C‘ U q NIEDERSACHSISCHE STAATS- UND
-~ L UNIVERSITATSBIBLIOTHEK GOTTINGEN

Werk

Jahr: 1976

Kollektion: fid.geo

Signatur: 8 Z NAT 2148:42

Werk Id: PPN1015067948_0042

PURL: http://resolver.sub.uni-goettingen.de/purl?PID=PPN1015067948_0042 | LOG_0059

Terms and Conditions

The Goettingen State and University Library provides access to digitized documents strictly for noncommercial educational,
research and private purposes and makes no warranty with regard to their use for other purposes. Some of our collections
are protected by copyright. Publication and/or broadcast in any form (including electronic) requires prior written permission
from the Goettingen State- and University Library.

Each copy of any part of this document must contain there Terms and Conditions. With the usage of the library's online
system to access or download a digitized document you accept the Terms and Conditions.

Reproductions of material on the web site may not be made for or donated to other repositories, nor may be further
reproduced without written permission from the Goettingen State- and University Library.

For reproduction requests and permissions, please contact us. If citing materials, please give proper attribution of the
source.

Contact

Niedersachsische Staats- und Universitatsbibliothek Gottingen
Georg-August-Universitat Gottingen

Platz der Gottinger Sieben 1

37073 Géttingen

Germany

Email: gdz@sub.uni-goettingen.de



Journal of

J. Geophys. 42, 361 —372, 1977 -
P Geophysics

The Diurnal Variation of the Electron Density
of the Mid-Latitude Ionospheric D-Region Deduced
from VLF-Measurements
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Abstract. Amplitude and phase of the components of the electric and magnetic
field of the VLF-transmitter GBR (16 kHz, near Rugby/England) observed
at the 3 receiving stations Stockert (near Bonn), Braunschweig and Berlin
have been related to the electron density profile of the ionospheric D-layer
via an appropriate propagation theory. The calculated wave parameters have
been plotted as contour lines in a map containing as coordinates a character-
istic height and the number of the electron density at this height. From that
the diurnal variations of the electron density profile during summer and
winter as well as the behaviour of the D-region during solar flare events
have been deduced.

Key words: VLF-propagation — Electron density profile of the ionospheric
D-layer — Diurnal variations of VLF field quantities.

1. Introduction

VLF-waves (3-30 kHz) can propagate within the atmospheric wave guide between
the surface and the ionospheric D-layer. While the earth’s surface behaves like
a sharp boundary for these waves, the ionospheric D-layer is an inhomogeneous
and anisotropic reflector for VLF-waves. Any variation of the electron density
profile changes the reflection coefficient of the VLF-waves in amplitude and phase.
Therefore the measurement of the electric and the magnetic field vectors of a
commercial VLF-transmitter enables one to deduce this variation of the iono-
spheric electrons density via an appropriate theory.

For propagation paths up to about 1500 km, ray optics is a reasonable ap-
proximation for VLF-propagation (Volland, 1968). In this case the theoretical
interpretation of the observed field parameters must be done in 2 steps. Firstly,
one has to calculate the reflection matrix of an anisotropic, homogeneously
layered ionosphere with respect to plane waves, and a virtual reflection height
has to be defined. Secondly the elements of the reflection matrix and the virtual
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height as function of the angle of incidence, of the geomagnetic field and of the
electron density and collision frequency profile are used to determine the vectors
of the electric and the magnetic field strength from ray optics theory. Summaries
of the theoretical foundation of the reflection matrix and of the VLLF-propagation
theory have been given by Budden (1961), Wait (1962), Volland (1968) and Galejs
(1972).

Using Budden’s formulation, a Runge-Kutta-integration procedure for nu-
merical calculation of the ionospheric reflection matrix has been described by
Pitteway (1965). More convenient and appropriate for computer calculation is
the matricant algorithm developed by Volland (1968). This simple procedure
has been used in the following calculations.

Measurements of the field of VLF-transmitters have been analysed e.g. by
Bracewell et al. (1951), Volland (1968), Frisius (1970) and Stratmann (1970), for
only one field component. Model fitting with discrete D-layer models for VLF
propagation over great distances has been carried out by Rinnert (1972) using
mode theory. In the present paper model calculations via ray optics have been
adjusted to measurements of the complete electromagnetic field of the transmitter
GBR recorded at 3 receiving stations. The use of a fast computer and an appropriate
calculation algorithm made it possible to determine amplitude and phase of all
components of the electromagnetic field for a large number of ionospheric models.
The results are presented as contour mappings for each component. This method
allows one to determine directly the variation of field quantities as a function
of the parameters of the ionospheric D-layer model.

2. The Calculation of the Reflection Matrix

The reflection coefficient of the plane earth with respect to plane waves of frequency
w, incident at angle 0, is given by the Fresnel formulas:

ni cos @ —(ng —sin? ©)°-°

ni cos O +(ng —sin? @)°-*°

for TM-waves (1)
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with the refraction-index of the earth:
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The electric conductivity o, varies between 4Q~' m ' for seawater and

10°*Q ' m~! for dry ground, and the dielectric constant ¢, is between 80 and
1 for these 2 cases. ¢, 1s the dielectric constant of vacuum.

To determine the reflection properties of the ionosphere, the D-region is
divided into horizontal homogeneous slabs of appropriate thickness. If the
propagation plane of a homogeneous plane wave is in the x — z-plane of a cartesian
system with z vertically upward, Maxwell’s equations can be written in the form:

¢=—ik,Ke (4)
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with the field strength vector:

E,
1 ZyH, '
c=— 044x . C,=(_\~( (5)
1/20 ZyH, Cz
—E,

and K, a complex 4 x4 coefficient matrix (Volland, 1968). Z,, is the characteristic
impedance of free space and k, is the wave number in vacuum. The matrix K
is a function of the electron-neutral collision number, the geomagnetic field and
of the electron density profile. Integration between the upper and lower boundary
of a slab, z, and z,, yields:

c(z;))=Te(z,), (6)
with T a transmission matrix, which is called “matrizant™:
T=exp(ikoK-(z,—2z,)). (7)
If an appropriate linear-combination of field quantities is used,
A,
A
a=Q 'c, a= BIZ (8)
B,
the coefficient matrix becomes diagonal:
a=—ik,Na. 9)

The components of the vector a are two upgoing characteristic waves A, and 4,
and 2 downgoing characteristic waves B, and B,. In vacuum A, and B, are pure
TM-waves and A, and B, are pure TE-waves. The transmission behaviour of a
slab with respect to characteristic waves is given by a matrix M:

a(z;)=Ma(z,). M=Q 'TQ. (10)
Defining the reflection-matrix of a homogeneous layered ionosphere by:
R(Al)z(RTMTMRTMTE).(AI)Z(BI)’ (1)
AZ RTETM RTETE AZ BZ
one obtains from Equation 9 and after elimination of 4, and 4,:
R(z)=(M;+M;R(z,)) (M, + M, R(z,)) ', (12)

where M, are the submatrices (2 x 2) of M. Thus one can determine the reflection-
matrix of the whole ionosphere by repeatedly adding homogeneous slabs for any
ionospheric model, angel of incidence or geomagnetic field (Frisius and Schéfer,
1976).

3. The Ray Optics Theory

The EM-field at the receiver represents the superposition of waves propagating
along various ray paths. The waves, which are reflected at least once at the iono-
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sphere, depend on the radiation characteristics of the transmitter as well as on
the reflection properties of the earth and ionosphere. Sommerfeld’s (1947) theory
is applicable for the ground-wave. A superposition of all ionospheric waves and
the ground wave yields the field of a vertical dipole (in cylindrical coordinates):

EP — (. S n -1y __ n 112
(ZO H,,)—C (zw<m/n5+ Y {((RR(I+R; )~ (R, Ry (I+R,)} sin* 0

n=1
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—E,
expliko(p—r,)) (5,,.) (13)

where R, and R, are the reflection matrices of earth and ionosphere, p, and p,
are the electric and magnetic dipole moments of the transmitter, I is the unit
matrix, W(p) is the ground wave and

w Zo ko exp(—iky p)

C:
4np

)

is the field of a vertical dipole in free space. p is the distance transmitter-receiver
and r, the length of the ray path of a reflection order n.

A VLF-transmitter can be modelled sufficiently well by a vertical electric
dipole (p,,=0), for which in free space only the components E_, E,, Hy exist. The
conversion factors (non-diagonal members in R;) will, however, cause the appear-
ence of additional field components H,, H,, E, for VLF-propagation in the
terrestrial wave guide.

The values of the angles of incidence 0, and of the ray paths r, must be deter-
mined by taking into account the earth’s curvature and the reflection heights for
each reflection order. Neglecting or approximating these quantities would cause
a considerable displacement of the interference pattern of ionospheric and
ground waves. In addition, a convergence factor has to be introduced into the
field strength calculation, which accounts for the focussing or defocussing of the
wave energy density because of the curved reflectors (Bremmer, 1949).

4. The Data

Measurements for this analysis were available from Stockert near Bonn (distance
GBR-Stockert: 580 km), Braunschweig (790 km) and Berlin (980 km). Amplitude
and phase of the component H, of the transmitter GBR have been recorded
since 1967 at the Stockert station. The phase measurements are stabilized by a
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GBR - Stockert Aug.22,1975
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Fig. 1. Typical examples of the diurnal variations of amplitude and phase of the component H, at
summer- and wintertime for the propagation path GBR-Stockert. The broken curves result from the
fitting process. The time marks correspond to those in Figure 3. Solar flare events are indicated by “ F”

rubidium frequency standard. Differences of 0.2 dB in amplitude and 4 deg in
phase can be distinguished on the recordings. Examples of registrations are shown
in Figure 1.

Another receiver, developed at the Heinrich-Hertz-Institute (HHI) in Berlin,
measures the amplitudes of E, and H,, the phase of E,, the direction of arrival @,
and the ratio of the smaller to the larger axis of the horizontal magnetic vector
(HPR =H-polarisation-ratio) (Frisius et al., 1971). Similar detectors are operating
at Braunschweig and Berlin. A monthly review of the results of all 3 stations has
been published for the year 1971 by the HHIL Berlin. An example is shown in
Figure 4.

5. The Graphical Presentation of the Field Quantities in a Contour Map

VFL-waves are reflected at heights where the electron density reaches a few
hundreds of electrons cm 2. Therefore the ionospheric D-layer is responsible for
reflection of VFL-waves at daytime, while at night they are reflected at the E-layer.
Since the primary effects upon VLF-propagation arise from variations in the
ionospheric electron density distribution (Rinnert, 1972), and since only relatively
small variations of the collision frequency occur in the course of the day, it is
reasonable to assume a collision frequency independent of time. The chosen
dependence of collision frequency v on the height z is (Frisius, 1974):

70 —
- Z) () (14)

which is valid at altitudes between about 60 and 110 km (Galejs, 1972).

v(z)=5x10° exp (
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Fig. 2. Electron density profiles of the lower ionosphere with different parameters N,, and z,, of the
D-layer

Within the ionospheric D-layer, where the effective recombination coefficient
is proportional to

exp ( i )
Chapman theory leads to an electron density profile of the form:
N,(z)=N,, exp (0.5 (l—exp (:'"H_:)>) (15)

s

where N,, is the density at a reference height z,,, and H, is the scale height. Whereas
VLF-waves are reflected at this layer during the day, the D-layer vanishes nearly
completely at nighttime, and the VFL-waves are then reflected at the E-layer.
For convenience, the same profile (Eq. (15)) has been used for this layer, with a
constant reference height of z,=100km and a density N,,, which is 30 times
larger than the value of N,, of the D-layer, at least 1000 cm ~3, however. The exact
profile of the electron density at heights where N, exceeds 1000 cm ? is not
relevant for VLF-propagation, because the reflection occurs below these heights.
A first comparison between theory and observations revealed. that the data
could be best reproduced with a constant scale height value of H;=6 km within
the D- and E-layers.

The remaining parameters are the variables N,, and z,, of the D-layer. Using
fixed conditions for the propagation path. the magnetic field, the properties of the
ground and the collision frequency, the amplitudes and phases of the EM-field
components depend now only on these two parameters. By varying N,, and =,
over a wide range, a large number of D-layer models used in the literature and
many of the observed electron density profiles can be well approximated. Some of
these profiles with different values of N,, and z,, are plotted in Figure 2.

To obtain a graphical presentation, the field values of each propagation path
have been calculated at more than 300 control points, i.e. for N,, in a range be-
tween 0 and 1200cm ™~ ® at intervals of 50cm ™ * and for -, between 60 and 90 km
at intervals of 2.5 km. By using a plotter contouring program, diagrams for the
different components have been obtained (Figs. 3.5 and 6). Amplitudes are given
in dB relative to free space field strength, phases in degrees. This representation
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Fig. 3. Contour maps of phase and amplitude ol H, for the propagation path GBR-Stockert. Ampli-

tudes are given in dB relative to free space field strength. phases in degrees

allows, e.g., the simulation of a D-layer, in which the electron density parameter
varies from N, =0 to N,,=1000cm * at a constant height of z,=60km. On
the other hand a layer can be formed, which decreases its height parameter z,,
from 90 km to 60 km at a constant electron content of N,,=1000cm~>. One of
these possibilities, or a mixture of them is taken at sunrise. A very special feature
can be seen on the plot of H, for the propagation path GBR-Stockert (Fig. 3).
Near the control point N,,=100cm 2, z,=75km the field strength vanishes
completely, and all phase contour lines converge. For this model and for this
propagation path the ionospheric waves and the ground wave are equal in magni-
tude but phase shifted by 180deg. The destructive interference leads to zero

field strength.
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6. Fitting an lonospheric Model

The fitting process shall be demonstrated here for the propagation example
GBR-Stockert. An analysis of the Stockert registrations of several years yields
2 main types of phase and amplitude curves for H,. The first ones are applicable
mainly at summertime, the second are appropriate only for winter. Two typical
examples are shown in Figure 1.

The summer propagation type can be interpreted in the following manner:
Before sunrise a nighttime E-layer exists together with a depleted D-layer beneath
with parameters N,,<100cm * and z,,=85-90 km. In the N,, — z,-diagrams this
nighttime region is marked by an “N”. From the records (Fig. 1a) one finds,
that the daytime amplitudes are about 7 dB lower than at night, and the phases
are nearly 250° larger. The noontime region is thus characterized by a point close
to N,,=900cm ?, z,,=74 km, and is marked by a “D”. The deep field strength
minimum at and shortly before sunrise is caused by a thin layer with electron
density N,,=150cm * descending down to z,,=70 km (marked by “T”). This
transient layer can be explained by the influence of solar radiation at solar zenith
angles of more than 90° prior to ground sunrise (Thomas and Harrison, 1970).
The further developement of the D-layer is essentially due to the increase of N,
at an approximately constant height of z,,=75km on a path marked by the
heavy line in the contour plots. Time marks are placed in Figuresla and 3 to
facilitate comparison between the measurements and computed values. The
broken lines in Figure l1a are the curves resulting from the path in the contour
map of Figure 3. They are in good agreement with the original recordings. When
N,, has attained a value of about 300 cm ~* near 75 km height, the contour lines
pass nearly parallel to the N,-axis. Therefore a further increase in N,, at the same
height z,, has only minimal effect on D-layer reflection properties and VLF-
propagation. The phase curve sometimes decreases at sunrise to the value of 100°.
This effect evidently occurs when the pole near N,,=100 cm 3, z, =75 km is not
passed in a clockwise manner, but in a mathematically positive sense. The return
to night conditions at sunset is generally somewhat above the morning path,
as indicated by the dotted line in Figure 3. Occassionally, however, the pole is
passed clockwise, as can be concluded from the record of 8 Aug. 1975. A very
thin layer, slowly disappearing after ground sunset, may be responsible for this
occurence.

Calculations for the other two stations also show satisfying agreement with
measurements. For example, the records of Braunschweig of 30 Aug. 1971 are
shown in Figure4 and compared with the calculations in FiguresS and 6. The
field strength minimum occurs here about 1 h earlier than at Bonn, because the
valley is approximately 10 km higher than at Bonn (Figs. | and 3) and the build
up of the thin layer takes about this time. The daytime value of the amplitude is
only little below night conditions, while the phase difference is 180° (Fig. 3). This
can be simulated quite well by the calculations.

Figure 6, as well as similar plots for the other stations, shows that no sub-
stantial further information can be obtained by measuring the additional quan-
tities HPR (the H-voltage-power-ratio) and @ (the direction of arrival), because
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only very small changes of the contour lines occur within a large vicinity centered
on the point * D™ (noontime value near N,,=900 cm 3, z,, =75 km). On the other
hand many small variations are possible in the twilight regions (Fig. 6). In addition,
inhomogenities in the ionospheric layers at sunrise and sunset may be important,
especially for HPR and @. These effects cannot be simulated well by our model.
Nevertheless, the increase of the quantity HPR and the decrease of the angle @
during twilight (Fig. 4) agrees with the corresponding model calculations (Fig. 6).

The diurnal variation of the field parameters during winter is quite different.
On the Stockert records, at least 2 relative minima of the magnetic field strength
can be seen shortly before and about 2 hours after sunrise in Figure 1 b of 10 Jan.
1976. The first minimum is the deepest and sharpest. The sunset records are
similar, except that the two minima are generally not so sharp. The phase decreases
by about 100° relative to the night value near sunrise and sunset. At noon the
phase is only about 150° greater than during night. These registrations suggest,
that at least two separate layers influence the VLF-propagation during winter.
The first is a pre ground sunrise layer, similar to the summer transient layer, but
with smaller thickness. The pole is therefore passed closely on the left side (marked
by the symbols k—!—m in Fig. 2), from which the deep minimum in amplitude
and the phase jump of 100° arises. During the same time a second layer develops
out of the nighttime E-layer (the path k'—/!"—m' in Fig.2). When this layer has
reached the height z,,=79 km (path n—o— p), the reflection characteristics of the
VLF-waves are dominated by that layer, which has now swallowed the thin transient
layer. Therefore the phase gradually increases again by about 250°. The amplitude
has to go through the deep and broad valley near z,, =80 km during the build-up
of the daytime layer. At noon it reaches a point near N,,=900cm *, z,, =79 km.
The way back to night conditions is indicated by the time marks p—g—r—s—t
in Figures | and 3. When the daytime layer has been depleted down to a point
“r” near sunset, the remaining transient layer again plays a decisive role (marks
r—s—t). Here again the calculation (dashed line in Fig. 1 b) fits the observations
quite well. This consistency between observations and theory also exists for the
other two stations.

A special application of this method is the simulation of solar flare effects
on the lower ionosphere. Solar flare events are accompanied by phase jumps in
the H,-component of up to 30° and an amplitude increase up to 5 dB, as can be
seen on the record of 8 Aug. 1975 (marked by “F” in Fig. 1 a). From the contour
map in Figure 3 one notices, that a daytime phase increase always indicates a
downward movement of the D-layer height. However, the magnitude of the
variations in field strength and phase depends strongly on the undisturbed
conditions. The VLF-signal variation during solar flares generally becomes
smaller for larger N,, and smaller z,, of the undisturbed daytime model. In particular,
the quantities HPR and @ are completely unsuitable for the detection of solar
flares because they are not significantly influenced. The mean downward displace-
ment of the height parameter z,, during 30 solar flares observed at Stockert during
1975 was 3-4 km. The maximum observed decrease in z,, over this data set was
8 km. The downward movement of the summer D-layer during an average solar
flare is indicated by the mark “F™ in Figure 3.
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Fig. 6. Contour maps of HPR (in dB) and of the angle of incidence @ (in degrees) for the propagation
path GBR-Braunschweig

7. Conclusion

Contour maps for the components of the electromagnetic field of the VLF-
transmitter GBR have been plotted using a full wave ray optics theory. The
coordinates are the two parameters N,, and z,, which characterize the electron
density profile of the ionospheric D-layer: N,, is the electron content of the D-layer
at a reference height z,,. From a comparison between theory and measurements
the diurnal variations of the D-layer electron density as well as variations due to
solar flares can be determined. The measurements of the transmitter GBR, made
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at the receiving stations Stockert, Braunschweig and Berlin, indicate, that 2
general types of the diurnal D-layer variations occur. The first one, seen during
summer months, can be simulated by the variation of the two parameters of a
single layer. The second type occurs only during winter, when the lower boundary
of the ionosphere is about 5 km higher than at summertime. The parameters of
two independent layers have to be varied for a simulation of the diurnal behaviour
of this model.

The occurence of a solar flare event causes a positive phase and amplitude
shift in the H,-component of the Stockert records. One may deduce from the
contour maps, that this behaviour is associated with a downward movement of
the ionospheric D-layer over some kilometers.

Acknowledgement. 1 gratefully thank Prof. H. Volland for his encouragement and Dr. M. Bird for his
critical reading and commenting on the first manuscript.
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