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The main purpose of this paper is to draw attention to the important but long neglected problem of
electrical coupling between the ionosphere and the lower atmosphere. A numerical technique is used to
calculate electric fields and currents between 0- and 150-km altitude produced by large-scale horizontal
electric fields known to exist in the polar cap and auroral ionosphere. A two-dimensional model assuming
a flat earth and a vertical geomagnetic field is used. The results show that horizontal electric fields in the
ionosphere map down to ~ 10 km with little attenuation, in agreement with previous authors’ results. In
addition, these horizontal ionospheric electric fields should cause significant modulations of vertical
electric fields down to the earth’s surface. The effects of conductivity irregularities in the ionosphere,
stratosphere, and troposphere are also examined. Localized conductivity enhancements associated with
aurora are expected to produce a horizontal electric field of up to a few millivolts per meter at ~30-km
altitude in the absence of any horizontal field in the ionosphere. These conductivity enhancements have
less than a 1% effect on the vertical electric field on the ground. The effects of stratospheric and
tropospheric irregularities are negligible at large heights but become important below ~20 km. Their
magnitude depends on how the ratio between the local resistivity and the height-integrated columnar
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resistance is altered.

INTRODUCTION

Much progress has been made in recent years toward under-
standing the electrical structure of the ionosphere and the
magnetosphere. This progress was made possible in large part
by a number of recently developed electric field measurement
techniques, such as electrostatic probes flown on satellites
[e.g., Maynard and Heppner, 1970; Gurnett, 1970], on rockets
le.g., Mozer and Bruston, 1967; Aggson, 1969], and on balloons
[e.g., Mozer and Serlin, 1969]; drift measurements of whistler
ducts [e.g., Carpenter et al., 1972] and barium clouds [e.g.,
Haerendel and Liist, 1970; Wescott et al., 1970]; and incoherent
scatter radars [e.g., Woodman, 1970; Banks et al., 1973; Evans,
1972]. Observed electric fields show large spatial and temporal
variations depending on their origin. Solar-wind-induced con-
vection produces fields of tens of millivolts per meter in the
polar cap and auroral zone ionosphere. During geomagnetic
storms and substorms (processes through which the magneto-
sphere explosively releases its energy to the atmosphere), peak
amplitudes of up to 100 mV/m are observed in the auroral
ionosphere. These impulsive fields also spread to middle lati-
tudes with amplitudes of several millivolts per meter. The
atmospheric dynamo generates electric fields of the order of 1
mV/m centered at middle latitudes. Owing to large conducti-
vities along the geomagnetic field, electric fields at and above
ionospheric heights are nearly perpendicular to the geomag-
netic field (Jarge electric fields in the direction of the geomag-
netic field can be produced by plasma instabilities, but we will
not consider such fields in this paper). These electric fields
clearly play fundamental roles in ionospheric and magneto-
spheric dynamics. The question that we wish to consider in this
paper is how these fields map downward and affect atmo-
spheric electric fields at low altitudes. We will limit our dis-
cussion to high-latitude convection and auroral electric fields.
The dynamo electric field has been discussed by Volland
[1972].

It is generally accepted that thunderclouds drive upward
currents, charging the ionosphere to a potential of some 200
kV with respect to the earth [e.g., Dolezalek, 1972]. In ‘fair-
weather’ regions, return currents to the earth produce vertical

Copyright © 1976 by the American Geophysical Union.

electric fields of the order of 100 V/m near the ground. In
such a picture of the ‘global circuit’ it has been a general
practice to assume an equipotential ionosphere, sometimes
referred to as the ‘potential equalizing layer.” We now realize
that the ionosphere must be treated not only as a finite con-
ductivity medium that can support imposed electric fields but
also as an active electric generator. lonospheric electric fields
of 100 mV/m or less may appear to be insignificant, but since
these fields extend over large areas, they can easily produce
potential drops of tens of kilovolts in the ionosphere. On
occasion, such potential drops may exceed the average iono-
sphere-to-earth potential difference. Even dynamo electric
fields of the order of 1 mV/m can produce a potential differ-
ence of tens of kilovolts on a global scale. It is clear that these
large-scale generators in the ionosphere must be included in a
proper model of the global circuit. The construction of such a
three-dimensional global model is beyond the scope of this
paper. Here we will use two-dimensional models to investigate
how certain types of ionospheric electric fields map down to
the ground and how they compare with the fields produced by
the thunderstorm-driven circuit. We will also examine how
electric field mapping is affected by conductivity irregularities
in the ionosphere, stratosphere, and troposphere.

Several authors have recently discussed downward mapping
of ionospheric electric fields. Kellogg and Weed [1969], Mozer
[1971), and Volland [1972] considered simple cases of isotropic
atmosphere in which conductivity is described by a single
exponential function of altitude. Dejnakarintra [1974], Park
and Dejnakarintra [1974a), and Chiu [1974] included con-
ductivity anisotropy and used analytical solutions for each
horizontally stratified slab in multiple-slab models of the at-
mosphere. Bostrom [1974] also included conductivity ani-
sotropy, but he used numerical solutions and extended the
analysis to time-varying and moving sources in the ionosphere.
All previous mapping techniques have two limitations in com-
mon: (1) the source potential in the ionosphere is assumed to
vary sinusoidally with horizontal distance, and (2) the con-
ductivities are assumed to vary with altitude only. In theory,
the first limitation is not serious, because any source potential
distribution can be Fourier-analyzed. In practice, however, it
proves to be a laborious task to Fourier-analyze the source, to
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map each Fourier component separately, and then to sum up
the results. In this paper we adopt numerical techniques that
allow direct calculations of electric fields and currents between
0- and 150-km altitude for any arbitrary potential distribution
specified at the upper boundary and for any arbitrary con-
ductivity distribution, including horizontal gradients. The re-
sults generally support the conclusion of previous authors that
ionospheric electric fields map down to low altitudes very
efficiently. The next section describes the mapping theory, fol-
lowed by the results of calculations and concluding remarks.

THEORY

The basic equations to be solved are

v-I=0 (1)
J=oE )
E=-V® 3)

where J is the electric current density, E is the electric field, o is
the conductivity tensor, and & is the electric potential. Since
we are interested only in high-latitude phenomena in this pa-
per, we assume a flat earth with the geomagnetic field directed
vertically downward. In a Cartesian coordinate system with
the z axis pointing upward we can write

J, = 0,E, + oxE,
Jv = O'DEII - O'HE,
J, = a'oE,

where o,, 0,, and oy are the specific, Pedersen, and Hall con-
ductivities, respectively. By means of these relationships, equa-
tion (1), (2), and (3) can be combined to yield
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The azimuthal symmetry of this problem allows us to reduce it
to a two-dimensional problem with no loss of generality but
with considerable savings of computation time. Thus we let
d/dy = 0 to obtain
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The boundary conditions to be satisfied by this differential
equation include ® = 0 atz = 0 and $(x) specified at the upper
boundary in the ionosphere. The other set of boundary condi-
tions is best specified in terms of ®(z) at x = . In order to
find these boundary conditions we construct our models in
such a way that both ®/8x at z = 150 km and 8a/dx vanish
as x — o, Under these conditions, J, also vanishes as x —
+o, and ¢ (Lo, z) can be easily calculated from

where z, is the altitude of the upper boundary.

In order to facilitate numerical solution of (4) we introduce
a new variable p = arctan (ax), which has a finite range —#/2
to +n/2, as x varies from —® to +. Equation (4) then
becomes
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Equation (5) can now be solved by a standard numerical tech-
nique. We set up a grid in the p-z space, assume an initial
distribution of ®, and keep making corrections through a line
iteration scheme [e.g., Diaz et al., 1958] until a satisfactory
accuracy is achieved. The value of « is adjusted in order to
obtain the maximum density of grid points in the region of
special interest. Once ® is known, E and J are easily obtained
from (2) and (3).

RESULTS

We will first consider cases involving no horizontal con-
ductivity gradients. The effects of conductivity irregularities
will be examined later in this section. In all our calculations we
specify a potential distribution at 150-km altitude as the upper
boundary condition. Figure 1 shows conductivity profiles in-
tended to represent the undisturbed polar region (taken from
work of Park and Dejnakarintra [1974a]). The columnar resis-
tance R = [ dz/e, = 1.4 X 10 Q/m?, and if we assume a
uniform ionospheric potential of & = 200 kV with respect to
the earth, a vertical air-earth current of 1.4 X 10~ A/m? flows
everywhere. The vertical electric field E, = (1/0,)(®/R) is
inversely proportional to ¢, of Figure 1.

We now examine how horizontal electric fields in the iono-
sphere map down to lower altitudes. We assume a constant
horizontal electric field E,, confined between x = —(L/2) and
x = +(L/2) at 150-km altitude as shown by the solid curve in
Figure 2. Below 150 km, E; decreases with decreasing altitude,
but the rate of decrease is a strong function of the scale size L.
This is clearly indicated by the dashed curves in Figure 2,
which are plots of E, versus x at z = 30 km for selected values
of L. The scales are normalized to the assumed values of L and
E., at z = 150 km. As L decreases, E, suffers increasing
attentuation and becomes more smeared out in the x direction.
Figure 3 shows how E, at x = 0 varies with altitude for L = 20
and 100 km.

It is clear that ionospheric electric fields with L S 100 km
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Fig. 1. Model conductivity profile representing the quiet time po-

lar region; g, is the conductivity along the geomagnetic field, and o, is
the Pedersen conductivity.
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Fig. 2. Normalized horizontal electric field at z = 30 km plotted
against normalized horizontal distance. The step function variation
shown in the solid curve represents the ionospheric source electric field
atz = 150 km.

can reach 10-km altitude with little attenuation, in agreement
with the conclusions of several earlier studies [Kellogg and
Weed, 1969; Mozer, 1971; Chiu, 1974; Park and Dejnakarintra,
1974a; Bostrom and Fahleson, 1974]. Below 10 km, E, de-
creases rapidly even for large-scale fields because of the cancel-
ing effect of electric fields arising from induced charges on the
earth’s surface. Such a canceling effect is confined to the lowest
few kilometers, because the induced fields suffer severe attenua-
tion as they map upward in the direction of increasing con-
ductivity. It is useful to remember that electric fields are trans-
mitted more efficiently in the direction of decreasing
conductivity. Thus in the earth’s atmosphere, where the con-
ductivity inicreases rapidly with altitude, downward field map-
ping is much more efficient than upward mapping. (See the
treatment of the upward mapping problem by Park and Dej-
nakarintra [1973, 19745b].)

Before discussing numerical results for the vertical electric
field we can see the relationship between horizontal and verti-
cal fields through the simple physical picture illustrated in
Figure 4. If we demand that the line integral §E-d1 = 0 around
the rectangular path and assume that E,, = 0 along the ground
path, then obviously, E;; and E,; must be adjusted so as to
accommodate the ionospheric horizontal field E,,.
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Fig. 3. Plots showing altitude variations of horizontal electric field
at x = 0 for an ionospheric source field confined within L = 20 and 100
km.
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Fig. 4. Relationships between horizontal and vertical electric
fields.

Figure 5 shows the results for vertical electric field E,. At the
top of the figure is the potential distribution at z = 150 km,
corresponding to the horizontal field assumed to exist there in
Figure 2. The lower part of the figure shows E, at z = 0,
normalized to the potential drop A®, for selected values of L.
For |x| >> 0.5L, E, is proportional to the overhead iono-
spheric potential. Near the region of ionospheric potential
gradient the imposed ® variation is accurately reproduced by
the E, curves for L > 100 km. For smaller values of L the
curves become more smeared out.

Dawn-dusk convection electric field. Figure 6 is a sketch of
the simplified plasma circulation pattern in the northern polar
ionosphere that results from solar wind-magnetosphere inter-
actions [e.g., Axford, 1969]. Since the plasma flow velocity v =
(E x B)/B? is perpendicular to E = —V® above ~120-km
altitude, the flow lines in Figure 6 also represent equipotential
contours [e.g., Hines, 1964]. Thus the ionospheric potential
varies in the dawn to dusk direction as sketched in an idealized
form at the top of Figure 7. Electrostatic probes flown on
polar-orbiting satellites show that the basic pattern illustrated
here is a persistent feature of the polar ionosphere, although
many details may change from pass to pass depending upon
the conditions in interplanetary space and the magnetosphere
[Heppner, 1972a, b; Cauyffinan and Gurnett, 1972; Gurnett and
Frank, 1973]. In Figure 7 we have assumed a potential drop of
®pp = 100kV from the dawn side to the dusk side boundary of
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Fig. 5. (Top) The assumed ionospheric potential distribution.

(Bottom) The corresponding vertical electric field on the ground (nor-
malized to the assumed ionospheric potential difference) for several
values of L within which the ionospheric potential variation is con-
fined.
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Fig. 6. Sketch of plasma flow pattern in the high-latitude iono-
sphere in a latitude-local time coordinate system. The flow lines are
also equipotential lines.

the polar cap. The values of $,, deduced from satellite mea-
surements of E, range from ~50 to ~250 kV [Heppner, 1972b;
Gurnett and Frank, 1973]. Equatorward of the polar cap
boundary at 75° magnetic latitude the potential is assumed to
recover linearly across the auroral belt to the global average
ionospheric potential of 200 kV with respect to the earth [e.g.,
Dolezalek, 1972].

The two lower curves in Figure 7 show the results of calcu-
lations for E, at z = 30 km and for E, at z = 0. The E; curve
closely follows the variation in ionospheric potential, and the
E, curve is nearly identical in shape and magnitude to the
assumed ionospheric potential gradients. These results could
have been predicted from Figures 2, 3, and S, since the scale
sizes involved here are measured in hundreds and thousands of
kilometers.
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Fig.7. (Top) Typical dawn to dusk variation in ionospheric poten-
tial across the polar cap. (Middle) Calculated horizontal electric field
at z = 30 km. (Bottom) Calculated vertical electric field at z = 0.

Electrostatic probes flown on balloons near 30-km altitude
have reported horizontal electric fields that are consistent with
the predictions of Figure 7 [Mozer and Manka, 1971; Ogawa et
al., 1974, Mozer et al., 1974].

Figure 7 predicts a significant magnetospheric influence on
vertical atmospheric electric field near the polar cap boundary.
For the parameters used in this example a ground station on
the dawn side boundary should report a field strength ~1.7
times greater than that reported by a station on the dusk side.
This factor would be 1.3 and 4.3 for &, = 50 and 250 kV,
respectively. (The absolute values of E, in Figure 7 are not
to be taken very seriously, because they depend on the vertical
conductivity profile near the ground. However, the variations
in E; expressed in terms of ratios do not depend on the con-
ductivity profile.) A sudden increase in ®,p, associated with a
southward turning of the interplanetary magnetic field or a
magnetospheric substorm [Gurnett and Akasofu, 1974), should
cause a sudden increase in E, on the dawn side and a simulta-
neous decrease on the dusk side. No simultaneous measure-
ments of this kind have been reported. In single-station studies
the diurnal variation expected from the above picture would
tend to be obscured by temporal variations in &5, and the
location of the polar cap boundary as well as in the global
average potential of the ionosphere. Nevertheless, it is some-
what puzzling that no clear evidence of dawn-dusk asymmetry
has been found in the diurnal variation of £, and J, measured
at polar latitude stations [e.g., Kasemir, 1972; Cobb, 1974].

Auroral electric fields. lonospheric electric fields associated
with aurora have been measured by a number of techniques,
including incoherent scatter radar [e.g., Banks et al., 1973],
rocket-borne probes [e.g., Aggson, 1969], and barium releases
[e.g., Wescott et al., 1970]. In the night side auroral oval,
electric fields are greatly enhanced during active aurora. Such
enhanced fields are not always accompanied by similar en-
hancements in the dawn-dusk polar cap fields, indicating that
there are other sources of electric fields associated with auroral
substorms in addition to the solar-wind-driven convection.
Furthermore, these auroral electric fields are not limited to the
region of visible, discrete aurora but extend over the ‘diffuse’
auroral arc, ~5°-10° wide in magnetic latitude. Within the
diffuse arc the electric field is directed predominantly in the
north-south direction and may reach 100 mV/m or more in
amplitude. The meridional field is directed equatorward in the
morning sector, driving a westward Hall current, and pole-
ward in the evening sector, driving an eastward Hall current.
The east-west component of the electric field is typically a
factor of 3-10 less than the north-south component. This com-
ponent, unlike the north-south component, shows anti-
correlation with ionospheric conductivity [Banks et al., 1974;
Mozer et al., 1973]. Thus in mapping east-west electric fields
the effects of nonzero source impedance must be taken into
account. For north-south fields the assumption of an ideal
voltage source appears to be justified [Mozer et al., 1973; P. M.
Banks, private communication, 1975].

Electric fields associated with auroral substorms also spread
to middle latitudes and produce important plasma dynamic
effects in the plasmasphere and the ionosphere [e.g., Carpenter
and Park, 1973]. In middle latitudes the field strength is typi-
cally a few millivolts per meter, but since the field spreads over
large areas, potential differences of tens of kilovolts can exist
in the middle latitude ionosphere. Such middle latitude prob-
lems, however, will not be discussed in this paper.

During an intense auroral event a meridional field of ~100
mV/m may appear over ~10° in magnetic latitude (~1100-km
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distance), producing an ionospheric potential difference of ~100
kV. The mapping of such a potential gradient is similar to the
L = 1000 km case illustrated in Figures 2 and 5. It is clear from
Figure 2 that the horizontal fields should map down to balloon
altitudes of ~30 km or less. This has been confirmed by a
number of balloon flights in the auroral zone [e.g., Mozer et
al., 1973; Mozer and Lucht, 1974, Kelley and Mozer, 1975].
Figure 5 shows that £, measured on the ground should closely
follow the variation in overhead ionospheric potential. If we
assume an average ionospheric potential of 200 kV, we predict
a 1.67:1 change in E, as we cross the auroral oval in a north-
south direction. (It is more meaningful to consider ratios
rather than absolute values of E,, because the latter depend on
conductivities near the ground.)

Auroral effects on E, have not been clearly demonstrated by
ground-based measurements. Some observers reported on
cases in which changes in E; were apparently correlated with
aurora [e.g., Freier, 1961; Olson, 1971; Lobodin and Para-
monov, 1972] (see also the discussion of earlier work by Israél
[1973]), while others reported no correlation after examining a
considerable amount of data [e.g., Shaw and Hunsucker, 1974}.

Effects of Conductivity Irregularities

Thus far we have assumed no horizontal gradients in con-
ductivity. We will now consider how electric field mapping is
affected by the presence of conductivity irregularities in the
ionosphere, stratosphere, and troposphere. Figure 8 illustrates
schematically three different types of irregularity. Each type of
irregularity is characteriZzed by conductivity enhancement fac-
tors that can be represented by Gaussian functions of x and z.
Since very few experimental data are available on these irreg-
ularities, particularly below ~80 km, we will adopt reasonable
ranges of values for each parameter to see how important the
effects of irregularities are compared to other factors. To exam-
ine the effects of irregularities we assume a uniform iono-
spheric potential of 200 kV at z = 150 km so that the calcu-
lated E, can be attributed entirely to the irregularity. The
effects on E, can be easily seen by a comparison with the
simple case of a horizontally stratified medium in which E, is
inversely proportional to a.

lonospheric irregularity. This type of irregularity may be
produced by precipitating particles and associated Bremsstrah-
lung X rays, such as those in an active aurora. Enhanced
particle precipitation occurs in the entire band of diffuse au-
rora, some 5°-10° wide in latitude, but there may also be
smaller-scale structures within the diffuse auroral arc. The en-

tox
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Fig. 8. Sketch illustrating the three different kinds of conductivity

irregularities considered in this paper.

PARK: DOWNWARD MAPPING OF IONOSPHERIC E FIELDS

E)(
4 mV/m 2220 km
10
2 30
-800 -400
—— 1 | L X
400 800 km
-2
1-4
Fig. 9. Horizontal electric fields produced by an ionospheric con-

ductivity irregularity (see text for details).

hancement factor is described by

f=14+0Q—Dexp [—(%0)2] 2>z

and
=1+ o= e [~(5) ] ow ()]
z < z;

These irregularities have no appreciable effect on the columnar
resistance or on the air-earth current density. Obviously, for
the same vertical current density the potential drop should be
less inside an irregularity, where conductivities are higher. This
gives rise to horizontal electric fields directed away from the
center of such an irregularity. Figure 9 shows E, at z = 10, 20,
and 30 km. The parameters of the irregularity in this example
are A = 100, z; = 40 km, z, = 7.5 km, and x, = 250 km.
Calculations have been repeated for the same upper boundary
condition but for different parameters characterizing the con-
ductivity irregularity. The results are summarized in Table 1,
where the maximum amplitude E; m.x is tabulated for each
selected altitude level. The case labeled I-2 is the case illus-
trated in Figure 9. Except in the somewhat extreme case -4 the
magnitude of E; due to conductivity irregularities is a few
millivolts per meter, about 1 order of magnitude less than what
would be expected from typical auroral electric fields in the
ionosphere.

Table | also shows the maximum effect on E; at z = 0. The
irregularity, centered at x = 0, would slightly decrease the
columnar resistance and increase J, and E, at z = 0. This
change in E, at z = 0 and x = 0 is tabulated in the last column
of Table 1 as a percentage increase over E; at z = 0 and x =
+ . The effect is typically less than 1%.

We conclude from these sample calculations that the con-
ductivity irregularities associated with aurora do not signifi-
cantly affect downward mapping of auroral electric fields in
the ionosphere. However, care must be exercised in inter-
preting balloon measurements of E, of less than a few milli-
volts per meter.

Stratospheric irregularity. The enhancement factor in this
case is described by

=10 e [-() oo [ ]

The results for two different sets of parameters are shown as S-
1 and S-2 in Table 1. Electric fields around these irregularities
have similar spatial variations as in the case of an ionospheric
irregularity, but their magnitudes are larger. The effects on E,
measured on the ground are still negligible, because the colum-
nar resistance and the vertical current density are not signifi-
cantly perturbed.
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TABLE 1. Effects of Conductivity Irregularities
E; max, mV /m
Z; OF Zg, AEz,maxs %
Case A km Zg, km xpkm z=30km z =20km z = 10 km z=0
I-1 100 70 15 250 0.3 0.4 0.4 +0.07
I-2 100 40 7.5 250 1.2 3.0 2.9 +0.73
I-3 100 70 15 25 2.7 1.7 1.9 +0.05
I-4 100 40 10 25 10.2 51.2 91.0 +2.30
S-1 10 30 10 250 0.9 6.3 22.6 +6.2
S-2 5 30 10 50 3.7 25.6 74.0 +3.7
T-1 2 20 250 1.0 4.7 14.3 —4.6
T-2 2 10 250 0.9 6.3 33.2 —13
T-3 2 5 250 0.6 4.1 32.0 —25
T-4 2 2 250 0.3 1.9 14.6 -35
T-5 10 10 250 6.6 42.3 126. —36
T-6 10 5 250 2.8 19.0 142. —65
T-7 10 2 250 0.9 6.0 47.6 —80

Tropospheric irregularity. We represent the enhancement
factor in this case by

=140 new () ]ew [~ ()]

Conductivity irregularities near the ground may signifi-
cantly change the columnar resistance between the ground and
the ionosphere as well as local conductivities. If the columnar
resistance is decreased by the presence of a conductivity en-
hancement, the resulting increase in vertical current causes the
potential to drop faster with decreasing altitude above the
enhanced conductivity region. This gives rise to horizontal
electric fields directed toward the center of such an irregular-
ity. Figure 10a shows E, at z = 10 and 20 km forA = 2, x, =
250 km, and z, = S km (case T-3 in Table 1), Figure 10b shows
E, at z = 0 for the same case. Cases T-1-T-7 in Table 1
summarize the results for different values of A and z,. As we
increase z,, an action which means increasing the vertical ex-
tent of the irregularity, we predict larger horizontal fields but
smaller effects on vertical fields. The latter result is due to the
fact that E, depends on the ratio between local conductivity
and columnar resistance. Obviously, if z, — o, the shape of the
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Fig. 10. (a) Horizontal electric fields produced by a conductivity

irregularity near the ground. (b) Vertical electric fields on the ground.
(See text for details.)

vertical conductivity profile will remain unchanged, and there-
fore E, will also remain unaffected in the first order.

For the range of values considered here, horizontal fields of
a few millivolts per meter can be produced at z = 30 km due to
irregularities at lower altitudes. These fields increase rapidly
with decreasing altitude. Therefore it is clearly advantageous
to gain maximum altitude when horizontal fields of iono-
spheric origin are measured on balloons or aircraft. Vertical
fields near the ground can be significantly affected by localized
conductivity irregularities. In such cases, additional measure-
ments of conductivity and/or air-earth current would be
needed to interpret the measurements.

In all the cases of Table 1 we assumed a uniform ionospheric
potential of 200 kV at z = 150 km. The tabulated values of
E, max vary linearly with this assumed ionospheric potential,
but the percentage effects on E, are independent of this poten-
tial.

CONCLUDING REMARKS

We conclude that atmospheric electric fields at low altitudes
can be significantly modulated by electric fields known to exist
in the ionosphere. The solar-terrestrial influence on atmo-
spheric electricity is an important area that needs to be explored
through increased experimental efforts and theoretical mod-
eling. It appears to be particularly important in view of recent
interest in possible solar-terrestrial effects on the weather [e.g.,
Markson, 1971; Wilcox et al., 1973; Roberts and Olson, 1973)].
Electric fields provide a direct link between the ionosphere and
the troposphere, but the role of atmospheric electricity in
many tropospheric processes is only poorly known at present.

Our results generally support the ideas behind balloon mea-
surements of horizontal ionospheric electric fields, but at the
same time, they point out a need for caution when the mea-
sured field strength is less than a few millivolts per meter. Near
the ground, horizontal fields of ionospheric origin are expected
to be far below detectable limits. On the other hand, measure-
ments of vertical electric fields along with air-earth currents
and conductivities at spaced stations may provide useful infor-
mation on electrical coupling between the ionosphere and the
troposphere.
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