater, cosmic rays 

are responsible for most of the ions in the fair weather atmosphere, regardless of the 

presence of land below. The ionization rate depends on magnetic latitude and on the 

solar activity. The electrical conductivity of the air at sea level is about 10
-14

 S m
-1

, and 

it increases rapidly with altitude. A diagram illustrating conductivity variations up to an 

altitude of 120 km is shown in Figure 1. At a height of 35 km, where the air density is 

about 1% of that at the Earth's surface, the electrical conductivity is greater than 10
-11

 S 

m
-1

, which is more than three orders of magnitude higher than at sea level. For 
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comparison, the average electrical conductivity of the Earth is about 10
-3

 S m
-1

. As seen 

in Figure 1, a considerable variation of conductivity exists at the same altitude for 

different measurements, about six orders of magnitude at 60 km. Above about 80 km, 

the conductivity becomes anisotropic because of the influence of the geomagnetic field, 

and there are diurnal variations due to solar photoionization processes. Blakeslee et al. 

(1989) reported, from high-altitude U-2 airplane measurements, that the conductivity 

near 20 km was relatively steady above storms, with variations being less than ±15%. 

On the other hand, a number of balloon measurements of the electrical conductivity 

between 26 and 32 km over thunderstorms suggest that some of the time the storm may 

significantly (up to a factor of 2) perturb the conductivity (Bering et al., 1980; 

Holzworth et al., 1986; Pinto et al., 1988; Hu et al., 1989). It is usually assumed that the 

atmosphere above a height of 60 km or so, under quasi-static conditions, becomes 

conductive enough to consider it equipotential. The electrical conductivity increases 

abruptly above about 60 km because of the presence of free electrons (Roble and Tzur, 

1986; Reid, 1986). This region of atmosphere just above 60 km or so where free 

electrons are the major contributors to the conductivity is sometimes referred to as the 

electrosphere (e.g., Chalmers, 1967) or "equalizing" layer (Dolezalek, 1972). At 100 km 

altitude (in the lower ionosphere) the conductivity is about 12±2 orders of magnitude 

(depending on local time) greater than the conductivity near the Earth's surface, that is, 

the conductivity at 100 km is comparable to the conductivity of the Earth, whether land 

or sea (Rycroft, 1994).  

 

 
 

Figure 1. Electrical conductivity   and corresponding relaxation time 1
0    , where 

12 1
0 8.85 10 F m    , versus altitude under a variety of geophysical conditions. PCA = 

polar cap absorption event (an unusually large flux of energetic, about 100 MeV solar 

protons within the polar cap); REP = relativistic electron (few MeV to 10 MeV) 

precipitation event. Adapted from Hale (1984). 
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2.2. Fair-weather Electric Field 

 

As noted above, the electric field near the Earth's surface under fair-weather (also called 

fine-weather) conditions is about 100 V m
-1

. The electric field vector is directed 

downward. This downward-directed field is defined as positive according to the 

"atmospheric electricity" sign convention. According to the alternative sign convention, 

sometimes referred to as the "physics" sign convention, a downward directed electric 

field is negative because it is in the direction opposite to that of the radial coordinate 

vector of the spherical coordinate system whose origin is at the Earth's center. The 

physics sign convention is used in this chapter. The magnitude of the fair-weather 

electric field decreases with increasing altitude. For example, according to Volland 

(1984), 

 

( ) [93.8exp( 4.527 ) 44.4exp( 0.375 )

11.8exp( 0.121 )]

E z z z

z

    

 
 (1) 

 

where  E z  is the electric field in V m
-1

 (the negative sign indicates that the electric 

field vector is directed downward) and z  is the altitude in kilometers. This equation is 

valid at midlatitudes below about 60 km altitude and outside thunderstorms or cloudy 

areas. According to Eq. (1), the electric field at the ground is 150 V m
-1

 and at 10-km 

altitude decreases to about 3% of its value at the ground. The magnitude of electric field 

normally drops to around 300 mV m
-1

 at 30 km at midlatitudes (Gringel et al., 1986) 

and to 1 µV m
-1

 or so at about 85 km (Reid, 1986). 

  

2.3. "Classical" View of Atmospheric Electricity 

 

The evaluation of the line integral of the electric field intensity from the Earth's surface 

to the height of the electrosphere yields the negative of the potential of the 

electrosphere, sometimes termed the ionospheric potential (e.g., Markson, 1976), with 

respect to Earth potential. The potential of the electrosphere is positive with respect to 

the Earth and its magnitude is about 300 kV, with most of the voltage drop taking place 

below 20 km where the electric field is relatively large.  

 

The overall situation is often visualized as a lossy spherical capacitor (e.g., Uman, 

1974), the outer and inner shells of which are the electrosphere and Earth's surface, 

respectively. According to this model, the Earth's surface is negatively charged with the 

total charge magnitude being roughly 5 x 10
5
 C, while an equal positive charge is 

distributed throughout the atmosphere. Little charge resides on the electrosphere "shell." 

Further, most of the net positive charge is found within 1 km of the Earth's surface, and 

more than 90% of this charge within 5 km (MacGorman and Rust, 1998). Because the 

atmosphere between the capacitor "shells" is weakly conducting, there is a fair-weather 

leakage current of the order of 1 kA (2 pA m
-2 

; 1 pA = 10
-12

 A) between the shells that 

would neutralize the charge on the Earth and in the atmosphere on a time scale of 

roughly 10 minutes (depending on the amount of pollution) if there were no charging 

mechanism to replenish the neutralized charge. Since the capacitor is observed to 

remain charged, there must be a mechanism or mechanisms acting to resupply that 

charge. Wilson (1920) suggested that the negative charge on the Earth is maintained by 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

the action of thunderstorms.  

 

Thus all the stormy weather regions worldwide (on average, at any time a total of about 

2000 thunderstorms are occurring over about 10% of the Earth's surface) constitute the 

global thunderstorm generator, while the fair weather regions (about 90% of the globe) 

can be viewed as a resistive load. Lateral currents are assumed to flow freely along the 

highly conducting Earth's surface and in the electrosphere. The fair-weather current of 

the order of 1 kA must be balanced by the total generator current that is composed of 

currents associated with corona, precipitation, and lightning discharges. The total 

current flowing from cloud tops to the electrosphere is, on average, about 0.5 A per 

thunderstorm (Gish and Wait, 1950).  

 

The global electric circuit concept is illustrated in Figure 2. Negative charge is brought 

to Earth mainly by lightning discharges (most of which transport negative charge to 

ground) and by corona current under thunderclouds. The net precipitation current is 

thought to transport positive charge to ground, and its magnitude is comparable to the 

lightning current (Wahlin, 1986). Positive charge is presumed to leak from cloud tops to 

the electrosphere. If we divide the potential of the electrosphere, 300 kV, by the fair-

weather current, 1 kA, the effective load resistance is 300 ohm.  

 

 
 

Figure 2. Illustration of the global electric circuit. Schematically shown under the 

thundercloud are precipitation, lightning, and corona. Adapted from Pierce (1974). 

 

The diurnal variation of the fair-weather field as a function of universal time over the 

oceans, the so-called Carnegie curve named after the research vessel Carnegie on which 

the measurements were made (Torreson et al., 1946), appears to follow the diurnal 

variation of the total worldwide thunderstorm area. Both characteristics exhibit 

maximum values near 1900 UT and minimum values near 0400 UT. On the other hand, 

the annual variation of the fair-weather electric field is not in phase with the annual 

variation of the thunderstorm activity throughout the world (Imyanitov and Chubarina, 

1967). Füllekrug et al. (1999) found that the hourly contribution of global cloud-to-

ground lightning activity (as represented by magnetic field measurements in the 

frequency range from 10 to 135 Hz) to the fair-weather electric field in the Antarctic 

during December 1992 was about 40±10%, and that the contribution to hourly 

departures from the mean diurnal variation of the electric field was about 25±10%. 

Holzworth et al. (1984) showed that significant time variations could occur in the global 

fair-weather current on time scales of 10 minutes to several hours.  
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 According to the classical picture of atmospheric electricity, the layer of the 

atmosphere extending from about 10 to 200 km and including the stratosphere, 

mesosphere, and the lower portion of the thermosphere, should be "passive." However, 

some rocket measurements indicate the existence of strong electric fields (in the volts 

per meter range, which is orders of magnitude higher than expected in the mesosphere, 

at altitudes of 50-85 km) of unknown origin (Bragin et al., 1974; Hale and Croskey, 

1979; Hale et al., 1981; Maynard et al., 1981; Gonzalez et al., 1982). Interestingly, 

abnormally strong electric fields are observed near the 60 to 65 km height region, where 

the "equalizing" layer (electrosphere) is presumed to exist.  

 

Lee and Shepherd (2010) suggested that electrical discharges of some form might be 

occurring at mesospheric altitudes. The origin of the strong mesospheric fields remains 

a subject of controversy. Any plausible explanation of this phenomenon must involve 

either a local mesospheric field generation mechanism or a dramatic local decrease in 

conductivity. 

 

2.4. Maxwell Current Density 

 

The Maxwell current density MJ  associated with a thunderstorm is defined as the sum 

of four terms (e.g., Krider and Musser, 1982): 

 

M E C L 0 ( )
t




   


E
J J J J                                  (2) 

 

where EJ  is the field dependent current density which may include both linear (ohmic: 

J E  where  is the electrical conductivity) and nonlinear (corona) components, CJ  

is the convection current density which may include a contribution from precipitation, 

LJ is the lightning current density, and the last term is the displacement current density.  

 

In planar geometry, this current density is the same at any height in the atmosphere, as 

required by the current continuity equation (e.g., Sadiku, 1994). Krider and Musser 

(1982) suggested that the thundercloud, the postulated source in the global electric 

circuit, can be viewed as a current source which produces a quasi-static Maxwell current 

density even in the presence of lightning. In this view, the thunderstorm generator in the 

global electric circuit can, in principle, be monitored through its Maxwell current 

density.  

 

The total Maxwell current density under thunderstorms has been measured by Krider 

and Blakeslee (1985), Deaver and Krider (1991), and Blakeslee and Krider (1992). 

Krider and Blakeslee (1985) found that the amplitude of JM is of the order of 10 nA m
-2

 

under active storms, while Deaver and Krider (1991) reported amplitudes of the order of 

1 nA m
-2

 or less (in the absence of precipitations) under small Florida storms. 

  

Above the thunderstorms, the convection and lightning terms, CJ  and LJ , in Eq. (2) are 

assumed to be negligible, and the Maxwell current density is expressed as the sum of 

only two terms: 
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t




 


E
J J                                                         (3) 

 

The Maxwell current density at altitudes of 16-20 km has been measured by Blakeslee 

et al. (1989). They found that JE typically accounted for more than half of MJ , while at 

the ground MJ  is generally dominated by the displacement current density during active 

storm periods as long as the fields are below the corona threshold of a few kV m
-1

 and 

there is no precipitation current. 

 

It is thought that, under some conditions, the Maxwell current density may be coupled 

directly to the meteorological structure of the storm and/or the storm dynamics (Krider 

and Roble, 1986, pp. 5-6). However, the lack of simultaneous Maxwell current 

measurements both on the ground and aloft has not allowed the details of this 

relationship to be determined. 

 

2.5. Modeling of the Global Circuit 

 

Models that can be used to calculate the electric field or the potential distribution around 

the thundercloud and the current that flows from a thundercloud into the global electric 

circuit have been developed by Holzer and Saxon (1952), Kasemir (1959), Illingworth 

(1972a), Dejnakarintra and Park (1974), Hays and Roble (1979), Tzur and Roble 

(1985b), Nisbet (1983, 1985a,b), Browning et al. (1987), Hager et al. (1989a,b), 

Driscoll et al. (1992), Stansbery et al. (1993), Hager (1998), and Plotkin (1999). Both 

analytical and numerical models have been developed. Some models (e.g., Holzer and 

Saxon, 1952; Hays and Roble, 1979; Tzur and Roble, 1985b) are based on a quasi-static 

approximation, while other models (e.g., Illingworth, 1972a; Dejnakarintra and Park, 

1974; Driscoll et al., 1992) are designed to deal with a time varying problem including 

the effects of lightning. Nisbet (1983) modeled the atmosphere with a network of 

resistors, capacitors, and switches, where the current through these circuit elements 

represented conduction, displacement, and lightning currents, respectively. Sometimes 

corona currents are taken into account (e.g., Tzur and Roble, 1985b). Convection 

currents (including those due to precipitation) are usually neglected. These models 

provide a convenient means of examining, through numerical experiments, the various 

processes operating in the global circuit. Heights up to 100-150 km are usually 

considered. Thunderclouds are usually represented by two vertically displaced point 

charges of opposite polarity maintained by a current source. The upward-directed 

current from thunderclouds is assumed to spread out in the ionosphere of the storm 

hemisphere and, in some models (e.g., Hays and Roble, 1979; Tzur and Roble, 1985b; 

Browning et al., 1987; Stansbery et al., 1993) to flow along the Earth's magnetic field 

lines into the conjugate hemisphere. According to Stansbery et al. (1993), 

approximately half of the current that reaches the ionosphere flows into the conjugate 

hemisphere, and the other half of this current flows to Earth in the fair-weather regions 

of the storm hemisphere.  

 

Anisimov and Mareev (2008) consider the global electric circuit as an open dissipative 

system including microphysical and electrohydrodynamic processes of generation and 

dissipation of the aeroelectric energy. They also stress the importance of studying non-
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stationary processes and, in particular, short-period (10
–3

–1 Hz) electric pulsations of 

fair weather fields. 

 

2.6. Alternative Views of the Global Circuit 

 

Wilson's suggestion that thunderstorms are the main driving element in the atmospheric 

global circuit has been questioned by, among others, Dolezalek (1972), Williams and 

Heckman (1993), Kasemir (1994), and Kundt and Thuma (1999). Dolezalek (1988) 

suggested that the net charge on the Earth may be zero or near zero, rather than the 5 x 

10
5
 C postulated in the classical model of atmospheric electricity. Kasemir (1994) 

proposed an alternative concept of the global circuit in which the only equipotential 

layer is the Earth. He assumes that the very high negative potential of the Earth with 

respect to infinity drives the fair-weather current. Lightning discharges and corona at 

the ground are claimed to be "local affairs" that do not contribute to the global circuit. 

In Kasemir's view, there are two types of generators in the global circuit, convection 

(acting in both stormy and fair-weather regions) and precipitation, both generators being 

driven by non-electrical forces. Kundt and Thuma (1999), based on their estimate of 

relatively low cloud top voltage of 1 MV (relative to the Earth), asserted that 

thunderstorms are not important in the global electric circuit. However, Marshall and 

Stolzenburg (2001), from 13 balloon soundings of electric field through both convective 

regions and stratiform clouds, reported cloud top voltages ranging from -23 to +79 MV, 

with an average of +25 MV. The average cloud top voltage for the nine cases with 

positive values was +41 MV. Marshall and Stolzenburg (2001) consider these voltage 

values as supporting Wilson's hypothesis that thunderstorms drive the global electric 

circuit. Further, Marshall and Stolzenburg (2001) estimated the average cloud top 

voltage of +32 MV for electrified stratiform clouds, this finding suggesting that 

stratiform clouds may make a substantial contribution to the global electric circuit. 

- 

- 

- 

 

 

TO ACCESS ALL THE 67 PAGES OF THIS CHAPTER, 

Visit: http://www.eolss.net/Eolss-sampleAllChapter.aspx 

 
 

Bibliography 

 

Anderson, R.B., Van Niekerk, H.R., Kroninger, H., and Meal, D.V. (1984b). Development and field 

evaluation of a lightning earth flash counter. IEE Proc. A 131: 118-124. [Results of a long-term study 

conducted in South Africa that was aimed at improving and calibration of lightning flash counters]. 

Anderson, R.B., Van Niekerk, H.R., Prentice, S.A., and Mackerras, D. (1979). Improved lightning flash 

counters. Electra 66: 85-98. [Description of two lightning flash counters (500 Hz and 10 kHz) 

recommended by CIGRE (International Council on Large Electric Systems)]. 

Anisimov, S.V., and E.A. Mareev (2008). Geophysical Studies of the Global Electric Circuit. Izvestiya, 

Physics of the Solid Earth, 2008, Vol. 44, No. 10, pp. 760-769. [A discussion of physical mechanisms of 

formation of the global electric circuit]. 

http://www.eolss.net/Eolss-sampleAllChapter.aspx
https://www.eolss.net/ebooklib/sc_cart.aspx?File=E6-158-32-00


TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

Arabadzhi, V.I. (1956). The measurement of electric field intensity in thunderclouds by means of 

radiosonde. Docl. Akad. Nauk. SSSR 111: 85-88. [Description of a method to measure electric fields 

inside thunderclouds]. 

Avila, E.E., R.E. Burgesser, N.E. Castellano, R.G. Pereyra, and C.P. Saunders (2011). Charge separation 

in low-temperature ice cloud regions. J. Geophys. Res., Vol. 116, D14202, 

doi:10.1029/2010JD015475. [Results of laboratory measurements of graupel charging due to collision 

with ice particles at -37 to -47
o
 C]. 

Avila, E.E., and Pereyra, R.G. (2000). Charge transfer during crystal-graupel collisions for two different 

cloud droplet size distributions. Geophys. Res. Lett. 27: 3837-3840. [Results of laboratory measurements 

of graupel charging due to collision with ice particles at -5 to -30
o
 C]. 

Baker, B., Baker, M.B., Jayaratne, E.R., Latham, J., and Saunders, C.P.R. (1987). The influence of 

diffusional growth rates on the charge transfer accompanying rebounding collisions between ice crystals 

and soft hailstones, Q.J.R. Meteor. Soc. 113: 1193-1215. [Results of laboratory experiments designed to 

investigate the charge transfer accompanying rebounding collisions between ice crystals and soft 

hailstones]. 

Baker, M.B., and Dash, J.G. (1989). Charge transfer in thunderstorms and the surface melting of ice. J. 

Cryst. Growth 97: 770-776. [A mechanism is proposed for the electrification of thunderclouds, whereby 

charge separation in ice-hail collisions is a consequence of mass transfer between the particles due to size 

and growth effects in surface melting]. 

Baker, M.B., and Dash, J.G. (1994). Mechanism of charge transfer between colliding ice particles in 

thunderstorms. J. Geophys. Res. 99: 10,621-10,626. [A theoretical mechanism for the charge transfer 

between colliding ice and soft-hail particles is derived based on ideas of surface melting]. 

Bateman, M.G., Marshall, T.C., Stolzenburg, M., and Rust, W.D. (1999). Precipitation charge and size 

measurements inside a New Mexico mountain thunderstorm J. Geophys. Res. 104: 9643-9653. 

[Measurements of charge and size of precipitation particles with an instrumented free balloon in a 

convective mountain thunderstorm in central New Mexico]. 

Bateman, M.G., Rust, W.D., Smull, B.F., and Marshall, T.C. (1995). Precipitation charge and size 

measurements in the stratiform region of two mesoscale convective systems. J. Geophys. Res. 100: 

16,341-16,356. [Measurements of charge and size of precipitation particles with instrumented free 

balloons in the trailing stratiform regions of two mesoscale convective systems in Oklahoma]. 

Battan, L.J. (1965). Some factors governing precipitation and lightning from convective clouds. J. Atmos. 

Sci. 22: 79-84. [Analysis of radar observations, cloud photographs, and visual counts of cloud-to-ground 

lightning for days with “heavy rain” and those with “light rain”]. 

Beard, K.V.K., and Ochs, H.T. (1986). Charging mechanisms in clouds and thunderstorms. In The Earth's 

Electrical Environment, eds. E.P. Krider and R.G. Robble, pp. 114-130, Washington, D.C.: National 

Acad. Press. [A review of cloud charging mechanisms]. 

Bering, E.A., Rosenberg, T.J., Benbrook, J.R., Detrick, D., Matthews, D.L., Rycroft, M.J., Saunders, 

M.A., and Sheldon, W.R. (1980). Electric fields, electron precipitation, and VLF radiation during a 

simultaneous magnetospheric substorm and atmospheric thunderstorm. J. Geophys. Res. 85: 55-72. 

[Results of balloon measurements of electric fields and x-rays in Canada]. 

Blakeslee, R.J., Christian, H.J., and B. Vonnegut, B. (1989). Electrical measurements over thunderstorms. 

J. Geophys. Res. 94: 13,135-13,140. [Results of measurements of the air conductivity and the vertical 

electric field over thunderstorms from a high-altitude U-2 airplane]. 

Blakeslee, R.J., and Krider, E.P. (1992). Ground level measurements of air conductivities under Florida 

thunderstorms. J. Geophys. Res. 97: 12,947-12,951. [Results of measurements of the positive and 

negative polar conductivities under summer thunderstorms in Florida]. 

Boccippio, D.J., Goodman, S.J., and Heckman, S. (2000b). Regional differences in tropical lightning 

distributions. J. Appl. Meteor. 39: 2231-2248. [Analysis of observations from the Optical Transient 

Detector (OTD) and Lightning Imaging Sensor (LIS) for variability between land and ocean, various 

geographic regions, and different convective “regimes”]. 

Bragin, Yu. A., Tyutin, A.A., Kocheev, A.A., and Tyutin, A.A. (1974). Direct measurement of the 

atmospheric vertical electric field intensity up to 80 km. Cosmic Res. (Engl. Transl.) 12: 279-282. [Report 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

on rocket measurements of strong electric fields in the mesosphere]. 

Branick, M.L., and Doswell, C.A. III, (1992). An observation of the relationship between supercell 

structure and lightning ground strike polarity. Wea. Forecast. 7: 143-149. [Cloud-to-ground lightning data 

are presented from tornadic thunderstorms in Oklahoma, Kansas, and Nebraska]. 

Briggs, M.S., et al. (2010). First results on terrestrial gamma ray flashes from the Fermi Gamma-ray Burst 

Monitor J. Geophys. Res., Vol. 115, A07323, doi:10.1029/2009JA015242. [Data on 12 intense 

terrestrial gamma ray flashes (TGFs) detected by the Gamma-ray Burst Monitor on the Fermi Gamma-ray 

Space Telescope are presented]. 

Briggs, M.S., et al. (2011). Electron-positron beams from terrestrial lightning observed with Fermi GBM, 

Geophys. Res. Lett., 38, L02808, doi:10.1029/2010GL046259. [Evidence that pair production occurs in 

conjunction with some terrestrial lightning and that most likely all TGFs are injecting electron-positron 

beams into the near Earth environment]. 

Brooks, C.E.P. (1925). The distribution of thunderstorms over the globe. Geophys. Mem. 24: 147-164. 

[The first attempt to determine the distribution of thunderstorms over the globe and infer the lightning 

flash rate]. 

Browning, G.L., Tzur, I., and Roble, R.G. (1987). A global time-dependent model of thunderstorm 

electricity, 1, Mathematical properties of the physical and numerical models. J. Atmos. Sci. 44: 2166-

2177. [A time-dependent model that simulates the interaction of a thunderstorm with its electrical 

environment is introduced]. 

Brunetti, M., Cecchini, S., Galli, M., Giovannini, G., and Pagliarin, A. (2000). Gamma-ray bursts of 

atmospheric origin in the MeV energy range. Geophys. Res. Lett. 27: 1599-1602. [First ground-based (at 

2005 m above sea level) observations of gamma ray bursts of atmospheric origin in the MeV energy 

range].  

Buechler, D.E., Driscoll, K.T., Goodman, S.J., and Christian, H.J. (2000). Lightning activity within a 

tornadic thunderstorm observed by the Optical Transient Detecter (OTD). Geophys. Res. Lett. 27: 2253-

2256. [The first storm-scale, total lightning observations from space during tornadogenesis are presented]. 

Byerley, L.G., Cummins, K.L., Tuel, J., Hagaberg, D.J., and Bush, W. (1995). The measurement and use 

of lightning ground flash density. In Proc. Int. Aerospace and Ground Conf. on Lightning and Static 

Electricity, Williamsburg, Virginia, pp. 61/1-12. [A review of different ways of evaluating ground flash 

density]. 

Byrne, C.J., Few, A.A., and Stewart, M.F. (1989). Electric field measurements within a severe 

thunderstorm anvil. J. Geophys. Res. 94: 6297-6307. [Results of measurements of electric fields in the 

anvil of a supercell severe storm in central Oklahoma, penetrated by two free balloons carrying corona 

probes].  

Byrne, C.J., Few, A.A., Stewart, M.F., Conrad, A.C., and Torczon, R.L. (1987). In situ measurements and 

radar observations of a severe storm: Electricity, kinematics, and precipitation. J. Geophys. Res. 92: 1017-

1031. [Electric field measurements acquired inside an electrically active cell of a severe storm in 

Oklahoma are analyzed in conjunction with radar observations and standard meteorological 

measurements in order to relate the inferred electrical structure with the precipitation and kinematic 

features of the cell]. 

Byrne, C.J., Few, A.A., and Weber, M.E. (1983). Altitude, thickness and charge concentration of charged 

regions of four thunderstorms during TRIP 1981 based upon in situ balloon electric field measurements. 

Geophys. Res. Lett. 10: 39-42. [Balloon borne corona probes designed to measure vertical electric fields 

have yielded data on the vertical electric structure of four thunderstorms]. 

Carey, L.D., and Rutledge, S.A. (1996). A multiparameter radar case study of the microphysical and 

kinematic evolution of a lightning producing storm. J. Meteor. Atmos. Phys. 59: 33-64. [Results of 

investigation of correlation between the convective life cycle of a multi-cell storm and the evolution of 

lightning type and flash rate]. 

Carey, L.D., and Rutledge, S.A. (1998). Electrical and multiparameter radar observations of a severe 

hailstorm. J. Geophys. Res. 103: 13,979-14,000. [Simultaneous evolution of the radar-inferred 

precipitation structure and electrical characteristics of a severe hailstorm is investigated]. 

Carey, L.D., and Rutledge, S.A. (2000). The relationship between precipitation and lightning in tropical 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

island convection: A C-band polarimetric radar study. Mon. Wea. Rev. 128: 2687-2710. [Rain and ice 

masses are estimated during the entire life cycle of an electrically active tropical convective complex 

(known locally as Hector) over the Tiwi Islands]. 

Chalmers, J.A. (1967). Atmospheric Electricity. 2nd ed., 515 p., New York: Pergamon Press. [A well-

known book on atmospheric electricity]. 

Changnon, S.A. (1985). Secular variations in thunder-day frequencies in the twentieth century. J. 

Geophys. Res. 90: 6181-6194. [Data for thunder days during the 1901–1980 period from 227 stations 

around the globe are examined for temporal fluctuations]. 

Changnon, S.A. (1992). Temporal and spatial relations between hail and lightning. J. Appl. Meteor. 31: 

587-604. [A study of detailed spatial and temporal data on damaging hail, associated cloud-to-ground 

lightning, and storm echoes in the U.S. Midwest]. 

Changnon, S.A. (2001). Assessment of the quality of thunderstorm data at first-order stations. J. Appl. 

Meteor. 40: 783-794. [The quality of the thunder-day records at the 130 U.S. first-order weather stations 

with 90 or more years of data during 1896–1995 is evaluated]. 

Chauzy, S., and Soula, S. (1999). Contribution of the ground corona ions to the convective charging 

mechanism. Atmos. Res. 51: 279-300. [Numerical estimation of the amount of charge which is expected 

to reach cloud base by conduction and convection processes during the lifetime of a thunderstorm]. 

Cherna, E.V., and Stansbury, E.J. (1986). Sferics rate in relation to thunderstorm dimensions. J. Geophys. 

Res. 91: 8701-8707. [Investigation of the relation between thunderstorm dimensions and its electrical 

activity]. 

Cheze, J.-L., and Sanvageot, H. (1997). Area-average rainfall and lightning activity. J. Geophys. Res. 

102: 1707-1715. [Discussion of statistical relations between the average rainfall parameters for an 

ensemble of convective cells and the mean lightning occurrence inside the ensemble area]. 

Chou, J. K., L. Y. Tsai, C. L. Kuo, Y. J. Lee, C. M. Chen, A. B. Chen, H. T. Su, R. R. Hsu, P. L. Chang, 

and L. C. Lee(2011). Optical emissions and behaviors of the blue starters, blue jets, and gigantic jets 

observed in the Taiwan transient luminous event ground campaign, J. Geophys. Res., 116, A07301, 

doi:10.1029/2010JA016162. [Data on of 37 blue jets/starters and 1 gigantic jet occurring over a 

thunderstorm in the Fujian province of China, observed from the central mountain ridge of Taiwan]. 

Christian, H.J., Holmes, C.R., Bullock, J.W., Gaskell, W., Illingworth, A.J., and Latham, J. (1980). 

Airborne and ground-based studies of thunderstorms in the vicinity of Langmuir Laboratory. Q.J.R. 

Meteor. Soc. 106: 159-174. [Aerocraft measurements of all three components of the electric field, and the 

charge and diameter of individual precipitation elements are analyzed in conjunction with various ground-

based observations in New Mexico]. 

Cianos, N., and Pierce, E.T. (1972). A ground-lightning environment for engineering usage. Stanford 

Research Institute Project 1834, Technical Report 1, Stanford Research Institute, Menlo Park, California, 

136 p. [A comprehensive discussion of lightning incidence characteristics and lightning parameters]. 

Cohen, I.B. (1990). Benjamin Franklin's Science, 273 p., Cambridge, MA: Harvard Univ. Press. [A 

comprehensive overview of Benjamin Franklin's scientific work]. 

Cohen, M. B., U. S. Inan, and G. J. Fishman (2006). Terrestrial gamma ray flashes observed aboard the 

Compton Gamma Ray Observatory/Burst and Transient Source Experiment and ELF/VLF radio 

atmospherics, J. Geophys. Res., 111, D24109, doi:10.1029/2005JD006987. [Evidence that TGFs 

associated with lightning discharges (radioatmospherics) occur ∼1–3 ms after the causative lightning 

event]. 

Cohen, M. B., U. S. Inan, R. K. Said, and T. Gjesteland (2010). Geolocation of terrestrial gamma-ray 

flash source lightning, Geophys. Res. Lett., 37, L02801, doi:10.1029/2009GL041753. [The first catalog of 

precise (<30 km error) TGF source locations, determined via ground-based detection of ELF/VLF radio 

atmospherics. Evidence is presented that TGFs occur in coincidence with the lightning discharge, but 

with a few millisecond variance]. 

Connaughton, V. and M.S. Briggs (2011). Observing Terrestrial Gamma Ray Flashes, Eos, Vol. 92, No. 

49, 6 December 2011, p. 457. [An overview of the 2011 Workshop on TGFs held at the University of 

Alabama in Huntsville]. 

Connaughton, V., et al. (2010). Associations between Fermi Gamma-ray Burst Monitor terrestrial gamma 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

ray flashes and sferics from the World Wide Lightning Location Network, J. Geophys. Res., 115, 

A12307, doi:10.1029/2010JA015681. [A report on a search for correlations between TGFs detected by 

the Fermi Gamma-ray Burst Monitor (GBM) and lightning strokes recorded by the World Wide 

Lightning Location Network (WWLLN). Out of a total of 50 GBM-detected TGFs, 15 were associated 

with individual discharges to within <50 us].  

Cooray, V., M. Becerra, and V. Rakov (2009). On the electric field at the tip of dart leaders in lightning 

flashes, J. Atmos. & Solar-Terr. Phys., 71(12), 1397-1404, doi:10.1016/j.jastp.2009.06.002. [A theoretical 

study showing that the electric field at the dart leader tip increases within a fraction of a microsecond to 

values larger than the critical electric field necessary for the initiation of cold electron runaway 

breakdown in low-density air comprising the channel]. 

Cummer, S. A., Y. Zhai, W. Hu, D. M. Smith, L. I. Lopez, and M. A. Stanley (2005). Measurements and 

implications of the relationship between lightning and terrestrial gamma ray flashes, Geophys. Res. Lett., 

32, L08811, doi:10.1029/2005GL022778. [Analysis of 30 kHz radio emissions (sferics) from lightning 

discharges associated with 26 TGFs recorded by the RHESSI satellite]. 

Cummer, S. A., G. Lu, M. S. Briggs, V. Connaughton, S. Xiong, G. J. Fishman, and J. R. Dwyer (2011). 

The lightning-TGF relationship on microsecond timescales, Geophys. Res. Lett., 38, L14810, 

doi:10.1029/2011GL048099. [Analysis of the count rates of two TGFs detected by the Fermi Gamma-ray 

Burst Monitor (GBM) with the broadband magnetic fields (1 to 300 kHz) produced by the simultaneous 

lightning processes]. 

Curran, E.B., and Rust, W.D. (1992). Positive ground flashes produced by low-precipitation 

thunderstorms in Oklahoma on 26 April 1984. Mon. Wea. Rev. 120: 544-553. [A group of thunderstorms 

producing mostly positive flashes is studied].  

Darrah, R. P. (1978). On the relationship of severe weather to radar tops, Mon. Weather Rev., 106, 1332–

1339. [A study of the relationship between radar-reported storm tops above 9150 m, tropopause 

penetration, and the type of severe weather is made]. 

Deaver, L.E., and Krider, E.P. (1991). Electric fields and current densities under small Florida 

thunderstorms. J. Geophys. Res. 96: 22,273-22,281. [The surface electric field and Maxwell current 

density have been measured simultaneously under and near small Florida thunderstorms]. 

Dejnakarintra, M., and Park, C.G. (1974). Lightning-induced electric fields in the ionosphere. J. Geophys. 

Res. 79: 1903-1910. [A model study of how electric field variations due to lightning are transmitted to 

ionospheric heights]. 

Dolezalek, H. (1972). Discussion of the fundamental problem of atmospheric electricity. Pure Appl. 

Geophys. 100: 8-43. [The „classical picture‟ of the global electric circuit, which is called sometimes the 

„spherical capacitor theory‟, is criticized]. 

Driscoll, K.T., Blakeslee, R.J., and Baginski, M.E. (1992). A modeling study of the time-averaged 

electric currents in the vicinity of isolated thunderstorms. J. Geophys. Res. 97: 11,535-11,551. [An 

examination of the results of a time-dependent computer model of a dipole thunderstorm revealed that 

there are numerous similarities between the time-averaged electrical properties and the steady state 

properties of an active thunderstorm]. 

Dulzon, A.A. (1992). Lightning performance of power lines - comparison of calculated and observed 

data. In Proc. 21st Int. Conf. on Lightning Protection, Berlin, Germany, pp. 515-518. [A discussion of 

reasons for discrepancy between calculated and observed lightning tripout rates of power lines]. 

Dwyer, J.R. (2005). A Bolt Out of the Blue, Scientific American, Vol. 292, No. 5, May 2005, pp. 64-71. 

[A review of lightning physics for the layman with emphasis on runaway breakdown and emission of x-

rays]. 

Dwyer, J. R., et al. (2003). Energetic Radiation Produced During Rocket-Triggered Lightning, Science, 

299(5607), 694-697, doi: 10.1126/science.1078940. [First observations of intense bursts of energetic 

radiation during the dart leader phase of rocket-triggered lightning]. 

Dwyer, J.R., H.K. Rassoul, M. Al-Dayeh, L. Caraway, B. Wright, A. Chrest, M.A. Uman, V.A. Rakov, 

K.J. Rambo, D.M. Jordan, J. Jerauld (2004a). A ground level gamma-ray burst observed in association 

with rocket-triggered lightning, Geophys. Res. Lett., Vol. 31, L05119, doi:10.1029/2003GL018771. [A 

report on an intense gamma-ray burst observed on the ground at sea level, produced in association with 

the initial-stage of rocket-triggered lightning]. 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

Dwyer, J. R., et al. (2004b). Measurements of x-ray emission from rocket-triggered lightning, Geophys. 

Res. Lett., 31, L05118, doi:10.1029/2003GL018770. [A report on measurements of the x-ray emission 

from rocket-triggered lightning, made using four instruments placed between 15 and 40 m from the 

lightning channels during the summer of 2003]. 

Dwyer, J. R., et al. (2005). X-ray bursts associated with leader steps in cloud-to-ground lightning, 

Geophys. Res. Lett., 32, L01803, doi:10.1029/2004GL021782. [A report on x-ray and electric field 

measurements made during five nearby negative natural lightning strikes in north central Florida during 

the summer of 2004]. 

Dwyer, J. R., M. Schaal, H. K. Rassoul, M. A. Uman, D. M. Jordan, and D. Hill (2011). High-speed x-ray 

images of triggered lightning dart leaders, J. Geophys. Res., 116, D20208, doi:10.1029/2011JD015973. 

[The first high-time-resolution two-dimensional images of x-ray emissions from lightning are presented]. 

Dye, J.E., Jones, J.J., Winn, W.P., Carnti, T.A., Gardiner, B., Lamb, D., Pitter, R.L., Hallett, J., and 

Saunders, C.P.R. (1986). Early electrification and precipitation development in a small, isolated Montana 

cumulonimbus. J. Geophys. Res. 91: 1231-327, 6747-6750. [Instrumented aircraft and radar were used to 

investigate the microphysical, electrical, and dynamic evolution of the life cycle of a small thunderstorm]. 

Dye, J.E., Winn, W.P., Jones, J.J., and Breed, D.W. (1989). The electrification of New Mexico 

thunderstorms, 1. Relationship between precipitation development and the onset of electrification. J. 

Geophys. Res., 94: 8643-8656. [Aircraft, radar, and surface observations were used to study the 

relationship between precipitation development and the onset of electrification in thunderstorms]. 

Dye, J.E., and J.C. Willett (2007). Observed Enhancement of Reflectivity and the Electric Field in Long-

Lived Florida Anvils. Monthly Weather Review, Volume 135, doi:10.1175/MWR3484.1, 3362-3380. [A 

study of two long-lived Florida anvils showed that reflectivity >20 dBZ increased in area, thickness, and 

sometimes magnitude at the midlevel well downstream of the convective cores]. 

Eack, K.B., Beasley, W.H., Rust, W.D., Marshall, T.C., and Stolzenburg, M. (1996a). Initial results from 

simultaneous observations of x-rays and electric-fields in a thunderstorm. J. Geophys. Res. 101: 29,637-

29,640. [Balloon measurements of x-ray intensity and electric-field strength in a mesoscale convective 

system in Oklahoma]. 

Eack, K.B., Beasley, W.H., Rust, W.D., Marshall, T.C., and Stolzenburg, M. (1996b). X-ray pulses 

observed above a mesoscale convective system. Geophys. Res. Lett. 23: 2915-2918. [During a balloon 

flight into and above the stratiform region of a mesoscale convective system, three x-ray pulses were 

observed while the balloon was at an altitude of approximately 15 km MSL. No significant electric field 

was measured at the time of these pulses]. 

Eack, K.B., Suszcynsky, D.M., Beasley, W.H., Roussel-Dupre, R., and Symbalisty, E. (2000). Gamma-

ray emissions observed in a thunderstorm anvil. Geophys. Res. Lett. 27: 185-188. [A greater than three-

fold increase in the gamma-ray flux was observed as the instrumented balloon descended through a 

thunderstorm anvil where a strong electric field was suspected to be present]. 

Edens, H.E. (2011). Photographic and lightning mapping observations of a blue starter over a New 

Mexico thunderstorm, Geophys. Res. Lett, Vol. 38, L17804, doi:10.1029/2011GL048543. [A 

report on a small blue starter that was observed over an active thunderstorm in west-central New Mexico]. 

Evans, W. H. (1969). Electric fields and conductivity in thunderclouds. J. Geophys. Res. 74: 939-948. 

[An attempt to measure electric fields using rotating-differential electric field mills parachuted into 

thunderclouds]. 

Fishman, G.L. (2011). Positrons Observed to Originate From Thunderstorms. EOS, Vol. 92, No. 22, 185-

186. [A review of energetic radiation from thunderstorms]. 

Fishman, G. J., et al. (1994). Discovery of intense gamma-ray flashes of atmospheric origin, Science, 

264(5163), 1313–1316, doi:10.1126/ science.264 .5163 .1313. [The first report on TGFs detected from 

space]. 

Franklin, B. (1774). Experiments and Observations of Electricity, Made at Philadelphia in America. 5th 

ed., 530 p., London: F. Newberry. [A collection of Franklin‟s works on electricity]. 

Freier, G.D. (1978). A 10-year study of thunderstorm electric fields. J. Geophys. Res. 83: 1373-1376. [An 

analysis of the frequency of storms, the number of storm hours, and the number of storm days as 

functions of time of day, day of week, and year. The thunderstorm activity is compared with sunspot 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

activity]. 

French, J.R., Helsdon, J.H., Detwiler, A.G., and Smith, P.L. (1996). Microphysical and electrical 

evolution of a Florida thunderstorm - 1. Observations. J. Geophys. Res. 101: 18,961-18,977. [A study of 

the microphysical and electrical evolution of a thunderstorm that occurred on August 9, 1991, during the 

Convection and Precipitation/Electrification (CaPE) Experiment in eastern Florida]. 

Füllekrug, M., Fraser-Smith, A.C., Bering, E.A., and Few, A.A. (1999). On the hourly contribution of 

global cloud-to-ground lightning activity to the atmospheric electric field in the Antarctic during 

December 1992. J. Atmos. Solar-Terr. Phys. 61: 745-750. [Magnetic field measurements from 10 to 135 

Hz at Arrival Heights, Antarctica, used as a proxy measure of global cloud-to-ground lightning activity, 

are compared with simultaneous hourly recordings of the atmospheric electric field on the surface of the 

Earth at South Pole]. 

Gaskell, W., and Illingworth, A.J. (1980). Charge transfer accompanying individual collisions between 

ice particles and its role in thunderstorm electrification. Q.J.R. Meteor. Soc. 106: 841-854. [Experiments 

were conducted with a wind tunnel in a cold-room in order to investigate the individual charges 

transferred when ice spheres collided with an artificial hailstone]. 

Gaskell, W., Illingworth, A. J., Latham, J.,and Moore, C.B. (1978). Airborne studies of electric fields and 

the charge and size of precipitation elements in thunderstorms. Q.J.R. Meteor. Soc. 104: 447-460. [A 

research aeroplane was employed in studies of the electrical properties of thunderstorms in Florida and in 

New Mexico]. 

Gish, O.H., and Wait G.R. (1950). Thunderstorms and the Earth's general electrification. J. Geophys. Res. 

55: 473-484. [An instrumented aircraft was used to make electric surveys over the tops of thunderstorms 

for the purpose of ascertaining whether thunderstorms supply negative electricity to the earth at the rate 

required to maintain the negative surface charge which is observed during fair weather]. 

Gonzalez, W.D.A., Pereira, E.C., Gonzalez, A.L.C., Martin, I.M., Dutra, S.L.G., Pinto, O. Jr., Wygant, J., 

and Mozer, F.S. (1982). Large horizontal electric fields measured at balloon heights of the Brazilian 

magnetic anomaly and association to local energetic particle precipitation. Geophys. Res. Lett. 9: 567-

570. [During a stratospheric balloon flight, large-scale electric fields have been measured, for the first 

time, at the Brazilian Magnetic Anomaly]. 

Goodman, S.J., Buechler, D.E., Wright, P.D., and Rust, W.D. (1988a). Lightning and precipitation history 

of a microburst-producing storm. Geophys. Res. Lett. 15: 1185-1188. [Quantitative measurements of the 

lightning and precipitation life-cycle of a microburst-producing storm are described]. 

Goodman, S.J., Buechler, D.E., and Meyer, P.J. (1988b). Convective tendency images derived from a 

combination of lightning and satellite data. Wea. Forecast. 3: 173-188. [A technique is presented for 

generating convective tendency products by combining satellite images with observations of cloud-to-

ground lightning activity]. 

Goodman, S.J., and MacGorman, D.R. (1986). Cloud-to-ground lightning activity in mesoscale 

convective complexes. Mon. Wea. Rev. 114: 2320-2328. [A study of cloud-to-ground lightning activity 

attending an important subclass of mesoscale convective weather systems called the mesoscale 

convective complex]. 

Grecu, M., Anagnostou, E.N., and Adler, R.F. (2000). Assessment of the use of lightning information in 

satellite infrared rainfall estimation. J. Hydrometeor. 1: 211-221. [The combined use of cloud-to-ground 

lightning and satellite infrared data for rainfall estimation is investigated]. 

Grenet, G. (1947). Essai d'Explication de la Charge Electrique des Nuages d'Orages. Ann. Geophys. 3: 

306-307. [The convection mechanism of cloud electrification is proposed]. 

Grenet, G. (1959). Le Nuage d'Orage: Machine Electrostatique. Méteorologie I-53: 45-47. [The 

convection mechanism of cloud electrification is proposed]. 

Gringel, W., Rosen, J.M., and Hoffman, D.J. (1986). Electrical structure from 0 to 30 km. In The Earth's 

Electrical Environment, eds. E.P. Krider and R.G. Roble, pp. 166-182, Washington, D.C.: National 

Academy Press. [A review of studies of the electrical structure of the lower atmosphere]. 

Gunn, R. (1948). Electric field intensity inside of natural clouds. J. Appl. Phys. 19: 481-484. 

[Measurements of the electric field on the surface of aircraft flying through all types of weather and 

clouds are presented]. 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

Gurevich, A.V., A.P. Chubenko, A.N. Karashtin, G.G. Mitko, A.S. Naumov, M.O. Ptitsyn, V.A. Ryabov, 

A.L. Shepetov, Yu.V. Shlyugaev, L.I. Vildanova, and K.P. Zybin (2011). Gamma-ray emission from 

thunderstorm discharges, Physics Letters, A 375, 1619-1625. [Detailed features of gamma-ray radiation 

registered during a thunderstorm at Tien-Shan Mountain Cosmic Ray Station are presented]. 

Hager, W.W. (1998). A discrete model for the lightning discharge. J. Comput. Phys. 144: 137-150. 

[Simulation of lightning by letting the conductivity tend to infinity wherever the electric field reaches the 

breakdown threshold]. 

Hager, W.W., Nisbet, J.S., and Kasha, J.R. (1989a). The evolution and discharge of electric fields within 

a thunderstorm. J. Comput. Phys. 82: 193-217. [A 3-dimensional electrical model for a thunderstorm is 

developed and finite difference approximations to the model are analyzed]. 

Hager, W.W., Nisbet, J.S., Kasha, J.R., and Shann, W.-C. (1989b). Simulation of electric fields within a 

thunderstorm. J. Atmos. Sci. 46: 3542-3558. [Numerical simulations based on a three-dimensional model 

for the electric fields in a thunderstorm are presented]. 

Hale, L.C. (1984). Middle atmospheric electrical structure, dynamics, and coupling. Adv. Space Res. 4: 

175-186. [A review article that, among other things, shows that mesospheric electrical conductivity varies 

by many orders of magnitude]. 

Hale, L.C., and Croskey, C.L. (1979). An auroral effect of the fair weather electric field. Nature 278: 239-

241. [Evidence is presented for coupling between the upper and lower atmosphere by means of the 

shorting out of the vertical mesospheric electric field by auroral radiation]. 

Hale, L.C., Croskey, C.L., and Mitchell, J.D. (1981). Measurements of middle-atmosphere electric fields 

and associated electrical conductivities. Geophys. Res. Lett. 8: 927-930. [Measurements of vertical 

electric fields and electrical conductivities made in the middle atmosphere under a variety of geophysical 

conditions are presented]. 

Hays, P.B., and Roble, R.G. (1979). A quasi-static model of global atmospheric electricity, l. The lower 

atmosphere. J. Geophys. Res. 84: 3291-3305. [A model of global atmospheric electricity is constructed 

and used to examine the electrical coupling between the earth's upper and lower atmospheric regions]. 

Hendry, J. (1993). Panning for lightning (including comments on the photos by M.A. Uman). 

Weatherwise 45(6): 19. [Simultaneously taken still and time-resolved pictures of lightning are presented 

and described]. 

Holle, R.L., and Maier, M.W. (1982). Radar echo height related to cloud-ground lightning in South 

Florida, Preprints, 12th Conf. Severe Local Storms, San Antonio, Texas, Am. Meteorol. Soc., Boston, 

Massachusetts, pp. 330-333. [An analysis of observations that relate radar echo height to the presence or 

absence of cloud-to-ground (CG) lightning and CG flash rate]. 

Holle, R.L., and Watson, A.I. (1996). Lightning during two central U.S. winter precipitation events. Wea. 

Forecast. 11: 599-614. [Cloud-to-ground lightning coincident with mainly frozen precipitation is studied 

over the central United States during two outbreaks of arctic air in January 1994]. 

Holle, R.L., Watson, A.I., Lopez, R.E., MacGorman, D.R., Ortiz, R., and Otto, W.D. (1994). The life 

cycle of lightning and severe weather in a 3-4 June 1985 PRE-STORM mesoscale convective system. 

Mon. Wea. Rev. 122: 1798-1808. [Cloud-to-ground lightning flash characteristics of a series of four 

mesoscale convective systems in Oklahoma and Kansas are described]. 

Holzer, R.E., and Saxon, D.S. (1952). Distribution of electrical conduction current in the vicinity of 

thunderstorms. J. Geophys. Res. 57: 207-216. [A simple bipolar thunderstorm model, in which the 

atmospheric conductivity is assumed to increase exponentially from the earth to a conducting layer high 

in the atmosphere, is applied to estimating the electrical conduction currents in the vicinity of the storm]. 

Holzworth, R.H., Norville, K.W., Kintner, P.M., and Power, S.P. (1986). Stratospheric conductivity 

variations over thunderstorms. J. Geophys. Res. 91: 13,257-13,263. [The first report on in-situ 

observation of variations in the electrical conductivity over thunderstorms at 26 km altitude]. 

Holzworth, R.H., Onsager, T., Kintner, P., and Powell, S. (1984). Planetary scale variability of the fair 

weather vertical electric field. Phys. Rev. Lett. 53(14): 1398-1401. [Report on the discovery of short-term 

variability in the planetary-scale-size vertical electric field measured in the stratosphere]. 

Houze, R.A., Jr. (1993). Cloud Dynamics 573 p., San Diego, California: Academic Press. [A 

comprehensive book on cloud dynamics]. 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

Howard, J., M. A. Uman, J. R. Dwyer, D. Hill, C. Biagi, Z. Saleh, J. Jerauld, and H. K. Rassoul (2008). 

Co-location of lightning leader x-ray and electric field change sources, Geophys. Res. Lett., 35, L13817, 

doi:10.1029/2008GL034134. [The authors located the sources of both x-ray emissions and electric field 

changes produced during the leader phase of downward negative natural and rocket-triggered lightning 

strokes]. 

Howard, J., M. A. Uman, C. Biagi, D. Hill, J. Jerauld, V. A. Rakov, J. Dwyer, Z. Saleh, and H. Rassoul 

(2010). RF and X-ray source locations during the lightning attachment process, J. Geophys. Res., 115, 

D06204, doi:10.1029/2009JD012055. [The authors presented 3-D x-ray and RF source locations for 

leaders and attachment processes of three first strokes initiated by stepped leaders in natural cloud-to-

ground lightning and one stroke initiated by a dart-stepped leader in a rocket-and-wire triggered flash]. 

Hu, H., Holzworth, R.H., and Li, Y.Q. (1989). Thunderstorm related variations in stratospheric 

conductivity measurements. J. Geophys. Res. 94: 16,429-16,435. [A report on the vector electric field and 

polar conductivities measured by zero-pressure balloon-borne payloads over thunderstorms (or electrified 

clouds) at altitudes near 30 km]. 

Illingworth, A.J. (1972a). Electric field recovery after lightning as the response of the conducting 

atmosphere to a field change. Quart. J. Roy. Meteorol. Soc. 98: 604-616. [Computations are presented to 

show that the rearrangement of space charge existing in the fair weather conductivity profile of the 

atmosphere can explain the observed rapid recovery of electric field after a lightning flash]. 

Illingworth, A.J. (1985). Charge separation in thunderstorms: Small scale processes. J. Geophys. Res. 90: 

6026-6032. [An analysis is presented of the many possible processes acting within a thunderstorm that 

can result in the separation of electric charge]. 

Imyanitov, I.M., and Chubarina, E.V. (1967). Electricity of the Free Atmosphere, 210 p. Available from 

U.S. Dept. of Commerce, Clearing House for Federal Sci. and Techn. Inf., Springfield, VA 22151. [A 

book based on data obtained in aircraft soundings of the electric field of the atmosphere]. 

Imyanitov, I.M., Chubarina, Y.V., and Shvarts, Y.M. (1971). Electricity of Clouds. 92 p., Leningrad: 

Gidrometeoizdat (NASA Technical Translation from Russian NASA, TT-F-718, 1972). [A book on 

problems of atmospheric electricity and the relationship between meteorological processes in clouds and 

their atmospheric-electrical characteristics]. 

Inan, U. S., M. B. Cohen, R. K. Said, D. M. Smith, and L. I. Lopez (2006). Terrestrial gamma ray flashes 

and lightning discharges, Geophys. Res. Lett., 33, L18802, doi:10.1029/2006GL027085. [Analysis of 

ELF/VLF broadband data from Palmer Station, Antarctica, indicates that 76% of TGFs detected on the 

RHESSI spacecraft occur in association with lightning-generated radio atmospherics arriving within a 

few milliseconds of the TGF]. 

Inan, U. S., S. A. Cummer, and R. A. Marshall (2010). A survey of ELF and VLF research on lightning-

ionosphere interactions and causative discharges, J. Geophys. Res., 115, A00E36, 

doi:10.1029/2009JA014775. [A review of the development of ELF and VLF measurements, both from a 

historical point of view and from the point of view of their relationship to optical and other observations 

of ionospheric effects of lightning discharges]. 

Inan, U. S., S. C. Reising, G. J. Fishman, and J. M. Horack (1996). On the association of terrestrial 

gamma-ray bursts with lightning and implications for sprites, Geophys. Res. Lett., 23(9), 1017–1020, 

doi:10.1029/96GL00746. [The first indication of a direct association of TGF with a lightning discharge]. 

Jacobson, E.A., and Krider, E.P. (1976). Electrostatic field changes produced by Florida lightning. J. 

Atmos. Sci. 103-117. [Electrical structure of thunderclouds is inferred from electrostatic fields measured 

at the Kennedy Space Center, Florida]. 

Jayaratne, E.R. (1993). Conditional instability and lightning incidence in Gaborone, Botswana, Meteor. 

Atmos. Phys. 52: 169-175. [The incidence of lightning, monitored over a period of two years with a 

lightning flash counter, is compared with the measured wet bulb temperatures]. 

Jayaratne, E.R. (1998a). Possible laboratory evidence for multipole electric charge structures in 

thunderstorms. J. Geophys. Res. 103: 1871-1878. [Evidence is presented that variations in the droplet size 

spectrum in the vertical may offer a plausible explanation for the multipole electric charge distributions in 

the stratiform regions and transition zones of mesoscale convective systems]. 

Jayaratne, E.R., and Saunders, C.P.R. (1984). The rain gush, lightning and the lower positive charge 

center in thunderstorms. J. Geophys. Res. 89: 11,816-11,818. [Discussion of the formation of the lower 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

positive charge center in thunderstorms and the initiation of a lightning flash which precedes the 

commonly observed gush of rain on the ground in relation to the graupel-ice charging process]. 

Jayaratne, E.R., Saunders, C.P.R., and Hallett, J. (1983). Laboratory studies of the charging of soft-hail 

during ice crystal interactions. Q.J.R. Meteor. Soc. 109: 609-630. [A laboratory investigation of electric 

charge transfer during the impact of vapour-grown ice crystals and supercooled water droplets upon a 

simulated soft-hailstone target]. 

Johns, R.H., and Doswell, C.A., III, (1992). Severe local storms forecasting. Wea. Forecast. 7: 588-612. 

[A reviews of severe storms with a view toward development of new applications for forecasting of such 

storms]. 

Lemonnier, L.G. (1752). Observations sur l'electricite de l'air. Mem. Acad. Sci. 2: 223. [The first report of 

atmospheric electrical effects in fair weather]. 

Kane, R.J. (1991). Correlating lightning to severe local storms in the northeastern United States. Wea. 

Forecast. 6: 3-12. [Two tornado events and an intense downburst episode are investigated in an attempt to 

relate cloud-to-ground lightning rates with the occurrence of severe local storms]. 

Kasemir H.W. (1959). The thunderstorm as a generator in the global electric circuit (in German). Z. 

Geophys. 25: 33-64. [Discussion of a thundercloud model as related to the global electric circuit]. 

Kasemir, H.W. (1994). Current budget of the atmospheric electric global circuit. J. Geophys. Res. 99: 

10,701-10,708. [A mathematical calculation based on theoretical physics to estimate the current 

contribution for different types of charge generators existing in the atmospheric electric global circuit]. 

Keighton, S.J., Bluestein, H.B., and MacGorman, D.R. (1991). The evolution of a severe mesoscale 

convective system: Cloud-to-ground lightning location and storm structure. Mon. Wea. Rev. 119: 1533-

1556. [Cloud-to-ground lightning-location data are correlated with the Doppler-radar-observed structure 

of the evolution of a severe mesoscale convective system in Oklahoma]. 

Kessler, E. (1986). Thunderstorm origins, morphology, and dynamics. In The Earth's Electrical 

Environment, eds. E.P. Krider and R.G. Robble, pp. 81-89, Washington, D.C.: National Academy Press. 

[A review of origins, morphology, and dynamics of thunderstorms]. 

Kitagawa, N. (1989). Long-term variations in thunderday frequencies in Japan. J. Geophys. Res. 94: 

13,183-13,189. [The frequencies of thunder days in various regions in Japan are investigated for a period 

of 100 years]. 

Knapp, D.I., (1994). Using cloud-to-ground lightning data to identify tornadic thunderstorm signatures 

and nowcast severe weather. Natl. Wea. Assoc. Digest 19: 35-42. [Data for 264 tornadic thunderstorms 

occurring during the Spring 1991 are examined]. 

Krehbiel, P.R. (1986). The electrical structure of thunderstorms. In The Earth's Electrical Environment, 

eds. E.P. Krider and R.G. Roble, pp. 90-113, Washington, D.C.: National Academy Press. [A review of 

cloud charge structure and cloud electrification processes]. 

Krehbiel, P. R., J. A. Riousset, V. P. Pasko, R. J. Thomas, W. Rison, M. A. Stanley, and H. E. Edens 

(2008). Upward electrical discharges from thunderstorms, Nat. Geosci., 1(4), 233– 237, 

doi:10.1038/ngeo162. [The authors present a combination of observational and modeling results that 

indicate two principal ways in which upward discharges escaping from a thundercloud and developing 

towards the ionosphere can be produced]. 

Krehbiel, P.R., Thomas, R.J., Rison, W., Hamlin, T., Harlin, J., and Davis, M. (2000). GPS-based 

mapping system reveals lightning inside storms. Eos, Trans, Am. Geophys. Union 81(3): 21-25. 

[Introduction of the Lightning Mapping Array]. 

Krider, E.P., and Blakeslee, R.J. (1985). The electric currents produced by thunderclouds. J. 

Electrostatics 16: 369-378. [Maps that show the time-development of the pattern of the average Maxwell 

current density over a relatively large area are given for one Florida thunderstorm]. 

Krider, E.P., and Musser, J.A. (1982). Maxwell currents under thunderstorms. J. Geophys. Res. 87: 

11,171-11,176. [The authors estimate and map the Maxwell current densities under a small Florida 

thunderstorm using data provided by a large field mill network]. 

Krider, E.P., and Roble, R.G. (eds.) (1986). The Earth's Electrical Environment, Studies in Geophysics, 

263 p. Washington, D.C.: National Academy Press. [A collection of articles reviewing the advances in 

various research areas related to the electrical environment of the Earth]. 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

Kundt, W, and Thuma, G. (1999). Geoelectricity: atmospheric charging and thunderstorms. J. Atmos. 

Solar-Terr. Phys. 61: 955-963. [A critical discussion of the classical picture of the global circuit]. 

Larsen, H.R., and Stansbury, E.J. (1974). Association of lightning flashes with precipitation cores 

extending to height 7 km. J. Atmos. Terr. Phys. 36: 1547-1553. [Lightning locations are compared with 

the precipitation pattern recorded by radar]. 

Latham, J. (1981). The electrification of thunderstorms. Q.J.R. Meteor. Soc. 107: 277-298. [An attempt to 

identify the mechanism or mechanisms responsible for electric field development within thunderclouds, 

culminating in the production of lightning]. 

Lee, Y.-S., and G.G. Shepherd (2010). Summer high-latitude mesospheric observations of supersonic 

bursts and O(1S) emission rate with the UARS WINDII instrument and the association with sprites, 

meteors, and lightning, J. Geophys. Res., Vol. 115, A00E26, doi:10.1029/2009JA014731. [Coincidences 

in space and time between supersonic velocity profiles and space-based lightning detection observed at a 

wavelength of 777.4 nm are found in a limited number of cases in high-latitude summer]. 

Le Vine, D. M. (1980). Sources of the strongest RF radiation from lightning, J. Geophys. Res., 85, 4091–

4095. [The first report on compact intracloud lightning discharges (CIDs)]. 

Lhermitte, R., and Krehbiel, P.R. (1979). Doppler radar and radio observations of thunderstorms. IEEE 

Trans. Geosci. Electron. GE-17: 162-171. [Three-dimensional motion fields in a thunderstorm are 

compared to measurements of the radar reflectivity structure of the storm and to the locations of VHF 

radiation from electrical discharges]. 

Lhermitte, R., and Williams, E. (1985). Thunderstorm electrification: A case study. J. Geophys. Res. 90: 

6071-6078. [The paper presents interpretation of triple Doppler radar observations of a thunderstorm that 

occurred at the Kennedy Space Center, Florida]. 

Livingston, J.M., and Krider, E.P. (1978). Electric fields produced by Florida thunderstorms. J. Geophys. 

Res. 83: 385-401. [An analysis of thunderstorm electric fields recorded at 25 field mill sites at the 

Kennedy Space Center during the summers of 1975 and 1976]. 

Lomonosov, M.V. (1753). Atmospheric phenomena stemming from electricity. Am. Meteor. Soc. 

(translated from Russian by D. Kraus in 1963), 45 p. [Early works on atmospheric electricity by an 18
th

 

century Russian scientist]. 

Lopez, R.E., and Aubagnac, J.-P. (1997). The lightning activity of a hailstorm as a function of changes in 

its microphysical characteristics inferred from polarimetric radar observations. J. Geophys. Res. 102: 

16,799-16,813. [The progression of cloud-to-ground lightning activity in an Oklahoma hailstorm with 

well-developed supercell organization is related to changes in the microphysical characteristics of the 

storm as inferred from polarimetric radar observations]. 

Lopez, R.E., Ortiz, R., Otto, W.D., and Holle, R.L. (1991). The lightning activity and precipitation yield 

of convective cloud systems in Central Florida. Preprints, 25th Int. Conf. on Radar Meteorology, Paris, 

France, Amer. Meteor. Soc., pp. 907-910. [A study of the relationship between lightning and 

precipitation]. 

Lu, G., R. J. Blakeslee, J. Li, D. M. Smith, X.-M. Shao, E. W. McCaul, D. E. Buechler, H. J. Christian, J. 

M. Hall, and S. A. Cummer (2010). Lightning mapping observation of a terrestrial gamma-ray flash, 

Geophys. Res. Lett., 37, L11806, doi:10.1029/2010GL043494. [A report on the observation with the 

North Alabama Lightning Mapping Array (LMA) related to a TGF detected by RHESSI on 26 July 

2008]. 

Lu, G., S. A. Cummer, J. Li, F. Han, D. M. Smith, and B. W. Grefenstette (2011a). Characteristics of 

broadband lightning emissions associated with terrestrial gamma ray flashes, J. Geophys. Res., 116, 

A03316, doi:10.1029/2010JA016141. [An analysis of broadband (<1 Hz to 30 kHz) lightning magnetic 

fields for TGFs detected by RHESSI satellite in 2004–2009]. 

Lu, G., S.A. Cummer, W.A. Lyons, P.R. Krehbiel, J. Li, W. Rison, R.J. Thomas, H.E. Edens, M.A. 

Stanley, W. Beasley, D.R. MacGorman, O.A. Van der Velde, M.B. Cohen, T.J. Lang, and S.A. Rutledge 

(2011b). Lightning development associated with two negative gigantic jets, Geophys. Res. Lett., 

Vol. 38, L12801, doi:10.1029/2011GL047662. [The authors report observations of two negative polarity 

gigantic jets sufficiently near VHF lightning mapping networks that the associated lightning 

characteristics and charge transfer could be investigated]. 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

Ludlam, F.H. (1980). Clouds and Storms. 405 p., Univ. Park: Pennsylvania State Univ. Press. [A book on 

the behavior of water in the atmosphere and its influence on the motion of the atmosphere]. 

Lyons, W.A., and Keen, C.S. (1994). Observations of lightning in convective supercells within tropical 

storms and hurricanes. Mon. Wea. Rev. 122: 1897-1916. [A study of lightning associated with tropical 

storms and hurricanes]. 

Lyons, W.A., T.E. Nelson, E.R. Williams, S.A. Cummer, and M.A. Stanley (2003). Characteristics of 

Sprite-Producing Positive Cloud-to-Ground Lightning during the 19 July 2000 STEPS Mesoscale 

Convective System, Monthly Weather Review, Vol. 131, 2417-2427. [Video observations of sprites 

triggered by lightning within storms traversing the LMA domain are coordinated with extremely low 

frequency (ELF) transient measurements in Rhode Island and North Carolina].  

Mackerras, D. (1977). Lightning occurrence in a subtropical area. In Electrical Processes in Atmospheres, 

Proc. 5th Int. Conf. on Atmosphere Electricity, Garmisch-Partenkirchen, Germany, eds. H. Dolezalek and 

R. Reiter, pp. 497-502. Darmstadt: Dr. Dietrich Steinkopff Verlag. [A study of long-term average 

lightning flash densities, and the manner in which the occurrence varies with time of day, with season, 

and with meteorological influences in Brisbane, Australia]. 

MacGorman, D.R., and Burgess, D.W. (1994). Positive cloud-to-ground lightning in tornadic storms and 

hailstorms. Mon. Wea. Rev. 122: 1671-1697. [Fifteen storms are analyzed in this paper to examine 

relationships of positive ground hashes to various storm characteristics, especially reports of large hail 

and tornadoes]. 

MacGorman, D.R., Burgess, D.W., Mazur, V., Rust, W.D., Taylor, W.L., and Johnson, B.C. (1989). 

Lightning rates relative to tornadic storm evolution on 22 May 1981. J. Atmos. Sci. 46: 221-250. 

[Analysis of lightning and Doppler radar data on two tornadic storms in Oklahoma]. 

MacGorman, D.R., and Nielsen, K.E. (1991). Cloud-to-ground lightning in a tornadic storm on 8 May 

1986. Mon. Wea. Rev. 119: 1557-1574. [Analysis of Doppler radar and lightning ground strike data on a 

supercell storm that produced three tornadoes]. 

MacGorman, D.R., and Rust, W.D. (1998). The Electrical Nature of Thunderstorms, 422 p., New York: 

Oxford University Press. [A textbook on electrical processes of storms]. 

MacGorman, D.R., Rust, W.D., and Mazur, V. (1985). Lightning activity and mesocyclone evolution, 17 

May 1981. Preprints, 14th Conf. Severe Local Storms, Amer. Meteor. Soc., pp. 355-358. [A study of the 

relationship between lightning and tornado]. 

Magono, C. (1980). Thunderstorms, 261 p., New York: Elsevier. [A book on thunderstorm electricity and 

lightning]. 

Maier, M.W., and Krider, E.P. (1982). A comparative study of the cloud-to-ground lightning 

characteristics in Florida and Oklahoma thunderstorms, Preprints, 12th Conf. on Severe Local Storms, 

San Antonio, Texas, Am. Meteor. Soc., Boston, Massachusetts, pp. 334-337. [The authors used a two-

station lightning locating system to study the occurrence of cloud-to-ground lightning in three severe 

storms in northern Texas and Oklahoma and 268 air-mass storms in south Florida]. 

Malan, D.J. (1952). Les décharges dans l'air et la charge inférieure positive d'un nuage orageuse. Ann. 

Geophys. 8: 385-401. [Discussion of the role corona at ground in formation of the lower positive charge 

region in the cloud]. 

Markson, R. (1976). Ionospheric potential variations obtained from aircraft measurements of potential 

gradient. J. Geophys. Res. 81: 1980-1990. [The author presents aircraft measurements of vertical potential 

gradient that were used to obtain the temporal variation of ionospheric potential].  

Marriott, W. (1908). Brontometer records at West Norwood, June 4, 1908. Q.J.R. Meteor. Soc. 34: 210-

212. [A report on observation of 98 lightning flashes during a 28 min thunderstorm period in England, 

which yielded the flash rate of 3.5 per minute used by Brooks (1925) for estimating the global flash rate 

of 100 per second]. 

Marsh, S.J., and Marshall, T.C. (1993). Charged precipitation measurements before the first lightning 

flash in a thunderstorm. J. Geophys. Res. 98: 16,605-16,61l. [The authors report on balloon measurements 

of the electric field and of the charge and vertical velocity of precipitation particles in a thunderstorm over 

Langmuir Laboratory. Possible origins of the lower positive charge are discussed].  

Marshall, J.S., and Radhakant, S. (1978). Radar precipitation maps as lightning indicators. J. Appl. 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

Meteor. 17: 206-212. [Radar maps of precipitation at a height of 6 km are studied for the thunderstorm of 

one July day]. 

Marshall, T.C., and Lin, B. (1992). Electricity in dying thunderstorms. J. Geophys. Res. 97: 9913-9918. 

[Results of balloon soundings in two dying thunderstorms are presented]. 

Marshall, T.C., and Marsh, S.J. (1993). Negatively charged precipitation in a New Mexico thunderstorm, 

J. Geophys. Res. 98: 14,909-14,916. [The authors report on substantial quantities of negatively charged 

precipitation found in the main negative charge center of a small New Mexico thunderstorm]. 

Marshall, T.C., and Marsh, S.J. (1995). Reply. J. Geophys. Res. 100: 16,869-16,871. [The authors 

respond to critical comments and reaffirm their previous findings]. 

Marshall, T.C., Rison, W., Rust, W.D., Stolzenburg, M., Willett, J.C., and Winn, W.P. (1995b). Rocket 

and balloon observations of electric field in two thunderstorms. J. Geophys. Res. 100: 20,815-20,828. 

[Two different instruments (one carried by a rocket and one carried by a balloon) are used to measure the 

electric field in two thunderstorms]. 

Marshall, T.C., and Rust, W.D. (1991). Electric field soundings through thunderstorms. J. Geophys. Res. 

96: 22,297-22,306. [The authors report on 12 balloon soundings of the electric field in thunderstorms]. 

Marshall, T.C., and Rust, W.D. (1993). Two types of vertical electrical structures in stratiform 

precipitation regions of mesoscale convective systems. Bull. Amer. Meteor. Soc. 74: 2159-2170. [Electric 

field soundings in the stratiform regions and transition zones of mesoscale convective systems are 

reported]. 

Marshall, T.C., Rust, W.D., and Stolzenburg, M. (1995c). Electrical structure and updraft speeds in 

thunderstorms over the southern Great Plains. J. Geophys. Res. 100: 1001-1015. [The authors report on 

11 balloon soundings of the electric field and thermodynamics in large and sometimes severe and tornadic 

thunderstorms over the southern U.S. Great Plains]. 

Marshall, T.C., Rust, W.D., Winn, W.P., and Gilbert, K.E. (1989). Electrical structure in two 

thunderstorm anvil clouds. J. Geophys. Res. 94: 2171-2181. [Evidence is presented that anvil clouds are 

strongly electrified]. 

Marshall, T.C., and Stolzenburg, M. (1998). Estimates of cloud charge densities in thunderstorms. J. 

Geophys. Res. 103: 19,769-19,775. [The total charge density and the precipitation charge density inferred 

from six balloon soundings of electric field and precipitation charge are compared]. 

Marshall, T.C., and Stolzenburg, M. (2001). Voltages inside and just above thunderstorms. J. Geophys. 

Res. 106 (D5): 4757-4768. [The authors present estimates of the voltage relative to the Earth inside 

thunderstorms and at cloud top from balloon soundings of electric field through convective regions and 

stratiform clouds]. 

Marshall, T.C., and Winn, W.P. (1982). Measurements of charged precipitation in a New Mexico 

thunderstorm: Lower positive charge centers, J. Geophys. Res. 87: 7141-7157. [A study of the lower 

positive charge region in the cloud based on measurements obtained with an instrumented balloon]. 

Marshall, T.C., and Winn, W.P. (1985). Comments on "The 'rain gush,' lightning, and the lower positive 

center in thunderstorm" by E.R. Jayaratne and C.P.R. Saunders. J. Geophys. Res. 90: 10,753-10,754. 

[Critical comments on the possible explanation for the formation of the lower positive charge region 

offered by Jayaratne and Saunders (1984)]. 

Mason, B.J. (1971). The Physics of Clouds, 2nd ed., 671 p., London: Oxford Univ. Press. [A book on 

cloud physics with emphasis on the microphysical processes of cloud formation and electrification]. 

Mason, B.L., and Dash, J.G. (1999a). An experimental study of charge and mass transfer during ice 

contact interactions. In Proc. 11th Int. Conf. on Atmospheric Electricity, Guntersville, Alabama, pp. 264-

267. [Results of the experiment to test the prediction of the Baker and Dash (1989, 1994) theory are 

presented]. 

Mason, B.L., and Dash, J.G. (2000). Charge and mass transfer in ice-ice collisions: experimental 

observations of a mechanism in thunderstorm electrification. J. Geophys. Res. 105: 20,185-20,192. [A 

microphysical mechanism that may be important in the electrification of thunderstorms is probed in an 

experimental study of collisional charging of ice surfaces]. 

Maynard, N.C., Croskey, C.L., Mitchell, J.D., and Hale, L.C. (1981). Measurement of volt/meter vertical 

electric fields in the middle atmosphere. Geophys. Res. Lett. 8: 923-926. [A downward vertical electric 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

field with a maximum amplitude of about 4 V/m is observed in an atmosphere layer between about 57 

and 67 km]. 

McCarthy, M.P. and Parks, G.K. (1985). Further observations of X rays inside thunderstorms. Geophys. 

Res. Lett. 12: 393-396. [Observations of x-ray flux increases in the energy range 5 to >110 keV for time 

intervals of several seconds each are reported]. 

Michalon, N., Nassif, A., Saouri, T., Royer, J.F., and Pontikis, C.A. (1999). Contribution to the 

climatological study of lightning. Geophys. Res. Lett. 26: 3097-3100. [A new parameterization of the 

lightning flash frequency is obtained on the basis of simple dimensional arguments]. 

Molinari, J., Moore, P., Idone, V. (1999). Convective structure of hurricanes as revealed by lightning 

locations. Mon. Wea. Rev. 127: 520-534. [Cloud-to-ground lightning flash locations are examined for 

nine Atlantic basin hurricanes using data from the U.S. National Lightning Detection Network]. 

Molinari, J., Moore, P.K., Idone, V.P., Henderson, R.W., and Saljoughy, A.B. (1994). Cloud-to-ground 

lightning in Hurricane Andrew. J. Geophys. Res. 99: 16,655-16,676. [The spatial and temporal 

distribution of cloud-to-ground lightning is examined in Hurricane Andrew of 1992]. 

Molinié, J., and Pontikis, C.A. (1995). A climatological study of tropical thunderstorm clouds and 

lightning frequencies on the French Guyana coast. Geophys. Res. Lett. 22: 1085-1088. [The 

climatological conditions that are favorable to thunderstorm cloud development in the coastal zone of 

French Guyana are investigated]. 

Molinie, G., Soula, S., and Chauzy, S. (1999). Cloud-to-ground lightning activity and radar observations 

of storms in the Pyrenees range area. Q.J.R. Meteor. Soc. 125: 3103-3122. [Analysis of radar observations 

and cloud-to-ground lightning flash activity of several thunderstorms occurring over the Pyrénées range]. 

Moore, C.B., Eack, K.B., Aulich, G.D., and Rison, W. (2001). Energetic radiation associated with 

lightning stepped-leaders. Geophys. Res. Lett. 28: 2141-2144. [Bursts of x-ray radiation with energies in 

excess of 1 MeV are recorded at a mountain-top observatory immediately before three negative cloud-to-

ground lightning strikes]. 

Moore, C.B., and Vonnegut, B. (1977). The thundercloud. In Lightning, Vol. 1, Physics of Lightning, ed. 

R.H. Golde, pp. 51-98. New York: Academic Press. [A comprehensive review of thundercloud formation, 

evolution, and electrification]. 

Moore, C.B., Vonnegut, B., and Holden, D.N. (1989). Anomalous electric fields associated with clouds 

growing over a source of negative space charge. J. Geophys. Res. 94: 13,127-13,134. [Tests of influence 

mechanism explanations for thundercloud electrification are attempted by modifying the initial 

atmospheric electrical conditions beneath convective clouds]. 

Moss, G.D., V.P. Pasko, N. Liu, and G. Veronis (2006). Monte Carlo model for analysis of thermal 

runaway electrons in streamer tips in transient luminous events and streamer zones of lightning leaders, J. 

Geophys. Res., Vol. 111, A02307, doi:10.1029/2005JA011350. [The authors present the formulation of a 

Monte Carlo model, which is capable of describing electron dynamics in air, including the thermal 

runaway phenomena, under the influence of an external electric field of an arbitrary strength]. 

Nag, A., and V.A. Rakov (2009). Some inferences on the role of lower positive charge region in 

facilitating different types of lightning. Geophys. Res. Lett., Vol. 36, L05815, 

doi:10.1029/2008GL036783. [Assuming that the preliminary breakdown pulse train is a manifestation of 

interaction of a downward-extending negative leader channel with the lower positive charge region, the 

authors qualitatively examine the inferred dependence of lightning type on the magnitude of this charge 

region]. 

Nag, A., and V. A. Rakov (2010a). Compact intracloud lightning discharges: 1. Mechanism of 

electromagnetic radiation and modeling, J. Geophys. Res., 115, D20102, doi:10.1029/2010JD014235. [On 

the basis of experimental evidence of multiple reflections and modeling, the authors infer that, from the 

electromagnetic point of view, the compact intracloud lightning discharge is essentially a bouncing-wave 

phenomenon]. 

Nag, A., and V. A. Rakov (2010b). Compact intracloud lightning discharges: 2. Estimation of electrical 

parameters, J. Geophys. Res., 115, D20103, doi:10.1029/2010JD014237. [The authors estimate electrical 

parameters of 48 located compact intracloud discharges using their measured electric fields and vertical 

Hertzian dipole approximation]. 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

Nag, A., V. A. Rakov, D. Tsalikis, and J. A. Cramer (2010). On phenomenology of compact intracloud 

lightning discharges, J. Geophys. Res., 115, D14115, doi:10.1029/2009JD012957. [The authors examine 

wideband electric fields, electric and magnetic field derivatives, and narrowband VHF (36 MHz) 

radiation bursts produced by 157 compact intracloud discharges in Florida]. 

Nesbitt, S.W., Zipser, E.J., and Cecil, D.J. (2000). A census of precipitation features in the tropics using 

TRMM: Radar, ice scattering, and lightning observations. J. Climate 13: 4087-4106. [An algorithm is 

developed to identify precipitation features in two land and two ocean regions in the tropics]. 

Nisbet, J.S. (1983). A dynamic model of thundercloud electric fields. J. Atmos. Sci. 40: 2855-2873. [A 

description is given of the first results obtained with a new type of dynamic electrical model of 

a thundercloud]. 

Nisbet, J.S. (1985a). Thundercloud current determination from measurements at the Earth's surface. J. 

Geophys. Res. 90: 5840-5856. [A dynamic interactive electrical model is used in which the distributed 

earth, atmosphere, and ionosphere circuit is included]. 

Nisbet, J.S. (1985b). Currents to the ionosphere from thunderstorm generators: A model study. J. 

Geophys. Res. 90: 9831-9844. [Relations between the generator currents in a thunderstorm cell and the 

currents to the ionosphere are examined]. 

Orville, R.E., Maier, M.W., Mosher, F.R., Wylie, D.P., and Rust, W.D. (1982). The simultaneous display 

in a severe storm of lightning ground strike locations onto satellite images and radar reflectivity patterns. 

Preprints, 12th Conf. Severe Local Storms, Amer. Meteor. Soc., pp. 448-451. [Results of a study of 

tornadic storms are presented]. 

Parks, G. K., B. H. Mauk, R. Spiger, and J. Chin (1981). X-ray enhancements detected during 

thunderstorm and lightning activities, Geophys. Res. Lett., 8, 1176–1179, doi:10.1029/GL008i011p01176. 

[The authors report that significant quantities of 3 to >12 keV x-rays are produced within thunderstorm 

clouds]. 

Pasko, V. P. (2010). Recent advances in theory of transient luminous events, J. Geophys. Res., 115, 

A00E35, doi:10.1029/2009JA014860. [An overview of the modeling efforts directed to the interpretation 

of observed features of transient luminous events termed sprites, blue jets, and gigantic jets]. 

Peckham, D.W., Uman, M.A., and Wilcox, C.E. Jr. (1984). Lightning phenomenology in the Tampa Bay 

area. J. Geophys. Res. 89: 11,789-11,805. [A lighting locating system employing two wideband, gated 

magnetic direction finders is used to study the negative cloud-to-ground lighting in 111 storms in 

Florida]. 

Pereyra, R.G., Avila, E.E., Castellano, N.E., and Saunders, C.P.R. (2000). A laboratory study of graupel 

charging. J. Geophys. Res. 105: 20,803-20,812. [Measurements are reported of charge transfer when 

vapor grown ice crystals rebound from a riming target representing a graupel pellet falling in a 

thundercloud]. 

Perez, A.H., Wicker, L.J., and Orville, R.E. (1997). Characteristics of cloud-to-ground lightning 

associated with violent tornadoes. Wea. Forecast. 12: 428-437. [Cloud-to-ground lightning patterns in 42 

violent tornado-producing (F4, F5) supercells are analyzed]. 

Petersen, W.A., and Rutledge, S.A. (1998). On the relationship between cloud-to-ground lightning and 

convective rainfall. J. Geophys. Res. 103: 14,025-14,040. [Ratios of area mean rainfall and cloud-to-

ground lightning flash count are computed for several different locations around the globe]. 

Petersen, W.A., Rutledge, S.A., and Orville, R.E. (1996). Cloud-to-ground lightning observations from 

TOGA COARE: Selected results and lightning location algorithms. Mon. Wea. Rev. 124: 602-620. [This 

study focuses on data collected by the Tropical Ocean Global Atmosphere Coupled Ocean-Atmosphere 

Response Experiment (TOGA COARE) lightning detection network, fusion of those data with 

observations, and the methods used to calculate accurate lightning locations]. 

Phillips, B.B. (1967a). Charge distribution in a quasi-static thundercloud model. Mon. Wea. Rev., 95: 

847-853. [An analysis is made of the charge distribution in a quasi-static thundercloud system]. 

Piepgrass, M.V., Krider, E.P., and Moore, C.B. (1982). Lightning and surface rainfall during Florida 

thunderstorms. J. Geophys. Res. 87: 11,193-11,201. [Electric field records are computer analyzed to 

determine the lightning statistics for air-mass thunderstorms at the Kennedy Space Center, Florida]. 

Pierce, E.T. (1974). Atmospheric electricity - some themes. Bull. Am. Meteor. Soc. 55: 1186-1194. 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

[Trends in atmospheric electricity are illustrated by means of four themes]. 

Pierce, E.T. (1977). Lightning warning and avoidance. In Lightning, vol. 2, Lightning Protection, ed. 

R.H. Golde, pp. 497-519, New York: Academic Press. [A review of the geophysical principles involved 

in lightning warning and avoidance]. 

Pinto, I.R.C.A., Pinto Jr. O., Gonzalez, W.D., Dutra, L.G., Wygant, J., and Mozer, F.S. (1988). 

Stratospheric electric field and conductivity measurements over electrified convective clouds in the South 

American region. J. Geophys. Res. 93: 709-715. [Stratospheric dc electric fields and conductivity 

measurements, associated with electrified convective clouds identified by satellite infrared imagery, are 

presented]. 

Plotkin, V.V. (1999). Electric fields in the ionosphere due to global lightning activity. Geomagnetism i 

Aeronomia 39(2): 126-129. [A model study of electric fields in the ionosphere]. 

Price, C. (2000). Evidence for a link between global lightning activity and upper tropospheric water 

vapour. Nature 406: 290-293. [The author shows that upper-tropospheric water-vapour variability and 

global lightning activity are closely linked]. 

Price, C., and Rind, D. (1992). A simple lightning parametrization for calculating global lightning 

distributions. J. Geophys. Res. 97: 9919-9933. [A simple parameterization is developed to simulate global 

lightning distributions]. 

Price, C., and Rind, D. (1994a). Possible implications of global climate change on global lightning 

distributions and frequencies. J. Geophys. Res. 99: 10,823-10,831. [A study of the possible implications 

of past and future climate changes on global lightning frequencies]. 

Prinz, H. (1977). Lightning in history. In Lightning, Vol. 1, Physics of Lightning, ed. R.H. Golde, pp. 1-

21, New York: Academic Press. [A historical overview of pre-scientific observations of lightning].  

Proctor, D.E. (1983). Lightning and precipitation in a small multicellular thunderstorm, J. Geophys. Res. 

88: 5421-5440. [Radio images of 26 consecutive lightning flashes are described in relation to radar 

pictures of the storm]. 

Pruppacher, H.R., and Klett, J.D. (1978). Microphysics of Clouds and Precipitation, 2nd ed., 954 p., 

Kluwer. [A book on microphysical aspects of clouds and precipitation]. 

Rakov, V. A., and M. A. Uman (2003), Lightning: Physics and Effects, 687 p., Cambridge Univ. Press, 

New York. [The first monograph to cover essentially all aspects of lightning]. 

Ramachandran, R., Detwiler, A, Helsdon J., and Smith, P.L. (1996). Precipitation development and 

electrification in Florida thunderstorm cells during convection and precipitation/electrification project. J. 

Geophys. Res. 101: 1599-1619. [Precipitation development and electrification in Florida thunderstorms 

are observed using an instrumented aircraft and a multiparameter radar]. 

Reap, R.M. (1986). Evaluation of cloud-to-ground lightning data from the western United States for the 

1983-1984 summer seasons. J. Clim. Appl. Meteor. 25: 785-799. [Over two million cloud-to-ground 

lightning strike locations are evaluated to determine the large-scale climatological characteristics of 

lightning activity over mountainous terrain in the western United States]. 

Reap, R.M., and MacGorman, D.R. (1989). Cloud-to-ground lightning: Climatological characteristics and 

relationships to model fields, radar observations, and severe local storms. Mon. Wea. Rev. 117: 518-535. 

[Data for nearly 2 million lightning flashes recorded by the National Severe Storm Laboratory's lightning 

locating network are evaluated to determine some of the climatological characteristics of cloud-to-ground 

lightning]. 

Reid, G.C. (1986). Electrical structure of the middle atmosphere. In The Earth's Electrical Environment, 

eds. E.P. Krider, and R.G. Roble, pp. 183-194, Washington, D.C.: National Academy Press. [A review of 

electrical structure of the upper stratosphere and the mesosphere]. 

Riousset, J. A., V. P. Pasko, P. R. Krehbiel, W. Rison, and M. A. Stanley (2010), Modeling of 

thundercloud screening charges: Implications for blue and gigantic jets, J. Geophys. Res., 115, A00E10, 

doi:10.1029/2009JA014286. [A two-dimensional axisymmetric model of charge relaxation in the 

conducting atmosphere is used in conjunction with a probabilistic lightning model to demonstrate how 

realistic cloud electrodynamics lead to the development of blue and gigantic jets]. 

Reeve, N., and Tuomi, R. (1999). Lightning activity as an indicator of climate change. Q.J.R. Meteor. 

Soc. 125: 893-903. [Data from the Optical Transient Detector lightning sensor are analyzed to investigate 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

the hypothesis that global lightning activity will increase should the average global temperature increase]. 

Reynolds, S.E., Brook, M., and Gourley, M.F. (1957). Thunderstorm charge separation. J. Meteor. 14: 

426-436. [The authors review the cloud electrification processes]. 

Roble, R.G., and Tzur, I. (1986). The global atmospheric-electrical circuit. In The Earth's Electrical 

Environment, eds. E.P. Krider and R.G. Roble, pp. 206-231, Washington, D.C.: National Academy Press. 

[A review of the global electric circuit]. 

Rutledge, S.A., Williams, E.R., and Keenan, T.D. (1992). The down under Doppler and electricity 

experiment (DUNDEE): Overview and preliminary results. Bull. Amer. Meteor. Soc. 73: 3-16. [The 

DUNDEE (Down Under Doppler and Electricity Experiment) carried out in the vicinity of Darwin, 

Australia, is described].  

Rycroft, M.J. (1994). Some effects in the middle atmosphere due to lightning. J. Atmos. Terr. Phys. 56: 

343-348. [A brief review is given of some of the electrodynamic responses of the middle atmosphere to 

lightning]. 

Saunders, C.P.R. (1993). A review of thunderstorm electrification processes. J. Appl. Meteor. 32: 642-

655. [Developments in the area of thunderstorm electrification processes are reviewed]. 

Saunders, C.P.R. (1994). Thunderstorm electrification laboratory experiments and charging mechanisms. 

J. Geophys. Res. 99: 10,773-10,779. [Laboratory experiments of graupel charging during ice particle 

collisions reveal a charge sign dependence on temperature and cloud conditions]. 

Saunders, C.P.R. (1995). Thunderstorm electrification. In Handbook of Atmospheric Electrodynamics, 

vol. I, ed. H. Volland, pp. 61-92. Boca Raton, Florida: CRC Press. [A comprehensive review of cloud 

electrification]. 

Saunders, C.P.R., Keith, W.D., and Mitzeva, R.P. (1991). The effect of liquid water on thunderstorm 

charging. J. Geophys. Res. 96: 11,007-11,017. [Based on laboratory studies, the authors show that 

thunderstorm charging caused by the interactions of ice crystals and graupel pellets is affected in sign and 

magnitude by temperature and cloud liquid water content]. 

Sadiku, M.N.O. (1994). Elements of Electromagnetics, 821 p., Orlando, Florida: Sounders College. [A 

textbook on electromagnetic theory]. 

Samsury, C.E., and Orville, R.E. (1994). Cloud-to-ground lightning in tropical cyclones: A study of 

Hurricanes Hugo (1989) and Jerry (1989). Mon. Wea. Rev. 122: 1887-1896. [Cloud-to-ground lightning 

characteristics of two Atlantic tropical cyclones of 1989, Hurricanes Hugo and Jerry, are presented]. 

Seimon, A. (1993). Anomalous cloud-to-ground lightning in an F5-tornado-producing supercell 

thunderstorm on 28 August 1990. Bull. Amer. Meteor. Soc. 74: 189-203. [An F5 tornado that devastated 

Plainfield, Illinois, and environs on 28 August 1990, killing 29 people, is shown to be produced by a 

thunderstorm characterized by highly anomalous could-to-ground (CG) lightning activity]. 

Shafer, M.A. (1990). Cloud-to-ground lightning in relation to digitized radar data in severe storms. 

Master's thesis, Univ. Oklahoma, 93 p. [The author investigates the use of lightning data in conjunction 

with other available data sets for developing operational forecast applications]. 

Shao, X.-M., T. Hamlin, and D. M. Smith (2010), A closer examination of terrestrial gamma-ray flash-

related lightning processes, J. Geophys. Res., 115, A00E30, doi:10.1029/2009JA014835. [The authors 

present detailed comparisons between TGFs detected by the RHESSI satellite and the lightning processes 

observed by the Los Alamos Sferic Array (LASA)]. 

Shao, X.-M., J. Harlin, M. Stock, M. Stanley, A. Regan, K. Wiens, T. Hamlin, M. Pongratz, D. 

Suszcynsky, and T. Light (2005). Katrina and Rita Were Lit Up with Lightning, EOS, Vol. 86, No. 42, 

398. [The authors show that Hurricanes Katrina and Rita differed from typical hurricanes in their 

lightning production rate]. 

Sheridan, S.C., Griffiths, J.F., and Orville, R.E. (1997). Warm season cloud-to-ground lightning-

precipitation relationships in the south-central United States. Wea. Forecast. 12: 449-458. [This study 

examines the relationship between cloud-to-ground lightning and surface precipitation using observations 

from six regions in the south-central United States]. 

Shih, S.F. (1988). Using lightning for rainfall estimation in Florida. Trans. Amer. Soc. Agric. Eng. 31: 

750-755. [A study of the relation between lightning and rainfall]. 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

Simpson, G.C., and Robinson, G.D. (1941). The distribution of electricity in the thunderclouds. Pt. II. 

Proc. R. Soc. London Ser. A 177: 281-329. [A study of the distribution of electricity in thunderclouds 

using free balloons]. 

Simpson, G., and Scrase, F.J. (1937). The distribution of electricity in thunderclouds. Proc. R. Soc. 

London Ser. A 161: 309-352. [The first report on the cloud charge structure inferred from in-situ 

measurements of potential gradient]. 

Smith, D. A., X. M. Shao, D. N. Holden, C. T. Rhodes, M. Brook, P. R. Krehbiel, M. Stanley, W. Rison, 

and R. J. Thomas (1999). A distinct class of isolated intracloud discharges and their associated radio 

emissions, J. Geophys. Res., 104(D4), 4189–4212, doi:10.1029/1998JD200045. [A study of compact 

intracloud discharges that occurred in the most active regions of three thunderstorms located in New 

Mexico and west Texas]. 

Smith, D. M. (2009). Terrestrial gamma-ray flashes, relativistic runaway, and high energy radiation in the 

atmosphere, AIP Conf. Proc., 1118(34), doi: 10.1063/1.3137710. [A review of energetic radiation 

associated with thunderstorms and with individual lightning flashes]. 

Smith, D.M., J.R. Dwyer, B.J. Hazelton, B.W. Grefenstette, G.F.M. Martinez-McKinney, Z.Y. Zhang, 

A.W. Lowell, N.A. Kelley, M.E. Splitt, S.M. Lazarus, W. Ulrich, M. Schaal, Z.H. Saleh, E. Cramer, H.K. 

Rassoul, S.A. Cummer, G. Lu, and R.J. Blakeslee (2011). The rarity of terrestrial gamma-ray flashes, 

Geophys. Res. Lett., Vol. 38, L08807, doi:10.1029/2011GL046875. [The authors report on the first search 

for TGFs near the tops of Florida thunderstorms using an instrumented airplane]. 

Smith, D.M., L.I. Lopez, R.P. Lin, C.P. Barrington-Leigh (2005). Terrestrial Gamma-Ray Flashes 

Observed up to 20 MeV, Science, Vol. 307, 1085-1088. [A report on TGFs detected with the RHESSI 

satellite]. 

Smith, S.B., La Due, J.G., and MacGorman, D.R. (2000). The relationship between cloud-to-ground 

lightning polarity and surface equivalent potential temperature during three tornadic outbreaks. Mon. 

Wea. Rev. 128: 3320-3328. [The relationship between cloud-to-ground lightning polarity and surface 

equivalent potential temperature is examined for tornadic storm events]. 

Solomon, R., and Baker, M., (1994). Electrification of New Mexico thunderstorms. Mon. Wea. Rev. 122: 

1878-1886. [The authors use a numerical model of early electrification in thunderstorms, together with 

observations of a series of summer thunderstorms in New Mexico, to understand the roles of certain 

environmental factors in determining thunderstorm electrification]. 

Soula, S., Sauvageot, H., Molinie, G., Mesnard, F., and Chauzy, S. (1998). The CG lightning activity of a 

storm causing a flash-flood. Geophys. Res. Lett. 25: 1181-1184. [The authors report that the flash rate 

reached high values before the arrival of the precipitation at the ground. A very good agreement between 

the location of the intense rain at the ground and the high ground flash density is observed]. 

Squires, K., and S. Businger (2008). The Morphology of Eyewall Lightning Outbreaks in Two Category 5 

Hurricanes, Mon. Wea. Rev., Vol. 136, 1706-1726. [Data from the Long-Range Lightning Detection 

Network (LLDN), the Tropical Rainfall Measuring Mission (TRMM) satellite, and reconnaissance 

aircraft are used to analyze the morphology of lightning outbreaks in the eyewalls of Hurricanes Rita and 

Katrina]. 

Stanley, M. A., X.-M. Shao, D. M. Smith, L. I. Lopez, M. B. Pongratz, J. D. Harlin, M. Stock, and A. 

Regan (2006). A link between terrestrial gammaray flashes and intracloud lightning discharges, Geophys. 

Res. Lett., 33, L06803, doi:10.1029/2005GL025537. [A report on lightning waveforms recorded by the 

Los Alamos Sferic Array in association with TGFs]. 

Stansbery, E.K., Few, A.A., and Geis, P.B. (1993). A global model of thunderstorm electricity. J. 

Geophys. Res. 98: 16,591-16,603. [An axisymmetric numerical model in an Earth-centered spherical 

coordinate system is created to calculate the electric field distribution and current distribution from a 

thunderstorm source in the global electrical circuit]. 

Stenbaek-Nielsen, H. C., M. G. McHarg, T. Kanmae, and D. D. Sentman (2007), Observed emission rates 

in sprite streamer heads, Geophys. Res. Lett., 34, L11105, doi:10.1029/2007GL029881. [The authors 

estimate emission rates in bright streamer heads of sprites optically observed at 10,000 frames per 

second]. 

Stolzenburg, M. (1994). Observations of high ground flash densities of positive lightning in summertime 

thunderstorms. Mon. Wea. Rev. 122: 1740-1750. [Using data from a nationwide network of magnetic 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

direction finders, 24 storms with high ground flash densities of positive lighting are found in the U.S. 

Great Plains]. 

Stolzenburg, M., and Marshall, T.C. (1998). Charged precipitation and electric field in two 

thunderstorms. J. Geophys. Res. 103: 19,777-19,790. [This paper reports on two balloon soundings of 

electric field and precipitation charge in two different storms in central New Mexico]. 

Stolzenburg, M., Rust, W.D., and Marshall, T.C. (1998a). Electrical structure in thunderstorm convective 

regions. 2. Isolated storms. J. Geophys. Res. 103: 14,079-14,096. [Electric field soundings through the 

convective regions of two types of isolated thunderstorms are examined]. 

Stolzenburg, M., Rust, W.D., and Marshall, T.C. (1998b). Electrical structure in thunderstorm convective 

regions. 3. Synthesis. J. Geophys. Res. 103: 14,097-14,108. [Results from nearly 50 electric field 

soundings through convective regions of mesoscale convective systems, isolated supercells, and isolated 

New Mexican mountain storms are compared and synthesized]. 

Stolzenburg, M., Rust, W.D., Smull, B.F., and Marshall, T.C. (1998c). Electrical structure in 

thunderstorm convective regions. 1. Mesoscale convective systems. J. Geophys. Res. 103: 14,059-14,078. 

[Electric field soundings through convective regions of mesoscale convective systems are examined in 

this paper]. 

Suszcynsky, D. M., R. Roussel-Dupre, and G. Shaw (1996). Ground-based search for X rays generated by 

thunderstorms and lightning, J. Geophys. Res., 101(D18), 23,505–23,516, doi:10.1029/96JD02134. [X-

ray observations are discussed in terms of runaway electron acceleration in thunderstorm electric fields 

and in terms of the runaway air breakdown mechanism for lightning initiation]. 

Takahashi, T. (1978a). Riming electrification as a charge generation mechanism in thunderstorms. J. 

Atmos. Sci. 35: 1536-1548. [Discussion of riming electrification studied in cold room experiments 

simulating thunderstorm conditions]. 

Takahashi, T. (1978b). Electrical properties of oceanic tropical clouds at Ponape, Micronesia. Mon. Wea. 

Rev. 106: 1598-1612. [Results of ground-based and radiosonde observations of the electrical properties of 

oceanic tropical clouds are reported]. 

Takahashi, T. (1990). Near absence of lightning in torrential rainfall producing Micronesian 

thunderstorms. Geophys. Res. Lett. 17: 2381-2384. [The near absence of lightning in the torrential rain 

producing, tall, convective clouds, studied using special radiosondes, is reported]. 

Takahashi, T., Tajiri, T., and Sonoi, Y. (1999). Charges on graupel and snow crystals and the electrical 

structure of winter thunderstorms. J. Atmos. Sci. 56: 1561-1578. [The shape and electric charge on 

particles in Hokuriku winter cumulus clouds are measured using videosondes]. 

Taniguchi, T., Magono, C., and Endoh, T. (1982). Charge distribution in active winter clouds. Res. Lett. 

Atmos. Electr. 2: 35-38. [The charge distribution in active winter clouds is studied by means of specially 

designed electric sondes]. 

Tapia, A., Smith, J.A., and Dixon, M. (1998). Estimation of convective rainfall from lightning 

observations. J. Appl. Meteor. 37: 1497-1509. [The authors attempt to develop a technique that would 

allow one to use lightning observations for estimating convective rainfall]. 

Tavani, M., et al. (2011), Terrestrial gamma-ray flashes as powerful particle accelerators, Phys. Rev. Lett., 

106, 018501, doi:10.1103/ PhysRevLett .106 .018501. [The authors present TGF timing and spectral data 

based on the observations of the Italian Space Agency AGILE satellite]. 

Tomilin, A. (1986). The Magic of Faunus, 256 p., Leningrad: Lenizdat. [A book on atmospheric 

electricity written for the layman]. 

Torii, T., T. Sugita, M. Kamogawa, Y. Watanabe, and K. Kusunoki (2011). Migrating source of energetic 

radiation generated by thunderstorm activity, Geophys. Res. Lett., Vol. 38, L24801, 

doi:10.1029/2011GL049731. [The authors identify a migrating source of high energy radiation, lasting for 

several minutes, attributed to thunderstorm activity].  

Torii, T., T. Sugita, S. Tanabe, Y. Kimura, M. Kamogawa, K. Yajima, and H. Yasuda (2009). Gradual 

increase of energetic radiation associated with thunderstorm activity at the top of Mt. Fuji, Geophys. Res. 

Lett., Vol. 36, L13804, doi:10.1029/2008GL037105. [The authors report on fluctuations of energetic 

radiation that seemed to be caused by a summer thunderstorm, observed at the top of Mt. Fuji]. 

Torii, T., M. Takeishi, and T. Hosono (2002). Observation of gamma-ray dose increase associated with 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

winter thunderstorm and lightning activity, J. Geophys. Res., Vol. 107, No. D17, 4324, 

doi:10.1029/2001JD000938. [Increases of environmental gamma-ray dose, which seem to originate from 

lightning activity, are observed around a nuclear facility in Japan]. 

Torreson, O.W., Gish, O.H., Parkinson, W.C., and Wait, G.R. (1946). Scientific results of Cruise VII of 

the Carnegie during 1928-1929 under command of Captain J.P. Ault, Oceanography-III, Ocean 

atmospheric-electric results, Carnegie Inst. of Wash. Pub. 568, Washington, D.C. [Data used for 

establishing the diurnal variation of the fair-weather field as a function of universal time over the oceans, 

the so-called Carnegie curve]. 

Tsuchiya, H., et al. (2007). Detection of high-energy gamma rays from winter thunderclouds, Phys. Rev. 

Lett., 99, 165002. [The authors report on a burst-like gamma-ray emission, lasting for about 40 seconds, 

produced by thunderclouds over the Sea of Japan]. 

Tsuchiya, H., T. Enoto, S. Yamada, T. Yuasa, K. Nakazawa, T. Kitaguchi, M. Kawaharada, M. Kohubun, 

H. Kato, M. Okano, and K. Makishima (2011). Long-duration y ray emissions from 2007 and 2008 winter 

thunderstorms, J. Geophys. Res., Vol. 116, D09113, doi:10.1029/2010JD015161. [The authors report on 

seven long-duration gamma-ray emissions associated with winter thunderstorms]. 

Tzur, I., and Roble, R.G. (1985b). The interaction of a dipolar thunderstorm with its global electrical 

environment. J. Geophys. Res. 90: 5989-5999. [A two-dimensional numerical model is used to calculate 

the electric field and current that flow from a dipolar thundercloud into the global electric circuit]. 

Uman, M.A. (1974). The earth and its atmosphere as a leaky spherical capacitor. Am. J. Phys. 42: 1033-

1035. [A modeling study of the global electric circuit]. 

Uman, M.A., Rakov, V.A., and Thottappillil, R. (1994). Is there an appropriate length of time to obtain a 

meaningful mean lightning ground flash density? Technical Report prepared for EPRI, Palo Alto, 

California, Contract No. 4CH 2891. [About 30 years of thunderstorm day and thunderstorm hour data and 

8 years of lightning ground strike data are analyzed]. 

Volland, H. (1984). Atmospheric electrodynamics. In Physics and Chemistry in Space, Vol. II, eds. L.J. 

Lanzerotti and J.T. Wasson, 205 p., New York: Springer-Verlag. [A review of atmospheric 

electrodynamics is given]. 

Vonnegut, B. (1953). Possible mechanism for the formation of thunderstorm electricity. Bull. Amer. 

Meteor. Soc. 34: 378-381. [The convection mechanism of cloud electrification is advocated]. 

Vonnegut, B. (1963). Some facts and speculations concerning the origin and role of thunderstorm 

electricity. Meteor. Monogr. 5: 224-241. [A fifth power relation between the lightning flash rate and 

convective cloud top height is predicted]. 

Vonnegut, B. (1994). The atmospheric electricity paradigm. Bull. Amer. Meteor. Soc. 75: 53-61. 

[Different cloud electrification theories are discussed]. 

Wagner, P.B., and Telford, J.W. (1981). Charge dynamics and an electric charge separation mechanism in 

convective clouds. J. Rech. Atmos. 15: 97-120. [The convection mechanism of cloud electrification is 

advocated]. 

Wahlin, L. (1986). Atmospheric Electrostatics. 120 p. New York: John Wiley. [A book giving a general 

overview of atmospheric electricity and discussing several proposed cloud charging mechanisms]. 

Waldteufel, P., Metzger, P., Boulay, J.-L., Laroche, P., and Hubert, P. (1980). Triggered lightning strokes 

originating in clear air. J. Geophys. Res. 85: 2861-2868. [Evidence is presented that charges totaling 

several coulombs can be present in cloud-free air in the vicinity of a stormy area]. 

Watson, A.I., Holle, R.L., and Lopez, R.E. (1994a). Cloud-to-ground lightning and upper-air patterns 

during bursts and breaks in the southwest monsoon. Mon. Wea. Rev. 122: 1726-1739. [Convective bursts 

and breaks in the southwest U.S. monsoon are investigated in a lightning context]. 

Watson, A.I., Holle, R.L., and Lopez, R.E. (1995). Lightning from two national detection networks 

related to vertically integrated liquid and echo-top information from WSR-88D radar. Wea. Forecast. 10: 

592-605. [Two national cloud-to-ground lightning detection systems operating across the contiguous 

United States are compared to each other and to radar information]. 

Weber, M.E., Christian, H.J., Few, A.A., and Stewart, M.F. (1982). A thundercloud electric field 

sounding: Charge distribution and lightning. J. Geophys. Res. 87: 7158-7169. [The authors use an 

instrumented free balloon to measure electric fields and field changes inside a thundercloud above 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

Langmuir Laboratory, New Mexico]. 

Weber, M.E., Stewart, M.F., and Few, A.A. (1983). Corona point measurements in a thundercloud at 

Langmuir Laboratory. J. Geophys. Res. 88: 3907-3910. [The vertical component of the cloud electric field 

is estimated by measurement of corona current induced in the vertically oriented, pointed, metal rods 

attached to a meteorological radiosonde]. 

Weinheimer, A.J., Dye, J.E., Breed, D.W., Spowart, M.P., Parrish, J.L., Hoglin, T.L., and Marshall, T.C. 

(1991). Simultaneous measurements of the charge, size, and shape of hydrometeors in an electrified 

cloud. J. Geophys. Res. 96: 20,809-20,829. [The authors report on simultaneous measurements of the 

size, shape, and charge of hydrometeors in a New Mexico thunderstorm]. 

Wescott, E.M., Stenbaek-Nielsen, H.C., Sentman, D.D., Heavner, M.J., Moudry, D.R., and São Sabbas, 

F.T. (2001b). Triangulation of sprites, associated halos and their possible relation to causative lightning 

and micrometeors. J. Geophys. Res. 106(A6): 10,467-10,477. [Three-dimensional triangulations of sprites 

and sprite halos are made between stations in South Dakota and Wyoming during the NASA Sprites99 

balloon campaign]. 

Williams, E.R. (1985). Large-scale charge separation in thunderclouds. J. Geophys. Res. 90: 6013-6025. 

[Evidence for the mechanism thought to be responsible for large-scale charge separation in thunderclouds 

is reviewed]. 

Williams, E.R. (1992). The Schumann resonance: A global tropical thermometer. Science 256: 1184-

1187. [The Schumann resonance, a global electromagnetic phenomenon, is shown to be a sensitive 

measure of temperature fluctuations in the tropical atmosphere]. 

Williams, E.R. (1994). Global circuit response to seasonal variations in global surface temperature. Mon. 

Wea. Rev. 122: 1917-1929. [Comparisons are made between the seasonal behavior of the global electrical 

circuit and the surface air temperature for the tropics and for the globe]. 

Williams, E.R. (1995a). Meteorological aspects of thunderstorms. In Handbook of Atmospheric 

Electrodynamics, vol. 1, ed. H. Volland, pp. 27-60. Boca Raton, Florida: CRC Press. [A review covering 

both the thermodynamics of moist convection and microphysics of charge separation in the atmosphere]. 

Williams, E.R. (1995b). Comments on "Thunderstorm electrification laboratory experiments and charging 

mechanisms". J. Geophys. Res. 100: 1503-1505. [Two conflicting sets of laboratory results are checked 

for consistency with large-scale observations of thunderstorms]. 

Williams, E.R. (2001). The electrification of severe storms. In Severe Convective Storms, Meteor. 

Monogr., ed. C. A. Doswell, 28(50), Amer. Meteor. Soc., pp. 527-561. [A review of electrification and 

lightning in severe weather]. 

Williams, E., Boldi, B., Matlin, A., Weber, M., Hodanish, S., Sharp, D., Goodman, S., Raghavan, R., and 

Buechler, D. (1999). The behavior of total lightning activity in severe Florida storms. Atmos. Res. 51: 

245-265. [Results of a study of severe weather in central Florida are presented]. 

Williams, E.R., and Heckman, S.J. (1993). The local diurnal variation of cloud electrification and the 

global diurnal variation of negative charge on the Earth. J. Geophys. Res. 98: 5221-5234. [Both the 

amplitude and the phase of the ionospheric potential and Carnegie curve of atmospheric electricity are 

considered to distinguish causes for the negatively charged earth in fair weather]. 

Williams, E.R., and Lhermitte, R.M. (1983). Radar tests of the precipitation hypothesis for thunderstorm 

electrification. J. Geophys. Res. 88: 10,984-10,992. [The contribution of falling precipitation to 

thunderstorm electrification is examined from an energy standpoint by means of radar measurements of 

precipitation]. 

Williams, E.R., Rutledge, S.A., Geotis, S.G., Renno, N., Rasmussen, E., and Rickenbach, T. (1992). A 

radar and electrical study of tropical "hot towers". J. Atmos. Sci. 49: 1386-1395. [Radar and electrical 

measurements for deep tropical convection are examined for both “break period” and “monsoonal” 

regimes in the vicinity of Darwin, Australia]. 

Williams, E.R., Weber, M.E., and Engholm, C.D. (1989a). Electrical characteristics of microburst-

producing storms in Denver. Preprints, 24th Conf. Radar Meteorology, Amer. Meteor. Soc., pp. 89-92. 

[The authors report that storms producing microbursts associated with light precipitation exhibit much 

smaller lightning flash rates than do the storms with heavier precipitation]. 

Williams, E.R., Weber, M.E., and Orville, R.E. (1989b). The relationship between lightning type and 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

convective state of thunderclouds. J. Geophys. Res. 94: 13,213-13,220. [Thunderstorms case studies and 

earlier observations are described in order to illuminate the relationship between cloud vertical 

development and the prevalence of intracloud and cloud-to-ground lightning]. 

Willis, P.T., Hallet, J., Black, R.A., and Hendricks, W. (1994). An aircraft study of rapid precipitation 

development and electrification in a growing convective cloud. Atmos. Res. 33: 1-24. [This study 

combines radar, microphysical and electrical measurements so that an examination of the interactions 

between the cloud dynamics, microphysics, and electrification is possible]. 

Wilson, C.T.R. (1920). Investigations on lightning discharges and on the electric field of thunderstorms. 

Phil. Trans. Roy. Soc. (London) A221: 73-115. [The author suggests that the negative charge on the Earth 

is maintained by the action of thunderstorms]. 

Wilson, C.T.R. (1925). The acceleration of beta-particles in strong electric fields such as those of 

thunderclouds. Proc. Cambridge Philos. Soc. 22: 534-538. [The original prediction of runaway electrons 

in the atmosphere]. 

Wilson, C.T.R. (1956). A theory of thundercloud electricity. Proc. R. Soc. London, Ser. A 236: 297-317. 

[The thundercloud is regarded as a great influence machine, the ionization currents associated with it 

being the agents by which its electromotive force is developed and maintained]. 

Winn, W.P., and Byerley, L.G. (1975). Electric field growth in thunderclouds. Q.J.R. Meteor. Soc. 101: 

979-994. [The authors describe a balloon-borne instrument for measuring the magnitude of the horizontal 

component of the electric field in thunderclouds and present some results]. 

Winn, W.P., and Moore, C.B. (1971). Electric field measurements in thunderclouds using instrumented 

rockets. J. Geophys. Res. 76: 5003-5018. [Initial results of measuring cloud electric fields with 

instrumented rockets are presented]. 

Winn, W.P., Moore, C.B., and Holmes, C.R. (1981). Electric field structure in an active part of a small, 

isolated thundercloud. J. Geophys. Res. 86: 1187-1193. [The authors present electric field profiles 

measured in a thundercloud with a balloon-borne electric field meter]. 

Winn, W.P., Moore, C.B., Holmes, C.R., and Byerly III, L.G. (1978). Thunderstorms on July 16, 1975, 

over Langmuir Laboratory: A case study. J. Geophys. Res. 83: 3079-3091. [The authors report on electric 

field measurements using an instrumented balloon in New Mexico]. 

Winn, W.P., Schwede, G.W., and Moore, C.B. (1974). Measurements of electric fields in thunderclouds. 

J. Geophys. Res. 79: 1761-1767. [A series of measurements of electric fields inside active thunderclouds 

in central New Mexico with instrumented rockets shows that very intense fields (up to 4×10
5
 V/m) do 

exist, although they are rare]. 

Yoshida, S., T. Morimoto, T. Ushio, and Z. Kawasaki (2009), A fifth-power relationship for lightning 

activity from Tropical Rainfall Measuring Mission satellite observations, J. Geophys Res, Vol. 114, 

D09104, doi:10.1029 /2008JD010370. [Data from the precipitation radar and the lightning imaging 

sensor (LIS) aboard the TRMM satellite are used to examine the correlation between the lightning flash 

rate and the cold-cloud depth]. 

Zipser, E.J. (1994). Deep cumulonimbus cloud systems in the tropics with and without lightning. Mon. 

Wea. Rev. 122: 1837-1851. [The thunderstorm frequency over the oceans during the Global Atmospheric 

Research Program Atlantic Tropical Experiment is quantified by examination of over 20,000 surface 

hourly observations from research ships]. 

Zipser, E.J., and Lutz, K.R. (1994). The vertical profile of radar reflectivity of convective cells: A strong 

indicator of storm intensity and lightning probability? Mon. Wea. Rev. 122: 1751-1759. [Reflectivity data 

from Doppler radars are used to construct vertical profiles of radar reflectivity of convective cells in 

mesoscale convective systems in three different environmental regimes]. 

 

Biographical Sketch 

 

Vladimir A. Rakov received the M.S. and Ph.D. degrees in electrical engineering from the Tomsk 

Polytechnical University (Tomsk Polytechnic), Russia, in 1977 and 1983, respectively. From 1977 to 

1979, he worked as an Assistant Professor of electrical engineering at Tomsk Polytechnic. In 1978, he 

became involved in lightning research at the High Voltage Research Institute (a division of Tomsk 

Polytechnic), where from 1984 to 1994, he held the position of the Director of the Lightning Research 



TROPICAL METEOROLOGY - Atmospheric Electricity - Vladimir A. Rakov  
 

©Encyclopedia of Life Support Systems (EOLSS) 

Laboratory. He is currently a Professor at the Department of Electrical and Computer Engineering, 

University of Florida, Gainesville, and Co-Director of the International Center for Lightning Research 

and Testing (ICLRT). He is the author or coauthor of 2 books, 19 book chapters, 32 patents, and over 600 

other publications on various aspects of lightning, with over 220 papers being published in reviewed 

journals. Dr. Rakov is Editor or Associate Editor of three technical journals, Co-Chairman of URSI WG 

E.4 “Lightning Discharges and Related Phenomena”, and Convener of CIGRE WG C4.407 “Lightning 

Parameters for Engineering Applications”. He is a Fellow of four major professional societies, the IEEE, 

the American Meteorological Union, the American Geophysical Society, and the Institution of 

Engineering and Technology (formerly IEE). 

 

 

 


