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Abstract

Sprites, St. Elmo's fire, and ball lightning are proposed electrified by bubbles nucleated as droplets carried by updrafts to the upper atmosphere expand upon supercooling and freeze to form graupel, a liquid and ice mixture. The electrification occurs because water molecules on the bubble walls dissociate into hydronium H3O+ and hydroxyl OH- ions as the resonant frequency of the bubble coincides with the dissociation frequencies of the water molecule. After recombination, only about 20% of these ions are available for electrification. Usually the moisture in the updraft has an acid pH, and therefore bubble walls are charged positive by the abundance of hydronium ions.  Hydronium ions available for electrification are repulsed and hydroxyl ions attracted by the bubble wall. Volume contraction as the graupel freezes drives the bubbles of hydronium vapor into the atmosphere, the hydroxyl ions remaining behind in the graupel. Ice crystal clouds are formed from the hydronium vapor while the hydroxyl ions remain with the graupel to form negative charged graupel clouds. The graupel clouds usually discharge with ice crystal clouds as cloud-to-cloud lightning or with the positive charged earth as cloud-to-ground lightning. Sprites occur in the event a return stroke following a cloud-to-ground strike produces a positive charge in the ice crystal cloud of sufficient magnitude to propagate in the stratosphere and breakdown nitrogen to produce a blue to red colored corona. St. Elmo's fire occurs as the graupel clouds that escaped cloud-to-ground lightning descend to the earth's surface, the graupel producing a negative space charge breaking down the nitrogen near positive charged metal protrusions to produce a blue corona. Ball lightning takes place as clusters of graupel particles descend to the ground, but in the absence of metal protrusions do not discharge as St. Elmo's fire. Instead, the highly charged ice core of hydroxyl ions remaining from supercooling produces a high electrical field in the air adjacent to the graupel surface, the ball lightning produced by the red to white corona from the breakdown of gases swept out as the ball moves through the air. By this theory, all of atmospheric electricity is explained, if not unified through the dissociation of water molecules in bubbles. 
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1. INTRODUCTION

Thundercloud electrification is generally thought caused as moisture carried by updrafts from the lower to the upper atmosphere supercools and freezes to form graupel, a mixture of ice and liquid water. Both the upper and lower atmospheres are charged positive because of the positive dipole, generally accepted ( MacGorman and Rust, 1998 ) as the explanation of thundercloud electrification. It is thought that the source of positive charge is ice crystals ( Dong and Hallet, 1992 ) formed by the vapor deposition of hydronium ions.  But the source of hydronium ions has never been identified. 

Like thundercloud electrification, St. Elmo’s fire is a meteorological phenomenon that occurs near the end of a thunderstorm, although a thunderstorm is not necessary. Recently, St. Elmo's fire was reported by Bryne ( 2000 ) on a ship in the North Atlantic, the observers able to pick up 'tufts' of blue and violet light from the deck by the ends of their finger-tips as though their fingers had ignited. There were no electrical storms in the area, but there was a mixture of hail and snow falling at the time, the observers experiencing shocks each time snow landed on their skin. St. Elmo’s fire was observed by Wescott et al (1996) as a blue light at the wing tip fuel tanks of the aircraft passing through an electrical storm at an altitude of about 14 km, the optical spectrum recorded and found to be the second positive band of atmospheric nitrogen. St. Elmo’s fire is generally considered to be corona discharge of atmospheric gases produced by the breakdown of the electric field adjacent to metal protrusions. 

Unlike St. Elmo's fire, a generally accepted theory of ball lightning does not exist. Despite the numerous theoretical models proposed for the phenomenon, the mechanism that causes the ball lighting remains unknown. Ball lightning is a well-documented phenomenon in the sense that it has been seen and consistently described by people in all walks of life since the time of the ancient Greeks. Ball lightning has been reported to enter houses through screens or chimneys, even through glass windowpanes. In this regard, Lowke (1996) proposed that after a lightning strike to ground, a moving electrical field pulse following filamentary paths in the ground continually breaks down atmospheric gases above the ground, thereby producing a moving corona ball. Reforming of the ball as the field moves through the windowpane gives the observer the impression that the ball has passed through the windowpane. 

Similar to St. Elmo's fire and ball lightning, sprites have also been observed, at least over the past century. Lyons (1997) reported that as long ago as 1886, there were unconfirmed reports of momentary discharges of lightning high above storm clouds. Lyons cited reports from Africa in 1937 that detailed "long and weak streamers of reddish hue...some 50 kilometers high..." that were called cloud-to-space lightning. Sentman and Wescott (1994) obtained similar images from a high-flying NASA aircraft over Iowa. Since then, thousands of flashes have been recorded on low-light video from the ground and the air. Generally, the flashes have a reddish color, which often fades to purple or blue in the downward extending tendrils, close to the top of the thundercloud. The optical spectra of red sprites near 70 km was measured by Hampton, et. al. (1996) and found to be the first positive band of atmospheric nitrogen. The spectra of the blue tendrils from 17 to 40 km was not reported, but is likely the second band of nitrogen found at 14 km for St. Elmo's fire as stated by Wescott et. al. (1996). 

However, corona discharge by electric fields generated by the thunderstorm can not explain St. Elmo's fire, ball lightning, and sprites. Breakdown of atmospheric gases requires electrical fields of 1.5 to 3 V/m (Kuffel and Zaengl, 1984). But fields from thunderstorms near the earth's surface are no greater than about 0.01 V/m (Paw U, 1979) and even less in the stratosphere. Corona discharge only occurs if the thunderstorm produces a space charge of ions, the ionic charges after dispersion in the atmosphere producing the electrical fields for the breakdown of atmospheric gases. The ionic space charge may breakdown gases adjacent to charged surfaces, or gases adjacent to clusters of ionic charges, or the ionic space charge may form a network of conducting channels for electrical field pulses to propagate, the field pulse breaking down gases as it propagates along the channels.

2. PURPOSE

The purpose of this paper is to propose a source of atmospheric electrification based on the space charge of hydronium ions that explains if not unifies thundercloud electrification and normal lightning with the anomalous phenomena of St. Elmo's fire, ball lightning, and sprites. 

3. ELECTRIFICATION  SOURCE

A space charge of hydronium (and hydroxyl) ions produced from the dissociation of water molecules in bubbles is proposed as the source of atmospheric electricity, the bubbles nucleated in the large volume expansion that accompanies the supercooling of raindrops. After recombination, only about 20% of these ions (Didenko and Pugach, 1994) are available for electrification. The ions separate because the acid pH of the moisture in the raindrops produces a positive charge bubble wall, the hydronium ions repulsed and the hydroxyl ions attracted by the bubble wall (Prevenslik, 2001). Solidification of graupel upon freezing produces a volume contraction that drives the bubble vapor containing hydronium ions into the atmosphere leaving the hydroxyl ions behind in the graupel. Ice crystal clouds formed by vapor deposition ( Dong and Hallet, 1992) of hydronium vapor move to higher altitudes because of buoyancy; whereas, the heavier graupel clouds of hydroxyl ions fall to the surface of the earth. 

4. OVERVIEW

The proposed unification of atmospheric electricity is depicted in Fig. 1. Normal lightning is shown in Fig. 1(a). Cloud-to-cloud lightning is a discharge between graupel and ice crystal clouds, while cloud-to-ground lightning is a discharge between graupel clouds and the positive charged ground. Anomalous sprites are observed as blue and red colored cloud-to-space lightning produced as the ice crystal clouds discharge with nitrogen in the stratosphere following a return strike from the ground to the ice crystal cloud. Fig. 1(b) depicts St. Elmo's fire by the corona produced as graupel clouds that escaped cloud-to-ground lightning descend to the earth's surface and breakdown nitrogen near positive charged metal protrusions. Fig. 1 (c) shows ball lightning to take place as clusters of graupel particles descend to the ground, but in the absence of metal protrusions do not discharge as St. Elmo's fire. Instead, the highly charged ice core of hydroxyl ions produces a high electrical field in the air adjacent to the graupel surface, the ball producing a corona from the breakdown of gases swept out as it moves through the air. 
5. THEORETICAL BACKGROUND

5.1 Planck theory of SL formalism
How atmospheric electricity is related to the production of hydronium and hydroxyl ions in  bubbles finds basis in the dissociation of water by the phenomenon of sonoluminescence (SL).  Observed by Frenzel and Schultz in 1934, SL may be described by the production of ultraviolet (UV) and  visible (VIS) photons during of the cavitation of liquid water. But SL is also known ( Didenko and Pugach, 1994 ) to produce hydroxyl ions and hydrogen peroxide. Many SL theories ( Walton and Reynolds, 1984 ) have been proposed.
The Planck theory of SL by Prevenslik (1998) differs from others in that the postulated SL source for producing SL photons from bubble gases is the Planck energy E of the electromagnetic (EM) radiation from the bubble wall at frequencies from the vacuum ultraviolet (VUV) to soft X-rays.  Over this frequency range, the water molecules may be considered stimulated at ambient temperature by zero point energy (ZPE) that otherwise would require very high temperatures. ZPE was included in the original formulation of black body radiation by Planck (1959) and for whom the Planck theory of SL is named. 

The Planck theory of SL treats each surface molecule on the bubble wall as a harmonic-oscillator, the normal modes of which correspond to the field modes of the bubble cavity that include the ZPE.  Planck’s derivation of ZPE was based on the principle of least action that relates Planck's constant h to areas in the amplitude-velocity space of harmonic oscillator solutions, but the physical rationale for doing so are not obvious. In the Planck theory of SL, the derivation of ZPE follows as the logical consequence of the bubble cavity containing temperature independent Planck energy EG. The Planck energy E in the bubble cavity, 
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where, ET = h( / ( exp (h( / kT ) - 1) is the usual temperature dependent Planck energy, ( is frequency, k is Boltzmann's constant, and T is absolute temperature.  EG is the temperature independent Planck energy described by EM waves or cavity field modes ( see e.g., Loudon, 1983 ), the standing waves depending on the bubble geometry G.  Since the cavity field modes are formed by pairs of harmonic-oscillators on opposing bubble wall surfaces, the standing waves have a Planck energy EG  = h(f, where (f is the fundamental resonant frequency of the bubble cavity. Hence, the ZPE of each harmonic-oscillator in the pair is half of the full Planck energy EG, 
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where, c is the speed of light, (  is the spacing between bubble walls, and  (  is the wavelength of the field mode in the bubble, ( = 2(. For a spherical bubble of radius R, the spacing (  =  2 R gives EG  = hc / 4R by which ZPE = hc / 8R.

The ZPE is restricted by cavity quantum electrodynamics (QED). Since the bubble resonant frequency (f is in the range from VUV to soft X-rays, low frequency ZPE is inhibited by QED from the bubble cavity, (  < ( f . Only high frequency ZPE may exist in the bubble cavity, (  > ( f , but not all ( f  are admissible. The Planck theory of SL restricts ( f   to the frequencies of the excited H2O* and OH* states of the water molecule in order to assure the bubble walls are absorptive ( and emissive ) to satisfy the boundary conditions as otherwise the EG wave can not stand in the bubble. 

In the Planck theory of SL, the surface water molecule VUV emission is not in equilibrium with the temperature of the bubble wall. Instead, VUV states of the surface molecules are stimulated at ambient temperature by the ZPE. Consistency is found with Planck's (1959) general  blackbody spectrum density ( ((,T ) as restricted for cavity QED,
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Planck's blackbody spectrum is consistent with random electrodynamics by Boyer (1969). Milonni (1983) contrasts the ZPE in both Planck and Boyer formulations with that by Einstein and Hopf (1916) who as noted by Boyer excluded the ZPE by neglecting the interaction of radiation with the walls of a cavity. Other than the Planck theory of SL, however, the interaction of radiation with the walls of a cavity resonant with the frequency of radiation has been neglected in prior derivations of the ZPE.

The Planck theory of SL is consistent with Planck (1959) and Boyer (1969) in the assertion that VUV emission may be stimulated by ZPE at ambient temperature in the same way as if the surface molecules were irradiated with a VUV laser. In this regard, Planck (1959) stated that the ZPE provides an explanation of atomic vibrations that are independent of temperature, specifically citing as an example the temperature independence of electrons liberated by the photoelectric effect. In contrast, the Einstein and Hopf (1916) formulation of black body radiation requires for the stimulation of VUV emission (~ 10 eV) from the water molecules an unrealistic temperature of about 100,000 K. 

 5.2 Planck energy available for VUV stimulation  

VUV emission is stimulated by ZPE in resonant cavities at ambient temperature, but a source of Planck energy needs to be available in the bubble wall to produce the VUV emission if so stimulated. In the Planck theory of SL, the source of Planck energy is the EM radiation in the liquid space of water molecules that during nucleation is inhibited from the bubble cavity by QED. The water molecule has 6 degrees of freedom, and therefore every molecule has an EM energy of 6 x ½ kT = 3 kT at low frequencies, (  < kT / h. But high frequencies from soft X-ray to the VUV characterize the bubble cavity (f resonance. Hence, QED inhibits the EM radiation from the bubble cavity because the frequency ( of the water molecules is always less than bubble resonance (f. The inhibited EM energy may be expressed as an EM energy density, ( = 3 kT / (3, where ( is the spacing between water molecules at liquid density, ( ~ 0.31 nm. Hence, the EM energy inhibited is the product of the volume of the liquid water excluded by the bubble cavity and the EM energy density. In the nucleation of a spherical bubble of radius R, the inhibited EM energy UEM ,
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With regard to energy conservation, the EM energy UEM  does not increase the temperature of the bubble wall molecules because bubble nucleation is a rapid process compared to the response time of the thermal state of the massive bubble wall. Instead, the EM energy UEM increases the Planck energy UPlanck of the temperature independent state of the bubble wall surface molecules, 
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where, ½ NS corresponds to the number of diametrically opposite water molecule pairs on the bubble surface. Neglecting the EM energy of the water vapor molecules remaining in the bubble cavity, conservation of the EM energy UEM with the Planck energy UPlanck gives the number NS of molecules available to be stimulated by ZPE,
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At T ~ 300 K, the number NS of surface molecules having Planck energy EG as a function of bubble radius R is shown in Fig. 2. The standard unit of SL giving the number NS ~ 2x105 of photons observed from a collapsing air bubble in water ( Hiller, et. al 1994 ) corresponds to a bubble having radius R ~ 39.1 nm has a wavelength of ( ~ 156.4 nm in the VUV and a Planck energy EG ~ 8 eV. Generally, the Planck energy may stimulate on the order of NS surface bubble wall molecules in the VUV, a lesser number at soft X-ray frequencies. Bubble nucleation promptly dissociates bubble surface molecules because of the concentration of the EM energy from all water molecules that once occupied the bubble cavity.

6. DISCUSSION

6.1 St. Elmo's fire 

St. Elmo's fire is illustrated in Fig. 3.  A cluster of graupel particles forms a negative space charge of N hydroxyl ions charge separated by a distance d from the tip of a metal protrusion, the point discharge breaking down the surrounding nitrogen gas to produce the blue corona of St. Elmo's fire, 
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where, N ~ NB ND , and NB  is the number of bubbles, ND is the number of water molecules dissociated after recombination, ND ~ 0.2 NS ~ 4x104. The unit charge, e ~ 1.6x10-19 coulombs, and (o is the permittivity of free space, (o = 8.854x10-12 F m-1. Fig. 4 shows the electric field Ef as a function of the number NB of bubbles in a graupel particle and the separation distance d. 

Taking the report by Bryne (2000) to imply a separation distance d of about 500 m from the tips of the observers fingers suggests that the graupel particle contained about 5000 bubbles, each bubble containing ND dissociated water molecules, for a total of about 2x108 hydroxyl ions. The breakdown voltage of about 750 volts is consistent with the report of brief electrical shock from the snow falling on the hands of the observers. Fig. 4 shows 60 and 200 micron separation distances break down for 100 and 1000 bubbles, the break down producing an electrical shock of 90 and 300 volts, respectively. 

 6.2 Ball lightning
Ball lightning is proposed to be a cluster of graupel particles, each particle having an ice core of hydroxyl ions. For clarity, the graupel cluster is shown as a single graupel particle in Fig. 5. A typical graupel particle of spherical shape having a  radius R containing N negative charged hydroxyl ions is comprised of NB bubbles each containing ND dissociated water molecules. By Gauss's law, the electric field Ef that develops on the graupel surface depends on the number N of hydroxyl ions in the ice core and the graupel radius R. The electrical field Ef at the surface of the graupel particle is,
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Similarity of Eqns 7 and 8 permits the use of the graupel radius R for the distance d in Fig. 4. A graupel particle containing about 2x108 hydroxyl ions, or 5000 bubbles produces a corona at a gas breakdown field of 1.5 V/micron at a graupel radius of about 400 micron, or a graupel particle of about 1 mm diameter. The ball lightning is a cluster of graupel particles, each graupel particle in the cluster breaking down the surrounding atmospheric gases, the ball lightning observed as the collective action of the corona from the graupel particles.   

The color of the ball lightning depends on the composition of atmospheric gases it contacts  - salmon pink for air, and red-yellow for hydroxyl ions, the ball lightning lasting until the graupel fully melts. For a graupel cluster containing 2x109 hydroxyl ions, or about 10 graupel particles, each graupel particle comprised of about 5000 bubbles producing a photon having Planck energy of about 2.2 eV in 1 nanosecond, the power is about 700 mW. Ball lightning as a 20 W luminous ball is consistent with the proposed theory for a cluster of a few tens of graupel particles.

The present theory is similar to that proposed by Lowke (1996) where the motion of the ball follows the electrical field in the ground after a lightning strike, but differs as the corona is produced by the electrical field from the hydroxyl ions within the graupel particles. Graupel is attracted to positive charged windows, but unlike the electric field from a nearby lightning strike cannot pass through windows. However, if a graupel cluster enters the house, say through the chimney or screened windows, ball lightning may be observed to move inside the house because of the field of a nearby lightning strike. Under these conditions, an observer inside the house may believe the ball inside the house came from the outside through the window.

6.3 Sprites
Sprites are consistent with the thundercloud electrification theory proposed for St. Elmo’s fire and ball lightning, all of which may be described by a corona discharge from the break down of atmospheric nitrogen. Indeed, nitrogen is the most abundant gas in the stratosphere from 40 to 80 km where sprites are observed. Corona discharge is consistent with the dielectric breakdown of nitrogen between thunderclouds and the lower ionosphere described by Sentman and Wescott (1996). By that theory, a positive electrical field pulse directed to the ionosphere is produced above the thundercloud, the sprites produced by the corona discharge of nitrogen as the pulse propagates upward through the stratosphere. Salisbury (1999) describes the electric field pulse caused after a large bolt of lightning from the top of a thunderhead to the ground in a matter of milliseconds leaves behind large amounts of uncompensated positive charge in the atmosphere. The propagation of the field pulse into the stratosphere causes the nitrogen to ionize at thousands of points along conducting channels, the corona discharge giving off a blue glow, the pulse propagated upward with velocities as fast as one-tenth of the speed of light, producing red streamers of ionized gas. 

Sprites by the present theory are illustrated in Fig. 6. Fig. 6(a) shows the uncompensated positive charge to produce an upward field pulse, the field dispersing hydronium ions from the thundercloud to the lower ionosphere while following the path between hydronium ions in a background of nitrogen illustrated in Fig. 6(b). Sprites are similar to St. Elmo's fire as nitrogen breaks down to produce a blue to violet corona near the graupel clouds where the electric field pulse is greatest and a red color in the lower ionosphere as the field diminishes.

But how the electrical pulse can propagate some 70 km above thunderclouds the lower ionosphere is not well understood. Pulse propagation requires the nitrogen atmosphere have a minimal electrical conductivity from the presence of ionic charges. Of the ionic species in the stratosphere, only the hydronium ions are directly related to the storm that produces sprites while the hydroxyl ions tend fall to the lower atmosphere with the heavier graupel. Hence, the hydronium ions are proposed to provide the electrical conductivity for pulse propagation. The dispersion of hydronium ions in nitrogen may be described by the diffusion D coefficient (Christy and Pytte, 1965),
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where, n and ( are the number density and conductivity of hydronium ions. Diffusion D coefficients for hydronium ions in the atmosphere during storms are not known, but data for quiet conditions (Swider, 1985) are helpful in assessing storm conditions. The lower ionosphere at 70 km and T ~ 200 K shows ( ~ 1x10-10 (ohm-m)-1 and n ~ 1x108 m-3 giving D ~ 0.1 m2 s-1; whereas, in the lower stratosphere at 15 km above the thundercloud at  T ~ 220 K for ( ~ 1x10-12 (ohm-m)-1 and n ~ 5x109 m-3 give D ~ 2.4x10-5 m2 s-1. Assuming gas discharge occurs when the conductivity of the atmosphere based on the concentration of hydronium ions exceeds that of pure water, say ( > 10-5 (ohm-m)-1, the criterion for gas discharge during storm conditions is that the number density n of hydronium ions exceed a threshold,


[image: image10.wmf]D

e

kT

n

2

5

10

-

>












  (10)

During storm conditions, the thundercloud provides a source of hydronium ions to the stratosphere. However, the transport of hydronium ions to the lower ionosphere is not limited to diffusion under quiet conditions, a very slow process. The velocity of the ions above the thundercloud follows the updraft velocity, the vertical growth of cloud reaching about 50 ms-1. Hence, the effective diffusion coefficient in the lower stratosphere is increased significantly during storm conditions, and for the purposes here is assumed to approach D ~ 1 m2 s-1,  a 5 fold increase above quiet conditions. From Eqn.10, n > 1.2x1012 m-3. The available number density n of hydronium ions depends on the liquid water content L of the cloud and the mass m of the particles emitted from the graupel particle. For a particle with a 4 m radius the mass m ~ 2.7x10-12 kg which for L ~ 0.002 kg m-3 gives a particle density L / m ~ 7.4x108 m-3. Given NS ions per particle, the number n density of hydronium ions is 2.9x1013 m-3. Hence, the hydronium ion number density is sufficient to achieve the conductivity of pure water, but whether this is sufficient for gas discharge in the atmosphere requires more study.

Providing the hydronium ions can disperse from the thundercloud to the lower ionosphere in a time short compared to the 5-10 minutes it usually takes for sprites to be successively observed, cloud-to-space lightning may be considered the mechanism for maintaining the positive charge in the ionosphere. Dispersion by diffusion is slow, but depending on the electric field E, the dispersion to the lower ionosphere may be fast. The mobility ( of the hydronium ions,
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The hydronium ions drift at a velocity u ~ ( E. Taking D ~ 1 m2 s-1 and T ~ 220 K as an average from the thundercloud to the lower ionosphere, ( ~ 52.7 m2 / V-s. For the upper limit on the field E ~ 1 V / m, u ~ 0.17 c, and is consistent with observations of the sprites from the blue and red color produced by the field ionization of nitrogen by the collision of hydronium ions from a pulse moving at about 0.1 c.  Hence, the thunderstorm is a very efficient mechanism for not only producing sprites but also by removing positive charge from an otherwise negative charged earth’s surface while maintaining a positive charged lower ionosphere.     

7.  CONCLUSIONS


The unification of normal and anomalous weather phenomena by the dissociation of water molecules in bubbles is a tenable proposition, but requires further study.   
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Fig. 1  Unification of atmospheric electricity.
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Fig. 2  Stimulation of VUV emission
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Fig. 3.  St. Elmo's fire. Graupel cluster and nitrogen breakdown.
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Fig. 4 Breakdown field Ef and separation d vs number NB of bubbles

Fig 5 Ball lightning-graupel cluster 
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Fig. 6 Sprites - (a) Discharge of ice crystal clouds with positive ions in lower ionosphere 

(b) Propagation of electric field through hydronium ions and nitrogen breakdown
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