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Abstract.

VLF signals transmitted from Siple station in Antarctica that propagated

through the ionosphere and magnetosphere to the northern hemisphere and triggered
emissions generated by the Siple signals in the magnetosphere are radiated from wave
exit areas on the ionospheric lower boundary. The locations and extent of the wave
exit areas are deduced from the wave intensity distributions measured on the ground.
In this method we use measurements of wave magnetic intensity made simultaneously
at six stations. The validity of this method is assessed by comparing the results with
values simply estimated from a mathematical evaluation and with results of full wave
calculations carried out by Nagano et al. (1986, 1987). We find close agreement among
results obtained from the three methods and conclude that the wave intensity
distribution analysis is valid. The observed distribution of polarization rate also agrees
well with the results of the full wave calculations carried out by Nagano et al. (1986,
1987) and with those obtained by the mathematical evaluation. As a result of analyzing
a triggered emission in detail, the extent of the wave exit area of the downgoing
triggered emission is estimated to be 25-50 km or so at an altitude of 80 km. We
believe that this value relates to the horizontal extent of the duct through which the
triggered emission propagated in the magnetosphere and ionosphere and that essentially
only direct waves transmitted from the wave source arrive within a range of 200 km

from the wave intensity peak on the ground.

1. Introduction

In the past the locations in space of wave sources and the
properties of wave propagation paths have frequently been
studied through determination of wave vectors, Poynting
vectors, or wave distribution functions from in situ measure-
ments of magnetospheric and ionospheric VLF emissions.
Furthermore, the locations on the ionospheric lower bound-
ary of the exit areas of VLF waves that have propagated
through the magnetosphere and ionosphere and the arrival
directions of the waves as received on the ground have also
been investigated through wave data acquired at ground
stations during the past 20 years or more. These studies have
sought to make clear the propagation and generation mech-
anism of VLF waves and also to clarify dynamics and
structure of the magnetosphere and ionosphere.

There are several types of techniques to determine arrival
directions of VLF waves received on the ground. The first
technique is the goniometer method in which arrival direc-
tions are assumed to be the directions of the minor axes of
polarization ellipses formed from two horizontal compo-
nents of magnetic fields of VLF waves at the ground
[Bullough and Sagredo, 1973; Sagredo and Bullough, 1973;
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Ladwig and Hughes, 1989]. Since the goniometer method
shows only the azimuthal angles of the arrival directions,
triangulation by using two observation stations or more is
necessary to determine the locations of the wave exit points
on the ionospheric lower boundary. Results obtained from
triangulation were shown by Madden et al. [1978], Matthews
et al. [1979], Hayakawa et al. [1981b, c], Strangeways et al.
[1982], Smith and Carpenter [1982], and Hayakawa et al.
[1990]. The second method is the technique by which azi-
muthal angles of arrival directions are determined from
horizontal components of Poynting vectors of VLF waves
observed on the ground. Leavitt et al. [1978)] and Carpenter
[1980] used this method to analyze Siple, Antarctica, VLF
transmitter signals propagating through the magnetosphere
and ionosphere. The third method can determine both azi-
muthal and zenith angles of wave vectors of VLF waves
emitted into the atmosphere [Tsuruda and Hayashi, 1975;
Okada et al., 1977, 1981]. By this method, locations of VLF
wave exit points on the ionospheric lower boundary were
determined [Ondoh et al., 1979; Tsuruda and Ikeda, 1979,
Hayakawa et al., 1981a, c; Ohta et al., 1984; Hayakawa et
al., 1986; Ohta et al., 1989; Xu et al., 1989; Hayakawa et al.,
1990].

There are methods in which not only arrival directions but
also locations and extent of exit areas on the ionospheric
lower boundary of VLF waves observed on the ground are
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Figure 1. Map showing the locations of the seven stations

(A-G) near Roberval, Quebec. The mark R gives the loca-
tion of Roberval. The longitude of the Siple station geo-
graphic conjugate location is about 74°W, and the geographic
latitude is about 49°N.

directly determined. One method involves determining exit
points from the time difference of wave arrival at two or
more stations [e.g., Nishino et al., 1981; Tanaka and Nish-
ino, 1988]. Another method involves determining the loca-
tions and extent of wave exit areas on the ionospheric lower
boundary from the magnetic intensity distributions of VLF
waves observed on the ground. This method was used by
Tsuruda et al. [1982), Machida and Tsuruda [1984], and
Ikeda et al. [1988].

In this paper we briefly present a method of determining
the locations and extent of wave exit areas from measure-
ments of the magnetic intensity distribution of VLF waves.
We also present two-dimensional distributions of wave in-
tensity and wave polarization rate measured on the ground
and compare them with results of model calculations carried
out by the full wave technique of Nagano et al. [1986, 1987]
and with values estimated from the equations of a localized
wave source model. By these comparisons the validity of the
method of determining the locations and extent of wave exit
areas on the ionospheric lower boundary from wave inten-
sity distribution on the ground is assessed, and the errors
introduced by this method are also presented. Furthermore,
we show that the extent of the exit area of a downgoing
triggered emission was 25-50 km or so at an altitude of 80 km
and that the distributions of intensity and polarization rate
measured on the ground are essentially produced only by the
direct waves radiated from a localized wave source.

2. Wave Intensity Distribution Analysis

The method of analysis used in this paper is the same as
the one applied by Ikeda et al. [1988] to VLF wave data
received at Roberval in Canada. We will explain the method
for the purpose of clarification.

2.1. Presentation of Analysis Method

The stations were at the seven points (A, B, C, D, E, F,
and G) near Roberval in Quebec, Canada, as shown in
Figure 1. The data obtained at station C were not accurate
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and were not used in the analysis. Distances between
adjacent stations were about 75 km as indicated by the
distance scale. Roberval is located near the geomagnetic
conjugate of the Siple station. The L value of Roberval is
about 4.

VLF wave data used in this analysis were received on July
23, 1979. Two horizontal components of the magnetic fields
of the VLF waves were measured at the six stations by two
crossed loop antennae. Using a 25-kHz sampling clock, the
two field components were digitized and converted into
quantities in frequency space by a 1024-point complex fast
Fourier transform. We took the northward complex Fourier
component of the wave magnetic field as H, and the
eastward complex Fourier component as H, and computed
|H,|* + |H,|? for a 24-Hz frequency interval each 20 ms. All
values of |H,|* + |H,|? in a rectangle surrounding a signal
of interest on a spectrogram were summed for each station,
and this quantity was taken as the magnetic intensity I, g
of the signal received at station a.

In this wave intensity distribution analysis we determined
the location and extent of the wave exit area on the iono-
spheric lower boundary from the wave magnetic intensity
I, 0,s measured at each station. The parameter 4 is the
altitude of the ionospheric lower boundary assumed to be 80
km. This altitude was chosen as a lower limit of the dynamo
region because VLF waves below this altitude are approxi-
mately characteristic of propagation in free space. First, we
assume that a wave source is located somewhere on the
ionospheric lower boundary as shown in Figure 2. The X
direction is northward, and the Y direction eastward. The
distribution of the wave magnetic intensity in the wave
source assumed is a Gaussian distribution with attenuation
rates different for the north-south and east-west directions.
The parameters specifying the wave source are the location
of the wave source center (xg, yo), the characteristic length
to express the size of the wave source (D,, D,), and the
wave magnetic field intensity at the center of the wave
source I. We varied the values of these parameters to search
out a parameter set which gives a wave intensity distribution
best fitting the distribution observed on the ground and

Figure 2. Model of the wave source or wave exit area used
in the analysis. The source is located on the ionospheric
lower boundary, assumed to be at an altitude of 80 km. The
location and extent of the wave source are calculated from
the wave magnetic fields measured at six stations.
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hence an estimate of a real exit area on the ionospheric lower
boundary of a downgoing wave mode.

It is necessary to assume some characteristics for the VLF
wave sources. We assume that the radiation obeys Huygens’
principle for an electromagnetic wave in free space, and
integral equations give a distribution of wave magnetic
intensity on the ground through application of the boundary
element method. To be more precise, a wave source is
separated into many discrete elements, and the magnetic
fields of the VLF waves radiated from the element sources
are summed up at each observation station as a sum of
complex vectors.

The vector potentials A,,(r,,) and A,(r,,) made at the
station a by the element n are expressed as follows:

€9 exp (—ikg|rz, —r'])
An(ren) = — (—¢) X E, |dr’ = )
47 |rg, —r'|
Ko exp (—iko|rz, —r'|)
A(re) = ——(~e) x H, |dr’ = @
47 Irgn—r'|

The parameters £, ug, and kg are the dielectric constant,
the magnetic permeability, and the wave number in free
space, respectively. The subscript a identifies the observa-
tion station, A, B, D, E, F, or G. The parameter e, is a unit
vector directed to positive z. The parameter r,,, is the vector
directed from the center of the element ~ to the station a and
is expressed as follows:

Fan = (xam Yans h) (3)
The parameters E, and H, are the electric and magnetic
fields on the element n, respectively. The parameter r’ is the
vector directed from the center of the element » to a point on
the element n. The plane integrals are done by r’ over the
whole element n. The magnetic field of the wave received at
the observation station a can be calculated from the vector
potentials A,, and A, as follows:

H,, = —iw{A,, + grad(div A,,)/k3} + rot A,/uy  (4)

where the parameter o is the angular frequency. The param-
eters E, and H, on the element n are assumed to be
approximately characteristic of the right-hand circular polar-
ized mode.

E, = (no/eo) *H,(1, =i, c) (5)
H,=iH,1, —i, d) (6)

We suppose that only radiation terms of (4) contribute
substantially to the magnetic fields of the waves received at
the stations. Calculating (4) by this assumption,

exp (—ikgran) Tan
H,, = (eo/pq) 2 — = 22 Q)

an ran

ran
X — (8)

an

r
D= (’_ﬂ x D, + (Ibo/é‘o)”zl)z)

an

wp r
D,=———(—e,) xH, fdr’ exp (ikoﬂ . r’) 9
4qri Yan
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where the parameter r,, is the length of the vector r,,.

The horizontal components of the received signal, (H,,)
and (H,,),, are made by summing each term of (7) over n,
respectively.

2 cXp (_ikoran)

(Hgp)x = QanH, (11)
n Tan
€Xp (_ikora )
(Han)y = D, ———— RanH, (12)
n Fan
k h h x n
Qan=_01a"{__(1+__ _i}ﬂ(ﬂ_i‘)i}
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(13)
k h h Xan (X n
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Igp=— = sin ( "1 sin = (15)
koxahyan 2ran 2ran
Accordingly, with the ground assumed to be a perfect
reflector, the magnetic intensity obtained at station a, 7, ¢,

is formed by the signal radiated from a wave source located
on the ionospheric lower boundary as follows:

Loca= D, (Ur2)(1Qul? + IRaDIH>  (16)

where we assumed that the effect of interference among
waves emitted from all elements was negligible because of
phase mixing. Substituting (13) and (14) for (16),

k2 1%, h? h\?
L= —5 5 |1+ ]||1+—] |H? 17
a’cal n 16’”2 an rzn ran | "l ( )

Equation (17) is applied to the analysis of the wave intensity
distribution on the ground. The parameter 7,, is approxi-
mately given by

Iy =s? (18)

where the parameter s is a coherent length equivalent to the
side length of a source element and set to 50 km. Further-
more, the relation for |H,|? is assumed to be as follows:

- 2 _ 2
|H,,|2=Iexp{—(x" x> (¥n }’o)} 19

D? D}

2.2. Analyses of a Triggered Emission

In this subsection we show an example of results obtained
by analyses of wave magnetic intensity distributions on the
ground. The emission which was triggered by a Siple signal
and then received at station F is shown in the spectrogram of
Figure 3a. The analyzed portion is the region inside the
rectangle. The exit area on the ionospheric lower boundary
from which the triggered emission was found to be emitted is
shown in Figure 3b. The exit area of this triggered emission
was located just southeast of station G, and its extent was 25
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(a) STATION F 23 JULY 1979 11 51 3.0 UT

TIME (SEC.)

Figure 3a. Dynamic spectrum of VLF signals observed at
station F. The frequency of the triggered emission analyzed
within the time interval of 0.2 s is about 3.0 kHz. The dark
portion between 3.0 and 3.3 s is due to automatic gain
control.

km in the north-south direction (D,) and 50 km in the east-west
direction (D,). The exit area was a localized source of VLF
wave radiation, since the wave length is about 100 km, which
is greater than the horizontal scale of this exit area.
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The distributions of intensity and polarization rate of the
wave magnetic fields observed on the ground are shown in
Figures 4 and 5, respectively. In Figure 4a the circles
correspond to the magnetic field intensities measured at
stations E and A, while the crosses correspond to the wave
magnetic field intensities measured at stations D and B.
Figure 4b shows wave magnetic field intensities measured at
stations G, F, E, and D. The dashed and solid lines in
Figures 4a and 4b express wave intensity distributions of
magnetic fields computed from the wave source shown in
Figure 3b. Their lines agree with the observed values very
well. The horizontal axes in Figures 4a and 4b correspond to
a distance of 300 km.

The polarization rate P is defined as follows:

P=[R-L)Y(R+L) 20$)

The parameter R is the amplitude of the right-handed circu-
lar component of a wave horizontal magnetic field measured
at an observation station, while L represents the left-handed
circular component. However, the polarization rates shown
in Figure S represent an intensity-weighted average P over
the rectangle in Figure 3a, as given by the following equa-
tion:

(b) TRIGGERED EMISSION
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Figure 3b. Wave exit area determined from the wave intensity distribution ahalysis of the triggered
emission. The upward direction corresponds closely to geomagnetic north, the right side closely to
geomagnetic east. The side length of one regular square is 50 km.
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P= (E Pclc)/E I, (1)
c c

The parameter P, is a polarization rate computed in each
frequency-time cell 24 Hz X 20 ms in extent on the spectro-
gram shown in Figure 3a, while the parameter I, is the
magnetic field intensity computed in the corresponding cell.
The vertical bars shown in Figure 5 express the deviation of
polarization rate AP from the averaged value at each station,
defined as follows:

12
AP = ( > (P.-P)U, /2 10) (22)
c c
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Figure 4. (a) Spatial distribution in the east-west direction

of the magnetic intensity of the triggered emission shown in
Figure 3. The vertical axis represents wave magnetic inten-
sity in decibels, but the value corresponding to 0 dB is
arbitrary. The lower horizontal axis represents distance
along a longitudinal line passing near stations D, C, and B,
and the upper horizontal axis represents distance along a
longitudinal line passing near stations E and A. (b) Spatial
distribution in the north-south direction of magnetic inten-
sity of the triggered emission shown in Figure 3. The vertical
axis is the same as that of the Figure 4a, but the horizontal
axis represents distance along a meridian near stations G, F,
E, and D.
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Figure 5. (a) Spatial distribution in the east-west direction

of the polarization rate of the triggered emission shown in
Figure 3. The polarization rates at stations E and A are
denoted by circles and those observed at stations D and B
are denoted by crosses. (b) Spatial distribution in the north-
south direction of the polarization rate of the triggered
emission shown in Figure 3. The format of this figure is the
same as in Figure Sa, but the horizontal axis corresponds to
distance along a meridian near stations G, F, E, and D.

The vertical axes in Figures 5a and 5b express P; a right-
hand circularly polarized wave corresponds to P = 1.0, a
linear wave to P = 0.0, and a left-hand circularly polarized
wave to P = —1.0. The dashed and solid bars correspond to
the data of stations A and E, and B and D, respectively.

The results obtained through the analysis of this triggered
emission are not unusual. To illustrate, we present some
results for a whistler mode emission received at the station
network. The results are illustrated in Figures 6a and 6b,
where the spectrogram and wave exit area of the whistler
mode emission are shown, and in Figures 7 and 8, where the
intensity distribution and polarization rate distribution of the
whistler mode emission are shown. The formats of Figures 7
and 8 are the same as those used in Figures 4 and 5.

The frequency of the whistler mode emission was about
4.5 kHz, which is higher than the ~3.0-kHz frequency of the
triggered emission described before. The wave exit area of
the whistler mode emission was located about 20 km to the
south of station G, or approximately the location of the wave
exit area of the triggered emission. The extent of the wave
exit area of the whistler mode emission was 50 km in the

-north-south direction (D,). The whistler mode emissions
received at stations A, B, D, and E appear to have been
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Figure 6a. Dynamic spectrum of a whistler mode emission

observed at station F. The format is the same as in Figure 3.

hidden in various noise activity at these stations because the
intensities were almost same.

On the whole the results obtained from these analyses
show that the characteristics found in the triggered emission
were repeated in Figures 6, 7, and 8. We thus believe that
both the triggered emission and the whistler mode emission
propagated along the same single duct and hence that these
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signals were not affected by the interference of waves
transmitted from two or more wave exit areas.

3. Full Wave Calculation

In this section we will compare the distributions of inten-
sity and polarization rate of the wave magnetic field shown in
Figures 4 and 5 with results of full wave calculations using
the method developed by Nagano et al. [1986, 1987]. One of
the results is shown in Figure 9, where the whistler waves
with frequency of 3.00 kHz, close to the frequency of the
triggered emission of Figure 3a, are incident from an altitude
of 110 km as a beam wave and then form an intensity
distribution of wave magnetic field on the ground.

The height distribution of electron number density was
obtained from the profile shown in Figure 7 of Mechtly
[1974]. The profile is the height distribution of electron
number density selected in relation to the zenith angle of the
sun during this observation. The cyclotron frequency of
electrons was assumed to be 1.2 MHz, and the dip angle of
the magnetic field line was assumed to be 75° in the iono-
sphere. The effective collision frequency was derived from
atmospheric pressure of the COSPAR International Refer-

(b) WHISTLER MODE EMISSION
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Figure 6b.

Wave exit area of the whistler mode emission. The format is the same as in Figure 3.
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ence Atmosphere model [Nagano et al., 1982]. The conduc-
tivity and relative dielectric constant of the ground were
assumed to be o = 1 mS/m and * = 10, respectively. A
change in the ground conductivity has a negligible effect on
the results.

The beam wave used in this mode calculation is the wave
that comprises many whistler mode plane waves with differ-
ent k vectors. The propagation of each plane wave is
computed by the full wave method of Nagano et al. {1986,
1987]. In this calculation it is necessary to use a spectrum
distribution of k vectors of whistler mode waves propagating
from the incident altitude. The incident angles of the input
whistler mode waves propagating downward from the lower
ionosphere to the ground are inside the cone formed by the
angle called the transmission angle (6), which is given by
Snell’s law as @ = sin~! (1/u), where u is the real part of the
whistler mode refractive index at the incident altitude. We
assume that of all whistler mode waves transmitted from a
duct in this ionosphere, only waves propagating within the
transmission cone can reach the ground. Furthermore, it is
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6.0 L. -

71.0 L -

6.0 L "
5 S

61.0 L 1 1

86.0

(b)
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G F E D

Figure 7. Wave intensity distribution on the ground ob-
tained from the analysis of the whistler mode emission
shown in Figure 6. The format of this figure is the same as in
Figure 4.
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Figure 8. Polarization rates observed on the ground for the
whistler mode emission shown in Figure 6. The format of
this figure is the same as in Figure 5.

assumed that the k spectrum of these whistler mode waves is
uniform within the transmission cone and that the power
density affecting the intensity distribution is zero outside this
cone.

The plane whistler mode waves with different k vectors
are Fourier synthesized in wave number space. As a result,
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Figure 9. Intensity distribution of the wave magnetic field

(|H|?) obtained from the model calculations carried out by
the full wave method of Nagano et al. [1986, 1987].
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Figure 10. Intensity profile on the line passing through the
origin in the north-south direction in reference to the two-
dimensional intensity distribution shown in Figure 9. The

vertical axis expresses intensity from 0 to 20 dB and the
horizontal axis expresses distance in kilometers.

the minimum distance scale digitized on the ground, namely
the distance resolution, becomes about 12.5 km in both the
east-west and north-south directions. The results are shown
in Figure 9, which shows contour lines of the magnetic field
intensities in a range within 350 km from the intensity peak
on the ground. An interval between two adjacent contour
lines is 3 dB, and the attenuation from the intensity peak
situated at the center to —30 dB intensity is shown with
contour lines on the map.

The profile of wave magnetic field intensity as a function
of distance from the peak in the north-south direction is
shown in Figure 10, but the levels corresponding to 0 dB in
Figures 9 and 10 are different from each other. The position
at (x, y) = (0, 0) is situated at the peak of wave magnetic
field intensity on the ground. The wave magnetic field
intensity distribution shows an attenuation rate of 8.2 dB/100
km within a range of 200 km from the intensity peak on the
ground.

Figure 11 shows the profile of polarization rate as a
function of distance from the intensity peak in the north-
south direction obtained by model calculations of the full
wave technique. It shows an attenuation rate of 0.37/100 km
within a range of 200 km from the intensity peak on the
ground. In the region over 250 km distant from the intensity
peak the polarization rate is negative, meaning that the
signals received there become waves corresponding to the
left-hand polarized mode. We believe that the left-hand
polarized mode is produced because direct waves and waves
reflected at the ground and by the ionosphere overlap each
other. It is necessary to compare these results with the
polarization rate distribution measured at the station net-
work.

4. Comparison
4.1.
Inferring from the observed results shown in Figure 3 and

the results calculated by the full wave technique and shown
in Figure 10, we suppose that the extent of the wave exit area

Mathematical Evaluation

IKEDA ET AL.: INTENSITY AND POLARIZATION RATE OF VLF SIGNAL

located on the ionospheric lower boundary near Roberval is
about 50 km. In order to examine the physical characteristics
of this wave source model, we will give the mathematical
equations representing a wave source model in which the
wave exit area is localized with an extent of 50 km. By
examining these equations we believe that the physical
mechanism of propagation between wave exit areas located
on the ionospheric lower boundary and stations on the
ground can be understood more clearly. As shown in Figure
3b, the wave source of the triggered emission described in
Figure 3a was so small that we could almost regard it as a
point source. Accordingly, (17) is approximated as follows:

kst 2 h\?
La=—s— |1 +=|[1+—] |[Ho?>+ A2 23
acal 1672 rgo ( r;‘:o)( ’ao) |Hol @3

In this equation, only one important element of the wave
source was used, expressed by the subscript 0. The A?
expresses the intensity of noise such as effects produced by
other wave source elements, interference among a direct
wave and waves reflected at the ionospheric lower bound-
ary, atmospherics, and influences of the various approxima-
tions introduced into the wave source model. We suppose
that it is a constant value independent of the observation
station and duration.

Absolute amplitudes of waves received with right-handed
and left-handed polarization on the ground, R and L, respec-
tively, are expressed as follows:

R =(1/\2) 4)

Z (Hap)x + i 2 (Han)y

(25)

L= (1/\/5) ‘ Z (Han)x —i 2 (Hﬂn))‘

Obtaining the squares of R and L and retaining only the term
expressing the wave source element with the subscript 0 in
accordance with the assumption of a localized wave source,

4
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-200 0 200
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Figure 11. Polarization rate profile on the line passing

through the origin in the north-south direction. The vertical
axis expresses polarization rate from —1.0 to 1.0, and the
horizontal axis distance in kilometers.
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, ki s h h
T Tao Ta0 L)

(x = x9)* + (y — y)?)?
+ 5 |Hy|% + R, (26)
Ta0
ki s* [(x—x0)2 + (y —y9)?]?
= 773 3 |Hol2+ LY (27)
27 ry rzo

R} and L} are noise intensities of right-hand and left-hand
polarized waves, respectively. In the equations described
above, the parameters x, and y, are the northward and
eastward components of the position coordinates of the
important element with subscript 0, and the parameters x
and y are the northward and eastward components, respec-
tively, of the position coordinates on the ground. Ordinarily,
one can justify assuming that A2 = R% + L%, and we
suppose that R} = L} due to a white noise assumption.
Then (23), (26), and (27) are reduced as follows:

Iy ko s* h? h\* A?
——=—— 1+ |1 +—]| +—=— 28
|Ho|? 1677 rl, rio ) |H |2 @
R? k3 st h h
—— =2 —[1+—
|H0| 327]' "ao a0 "ao

(x=x92+ (y—yp?]* 1 A? (29)
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|Ho|? 3272 rd 2 2 |Hy|?

L)
(30)

4.2. Observation, Full Wave Calculation,
and Mathematical Evaluation

We compared the wave intensities and polarization rates
observed at stations A-G with those obtained by the calcu-
lations using a full wave technique and by the mathematical
model equations for a localized wave source. The results are
shown in Figures 12, 13, and 14. We considered both the
position coordinates of the magnetic field intensity peak on
the ground and the base line level corresponding to 0 dB to
be variable and fitted a wave intensity distribution obtained
by the full wave calculation model to the one obtained from
the observations, varying values of the two parameters. The
calculated intensities and polarization rates obtained at the
observation stations A-G are given in the three figures.

The position of the intensity peak is shown by a circle in
Figure 15. The observed values (crosses) and the computed
values (open circles) for intensity and polarization rate at the
positions corresponding to stations D, C, and B are shown in
Figure 12. The distance between the ends of the abscissa in
each panel corresponds to 300 km. The solid lines express
the intensity and polarization rate distributions evaluated
from (28), (29), and (30) along the longitudinal line passing
near stations D, C, and B. The position of the localized wave
source used in the mathematical evaluation is assumed to be
the same as that of the intensity peak used for the full wave
calculations and is shown by a square in Figure 15.

Figure 13 shows that the values are obtained at the
positions of stations E and A and along the longitudinal line
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Figure 12. Comparison among results observed at the re-
spective stations (crosses), model calculation results com-
puted so as to best fit the observed results (open circles), and
results evaluated mathematically (solid line). The vertical
axis expresses (a) intensity in decibel units and (b) polariza-
tion rate. Both the horizontal axes express distance along the
latitudinal line passing near stations D, C, and B. The level
of 0 dB in intensity is arbitrary.

passing near E and A, while Figure 14 shows the correspond-
ing values for stations G, F, E, and D.

From Figures 12 to 14 we find that the values observed
near Roberval, the values computed by the full wave tech-
nique, and the values estimated from the mathematical
model equations are in good agreement with one another.
The attenuation rate of wave intensity between stations G
and D was 6.93 dB/100 km in the observations and 6.63
dB/100 km in the full wave calculations.

There was also very good agreement between the position
of the wave source obtained by the wave intensity distribu-
tion analysis, shown in Figure 3b, and the position of the
wave source obtained by the full wave calculations and
shown by a circle in Figure 15. However, we found that the
position of the wave source obtained by the full wave
calculations was shifted westward by 37.5 km from the
position of the wave source obtained by the wave intensity
distribution analysis. The value of 37.5 km falls within the
error tolerance of the wave intensity distribution analysis,
since we must take into account an uncertainty of at least
~50 km, the distance interval between two adjacent com-
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Figure 13. Comparison among observed (crosses), model-
calculated (open circles), and mathematically evaluated (sol-
id line) results shown in the format of Figure 12. In both
panels the horizontal axes express distance along a latitudi-
nal line passing near stations E and A. (a) Intensity and (b)
polarization.

puting points, in applying the wave source model to the wave
intensity distribution analysis. This is the case even when
the received signals have intensities of sufficient strength and
are not influenced by other signals.

Judging from the fact that there is very good agreement
between the observed values and the calculated values of
polarization rate from G to D, namely 0.35/100 km in the
observations and 0.37/100 km in the full wave calculations, it
appears likely that the full wave calculation model indicates
the actual propagation mechanism of VLF waves transmit-
ted from a duct in the lower ionosphere within a region up to
200 km distant from the wave intensity peak on the ground.

Next we examine the validity of the wave source model
applied in the wave intensity distribution analysis. The
intensity and polarization rate distributions derived from
(28), (29), and (30) are shown by solid lines in Figures 12-14.
We assume that the position coordinates of the wave source
and the base line level corresponding to 0 dB intensity are
both variable and make the evaluated intensity distribution
coincide with the observed intensity distribution. The noise
level (A%/|Hy|?) is assumed to be —30 dB. The k, in
(28)—(30) is calculated from the frequency 3.0 kHz. With the
exception of results obtained at stations D and B, these solid
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lines seem to agree well with the observed values and the full
wave calculated values with regard to the distributions of
both intensity and polarization rate. The fact that there is a
good agreement in polarization rate is worth noting in
particular. The difference between the polarization rates
obtained at stations B and D and those corresponding to the
solid line at these stations indicates that some assumptions
of the wave source model are not appropriate to the VLF
wave propagation to those stations.

From the results described above we conclude that the
wave source model is a reasonable model for a wave source
on the ionospheric lower boundary. Since a model wave
source with horizontal extent of about 50 km at an altitude of
80 km produces results consistent with observations, we
conclude that, with regard to the analyzed triggered emis-
sion, the extent of the exit area of a downgoing mode wave
at this altitude was actually ~50 km.

5. Discussion and Conclusion

The intensity and polarization rate distributions of a
triggered emission and a whistler mode emission observed
near Roberval in 1979 have been presented. The inferred
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Figure 14. Comparison among observed (crosses) model-
calculated (open circles), and mathematically evaluated (sol-
id line) results shown in the format of Figure 12. In both
panels the horizontal axes express distance along a meridian
line passing near stations G, F, E, and D. (a) Intensity and
(b) polarization.
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Figure 15. Wave source location determined by the full wave calculations that best fits the observed
intensity distribution (circle), and the one assumed in the mathematical evaluation (square). The format of

this figure is the same in Figure 3b.

wave exit areas of the triggered emission and the whistler
mode emission had horizontal extents of 25-50 km at an
altitude of 80 km. However, we cannot conclude that wave
exit areas of downgoing whistler mode waves are always
25-50 km in extent at an altitude of 80 km near Roberval. In
order to clarify this problem we need to obtain more VLF
data at multiple stations and to analyze them exactly.

Model calculations using the full wave technique devel-
oped by Nagano et al. [1986, 1987] showed that the ground
distributions of wave magnetic intensity and polarization
rate predicted for whistler beam waves transmitted from a
duct end in the lower ionosphere agreed well with the
observed distributions. These results show that the attenu-
ation rate of wave magnetic intensity was about 8.2 dB/100
km and that of polarization rate about 0.37/100 km in the
region within 200 km distant from the intensity peak on the
ground.

To make the computed values coincide with the observed
values, we varied the peak position of the wave intensity

distribution obtained from model calculations by the full
wave technique. We found that the peak was located 37.5 km
west of the position of the wave exit area that was obtained
from the analysis of the wave intensity distribution on the
ground. As a result, we believe that the position of a wave
exit area obtained by this wave intensity distribution analy-
sis may be shifted at least ~50 km from the real position of
a wave source located on the ionospheric lower boundary 80
km above the ground.

There was clear agreement between the observed values
and the values obtained from this full wave calculation, It is
likely that this full wave calculation accurately describes the
propagation mechanism of whistler mode waves transmitted
from a duct in the lower ionosphere into the atmosphere.
Hereinafter we would like to examine how the extent of the
intensity and polarization rate distributions changes accord-
ing to the characteristics of the whistler beam wave.

In order to examine the validity of the wave source model
used in this wave intensity distribution analysis, we derived



5702

equations expressing VLF waves radiated from a localized
wave source 50 km square and compared the results calcu-
lated from these equations with observed values. Some
results calculated from these equations agreed well with both
those obtained from the full wave calculation and those
observed near Roberval, and we conclude that the wave
source used in this wave intensity distribution analysis was a
reasonable model of the actual source. We find that the
mathematical equations expressing the model wave source
can reproduce the distributions of both observed intensities
and polarization rates and from this conclude that essentially
only direct waves reach positions on the ground located
within 200 km of the intensity peak. The wave fields ob-
served near Roberval were near-source fields.

The extent (50 km) of the wave source at an altitude of 80
km can be considered a very rough measure of the width in
the upper ionosphere of the duct along which the analyzed
triggered emission was propagating to the vicinity of Rober-
val. Evidence from whistlers and emissions as well as theory
[see Carpenter, 1988, and references therein] indicates that
whistler mode ducts effectively terminate in the topside
ionosphere and that the downcoming wave energy then
spreads as it illuminates the lower ionospheric boundary.
The wave source (or wave exit) area identified here then
becomes that portion of the illuminated boundary region that
is effectively penetrated by the waves, the remaining portion
being characterized by internal reflection and upward re-
propagation of the waves.

To determine the location, extent, and wave intensity of a
wave exit area on the ionospheric lower boundary, a number
of stations on the ground arranged in both the north-south
and east-west directions are necessary. By carrying out
observations such as those described above and by reducing
the distance between the computing points, we should be
able to infer with increased accuracy the distributions and
shapes of wave exit areas on the ionospheric lower bound-
ary, the distributions and cross-sectional shapes of the ducts
through which whistler mode waves propagate in the mag-
netosphere and ionosphere, and the mechanism of wave
propagation in those regions.
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