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Abstract. Continuous observations of fluctuations of the 1 Introduction
geomagnetic field at SodankylGeophysical Observatory
(L = 5.2) were used for a comprehensive morphological Altitudinal distribution of the electron density in the upper
study of the spectral resonance structure (SRS) seen in thenosphere is appropriate for establishing a resonator for the
background electromagnetic noise in the frequency range ofhear Alf\en waves in the range of 0.1-10Hz. The “walls”
0.1-4.0Hz. It is shown that the occurrence rate of SRS isof the ionospheric Alfén resonator (IAR) can be the E-
higher in the nighttime than in the daytime. The occurrencelayer and the electron density gradient above the maximum
rate is higher in winter than in summer. The SRS frequen-of the F-layer. This concept was approved theoretically (e.g.
cies and the difference between neighbouring eigenfrequenPolyakov, 1976; Polyakov and Pappoport, 1981; Belyaev et
cies (the frequency scale) increase towards nighttime and deal., 1989b, 1990; Lysak, 1991, 1993), and it stimulated ex-
crease towards daytime. Both frequency scale and occurperimental investigations of the resonator effects. As a re-
rence rate exhibit a clear tendency to decrease from minimurgult of the experimental efforts, Belyaev et al. (1987, 1989a),
to maximum of the solar activity cycle. It is found that the using ground-based observations of the geomagnetic fluctu-
occurrence rate of SRS decreases when geomagnetic actigtions in the ULF range, yielded the discovery of the reso-
ity increases. The SRS is believed to be a consequence of gance structures in the spectra of the electromagnetic noise.
resonator for Alfien waves, which is suggested to exist in the (The noise is, presumably, due to radiation from distant light-
upper ionosphere. According to the theory of the ionospheriming discharges.) These first observations of the spectral res-
Alfv én resonator (IAR), characteristics of SRS crucially de-onant structure (SRS) were carried out at mid-latitudes, but
pend on electron density in the F-layer maximum, as well agecently, similar structures have also been found in records
on the altitudinal scale of the density decay above the maximade in the auroral zone (Belyaev et al., 1999) and at lower
mum. We compared the SRS morphological properties withlatitudes (Bsinger et al., 2002; see also Hickey et al., 1996).
predictions of the IAR theory. The ionospheric parametersThe SRS at different latitudes has some common features.
needed for calculation were obtained from the ionosphereThus, at any latitude the SRS eigenfrequencies exhibit sim-
model (IRI-95), as well as from measurements made withilar diurnal behaviour: they are higher in the nighttime in
the ionosonde in Sodankyl We conclude that, indeed, the comparison with those in the daytime. This agrees well with
main morphological properties of SRS are explained on thethe IAR theory (Belyaev et al., 1987), as it reflects diurnal
basis of the IAR theory. The measured parameters of SRghanges of the ionosphere. But ionosphere at different lat-
can be used for improving the ionospheric models. itudes exhibits local peculiarities, so one may expect differ-
ent behaviour of the SRS characteristics at different latitudes.

Key words. lonosphere (auroral ionosphere; wave propaga-some differences were indeed observed. For example, the

tion) — Radio Science (electromagnetic noise and interferpmbability tq SRS at njghttime in.Crete,zu 1.3 (Bosinger
ence) et al., 2002) is much higher than in Sodarikyl = 5.2 (Se-

menova et al., 1999).

In spite of a relatively long story of SRS studies (see refer-
ences above and the special issue of Journal of Atmospheric
and Solar-Terrestrial Physics; Vol. 62, No. 4, March 2000),
many SRS features have not yet been studied in great de-
Correspondence toA. G. Yahnin tail. Until now, there are only a few papers describing the
(yahnin@pgi.kolasc.net.ru) SRS morphology, where most of them deal with SRS at mid-
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Fig. 1. Examples of the Spectral Resonance Structure observed at Geophysical Observatory 8¢8&®Yy! Spectrograms for two suc-
cessive days are shown. Intervals of visible SRS are marked by black bars above the spectrograms.

latitudes. calculatedA F (using above formula) and also found a good
The attempt of morphological study of SRS at high lati- coincidence.

tude was made only recently by Yahnin et al. (2001). This Below we will present the result of our statistical study

paper is to expand that study both in morphological aspecbf the two above-mentioned SRS characteristRafdA F)

and in comparison with predictions of the IAR theory. obtained from observations at Sodari@eophysical Obser-
Two basic characteristics of SRS can be revealed fromvatory (SGO). The observatory is located in the auroral zone

the observed spectra. One of them is the occurrence ratfl. ~ 5.2). We will show that the diurnal, seasonal, and long-

(P) of SRS observations. Indeed, the resonant structure caterm behaviour of SRS occurrence and its frequency interval

be recognised only if the background noise intensity variesare in agreement with the predictions of the IAR theory. The

significantly with frequency. Qualitatively, according to the IAR characteristics will be considered on the basis of numer-

IAR theory, this occurs in the case of a sufficiently large mod-ical calculations of the reflection coefficient of the top-side

ulation of the reflection coefficient of the ionosphere (suf- ionosphere. The method has been developed by Ostapenko

ficiently large resonator quality, Q-value). The modulation and Polyakov (1990). A similar approach has been used by

amplitude of the magnetic noise intensity depends on pavagner (1981) and Prikner and Vagner (1991).

rameters of the upper ionosphere, particularly on the plasma

density drop between the F-layer maximum and the magne-

tosphere, the spatial scale of the F-region, as well as the cory pgata

ductivity in the E-region (e.g. Trakhtengerts et al., 2000).

Another SRS characteristic parameter is the frequency ingince June, 1995 a permanent digital registration of ULF
terval between neighbouring spectral lines (frequency scale)magnetic field variations has been established in SGO. The
The IAR eigenfrequencies calculated using a simplified iono-gt5 are routinely treated to produce daily spectrograms (dy-
sphere model (where the bottom side of the ionosphere is amic Fourier spectra). These spectrograms often show the
layer with thicknes#, and the electron density exponentially presence of the resonant structures in the background noise,
decays in the upper ionosphere with a sdalare given by  which will be the subject of this study. Due to the character-

the formula (Belyaev et al., 1990); = %, wheren, stics of the instrument, the frequency range of detection is
is the Alfvén refractive index at the altitude of the F-layer from 0.1 up to 4Hz. Figure 1 presents an example of a set
maximum. Thus, the frequency scale of daily spectrograms. Even a quick look at the spectrograms

makes clear the main features of the diurnal variation of SRS.
(1) Both the SRS frequencies and the frequency interval increase

towards nighttime and decrease towards daytime. The SRS s
depends only on ionosphere parametérs o (Merr * more prominent during nighttime. Below we present this and
Nemax) Y2, whereM, s andN,,,.. are effective ion mass and other morphological features on the basis of a statistical anal-
electron density in the F-layer maximum, respectively). ysis. For the statistical study we divided every day into eight

Using the theory by Belyaev et al. (1989b), Demekhov 3-h intervals, and determined whether or not SRS was ob-

et al. (2000) demonstrated the consistency of the calculatederved during every such interval. This counting was used for
spectra and the observations for two particular cases. Yahnithe determination of the occurrence probabilty= No/N;,
et al. (2001) compared long-term behaviour of observed andvhere Ny is the number of the 3-h intervals when SRS was

c

AF = ——
2n,(+h)
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Fig. 2. (a) Monthly median values of SRS frequency scale observed in SGO during 1995—({i§9®onthly occurrence rate of SRS
observations in SGO during 1995-1999. Each panel corresponds to a 3-h interval of UT. Note that magnetic local time in SGO is UT+2.

observed, and@V; is the total number of analysed intervals. z 1.0 —
If SRS was observed, we determined (for the middle of the & . |
interval) the frequencies, at which the background noise had £ i e

. .. o oo T T f f i i T T 1
maximum and minimum, and a frequency scaleF| be- D' 1' 2' 3' l 5' B' ?| 8' 9'
tween the visible structures. Sodankyla K-index

Fig. 3. Occurrence rate of SRS observations in SGO depending on
the localK -index.
3 Diurnal, seasonal, and long-term behaviour of the

SRS characteristics . . .
The occurrence rate of SRS exhibits a similar behaviour.

) On average, it is higher at night hours, in wintertime, and
We calculated the monthly median values/of’ from June  qyring years of solar activity minimum. Such behaviour is
1995 until December 1999. The result for every 3-n UT in- tyica for each time interval, except for the intervals 18:00—
terval subsetis shown in Fig. 2a. A similar plot was made for;1-00 and 21:00-24:00 UT. At that time, in contrast to the av-
monthly values of (Fig. 2b). These figures illustrate the ba- ¢age hehaviour, the occurrence rate in winter is smaller than

sic features of the SRS morphology: diurnal behaviour, sea;n, summer during 1995-1996. We will discuss this anomaly
sonal dependence, and solar cycle variations. Let us considggeq

the diurnal variation. From Fig. 2 it is clearly seen that for

night hours (18:00-21:00, 21:00-24:00, 00:00-03:00 UT),

AF is higher than that for day hours. For example, for Jan-4 Dependence on geomagnetic activity

uary 1996, theA F is ~2 Hz at 00:00-03:00 UT and0.7 Hz

at 12:00-15:00 UT. This is more prominent in winter than Examination of the bulk of the data reveals that SRS is rarely
in summer. There is very clear dependenceAdf on the  observed during pronounced broad-band ULF activity, which
season; for every UT interval F is larger in winter than in  is connected to geomagnetic disturbances (e.g. pulsations
summer. Seasonal variations are more pronounced for nighRiB, PiC). The result of a statistical investigation of the de-
hours; they are stronger for the years close to the minimunpendence of the SRS occurrence on the level of geomagnetic
of solar activity (1995-1996). activity (characterized by the loc& -index) is presented in
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Fig. 3. (The localK-index characterises the amplitude of foF2. (This frequency is the maximum ordinary mode radio
the geomagnetic field variations at the given station within awave frequency capable of reflection from the F2-region of
three-hour interval.) The figure (constructed using the wholethe ionosphere; this is proportional to the square root of the
data set) shows that when the geomagnetic activity increasesyaximum electron density.) Figure 5a shoWg,,, calcu-
the occurrence rate of SRS decreases. This holds not onliated from the median values fdF2 for every month within
for the whole data set, but also for every yearly subset (nokight 3-h intervals of UT. Figure 5b demonstrates the max-
shown). imal density in the F-layer revealed by the IRI model. The
discrepancy is clearly seen.
Fortunately, the IRI model gives us an opportunity to adapt
5 Comparison of observations with predictions of the  the model result to some observable parameters. In further
IAR theory calculations, we used the IRl model adapted to observations
of the electron density in the F-layer maximu,f,,.), as
As it has been mentioned, SRS in the range of 0.1-10 Hz ishown in Fig. 5a. Thus, we obtained the profiles of the iono-
commonly interpreted as a result of the IAR. According to spheric parameters needed for the reflection coefficient cal-
the theory, SRS is due to the resonant nature of the ionoculations. In turn, the calculated ionosphere reflection co-
sphere reflection coefficient, which is the ratio of the re- efficients similar to those presented in Fig. 4b were used to
flected magnetic field magnitude to the magnitude of the in-reveal the frequency scaleF within every 3-h interval for
cident Alfven wave. the middle day of every month during 1995-1999. The cal-

We calculated the ionosphere reflection coefficient usingculated values oA F are shown in Fig. 6. (Some gaps in
the full-wave analysis method by Ostapenko and Polyakovthe plot are due to the lack &5F2 measurements.) Quantita-
(1990). The method allows one to calculate the reflectiontively, the calculated frequency scale exhibits diurnal, sea-
coefficient of the upper ionosphere based on computing th&onal, and long-term variations similar to those observed
wave amplitude at any altitude. The calculations require(Fig. 2a), but values of the parameter may sometimes differ
knowledge of the altitudinal profile of the ionospheric elec- significantly. More likely, this fact means that the problems
tron and ion densities. Due to the lack of measurements ofyith the IRl model are not solely due to an incorrect predic-
these parameters, the calculation has been done using thign of the maximum electron density in the F-region. Ev-
IRI-95 model. Figure 4a shows the electron density pro-idently, the upper part of the ionosphere (above the F-layer
files (according to IRI-95) above the site with coordinates maximum), which cannot be probed by ionosonde, is also
of SGO for mid-winter and mid-summer conditions in 1995 reproduced poorly by the model.
and 1999. (Note that the year 1995 is close to a minimum,
and the year 1999 is close to a maximum of the solar activ-
ity.) All profiles are taken for 00:00-03:00 UT. The calcu- 6 Summary and discussion
lated reflection coefficients are shown in Fig. 4b. They ex-
hibit clear resonant structure, but the features of the structur&Ve studied the morphological properties of the spectral res-
vary significantly depending on season and year. Namely, th@nance structure in the background electromagnetic noise in
modulation depth for the year of the solar activity minimum the frequency range 0.1-4.0Hz, as observed at Sodankyl
is larger. This means that the probability of observing the Geophysical Observatory, which is situated in the auroral
structure on the ground should be larger as well (see discuszone,L = 5.2. It was shown that:
sion in Trakhtengerts et al., 2000; Belyaev et al., 2000). From
Fig. 4b one can also infer a seasonal dependence. Indeed, thet- Both the SRS occurrence rate and the SRS frequency
modulation depth in winter is larger than in summer. From  Scale exhibit a clear diurnal variation. Both values are
Fig. 4b it is clear that a larger difference between neighbour-  highestin the night hours;
ing minima of the reflection coefficien\(F) is expected in
1995, and a smaller one in 1999. The difference between
winter and summer is also evident. Thus, the tendencies evi-
dent from the calculations based on the IAR theory presented
in Fig. 4b are in a good qualitative agreement with the SRS
morphology.

An important element of the above consideration is the
use of the IRI model. In spite of the usefulness and advan-
tages of this model, the imperfection of the IRI model is well
known. In particular, at the h|gh latitudes it may reprOduce 4. The occurrence rate of SRS decreases when geomag-
the ionosphere parameters with significant errors. To illus- netic activity increases.
trate this fact, we compared the electron densities obtained
from the ionosonde observations with those calculated from Similar diurnal variations oA F were found by Bsinger
the IRl model (Figs. 5a and b). To estima¥g,,.., we used etal. (2002) at low latitude, by Belyaev et al. (1989a) at mid-
the SGO ionosonde measurements of the critical frequencyle latitude and by Belyaev et al. (1999) and Semenova et

2. There is a clear dependence on season. Both the occur-
rence rate and the frequency interval are higher in winter
than in summer (with some exception for the occurrence
rate at 18:00-24:00 UT in 1995-1997);

3. The long-term behaviour of the two parameters exhibits
a tendency to become smaller from the years of solar
minimum to the years of solar maximum;
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Fig. 6. Values of the SRS frequency scale during 1995-1999 calcuFig. 7. The long-term variations of the paramelgrcharacterising
lated on the basis of the IAR theory using the IRI model adapted tothe upper ionosphere electron density decay, inferred from the SRS
the values ofVesqx Shown in Fig. 5a. frequency scale and ionosonf#2 measurements made in SGO.

al. (1999) in the auroral zone. The diurnal behaviour is ex-
plained on the basis of the IAR theory as a result of diurnal
changes in the upper ionosphere. Demekhov et al. (2000
did a qugntitative modelling of the diurr_1a| changes_AirF (I + h) % (Mesp)Y/2 according to Eq. (1) by using F and
and obtained a good correspondence with observations. Nupas from Figs. 2a and 5a, respectively. The result pre-
The seasonal dependence has not been noted in the past |§enting the long-term variation df is shown in Fig. 7. For
erature. Asto the variations during the solar cycle, Belyaev ethis figure those values ok F were taken which were ob-
al. (2000) have found a similar behaviour, as reported here, ofained with a probability of the SRS observation exceeding
the occurrence rate in mid-latitudes on the basis of 10 yeargne threshold of 10% (see Fig. 2b). This fact, as well as the
of observations. Note that Belyaev et al. (2000) could notjack of thefoF2 observations during some intervals, explains
resolve the seasonal variation because the observations wefjge gaps in Fig. 7. It is interesting to compare these charac-
very scanty (sometimes only a few days per year). The Soteristics with that estimated from the IRI model. Of course,
lar cycle variation of the SRS occurrence rate was explainedhe model electron density profile differs from the simplified
by Trakhtengerts et al. (2000) on the basis of the IAR theorygne applied for derivation of the Eq. (1). As a proxy for the
by consideration of the modulation depth of the ionospheresym (1 + 1) we takelo, which is the characteristic scale of
reflection coefficient for solar minimum and maximum con- the electron density altitude decay above the F-layer maxi-
ditions. As shown in the previous section, both seasonal anghum. To obtairy we approximated the model profile by an
solar cycle dependence of the frequency interval are also in @xponent, which provides the model electron density values
good qualitative agreement with the predictions of the theory.in two points: at the maximum of F-layer and at an altitude
This qualitative agreement confirms the suggestion byof 1500 km. The long-term behaviour of thex (Meff)l/2
Belyaev et al. (1989b) that the SRS frequency scale can podor interval 18:00-21:00 UT is shown in Fig. 8M( s — the
sibly be used for the estimate of the upper ionosphere paeffective mass of ions in the F-layer maximum — is deter-
rameters. The SRS observations, along with the ionosondenined here from the IRI model.) Comparing the quantities

measurements, enable us to estimate the parameter which
haracterises the scale of the electron density decrease above
e F-layer maximum. Thus, we determined the vdlue-
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these morphological properties of SRS agree with predic-
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S tions by the IAR theory. Finally, we confirmed that observa-
= tions of SRS could be used for estimation of the upper iono-

| ! ! | | sphere parameters and for improving the existing ionosphere
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models.

Fig. 8. The long-term variations of the upper ionosphere electron
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