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REPORT SUMMARY 

 
It has been hypothesized that the charging of airborne pollutant particles by alternating current 
(AC) transmission lines results in enhanced deposition and retention of these particles in the 
respiratory tract. This report provides an overview of the effect of AC transmission line corona 
on ion formation and the transfer of charge to aerosols. A literature review identified gaps in the 
information required to model the charging of aerosols by AC transmission lines and their 
dispersal downwind, so that exposures predicted by hypothesis can be quantitatively evaluated. 

Background 
Concerns have recently been raised that alterations in the electrical environment by high-voltage 
AC transmission lines may potentially impact health by increasing exposure to inhaled 
pollutants. The hypothesis is that high-voltage lines produce corona around the conductors. The 
corona process generates small air ions, and a fraction of these small air ions attach to aerosols 
near the conductors or escape the region around the conductors. Those that are carried downwind 
also attach to aerosols. The aerosols have longer resident times in the atmosphere than ions. This 
allows the charged aerosols to be carried beyond the immediate vicinity of the transmission line 
by the wind. Researchers also postulated that increased charge on fine aerosol particles could 
increase their deposition in the lungs if inhaled. The hypothesis that describes the above chain of 
events represents a series of assumptions, each of which requires confirmation. Certain portions 
of this chain of events have been studied and discussed in the literature (such as AC line corona, 
ion-to-aerosol charging, and drift of space charge in the atmosphere). However, all of these have 
not been quantitatively linked together to produce a complete picture of the hypothesis leading 
from AC line corona to increased deposition of pollutant aerosols in the lungs. EPRI and 
National Grid Transco PLC cosponsored this literature review to provide as complete a picture as 
possible concerning the early stages of this chain of events occurring in the atmosphere. 

Objective 
To perform a literature review relevant to AC corona charging of aerosols and the potential for 
increased concentrations of charged aerosols downwind of AC transmission lines. 

Approach 
Investigators reviewed literature sources—including technical papers, journal articles, and 
reports—for their relevance to mechanisms of aerosol charging by AC transmission line corona 
and to migration of charged aerosols away from such sources. 
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Results 
This review evaluated detailed information on the creation and fate of ions, and ion-to-aerosol 
charging and discharging due to AC corona. While information on the transport and expansion of 
space charge—and the resulting ground-level-charged aerosol level downwind of AC 
transmission lines—is limited, important characteristics of these processes were described by 
reference to more extensive measurements and modeling reported for DC transmission lines. 
This report provides an explanation for variability in the polarity of electric fields and space 
charge downwind of AC lines. 

The results of studies of DC transmission lines can be considered as extreme limiting cases for 
the analysis of AC transmission lines. The literature suggests that it will be difficult to achieve 
sustained levels of space charge associated with electric fields greater than 10 kV/m because of 
opposite polarity space charge produced by corona on vegetation at ground level. The older 
studies of DC electric fields measured near lower voltage AC transmission lines point to the need 
to consider insulators and hardware as a possible source of corona-generated space charge. Peter 
Fews, et al., in Atmospheric Research made the assumption that space charge from transmission 
lines would not rise above the height of the conductors. Measurements of the vertical dispersion 
of space charge from DC sources indicate that Fews’ assumption may not describe typical 
conditions and, in fact, leads to overestimation of space charge values at ground level. No 
information is available on how AC transmission-line corona affects the distribution of charge on 
aerosols of different sizes, which would affect the respiratory tract exposure of populations 
downwind of AC transmission lines. 

EPRI Perspective 
This review provides a better understanding of the physical processes involved in the formation 
of space charge downwind of AC transmission lines. The existing literature has focused largely 
on DC sources, and the review indicates how analyses of data on these sources can be used to 
estimate exposures near AC transmission lines. The insights from this review will provide a basis 
for modeling the creation and transfer of charge to aerosols near AC transmission lines. Such 
modeling, together with measurements of the distribution of charges on aerosols by size, are 
needed to quantitatively evaluate the exposures. In addition, the review has identified several 
assumptions about the dispersion of charged aerosols that may lead to overestimates of charge 
densities downwind. Information on dispersion of charged aerosols in this review underscores 
the need to directly measure the charge on aerosols instead of drawing inferences from indirect 
estimates based on measurements of DC electric fields at ground level. 

Keywords 
Aerosols 
Corona 
Ion 
Space Charge 
Health Effects 
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1  
INTRODUCTION 

The earth has an electrical environment that consists of a vertical electric field, also known  
as its potential gradient, and space charge consisting of small air ions and larger charged 
aerosols. Concerns have recently been raised that alterations in the electrical environment by 
high voltage alternating current (AC) transmission lines may potentially have health impacts  
by increasing exposure to inhaled pollutants [1, 2, 3]. 

The hypothesis is that high voltage lines produce corona around the conductors. The corona 
process is a source of small air ions and a fraction of these small air ions escape the region 
around the conductors. They are then carried downwind where they attach to aerosols that have 
longer resident times in the atmosphere than ions. This allows the charged aerosols to be carried 
beyond the immediate vicinity of the transmission line by the wind. A fraction of the ambient 
aerosols could consist of pollutants such as automobile exhaust, smoke stack emissions, and 
biogenic materials. It is then also postulated that the change in charge on fine aerosol particles 
could increase their deposition in the lung if inhaled.  

The hypothesis that describes the above chain of events represents a series of assumptions, each 
of which requires confirmation. Certain portions of this chain of events have been studied and 
discussed in the literature (such as AC line corona, ion-to-aerosol charging, and drift of space 
charge in the atmosphere). However, all of these have not been quantitatively linked together  
to produce a complete picture of the hypothesis leading from AC line corona to increased 
deposition of pollutant aerosols in the lung.  

This report identifies existing papers and reports related to AC line corona, ion creation and drift, 
aerosol charging, space charge drift, and ground level electric fields. Information is provided on 
the relative levels of key parameters such as AC conductor gradients, charge densities, particle 
charging, vertical dispersion, downwind drift, and ground level electric fields. Information gaps 
in the reported literature leading from AC transmission lines to ground level electric fields and 
charge densities are identified. 
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2  
AC CORONA AND SMALL IONS 

Corona on a power line occurs when the conductor surface gradient (electric field) at the surface 
of the conductor exceeds the breakdown potential of air. The conductor surface gradient depends 
on the voltage on the conductor, the radius of curvature of the conductor, and the position of the 
conductor in relation to the ground and other line conductors and their voltage [4].  

A conceptual view of the corona process for a negative electrode is presented in Figure 2-1. 
Corona is generally started by the electric field accelerating free electrons through the air. Some 
electrons absorb sufficient energy from the electric field to cause ionization when they collide 
with an air molecule; that is, the collision creates a new free electron and a positive ion. The 
electrons multiply producing what is called a Trichel pulse due to build up of slower moving 
positive ions. The fast moving electrons attach to neutral air and water molecules and become 
negative ions. The slower positive ions near the surface of the conductor reduce the local 
conductor surface field often below that needed for ionization. This chokes off the negative 
polarity Trichel pulse until the negative electric field sweeps the positive ions into the conductor 
allowing the process to begin again.  

 
Figure 2-1 
Start of Electron Avalanche from a Negative Electrode [5] 
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AC Corona and Small Ions 

Trichel pulses are extremely fast. The pulse duration is in the 100-nanosecond range. Increasing 
the voltage increases the frequency of occurrence of Trichel pulses but decreases their amplitude. 
As the voltage is increased further, Trichel pulses give way to a pulse less glow. As the voltage is 
increased further, negative streamers appear.  

A similar process occurs for positive polarity conductors. Corona begins with onset pulses.  
As the voltage is increased, onset pulses give way to a glow discharge called Hermstein’s glow. 
Further increases in the voltage produce positive streamers.  

Thus, with AC voltage, a conductor can exhibit both negative and positive corona. Figure 2-2 
illustrates corona for the positive and negative half cycles of 60 hertz (Hz) voltage on a 
conductor. 

 
Figure 2-2 
Possible Corona Modes with AC Voltage on a Conductor [5] 

Onset of positive corona occurs at a slightly higher voltage than for negative corona in nitrogen, 
which comprises 80% of air. Therefore at low conductor surface gradients, negative corona will 
form in air before positive corona. At higher conductor surface gradients, beyond a critical 
corona onset voltage, positive corona streamers will be more extensive.  

The electrical breakdown potential of air at sea level is approximately 30 kV/cm. The electric 
field necessary to produce corona at a conductor’s surface for parallel lines can be expressed as:  

E=30•m•δ•(1+0.301/√δa) kV/cm Eq. 2-1 

where m is a surface roughness factor, a is the radius of the conductor in centimeters (cm),  
and δ is the relative air density [4]. The relative air density is given by  

δ = 3.92 b/(273+T) Eq. 2-2 

2-2 
0



 
 

AC Corona and Small Ions 

where b is the barometric pressure in centimeters of mercury and T is the temperature in degrees 
Centigrade. The relative air density for standard temperature and pressure (76 cm of Hg and 
25°C) is δ = 1.  

The electrons created during corona hydrate within a few microseconds to form negative  
small air ions. The positively charged air molecules also hydrate to form positive small air ions  
[6, 7, 8]. The velocity, v (m/S), of an ion in an electric field, E (V/m), is given by v = µE, where 
µ is the mobility of the ion in meters squared/volt-second (m2/V•s). Positive ion mobility is 
affected by both absolute humidity and age [9]. Negative ion mobility is affected by absolute 
humidity, but age has little impact due to the extremely fast hydration. Both polarities reach 
stable mobility within 1 to 2 seconds. The mobilities of negative small air ions are in the range  
of 1.7 to 2.0 x 10-4 m2/V•s while the mobilities of positive small air ions are in the range of  
1.0 to 1.4 x 10-4 m2/V•s. 

During the positive half cycle of the voltage on the conductor, electrons are accelerated toward 
the conductor ionizing more air molecules in an ionization avalanche process while the positive 
ions are accelerated away from the conductor. As the conductor voltage becomes negative  
during the next half cycle the positive small air ions are pulled back into the conductor, any 
remaining negative small ions are pushed out from the conductor, and new negative ions are 
created when the voltage on the conductor becomes great enough. The cycle then repeats on  
the next half cycle, pulling negative ions back into the conductor, while pushing away positive 
ions. A representation of the ion current for positive and negative half cycles is presented in 
Figure 2-3. 

 
Figure 2-3 
Corona Current Due to Ion Movement at Conductor [5] 

Corona creates many ions near the conductor surface. However, the imbalance of ions (net ion 
charge) around the transmission-line conductors cannot be large in magnitude or extent since 
ground level AC electric fields are not noticeably affected by assumptions that AC transmission 
lines produce no ions and space charge [5]. 
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AC Corona and Small Ions 

The fraction of ions that escape the region of the conductors will primarily be dependent on their 
respective mobilities. Both polarity ions are moved by the wind. During the opposite polarity 
half-cycle on the conductor, the ions are pulled back into the conductor. The distance from a 
conductor where an ion can still be collected depends on its mobility, the electric field strength, 
wind, and the time with opposite polarity. The wind, electric field strength, and time are the same 
for ions of both polarities. Mobility is the only factor that differs for the two polarities. Lower 
mobility ions travel less distance during a half cycle than higher mobility ions. A greater fraction 
of the lower mobility ions do not make it back to the conductor for a given wind when compared 
to the higher mobility ions.  

For conductor surface gradients in the range of 10 to 15 kV/cm or above, roughly equal numbers 
of positive and negative ions can be created in the region around the conductor due to debris, 
insects, and imperfections on the conductor surface. Corona loss for the line is the line voltage 
times the ion current with roughly equal corona current losses for positive and negative voltage 
half cycles. The fair weather corona loss can be represented by the loss from ion current flow 
plus losses going into processes resulting from ionization such as audible noise, radio noise,  
and ozone generation. The corona power loss in kilowatts (kW/m) can be written for a single 
conductor as  

P (kW/m) = πDVeE•(n+ µ+ + n- µ-) + ionization processes  Eq. 2-3 

where E is the local electric field in volts/meter (V/m), V is the line voltage to ground in 
kilovolts (kV), e is the charge on the electron in coulombs (C), n is the density of positive  
or negative ions (number/m3), µ is the mobility of positive or negative ions in m2/V-s, and D  
is the conductor diameter (m). For equal corona current to the conductor in each half cycle:  

E•n+ µ+ = E•n- µ-
 Eq. 2-4 

Thus n- = n+ µ+/µ- and the number of ions that escape the conductor is given by: 

nesc = n+ - n- = n+ - n+ µ+/µ- = n+ (1 - µ+/µ-) Eq. 2-5 

Therefore when both negative and positive corona is present we would expect an excess of 
positive ions to escape from the conductors.  

On modern lower voltage transmission lines (<230 kV) conductor surface gradients are normally 
well below corona onset for both polarities. In this case, any perturbation of the field on the 
surface of the conductor, say caused by raindrops or condensation, could increase the gradient on 
the conductor above the onset for negative corona, but not positive corona. This would result in a 
surplus of negative charges surrounding the conductors. In this case, the charges that escape from 
the area around the conductor would be negative. This could explain the observation by 
Chalmers of negative fields under foggy misty conditions and lower voltage lines [31, 46].  

AC transmission lines are designed to have a conductor surface gradient well below the corona 
onset threshold so they are essentially corona free in fair weather. However, small nicks in the 
conductor surface, debris on the conductors, insects deposited on the conductor, or rain drops 
deform or roughen the conductor surface allowing points on the conductor surface to exceed the 
onset level and corona occurs. [5, 10]  
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AC Corona and Small Ions 

The surface roughness factor, m, in Equation 2.1 has typical fair weather values for stranded 
conductors of 0.80 to 0.85 [11]. For a 2.54 centimeter (cm) diameter conductor and a roughness 
factor of 0.8 this yields a critical corona onset gradient of approximately 30.4 kV/cm at the crest 
of the AC conductor voltage. Most AC transmission lines are designed to keep their peak 
conductor surface gradients below the 30 kV/cm (21 kV/cm rms) calculated above. Irregularities 
on the conductor surface due to raindrops in foul weather can lower the surface roughness factor 
(m) in Equation 2.2 into the range of 0.3 to 0.4.  

The calculated AC conductor surface gradients of transmission lines of various voltages from 
throughout the United States and Europe are presented in Table 2-1. This provides a perspective 
on the range of conductor surface gradients that might be found for transmission lines of various 
voltage classes.  

Whether the net ion flow away from the conductor is negative or positive depends on local 
conductor surface conditions and meteorological parameters. For a particular line, negative ions 
might predominate during periods with clean conductors while positive ions would predominate 
when corona was more active. However, the higher voltage lines in Table 2-1 would be more 
likely to generate net positive ion flow to the atmosphere, while the lower voltage lines would 
produce net negative ion flow.  

Table 2-1 
AC Transmission Line Conductor Surface Gradients by Voltage Class [12] 

Voltage Class, 
kV 

Conductor Diameter, 
cm 

Conductors/ 
Phase 

Surface Gradient for Each Phase,
kV/cm rms 

215 1.9 2 13.21 14.20 13.21 

230 2.8 1 14.80 15.48 14.80 

345 4.4 1 14.59 15.42 14.59 

362 4.1 1 16.10 16.99 16.10 

500 4.1 2 15.99 17.01 15.99 

500 3.0 3 16.47 18.08 16.47 

525 4.6 2 14.92 15.95 14.92 

750 3.5 4 17.33 18.59 17.33 

765 3.0 4 20.14 21.63 20.14 
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The relative constancy of surface gradients for lines at 230 kV and above indicates that corona 
production levels for a single conductor do not necessarily increase with line voltage. However, 
the number of conductors in corona serving as sources of charge will increase as multiple-
conductor bundles are introduced at the higher voltages.  

The focus in the transmission-line literature to date has been on AC corona loss from the 
standpoint of power loss due to corona [5, 13, 14]. Fair weather corona losses on high-voltage 
transmission lines are many times less than foul weather corona losses. It is estimated that fair 
weather corona losses are 1/50 to 1/1000 of the foul weather losses and are similar or less than 
insulator losses [5]. Consequently, greater effort has been focused on determining the magnitude 
of foul weather corona loss because of its economic impact than on understanding the dynamics 
of ions in AC corona. There are no data available on ion densities and lifetimes in the immediate 
vicinity of AC transmission line conductors.  

AC corona and ion-aerosol charging have been addressed but in the context of electrostatic 
precipitators that have high levels of ions and aerosols [15]. Although the ion-aerosol charging 
and discharging equations in this regime are informative they are different from the ion and 
aerosol densities near the conductors of overhead transmission lines.  

Corona activity on high-voltage conductors is known to lead to the formation of ions. A review 
of the factors affecting ion formation and mobility explains why ions and charged aerosols with 
net positive charge should be expected under most conditions on higher voltage lines. However, 
a lower onset gradient for negative corona may support the production of negatively charged 
aerosols on lower voltage lines that are marginally in corona due to rain or condensation on the 
conductors. Consideration of typical AC transmission line designs for voltages above 215 kV 
indicates that conductor surface gradients on individual conductors remain the same as voltage is 
increased. However, the use of multiple conductor bundles to limit conductor surface gradients 
increases the volume where corona-generated ions are present and charging of aerosols can take 
place. 
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3  
AEROSOL CHARGING AND DISCHARGING 

Generation, movement, expansion, and decay of small air ions and aerosols have been 
investigated for various conditions. The simple case of unipolar ions charging and discharging 
monodisperse aerosols in an enclosed environment was discussed by Whitby et al. [16]. Whitby 
investigated the clearing time of aerosols from a room when exposed to various levels of small 
ions generated from a point source. He found that the mobility of aerosols generally decreased 
with increasing aerosol size from the smallest aerosol size that he used (0.05 microns) to  
1 micron. For aerosol sizes greater than 1 micron, the aerosol mobility increased with aerosol 
size. Whitby found, that in closed rooms, intense point sources of small ions could produce 
median charge levels of 1 to 8 charges per aerosol for aerosol sizes less then 1 micron. Charge 
levels of 142 charges could be obtained on aerosols 3.6 microns or greater in size. Lower aerosol 
charge levels would be expected outdoors in an unconfined space.  

Jones [17] described the creation and expansion of ion plumes from point sources. He reports 
observations of ion plumes and pulses 25 m downwind from an ion generator located 2.2 m 
above the ground. The results demonstrated how the charge and ground level field measured  
near a point source vary with time due to turbulence and changes in wind direction. There were 
relatively long periods when the plume did not pass near the ion sensor. These measurements 
indicated short-term temporal variability (~0.1 s) in the ion concentrations that was attributed  
to turbulence. These observations called into question the appropriateness of using a “Gaussian 
charge plume” or simple diffusion theory to describe the charged ion distributions for a point 
source outdoors. The observations also indicated that the electric field at ground level was much 
more stable than the ion concentration because the field measured at ground level is due to the 
entire vertical extent of the charge plume not just the local charge density.  

Corona on an AC transmission line generates a bipolar small ion environment in the vicinity  
of each conductor as ions are created and pushed out and pulled in and collected by the 
alternating voltage on the conductor. The size of this region was estimated to be no more  
than 0.25 to 0.35 m from the conductor based on the corona onset field and small ion mobilities 
in the range of 1 to 2 x 10-4 m2/V•s [18]. Most of the ions in this region are captured by the 
conductor on the opposite half-cycle or recombine with ions of the opposite polarity. However,  
a small fraction can be carried away from the conductor by wind and attachment to aerosols.  

The attachment of small ions to aerosols occurs primarily by two mechanisms: diffusional 
charging and field charging. Diffusional charging is the dominant method of charging for small 
aerosol particles (r<0.01 µm) while field charging is the dominant charging method for larger 
aerosols (r>0.1 µm). Hoppel has investigated ion-to-aerosol attachment rates [19].  

The ion-to-aerosol attachment process can be described in a simple bipolar environment by the 
spatial current density continuity equations: 
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Aerosol Charging and Discharging 

∇ • j+ = - ∂ρ+/∂t - β+

o ρ
+ No - β

+

- ρ
+ N- - α n+ n-

 Eq. 3-1 

for positive current density, and: 

∇ • j- = - ∂ρ-/∂t - β-

o ρ
- No - β

-

+ ρ
- N+ - α n- n+  Eq. 3-2 

for negative current density, where 

α is the small ion recombination coefficient , 
β+

o  is the small positive ion to neutral aerosol attachment coefficient, 
β-

o  is the small negative ion to neutral aerosol attachment coefficient, 
β+

-  is the small positive ion to negative aerosol attachment coefficient, 
β-

+  is the small negative ion to positive aerosol attachment coefficient, 
No  is the neutral aerosol density, 
N+  is the positive aerosol density, 
N-  is the negative aerosol density, 
n+ = ρ+/q is the positive small ion density, and  
n- = ρ-/q is the negative small ion density. 

Similar continuity equations can be developed for the neutral and charged aerosols. Additional 
complexity can be introduced in the equations if the rates of attachment of ions to aerosols are 
known for various sizes of aerosols.  

Since small ion charge densities dominate over charged aerosol densities in the region near 
transmission line conductors in corona, charging of aerosols by small ions may be simplified. 
Following the approach of Hoppel [20], the movement of an aerosol through the region of small 
ions is computed. Due to the large size (1 to 0.01 µm) and low mobility (10-6 to 10-8 m2/V•s) of 
aerosols, wind derived motion will play a greater roll in the aerosols motion than the electric 
field of the transmission line. Most of the charging and discharging of the aerosols by small air 
ions takes place in the region near the conductors for an AC transmission line. This yields the 
level of charged aerosols immediately downwind of the line. Thus, the level of charged aerosols 
leaving the region of the conductors serves as the source term for charged aerosols moving 
downwind of the line.  

The charged aerosols are carried by the wind away from the transmission line. As the charged 
aerosols move downwind they disperse vertically due to atmospheric turbulence and to a much 
lesser extent due to the electrical repulsion of the predominant charge. An early attempt to 
consider the impact of vertical dispersion of charged aerosols was made by the Minnesota 
Environmental Quality Board (MEQB) in an analysis of space charge from a ±400 kV DC  
line [21]. 

One method to model the transport of charged aerosols downwind is by a Gaussian plume model 
that is used for atmospheric dispersion of aerosols [22]. The form of the dispersion equation for a 
linear source is: 

X(x, z) = {2q/√2πσz(x)w}•{e-(z-h)2/(2σz
2(x)) + e-(z+h)2/(2σz

2(x))} Eq. 3-3 
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where X is the aerosol concentration in particles/m3 
x and z are the distances from the line source and ground, respectively,  
h is the height of the source,  
q is the source strength in particles/sec/m 
w is the wind speed in m/s, and  
σz(x) is an empirical parameter based on turbulence of atmosphere. 

The model does not consider reduction of the charged aerosols due to atmospheric conduction or 
enhanced vertical dispersion due to mutual repulsion of the charged aerosols but could give an 
upper bound to the charged aerosol level. This model is discussed further in the next section 
using transmission line corona loss current as a source to estimate charged particle distributions 
downwind of a transmission line.  

Hoppel has calculated the ion-aerosol attachment rates (charging and discharging) for the  
aerosol size distribution and small ion mobilities expected in an outdoor environment [19, 23]. 
Generation of small air ions was assumed to arise from natural atmospheric and ground-level 
processes such as cosmic rays and radon decay. Small ion densities were assumed to be a few 
hundred ions/cm3 and aerosol densities to be a few tens of thousands of particulates/cm3. 

Hoppel also considered ion-aerosol dynamics in the more highly charged environment of  
a monopolar 400 kV high voltage DC line [20]. The corona loss current for the monopolar  
line was 2.3 micro amps/meter. For this line, Hoppel estimated that 3 to 5% of the total corona 
loss current of the DC line would be transferred to aerosols in clean rural air while 8 to 12%  
of the total corona loss current would be transferred to aerosols in moderately polluted air. 
Downwind of the monopolar DC line Hoppel calculated ground level electric fields in the  
range of 1 to 5 kV/m for clean rural air and 3 kV/m to 14 kV/m for moderately polluted air.  
The charged aerosols expanded vertically as they move downwind of the line.  

However, the downwind ground-level fields may be limited to levels below the predicted values. 
Fields at ground level above 10 kV/m are unlikely because this level is much higher than the 
field necessary to produce point discharge corona from ground cover [24]. Point discharges from 
ground cover have been reported at fields of 1.5 to 2.0 kV/m [25]. Shlanta and Moore isolated a 
4 m2 of sod covered with grass on a slightly raised portion of a meadow and found a corona 
current of 10-8 ampere/m2 during a thunderstorm when the ground level field was approximately 
10 kV/m [26]. This current corresponds to a small ion release of over 6 x 106 ions/cm2/s. Thus, 
corona on ground cover produces ions that cancel the field due to overhead charged aerosols.  

Hoppel calculated the final charge state for a distribution of aerosol sizes as part of the ion-
aerosol attachment analysis. His analysis provides a worst-case scenario for an AC transmission 
line since opposite polarity ions that would discharge the aerosols were not included. Also,  
the rate of ion depletion was not taken into account. For the DC line case, the concentrations of 
ions close to the conductor were sufficiently large that losses of ions by various means could be 
neglected. However, this assumption may not hold for the AC line case where the available ions 
are lower in number and more limited in their physical distribution.  
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Hoppel extended his consideration of ion-aerosol dynamics to the case of a bipolar high voltage 
DC line where sources of both polarities of small air ions were present and separated by 12.2 m 
[27]. For this case, the ground-level field 400 m downwind was calculated to be approximately 
2.4 kV/m for clean rural air and 8.7 kV/m for moderately polluted air. 

The bipolar analyses, although informative, are not directly applicable to an AC high voltage  
line because the polarity of the DC conductors were constant in time and separated by 12.2 m. 
There is less opportunity for recombination at the conductors than at AC conductors where the 
two sources are at the same location and change polarity each half cycle. Failure to include ion 
depletion and aerosol discharging also limits the application of the bipolar DC case for AC 
conductors since the ion density levels from AC lines are expected to be less in number and  
exist over a much smaller region. Also aerosol discharging through attachment of an oppositely 
charged small air ion will be much more likely in the region near an AC line. To understand  
the processes governing aerosol charging downwind of AC transmission lines, it is helpful to 
consider these processes downwind of DC transmission lines because of the ready availability  
of measurements and some modeling. Measurements of the charged aerosol density downwind 
of a monopolar DC test line at +500 kV were made at 70 m, 150 m, and 300 m for several wind 
speeds up to 10 m/s [28]. The small ion density under the DC line was 140,000 to 160,000 
ions/cm2 for wind speeds from 0 m/s to 10 m/s.  

At 70 m downwind of the line the small ion density had decreased significantly and was only  
a few 100 ions/cm3 for calm winds (0 m/s). The small ion density at 70 m quickly increased to 
over 10,000 ions/cm3 for wind speeds above 0.5 m/s and continued to increase linearly with wind 
speed to 10 m/s. For a wind speed of 10 m/s, the small ion density at 70 m was approximately 
45,000 ions/cm2.  

The small ion density at 150 m showed an initial increase with wind speed from zero up to 2 m/s 
and then decreased with increasing wind speed. The small ion density peaked at approximately 
9,000 ions/cm3 for a wind speed of 2 m/s. At 10 m/s the small ion density at 150 m was 
approximately 5000 ions/cm3.  

The small ion density at 300 m increased from a few hundred ions/cm3 to approximately  
5000 ions/cm3 for winds of 1.5 m/s and then decreased with increasing wind speeds to less than 
1000 ions/cm3. The decrease in charge density with higher wind speeds may indicate greater 
levels of turbulent diffusion in the atmosphere and increased vertical mixing of the charge 
density.  

The charge density of aerosols was also measured at 70 m, 150 m, and 300 m. The charge 
density showed an increase from calm wind conditions (0 m/s wind) up to wind speeds of 1 m/s 
and then remained relatively flat or decreased slightly with increasing wind speed. The charged 
aerosol density peaked at approximately 11,000 charges/cm3 at 70 m for 2 m/s wind speed.  
At 150 m the charged aerosol density peaked at approximately 4,500 charges/cm3 for 1 m/s 
winds. At 300 m the charged aerosol density peaked at approximately 3,000 charges/cm3 for  
1 m/s winds. For 10 m/s winds, the charge densities were approximately 10,000 charges/cm3, 
3,500 charges/cm3, and 1,500 charges/cm3 at 70 m, 150 m, and 300 m, respectively.  
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The measured charge density at 150 m for a wind speed of 2 m/s was 4,500 charges/cm3 
compared to the predicted level of approximately 10,000 charges/cm3. The measured level  
at 150 m for a wind speed of 10 m/s was 3,500 charges/cm3 compared to a predicted value of 
3,000 charges/cm3. Although the experimental conditions summarized above differ from the 
monopolar model developed by Hoppel, the agreement between them is probably within the 
uncertainties and variability of both the measurement and modeling processes. The model 
overestimated space charge for a 2 m/s wind speed but predicted a charge density slightly lower 
than was measured at 10 m/s. This may imply the aerosol size distribution assumed by Hoppel 
was too large or that the small air ion density and its extent from the conductor was not 
accurately represented. 

The charging of aerosols also depends on their size. Larger aerosols can achieve an increased 
level of charge before electrostatic repulsion will prevent any further charging. Harrison 
provided a calculation of the mean charge on an aerosol of a particular size based on the 
densities of positive and negative small ions [29]. 

<j> = {4πεoakT/e2}{ln [n+µ+/n-µ-]} Eq. 3-4 

where j  is the number of charges on the aerosol, 
a  is the radius of aerosol in microns  
n+  is the positive small ion density in ions/cm3, 
n-  is the negative small ion density in ions/cm3, 
µ+  is the positive ion mobility in cm2/V s, 
µ-

  is the negative ion mobility in cm2/V s, 
εo  is the permittivity of free space, 
e  is the elemental charge, 
k  is the Boltzman constant, and 
T  is the temperature in Kelvin. 

For a small air ion imbalance of 500 positive ions/cm3 and 5,500 negative ions/cm3 and a  
0.2 µm radius aerosol at room temperature, the average charge state of the aerosol will be seven 
(negative). 

Direct measurements of the charge distribution on aerosols by size have been made by Johnson 
downwind of a DC line [30]. In ambient conditions of roughly equal numbers of negative and 
positive small air ions (600 to 800 ions/cm3), the average number of charges on an aerosol was 
zero. However, the number of charges on individual aerosols varied from several negative to 
several positive charges. A typical size-charge distribution for aerosols in the 0.3 to 0.6 µm range 
is shown in Figure 3-1. 

Measurements of the charge-size distribution were also taken downwind of a monopolar  
–500 kV DC line. The aerosol charge distribution in Figure 3-2 shows a shift favoring the 
negative charge state of the aerosols. Several percent of the charged aerosols still have a  
positive charge even though they are downwind of a negative monopolar DC line. 
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Figure 3-1 
Charge Distribution for Ambient Aerosols by Size in µm as a Percent of Total Aerosols [30]  

 
Figure 3-2 
Charge Distribution for Aerosols 70 m Downwind of the Negative Pole of a DC Line by Size 
in µm as a Percent of Total Aerosols [30] 
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To date most direct measurements of aerosol charging and aerosol charge densities from 
transmission lines have been made using DC transmission lines. Direct measurements of charged 
aerosols within 100 meters of monopolar DC transmission lines in heavy corona have shown that 
charged aerosol levels are generally 10,000 charges/cm3 or less, have only single digit charge 
states, and even when the charge distribution is shifted by the DC line, some of the aerosols still 
retain opposite charge [30].  

For the DC lines, ions of one polarity exist over an extended area from the conductor to ground. 
This makes charging of aerosols passing by the line more likely than for an AC line. With more 
aerosols charged near a DC line, their effects downwind will be more evident than those from 
AC lines. Therefore the predictions and, especially, the observations of space charge near DC 
transmission lines in active corona provide upper bound estimates for space charge related 
processes downwind of AC transmission lines.  

Corona on transmission line conductors creates a zone around the conductors in which both 
positive and negative ions are formed. The processes involved in the transfer of charge from 
these ions to aerosols involve charging by the electric field and by diffusion. Little research has 
focused on these processes for AC transmission lines and so much of our knowledge is based on 
measurements and modeling of these processes for DC transmission lines. In fact, the results of 
studies of DC transmission lines can be considered as extreme limiting cases for the analysis of 
AC transmission lines. Of particular importance is that current loss from the conductor, and 
therefore the downwind charge on aerosols is related to the ambient levels of aerosols; higher 
aerosol concentrations are associated with higher downwind levels of space charge. Based upon 
other measurements, it is predicted that it will be difficult to achieve sustained levels of space 
charge associated with electric fields greater than 10 kV/m because of corona production of 
opposite polarity space charge at ground level vegetation at higher field levels. 
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4  
CHARGED AEROSOL DRIFT 

The drift and expansion of space charge as it moves downwind from its source is an important 
element in determining the ground-level electric field and charge density. There is a body  
of literature on atmospheric space charge density, its drift and vertical extent in relation to 
ionization sources, and associated ground level electric field [31-41, 17, 42, 20, 28, 27, 30, 3]. 

Vonnegut and his colleagues designed several measurement methods for use on planes and used 
them to survey the vertical extent of the potential gradient due to space charge densities and the 
resulting ground-level electric fields [44, 34, 35, 36]. Figure 4-1 is a vertical profile of the 
atmospheric potential gradient at altitudes from 300 m to 2,500 m made by Vonnegut over 
Jacksboro, Texas under ambient conditions [32]. 

 
Figure 4-1 
Variation of Potential Gradient with Altitude in Region Unaffected by Artificial Space 
Charge Measured near Jacksboro, TX [32] 

In Figure 4-1, the fair weather field increased with altitude, indicating a layer of negatively 
charged air. Vonnegut assumed that atmospheric clouds were developing from a surface layer 
one km thick (note inflection point in vertical profile of potential gradient at approximately  
1 km). Vonnegut integrated the potential curve from ground to 1 km and computed an average 
net space charge density in the column of air below 1 km of 1.5 charges/cm3.  
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Vonnegut used a fine wire (0.04 cm) suspended approximately nine meters above the ground on 
small insulating fiberglass poles for a length of 14 km. The wire could be energized up to 50 kV 
and provide currents of up to 10 mA. The usual operating current loss was 3 to 4 mA for the  
14 km length of wire. Higher levels of current loss were obtained when the wire voltage was 
negative as opposed to positive. No appreciable current flow could be obtained until the wire 
voltage exceeded approximately 5 kV [38]. He noted that the artificial introduction of space 
charge from the thin wire was quite similar to the natural introduction of charge into the 
atmosphere by a point discharge where the current varied linearly with potential and wind  
speed [45]. 

Comparing the current loss from the wire with the flux of space charge a few hundred meters 
down wind, Vonnegut found that the ground based potential gradient was approximately  
2,000 V/m. Using Poisson’s equation to calculate the flow of charge from the line for a 5 m/s 
wind yielded a current of only 1 mA. This was in contrast to approximately 4 mA of loss current 
measured to the wire. Vonnegut’s conclusion was that the difference between measured wire 
current and the calculated source current based on the ground potential gradient measurements 
was due to the charge on small air ions flowing directly from the line to ground near the  
line [33, 38]. 

Vonnegut performed several studies in which he artificially introduced space charge into the 
atmosphere by corona generated by a small wire charged at a high DC potential [32, 33, 38, 40]. 
He was able to detect changes in the ground-level electric field of approximately -500 V/m at  
a distance of 9 km down wind of the 14 km long thin wire. He also made measurements of the 
space charge density and potential gradient at heights above ground of 300 m and more from  
an airplane. Space charge concentrations of 20 to 400 charges/cm3 per cubic centimeter were 
measured at heights of 300 m above ground (Figures 4-2 and 4-3) [38]. 

Figure 4-3 shows that elevated levels of space charge (300 charges/cm3) were observed within  
1 to 2 km downwind of the line at an altitude of 300 m. The charge density decreased with 
distance from the line. The 100-charge/cm3 contours were approximately 8 km downwind and 
the 25-charges/cm3 contour was approximately 14 km downwind. The decrease in the charge 
density with distance followed the decrease seen in the potential gradient contours of Figure 4-2. 
The potential gradient and charge density measurements used to construct the contour maps 
shown in Figures 4-2 and 4-3 are presented in Figure 4-4. 
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Figure 4-2 
Contour Lines of Atmospheric Potential Gradient at an Altitude of 300 m Downwind  
of a Thin DC Wire Operating at a Positive DC Voltage [38] 

 
Figure 4-3 
The Contours of Space Charge Density Downwind of a 14 km Long Thin Wire Energized  
at Positive Polarity. Measurements made at a Height above Ground of 300 m [38] 
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Figure 4-4 
Measurements of the Potential Gradient and Space Charge Density at 300 m Altitude  
for Various Distance Downwind of the DC Line [38] 
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Figures 4-2, 4-3, and 4-4 indicate that the space charge from a line dispersed vertically to heights 
well in excess of the height of the line releasing the charge. The line producing the charge was at 
a height of 9 m. Charge densities of over 300 charges/cm3 were measured at heights of 300 m 
above ground downwind of the line.  

Low-level flights at 75 and 150 m altitudes over the line indicated that significant amounts of  
the space charge (500 charges/cm3) were at heights equal or above 75 m a few hundred meters 
downwind of the line. This is in contrast to the assumption made by Fews that the space charge 
released by a line remains at or below the height of the line tower (20 m or less) [3].  

The ground level electric field depends on the total amount of charge contained in the column  
of air above the measurement. Estimates of the ground-level space charge density based solely 
on ground level field measurements and an assumed vertical extent of a column of space charge 
can be misleading. Simultaneous ground level electric field measurements along with direct 
measurements of the space charge density provide a better picture of the space charge at and 
above ground level. Vonnegut noted this problem in discussing his measurements of potential 
gradient and space charge. 

“It must be recognized that, even when the observer is in the midst of a region of high 
space charge density, the gradient will be zero if net equal amounts of the same charge 
are above and below. Similarly, it should be recognized that, because of the action-at-a-
distance resulting from electric charge, an observer may experience strong electric 
gradients even though he is in a region where the air carries no space charge 
whatsoever.” [38] 

During the course of his measurements, Vonnegut noted fair weather space charge densities  
in the range of +300 charges/cm3 to -600 charges/cm3. Fair weather ground-level fields ranged 
from slightly negative to approximately 300 V/m. Fields under clouds but without rain ranged 
from -3000 V/m to +2000 V/m. During rain, fields of over 5000 V/m were measured.  

During his series of measurements of space charge and ground-level electric field, Vonnegut and 
his colleagues made several attempts to measure a perturbation in the atmospheric ground-level 
electric field near AC high voltage power lines in Illinois, Tennessee, and elsewhere. Although 
he had the demonstrated technical methods and instrument sensitivity to detect changes in the 
atmospheric field and charge density from AC transmission lines, he was not able to measure  
any perturbation of the atmospheric field or charge density by these AC lines [37].  

Measurements of the vertical space charge density in the region from ground level to 150 m 
above ground downwind of the DC Pacific Intertie were made during fair weather and snow 
conditions at the Bonneville Power Administration (BPA) DC Test Site near Grizzly Mountain 
in central Oregon [30]. Measurements were made using a space charge cage carried aloft by 
helium-filled weather balloons. Measurements of the electrical environment at ground level were 
available from instrumentation installed by the BPA at the test site. Data on the above ground 
space charge density were collected during three days in December. The DC line was operating 
bipolar at ±500 kV. The conductor height was 12 to 15 m above ground.  

Vertical profiles of the charge density were obtained at locations 150 m and 300 m downwind of 
the line during fair weather and dry-snow conditions. The wind speed perpendicular to the line 
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was 0.9 m/s (2 mph). The peak of the small ion density under the DC line was approximately 
135,000 charges/cm3. By 23 m downwind from the line, the small ion density had decreased to 
8000 charges/cm3. 

The vertical profiles of the charge density from ground level to a height of 150 m above ground 
downwind of the line at locations 150 m and 300 m downwind are plotted in Figure 4-5. At the 
150 m location downwind, the space charge increased from approximately 300 charges/cm3 at 
ground level to approximately 1,100 charges/cm3 at 60 m above ground and then decreased to 
about 600 charges/cm3 by 150 m above ground. Moving further downwind to 300 m from the 
line, it is clear that the charge plume was expanding vertically: the charge density at ground level 
decreased to 200 charges/cm3 and the peak charge concentration of 1,000 charges/cm3 now 
occurred at approximately 100 m above ground. The charge density decreased for heights above 
100 m falling to approximately 700 charges/cm3 at 150 m above ground.  

 
Figure 4-5 
Vertical Profile of the Charge Density in Low Wind Conditions at Two Locations 150 m  
and 300 m Downwind of the DC Pacific Intertie in Fair Weather Conditions. Small Air Ion 
Density under the Line was Approximately 100,000 charges/cm3 

Measurements of the vertical profile of the charge density were also obtained during dry snow 
conditions with a wind speed of 9 m/s. The vertical profile of the charge density during snow is 
plotted in Figure 4-6. The peak small ion density directly under the line was 90,000 charges/cm3 
while the small ion density at 23 m downwind was 67,000 charges/cm3. Due to the fixed location 
of ground based small ion measurement, the actual peak of the small ion density under the line 
was likely shifted by the wind and was more than 90,000 charges/cm3.  
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During snow conditions when the number of small ions being produced by the DC line was 
greater and wind speeds were also greater, the charge densities being carried downwind were 
also greater, peaking at the 150 m downwind measurement location at 14,000 charges/cm3 at 
height of 80 m and then decreasing with further increases in height. The charge densities 
decrease with distance downwind. At the 300 m location the peak charge density of 8,000 
charges/cm3 occurs for a height of 45 m and then decreases for further increases in height.  
Figure 4-6 indicates that even for relative high winds and very low mobility particles (snow), 
there is significant vertical expansion of the space charge. Figure 4-6 illustrates that the charge 
plume is still diffusing and expanding vertically even in strong wind conditions. This would 
appear to be in contradiction to the assumption that downwind space charge does not rise much 
above the height of the source [2].  

 
Figure 4-6 
Vertical Profile of the Charge Density in High Wind Conditions at Two Locations 150 m  
and 300 m Downwind of the DC Pacific Intertie in Dry Snow Conditions. Small Air Ion 
Density Under the Line was Approximately 100,000 charges/cm3 

Measurements of the vertical profiles of space charge density indicate that sources of space 
charge near ground can affect downwind space charge concentrations several hundred meters 
into the air and several hundred meters downwind [44, 34, 35, 36, 28, 30]. Reported 
measurements have focused on long line sources of space charge. Variations in wind speed and 
direction over short periods do not have as great an impact on line sources as they would for 
point sources of charge. This makes long line sources of charge easier to study with more stable 
effects. However, some investigators of atmospheric space charge believed that insulators or 
some other point source at the tower location of high voltage lines was the source of the space 
charge that was measured downwind of power lines [31, 46]. 
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Chalmers noted three situations that strongly implicated something on or near the transmission 
line towers as the source of the ions: 

“It may be remarked that it has seemed that, in fine weather the effects, which are  
then small, come more readily from the 66 000 lines then [sic] from the 132 000 line.”  
(p. 158) 

“But downwind the potential gradient was found to depend upon the distance from a line 
along the wind direction and passing through the pylon; when close to this line on the 
downwind track, the potential gradient had a minimum value of about – 150 Vm-1, but 
when the distance, along the track parallel to the cables, was 100 m from this line, the 
potential gradient was similar to that upwind.” (p. 158) 

“During foggy weather, when passing close to the pylons supporting the cables, there is 
often audible hissing due to breakdown at the insulators, and this has been noticed on 
some of the occasions when the negative fields have been largest.” (p. 157) [31] 

Chalmers concludes that: 

“While it appeared likely that the source of the negative charges would be at the 
insulators, rather than along the wires, this has not been previously investigated…” 
(p. 613) [46]  

 “Since we know that the insulation breakdown does occur at the insulators, it seems 
reasonable to suggest that this is where the ions originate, but the present observations 
are not able to confirm this.” (p. 158) [31] 

“Measurements of negative electric fields must be regarded with suspicion until it is 
established that these fields do not originate from charges produced at pylons.”  
(p.159) [31] 

“Further investigation of the effect could only be made by using many continuous 
recording field measuring instruments situated at various points in relation to the 
pylons…” (p.159) [31] 

Chalmers raised the possibility that at least in this case measurements of elevated fields 
downwind from an AC power line did not necessarily indicate that corona on the line was the 
source of the space charge. The source of the ionization could have been a point source on or 
near the transmission line tower, such as scintillation on the insulator surfaces, a cracked or 
damaged insulator, or a bolt or piece of loose hardware protruding too far. Damage at a localized 
point on a conductor could also have been an intense fair weather corona source that released 
more ions than general fair weather corona along the entire line.  

The possibility of point sources merits consideration in collecting and analyzing electric field 
data near transmission lines. Although most lines are designed to be corona free during fair 
weather there is usually some corona activity caused by protrusions on the conductors. Modern 
lower voltage lines, such as 69- and 132 kV lines, have lower conductor surface gradients and so 
are less likely to be in corona (Table 2-1). Therefore the fields near these lines may more likely 
be due to point sources.  
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One method of determining whether the downwind space charge being observed is from general 
corona on transmission line conductors or from a localized point source would be to use multiple 
simultaneous recording devices positioned at several locations parallel to the line and adjacent to 
a pylon of possible interest. This would help to define the contribution of such sources to corona-
generated space charge apart from that produced by line sources. 

In order to obtain an indication of the differences in particle concentrations one might see 
downwind from a line source of particulates versus a point source of particulates, the United 
State Environmental Protection Agency (EPA) atmospheric dispersion model for particulate 
dispersion was used [22]. This model uses a Gaussian plume model for dispersion of particulates 
downwind similar in concept to that described in Section 3, Equation 3-3.  

Air dispersion modeling for charged particles was conducted using the EPA preferred model, 
Industrial Source Complex-Short Term dispersion model (ISCST3). ISCST3 is a steady-state 
Gaussian plume model that is used to assess particulate concentrations from a wide variety of 
sources associated with an industrial complex. It is the most widely used model that has been 
applied and tested in numerous applications.  

ISCST3 was used to generate modeling results for ground level concentrations of particulates. 
This model can account for line and volume sources, plume rise as a function of downwind 
distance, separation of point sources, and terrain and atmospheric conditions within limits.  
For this modeling effort, the latest version of the ISCST3 model, Version 02035, was used. 

Dispersion modeling was performed for both a point source and a line source. The measurement 
locations were placed on flat terrain. The line source was represented by an elevated area source 
with a very large ratio of length to width. To effectively model the dispersion of the charged 
particle emissions, an AREAPOLY algorithm was used to limit the number of modeling runs  
yet enhance the accuracy of modeling results. 

The modeling runs estimated the downwind ground level concentrations under two wind  
speeds 2.2 m/s and 4.5 m/s (5 mph and 10 mph) and two atmospheric stability conditions  
(stable atmosphere and turbulent atmosphere with convective mixing). The stable condition  
was represented by a stability category of four and a mixing height of 1,000 m. For the turbulent 
condition, the stability category used was one with a mixing height of 2,000 m. Levels of 
particulate generation were assumed based on estimated fair weather corona loss levels for a  
500 kV line and equivalent insulator losses at one tower [5]. Particulate generation levels were 
based on direct conversion of escaped corona-loss charges to particulates based on one particle 
per second equaling one elemental charge per second. Conversion of the power loss did not 
deduct power lost to corona effects such as radio noise, audible noise, visible light, or ozone 
creation. Due to the nature of the model, ion recombination, aerosol discharging, or charge 
repulsion were not included. The computed particulate levels are unrealistically high because of 
the simple assumptions used to convert loss current to particulate generation. The purpose of this 
modeling was to look at fundamental differences between downwind dispersion of particulates 
from a point source versus a line source. The results are presented graphically in Figures 4-7 and 
4-8 for a line source and for a point source, respectively. Results are presented for four locations 
downwind (500 m, 1,000 m, 2,000 m, and 5,000 m), two wind speeds (2.2 m/s and 4.5 m/s) and 
for two atmospheric conditions (stable and turbulent atmospheres). 
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Figure 4-7 
Calculated Dispersion of Particulates Downwind from a Line Source 

0

10,000

20,000

30,000

40,000

50,000

60,000

70,000

80,000

90,000

500 1000 2000 5000
Distance (m)

 C
on

ce
nt

ra
tio

n 
(p

ar
tic

le
/c

c)

5 mph - stable

10 mph - stable

5 mph  - turbulent

10 mph - turbulent

 
Figure 4-8 
Calculated Dispersion of Particulates Downwind from a Point Source 
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Qualitatively, a point source in stable atmospheric conditions has higher particle densities  
closer to the source than an equivalent line source does, but the densities drop off much faster 
with distance than for a line source. Under turbulent conditions it will be difficult to tell a point 
source from a line source, but a point source will tend to have lower densities than an equivalent 
line source. Comparison of the likely particle densities that one might encounter from a line 
source or point source, indicate the need for multiple measurements, preferably simultaneous,  
at several location downwind (and upwind) of the probable source. This confirms the suggestions 
by Chalmers as to the need for multiple and simultaneous field and charge density measurements 
[31]. 

An extensive literature on the dispersion of space charge overhead in relation to ground level  
DC electric fields was reviewed. Studies of space charge and electric fields downwind of DC  
test lines and DC transmission lines indicate that space charge can be transported to heights of  
75 to 300 m above ground. Even snowflakes, with less mobility, can transport charge many 
meters above a line source. These data indicate that the assumption of Fews et al. that space 
charge from transmission lines would not rise above the height of the conductors may not 
describe typical conditions, and leads them to overestimate higher space charge values at ground 
level [3]. The older studies of DC electric fields measured near lower voltage AC transmission 
lines point to the need to consider insulators and hardware as a possible source of corona-
generated space charge. To evaluate how the dispersion of particles from such point sources 
might differ from line sources, the dispersion of particles was modeled under stable and turbulent 
atmospheric conditions. Particle concentrations close to the point source were estimated to be 
higher than for a line source. However, the concentrations from the point source diminish more 
rapidly with distance so that line sources are more dominant at greater distances. 
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5  
GROUND LEVEL ELECTRIC FIELD AND CHARGED 
AEROSOL DENSITY 

The electric field of the Earth in fair weather is normally in the range of a few 100 V/m, but can 
vary dramatically with weather conditions reversing direction or, on rare occasions, reaching 
values of 40,000 V/m [24, 47, 48]. Such variation in the Earth’s electric field with time and 
location make it difficult to measure the impact of transmission lines on downwind ground level 
electric fields unless multiple locations upwind and downwind of a transmission line are 
measured simultaneously. 

Measurements have shown that the creation and release of corona-generated ions on a  
high voltage DC conductor can charge aerosols. These charged aerosols are then carried 
downwind producing modifications in the atmospheric space charge densities and electric  
fields [30, 38, 28, 49].  

Changes in the ground level electric field or space charge downwind of operating AC lines have 
also been reported. Studies that have measured static electric fields and corona-generated space 
charge from AC transmission lines are listed in Table 5-1. Most of the studies measured only 
ground-level electric fields. However, a few also measured ground-level ion densities. None of 
the studies reported measurements of charged aerosols. Historically, measurements were made 
on low voltage lines, presumably with smaller diameter conductors than would be used on 
present lines of the same voltage class. Over the last several years, measurements have been 
reported near lines from 132 kV up to 400 kV.  

The duration of measurements reported varies greatly from anecdotal to long-term. Corona is  
a highly variable phenomenon dependent on meteorological and conductor-surface conditions. 
Therefore characterization of effects related to corona, such as audible noise and electromagnetic 
interference, are generally given in statistical terms. Not surprising then, space charge effects 
also showed great variability over periods from seconds to seasons. Ideally, this variability 
should be quantified by long-term measurements. Unfortunately, there was only one study that 
performed such long-term measurements and it employed only a limited number of measurement 
locations [43].  

Even without extensive long-term monitoring, some patterns did emerge from the measurements 
listed in Table 5-1. First, the measurements confirmed the variability that is associated with 
corona-generated space charge and its attendant electric field changes. During some 
measurement period there were large changes in electric field at ground level downwind of AC 
transmission lines, with changes in polarity even possible. Elevated fields may appear during one 
measurement period but not during another for the same location. [31, 3, 51, 54]. However, over 
long periods the mean and median levels of electric fields and ion densities at ground level were 
comparable to ambient (upwind) levels [43]. 
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Ground Level Electric Field and Charged Aerosol Density 

Table 5-1 
Summary of Static Electric Field and Space Charge Measurements Near AC Transmission Lines 

Reference   Location Line Type Number 
of Sites 

Measurement 
Distances, m 

Number/Duration 
of Measurements 

Electric-Field 
Change, V/m 

Electric-Field or 
(Space-Charge 

Polarity)† 
Comments 

Carroll & 
Lusignan, 
1927* [50] 

California, 
USA 220 kV 1 

4.6 m & 9.1 m 
(under 

conductor) 
nr  nr Negative 

Visible and audible 
corona; Polarity of 
space charge 
unchanged by 
operation at 240 kV or 
260 kV 

Chalmers, 
1952 [31] 

Durham, UK 66 and  
133 kV  

22 up to several km More than 66, 
duration unknown 

>100 V/m to > 
800 V/m 

Negative and 
positive 

Negative charge 
during mist and rain; 
positive during fair 
weather 

Mühleisen, 
1953** [54] 

       220 kV Positive and 
negative 

Negative electric fields 
in mist and fog; 
positive electric field in 
other conditions 

Bent & 
Hutchinson, 
1966 [51] 

Durham, UK 

 
nr 
 
 

275 kV 

 
 

nr 
 

nr 
nr 
 

17000 

 
11 
4 
 

8 

 
Negative 
Positive 

 
Negative 

 
Negative 
Positive 

 
Negative 

Powerline effect 
assumed: 
Mist and fog 
Clear sky and high 
visibility 
Humid summer nights 
(dew?) 

Groom and 
Chalmers, 
1967 [46] 

 132 kV 1 40 m One day 150 V/m Negative 

Fog; tests indicate that 
the corona source was 
the pylon not the 
conductors 

Hendrickson, 
1983 [42] 

Minnesota, 
USA 345 kV 1 100, 200 m 1 24-hour period <300 V/m Positive 

Change of electric field 
related to wind speed 

* as described in Harris & Albertson (1984) 
** as described in Fews et al. (1999) 
† Positive field is into the earth. 
nr = not reported 
nm = not measured 
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Table 5-1 
Summary of Static Electric Field and Space Charge Measurements Near AC Transmission Lines (Continued) 

Reference Location Line Type Number 
of Sites 

Measurement 
Distances, m 

Number/Duration 
of Measurements 

Electric-Field 
Change, V/m 

Electric-Field or 
(Space-Charge 

Polarity)† 
Comments 

Harris & 
Albertson, 
1984 [50] 

Minnesota, 
USA 345 kV 1 <100 m 6 days, total of 17 hr nm (Positive) 

Increase in +ions and 
decrease in -ions 

132 kV 6 
profiles up to 

520 m 

At several m 
intervals, duration 
not known 

100 to 500 V/m, 
mean 200 V/m Mostly negative 

275 kV 1 
profiles up to 

580 m 

At several m 
intervals, duration 
not known 

255V/m 
maximum Negative 

Fews et al., 
1999 [1] Bristol, UK 

400 kV 1 
profiles up to  

75 m 

At several m 
intervals, duration 
not known 

123 V/m 
maximum Negative 

Elevated fields in 8 of 
14 cases; calculated 
space charge 

132 kV 6 50, 100 m 11 periods of 12- to 
18-minute duration 

-118 to +613 V/m 
change in means 

Mostly positive 

275 kV 1 50 m 1 period of 13 
minutes 

-19 V/m change 
in means 

Negative 

400 kV 2 50 m 5 periods of 10- to 
14-minute duration 

-296 to +53 
change in means 

Positive and 
negative 

Fews et al., 
2002 [3] Bristol, UK 

400 kV 1 18 to 800 m 18 periods of 25- to 
117-minute duration 

-58 to +756 V/m 
change in means 

Mostly positive 

Elevated fields in 21 of 
22 cases; calculated 
space charge 

230 kV 1 19 to 80 m 
5436 hrs (1-minute 
averages) over 2.5 
yrs 

100 to 1500 V/m 
(99th percentile of 
changes) 

Positive 

Field elevation for ~9% 
of total time; for ~20% 
of downwind time; 
Measured ion densities Bracken et al., 

2003 [43] 

New 
Hampshire, 

USA 
345 kV 1 24, 55 m 6384 hrs over  

2.5 yrs 
100 to 200 V/m  Positive 

Field elevation for ~1% 
of total time; for ~2% 
of downwind time; 
Measured ion densities 

* as described in Harris & Albertson (1984) 
** as described in Fews et al. (1999) 
† Positive field is into the earth. 
nr = not reported 
nm = not measured 
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Ground Level Electric Field and Charged Aerosol Density 

Second, changes in the electric field from ambient levels were both positive and negative.  
A positive field refers to the field with an excess of positive charges overhead; that is, a positive 
electric field is into the earth. For lower voltage lines in Table 5-1, the downwind field changes 
tended to be negative, while for higher voltage lines the field changes tend to be associated  
with positive space charge. Long-term measurements near 230- and 345 kV lines showed 
predominantly positive polarity effects in terms of both electric fields and ion densities [43].  

The observation of conditions with both negative and positive space charge from lines (or a point 
source on the line) was consistent with our understanding of corona. Negative corona has a lower 
onset voltage gradient and under certain conditions may predominate. At higher voltage 
gradients, positive ions are more likely than negative ions to escape from the area of the 
conductor and may lead to a predominance of positive space charge. 

Third, changes in electric fields from upwind values were observed at distances up to several 
hundred meters and further from AC transmission lines [31, 3]. The levels were highly variable 
at these distances and generally less than a few hundreds of volts/meter. The elevated levels of 
static electric fields from AC transmission lines were much less than those from DC transmission 
lines at these same distances [49]. 

Fourth, another possible source of space charge downwind of power lines was identified as 
localized corona on hardware or insulators or electrical breakdown across gaps on the structures. 
Newer well-engineered lines would not have these sources. However, they may have produced 
the elevated electric fields observed by early investigators [31, 46]. It is also possible that very 
early low-voltage lines were in corona along the conductor because of undersized conductors.  

Several researchers have used ground-level potential gradient measurements to calculate the 
space charge density [1, 3]. This is an acceptable method if the distribution of the space charge 
density with height is known and properly taken into account. Assuming uniform horizontal 
charge distributions, the ground level potential gradient (electric field) is a measure of the total 
charge contained within the column of air above the ground measurement point. The ground 
level field can be calculated from Gauss’s Law as: 

Egnd = �
o

h

ρ(z)dz/εo Eq. 5-1 

Where ρ is the space charge density in Coulombs/m3 

εo is the permittivity of free space in farad/meter 
h is the height (m) of the column of air containing the space charge. 

As can be seen from Equation 5-1 knowing the variation of ρ(z) with height is critical in 
calculating the electric field at the surface of the ground. Vonnegut warns of misleading 
assumptions in relating measurements of the potential gradient and local charge density. 

“…it should be recognized that, because of the action-at-a-distance resulting from 
electric charge, an observer may experience strong electric gradients even though  
he is in a region where the air carries no space charge whatsoever.” [38] 
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Ground Level Electric Field and Charged Aerosol Density 

If only ground level electric fields are measured and then space charge density is calculated from 
the ground level electric field, the calculated space charge density depends on the height of the 
column assumed to contain the space charge. The literature has shown that the space charge 
density can vary widely with altitude and thus affect the ground level electric field [37]. 
However, even if the space charge density at ground level is known, its significance with respect 
to its potential effect on deposition within the respiratory tract cannot be appreciated unless the 
distribution of charge on aerosols of various sizes is also known. 

Changes in the ground level electric field or space charge downwind of operating AC lines have 
also been reported. Besides the measurements by Few et al. (2002), other studies that have 
measured static electric fields and corona-generated space charge from AC transmission lines 
provide additional insight into these phenomena [3]. The measurements by Bracken et al. (2003) 
confirm the variability that is associated with corona-generated space charge and its attendant 
electric field changes [43]. This and other studies report that during a measurement period there 
can be large changes in electric field at ground level downwind of AC transmission lines at 
distances up to several hundred meters and further from AC transmission lines. The levels are 
highly variable at these distances and generally less than a few hundreds of volts/meter. 
Maximum values measured during short periods do not estimate the lower long-term average 
values that are of interest in assessing human exposure. The older literature points to corona on 
hardware or insulators or electrical breakdown across gaps on the structures as another source of 
corona-generated space charge. Newer well-engineered lines will not have these sources. If only 
ground level electric fields are measured and then space charge density is calculated from the 
ground level electric field, the calculated space charge density depends on the height of the 
column assumed to contain the space charge. The literature has shown that the space charge 
density can vary widely with altitude and thus affect the ground level electric field. The extent of 
the vertical dispersion of space charge downwind of corona sources is found to be much greater 
than has been assumed by Fews et al. [3], which means that his estimated concentrations of space 
charge at ground level are overestimated. 

Gaps in our knowledge and critical areas of investigation identified by this literature review are: 

• Although detailed modeling has been done of the ion creation process and the ion-aerosol 
attachment rates of DC transmission lines, a similar effort is needed to understand the 
charging of aerosols near AC transmission lines in quantitative terms. 

• Knowledge of total charge density at ground level is insufficient characterize the distribution 
of charge on aerosols of different sizes and resulting effect of charge on their mobility. This 
information is important to address the final assumption in the Fews et al. hypothesis, viz. 
that the charge on aerosols will increase the deposition of aerosols in the respiratory tract [3]. 
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6  
SUMMARY 

Fews and Henshaw [1, 2] have raised the question whether health impacts of airborne aerosols 
due to charging of aerosols by AC power lines is a potential source of adverse health effects. 
This hypothesis is based on the following assumptions: 

• corona on AC transmission lines generate air ions 

• the charge on air ions is transferred to aerosols and the latter become highly charged  

• highly charged aerosols exhibit minimal dispersal as they move downwind of the line 

• the electric field and mobility of charged aerosols increase the concentration of charged 
aerosols at ground level  

• increased charge on aerosols produced by AC transmission lines is sufficient to meaningfully 
increase the deposition and retention of the aerosol in the lungs. 

Although some aspects of these hypotheses have a physical basis, other aspects of the hypothesis 
are highly speculative, and the conclusion that power lines could substantially affect human 
exposure to airborne particles or lead to adverse health effects is unwarranted [52]. This view  
is shared in a more recent assessment by the National Radiological Protection Board of Great 
Britain [53]. Nevertheless, only a comprehensive quantitative analysis of the overall hypothesis 
and its implications for exposure will provide a strong basis for evaluating the merit of the 
hypothesis.  

This review summarizes data in the literature to provide a better understanding of the physical 
processes pertaining to the first four assumptions that form the basis for the Fews et al. 
hypothesis. These processes involve the nature of corona on AC transmission lines and the 
formation of air ions, the charging of aerosols by the electric field and diffusion, the dispersion 
of ions and charged aerosols away from transmission lines, and the use of measurements of  
DC electric fields downwind of AC lines to estimated exposures to charged aerosols. 

AC Corona and Small Ions 

Corona activity on high-voltage AC and DC conductors is known to lead to the formation  
of ions. A review of the factors affecting ion formation and mobility explains why positive  
ions and charged aerosols should be expected under most conditions on higher voltage lines. 
However, a lower onset gradient for negative corona may support the production of negatively 
charged aerosols on lower voltage lines that are marginally in corona due to rain or condensation 
on the conductors. Consideration of typical AC transmission line designs for voltages above  
215 kV indicates that conductor surface gradients on individual conductors remain the same  
as voltage is increased. However, the use of multiple conductor bundles to limit conductor 
surface gradients increases the volume where corona-generated ions are present and charging  
of aerosols can take place. 
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Summary 

Aerosol Charging and Discharging 

Corona on transmission line conductors creates a zone around the conductors in which both 
positive and negative ions are formed. The processes involved in the transfer of charge from 
these ions to aerosols involve charging by the electric field and by diffusion. Little research has 
focused on these processes for AC transmission lines and so much of our knowledge is based on 
measurements and modeling of these processes for DC transmission lines. In fact, the results of 
studies of DC transmission lines can be considered as extreme limiting cases for the analysis of 
AC transmission lines. Of particular importance is that current loss from the conductor, and 
therefore the downwind charge on aerosols is related to the ambient levels of aerosols; higher 
aerosol concentrations are associated with higher downwind levels of space charge. Based upon 
other measurements, it is predicted that it will be difficult to achieve sustained levels of space 
charge associated with electric fields greater than 10 kV/m because of corona production of 
opposite polarity space charge at ground level vegetation at higher field levels. 

Charged Aerosol Drift 

An extensive literature on the dispersion of space charge overhead in relation to ground level  
DC electric fields was reviewed. Studies of space charge and electric fields downwind of DC  
test lines and DC transmission lines indicate that space charge can be transported to heights of  
75 to 300 m above ground. Even snowflakes, with less mobility, can transport charge many 
meters above a line source. These data indicate that the assumption of Fews et al. [3] that space 
charge from transmission lines would not rise above the height of the conductors may not 
describe typical conditions, and leads them to overestimate higher space charge values at ground 
level. The older studies of DC electric fields measured near lower voltage AC transmission lines 
point to the need to consider insulators and hardware as a possible source of corona-generated 
space charge. To evaluate how the dispersion of particles from such point sources might differ 
from line sources, the dispersion of particles was modeled under stable and turbulent 
atmospheric conditions. Particle concentrations close to the point source were estimated to be 
higher than for a line source. However, the concentrations from the point source diminish more 
rapidly with distance so that line sources are more dominant at greater distances [3]. 

Ground Level Electric Field and Charged Aerosol Density 

Changes in the ground level electric field or space charge downwind of operating AC lines have 
also been reported. Besides the measurements by Few et al. (2002), other studies that have 
measured static electric fields and corona-generated space charge from AC transmission lines 
provide additional insight into these phenomena [3]. The measurements by Bracken et al. (2003) 
confirm the variability that is associated with corona-generated space charge and its attendant 
electric field changes [43]. This and other studies report that during a measurement period there 
can be large changes in electric field at ground level downwind of AC transmission lines at 
distances up to several hundred meters and further from AC transmission lines. The levels are 
highly variable at these distances and generally less than a few hundreds of volts/meter. 
Maximum values measured during short periods do not estimate the lower long-term average 
values that are of interest in assessing human exposure. The older literature points to corona on 
hardware or insulators or electrical breakdown across gaps on the structures as another source of 
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Summary 

corona-generated space charge. Newer well-engineered lines will not have these sources. If only 
ground level electric fields are measured and then space charge density is calculated from the 
ground level electric field, the calculated space charge density depends on the height of the 
column assumed to contain the space charge. The literature has shown that the space charge 
density can vary widely with altitude and thus affect the ground level electric field. The extent of 
the vertical dispersion of space charge downwind of corona sources is found to be much greater 
than has been assumed by Fews et al. [3], which means that his estimated concentrations of space 
charge at ground level are overestimated. 

Gaps in our knowledge and critical areas of investigation identified by this literature review are: 

• Although detailed modeling has been done of the ion creation process and the ion-aerosol 
attachment rates of DC transmission lines, a similar effort is needed to understand the 
charging of aerosols near AC transmission lines in quantitative terms. 

• Knowledge of total charge density at ground level is insufficient characterize the distribution 
of charge on aerosols of different sizes and resulting effect of charge on their mobility. This 
information is important to address the final assumption in the Fews et al. hypothesis, viz. 
that the charge on aerosols will increase the deposition of aerosols in the respiratory tract [3]. 
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