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Transient Tropospheric Electric Fields Resulting from
Sudden Changes in Ionospheric Conductivity

M. DEINAKARINTRA,! U. S. INAN, AND D. L. CARPENTER

STAR Laboratory, Stanford Unsversity, Stanford, Californaa

The transient electric fields that would be generated by sudden changes in the atmospheric
conductivity profile are estimated using a theoretical model. The model assumes the existence of
a horizontal electric field with a spatial extent of > 20-km at 150-km altitude and involves the
solution of the boundary value problem in two dimensions. The geomagnetic field lines below
150-km altitude are assumed to be vertical, but the anisotropy of the medium above ~ 70-km
altitude is fully accounted for. The computed electric field strength depends sensitively on the
size of the source field as well as the conductivitity profile of the atmosphere. In the steady state,
a small-scale (~ 20-km) source field produces relatively weak dc electric fields in the troposphere,
whereas a large scale (~ 100-km) source produces stronger observed fields. On the other hand,
during a transient the peak electric fields produced in the case of a small-scale source field can be
considerably larger than those due to large-scale source distributions. The more rapid the increase
in the slope of the conductivity profile with altitude, the more efficient should be the downward
mapping of both transient and steady state fields. Since the transient electric fields are oscillatory
and die out at a rate depending on the local conductivity, the ac electric fields at the ground level

are found to last longer than those at higher altitudes.

1. INTRODUCTION

Electric field mapping in the earth’s atmosphere has been
a research subject for more than 20 years. Many researchers
le.g., Farley, 1959; Spreiter and Briggs, 1961; Reid, 1965;
Mozer, 1970; Atkinson et al., 1971] have studied electrical
coupling between the troposphere, ionosphere, and the mag-
netosphere. The subject involves both mapping of tropo-
spheric electric fields upward into the ionosphere and mag-
netosphere [e.g., Park and Dejnakarintra, 1973; Dejnakarin-
tra, 1974] and mapping of ionospheric and magnetospheric
electric fields downward into the troposphere [e.g., Bostrom
et al., 1973; Chiu, 1974; Volland, 1974; Bostrom and Fahle-
son, 1974; Park, 1976, 1979]. It also involves both dc electric
fields [e.g., Park and Dejnakarintra, 1973; Park, 1976, 1979]
and time-varying electric fields [e.g., Bostrom and Fahleson,
1974; Dejnakarintra and Park, 1974]. In all of these stud-
ies, however, the medium in which the electric fields exist is
assumed to be time independent.

In this paper we consider the downward mapping of an
ionospheric electric field into the troposphere following a
“sudden” change in the atmospheric conductivity profile.
We limit our formulation to the case of a static magnetic
field that is vertical to the earth’s surface, so that our re-
sults are most applicable at high latitudes. The “sudden”
change is assumed to occur within a fraction of a second and
to be sustained for a time of the order of at least several sec-
onds. Such changes in ionospheric conductivity can occur
as a result of sudden solar particle events (SPE) or parti-
cle precipitation into the lower ionosphere. The ionospheric
electric field can be of solar wind or ionospheric dynamo
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origin. Various scale sizes of the field, ranging from 20 km
to 3000 km are considered. At mid to high latitudes, the
smaller sizes of ~20 to 100 km might be associated with
the dayside cusp [e.g., Maynard et al., 1982], with latitudi-
nally narrow regions of intense fields near the premidnight
plasmapause [e.g., Smiddy et al., 1977], or with the E field
structure of auroral arcs [e.g., de la Beaujardiere et al., 1981].

Evidence that fast changes in ionospheric conductivity oc-
cur and that they occur in mid to high latitude regions,
where strong and variously structured electric fields are ex-
pected, is implicit in reported observations of X ray mi-
crobursts in the region poleward of the plasmapause [Park,
1978]. Some such microbursts, often with fine structure last-
ing several hundred milliseconds, have been found to be cor-
related on a one to one basis with structured VLF wave
bursts that propagated on magnetospheric paths [Rosenberg
et al., 1981]. Sudden ionospheric perturbations poleward of
the plasmapause, apparently induced by whistlers and VLF
noise bursts, have also been detected by means of changes in
the phase and amplitude of subionospherically propagating
signals from the Siple, Antarctica, VLF transmitter [Car-
penter et al., 1985].

Theoretical modeling of wave-induced particle precipita-
tion has provided results consistent with experimental find-
ings, indicating that the resulting fluxes may often reach
their peak values within a second [Inan et al., 1982; Chang
and Inan, 1985]. The goal of our study is to estimate theo-
retically the dc and ac electric fields that would result from
such events. Our results should be helpful in assessing the
feasibility of using electric field measurements in the tropo-
sphere and on the ground for studying precipitation-induced
changes in the atmospheric conductivity profile.

The problem formulated here has its counterpart in the
field of magnetic measurements, which have recently been
used to identify the magnetic effects at ground level of iono-
spheric perturbations in which the conductivity of the iono-
sphere is apparently changed [e.g., Engebretson et al., 1983;
Arnoldy et al., 1982]. The two problems are complementary,
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Fig. 1. Assumed source distributions at 150 km altitude. (a)
Electrostatic potential. (b) Horizontal electric field.

involving the rather different physics of magnetic and elec-
tric field mapping down through the lower ionospheric layers
and atmosphere.

2. THEORY

We first formulate equations for electric fields in the tro-
posphere. To do this, we let the z, y, and z axes be along the
north-south, west-east, and vertical directions, respectively,
with the origin of the coordinates being on the ground.

At z = 150 km altitude, which is at the upper boundary
of the region of our interest, we assume the source potential
and source electric field to be constant with respect to y but
to vary with = as shown in Figure 1. The source is associ-
ated with the solar-wind-induced electric field in the mag-
netosphere. The field distributions shown in Figure 1 are
simplified forms of more realistic ones [e.g., Volland, 1974;
Heppner, 1972].

The electrical properties of the atmosphere change signifi-
cantly between 0 and 150-km altitudes. We therefore divide
the space into three regions, which require different treat-
ments, as shown in Figure 2. Below ~70-km altitude the
earth’s atmosphere consists of gases whose densities are so
high that their collision frequencies are large compared to
the gyrofrequencies. The effects of the geomagnetic field on
the charge carriers in this region are unimportant, and the
conductivity of the atmosphere can be considered isotropic.
Above ~70-km altitude the gases become less dense, the geo-
magnetic field has more influence on the charge carriers and
the atmospheric conductivity becomes anisotropic. Above
~150-km altitude, the conductivity along the geomagnetic
field lines becomes very large compared to the transverse
conductivities; thus the magnetic field lines can be consid-
ered equipotentials. Since we are predominantly concerned
with phenomena occurring poleward of L ~4, the geomag-
netic field lines are assumed to be straight and vertical.
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Steady State dc Electric Fields in an Anisotropic Layer

From Maxwell’s equations for dc electric and magnetic
fields, i.e., Vx E = 0 and V x H = J, we can write basic
equations for the fields in a “source-free,” anisotropic layer
of the atmosphere as

E=-V® V.J=0 J=(6E (1)
where E is the electric field intensity, ® is the electrostatic
potential, J is the conduction current density, and & is the
conductivity tensor of the medium. Here “source-free” is
meant to indicate that there is no current injection inside
the region of interest. However, there may be polarization
charge due to the anisotropic conductivity of the medium
and displacement current due to temporal variation of the
electric field.

In the region near the north pole, & in the Cartesian co-
ordinate system [e.g., Rishbeth and Garriott, 1969], is given
by

op oy O
6=|-oyg op O (2)
0 0 oo

where o9, op, o are the specific conductivity, Pedersen
conductivity, and Hall conductivity, respectively. Equation
(2) gives the z, y, and z components of J as

Jz = O'OEz
®3)

We assume the medium to be homogeneous, so that oy,
op, and og are constants independent of z, y, and z. We
also consider the fields to be constant with respect to y.
Under these assumptions, equations (1)—(3) combine to yield

JI=UPE1+0'HEy Jy=0'PEy—0'HEx

3*®/92% + (1/b%)8%®/022 =0 (4)

where
b=\/op/ag (5)

Solving equation (4) for ® by the method of separation
of variables and using the relation in equation (1) with
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Fig. 2. A simplified sketch of the high-latitude geomagnetic field
and three different regions of its influence.
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8® /0y = 0, we obtain the dc electric fields in the anisotropic
medium [Dejnakarintra, 1983), as

Eq(z,z) ={A; sin(kzz) + B cos(kzz)}

{Age*=b% 4 Byekeb?y (6a)
Ey(z,2) =0 {6b)

E.(z,z) ={A1 cos(kzz) — By sin(kzz)}
(6c)

{bAQC_kaz _ bB2Ekaz}

where A;, A2, B1, and Bg are arbitrary constants and kg is
the spatial wave number in the x direction.

Steady State dc Electric Fields in an Isotropic Layer

Since an anisotropic medium with the conductivity tensor
& in equation (2) becomes an isotropic medium with scalar
conductivity o when 09 = op = ¢ and oy = 0, we can ob-
tain electric field expressions for the isotropic medium from
equations (6) by simply setting b= 1. :

We let electric and magnetic fields in the atmosphere be
in a steady state at time t < 0. At ¢ = 0 we allow the
conductivity of the medium to change suddenly as a step
function of time. To find the initial conditions, we assume
the electric and magnetic fields to be continuous with respect
to time at ¢t = 0, i.e., we let

E(0T)=E(07) (7)

(8)

This assumption is justified by the capacitive and inductive
properties (ep and pg) of the atmosphere.

Since at t = 0~ the fields are in a steady state, equation
(1) yields another condition:

H(0T)=H(0")

vV-J0T)=0 9)
We now consider the electric fields at times ¢t > 0.
¥ T
150 —
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Fig. 3. Slab model of the conductivity profiles of the polar at-
mosphere under the undisturbed condition (solid curves), typical
solar particle events (dot-dash curves), and extreme solar particle
events (dashed curves).
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Fig. 4. Slab model of the polar atmosphere under the undisturbed

condition (solid curves) and during energetic electron precipita-
tion (dashed curves).
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Transient Electric Fields tn an Anisatropic Layer

We show in the appendix the equations for time-varying
electromagnetic fields in an anisotropic layer of the earth’s
atmosphere where the conductivity tensor is a function of
time. We also discuss therein two equivalent approaches to
solve the equations. The first approach begins observation
of the fields at t=0" and includes current density impulses
due to a step change in the conductivities at t=0, whereas
the second one begins at t=0" and lets the effects of the
current density impulses be taken care of by continuity of
electric and magnetic fields at ¢t=0.

We choose, for simplicity, to follow the second approach
and express the field equations as

=

VxH=J+(eo)%—ltE I=@)E
(10)
where, for t > 0, the conductivity tensor & is constant, in-
dependent of time.
Taking Laplace transforms on equations (10) with respect
to time ¢, we obtain

JH
VXE= _(MO)W

V x Es = —po{sHs — H(0T)}
V xHs =Js + eg{sEs — E(0)}
J s = ((-7" )Es
where Eg, Hg, and J are the Laplace transformed functions
corresponding to E, H, and J, respectively.
The components of Jg, similar to those in equations (3),
are

(11)

Js:t = UPEsx =+ UHEsy
Jsy =opEsy —opFez (12)
Jsz = 00Es;

Manipulation of Eqgs. (11) [Dejnakarintra 1983] yields

V2E;s — pos{Js + cosEs} = —poegsE(0T)

— 1#03(0%) — poeoE' (01) + V(V - Ey) (13)
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where

_ oF
V- -Es= (ao+eos) 1 {(0’0 —o'p) ( a;w

—oy (_BEsy _ OB ) } + €V -E(07)

OEsy
+ dy )

orx dy (14)
V-E(0F) = (1-02) (aE";gﬁ) + BE%SJ“L))
= (15)
b —=./°P
%

and oy and o are the values at ¢ < 0 of the specific and
Pedersen conductivities, respectively.

We consider spatial Fourier components of the fields in
the following form:

Eu(z, 2,t) = F2%Fz2¢, (1)
Esu(,2,8) = e¥=¢"F=% ¢, (5)

where u = z,y, or 2z and Egsu(z,2,5) and esy(s) are the
Laplace transformed functions of Ey(z,z2,t) and ey(t), re-
spectively.

Using the expression for Es in equation (16) and the re-
lation in equation (13) and decomposing E; into three co-
ordinate components, we arrive at

(16)

{(~(k2 + 2) — pos(op + c0s) + (j(‘;;—";) K2}esa(s)

oH 2
=) Ben (5
= —po(op + €03)ez(07) — poeoel(0)

_{(1 - b2 )eo
oo + €ps

—{uooms+ (

}ezez(0F)
(17a)

{—(k2 + k2) — pos(op + €08)}esy(s) + poo s ssa(s)

= —nocoey (07) + poorez (0)
(17b)

{=kZ ~ pos(00 + €08)}esz(s) = —po(00 + €0s)e(0")

- uoeoe;(0+) —kzkzesz(s)
(17¢)
Equations (17a)-(17c) result in the following expressions:

() = R en0)=3  eme)=52 (9)
where

A = p5(s) (19)

Az = pa(s)ez(07) + p3(s)ez(0F) + p2(s)e, (01)  (20)

Ay = q1(s)ez(07) + g2 (s)el(0T) (21)
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2 =r4(8)ex(0F) + ra(s)es(0T) (22)
&h(0+) = — {("P‘—O"’;’} (0")  (23)
/ (UH - 6_)
e (0%) = {TH} ez(07) (23b)
e, (0T)=— {("0:—0‘70_)} ez(0T) (23¢)

In equations (19)-(22), p,(s),q,(s), and r,(s) are poly-
nomials of degree 7 in s whose coefficients are functions of
kz,kz, o, €0,00,0p, 00, and b_ [Dejnakarintra, 1983]. The
term o in equation (23b) is the Hall conductivity at ¢ < 0.

The inverse Laplace transform of equation (18) gives the
time function ey(t), where u = z,y, or z, as

eu(t) = L™ {esu(s)} (24)

Transient Electric Fields in an Isotropic Layer

We obtain the expressions for transient electric fields in
an isotropic layer of the atmosphere by setting o9 = op =
0,0 =0,00 =0p =0~ ,04 =0, and b_ = 1 in equations
(19)—(23). This leads to

seu(0F) + {(0/co)eu(0%) + €, (07)}

esu(s) = 52 + (a/e0)s + (k2 + k2)/(moco) (25)
{u =Yy, Z}
eu(t) = C_l{esu(s)} (26)
where
0%) = (2= ye, 0t) (20

3. ELECTRIC FIELD CALCULATIONS

In this section, we present a conductivity profile of the
atmosphere, boundary conditions to be used, and solution
of the boundary value problem of interest.

Model Conductivity Profiles

Figures 3 and 4 show conductivity profiles of the earth’s
atmosphere under normal and disturbed conditions, as the
solid curves and dashed curves, respectively. The solid
curves in both figures are obtained from Reagan et al. [1980]
for the altitude range 0-70 km and from Park and Dejnakar-
intra [1974] and Park [1979] for the altitude range 70-150
km. The dashed curves in Figure 3, for conductivity pro-
files during solar particle events (SPE), and those in Figure
4, for profiles during energetic electron precipitation, are
obtained from the data given by Reagan et al. [1980] and
Doolittle [1982], respectively. In these figures we also show
vertical stratification of the atmosphere into several horizon-
tal slabs of homogeneous conductivity, to which the electric
field expressions derived earlier can be applied. We choose
the thickness of each atmospheric slab to be 1 km, based on
previous work on a similar problem [Dejnakarintra, 1974].



DEJNAKARINTRA ET AL.:

Boundary Conditions

In applying the electric field expressions derived earlier to
the various slabs of the atmosphere between 0-km and 150-
km altitudes, we will use the following boundary conditions:

1. The horizontal electric fields Ez = Ey = 0 at ground
level (z = 0). This condition corresponds to the assumption
of a perfectly conducting ground, which is justified by the
fact that the conductivity of the earth is very large compared
to that of the air at ground level.

2. At the altitude z = 150 km, the horizontal electric field
E; of the 150th atmospheric layer is identical to the source
electric field, whose steady state distribution is shown in
Figure 1b and can be expressed as

Egz,ss(z,2 = 150km) = Epy,5(z)
/°° (28a)
= C(kz) cos(kzz)dks
0
where
Clks) = 2£ (%) (28)

3. Ez and Ejy are continuous at all other interface bound-
aries of the various slabs.

4. The total current density, J, totq1, Which is the sum of
the conduction current density coE, and the displacement
current density egEj, is continuous at the interface bound-
aries. Under steady state conditions this simply reduces to
continuity of the conduction current density oo Ez.

Calculation of Steady State dc Electric Fields

For dc electric fields in an atmospheric slab between 0-
km and 150-km altitudes, we use the field expressions from
equations (6a) and (6¢) and from equation (28a) to write

*® kzb
Beale) = [ Olka) cos(haz){Aulba)e™ 0%
0
+ B, (kg)e¥=b% Ydk,

(29a)

E,.(z,2)= / C(kz) sin(kzz)

(290)
{buAu(ka)e™ =05 — b,B,(ka)e =07 } dha
where z, = z — h,_; is the vertical distance in the 0 at
mospheric slab, z is the true altitude of the observatlon
point, h,_1 is the base altitude of the i slab, b,=1 for
an isotropic slab and b, = y/op,/0p, for an anisotropic
slab, with op, being the Pedersen conductivity of the it
slab and og , being the specific conductivity of the s> slab,
i=1,2,3,...,150.

A, (k<) and B,(kz) in equations (29a) and (29b) are con-
stants with respect to slab number 7 but depend on the
spatial wave number k. They can be evaluated by match-
ing the bounda.ry conditions at the top and bottom surfaces
of the i*2 slab. (Details of the procedure are given by Dej-
nakarintre [1983]). Numerical values of the dc electric fields
Ez(z,z) and E;(z,2) obtained from the integrals in equa-
tions (29a) and (29b) will be given later.

Calculation of Transient Electric Fields

From equations (29a) and (29b) we know that the steady
state field component with spatial wave number k; varies

TRANSIENT ELECTRIC FIELDS
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gn(:lzkzb 12,), where 2z, is the vertical distance within
the 1 slab. Since we have the dc electric fields as ini-
tial conditions of the transient electric fields, then we must
express the transient fields with wave number kz as func-
tions that synthesize exp (+kzb,z,) at ¢ = 0. To do this,
we Fourier analyze exp(tkzb,2,) with respect to z;, let the
resulting Fourier components in the new dimension have dif-
ferent wave numbers k., and use these two-dimensional com-
ponents as the initial fields e, (07) in equations (17), (23),
(25), and (27). At any time ¢ we can find the z, variation
of the transient field component with wave number &z by
summing over the two-dimensional field components of dif-
ferent wave numbers k.. Finally, we calculate the overall
field Ey(z, 2,t) by integrating field components of different
wave numbers kz.

Expressed mathematically, the overall transient electric
fields are

E,,,,(z, Z,t) =/(;oo C(k‘:c) COS(’C:I)B—;(’CI) {ev,l,l(k17 2y, t)

+R, (km)ev,zﬂ(k-’t, 2y, t)} dkg
(30a)

o0
Eya(c,2,t) = /0 C(ka) sin(kaz) Bi (ko)
{ez,t,l (kI: Zi t) + Rﬂ(kl)ez,zﬂ(’c-’h 2y t)} dkz

(300)

where v = zory. Here, B,(kg) and R,(ks) are constants
with respect to ¢ but depend on kz and can be evaluated
from matching the boundary conditions at the top and bot-
tom surfaces of the i'0 slab at the time instant ¢ of interest
[Dejnakarintra, 1983].

The functions ey, , , (kz, 2,,t) in equations (30a) and (30b),
where u = z,y, or z and 7 = 1 or 2, can be expressed as
Fourier series as follows:

€v,1,9 (kza zi,t) = €vo,t,1(kz7 kz= 07t)
)

+ Z €vn,z,j(k-’hkz = nko,t) cos(nkz0z,)

n=1

(31a)

for v = z,y and

ez,l,](khznt) = (Ct,] + Kt,jzz)ﬁzo,z,j (kz, ky = O’t)

oo
+ 3 Eanyiyy bz, ks = nkzo,t) sin(nko2,)

n=1
(318)
where
T
kz() = M (316)
The quantity Ah in equation (31c) is the thickness (= 1 km)

of each atmospheric slab. The functions &y, ,,; appearing
in equations (31a) and (31b) are the functions ey (t) in equa-
tions (24) and (26) for an anisotropic slab and an isotropic
slab, respectively. The function (C, , + K; ;2,) in equation
(31b) is obtained from applying linear interpolation to the
function exp(+kzb;z,) in the range 0 < z; < Ah [Dejnakar-
intra, 1983).
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Fig. 5. Altitude variations of normalized horizontal dc electric

field at =0 for an ionospheric source field confined within L = 20,
100, and 500 km.
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At t = 0, the Fourier series in equations (31a) and (31b)
must satisfy the initial steady state conditions, i.e.,

€z, (kz,2,0) = exp(tkzb_ ,2,) ya,3(ks,2,0) =0

(32a)

€2,2,7 (kz,2,0) = i(‘b—,z) exP(ika—,izt) (32b)
where the values 1 and 2 of j correspond to the + and —
signs in the & symbol. In equations (32a) and (32b) we have
used b_ , instead of b, to indicate the initial steady state at
t < 0. Precisely,

for an isotropic slab

1
b= { \/?p.i/0, for an anisotropic slab } (32¢)

where o, ; and ap_ , are the specific and Pedersen conductiv-

ities in the 5" atmospheric slab at ¢ < 0.

At t = 0, the values of £, , , determined from the Fourier
series representations of equations (32a) and (32b) are used
as the initial conditions e, (0%) for determining ey (t) from
equations (24) and (26).

At any time ¢, the functions e, , and e, , ; in equations
(31a) and (31b) depend on kz and 2; only. We can evaluate

TRANSIENT ELECTRIC FIELDS

B,(kz) and R;(kz) in equations (30a) and (30b) by match-
ing the boundary conditions as was done in the case of dc
electric fields. Having done this, we praoceed to evaluate the
integrals in equations (30a) and (30b) for the overall fields
Ey (2, 2,t).

4. RESULTS

We now present numerical results from calculations of
electric fields under both steady state and transient con-
ditions.

Distribution of dc Electric Field Ex

For steady state dc electric fields we assume the source
field E; to have an z distribution as given in Figure 1b and
calculate the resulting electric fields £z and E in the tropo-
sphere. Figure 5 shows the z distribution of Ez/E at £ =0
for the source scale length L of 20, 100, and 500 km and the
conductivity profiles in Figure 3. The solid curves in Figure
5 correspond to the undisturbed conductivity profile (solid
curves) in Figure 3 and the dot-dash curves correspond to
the disturbed conductivity profile (dot-dash curves) in Fig-
ure 3. We can see from Figure 5 that the increase in con-
ductivity of the atmosphere produces a slight increase in
dc electric field E; at altitudes below ~40 km only. At
an altitude of ~30 km, where the electric fields are usually
measured by balloon-borne instruments, Ez at L = 20 km
increases by ~4%, that at L = 100 km increases by ~ 1%,
and that at L > 500 km does not increase significantly. The
reason for this is that a shorter scale-length field is more

I I 1 1 | ! I I | I 1 1

Ex ..
F(z-SO km)

SOURCE E,/E
1.0 2 X

0.8 —— UNDISTURBED |

—-— SPE

0.6

0.4

0.2

Fig. 6. Normalized horizontal dc electric field at z=30 km plotted
against normalized horizontal distance. The straight line labeled
“source E;/E” represents the normalized source electric field at
2=150 km.
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sensitive to a change in the conductivity profile than is a
larger scale-length field.

For a change in the conductivity profile due to electron
precipitation as shown by the dashed curves in Figure 4, we
obtain results similar to those in Figure 5 but with a much
smaller percentage increase in E;. The smaller change in Ex
in this latter case is due to the fact that the new conductivity
profile (dashed curves) consists of a part with increasing
slope and another part with decreasing slope; their effects
tend to cancel one another.

Figure 6 shows the curves of Ez/E versus z/L at z =
30 km for some values of scale-length L. The solid curves
correspond to the undisturbed conductivity profile, and the
dot-dash curves correspond to the disturbed one (dot-dash
curves) of Figure 3. For the purpose of illustration, only
three dot-dash curves are shown, for E; at L = 20, 50,
and 100 km. The straight line labeled “source Ez/E” is
the distribution of the normalized horizontal source field at
150-km altitude.

Comparison among the solid curves in Figure 6 indicates
that E; suffers increasing attenuation as L decreases and
becomes more smeared out in the z direction. Only fields at
a source scale-length L > 500 km have their z distribution
curves close to that of the source field, though the corners of

-® (2:=150 km)

1 +A®
=2
1 L 1 1 l )
~0.50 -0.25 0 0.25 0.50 L (a
1-A%
2
-E
z -
A¢(z-O)
1.0 2500
—— UNDISTURBED 200
—-—SPE 1 100
0.8} 7
'/
/.
0.6 /,/'l 50 (b)
7
e
0.4 /
7
V. s
0.2l / /-/_/ }L 20 km
, .
e
e
1 1
0 0.25 0.50
x
L

Fig. 7. The inverted distributions of (a) the assumed source
potential and (b) the corresponding vertical dc electric field on
the ground for several values of the source scale-length L. The
vertical electric field is normalized to the assumed source potential
difference.
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Fig. 8. Smoothed variations of the net normalized horizontal
transient electric field following a sudden change in the conduc-
tivity profile from the solid curves to the dot-dash curves in Figure

3.

1 |
03 0.4

the curves are rounded. The smearing and rounding in the
distribution curves for E; are due to loss in component fields
with higher spatial wave number k; as they map down from
150-km altitude to 30-km altitude. Under the disturbed
condition the dc field Ez shown by the dot-dash curves in
Figure 6 changes by a few percent from the undisturbed
condition, and its z distribution is similar to that under the
undisturbed condition.

Distribution of dc Electric Field E

We show in Figure 7a the inverted potential distribution
at z = 150 km that corresponds to the horizontal source
electric field in Figure 5. And in Figure 7b we show the z
distribution of —E; at z = 0, normalized to the potential
drop A® of Figure 7a. For a source scale-length L >~200
km, the imposed ® variation is accurately reproduced by
the E. curves. For smaller values of L, the curves become
smeared out as in the z distribution of Ez described in the
previous subsection. Under the disturbed condition, where
there is an increase in conductivity of the atmosphere above
15-km altitude, the dot-dash curves in Figure 7b show an
increase of a few percent in the magnitude of E; at 2 = 0
from that under the undisturbed condition.

The z variation of the dc electric field E, can be obtained
from the conductivity profiles of Figures 3 and 4, since E»
varies approximately as 1/0g. The results from dc electric
field calculations as shown in Figures 5-7 agree with those
obtained previously-using a numerical method [Park, 1976].

Time Variation of Net Transient Electric Field §Ex

In calculating transient electric fields, we define the source
field Ez at z = 150 km and ¢t = 0 to have the z distribution
as in Figure 1. As time ¢ increases, we let this source field
decay toward zero in such a way that its strength and z
distribution depend on properties of the atmosphere above
150-km altitude. This condition corresponds to sudden turn-
ing off of the original source field in the magnetosphere at
time t = 0. For a sudden increase in the conductivity of the
earth’s atmosphere at t = 0, we calculate two sets of tran-
sient electric fields, one set using conductivity elements both
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Fig. 9. Normalized horizontal transient electric field at z=30
km plotted against normalized horizontal distance at several time
instants. The straight line labeled “source Ez/E” represents the
normalized source electric field at 150-km altitude.
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before and after the increase and the other set using only
the conductivity elements after the increase. The difference
of the transient electric fields calculated from these two dif-
ferent conditions is a net transient field that will be added to
the steady state dc electric field under the new conductivity
profile in order to constitute the total transient electric field.
(The reason for this manipulation is given by Dejnakarinira
[1983].) The results from transient electric field calculations
are as follows.

Figure 8 shows a smoothed time variation of normalized
net transient electric field 6 Ez/E at z = 0 and z = 30 km af-
ter the conductivity profile suddenly changes from the solid
curves of Figure 3 to the dot-dash curves of Figure 3. The
original data points used to plot time variation of §Ez/E
before it is smoothed are obtained discretely for every 0.02 s
in the time interval 0 < ¢t < 1 s and for every 0.05 s in the
interval 1 < ¢t < 2 5. The smoothing is done by averaging
the fields within 20 subintervals of 0.1 s each.

We see from Figure 8 that for the source field scale-length
L = 20 km, the net transient field 6Ez at £ = 0 and z =
30 km has a highest peak that is about 50% of the source
field strength E. For source fields with larger values of L,
the peak value of §Ez/E becomes smaller. Specifically, at
L > 100 km the peak of 6 Ex/E is less than 10%.

For the change in conductivity profile indicated by the
dashed curves of Figure 4, we find that the net transient
field 6 Ez /E at z = 0 and z = 30 km has general properties
similar to those in Figure 8; the peak value of 6E;/E is
high for small values of L and lower for larger values of L.
For the same value of L, however, the peak value of § E;z/E
due to the conductivity change in Figure 4 is smaller than
that of § Ez/E due to the conductivity change in Figure 3.
This is because the conductivity profile in Figure 3 allows
the electric field to map down more efficiently than does the
conductivity profile in Figure 4.

Distribution of Total Transient Electric Field Ez

In Figure 9 we show normalized total transient electric
field E;/E at z = 30 km and source scale-length L = 20 km

TRANSIENT ELECTRIC FIELDS

as a function of normalized distance z/L for several time
instants. The curves in this figure are drawn from the data
obtained under the same condition as those for the curves
in Figure 8. The curves of Ez/E (2= 30 km) for t = 0
and ¢t = oo in Figure 9 are the solid curve and the dot-dash
curve, respectively, for L = 20 km in Figure 6. A similar
curve for any other value of ¢ is the sum of the curve for
t = oo and that of the corresponding net transient electric
field 6 Ez/E, whose time variation is shown in Figure 8.
From Figure 9 we can see that as F; increases, its z distri-
bution approaches that of the source electric field at 150 km
altitude, and as E; decreases, its z-distribution approaches
that at ¢ = co. The reason for this is that field components
of larger wave number k; are more sensitive to change in the
conductivity profile than those with smaller k;. When E;
becomes stronger, its larger-kz components increase more
rapidly than its smaller-k; components, thus making the
z distribution of E; more abrupt at the edge of the source
field. Similarly, when E; becomes weaker, its larger-k; com-
ponents decrease more rapidly than its smaller-kz compo-
nents, resulting in a smeared-out z distribution of E;.

Time Variation of Net Transient Electric Frield 6E;

Figure 10 shows the time variation of the normalized net
transient electric field —6E./A® at ¢ = L/2 and z = 0
for L = 20,50, and 100 km. The curves are drawn from
data in the same problem as that for 6 Ez /E (z =0,z = 30
km) in Figure 8 and by a similar procedure. Comparing
—6E,/A® with the steady state dc electric field —E,/A®
(z =L/2, z=0) in Figure 7b, we find that the peak values
of §E, for L = 20, 50, and 100 km are about 140%, 42%,
and 42%, respectively, of the corresponding dc values. This
agrees with the percentages of the peaks of 6Ez (x =0,z =
30 km) for different values of L, in comparison with the dc
values of Ez (z = 0,z = 30 km) in Figure 6.

From the time variation of the electric fields in Figures 8
and 10 we find that the amplitude of 6 E; at z = 0 decreases
more slowly than does that of §E; at 2 = 30 km. This is
because the conductivity o of the atmosphere at the ground
level is lower than that at 30-km altitude, so that the atten-
uation rate of the electric field 6E, at z = 0 is lower than
that of the electric field § Ez at 2 = 30 km.

B8 xeLs2, 220
Ad:“" . 2:0)

(SPE)

t (sec)
Fig. 10. Smoothed variations of the net normalized vertical tran-
sient electric field at £ = L/2 and z = 0 following the same change
in the conductivity profile as for the horizontal field in Figure 8.
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Fig. 11. Normalized vertical transient electric field on the ground
plotted against normalized horizontal distance at several time in-
stants. The dashed line shows the distribution of the normalized
source potential at 150-km altitude.

Distribution of Total Transient Electric Field E;

Figure 11 shows the z distribution of the total transient
electric field —E; /A® at z = 0 and L = 20 km. The data for
the curves in Figure 11 are obtained from the same problem
as that for Figure 10. The curves are sums of the z variation
of —6E,/A® and that of the dc field —E./A® at t = o©
from the dot-dash curve in Figure 7b.

In Figure 11 we observe that as the magnitude of E;
increases, the ¢ distribution of —E./A® approaches the
dashed line —®/(4A®), which is the z distribution of the
normalized source potential. This property of the total tran-
sient field E; is similar to that of the total transient field
Ez in Figure 9.

5. DISCUSSION AND CONCLUSIONS

The sudden changes in the conductivity profile of the at-
mosphere as indicated in Figures 3 and 4 result in tropo-
spheric electric fields that vary with time before reaching
a final dc steady state, which is different from the initial
dc steady state before the change. For a source field scale-
length L = 20 km, the dc electric field Ez (z = 30 km) in
the final steady state as shown in Figure 5 is about 10%
stronger than that in the initial steady state. For L > 100
km, E;z (z = 30 km) in the final steady state is less than
3% stronger than that in the initial steady state. Similarly,
the dc electric field E; (z = 0) at L = 20 km increases
by ~20%, but that at L > 100 km increases by less than
4%. Since the solar-wind-induced source electric field in the
ionosphere has a scale-length L ~ 3400 km, then the steady
state dc electric fields Fz and E; in the troposphere will
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have a very small increase, which may not be observable, af-
ter the atmospheric profile has changed. During the change
in conductivity profile, however, the horizontal distribution
of the conductivity may not be uniform. This may then
create horizontal electric fields with shorter scale-lengths in
the ionosphere which map down to the troposphere [Park,
1976]. In this case the dc electric fields in the troposphere
may undergo a sizeable change which can be observed in
practice.

The effect of changes in the conductivity profile of the
atmosphere on observed transient electric fields is similar
to that on observed dc electric fields: a small-scale source
field in the ionosphere produces observed transient fields of
relatively high intensity compared to those produced by a
large-scale source field at the same altitude. But, unlike
dc electric fields, which change only slightly after a sud-
den change in conductivity profile, transient electric fields
can have peaks that are comparable to or even exceed their
steady state dc values. This is evident from Figures 8 and
10. It also suggests that effects of solar particle events and
sudden energetic electron precipitation can be more easily
detected by observing transient electric fields than by ob-
serving steady state dc electric fields.

For the transient electric field § Ez at 30-km altitude, its
duration under the SPE effect as seen from Figure 8 is about
1.6 s. For the transient electric field 6 E, at ground level,
where the conductivity of the atmosphere is more than three
orders of magnitude smaller than that at 30-km altitude,
the duration is several minutes. Therefore, under the same
change in conductivity profile of the atmosphere, §E, at
z = 0 will last longer than 6§ Ez at z = 30 km and is more
likely to be detected.

The results presented in this paper indicate that a sud-
den increase in the conductivity of the earth’s atmosphere
may result in significant transient electric fields in the tropo-
sphere when the horizontal source electric field in the iono-
sphere has a scale-length of order ~100-km or less. As noted
above, field structures of this size are observed under vari-
ous conditions near to and poleward of the plasmapause. In
cases when a solar-wind-induced electric field of scale-length
~3000-km is the sole source, sudden changes in the con-
ductivity profile would probably not be detectable through
electric field measurements in the troposphere.

In terms of its applicability for detecting particle pre-
cipitation through associated ac electric fields, our results
are most applicable to cases in which the scale size of pre-
cipitation regions are comparable to the scale size of the
convection associated horizontal electric fields in the iono-
sphere. The size of burst precipitation regions is not well
known; there are indications from pulsating aurora obser-
vations that some such regions are of order 50-100 km in
extent [e.g. Johnstone, 1978]. However, when precipitation
is nearly simultaneous on a number of magnetospheric paths
excited by a single whistler source, the affected region may
be of order 500 km or greater in extent [Carpenter et al.,
1985).

Further development of the model is needed. However,
it provides a scientific motivation for conducting both long
duration balloon measurements of the horizontal and verti-
cal field and multipoint ground measurements of the vertical
field. Such work might well be concentrated in the south-
ern polar regions, where long duration circumpolar balloon
flights are becoming increasingly practical and where a wide
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range of magnetic latitudes are accessible for ground mea-
surements in regions relatively free of thunderstorm activity.

APPENDIX

Equations for time-varying electromagnetic fields in an
anisotropic layer of the earth’s atmosphere at any time ¢ are

J=a()E

(A1)

The term &(t) represents the conductivity tensor as a
function of time and, in this paper, can be expressed as

JoH OE
VXE:_(MO)a_t VXH=J+(EU)E

d(t) =6 + (A&)u(t) (A2)
where
(o o 0
& =|-og op O (A3)
0 0 o
(op—0p) (om—og) 0
Ad=| —(og —og) (op—op) 0 (A4)
0 0 (o0 ~o0q)

u(t) is the unit step function, 04 ,0p,0 are the specific
conductivity, Pedersen conductivity, and Hall conductivity,
respectively, at ¢t < 0 and og,0p, 0 are the corresponding
conductivities at ¢t > 0.

We now eliminate H in equation (A1) by taking the curl
of V x E and substituting for V x H. This results in

VX(V X ) = ~(u0) 5 {FHE + (c0) 2}
9E . O°E (45)
= ~(wo){5(t) 57 + (c0) 57} — Ho(A&)8(1)E

where the delta function 6(t) is the time derivative of u(t).
The quantity AG6(¢)E in the last term of equation (A5)
represents conduction current density impulses at ¢t = 0.

We will find E for ¢ > 0 by using two approaches and
show that, with continuity of the fields at t = 0, ie.,

EO0T)=E(07) HOY)=H0T) (A8
and with the initial fields in steady state, ie.,
E'(07)=0 H'(0")=0 (A7)

the two approaches lead to the same results.

In the first approach, we start observing the fields at t =
0~ and therefore retain the term containing 6(t) in equa-
tion (A5). Taking Laplace transforms on this equation with
respect to time, noting from equations (A2)-(A4) that

op oy O
Gt)=6=|-og op 0 |for t>0 (A8)
0 0 op
we obtain

VX (VxE) = —103(& + €08)Es + po{(6 + €03)E(07)
+€E'(07)} — uo(AG)E(07) (A9)
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where E; is the Laplace transformed function of E.
Substituting from equations (A6) and (A7) into equation
(A9) yields

V x (V x Es) = — uos(6 + e05)Es + (& + €0s)E(0T)
~ uo(AF)E(0T)
(A10)
In the second approach, we start observing the fields at
t = 0% so that we can set 6(t) = 0 in Eq.(A-5), which then
reduces to

2
VX (VX E) = —po{(®) 57 + () 32 (> 0) (ALY

Equation (A11) can also be derived from the following set
of equations:

VxE:—(,ug)%—I;I VxH=J+(co)%—Pt: J=(7E

(A12)

which is obtained from equation (A1) by simply replacing
&(t) for t >0 with & in equation (A8).

Taking Laplace transforms on equation (A11) with respect

to time and using ¢ = 07 as the starting point, we obtain

V X (V x Es) = — uos(& + €03)Es + u0(& + e0s)E(0)
+ poeoE'(07)
(A13)
By taking the curl of equation (A6), we have V x H(O"’) =
V x H(0™) which, by equations (A1) and (A7), leads to

JOF) + eE'(07) = J(07) + oE'(07)
(G)E(0") + eE'(0%) = (77)E(07) = (¢7)E(0T)

or

©E'(0%) = —(¢ - 37)E(0") = —(AHE(0Y)  (AL4)
where equations (A3), (A4), and (A8) have been used.

Equation (A14) indicates that equation (A10) from the
first approach is in fact equivalent to equation (A13) from
the second approach. In conclusion, the current density im-
pulses that occur at ¢ = 0 due to the step change of the
conductivity elements of G(t) can be taken care of by the
initial field conditions at ¢ = 0 given in equations (A6) and
(A7).
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