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Abstract: A system for remotely measuring the distribution of air space charge in real time
is developed. The system consists of a loudspeaker and an electric field antenna. By
propagating a burst of directional sound wave from the speaker, a modulation in the space
charge and, therefore, an electric field change at ground is produced. The distribution of the
space charge density is derived from the E-field change which can be measured by the E-
field antenna. The developed system has been confirmed by both laboratory and field
experiments.
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1. Introduction

Conventionally, space charge in atmosphere is either measured directly at some local preset points
or inferred from measurement of potential difference through balloons, rockets or airplanes [e.g.,
Bradley, 1968; Winn and Moore, 1971; Chauzy et al., 1991]. The latter has been widely used for
measuring the charge distribution both inside and beneath a thundercloud and has provided a lot of
valuable information on electrical structure of thunderclouds [e.g., Soula and Chauzy, 1991; Marshall
and Rust, 1993]. However, all conventional methods are very poor in terms of spatial resolution and
they are in principle not suitable for measuring air space charge distribution in real time and in 3-
dimensions. Real-time and 3-D information on the charge distribution inside a thundercloud can not
only provide a direct means for forecasting imminent lightning but also help to understand
thundercloud electrification mechanism and lightning discharge characteristics. We have proposed a
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method which is suitable for real time and 3-D measurement of space charge distribution in
atmosphere [Wang et al., 1997]. In this method, a burst of directional sound wave is used to modulate
the space charge and to produce an oscillating electric field which is measurable at the ground. The
space charge location is determined with the time difference between the sound wave and the E-field
variation in combination with the sound wave propagation direction. The space charge amplitude is
derived with the amplitude of the E-field variation. The possibility of measuring atmospheric space
charge by use of sound waves has been suggested by Siscoe [1971] more than 30 years ago. In his
method, a continuous plane sound wave was used and the local oscillating electric fields at the space
charge location had to be measured. To get some spatial resolution, either numerous measuring
systems are needed or the measuring system has to be moved within air space charge region.
Compared to conventional methods, his method in principle has the similar limitation in terms of
spatial resolution. Our method is based on remote sensing and is capable of measuring space charge in
real time and 3 dimensions with only a single stationary system. To evaluate the validity of our
proposed method, in the present study a prototype of system for measuring space charge has been
developed and tested in both laboratory and field conditions. This paper reports the results.

2. Theoretical Background

When a burst of directional sound wave propagates in air as shown in Fig. 1, the air density along
the sound wave will be modulated in sequences by the sound wave. The air density p modulated at a
distance of » from the loud speaker can be calculated with the following formula (see the detail in
Appendix A).
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Figure 1. A schematic illustration of the principle of the developed system.
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where py is the air density in steady state, with value of py = 1.293 kg m™; 4 is the amplitude of sound
wave (Pa); y is the ratio of the specific heat at constant pressure to the specific heat at constant volume,
with value of y = 1.402; P, is the atmospheric pressure in steady state, with value of Py = 1.013x10’
Pa; o is the attenuation constant; w is the angular frequency of the sound wave; K is wave number
where K = w/c, c is the sound velocity. If the space charge density p,. is in proportion to p, which
should be true for most of cases, the space charge density is modulated similarly as the air density. The
modulation in p, can produce an oscillating electric field changes at ground. Assume that the sound
wave lasts 1.5 periods (or 1.5 wavelengths), the following relation can be easily derived (see the detail

g L Ppysind Ipoch )
gfy  fr 87

where E is the amplitude of the electric field change; ¢ is the dielectric constant in vacuum; f'is the

in Appendix A).

frequency of the sound wave; r is the propagation distance of the sound wave; @ is the half angle of the
directional sound wave; c is the speed of sound; W is the input power into the speaker. By measuring
E, the space charge density along the propagation of sound wave could be derived with the above
formula. By changing the direction and frequency of the sound wave, it is possible to obtain 3-
dimensional space charge distributions in a similar way to typical meteorological radar.

3. Experimental Set-up

The diagram of the developed system and also the set-up for laboratory experiments are shown in
Fig. 2. The experiment set-up consists of three parts: (1) space charge producing part, (2) sound wave
generating part and (3) electric field measuring part. As illustrated in Fig. 2, the space charge
producing part is composed of a DC high voltage power supply and two plate electrodes with one of
them having 15 short needles on its inner surface. The space charge is generated though corona
discharging from the needles. The resultant charge density can be adjusted by changing the applied
voltages. The sound wave generation part consists of an oscillator, a power amplifier and a
loudspeaker. The oscillator outputs a burst sine wave with 1 kHz frequency and 1.5 wavelengths every
second. The electric field measuring part is composed of a capacitive electric field antenna, a band-
pass filter, a lock-in amplifier and a digital storage oscilloscope. The lock-in amplifier is used to
reduce noise and to improve the sensitivity of the E-field measuring system. The output of the lock-in
amplifier takes the form of integration of the E-field variation.

The set-up of field experiments is shown in Fig. 3. In field experiments, the space charge is
produced under thunderstorm conditions through corona discharges occurred from several needles
which are mounted on the top of a 14.5 m high grounded tower. In order to measure the space charge
in field environments, a powerful loudspeaker for Doppler sodar as specified in Table 1, is used. All
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the other equipments used in field are the

same to that in laboratory and have already been described
above.
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Figure 2. A schematic illustration of the setup for measuring space charge in laboratory.
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Figure 3. A schematic illustration of field experiment setup for measuring space charge

generated from needles on the top of a steel tower.
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Tablel. Specification of Doppler Sodar AT-900.

Frequency band 150 — 6000 Hz
Beam width 16°

Input power 900 W

Drive impedance 4Q

Height 2.1m

4. Results
4.1 Results obtained in laboratory experiments

Fig. 4 shows an example of the burst sound wave and the integrated electric field changes when the
distances between the loud speaker and the bottom of the electrode are, respectively, 1, 1.5 and 2
meters. In the E-field waveforms, the beginning time of the E-field rise and its peak time are marked as
shown in Fig. 4. The start of generating sound wave is referred as # = 0. Compared to the sound wave,
since the traveling time for an electromagnetic wave can be neglected, the beginning time of E-field
rise in the E-field waveforms is the propagation time for the sound wave front to arrive at the bottom
of the space charge region. Multiplication of this time with the sound speed results in the distance
between the speaker and the bottom boundary of the space charge. This distance, denoted 7, is shown
in each of the bottom three plates of Fig. 4. The peak time corresponds to the propagation time for the
sound wave to leave the space charge region. Multiplication of this peak time with the sound speed
results in the distance between the loud speaker and the top end of the electrodes, which is equivalent
to » + 0.7 m. The distances calculated are in good agreement with the measured distances with errors
less than 10%. Also as seen in Fig. 4, the shorter the separation distances between the speaker and the
space charge, the larger are the peak values of the integrated electric field changes. This is also in good
agreement with equation (2).

Fig. 5 shows the relationship between the detected electric field changes and the powers inputted to
the loud speaker. As seen in Fig. 5, the larger the input power, the bigger is the amplitude of the
electric field change. A theoretical curve predicted by equation (2) is also included in Fig. 5. The
experimental data are in reasonably good agreement with the theoretical curve.

From the measured E-field changes, the charge density inside the electrodes can be derived with
equation (2). Meanwhile, in order to have a comparison the space charge has been measured by other
two independent methods. In the first method, referred to as voltage method in this paper, the electric
field £ at the inside surface of the earth plate electrode and the voltage between the two plate
electrodes with distance d are measured. The space charge density can be estimated by,

2¢, r
P = 7(Eo a,j (3)

where p. is space charge density; Ej is the electric field at the inside surface of the earthed electrode; V'
is the voltage between the two electrodes and ¢ is the dielectric constant in vacuum.
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In the second method, referred to as corona current method in this paper, the total corona current
flowing to the earth, and the electric field on the inside surface of the earthed plate are measured. The
charge density p can be estimated by

1
EouS

P 4

where / is the corona current; Ej is the electric field between the two electrodes; u is mobility of ion,
with value of 2 is 1.32x10™ m* s V''; § is the cross sectional area of the space charge. The electric
field on the inside surface of the earthed electrodes was measured with a field mill. The corona current
was measured through a resistor. Fig. 6 shows the space charge densities measured with three different
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Figure 4. Integrated E-fields at various separation distances between space charge and the
loudspeaker.
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and independent methods at various applied DC voltages. As seen in Fig. 6, the larger the applied
voltage, the bigger are the space charge densities. All three methods are in good agreements.

0.35
1 = —Theory | ]
0.30
. ’/
0.25
0.20 ) —

0.15
0.10 /{
0.05

0.004

Electric field change (V/m)

0 2 4 6 8 10 12 14 16
Power Input (W)

Figure 5. Relationship between the E-field changes and the power inputted.

5.0x10° [—a— by Véltage method .
1{—®— by corona current method =
~ 4.0x10°4 == by proposed method o e
mg . - v /0
< ': e
= 3.0x10° //, -
Q
S 2.0x10° /,é‘
g0 y
g . 4
O 1.0x10 /
| ¢
0.0

20 25 30 35 40 45 50 55 60 65
Voltage applied between electrodes (kV)

Figure 6. Comparison of the space charge densities measured with three independent

4.2 Results obtained in field experiments

Fig. 7 shows an example of the sound wave and the integrated electric field detected under a
thundercloud. Based on these measured waveforms, the space charge distribution can be estimated by
using equation (2). The space charges appear to exist in the region from 14.9 m to 16 m high above the
ground and have maximum charge density of 400 nC m™ as shown in Fig. 8. The height of the charge
region is consistent with the height of the grounded tower. The measured charge density is about 10
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times as large as the value measured above a truck farm under the winter thundercloud [Tatsuoka et al.,
1991]. The electric field on the top of 14.5 m tower is on average more than 10 times larger than that
above the truck farm, and this may account for why the charge density measured by us is larger than
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Figure 7. Integrated E-field detected under a thundercloud.
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Figure 8. An example result measured in field with the developed system.
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that by Tatsuoka et al. (1991).
5. Concluding Remarks

A system for remotely measuring the distribution of air space charge in real time is developed. The
system consists of a loudspeaker and an electric field antenna. The validity of the developed system
has been confirmed by both laboratory and field experiments. In the future, in order to improve the
sensitivity of the system, not only the noise level of the electric field antenna should be reduced, but
also the output power of the loudspeaker should be increased.
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Appendix A

Equations relating sound wave to electric field
The entire pressure P [Lauren et.al, 1982; Fahy, 1989] can be expressed as

P=Py+ de . oI (@K (A1)
where
P = the entire pressure (Pa)
P, = the atmospheric pressure in steady state (1.013x10° Pa)
A = amplitude of sound pressure (Pa)
y = the ratio of specific heat at constant pressure to constant volume (1.402)
o = the attenuation constant
= the angular frequency of the sound wave
K = the wave number
r = the propagation distance of the sound wave (m)
k=0 2 27 (A2)
c c A
where

¢ = the speed of sound (331.5 m s
f= the frequency of the sound wave (Hz)
A = wavelength (m)

P _[o]
P0_|:,00} (A9
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where
p = the air density (kg m™)
po = the air density in steady state (1.293 kg m™)

PP g (A4)
Po
v V4
{ﬁ} {Hm} PP P
Po Po Po Fy
P-P
p:p{l+ P 0} (AS5)
0
A -ay j(ot—Kr)
p(r,t):po 1+}/?'e e (A6)
0

The space charge density p. is in proportion to p, which should be true for most of cases; the space
charge density p, is modulated similarly as the air density.

pe(rit)= puy {1 + y% e -e"‘”’"’“’)} (A7)
0

where
pe = space charge density (C m™)
peo = space charge density in steady state (1 nC m™)
A = amplitude of sound pressure (Pa)

In air, it is plausible to assume a is zero. The actual sound pressure is the real part of (A7),

p.(rt)=p., {1 + icos(a)t - Kr )} (A8)
7Py

On the other hand, the electric field caused by the space charge shown in Fig.Al in spherical

coordinate is

([P
E_” dre,r’ (A9)

dV =dr-rdA-rsin Ad¢
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e=[ " 47; PURLSL. 2 i gt (810)

J:rlj ’De )cos/I sin Ad @dr
2 €

sin® @ ¢n
= i, L P. (r,t)dr
. 2
-0, {(rz ) binlor - ) -sinor - )}} AlD)

From (A11), electric field change AE is

)

AE = 31;1809 “Peo 7PI:K {sin(wt — K7, )—sin(ot — Kr, )} (A12)
in’ ¢ % K K

= 2{51;180 Do 7/P0K} s1n?( —r)- cos{a)t —?(rz +7 )} (A13)

From (A13), amplitude of electric field change is

s 2
E- 2{52’8 C P 7PAK}-sin§(r2 1) (A14)
0 0
(r2—r1)=n/l+% (n=12:++ ) (A15)

The sound power from sound source is

2
W=S-]=7rsin29r2-A— (A16)
2p,¢

where
W = the sound power (Watt)
S = area (m°)
I = the sound intensity (Watt m?)

The sound pressure A4 is eliminated from equations (A14) - (A16), the amplitude of electric field
change can be derived as follows

. 0 3
=L PaSNG IPC (A17)
b, I kY4
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Figure Al. An illustration of propagation of the sound wave to the sky.
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