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Observation of correlated ULF fluctuations
in the geomagnetic field and in the phase path

of ionospheric HF soundings

J. Watermann’

Institut fiir Geophysik der Universitidt Gottingen, Herzberger LandstraBe 180, D-3400 Goéttingen, Federal Republic of Germany

Abstract. Rapid geomagnetic variations and frequency shifts
of ionospherically reflected fixed-frequency continuous ra-
dio waves are sometimes closely correlated. Under this as-
pect, geomagnetic ssc and si events and pi2 pulsations re-
corded between October 1978 and June 1979 at a midlati-
tude ground station have been studied. About 50% of the
ssc/si, but only some 30% of the pi2, were correlated with
radio frequency shifts. In most of these cases the frequency
shift can only be interpreted by a vertical motion of the
ionospheric F-layer. A statistically significant annual varia-
tion showing frequent occurrence of correlated events at
equinoxes and rare occurrence at solstices has been found.
Bivariate complex transfer-function analysis of single events
indicates a marked frequency dependence of the relation
between radio-wave frequency shifts and variations of the
horizontal geomagnetic field. It is estimated to be in the
theoretically predicted order of magnitude with smaller day-
time values due to a pronounced E-layer ionisation and
higher integrated conductivities. However, unlike the theo-
retical expectation, it is found to be approximately fre-
quency proportional in amplitude and randomly distributed
in phase.
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Introduction

Time variations of the ionospheric refractive index change
the phase velocity of electromagnetic waves and can be ob-
served as phase shifts of high-frequency radio waves. There
are two possible mechanisms that can cause the variations:
an extraordinary ionisation or recombination of ionospher-
ic particles, or a bulk motion of the charged particles, main-
ly in the F-layer. The first may be due to enhanced UV
and X-ray radiation (which is typical for the sunlit side
of the earth as a consequence of a strong solar flare effect),
or to a solar eclipse; the second can be caused by ionospher-
ic electric fields or neutral air motions. This paper will be
restricted to geomagnetic phenomena like ssc, si and pi2
events, which are connected with time-varying ionospheric
electric fields. In the presence of a non-vertical magnetic
field B, it is the vertical component of the E x B, drift which

! Present address: Herzberg Institute of Astrophysics, National Re-
search Council of Canada, Ottawa, Ontario, Canada K1A OR6

forces the electron gas to move up or down. The related
radio-wave frequency shift will be called Doppler shift, in
accordance with the simplified picture of a wave reflected
from a moving mirror. Under certain conditions, observa-
tions of the Doppler shift might thus provide some informa-
tion about the ionospheric electric fields.

Since the IGY 1957/1958, a number of publications have
dealt with observations of correlated rapid geomagnetic
variations and frequency shifts of fixed-frequency radio
waves reflected from the ionospheric F-layer (Watts and
Davies, 1960; Fenwick and Villard, 1960; Davies et al.,
1962; Chan et al., 1962, 1963; Rishbeth and Garriott, 1964;
Davies and Baker, 1966; Lewis, 1967; Duffus and Boyd,
1968; Klostermeyer and Rottger, 1976; Menk et al., 1983).
But, mainly because of observational inaccuracy and unsuit-
ed analysis techniques, no sufficiently concise results could
be derived to prove theories quantitatively. In most of the
referenced papers, only a qualitative or a classical statistical
sample analysis had been carried out. The results suffer from
the fact that the physical conditions of the ionosphere might
change remarkably even within an hour, which makes the
common comparative statistics quite uncertain.

In this study, ground-based observations of geomagnetic
and radio frequency variations have been analysed using
a time-series regression technique for each individual event.
It turned out that it was more adequate to analyse the
Fourier-transformed time series instead of the time series
themselves. Therefore, not the common regression method
in the time domain but its more general counterpart in
the frequency domain is preferred. This means that, for
every single event, complex coefficients of the relation be-
tween the Doppler shift and a combination of the orthogo-
nal horizontal magnetic field variations are estimated at
separated frequencies in a least-squares sense. Such a set
of coefficients is named a transfer function. It shows the
relation in different frequency bands at the same time, i.e.
under the same geophysical conditions. The general ten-
dency seen in the transfer functions of all individual events
indicates how to interpret the whole sample.

Instrumentation and field observations

After preliminary observations in the winter 1977/1978, the
main campaign of simultaneous geomagnetic and iono-
spheric observations lasted from October 1978 until the end
of June 1979, but with interruptions during the winter and
spring seasons.
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Fig. 1. Observation facilities: GTT and KST are locations of the
ground-based three-component magnetometer, L, M and S are
those of the three HF-CW radio transmitters, and LIN is the com-
mon receiver. Some geographic details are added for orientation

With the help of a three-component search coil magne-
tometer in combination with an electronic amplifier and
low-pass filter device, geomagnetic fluctuations in the period
range from 4 s up to some thousand seconds were observed.
Together with accurate quartz-clock time information, they
were recorded on magnetic tape in an automatically work-
ing low-power digital data-acquisition system with a 12-bit
analog-to-digital converter. The sampling rate was 30 read-
ings per minute in each component. Until December 1978,
the magnetometer was set up in a forest near Goéttingen
(symbol KST), and in March, April and June 1979 it was
placed close to the Geophysical Institute of Go6ttingen Uni-
versity (GTT).

At the same time, high-frequency continuous radio
waves were emitted at three stations in the vicinity of Got-
tingen, named Mo6nchhof (M), Schladen (S) and Holzminden
(L). The Doppler shifts of the signals reflected in the iono-
sphere were recorded at the Max-Planck-Institut fiir Aeron-
omie (MPAe) in Lindau (LIN). They were transformed to
voltage variations and fed into a data-acquisition system
identical to the above-mentioned one. The transmitters
worked at frequencies 4.5885 MHz, 4.5890 MHz, and
4.5900 MHz, respectively. They were stable enough to allow
frequency shifts of 0.1 Hz to be resolved in the time scale
of interest (4-1000 s). The HF system is part of the MPAe-
SOUSY technical equipment and is described in detail by
Rottger and Becker (1977) under the name HF-CW-
Doppler radar.

A comparison with data from the MPAe ionosonde
showed that for all nighttime events analysed in this study
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Fig. 2. The ssc of April 5, 1979. From top to bottom: time series
of the geomagnetic northward and eastward components, 4H and
4D, the phase height variations of the three HF signals emitted
at stations M, S and L, and the time derivatives of AH and AD.
Scaling bars at the right, minute marks at the top and bottom,
and the beginning and end of the time interval in UT

the radio waves had been reflected at virtual heights h’ be-
tween 210 km and 450 km. As the distance between trans-
mitter and receiver was 50 km on average, the special case
of almost vertical incidence was realised.

A geographic orientation is presented in Fig. 1. It shows
that the three radio-wave reflection points were roughly
straight above the geomagnetic observation point, a situa-
tion that is different from most of those in previous publica-
tions.

As an example, Fig. 2 shows the recording of the ssc
on April 5, 1979. From top to bottom, the horizontal mag-
netic field variations in the northward and eastward direc-
tion, 4H and 4D, the phase height variations (which are
the frequency-shift variations multiplied by a constant fac-
tor — see next section) of the three radio signals, M, S and
L, and the time derivatives of the magnetic field variations
are to be seen. The short vertical lines at the lower and
upper margin mark integer minutes, and the beginning and
end of the interval in UT are written above.

Theoretical aspects

Let n(s) be the ionospheric refractive index along a ray
path S, ¥ the angle between the ray direction (direction
of energy transport) and the wave normal (which is zero
in an isotropic ionosphere), f, the frequency of the emitted
radio wave and ¢, the vacuum light velocity. A time varia-
tion of the refractive index results in a wave frequency shift
of 4 f at the receiver:

Jo dP

Af=—aﬁ 1)



with

= [ n(s)cos Y ds ?)
S

denoting the phase path.

In the case of vertical incidence, the phase path only
depends on the reflection height h,, irrespective of the geom-
etry of the ray path. Defining the phase height h, by

b= { n(hdh 3)

0

it can be shown that P=2#h,. For midlatitude regions and
frequencies of about 4.6 MHz, only the real part u(h) of
the refractive index is of significance. Although the geomag-
netic field influences the refractive index, only electron den-
sity variations and not magnetic field variations themselves
have a directly observable effect on the phase height varia-
tions. Introducing the magneto-ionic parameters X
=wk/wf, Y=w,/wy, and Z =v,/w,, (with the radio-wave an-
gular frequency w,, the squared plasma frequency w?
=e?N,/e, m,, the electron gyrofrequency w,=eBy/m, and
the effective electron collision frequency v,), we get

2fo d fo 2fo foou(X,Y) 0X(h)

Af=— o dr f (h,t)dhz—z)—g X a1 dh. (4)

Let us first consider a simple physical model. If we assume
a horizontally stratified ionosphere with height-integrated
Pedersen and Hall conductivities Xp and Xy, and an iono-
spheric height-independent electric field E that drives a hori-
zontal sheet current density j in the E-layer, we can map
the electric field along the field lines up to the F-layer and
will find a Hall drift v of the electrons

ExB, (Z7'-j)xB, s
‘TB T B3 )

with ¥ denoting the height-integrated conductivity tensor.
If we assume a bulk motion of the F-layer with velocity
v and no significant effect of the lower ionosphere on a
radio wave reflected in the F-layer, we find the vertical com-
ponent v, of v to be equal to the time derivative of h, (e.g.
Davies et al., 1962):

dh,
T, ©)
Neglecting damping effects in the lower atmosphere (which
are only valid for variations of short scale compared to
the E-layer height) as well as induction effects in the earth,
we can calculate the ground magnetic field produced by
the sheet current density. Its northward and eastward com-
ponents, AH and 4D, are related to the radio-wave fre-
quency shift 4 f by

2f 2cosl
e S 53T A
" ¢o o Bo(ZF+Z)

Af(t)= [Zp AH(®)+sin I Z, AD(1)] (7)

where I denotes the magnetic inclination. Electromagnetic
induction in the earth changes the horizontal magnetic field

only by a factor of between 1 and 2, which is not much
compared to the variability of the ionospheric parameters.
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The basic ideas of this Hall drift model have been formu-
lated by Rishbeth and Garriott (1964); for details of the
calculations see Watermann (1984).

In a refined model, developed by Jacobs and Watanabe
(1966) and extended by Watermann (1984), the vertical com-
ponent of the electron drifts is evaluated along the whole
phase path in the ionosphere. It varies with height, as the
electron mobility in the lower ionosphere is influenced more
by collisions. Although the electron drift differs from a pure
E x B,, drift, it can be shown that in a typical average state
of the ionosphere the particle drift above about 200 km
height is almost unaffected by collisions. At every fixed
height along the phase path, the vertical component of the
electron drift is observed as a local electron density varia-
tion. If electron enhancing processes like solar flare effects
are neglected and if the electron density relaxation time
is long compared with the period of the electron density
variation, one arrives after some algebra at a frequency shift
A frelated to a “mean” phase height velocity o, :

2%,

Co

Af= @®)

with
0,=y0(Jy Ey+Jg Eg) 9)

Yo= ‘32/(47[2f02 m, &)

dp 0

JN.Ez_ j X 0h NbNE)dh

cotl] (vi—iw)w;
N""By, (vi—iw)+w?

cos I w?
. (10)

bgx B, (vi—iw)*+w}

w; denotes the ion gyrofrequency and v; the ion-neutral
collision frequency. If a height-integrated current density
j is related to the height-independent electric field E by
the height-integrated conductivity tensor X [see Eq. (5)],
one observes magnetic field components 4H and 4D on
the ground related to v, by

_ Y .
vz=ypﬁg[(sm I1JyZy+JgZp) AH
+(—sin? I JyZp+sin I J; £) AD] (11)
with
2.2

e”Cy
YI_ZTC f() me'

In this paper, electron density variation periods of more
than 15s (angular frequencies w<0.4s~!) are studied.
Compared to w;>150 s~ ! in the central European geomag-
netic field, by remains nearly independet of w, and by varies
with @ only where w becomes comparable to v;. That re-
quires a radar reflection height of more than 300 km, which
is higher than that of most of the observed events examined
for this paper. Even for the radar signals which were re-
flected in that high region, the effect of w is weak. Above
~300 km, we find |O(N,by)/0z| <|0(N,bg)/0z|. If that
height contributes substantially to the integrals Jy g, one
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sees that |Jy| < |Jg|, and 0, is not much influenced by w.
The physical background is provided by the fact that the
charged particle drift is nearly E x B, oriented at this height,
and v, is mainly determined by the east-west electric field
Eg, as B, is inclined to the north. In this model, the Hall
drift plays the important role. Probably of more interest
than wzv; is the case w<v;, as can be seen from what
follows where the Alfvén wave model is examined.

In the case of Alfvén waves propagating downwards
onto an ionosphere with uniformly distributed integrated
conductivity, the electric fields of the incident and the re-
flected waves superpose. Pedersen currents and field-aligned
currents form a solenoid current system with no remarkable
magnetic field on the ground, where only the magnetic field
of the Hall current is observable [see GlaBmeier (1984) and
references therein]. Thus, the Alfvén wave model of
Rishbeth and Garriott (1964), neglecting ionospheric modi-
fication of the magnetic fields, no longer holds in that for-
mulation. But we can set 2, =0, and Eq. (11) will be simpli-
fied

py sin I
z— ZH

(Jy AH + J; AD). (12)

The electric field of Alfvén waves is established by a small
difference between the motions of electrons and ions. There-
fore, the electron velocity v is close to the ion velocity v;,
and both are almost equal to the centre-of-mass velocity.
The momentum equation for a fully ionized quasi-neutral
plasma can be applied to an ionized gas, embedded in the
neutral gas of the ionosphere, if an ion-neutral collision
term v;, damping the ion motion, is included:

av; .
—=—loV=—
ot Mo pi

By xrot AB—v; v;. (13)

pi=N,(m,+ m;))~ N, m; denotes the mass density of the ion-
ized gas component. Now, Eq. (12) has to be replaced by

_ yysinl . —3
b=y AH+Jp AD)(1 +ivfw) %, (14)
H

If v/w>2, an approximation with an error of less than
6% reads:

|1 +ivi/w) ™ |~ (w/v)*. (15)

In the present study, only angular frequencies less than
0.4 s~ ! are regarded. Thus the approximation (15) can be
used at least up to about 250 km, and even throughout
the F-layer for the lower frequencies.

For a quantitative calculation, besides the integrated
conductivity, some information about the undisturbed elec-
tron density profile N,(h) and the collision frequency v;(h)
is required, while d u/0 X can easily be calculated from the
Appleton-Hartree equation. w; is well known and changes
very little with time. If no observations are available one
has to use model ionospheres to get the order of Jyp. It
turns out from numerical calculations that there is not much
difference between the values of the coefficients in the mod-
els described by Eq. (7) and Egs. (8)(11), as the main contri-
bution to the phase path variation stems from the drift
of the more dense electron gas in the F-layer above the
current sheet.

Neglecting a possible modification with frequency ac-
cording to Eq. (14), both models show that the observed
quantities 4f(t), AH(t) and AD(t) should follow the bivar-
iate regression model

Af@t)= _‘_26{2[},” AH(t)+hp AD(8)+6(t)] (16)

with a noise (or random) term §(t) added. Inspection of
the observed time series suggests that it is adequate to re-
gard the noise as present mainly in the output 4f of the
model.

It should be noted that both regression coefficients hy
and hy, are positive in both models if evaluated with reason-
able ionospheric parameters. The coefficients become larger
with smaller integrated conductivities. They vary between
hy~0.3, hp~06m nT 's~! at noon and hy=x20, h,
~30m nT~!s~! at night. For all numerical calculations,
a magnetic inclination of 67°, a total field strength of
48000 nT and the model ionospheres proposed by Gurevich
(1978), which are valid for midlatitude regions and moderate
solar activity, have been used.

Occurrence of correlated events

During the time of simultaneous observations, 8 ssc, 10 si,
and 137 pi2 occurred. Three ssc and seven si were daytime
events. The distinction between day and night that will ex-
tend throughout the analysis is defined by sunrise and sun-
set at a height of 120 km above the ground, which is roughly
the height of the maximum electron production rate by
solar radiation.

All pi2 events with onsets within 30 min were combined
to a group event. Firstly, it seems reasonable (in contrast
to the single-event analysis in the next section) to study
the statistics of groups as the midlatitude ionosphere is as-
sumed not to change too much during half an hour; second-
ly, ionosonde data were only available in 1-h intervals. Of
the resulting 115 groups, 41 had to be excluded from the
analysis because of a too poor signal-to-noise ratio in the
radar signal records. Of the remaining 74 groups, 19 oc-
curred during daytime.

All ssc, but only half of the si, could be recognized
by their Doppler shifts, and these were nighttime and high-
amplitude daytime events. Only one-third (26 out of 74)
of the pi2 could be identified in the Doppler data, without
a statistically significant difference between day and night.
The same holds for the variability with geomagnetic activity
or E-layer critical frequency: no significant dependence on
these parameters could be found.

But a striking result was a rather frequent occurrence
of correlated pi2 events around the equinoxes and a rare
occurrence at the solstices, as can be seen from Table 1

Table 1

Observation Number of pi2 groups Probability
interval Correlated  Total of randomness
02.10.-04.11.78 7 20 18.5%
09.11.-09.12.78 3 15 9.9%
08.03.-13.04.79 14 22 0.1%
12.06.-01.07.79 1 17 0.3%




The last two lines in Table 1 show a deviation from the
total distribution which could be drawn randomly only by
a probability of 0.1% and 0.3%, which means that the de-
viation is regarded as significant.

Data analysis and interpretation

In this section the 49 correlated, more or less worldwide
geomagnetic events (8 ssc, 5 si, and 26 pi2 groups compris-
ing 36 single pi2), will be studied individually. An analysis
on the basis of the regression model, Eq. (16), shows that
the regression coefficient estimates hy and hj are in general
clearly larger for nighttime than for daytime events. This
was expected from the daily variation of the integrated con-
ductivity. The absolute values of hy and hj, are of compara-
ble size and vary between about 1 and 5m nT !s~! in
daytime and 3 and 25 m nT~! s~ at night. But, the regres-
sion coefficients have both positive and negative signs which
seem to be randomly distributed.

A look back to Fig.2 indicates that the discrepancy
might be due to the use of a simple time-domain regression
analysis, while the relation between 4 fand 4H or 4D seems
to be highly frequency dependent. The same holds for the
other analysed events. Therefore, the analysis was repeated
in the frequency domain with the Fourier transforms 4 f(w),
AH (w) and 4D (w) of the original time series. The regression
model Eq. (16) is then superseded by the transfer-function
model

2 ~ ~
Af(w)= —CLOO [Gu(w) 4H(0)+Gp(w) 4D(@) +5(@)]  (17)

of which Eq. (16) is only the special case of frequency-inde-
pendent transfer functions G4 and Gp,.

For each individual event, G4(w) and Gp(w) were esti-
mated by means of smoothed Fourier products under the
condition that the residuum {§(w)d*(w)> is a minimum.
The smoothing procedure used a Papoulis window (Papou-
lis, 1973) of frequency-dependent bandwidth. The number
of Fourier products inside the spectral windows varied be-
tween 5 and 50. As not all of the three radio signals could
be used for the analysis all of the time because of technical
trouble, it was only sometimes possible to average the Four-
ier products over three estimates, and sometimes over two,
and sometimes not at all. Therefore, the degrees of freedom
and confidence limits of the transfer function estimates were
different for different events and different frequency bands.

All estimates of Gy and G, and their upper 90% confi-
dence limits show a tendency to increase with frequency,
while most of the lower 90% confidence limits are near
zero. As an example, Fig. 3 shows the upper confidence
limits of G4 (left panel) and G, (right panel) of the analysed
ssc and si events on a logarithmic scale. The ssc are marked
by integers and the si by capital letters, with solid lines
for nighttime and dashed lines for daytime events. In the
upper part, the central frequencies and bandwidths of the
smoothing windows are drawn. A similar picture (not
shown here) with the same numerical scale holds for the
pi2 events. There is no general difference between the
behaviour of ssc/si and pi2 but there is a clear difference
between day and night for both of them. The daytime and
the nighttime values appear like realisations of two different
bell-shape-distributed random processes. Therefore, the esti-
mates of all daytime transfer functions on one hand and
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Fig. 3. Upper 90% confidence limits of the absolute transfer-func-
tion values of the investigated ssc (marked by integers) and si
(capital letters). Daytime events with dashed lines, nighttime events
with solid lines. Right panel for the geomagnetic northward, left
panel for the eastward component. Frequency bands with central
frequencies and overlapping bandwidths are indicated in the upper
part

of all nighttime transfer functions on the other are combined
in Fig. 4. It shows the means and standard deviations of
the logarithms of the absolute values (lower panel) and the
phases (upper panel) of the transfer functions.

In every quadruple the lines have the following meaning:
dashed lines with triangles (extreme left) represent the day-
time estimates of G, dashed lines with open circles (extreme
right) represent those of G. The solid lines are of similar
meaning but for nighttime events: on the left with triangles
are the estimates of Gp, and on the right with open circles
are those of Gy. The triangles and circles mark the mean
values, and the lengths of the lines represent the range of
the standard deviations. The short lines at the lower margin
indicate the central frequencies of the different bands, while
the broad solid bars at the right and left margin of the
phase panel give the theoretical standard deviation of ran-
domly distributed phases. The conclusions that can be
drawn from Fig. 4 are:

1) The absolute values of the northward and eastward
magnetic field components do not show a significant differ-
ence in their relation to the phase height variations.

2) With the exception of the lowest frequency band, the
transfer function estimates of nighttime events are larger
by a factor of about 4 compared to the daytime estimates.

3) There is no indication of a decrease with increasing
frequency above 0.01 Hz, unlike Duffus and Boyd (1968)
stated.

4) The geometric means of the absolute values of the
transfer functions are roughly frequency proportional. The
dotted interrupted line which has a gradient of 0.5 on a
logarithmic scale (equivalent to a square-root relation on
a linear sale) shows a frequency dependence according to
Eq. (14) with approximation (15), and would be expected
from the results of Klostermeyer and Rottger (1976). Ob-
viously, it does not match the observations. Furthermore,



44

.001 005 0 05 1
240° 260°
180° 180°
120° ; 1200

; ;
50° ; ; L 60°
i -
"
0° ; 5 S tge ¥
i A PR
i . L ) -
-60°] L S  -60°
! : ' .
1 1 i Vo
; i i .
_120° ! s d L -120°
\ | !
-180° Y -180°
\

-240° 3 -240°
-300° : -300°
.0 .005 01 t — [Hz] .05 A
10 10

i m
Y
E [Sonl
: ' :
1 : : 1
[4A] 0.1
| L L]
.0m .005 0 .05 A
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of the absolute values and of the phases of all transfer functions.
Daytime events with dashed lines, nighttime events with solid lines.
For further explanations see the text

the gradient should become smaller with increasing fre-
quency while Fig. 4 indicates just the opposite: the gradient
tends to increase, i.e. the growth rate of the transfer function
tends to be higher with higher frequencies.

5) The mean values of the phases do not show a clear
daily variation but a difference in the magnetic east and
north components. For higher frequencies, #, and AD are
nearly in phase, and 7, and AH are nearly in opposite phase.
But as the standard deviations of the phase are not much
smaller than those of a random uniform distribution, the
phases have only little meaning.

Conclusions

As all time-varying magnetic fields observed on the ground
must be accompanied by electric fields, and as the lower

atmosphere is a very bad conductor (i.e. its skin depth is
several magnitudes larger than its height extension up to
the ionospheric E- and F-layer), there should be an accom-
panying ionospheric electron drift with a vertical compo-
nent in midlatitude regions. By the method of observing
phase path variations of reflected HF-radio signals de-
scribed above, the electron drift could not always be de-
tected. Because of this result and the fact that several param-
eters, mainly the vertical profiles of electron density and
collision frequencies or integrated conductivities, are neces-
sary for exact calculations of the electric field, this simple
and easy-to-use method does not seem to be sufficiently
accurate for calculating the ionospheric electric fields. But
the results can be used to find an answer to the question
of whether the relation between the frequency of the field
variations and the vertical bulk motions of the electron
gas is square-root like, linear or quadratic in general. From
the results presented here a linear relationship is favoured,
which means that none of the presented models will, without
major revisions, be supported by the observations. It should
be stressed that this relationship comes from averaging sin-
gle-event spectra, i.e. it is independent of time variations
of ionospheric parameters.

Lastly, one must remember that some unsolved ques-
tions remain: for example the marked annual variation of
correlated occurrence, or the fact that so many geomagnetic
events could not be detected by phase shifts, or the nearly
randomly distributed phases.

Acknowledgements. This paper is based on the author’s doctoral
thesis prepared at the Institut fiir Geophysik der Universitit Got-
tingen. The steady support of Professors M. Siebert and U.
Schmucker is acknowledged. The study was only possible with the
help of data provided by the Max-Planck-Institut fiir Aeronomie
(Katlenburg-Lindau). The kind support of the SOUSY-group
members, especially Dr. J. Réttger, Dr. J. Klostermeyer, E. Prager
and H. Becker, is gratefully acknowledged.

References

Chan, K.L., Kanellakos, P., Villard, O.G. Jr.: Correlation of short-
period fluctuations of the earth’s magnetic field and instanta-
neous frequency measurements. J. Geophys. Res. 67, 2066-2072,
1962

Davies, K., Baker, D.M.: On frequency variations of ionospherically
propagated HF radio signals. Radio Sci. 1 (5), 545-556, 1966

Davies, K., Watts, J.M., Zacharisen, D.H.: A study of F2-layer
effects as observed with a Doppler technique. J. Geophys. Res.
67(2), 601-609, 1962

Duffus, H.J., Boyd, G.M.: The association between ULF geomag-
netic fluctuations and Doppler ionospheric observations. J. At-
mos. Terr. Phys. 30, 481-496, 1968

Fenwick, R.C., Villard, O.G. Jr.: Continuous recordings of the fre-
quency variation of the WWV-20 signal after propagation over
a 4000-km path. J. Geophys. Res. 65(10), 3249-3260, 1960

GlaBmeier, K.H.: On the influence of ionospheres with non-uniform
conductivity distribution on hydromagnetic waves. J. Geophys.
54, 125-137, 1984

Gurevich, A.V.: Nonlinear phenomena in the ionosphere, Physics
and Chemistry in Space Vol 10. New York — Heidelberg -
Berlin: Springer-Verlag 1978

Jacobs, J.A., Watanabe, T.: Doppler frequency changes in radio
waves propagating through a moving ionosphere. Radio Sci.
1(3), 257-264, 1966

Klostermeyer, J., Rottger, J.: Simultaneous geomagnetic and iono-
spheric oscillations caused by hydromagnetic waves. Planet.
Space Sci. 24, 1065-1071, 1976



Lewis, T.J.: The association of phase changes of ionosphere-propa-
gating radio waves and geomagnetic variations. Can. J. Phys.
45, 1549-1563, 1967

Menk, F.W,, Cole, K.D., Devlin, J.C.: Associated geomagnetic and
ionospheric variations. Planet. Space Sci. 31(5), 569-572, 1983

Papoulis, A.: Minimum-bias windows for high-resolution spectral
estimates. IEEE Trans. Inform. Theory IT-19(1), 9-12, 1973

Rishbeth, H., Garriott, O.K.: Relationship between simultaneous
geomagnetic and ionospheric oscillations. Radio Sci. J. Res.
NBS 68D (3), 339-343, 1964

Rottger, J., Becker, H.: Die HF-CW-Dopplermethode und ihre An-

45

wendung in der Ionosphirenforschung. Kleinheubacher Be-
richte 20, 243-254, 1977
Watermann, J.: Beobachtung korrelierter ULF-Fluktuationen im
erdmagnetischen Feld und im Phasenweg ionosphérischer HF-
Sondierungen. Diss. Math.-Nat.-FB, Univ. Géttingen, 1984
Watts, J.M., Davies, K.: Rapid frequency analysis of fading radio
signals. J. Geophys. Res. 65(8), 2295-2301, 1960

Received November 10, 1985; revised version November 12, 1986
Accepted January 7, 1987



