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Thundercloud Eleetrie Fields in the lonosphere
C. G, Park and M. Dejrakarintra
. With 6 figures and 1 table

Abstraet

We consider the problem of electric fickd mapping around thunderclonds with paticular emphasis uponono-
spheric and magnetospheric implications. Caleulated eleetric ficld steength a farge besghts deperds erieally on
atmospheric conductivities as weltas on cloud parameters, HUis exiremely impaortant to include the effects of 1he geo-
magnctic Aeld above ~ 70 km akitude. Atnight, horizontal d e clectricficld above a bipolar thundercloud may exceed
107 V:m at 100 km altitude. Time-varying ficlds due to lightning discharges are also considered. The recovery
time foljowing lightning decreases rapidly with increasing altitude until at 100 km the electric field waveform
dppeass as o shaep pulse with ~ 0.1 see duration. The peak pulse amplitude may easily exceed 1074 Vom. In the
davtime, buah de und ae fields are weaker by 1 to 2 orders of miagnitnde as a result of higher conductivities above
~ 50 km. We conclude that thundercloud electric fields are probably too weak to produce significant electro-
dynainic elfects on the daytime ionosphere, bul the nighttime valucs border on being significant.

Introdaction

If we wish to investigate electrical coupling between the troposphere and the jonosphere, we must
abandon the chssical Faraday-cage model of atmospheric electricity, which allows no electric ficld
to exist in the jonosphere. We replace it with a more realistic model illustrated in Fig. 1b. In this new
mudel. clectrical conductivity along the peomagnetic ficld becomes infinite at ionaspheric heights,
but the transverse conductivities remain finite. Thus cyuipotential yeomagnetic field fines replace
the equipotential clectrosphere in the clussical model as the upper boundary condition.. We will see
that conductivity anisetropy cannot be ignored above ~ 80 km, because without it electric ficlds reaching
these altitudes from below would be underestimated by several orders of magnitude.

A guestion of particular interest 1o us is whether thundercloud electric fields can reach the ionosphere
with suffivient strenpth o cause significant clectrodynamic cffcets such as formation of field-aligned

clectron density irregulurities or excitation of geomaugnetic pulsations. We considered this question

in two carlier papers (14, 4) and concluded that under favorable conditions thunderclouds coutd play
an important role. Here we will give some further considerations to this probiem based on improved
calcuiations.

{a) )
Fig. 1. Sketehes iflustrating two dillerent conceptual models of geoelectricity. (a) The classical picture in whigh the
carth and the glectrosphere. both perfectly conducting, form a leaky spherical capacitor within which atmospheric
cleetricity is conlined. {b) A new model in which geomagnetic tield lines are assumed Lo be perlect conductors but the
conductivities ueross field lines remain finite. This model aliows eleciric coupling between the roposphere and the
ionosphere/magnetosphere

" Atmospheric Conductivity

Fig. 2 shows mid-latitude conductivity profiles for daytime and nighttime conditions. @) is the
conductivily whong the geomagnetic field. and @, is the Pedersen conductivity, Above ~60km, oy and
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© o, are crlenbined Trom recent clectron density data (8} together with the VLS. Standard Almosphere

{16} The nighttime model is intended to represent the fowest values 1o be expected near kocal midnight.

gl The conductivity profile below 40 km is based on a number of in situ measurements (15,10, 11,12, 1),
The region between J0km and 66 km has been filled in 1o join the upper and the fower curves smouthly.
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Fig. 2. Mudlatitade conductivity prafiles for nighttime and daytime conditions.

DC Electric Fichls

The basic cquations to be solved aré

Vj=0 1)

j=cE (2]
and

E=~F¢ . [3]

where i the electric potential. £ is the electric ficld. j is clectric current density. and & is the con-
ductivity tensor. If we assume a vertical geomagnetic field. eqs. [1]. [2]. and [3] can be combined to

yvield -
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The z-axis paints vertically -upward, and an azimuthal symmetry bas been assumed.
Isotrapic Region

We divide the isotropic atmosphere befow 70km into several slabs with exponentially varying
canductivity. For each such slab. we write - = 6, = g0 ™ %, where the subscript 0 refers to o rel-
erence altitude. The solution 1o eq. [4] for this case can be written as [sce{141] '

P(r.z) = .ln(kl')f_/l W 4 /l_a;t""‘z] li_] '

[ W l \-:--._..:.- | _:.,i..‘.:__.‘. ‘.,
fHy = — -E - V(.E_):-) + k7 om, = ——_;;- + [/(E) + k.

Jo 1 the sero-order Bessel function of the first hind, & is the spatial wave number, and A, and A, are
comstants to be evaluited from boundasy conditions. Eleetric ficids are obtained from E, = — 00
and E. = —0p, 0z

where
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" Anisotropic Region
oy # apbulge v @™ and a, 2 77, iL is still possible to find analytical solutions to cq. (41014
[owever. in this case the solutions may involve Bessel Tunctions of fractional order, and this method
becomes impractical il more than two or three Layers are requived o adequately represent the condue-
tvity profile. Flere we use an alternative approach which allows more accurale cateulations with greater

ceonomy. We divide the anisotropic regions into a Jarge number of thin {1 km thickness has been found

silisfuclory) homogeneous liyers so that within cach layer eq. [4] can be rewritien as
02 o oay O
e = 0, (6]
ars rOr a, 07

This equation has the solution

iz = dotkr) [Bre¥ 0™ & Bae bt 17

A

- which involves only simple exponential functions of z. By and B, must be evaluated for cach layer
from boundury conditions. Although this method requires a large number of layers, numerical cal-
culations are generally easier than in the ease of exponcntial conductivity. Electric ficlds are again
obtained from £, = —3®&r and [, = — e . . L

Bowndary Conditions .

Eqs. [5] und [7] arc subject to the following boundury conditions: (N ¢ =0at = =0 (i)} E, =0
at 150 km, (iii) E. jumps by an amount Qszo where the cloud charge ¢ iz located, (iv) E, is continuous
across all luyer boundarics. and (v} J; is continuous across all laver boundaries. Details of mathematical
derivation and boundary condition matching can be found glsewhere (3). -

Fig. 3 shows
positive when
at 10km und §
unmarked curs

Result:

ety - N _assumed to be
Electric fickls are caleulated for three different thundercioud models. Madel A has + 50 coulombs L- oA x 1072V m

4t = = 10km and —350C at = = 5km. In model B, the lower charge at 3km is increased to — 195C with Fig. 3b, w

while the upper charge of +30C remains at 10km. This is done to make the magnitude of charge : (Fom ﬂ1: lhu‘nc

proportiondl to Jocal resistivity so that currents flowing from these charges will be equal 16). Model C,
wilh +350Cat 15kmand —50C at 5km, is intended to represent unusually tall clouds that may extend
from a few km to 20 or more km {e.g. (17, 18]].
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Fig. 3b. Verticul electric ficld corresponding to Fig. 3a

Fig. 3 shows plots of £, and E, at z = 40km. E, is positive along the radius vector v, and £, is
positive when dicected upward. The curves marked (+) and (=) show electric ficlds due to 230C
at 10 km and 5 km, respectively. When the (=) curves are subtracted from the { + curves, the resulting
unniarked curves represcit net electric fiekds due to cloud model AL I the jonospheric potential is
assumed ta be 200 kY with respect (o the earth, then we predict o dowawiard “fair weather™ ficld of
dox B T Ym ot o= 0k (Columnar resistance is 1.3 x 10'7 ohins from Fig. 2) Comparing this
with Fig. 3b, we see that “foul weather™ should be indicuted as far as ~80km horizental distance
from thc thundercioud.
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Fig. 4 Horizontal electric field st 100 kim altitude corresponding 10 Fig. 3

Fiw 4 shows E, at 2 = 100km in the same format as Fig. 3a. The magnitude of £, is greatly reduced,
but s horizontal distribution is much broader than at = = 40km. Fig. 3 shows how the maxima of
E, and . vary with altitude. An important feature to note here is that E, . becomes aimost conslant
above ~30km altitude. This is due to the conductivity anisotropy introduced by the gcomagnctic
ficld, Withaut the geomagnetic field, £, .., would continue to deerease rapidly with altitude lollowing
a curve paradlel 1o the I ., curve.
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Fig. 5. Plots of maximum horizontal and vertical clectric ficlds as a function of altitude above 3 modei thundercloud.
(See text for details)

Table 1 summarizes E, ... und £_ ... for different cloud and conductivity moduls, There is very
little day-night difference in £, ., and E, .., at 40km altitude, but at 100 km the daytime values are
about 2 orders of magnitude less than the corresponding nighttime vaiues, We conclude from these
results that in the daytime de thundercloud electric fields are too weuk (o produce significant effects
-on the fonosphere. The nighttime picture, on the other hand, is quite dilferent. It was shown by Park
and Helliwell (13) that electric fields of only 5 x 107* V/m in the ionosphere can form duets for radio
waves in ~ 1 hr. Since this level is approached at night by cloud models A und C. thunderclouds cannot
be ruled out as a source of tocalized clectric fields in the nighttime ionosphere,

Table 1. Maximum horizontal (E,) and vertical (£,} ficld strength at various heights lor various models of cloud
. and conductivity

Cloud E

e ALz = d0km Eomeiit 2 =40km Eear 28 2 = 100 km
Modet . Dbay Night Day Night Day Night -
Model A 43V/m 4.4 V/m 24.6 V/im 244 Vim 1.8 % 10 "V/m 19« 107* V/im
Muodel B 1.6 1.6 w2 3.2 SUx 107 6.3 < 10°°
Muodel ¢ 136 IE2Y 4.7 74.3 49 x " 49 w0t

) Time-Varying Electric Ficlds
For time-varying fields of the form e, we write the Maxwell's cquations as
. VFx E=—iwu,H
P x H=¢_1E+iwcoE.
From these cquations, we obtain an inhomogeneous wave equation

VIE + (k= lwpye)E = PV - E). [8]
Dsetropic Region
Below 70 km. we again divide the atmosphere into several layers within which we ean write
Gv =G, = 67" With this approximation, eq. {8] can be solved analytically [ see (4) for details
of mathematical analysis].
Anisatropic Region

In this vase, cq. [8] is more difficult to deal with than in the isotropic case, but it turns out that the
problem can be greatly simpiified if we are interested in frequencies not much greater than 10 Fiz
Deinkarintra (3) used a perturbation method to solve ¢q. |8 by writing
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The rero-order fields, E, and 2, are electrosttic fefds, whide the higher order tens are due o mduciion
amed tadintion. 14 wis shown that in the altitude and Trequency ranges of our interest 1 ek does jot
exceed ~0.01, We can therefore redyee ey, [8] to a set of clectrostatic equations by ignoring all terms
mvolving w. After the eleetrie ficlds have been found by the method of the previous section, we can
“tack on” the time vartation ¢, Al much higher frequencies, higher-order terms hive 10 be included
[eq (3.52)
Boundary Conditions .

‘The boundary vonditions are identical to the de case except that in condition (i} £ ) aird (Hen'sg
must be mittehed for cuch Fourier component.

Results )

[t can be shown that the atmosphere transmits electrie felds upwird more efficiently us the [requency
increases (4). As a result, high frequency compenents become more prominent as the disturbance
propagates upward. In the time domain, this means that when the electric field waveform is synthesized
the recovery time following a lightning discharge decreases with altitude, Such behavior has been
obscrved at balloon altitudes (1,9).

toud-o-ground {b)
L0286

— - - —_—t B} \
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: Iatrocioud. fa} 20 coul { \
i ! L 4 .
i -Fig. & (a) Waveform of E, at r = 40 km and z = 100 km duc to intractoud discharges. (b) Waveform of £, due lo

cloud-to-ground discharges. {c) Assumed time variation of cloud charpe

Fig. 6 illustrates the results of sumple calculations for nighttime conditions. Fig. 6¢ shows assumed
time variations of cloud charge centers: a lighining dischurge occurs in 0.1§ sccond. followed by an
exponential recovery with 7-second time constant. Intra-cloud discharges remove +20C at 10k
and —=20C ut 5km simuttancously, while cloud-to-ground discharges remove —20C at Sk, leaving
the upper charge undisturbed. In both types of discharges, electric fields at 100 kn alutude appear s

“sharp spikes of ~ 100 msee duration with peak amplitude of ~3 x 107* V/m, Similar waveforms
are obtained for daylime conductivities, but the corresponding ampiitudes are ubout an order of magni-
tude less. These ficlds should be investigated further as a possible source of hydromagnetic waves,
which after enterinig the magnetosphere can be amplified by energetic particles and produce the phe-
nomenon called geomagnetic pulsations [e.g. (7)].

Discussion and Concluding Remarks

| [t appears from the sample calculations that ordinary daytime thunderclouds cannot produce
sienificant electric Nields in the fonosphere, but there is o possibility that unusually energetic clouds
combined with low nighttime conductivities can cause significant perturbations in the ionosphere and

¢ . . .
, magnetosphere. B would seem worthwhile 1o look for such effects experimentally. Mare efforts should
N . . o
also be mude to measure electric ficlds and conductivitics above thunderclouds so that the parameters
needed o calenlate electric fickds at higher altitudes can be better defined.
c Acknawledgments
. This research was supported by the National Science Foundation, Atmospheric Sciences Section under

prant GA-2NU4L,

549

!c{ -,;?-: ?:" e
%3%*&% 25 7



Refi renees

‘ Tishalra
L Benbrook, J. RO J0 W Keen, and 3R Sheldon, submitted o 1 '(icnphys. Res, (1070 ~ 2 Bostrim, R, . In yo
Fobdeson, 1. Olasson, and G, Hellendidd, Tech, Rept. FRITA-EPE-73-02 Royal Institute of Technology (Stogh- ) Park -
lelo, 197 1) A Bepneharingra, M, P DL Thesis, Tech Repte Now M50, Radoscienee Laboratony, Stanford -

Vniversdy (Stwboad 19500 A Dejnedarmira, M. asd C 4L Park, ) Gueophys, Rex 79 3094 5 L, ) Yes
Foand LR Wit Cag, L Phas 49,347 (1971). — 6. Holzer, B E and 8.8, Suvon, )., Guophys, Rew 87, 071952, - felds dh
T Jucobs, Lo Geonpnetie Micropudsations (New Vork, 1970] - 8 Moaeda, K. L Greamag Geocleel. 23, '
PIV{IOTIL — 9 Alasha, RO and F. S, Maozer, personal comnmmication. -« WL Aforita, ¥, H. Idikawa, amd Authors
M. Kawndw, 3. Geophys, Res, 760 M31 (1975) ~- 11 Mozer, £, 8., Pure and Appl. Geophys, B4 32 (1w, — L

12 Paltridge, G, ). Geophys. Res. 70, 275111968}, - 13 Park, C, G.amd R, A, Helliwell, Radio Scicuce 6. 299 Coto Pus
(1978, = M Park. € Goand M. Dejaaburingra, ], Geophys. Res. 78, 6623 (1973). — 15, Sagalyn, R C. and lf'.ldm.sc..
D. R, Firzgerald, in Handbook of Geopltysics and Space Environments, Office of Acrospace Research, US. Air Stanlord
Foree (19631 ~ 16, US. Standard Atmosphere Supplements, U8, Government Printing OMice {Washingion, T Stwlond
DCL66). — 17 Vimaegnr, Boand C. 8. Moore, Recent Advanees in Atmospheric Eledtricity, ed. L. 6. Serith, -~ - USA

399 (London, 1958). — 18, Workman, G. J., Problems of Atmospheric and Space Electricity, ed. 5. C, Coroniti, 296
{New York, 1965),

Discussion ‘ .-
Ruhnke, Reston, Virginia, USA; ‘ o

Is your model one- or two-dimensional, and is the magnetic field, as assumed, constant in slope and magnitude?

Purk, Stanford, California, USA;

- This is o 3-dimensionai model, although the conduclivity varies only with altitude. Magaetic field lines ire

assumed to be straight; we do not take their curvature into account. We alsg assumed constanl magnetic dip -
angle.

Ruhnhe; - . ’

Whui latitudes do you assume for these caleulations?

Purk: -

Although we have solutions that apply to any dip angle. we huve shown results for vertical fickd lines only.
If one goes 1o lower Jatitudes where the dip angle is less than 907, then one gets slightly different numbers.

Ridhinke:

[ hope you realize that in the polar regions there are not many thunderstorms,

Park:

The dip sngle is close to 90° even at middle latitudes. For example, in northern U.S. and Canada, where
there is considerable thunderstorm activity, the magnetic field lines are close to being vertical. Of course. one will

get shghtly different numbers if one puts in the tilt angle, but 1 don't think it is important compared 1o other
variubles unless one gets close to the equator,

Mithieisen, Ravensburg, West-Germany:

In your iast slide you mentioned penetration of ficld jumps due 1o lightning into the ionosphere. In the
citrlier paper of Bostréim we could see some daemping of wives with different frequencies downwirds, 1f | under-
stood your shide wnd the caleulations of Boserénr's correctly, then we have a different damping downwards and
upwirds. Is this correct and whad is the explanation?

Purk:

That is true. Electric felds are transmitted more cfiiciently in the direction of decreasing conductivity, 5o
mapping down is much more efficicnt than mapping up. In the time-virying case, Bosreinn showed that higher-
frequency electric fields are dumped more severely coming down, When mapping up, one finds the reverse
sttuation: damping decreases with frequency,
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Takahanhi, Boudder, Colarado, USA
In your caleulition, did you consider the source, that is the thuaderstorm, 1o be u function of tiaw?
Tark:
Yo, we did, We asumed a time viution of clotd changes, §meger-anadysed i and then cadunlaved electne
fickds due 10 caeh Fonrier componeat. Fradly, we summed them all up 1o reconstruct the wave fvam.
. .
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