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INTRODUCTION

The low�frequency electromagnetic prospecting
methods such as magnetotelluric sounding (MT), fre�
quency sounding (FS), and controlled�source audio�
magnetotelluric (CSAMT) sounding have recently
become widely popular. These methods typically use
frequencies ranging from a few ten�thousandth frac�
tions of a Hz to a few dozens of kHz and are focused
on studying the section at large depths spanning from
dozens of meters to dozens of kilometers. The physical
background of these methods relies on the quasi�sta�
tionary model of the electromagnetic (EM) field.
Impedance measurements (the ratio of the horizontal
and mutually orthogonal components of the electrical
and magnetic fields) in the far�field zone of the
sources, either natural or controlled, make it possible
to eliminate the effects of the instability of the sources
in the results of the sounding. The well�developed
methods and software tools for interpretation of their
measurements provide reliable information on the
depth distribution of electrical resistivity in laterally
homogeneous and heterogeneous media (Berdichev�
sky and Dmitriev, 2009; deGroot�Hedlin and Consta�
ble, 1990; Smith and Booker, 1991, et al.).

Recently, EM sounding methods with high fre�
quency (HF) EM fields (varying from a few
thousand kHz to dozens of MHz) have been rapidly
advancing. These methods are applied to study shal�
low sections spanning from 1–2 m to dozens of meters
(Bastani, 2001; Song, Kim, and Lee, 2002; Tezkan
and Saraev, 2008; Kalscheuer, Pedersen, and Siripun�
varaporn, 2008; Simakov et al., 2010; Khmelevskoi et
al., 2010; Saraev et al., 2011). The HF methods

employ the EM fields from broadcasting radio trans�
mitters or their own controlled sources. The data pro�
vided by these methods allow us to estimate the elec�
trical resistivity and dielectric permittivity of the
rocks, which enhances the informativity of the sound�
ings and expands the range of the solved problems. At
the same time, in the case of HF soundings, the dis�
placement currents in the earth and air affect the
behavior of the components of the EM field, and these
effects should be taken into account.

Previously, the analysis of the influence of the dis�
placement currents in the earth and air on the EM
field components was focused on assessing the appli�
cability of the quasi�stationary approximation for the
fields generated by controlled sources and the possibil�
ity to estimate the permittivity of the rocks (Veshev,
Ladatko, and Morozova, 1983; Egorova and Sapozh�
nikov, 1983; Yin and Hodges, 2005; Siemon, 2012).
The present paper addresses the study of the structure
of the normal (above the half�space) EM field of a HF
horizontal electric dipole (HED) used as the source in
a series of HF EM methods, including the controlled�
source radio magnetotelluric (RMT) sounding (Sima�
kov et al., 2010; Saraev et al., 2011).

QUASI�STATIONARY APPROXIMATION

The calculations and analysis of the EM field gen�
erated by HED are discussed by many Russian (Fock,
1933; Zaborovskii, 1960; Veshev, 1980; Vanyan, 1997,
etc.) and foreign (Stefanescu, 1950; Ward and Hohm�
ann, 1987, etc.) authors. In these studies, the quasi�
stationary field generated by HED is mainly consid�
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ered in the application to the low�frequency electro�
magnetic prospecting method.

The components of the EM field generated by
HED with moment β =  which is located on
the surface of a homogeneous half�space (the normal
field) and oriented along the х axis (the z axis points
vertically upwards) with the time dependence

described by  have the following form (Veshev,
1980):

 (1)

Here, I is the current strength, A; dl is the length of
the dipole, m; i is the imaginary unity; ω = 2πf is

angular frequency; f is frequency, Hz;  =
 is the squared wave number in the jth

layer; nj =  σj is the electrical conductivity,

S/m; εj is absolute permittivity (εj =  × 

F/m, where  is the relative permittivity); j = 0,1;

r =  m; J0 is the zero�order Bessel function of
the first kind.

The formulas for electrical components are pre�
sented for medium 1 (in the ground), and for
magnetic components, for medium 0 (in the air). The
weak�magnetic media are considered, and the mag�
netic permeability of the earth and air is assumed to be
equal to the permeability of free space: μ1 = μ0 = 4π ×
10–7 H/m.

Within the quasi�stationary approximation, with
the observation point located on the earth’s surface
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(z = 0), at rather low frequencies, and with the

assumptions that k0 = 0 and k1 = 
formulas (1) are converted by the approaches sug�
gested by V.A. Fock (1933) to the following form
(Veshev, 1980):

(2)

where ρ1 = 1/σ1 is the electrical resistivity of the earth
(Ω m), θ is the angle in the horizontal plane ху
between the axis of HED and the direction to the
observation point; In, Kn are the modified Bessel func�
tions of the first and second kind of order n with argu�
ment k1r/2, respectively.

In the analysis of the structure of the EM field gen�
erated by the controlled sources including HED, the
near�field, transition, and far�field zones are consid�
ered (Zonge and Hughes, 1991).

The near�field zone corresponds to the condition

|k1|r  1 or r/d < 0.5, where d  503  is the skin
depth. The alternating EM field in the near�field zone
behaves as the field of a DC source. In this case, the
electrical components of the field depend on the elec�
trical resistivity of the rock and are insensitive to the
current frequency. The magnetic components neither
depend on the frequency nor on the resistivity of the
rock. Therefore, the impedance measurements in the
near�field zone are unsuitable for frequency sounding.

In the transition zone, the components of the
quasi�stationary EM field generated by HED are
described by formulas (2). They depend on the fre�
quency of the electric current and the coordinates of
the observation point (the Еу component is frequency�
independent).

The EM field in the far�field zone of HED, where
|k1|r  1 or r/d > 3–5, has the following components:
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(3)

The surface impedance components in the far�field
zone are described by the following formulas:

(4)

Taking into account the fact that the moduli of the

impedance components are  =  =  the
resistivity ρ1 can be calculated according to the follow�
ing formulas:

(5)

The impedance phases are calculated from

 (6)

In the homogeneous half�space and with the time

dependence in the form , the impedance phases of
Zxy and Zyx in the far�field zone are 45°.

Formulas (4)–(6) illustrate the well�known ideas
that the electrical resistivity of the medium and the
impedance components Zxy and Zyx in the far�field
zone are linked by a simple relationship corresponding
to the vertically incident plane wave.

The contour maps of the horizontal electrical and
magnetic components of the EM field generated by
HED within a quasi�stationary approximation in the
first quadrant of the working area are shown in Fig. 1.
The calculations are carried out for a model with the
electrical resistivity of the earth ρ1 = 1000 Ω m, cur�
rent frequency f = 100 Hz, and Idl = 100 A m.

This figure illustrates the structure of the EM field
of HED. In the equatorial area of the dipole and on its
axis, the amplitudes of the |Ex| and |Ну| components
monotonically decrease with distance. The values of
|Ex| and |Ну| in the equatorial area are twice as high as
the corresponding values on the dipole axis. In the area
oriented at an angle of about 35° to the axis of the
dipole, |Ex| and |Ну| have significant gradients and lin�
ear zones of minimum values. The magnitudes of the
|Ey| and |Нх| components monotonically decrease with
distance in the area that is oriented at an angle of about
45° to the dipole axis and tend to zero in the equatorial
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and axial areas. This pattern of behavior of the EM
components is also characteristic of the field gener�
ated by a cable having a finite length.

According to the structure of the field generated by
HED and the cable, the Zxy impedance measurements
are used in the segments of the working area, which are
located in the equatorial and axial zones of the dipole
or the cable. In the area oriented at an angle of about
45° to the dipole or cable, measurements of the Zyx
impedance are carried out.

The source in the form of a finite�length cable is
used in the CSAMT method. The CSAMT soundings
are mainly conducted in the equatorial zone of the
cable; they include measurements of the impedance

modulus |Zху| and phase  because the Ex and Ну

components have higher amplitudes, and the working
area (the region of monotonic changes of the EM
components) is wider than in the axial zone.

THE FIELD WITH ALLOWANCE 
FOR DISPLACEMENT CURRENTS

In the calculations of the components of the EM
field in the case of high frequencies, one should use
formulas (1) and take into account the displacement
currents in the earth and air. If the observation point is
located on the surface of the earth (z = 0), formulas (1)
can be recast. The simplest formula describes the Нz
component:

(7)

It can be seen from this expression that the Нz com�
ponent depends on the wave number in the earth k1 =

 and on the wave number in the air

k0 =  At sufficiently high frequen�
cies f and at a sufficiently large distance r from the
source to the observation point, the product k0r pro�
vides a significant contribution in Hz and other com�
ponents of the EM field.

The fact that the effects of displacement currents in
the air should be taken into account for different types
of EM sources in the studies that use high frequency
signals and solve the problem at a large distance from
the source has been noted in a number of previous
publications.

Veshev, Ladatko, and Morozova (1983) analyzed
the effects caused by the displacement currents in the
air and in the ground for the case of a vertical magnetic
dipole. They suggested the methods for estimating the

electrical resistivity ρ1 and relative permittivity  of
the earth from the measurements of two parameters of
the EM field, e.g., the ratio between the moduli of two
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components of the EM field and the phase difference
between them.

The boundaries of the quasi�stationary approxima�
tion of the electrical field for HED (i.e., the conditions
when the displacement currents in the ground and air
can be neglected) are assessed in (Egorova and
Sapozhnikov, 1983). The estimates are presented as
the functions of the parameter r/λ0, where λ0 is the
wavelength of the EM wave in the air, and the param�
eter |k0|r for the radial (Еr), azimuthal (Еϕ), and vertical
(Еz) electric field components of HED. According to
these authors, the maximal |k0|r, for which the errors
associated with neglecting the displacement currents
in the air do not exceed 5% in the moduli for different
characteristics of the electric field, are estimated at
0.32, 0.22, and 0.37 for |Еr|, |Еϕ|, and |Еz|, respectively.

The effects of the displacement currents in the air
and earth for the horizontal loop source (vertical mag�
netic dipole) and Hz component in the application to
the transient EM method are analyzed in (Spies and
Fricshnecht, 1991). In the quoted work, the influence

of the displacement currents in the air on the structure
of the source EM field is referred to as the “propaga�
tion effect”. Using the graphs of normalized imped�
ance for the field of vertical magnetic dipole Z/Z0 (or
the magnetic number hz (Kraev, 1965)), one can cal�
culate the limiting values of |k0|r, which are estimated
at 1.3 for the modulus of Z/Z0 and 1.2 for the phase.

The displacement currents in the air affect the
behavior of the components of the EM field even at
relatively low frequencies (a few units to a few dozen
Hz) if the distance between the source and the obser�
vation point is quite large. As demonstrated by the cal�
culations and observed in the field experiments
(Saraev and Kostkin, 1997; 1998), the displacement
currents in the air significantly distort the EM field of
the Russian high�power ELF transmitter operating at
a frequency of 80 Hz at a distance of a few hundred to
a few thousand km from the source. Besides, the sig�
nals at a large distance (few hundred km) from the
transmitter experience a strong impact from the iono�
sphere, whose lower boundary is located at a height of
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in the quasi�stationary approximation. The dipole is shown by the arrow.
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60 and 90 km during the daytime and nighttime,
respectively.

In the cases of the sources with long�range cover�
age, it is suggested (Saraev and Kostkin, 1997; 1998;
1999), in addition to the conventional zones (the near�
field, transition, and far�field zones) distinguished in
the EM field generated by HED and a cable, to con�
sider the waveguide zone, where the effects of the ion�
osphere and displacement currents in the air are sig�
nificant.

The key features of the waveguide effects arising in
the data of the EM studies are analyzed in (Saraev
et al., 2011; Saraev and Shlykov, 2012a; 2012b). These
effects include the increased amplitudes of the EM
components compared to the quasi�stationary field;
the change in the directional diagram of the source
with the growth in the amplitude of the field along
HED and cable; the emergence of elliptical polariza�
tion; and the change in the configuration of favorable
areas for CSAMT studies. Here, it is noted that in the
waveguide zone, the primary field generated by the
HED and cable can be approximated by a vertically
incident plane wave, and the sounding data can be
processed by the methods that are used in the magne�
totelluric applications.

In addition to experiencing the influence from the
displacement currents in the air, the structure of the
HF EM field is also affected by the displacement cur�
rents in the earth. The implications of the displace�
ment currents in the air for the results of the RMT
method are analyzed in a number of recent publica�
tions of T. Kalscheuer (e.g., (Kalscheuer, Pedersen,
and Siripunvaraporn, 2008)). Below we consider the
effects caused in the normal field of HED by the dis�
placement currents in the air. The displacement cur�
rents in the ground are also taken into account in the
calculations.

THE PROCEDURE OF CALCULATIONS

The main difficulty in the calculation of the EM
field components by formulas (1) is computing the
Hankel transform in the following form

(8)

where  is the function of the parameters of
the medium and Jn(mr) is order n Bessel function of
the first kind.

In the calculations for quasi�stationary approxima�
tion, the most popular method for integrating Bessel
functions is the fast Hankel transform (FHT) (Ander�
son, 1979; Ryzhov, 1989; Guptasarma and Singh,
1997; etc.). This method is applicable if the kernel of
integral  is a smooth and continuous func�
tion, which is fulfilled with k0 = 0.
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The methods for calculating integral (8) with k0 ≠ 0
were considered in (Petrukhin, 2001; Key, 2012; Sie�
mon, 2012). As shown in (Siemon, 2012), the kernel

of integral (8) at k0 ≠ 0 has a singularity at m = 
which violates the smooth behavior of the integrand.

Figure 2 displays the results of applying the con�
ventional FHT method for calculating |Ex| of HED at
k0 ≠ 0 with the following parameters of the half�space,
source, and coordinates of the observation point: ρ1 =

1000 Ω m;  = 10, Idl = 100 A · m; and x = 0, and
y = 1000 m. The graph of |Ex| has false peaks, which are
associated with the specific features of discretization
of the set of spatial frequencies m. This problem can be
solved by different methods. One of them is the special
selection of the grid of spatial frequencies m in the way
it is done, e.g., in (Siemon, 2012). In this case, adap�
tation of grid m should be carried out for each fre�
quency f.

Another method for the exact integration of Bessel
functions implies successive integration on the inter�
vals between the extrema or zeros of Jn(mr):

(9)

where pj is the spatial frequency m corresponding to
the extremum or zero of the Bessel function Jn(mr)
with the number j. Here, convergence of the series (9)
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can be very slow. In order to solve this problem, differ�
ent extrapolations and transforms are applied. Close
attention in (Key, 2012) is attached to the selection of
the optimal method among the discussed extrapola�
tion methods in the application to the solution of for�
ward 1D problems of EM sounding within a quasi�sta�
tionary approximation. Shanks’ transform in the form
of the algorithm of �extrapolation is selected as the
simplest and fastest method in (Shanks, 1955; Wynn,
1956).

The results of the calculations quoted in the present
paper were obtained by the method of partial integra�
tion with �extrapolation. Integration is carried out
between the zeros of the Bessel function by the adap�
tive Gauss method with seven�point quadratures. If
the critical spatial frequency mc corresponding to the
singularity of  falls in the interval [pj, pj + 1],
where pj is one of the zeros of the Bessel function, this
interval is subdivided into two corresponding subinter�
vals [pj, mc] and [mc, pj + 1]. The relative accuracy of the
calculation of the integrals at each interval is 10–9, and
the relative accuracy of �extrapolation is 10–6. As
seen in Fig. 2, partial integration with �extrapolation
yields a smooth curve without false maxima.

THE WAVE ZONE

As mentioned in the previous section, in the case of
long�range sources, which are widely used in electro�
magnetic prospecting, we have suggested distinguish�
ing the waveguide zone, within which the structure of
the field is vitally controlled by the influence of the
ionosphere and displacement currents in the air. The
measurements in the methods of HF electromagnetic
prospecting are conducted at a distance of up to a few
km from the source, and in these cases, there is no
need to take into account the influence of the iono�
sphere. At the same time, the effects of displacement
currents in the air fully express themselves even at a
distance of a few hundreds of meters from the source.
In these conditions, in addition to considering the
fields in the near�field, transition, and far�field zone of
the source, which is common practice in the electro�
magnetic prospecting applications, it is reasonable to
also distinguish the wave zone of the source, where the
structure of the field depends on the displacement cur�
rents in the air. The waveguide zone, which has been
singled out previously, can be understood as a kind of
wave zone.

The wave zone of the different types of sources is
typically considered in the problems of radio propaga�
tion as the area determined by the criterion r  λ0,
where r is the distance from the source and λ0 is the
wavelength of the EM wave in vacuum (Feinberg,
1999). Previously, the wave zone in the radio physical
sense has not been considered in the EM prospecting
applications, and the behavior of the EM field compo�
nents in this zone has not been analyzed in detail
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except for the quoted studies, which present the esti�
mates on the size of the zone of the quasi�stationary
approximation.

Let us now analyze the criterion for separating the
wave zone, which takes into account the parameters of
the source and the distance to the observation point.
We only consider the electrical components of the EM
field since the magnetic field behaves similarly. We
delineate the zone where the displacement currents in
the air do not exert a significant impact on the EM
field of HED (the quasi�stationary zone). For doing
this, we use the parameter Δ|E|, which characterizes
the changes in the electrical field in the wave zone with
respect to the quasi�stationary approximation:

(10)

Figure 3 displays the contour maps of the parame�
ters Δ|Ex| and Δ|Ey| calculated for HED located on the

surface of the half�space with ρ1 = 1000 Ω m,  = 10
at f = 100 kHz. The dipole (shown by the arrow) is
located at the origin of the coordinates and oriented
along the x axis. In this case, in the analysis of the
influence of the displacement currents in the air, the
calculations also take into account the effects of the
displacement currents in the ground that appear at
these frequencies.

We delineate the region of the quasi�stationary
approximation as the area where Δ|E| does not exceed
the limiting value of 5%. In the case of the Ex compo�
nent in the equatorial and axial zones of the dipole, the
boundary is drawn by the limiting values |k0|у = 0.33
(which corresponds to the distance у = 160 m for the
selected parameters of the medium and the source)
and |k0|х = 1.0 (х = 480 m), respectively. In the area ori�
ented at an angle of about 35° to the direction of the
dipole, the isolines of Δ|Eх| show complicated behav�
ior, which is not related to the position of the boundary
between the quasi�stationary and wave zone but is due
to the misalignment of the minima in |Ех| in the cases
considered.

The boundary of the quasi�stationary approxima�
tion for the Ey�component follows the line |k0|r = 0.45
(r = 200 m). Generally, the estimates of the boundary
of the quasi�stationary approximation closely agree
with the results of the previous studies discussed above.

When the quasi�stationary approximation is used
in the practice of EM prospecting, the near�field,
transition, and far�field zones for different types of
sources are typically distinguished with reference to
the skin depth d of the field, which depends on the fre�
quency and resistivity of the earth. The position of the
boundary between the quasi�stationary and wave
zones is insensitive to the resistivity of the rocks and
skin depth of the field. Comparing the positions of the
boundary between the quasi�stationary and wave
zones (specified by criterion (10)) at different frequen�
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cies with the position of the boundary between the
transition and far�field zones (drawn according to the
skin depth), we see that, depending on frequency, the
first boundary can be located both farther from and
nearer to the source than the second boundary
(Fig. 4). The corresponding limiting distances with
different normalization are presented in the table.

We note that if the boundary between quasi�sta�
tionary and wave zone is located closer to the source
than the boundary between the transition and far�field

zones, the behavior of the EM field in the considered
far�field zone will differ from the common regularities
of the far�field zone. As demonstrated below, consid�
ering the displacement currents in the air, the far�field
zone will be prone to wave effects; however, at the
same time, the source field in this zone still admits its
approximation by the vertically incident plane wave.

There are several effects manifesting themselves in
the wave zone that should be taken into account in the
studies by the HF sounding methods. The maps of iso�
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lines of |Ex| and |Ey| calculated with allowance for the
displacement currents are shown in Fig. 5. By com�
paring the contour maps of |Ex| in the quasi�stationary
zone (Fig. 1) and wave zone (Fig. 5), we see that the
configuration of the minimum of the field, which is
oriented at an angle of about 35° to the dipole axis, is
changed in the wave zone. This minimum becomes
smoother and shifts towards the equatorial area of the
dipole. The configuration of the isolines of |Eу| also
changes: in the wave zone, the isolines are stretched at
an angle of 45° to the dipole.

Consider in more detail the attenuation of the elec�
trical field of HED as a function of distance. Within
the quasi�stationary approximation, the following reg�

ularities are observed in the near�field, transition, and
far�field zones. In the near�field zone, the horizontal
electric field Ех and magnetic field Ну decay as 1/r3 and
1/r2, respectively. In the transition zone, the decay rate
of Ех and Ну mainly varies from 1/r2 to 1/r3 (up to 1/r4

on the axis of the dipole for Ех), depending on the par�
ticular component of the field, orientation of the pro�
file, and the distance to the source. In the far�field
zone, Ех and Ну decay at 1/r3 (Zonge and Hughes,
1991). The different decay rates of Ех and Ну in differ�
ent zones are illustrated by Fig. 6. The boundary
between the transition and far�field zones for the
equatorial area of the dipole is drawn in this case by the
condition у/d = 4 with f = 100 kHz and ρ1 = 1000 Ω m.

When analyzing the decay of the source field in the
far�field zone (outside the region of the quasi�station�
ary approximation), if the wave zone is located farther
than the boundary between the transition and far�field
zones, one observes different decay rates in the equa�
torial area of the dipole and on its axis. In the equato�
rial area of HED, the Ех and Ну fields decay as 1/r2,
while the decay rate on the axis is 1/r (Fig. 6).

The change in the directional diagram of HED is a
characteristic feature of the wave zone (Fig. 7). In the
case of the quasi�stationary field in the far�field zone
of the source, the amplitude of the Ех component in
the equatorial area is double the corresponding value
on the dipole axis (Fig. 7a), whereas in the wave zone,
the amplitude of the Ех field on the axis of the dipole is
significantly higher than in its equatorial area
(Fig. 7c). Figure 7b shows an intermediate shape of
the directional diagram. This feature of the directional
diagram of HED located on the surface of the Earth is
well known in radio physics (Kontorovich, 1956);
however, it has not been previously taken into account
in EM prospecting.

The position of the boundary between the quasi�stationary
and wave zone for different frequencies
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The configurations of the contour maps (Figs. 1
and 5) and directional diagram (Fig. 7) show that the
wave zone of HED is marked by the narrowing of the
favorable interval for Zxy impedance measurements in
the equatorial area of the dipole and widening of this
interval in the direction along the dipole. As is known,
the main working area in the CSAMT method lies in
the equatorial area of the source. In the high�fre�
quency applications, the working area should be
selected with allowance for the behavior of the field in
the wave zone.

We note that the configuration of the favorable
areas for Zxy impedance measurements changes with
increasing frequency. At low frequencies (from a
few kHz to a few dozen kHz), the favorable interval is
located in the equatorial area of the dipole, while at a
higher frequency, it falls in its axial neighborhood. At
the same time, as it will be demonstrated below, the
horizontal components of the EM field rather have
elliptical polarization, and Zxy impedance measure�
ments can be carried out in any part of the working
area near the source.

When selecting the position of the working area,
one should also take into account the fact that the
measurements of the controlled�source signals are
more reliable at low frequencies and that they are car�
ried out farther from the source than measurements of
HF signals. Therefore, it is preferable to carry out the
survey in the axial part of the source.

As is known, within the quasi�stationary approxi�
mation, the electrical and magnetic fields of HED are
linearly polarized. Under the influence of the dis�

placement currents in the air, the polarization
becomes elliptical at a certain distance from the source
(Saraev and Kostkin, 1998). We calculated the param�
eters of the polarization ellipses of the electric field
(major axis a, minor axis b, and the angle of horizontal
rotation of the major axis) for f = 300 kHz and ρ1 =
1000 Ω m (Fig. 8). For a clearer illustration, the semi�
axes а and b at each point are normalized by the major
semiaxis (a = 1, b = b/a).

It is seen in Fig. 8 that electrical field Е is linearly
polarized in the horizontal plane in the wave zone on
the axis of the dipole. In the area oriented at an angle
of about 35° to the dipole axis, the polarization is max�
imally elliptical (b/а → 1). In this case, the area of an
elliptically polarized field is quite wide at the selected
frequency. Besides elliptical polarization, we also
observe a certain delay of the turn of the ellipses rela�
tive to the direction of linear polarization for the
quasi�stationary approximation.

The area where the polarization of the field is max�
imally elliptical near the dipole coincides with the area
of the minimal Ex, which is oriented at an angle of
about 35° to the dipole. With the increase in the dis�
tance to the source or with the increase in frequency,
this area is shifted towards the equator of the dipole
(Figs. 8 and 9). The presence of ellipticity makes it
possible to implement tensor impedance soundings
with a single source of the EM field.

In the wave zone, the possibility of plane�wave
approximation of the HED field persists, together with
the possibility to use formulas (4)–(6) for calculating
the apparent resistivities and impedance phases and
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their subsequent inversion by the methods and pro�
grams of magnetotelluric inversion (Fig. 10). Under
the influence of the displacement currents in the air,
the amplitudes of the electrical and magnetic fields
increase compared to the quasi�stationary approxima�
tion (Fig. 10a); however, their proportion remains
constant and the apparent resistivity and impedance
phase curves do not change (Fig. 10b).

Thus, the following effects are observed in the wave
zone of HED:

—the amplitudes of the Е and Н fields in the wave
zone decay lower than in the quasi�stationary zone;
their decay rates are proportional to 1/r2 and 1/r in the
equatorial and axial area of the dipole, respectively;

—the directional diagram of the source is changed
in the wave zone, and the maximum radiation is
observed along the axis of the dipole. Here, the ampli�
tude of Ех in the quasi�stationary zone of the source is
by a factor of two higher than in the axial area, and the
amplitude of Ех on the axis of the dipole in the wave
zone is severalfold higher;

—the location of the working areas is changed in
the wave zone and the most favorable working area for
Zxy impedance measurements is located in the axial
part of the dipole;

—the characteristic feature of the EM field of
HED in the wave zone is elliptical polarization of the
Е and Н in the horizontal plane; here, the areas of
elliptical polarization coincide with the areas of the
minima in the directional diagrams of horizontal dis�
tributions of Е and Н;

—the azimuths of major axes of horizontal polar�
ization ellipses of Е and Н are delayed relative to the
directions of the linear polarization for the quasi�sta�
tionary approximation.

THE RESULTS OF EXPERIMENTS

The field experiments were conducted with the use
of CSRMT instrumentation and software designed for
the controlled�source radio magnetotelluric sounding.
This complex includes RMT�F recorder (Tezkan and
Saraev, 2008) and GTS�1 transmitter (Simakov et al.,
2010; Saraev et al., 2011). The RMT�F recorder has
five synchronous recording channels (two electrical
channels for recording Ex and Ey and three magnetic
channels for recording Hx, Hy, and Hz), which make it
possible to measure the total tensor of surface imped�
ance and magnetic transfer functions (tipper). The
entire frequency range of the recorder (1⎯1000 kHz)
is subdivided into three subintervals: 1⎯10 kHz with a
sampling frequency of 39 kHz, 10–100 kHz
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(312 kHz), and 100–1000 kHz (2496 kHz). The GTS�
1 transmitter operates in the frequency band of 0.1 Hz
to 1 MHz and provides the maximal output voltage of
288 V and maximal power of 1 kW. The GTS�1 trans�
mitter is fed by a standard 3�kW gasoline engine with
an output frequency of 50 Hz.

The measurements were conducted in the King�
isepp region of Leningrad oblast. The geological sec�
tion in the studied area is dominated by sand and

loam. The upper layers (to a depth of 10–12 m) are
mainly composed of sands with resistivity ρ = 400–
1000 Ω m. The lower horizons are loam with ρ = 100–
200 Ω m. The results of DC profiling with a symmetric
Wenner array of a electrode with spacing AB = 10 and
30 m along the CSRMT profile indicate that the geo�
electrical section is highly heterogeneous on the flanks
of the profile.

In the CSRMT measurements, the GPSMP cable
1 × 4.0 with a length of 400 m was used as the transmit�
ting antenna. The basic frequencies were set at 1.05,
10.5, and 105 kHz. The current in the transmitter cir�
cuit was 3.2, 2.4, and 0.8 A, respectively.

The measurement points were arranged along the
profile parallel to the transmitting antenna in its equa�
torial area (Fig. 11b). The distance between the source
and receiver was 1.8–2 km. At each station, measure�
ments with the induction magnetic antennas and
ungrounded electric lines with a length of 20 m were
successively carried out in the three frequency bands
of 1–10 kHz, 10–100 kHz, and 100–1000 kHz.
Recording in the time�series mode and the absence of
frequency selectivity in the LC circuit of the transmit�
ter antenna made it possible to simultaneously mea�
sure the base transmitter frequency and its 3rd, 5th,
7th, and 9th odd harmonics.

The polarization ellipses of the recorded and cal�
culated Е field in the horizontal plane are shown in
Fig. 11a. The calculations were carried out for the
model of a homogeneous half�space with a resistivity
of 250 Ω m. At frequencies of 30–50 kHz, the linear
polarization is changed into elliptical polarization.
In the equatorial area of HED, the polarization
ellipses are predominantly oriented along the
moment of the source (the AB line). Probably, due to
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the local heterogeneities in the upper layers of the
earth, which affected the data of DC electrical profil�
ing, the ellipses of the observed fields differ from their
model predictions. At the same time, reasonable
agreement between the measurements and calcula�
tions is observed in quite a large spatial–frequency
domain.

CONCLUSIONS

In this paper, we consider the specific features of
the EM field generated by HF horizontal electric
dipole. In the frequency range from dozens to hun�
dreds of kHz, quite far (within a few hundreds of
meters to a few kilometers) from the observation
point, the conditions of a quasi�stationary approxima�
tion are not satisfied, and it is necessary to take into
account the displacement currents in the air. In this
situation, in addition to the near�zone, transition, and
far�field zones of the controlled source, which are usu�
ally distinguished in the common practice of electro�
magnetic prospecting, it is also reasonable to intro�
duce the wave zone of the source, in which the behav�
ior of the components of the EM field has a few
specific features. The wave zones of the different types
of sources are traditionally considered in the problems
of radiowave propagation; however, in the case of elec�
tromagnetic soundings, only the size of the zone of the
quasi�stationary approximation was previously as�
sessed.

In order to calculate the components of the normal
field of HED, we developed the program that takes
into account the displacement currents in the ground
and air. Using the method of partial integration with

�extrapolation, we carried out highly accurate calcu�
lations of the integrals (within semi�infinite limits) of
the functions that have a singularity in the case of a
nonzero wave number in the air.

Based on the calculations, we have analyzed the
specificity of delineating the wave zone of HED. The
location of the boundary between the quasi�stationary
zone and wave zone does not depend on the electrical
properties of the conductive half�space. It is also
insensitive to the position of the boundary between the
transition and far�field zones, which are typically
delineated according to the criterion of the skin depth
of the field. For the Ex and Hy components, the bound�
ary between the quasi�stationary and wave zones on
the axis of the dipole corresponds to the numerical dis�
tance |k0|r = 1.0; and in the equatorial area of the
dipole, this boundary corresponds to |k0|r = 0.33. In
the case of Ey and Hx, this boundary corresponds to
|k0|r = 0.45. These limiting values of the numerical dis�
tance |k0|r for the frequency of 100 kHz correspond to
distances of 480, 160, and 200 m.

Based on the calculations, we have analyzed the
pattern of the EM field of HED in the wave zone,
where the following wave effects have been deter�
mined:

—the amplitudes of the electric and magnetic
fields decay more slowly than in the quasi�stationary
approximation;

—the directional diagram of the source is changed
in the wave zone: the maximum radiation is observed
on the axis of the dipole;
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—the configuration of the working area is changed
in the wave zone: the most favorable area is located in
the axial zone of the source;

—the electrical and magnetic fields become ellip�
tically polarized;

—the major axes of the polarization ellipses are
turned relative to the direction of linear polarization of
the quasi�stationary field.

The amplitude and phase of the EM field imped�
ance in the wave zone coincide with the impedance of
quasi�stationary field, which makes it possible to apply
the methods and software tools of magnetotellurics,
which are developed for the plane wave model, in the
inversion of the sounding curves.

The elliptical polarization of the EM field of HED
arising in the wave zone opens the possibility to carry
out tensor measurements using a single source of the
field. The presence of elliptical polarization is demon�
strated by the field experiments.
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