














- 225 -

U=su+ v (19)

where u 1is the potential due to a homogeneous outer field
and v 1is the potential of the induced field. Substituting
(19) into (17) we obtain for the induced potential v the
equation:

g2 v=0 (20)

and the boundary conditions:
Vlsp = - Ulsp + const

82(%—;’1)+ & Ew(%%)_ = (g, - &) %’% S4 ’ (21)

Vq_-V_

with the following condition in the infinity

lmV, =0, |1] === (217)
where 1 1is the distance to the coordinate center.

In our case, let us consider the antenna in the form of
a conducting rod of conductivity J\m =c© and of zero poten-
tial. The rod is symmetrically covered in the central part by
a thin dielectric sheet of electric permittivity £ = (Fig. L)

:
«~ H ez v’v-o
| E=aiy
......... _[_B.] ¢
. ﬂ_i z
= g{_ ___O_ __.E. _=°_|b_°_z_
'""t“’!—] :

Fig. 4. A model of the wire antenna gartially coated bK di-
electric material, placed in a weakly conducting medium wit
constant conductivity and homogeneous field distribution.
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and placed in a medium of permittivity €_ in which a homo-
geneous electric field directed along the =z-axis is present.
Taking into account the symmetry and considering eq. (18) we
obtain the following boundary conditions for equation (20) at

particular edges:

at AE v = az

at EF v = ap
at BC ez(%‘;).‘_ = E'W(T"“;)_

(22)
w oo (B, - £, (38 - (g, - e

at FG -5_"'10

at OH v=20

at line HIG v = 0 if the points H, G and I are sufficient-
1y far away from the respective axes of the coordinate system
(24°).

According to (19) the total potential U is

U==az + v . (23)

Putting (23) to eq.(20)and using the boundary conditions (22)
we obtain for the total electric field

meh S5 e e AV _ O%V
By = iy Vv [aiz-ﬁ ﬁ] : (24)

1 € > £ , then at the boundary surface BC we have

(-g¢;)+ > (-g—-‘;)_ (25)

and the radial component of the electric field inside the di-
electric can be neglected (Majewski, 1980). The described problem
has been solved numerically by using the finite differences
method for a thin wire antenna covered by a dielectric in the
area as shown in Fig. 4.
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Numerical computation was carried out on the axial cross-
section of the antenna. The plane dimensions (78 x 880 units)
make the edge effect negligible ncar the antenna whose dimensions
taken for calculation were 1 x 20 units. The size of the cross-
section was limited by the computer memory (CDC Cyber 72). As
a result, the node potentials on the cross-section were obtained
(Fig. 5). Based on the equipotential lines, the boundary line of

5

Fig., 5. Outline of the equipotential line distribution ob-
tained on the basis of numerical analysis. Continuous lines rre-
sent the equipotential lines; dotted line shows the calculated
effective area collecting the current.

the current received by the antenna was traced manually. The er-
rors of computation were estimated by comparing the result of
computation made at various dimensions of the cross-section plane.
Based on the determined boundary streamline, the calculated ef-
fective cross sectional area collecting the current is azs follows:

A, = 'rmi = 275 m° (25)

For an antenna length a = 20 m and a wire diameter d = 1 m
(corresponding to the values used in numerical analysis) Ehe ef-
fective area calculated from formula (8) is A] = 468 m". Using
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the previously assumed rough correction for the presence of a
dielectric cover, we get

T 2
A’ = 0,64 An = 299.5 m

where coefficient 0.64 is the factor corresponding to the value
of JM/(JM + Jup) in the first tentative estimation of effect-
ive operating area of the antenna. The surfaces An and A’ dif-
fer by about 10%. It is reasonably to expect that the difference
may be reduced if we adopt the finite thickness of the teflon
coating of the wire (equal to one unit length of the numerical
net) and attain a higher accuracy in the calculation of the
boundary streamline.

The above numerical analysis seems to confirm our previous
supposition (Fig. 3) that for the rough estimate of the current
collected by a partially insulated antenna we can neglect the
distortion due to the dielectric coating layer and the current
flowing into the antenna through this layer and threat the field
distortion concerning the collecting bare part of antennas as not
large.

The measuring antenna circuit may be illustrated by a sub=-
stitute circuit of active two-terminal as a current source
(Fig. 6).

Fig. 6, Simplified equivalent
circuit of an antenna for the current
measurement,

The atmosvheric current J collected by the antenna consists of
two currents: the antenna leakage current J, and the recorded
current Jn

: [

JmJ, 4 JR. = (1 + R/r) JR. (27)
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where J is the air-earth current collected by entenna, r is the
internal antenna resistance (ﬂbargangwidorstand) which may be
complex (impedance) and R, represents the electrometer input re-
sistance which may be also complex as input impedance of the elec-
trometer, The fraction R‘/r is in general a complex quantity which,
in the case of the same phase angle of respective impedances, be=-
comes a real number., This case, defined as the phase matching,
corresponds to matching conditions mentioned in eq. (6), If Ry 18
very much lower than r we have nearly a short circuit case in which
JR‘ is tending to the value of short circuit current Jne

T A ey (28')

ns no =R
Antenna internal resistance r may be determined from ane
other substitute circuit equivalent to that in Fig. 7 but present-
ed in the form of an active two-terminal as a voltage source
(Figs 7)e From this we get the open circuit voltage

n
Uy=Eh (28")

where 2h defined as the effective separation of the antennas is
the distance between the neutral points of upper and lower antennas.
If we set Re = 0 then Jns is the short circuit conduction cur=-
rent which flows through r if the matching condition is fulfilled.
It follows from Ohm’s law that

U
0 Eh '
L, oo, e (29°)
ns A A
A A e
Since J, = AE, Anw = h=a, An-AnW

then

Ja1 :
r A 3/K)Lﬂ (j;;-;—uzzj (297

Because the antenna resistance depends on the air conductivity
which changes with altitude, the correction for this resistance
has been calculated.
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Fig. 7. Simplified equivalent circuit of an antenna for
the electric field measurement.

2.2, Measurements of vertical component of electric field

If the same antennas are used for the measurements of ver-
tical component of the electric field, the impedance between the
upper and lower antenna (governed by the input impedance of the
electrometer circuit)must be much higher than the internal anten-
na resistance. In practice the most convenient way is to make
Re &~ cO, Ce =~ 0 compared with the impedance of the open an-
tenna (Slamanig, 1981). Then the effective separation distance
is usually treated as the distance between the geometrical
centers of the antennas, and the electric field distribution is
such as in the case of an open antenna circuit (0Ogawa, 1973).

If the resistance values R, are finite, the electric field
distribution is different: the neutral points of antennas, being
the potential points for each antenna, do not coincide with their
geometrical center points, but approach each other. This causes
a decrease of resistance ra' (increasing the collecting length
of antenna) and an increase of resistance r;'. These resistances
and the equivalent circuit for electric field measurement are
shown in Fig. 7. As it is seen from the equivalent circuit, cur-
rent JRe should be negligible in comparison to antenna current
J flowing through r; and r‘;. Thus, the conditions for the e-
lectric field measurements are:

Rg 3> 271 Ry -S> 2 50, (30)
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The value of Y depends on the antenna collecting length and
the air conductivity A . In the case of close and short bare
wires, the values of ré are large, which makes it difficult to
fulfill equations (30). If these conditions are not fulfilled,
we must apply the load corrections. They can be made on the basis
of the parameters of measuring circuit (Berliniski and Michnowski,
1980).,

Another correction should be introduced to account for the
effect of the electric induction between the upper and lower
antenna, The induction causes the neutral points of each antenna
not to coincide with the antenna®s geometrical center but approach
each other. A value of this shift, Aa/2a. (where Aa = § from
Fig. 8), is estimated on the basis of numerical analysis using
the model shown in Fig. 8).

a
o )
a a a
|
= =009a
/7
/ 1
b
?,. a _""(2 a ; )
i L ....-"'"—'1|

Fig. 8. A model used for estimating the induction between the
upper and the lower antenna.

The computations showed that these shifts are about 5% in
case a), corresponding to the antenna used, and about 7,5% in
case b), when the distance between the antennas was two times
ghorter than in case a). For our partly insulated antennas er-
ror coming from this kind of shift gives an increase in the ob-
tained value of E by about 6.7%. It may be expected that the er-
ror due to this effect is much larger for bare wire antennas.
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3. Experimental sounding and comparison with other results

Measurements of the air-earth current and vertical componént
of the electric field by means of discussed antenna were tested
in balloon soundings in the free atmosphere at Laramie, Two flights,
W-185 and W-189, were performed on July 30, 1976 and August 4,
1978, during the International Workshop of Atmospheric Electricity,
together with soundings made by means of bare antemmas.

The results obtained are presented in Figs. 9 and 10. Figure
9 shows the electric field strength during both ascent and descent
determined from the probe output voltage, using h with correct-
ions for load and induction between the top and bottom antennas.
The differences between the field strength on ascent and descent
are not large, being noticeable only between 7 and 22 km. The re-
sults of air-earth current measurements on the same flight 185
were obtained by our bare antenna used separately and are not
presented here,

In flight W-189 we used a modified, partially insulated an-
tenna (Fig. 1) for the air-earth current and electric-field mea-

alt.
C km -
30 Laramie July 30,1978
Flight W-I85

26

22

o ascent
= descent

| IS 1
5 10 15 20 25 E[vm]

Fig. 9. Profile of the vertical component of electric field
in the atmospheric obtained in the flight W-185.
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surements. Unfortunately, in this flight the electric field was
not measured, and only the vertical air-earth current as a func-
tion of height during ascent and descent is presented in Figure 10.
The comparison of current values on descent of both flights shows
good agreement (Rosen et al., 1979). Average current values cor-
rected for the change in conductivity with height are 3,1 pA/mz.
The results of soundings indicate that the current density
was almost constant, at least in the stratosphere, and its values
were consistent with those obtained by other groups in Laramie
(Rosen et al,, 1982). The agreement concerning slow changes of
the measured air-earth current and vertical component of the e-
lectric field does not mean that the errors of all the instruments
are not large. It was noticed that by using the long wire antenna,
the direct measurements of air-earth current give about half value
indicated indirectly by the measured total conductivity and elec-
tric field values. The problem of this discrepancy, in which the

C :r::':l Laramie Augs,1978

Flight W-189
=

30

26 -

22

o ascent
% descent

2 4L 6 J‘[pumZJ

Fig. 10. Air-earth current density values as a function
of altitude in flight W-189.
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electrode effect is involved, has not been reasonably interpreted
(ogawa, 1985).

It is known that studies on error problems should be continued
if we want to make measurements comparable. Such measurements are
needed for better understanding of the large-scale effects concern-
ing global circuit, electrical coupling between the upper and lower
atmosphere, effects of solar events on the distribution of electric
fields and currents in the lower atmosphere, etc., as well for
observation of various important small-scale effects. Considering
these demands and low costs of instrumentation it may be expected
that probes for electric field and current measurements will attract
more attention in broader programs. :

In the last two decades, passive probes for measurement of
horizontal component of the electric field in the stratosphere have
been developed (Mozer, 1969). The large sensivity and shorter length
of partly insulated antennas are especially advantageous for such

measurements. In a pursuit to gét more coherent data obtained
by different measurements it is necessary to improve balloon-
-borne measurements of electric fields and currents in the dense
layers of the lower atmosphere. They still have to go through
theoretical and further experimental testings in order to be
comparable with the measurements in the mesosphere and higher
layers of the atmosphere, where similar partly insulated anten-
na’s technique has been applied for a long time (Aggson, 1969;
Maynard et al., 1981).

4, Remarks and gréliminary conclusions

The partial insulation of wire antenna‘s causes an increase
and better stabilization of the effective separation of antennas
in comparison to the corresponding properties of the bare anten-
nas of the same length and the same load. This gives a chance to
get a more accurate measurement of electric field by means of
the same length of antemnas or, in other words, to measure the
same small values of electric field by means of shorter antennas.
It is obtained on the cost of a decrease of sensitivity of the
air-earth current measurement.

As the distance between neutral points increases simultaneous-
ly, the effective collecting area becomes smaller, which reduces

3
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the measuring signal. Since this confinement is to be acceptable by
the electrometer used, the partial insulation of antennas makes it
reasonable to apply the same antenna for both measurements, of the
electric field and of air-earth current. Such solution necessi-
tates, however, to have a very high input impedance in the electro-
- meter needed for the electric field measurement. Fortunately, this
condition is now rather easily satisfied due to/modern electronics.

The extension of the distance of the neutral points to the pay-
load makes it possible to avoid a distortion of the electric field
distribution produced by the payload. This property of partly insu-
lated antenna is important because, as compared to the antenna dia-
meter, the payload dimensions have to be large and sometimes the
payload may be charged. This distortion can be especially harmful
if the loading of the antenna is not much greater than the antenna
resistance.

Another evident advantage of partly insulated antennas is the
decrease of the error produced by the inductive interaction between
the upper and lower antenna., The preliminary calculations indicated
that the error produced by this effect in tested antennas is by
several percent smaller for partially insulated than for bare an-
tennas.

On the other hand, partly insulated antenna bring some changes
in its operation in comparison to a bare antenna, It was shown by
calculations that the insulation reduces the effective collecting
area of the antenna. In the case of the tested model this decrease
was less than ten. percent. It is necessary to improve this prelim-
inary estimation by more detailed calculations and experimental
tests., It is especially important to examine the time response of
the partly insulated antenna, It is also necessary to get a better
estimate how the assumed simplifications on the measuring condi-
tions fit the reality.

The results of comparative testing of our partly insulated an-
tenna and other instruments showed a relatively good agreement.

We should be aware, however, that there are still various methodi-
cal and instrumental problems to be solved if we want to have more
exact and comparable measurements by means of relatively easily

attainable balloon soundings with inexpensive passive wire probes.
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CZESCIOWO IZOLOWANA ANTENA DO POMIARU NATEZENIA POLA ELEXTRYCZNEGO

I GESTOSCI PRADU PIONOWEGO W WOLNEJ ATMOSFERZE

Streszeczenie

Przedstawiono zmodyfikowang antene przewodowg do pomiardw
sktadowych pionowych pola i prgdu elektrycznego w dolnej atmos-
ferze. Antena sklada sie z dwdch wspé¥liniowych przewoddw meta-
lowych, izolowanych ptaszczem dielektrycznym w czesciach przy-
drodkowych i doXgczonych do elektrometru o przeigczalnej cykli-
cznie impedancji wejdciowe]j. Szybkie przeiaczenia pozwalajg, w
wielu przypadkach, wyznaczone wartoici pola i prgdu uznaé za
prawie réwnoczesne, Przy powolnych ich zmianach mozna ponadto
obliczaé posrednio przewodnictwo powietrza, przy zatozeniu jed-
norodnoéci odrodka w otoczeniu ukIadu.

Wstepng analize metody pomiaru ograniczono do warunkdw
quasi-stacjonarnych, gdy wektor pola elektrycznego jest zgodny
z osig anteny. Za pomocg przeliczeri modelowych dla czgéciowo
izolowanych i nie izolowanych anten oszacowano biedy pomiaru
wniesione przez izolacje. Wykazano, ze jej wprowadzenie umozli-
wia zmniejszenie indukcyjnego oddziatywania dolnej i gérnej an-
teny, a zarazem wpiyw gondoli na dziatanie anten., Umozliwia to
zwigkszenie precyzji pomiaru pola, pomimo zmniejszenia skutecz-
nodci energetycznej anteny. Wskazano na potrzebe dalszych badan
nad dokadnoécig pomiaréw pradu i pola elektrycznego w wolnej
atmosferze, wykonywanych za pomocg réznych uktadéw,
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Abstract

The field-dependent current density, FDCD, is estimated according
to Krider and Musser’s approach on the basis of the variation of the
electric field, E, measured at the ground after lightning discharges.
The relation between the FDCD and E so derived is examined for two
groups of discharges. The best-fitting approximation functions, their
peculiarities and coefficients are discussed. When the corona current
dominates in the FDCD, the transient space charge density at the field
Jump is estimated at -6 nC/m3 and, on the other hand, the quasi-steady
space charge density for the field, E, approaching sometime later the
quasi-steady value E;. is evaluated at +4 nC/m°. In the last case, the
FDCD is equal to the Maxwell current density of -8.5 nA/m>. Character-
istic features of the relation of FDCD and E for individual discharges
are noticed and discussed. A possibility of estimation of convective
current density from the field recovery variations is suggested. As a
result, a characteristic velocity of the order of 0.45 m/s is obtained

for convection air motions accompanying the observed thunderstorm.
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1. Introduction

As we know, an analysis of surface electric field variation fol-
lowing lightning discharges may give some information of fundamental
value about the thundercloud and electrical conditions at the ground
resulting from ion production by corona (Krider and Blakeslee, 1985).
The experimental estimation of field-dependent current density (JEL
i. e., the conduction and corona current density is of great importance
for theoretical models of the field recovery and their testing (Kase-
mir, 1978; Chauzy and Soula, 1987).

Assuming that height z is low compared with the altitude of the
cloud electric charges, and that the current densities and the electric
field are vertical and uniform, then, according to Standler and Winn
(1979) the Maxwell current density below the cloud is height-indepen-
dent and quasi-constant in the time span between the flashes. The Max-
well current jutz.t] is the sum of all current densities resulting from
moving charges j(z,t), and displacement current can(z.t)/at. where €,
is the permittivity and E(z,t) is the electric field intensity. Aloft,
over the space charge layer produced by the corona, Jjlz,t) is assumed
to be small compared to the displacement current (Standler, 1980). At
the ground, in the time interval between the flashes, the Maxwell cur-
rent presents the sum of displacement current can(O.t)/at, field-de-
pendent current density jEIO,t} and convection current va, produced by
mechanical transport of net space charge by air motion and/or by preci-
pitation.

When the values of the electric field crosses zero at time to' or
when they approach a quasi-steady value Eg afterwards, then the FDCD or
the displacement current component of the Maxwell current vanishes,
respectively. Besides, using the previously mentioned relations Jn(z,t)
= j"{o,t) and j"{O.t} = J“{O,tol. Krider and Musser (1982) demonstrated
that jE(t] can be expressed as follows:

Lo fBE) ~L{aE) J 5
J(t) = E"[[ﬁ]t [ﬁ]t] Ligy (1) = J_ (t)]. (1)
o

If, additionally, the change in convection current density at the time




FIELD-DEPENDENT CURRENTS FOLLOWING LIGHTNING 337

= to) is negligible compared to the corresponding change in displa-

cement current density, then:

8E aE
jf_‘(t) = CO[[E] -z [ﬁ] ]. (2)
‘-u t

For the first approximation we applied equation (2) to estimate the
FDCD on the basis of the measured field regeneration rates using all
the above mentioned assumptions. In practice the convection current
disappears rarely, and then the FDCD will include the decrement of con-
vection current density at time (t - to).

Our present aim is the examination of FDCD for a few cases of the

observed field recovery.

2. Measuring conditions and results

Measurements with a field mill were performed at Pasteura 3, War-
saw, on the top a 16-m high building. There are a lot of metallic
points on the roof and the building is surrounded by about 15-m high
trees. The grounded head of field mill was suspended near the edge of
the roof of the building on a 2-m boom and was faced downwards to pro-
tect it against rain.

The building, being an elevated object on the flat earth surface,
enhances the electric field above the flat and wide roof. This enhance-
ment is characterized by the ratio of the electric field strength in
the measuring site to that at the nearest flat earth surface. In our
case, this reduction factor is 7.7 (Baranski, 1985). However, we do not
use that factor in the present paper, taking into consideration only
the relationship between ja and E. So we are not interested in their
absolute values but in relative ones only. From the point of view of
the considered problem it is mainly important that the space charge re-
leased by corona from points near the field mill sensor does influence
the measured electric field time-variations following lightning dis-
charges. We further assume, according to Standler and Winn (1979), that

the corona current density at the rooftop level, which can be consider-
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ed as a equipotential surface, has to be a function only of the elec-
tric field strength existing at that place. Thus we obtain an enhan-
cement of the corona current density at our measuring place, in
comparison to the one which might occur at the flat earth surface at
the same time. Moreover, it should be noticed that the values of all
constants (for parameterization of the corona current density) which
have been obtained in our considerations are related to the place of
our field mill measurements, similarly as in Whipple and Scrase’s
(1938) or Jhwar and Chalmers’ (1967) expressions. The numerical values
of these constants determined by the measuring site environment differ
from those obtained in others places (see, e.g., Kasemir, 1978; Stand-
ler and Winn, 1979; Chauzy and Soula, 1987). As a matter of fact, these
differences reveal effects produced by non-uniform electric field
configuration that appears near edges of the rooftop and changes the
conditions of corona creation.

The sign of the electric field and current is taken positive if
the positive charge moves downwards. This sign convention corresponds
to the normal fine-weather conditions (Chalmers, 1967).

In 1985 we found the cases in which the observed recovery field
variations of successive near lightning discharges have crossed the ze-
ro line of E, but have not been accompanied by heavy rainfall that

could markedly affect the measured field values. Such records are shown

in Fig. 1. On August 18, only the first two discharges were entirely
free from rain. The third one was accompanied by a very weak rain (in-
tensity R = 1.5 mm/h). Similar situation occurred on August 26, when ‘
after a heavy rainfall the rain intensity decreased to the value R =
= 3.6 mn/h, vwhich was noted from 18"10" to 18"35". Measuring the rain
rates we are able to exclude from our considerations the time of occur-
rence of heavy rain, when large space charge is produced by splashing
of raindrops on the roof of the building in the presence of high elec-
tric field.

From the lower part of Fig. 1 it is seen that five complex dis-
charges in regular sequence have the same positive polarity as the main

field jump AE of similar amplitude and high values of the predischarge
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Fig 1. Surface electric field variations in Warsaw during nearby thun-

derstorm on August 18 and August 26, 1985. The instants of the main

Jump AE and arrow mark indicate the beginning and the end of the reco-
very curves used to the estimations of jE(tl

negative fleld EB (less than -6.6 kV/m). Small recovery varliations pro-
duced by distant discharges have been smoothed by hand interpolation to
the main slow recovery course of the electric field. Probably all fla-
shes with large AE were produced by the same mature thunderstorm cell
with negative charge source at the cloud base above the measuring site.
For five such flashes jE was estimated and plotted versus flield values
E in Fig. 2. Points were taken for successive few-second intervals in
the period from the discharge to the arrow marked in Fig. 1. To examine
the obtalned values of jE and to find approximate relation between jE
and E, the least square method was used for fitting the assumed three
types of approximation function:

jE(I) -bo+b1 E(t), (3a)

0 for |E(t)| =M
Jz(t) ={ (3b)

b LE(t) - M) for |E(t)| > M,
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0 for |E(t)I= M
8 R (3c)
b, ECE)L|E(E)] - |m|)? for |E(t)| > M,

where bo, bi, bz'
We used the known functions (3b) (Whipple and Scrase, 1936) and

b3. and M are constant.

(3c) (Jhwar and Chalmers, 1967) applied to determination of the corona
current. If we define the corona current density, jcr. as the current
created during the corona discharge, then it is not easy to separate
the two components of jE. For instance, after a rapid decrease of field
E and the associated rapid decay of the corona, the ions formed by co-
rona previously are still for some time participating in the conduction
current jcan. In our recordings (see Fig. 1) each recovery field varia-
tion is followed by nearly quasi-static field change which precedes the
next nearby lightning discharge. Not going now deeper into these prob-
lems, we will simplify our present analysis by considering only the sum
of jcr and jcon in the FDCD.

According to equation (3a), the conduction current is dominant and
exceeds largely the corona current density. Equations (3b) and (3c) in-
dicate that the corona current density is dominant and conduction cur-
rent could be neglected. The values of parameter M in the above quadra-
tic and cubic relations were established as a mean value of electric
field of each polarity, when j_ = j estimated from equation (2) (see
the subsequent equation (4)) becomes zero for the considered recovery
curves. For fixed values of M, the related values of parameter bz or b3
were determined by the fitting. The "badness of fit" can be measured by
the value of S, o defined according to Panofsky and Brier (1958) as

mexe ol 4
2 2

2.1 N

where the summation extends over the N values of the sample analyzed,
X; denotes the value given by the approximation function (i. e., the
regression curve), XE is the actual value of observation. For our first

case examined, in which N = 133 and Xz denotes value of je’ we obtain
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Sip™ 3.15 nA/m> for the linear relation (equation (3a)), €y - 2.99

nA/m° for the cubic relation (equation (3c)) and A 2.26 nA/m°> for
the quadratic relation (equation (3b)). Hence the quadratic relation is
predicted as the best one (shown by curve I in Fig. 2) and the linear
relation as the worst one (shown by curve II in Fig. 2).

The next parameter characterizing the "badness of fit" is the
correlation coefficient, 7, for curvilinear regression. It is defined

according to Panofsky and Brier (1958) as

where 52 measures the total variance of Xé, whereas 52.1 measures the
variance about the approximation function. The values of nz obtained
for the considered case with equations (3a), (3b) and (3c) are 0.67,
0.83 and 0.7, respectively. As it is seen from these values, the quad-
ratic relation is the best approximation function between jE and E.

For the quadratic relation (3b), presented in Fig. 2, the obtained
values of parameter b2 together with the calculated 90% confidence in-

terval (Pollard, 1977) are:

b= (1.6  0.16) * 107 A/V® when E(t) > 2.6 kV/m,

bi='(~1.4:£,0.175). » 10" A/v® when E(t) < -2.8 kV/m.

The obtained mean values of parameter M together with mean-square

errors are:

=

1
.
o
I+

0.96 kV/m when E(t) > 2.6 kV/m,

x
[}
0
©
I+

0.58 kV/m  when E(t) < -2.9 kV/m.

A small asymmetry of positive and negative value of M, i. e., of
the corona onset (threshold) value, was noticed.

The second examined group of recovery variations (see the upper
part of Fig. 1) concerns field jumps AE < 0 and Eo < 0 for the first
flash but Eo > 0 for the others. Recordings before these discharges in-

dicated that our measuring site was approached by a thundercloud cell
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Flg. 2. ThHe values of the estimated Fig.3. The values of the estima-
field-dependent current density js ted Jz versus the corresponding

versus thﬁ corresponding values of values of E at successive 2-s or
electric fileld E measured at suc- 3-s (according to the recovery
cessive 1-s, 2-s or 2.5-s (accor- rate) intervals following three
ding to the recovery rate) inter- lightning discharges on August
vals after five lightning dischar- 18, 1985. The straight-line and
ges on August 26, 1985. Lines I and the cubic approximation function
II 11lustrate the quadratic and the are illustrated by I and II, res
straight-l1ine approximation func- pectively
tion

with positive charge in the base. The recovery varlations were examined
as previously, and the values of estimated Jz and measured E are plot-

ted in Fig. 3. Now N = 69 and we obtained Foias 1.48 nA/m® for the 1i-

near relation (equation (3a)), £ 0= 16 nA/m®> for the quadratic re-
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lation (equation (3b)) and ey - 1.73 nA/m> for the cubic relation
(equation (3c)). The values of nz for the considered approximation
functions according to equations (3a), (3b) and (3c) are 0.48, 0.4 and
0.3, respectively. Hence, the linear relation appears to be the best
one (shown by curve I in Fig. 3) and the cubic relation the worst one
(shown by curve II in Fig. 3).

Coefficlients together with the calculated 90% interval (Pollard,

1977) for the linear relation presented in Fig. 3 are:

b, = -0.079 + 0.38 nA/m°> and b, = (0.212 + 0.054) * 10712 o twit,

Very large confidence interval for bO is caused by large disper-

sion of values jE. as it is seen in Fig. 3.

3. Discussion and remarks

The square function is the best fitted relation between JE and E
for the recording of August 26, 1985, and is of the same shape as that
obtained by Whipple and Scrase (1936) for quasi-stationary conditions.
Thus, we may infer that for the considered case the corona discharges
from some metallic objects on the roof of the building affected our
electric field data more strongly than the corona discharges from trees
and other natural vegetation objects surrounding the measuring site.

The dispersion of data in Fig. 2 might be expected because our data
concern instantaneous variations of E and changes in convection current
were neglected (equation (1)). Data from the second group of discharges
with smaller amplitudes of AE and Eb are best approximated by the
other, this time linear relation shown in Fig. 3. The dispersion is ob-
served as well. In that case the corona current may coexist with the
conduction current. The obtained linear relationship for j:(E) gives a
possibility to make a rough estimation of the total conductivity At =
= A, + A_ at the measuring site; the result is: A, = 2.12 ¢ 10

@ 'm’. A similar estimation was done by Krider and Musser (1982) and
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the limitation of that approach was considered in details by Blakeslee
(1984).

Using curve I of Fig. 2, the largest approximated value of
estimated jE is about 30 nA/m>. It corresponds to the largest value of
E = AE - Eb = 22 kV/m just after the field jump. For such a value of
Je' the corona current density jcr is dominant. Linear relation (curve
II of Fig. 2), which is adopted for all values, does not approximate
the conduction current because it was estimated in the range of E lar-
ger than the corona threshold values, i.e., |E| > |M|. Thus, for |E| >

|M|, we can write:

j.=2j =KkEpPp (4)

E cr

where k is the mobility of ions. Because jcr is the unipolar current,
relation (4) enables us to estimate the space charge density just after
its creation by corona. Assuming for negative ions k = -2.2*10"" n%/Vs
and neglecting the attachment of ions to aerosol particles within 30 s
after their creation (Adkins, 1959), we get the negative space charge
density p = -6 nC/m° with E = 22 kV/m and Jp % J_ = 30 nA/m>. The
above value of p corresponds to its transient value just after the lar-
ge Jjump of the electric field. Similarly, for the negative values of E
approaching sometime later the quasi-steady value E = -10.45 kV/m, the
estimated j_= j  is -8.5 nA/m2. With k = 1.5 * 10 " m°/Vs and without
processes of ions attachment in time interval less than 30 s, the cor-
responding positive space charge density is p = +4 nC/m°>. This value is
of the same order as that given by Chauzy and Raizonville (1982).

The errors of the calculated values of the space charge density
can be obtained from the expression |ap| = |8j_|/kE + |AE|j /kE®

derived from equation (4). Here |Aj£| should be taken as s for quad-

2.1
ratic relation in Fig. 2 and |AE[ is the precision of our measurements
of the electric field, and is down 5X.

Then for |AJE|

2.26 nA/m%, k = -2.2*10"* m’/Vs and E = 22 kV/m,

|ap | is 0.6 nC/m°. The same calculation is carried out for |AJE| -
= 2.26 nA/n’, k = 1.5°10™" m°/Vs and E = -10.45 kV/m. Then |ap, | equals
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1.6 nC/m°.

The validity of equation (1) is based on the assumption that the
Maxwell current density at the ground level in the time interval bet-
ween lightning flashes is quasi-static. The direct measurements of this
current density j" carried out by Blakeslee (1984) and Krider and
Blakeslee (1985) have confirmed such a quasi-static behaviour of j".
For the considered by us thunderstorms we did not have at our disposal
such measurements of ju carried out simultaneously with the field mill
recordings to indicate directly a quasi-stationary course of Ju in the
time interval between the successive near lightning flashes.

We are able, however, to show that the above-mentioned assumption
is also fulfilled during our recordings. We can compare two values of
ju estimated from each recovery curve: one for time t = to (when E

crosses zero line), i.e., j"[tol ES 80(65/8t)t and the other for time
0
t = ts (when E approaches a quasi-static value and (asxa:)t # 0), l.e.,

j"(t‘} = jE(t.). So, e.g., for the first discharge of Fig. 1 (lower
part) we obtained j (t) = -8.3 nA/m°> and J(t) = -8.5 nA/m°. The same
situation exists for other discharges examined in Fig. 1. For all those
cases the numerical values of jn(to] and j"(t.] are nearly the same.
The small differences between them could be due to the time fluctu-
ations of the convection current density va.

An asymmetry of corona threshold values for positive and negative
electric field values (AE - Eo) and threshold dispersion for individual
flashes seem to be related to the upward transport of p of opposite
sign to the polarity of p formed after previous discharges. Besides, in
these differences the local environmental configuration around the
measuring site is probably involved, as the electric fileld sensor is
installed at different height than the points which produce the corona
charge (Michnowski, 1855).

The differences in parameter |b2[ that describes the rate of in-
crease for quadratic function jE(E} are remarkable. This parameter is
larger (see Fig. 2) for positive values of (AE - Eb) than for negative
ones. This is due to the still existing corona space charge which has

been created before the considered flashes. Just after flashes this
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space charge accelerates the production of new corona charges, with the
polarity reverse to the previous one, by increasing the electric field
around the discharging points. The same trend could be observed for the
second group of discharges under study.

An interesting feature is observed for the groups of points repre-
senting the same value of jE for E changing over a quite large range of
values. This may happen at different levels of jE and for different
ranges of E, but occurs especially often for the data corresponding to
that section of recovery curves which approaches Eb. Such groups of
points with equal FDCD correspond to linear sections of recovery curve.

If the recovery curve is convex instead of concave, the differen-
ces in the displacement currents (see eq. (2)) have opposite sign to
the sign of E. Such shapes of recovery curves observed previously by
Michnowski (1874) might exist on account of strong convection currents
directed against the electric field.

The results that we have presented are limited to the single meas-
uring site at the earth surface. Nevertheless, it seems useful to con-
sider the dispersion of jE raised up by the convection current density
which cannot be negligible compared to the change in the displacement
current density.

Using the obtained values of FDCD as a function of E, we can es-
timate the characteristic velocity for a convection air motion |v|.
Here we do not specify the direction of the air motion, using only the
absolute value of its velocity. We do not have any data from the verti-
cal wind distribution near the earth surface at that time. But it is
reasonable (see, e.g., Standler and Winn, 1979; Standler, 1980; Krider
and Musser, 1882) to expect that a vertical mechanical transport of
space charge, even in time without heavy precipitation, is due to the
air turbulence at the ground level. With a view to the turbulent nature
of that electric charge motion near the earth surface, the limited area
in which the corona occurs beneath a thundercloud, and the short time
interval (of the order of few tens of seconds) taken into analysis, it
is more adequate from the point of view of single-point electric field

measurements to consider the above charge transport as a flow of sepa-
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rate charge parcels driven by eddies than as a movements of a whole,
homogeneous, broadly extended space charge layer. Thus, that form ot
the convection current can influence the surface electric field both
when it brings the electric charges down to the ground or aloft,
towards a thundercloud. Assuming that s, |Ajcv[ we can get |v| from
the relation |hjcv| = |pv|, where p denotes the mean value of space
charge density. Then for the quadratic relation (see Fig. 2) when
s,, =2.26 nA/n” and |p| = 5 nC/m’ we obtain |v| = 0.45 m/s .

This result agrees well with the value ];l = 0.4 m/s reported by
Standler and Winn (1979) as a characteristic velocity of eddies driven
by convection air motions accompanying the thunderstorm. Additionally,
our recent estimates (Baranski and Michnowski, 1990), using simulta-
neous surface measurements of j" and E, also show that the value of jcv

is of the order of a few nanoampers per square meter.
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