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EXPERIMENTAL OBSERVATIONS (SPECTRAL LINES)

Not only cosmic ray fluctuation spectra in a broad frequency band as the whole but
also the behaviour of individual spectral lines (peaks) during various periods of solar,
interplanetary, and geomagnetic activity are very important to study. The selected
period of September 7 - 23, 1977 was analyzed using the 5-min cosmic ray neutron
component intensity data from the cosmic ray stations at Utrecht (middle latitude)
and Kerguelen (high latitude). The analysis was carried out by the power spectrum
method, the auto-regressive methods, and the method described above using the 12-
hour and 24-hour intervals with a 3-hour shift. In such a way, more than a hundred
dynamic spectra were obtained which permit to estimate the dynamical behaviour
of the spectral characteristics throughout the entire studied range.

The September 7- 23, 1977 period is characterized by several solar flares which
occurred from September 9 to 22, namely, on September 7 at 2227 UT (class 1B at
109N 90°E), 2252 UT (2N at 109N 90°E) and 2255 UT (1IN at 99N 90°E); on Sep-
tember 9 at 1646 UT (2B at 10°N 80°E); on September 14 at 1545 UT (1N at 6°N
79E); on September 16 at 2230 UT (3N at 89N 199W); on September 18 at 0050 UT
(2N at 79N 339W); on September 19 at 1045 UT (3B at 99N 490W); on September
20 at 0321 UT (3N ats15°N 559W). Forbush decreases were observed in cosmic
rays on September 12 (2% amplitude) and on the 21st (5 - 6%). A persistent iono-
spheric storm was observed from the 19th.

A weak geomagnetic storm was recorded on September 13-14, and a strong geo-
magnetic storm was observed against a flare-generated recurrent background on Sep-
tember 19-23. Nevertheless, all this flare-induced activity was explicitly reflected in
cosmic rays only on September 12 and 21. This is why the analyzed interval was
tentatively broken into three parts, namely, the quiet periods (September 8 - 9 and
15 - 19), the periods before the Forbush decreases (September 10 - 11 and 19 - 20),
and the periods of the Forbush decreases.

Fig. 7 presents the cosmic ray fluctuation power spectra on September 8 and 9,
1977 inferred from the diurnal realizations (the auto-covariance functions are char-
acterized by small amplitudes and, simultaneously, a significant discreteness of the
lines, Fig. 7a). The spectra are characterized by a weak frequency dependence (Fig.
7b). The auto-regressive models confirm the results of the Fourier analysis in that
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the auto-regression estimation of the power spectrum has failed to show specific
peaks in the spectra falling outside the 95% confidence interval. The study of all
the quiet (or quasiquiet)-period spectra has demonstrated the almost absolute ab-
sence of significant (>95%) peaks, a low power level of the estimate in the high-
frequency band (f~3.3 x 107 Hz) throughout the studied range, and a relatively low
value of the spectral index . These features are reliably traced not only in the re-
sults of the present work but also in the studied spectra for other periods (Libin,
1983a; Gulinsky et al., 1983).
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Fig. 7. Autocovariance function (a) and the cosmic ray fluctuation spectra (b, ¢) on September 8 - 9, 1977.
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The analysis of the spectra calculated for the periods before the interplanetary
medium disturbances in the Earth’s vicinity has revealed a complicated and varying
pattern of the occurrence and formation of the quasiperiodic fluctuations of the cos-
mic ray particle flux intensity on the Earth’s surface and at different altitudes. The
complicated and varying pattern is traced especially well in calculating the instan-
taneous spectra in terms of the auto-regressive models of order 10 and 20 (Fig. 8).

MODEL 20
SHIFT =72

208, L

MODEL 10

Fig. 8. The instantaneous spectra for periods prior to the arrival of interplanetary disturbances at the Earth.
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The figure presents the instantaneous spectra at 0600 UT, 1100 UT, and 2000 UT
on September 20, 1977 (curves 1, 2, and 3). The analysis of the spectra calculated
has shown that, according to the oversmoothed estimates (Fig. 8, model order 10), a .
peak at 1073 Hz frequency (T~ 15 min) appeared practically within 20 hours prior to
the Forbush decrease (September 21, 1977), whereupon it disappeared gradually
and completely by the end of the day, while the power at f >1.5 x 1073 Hz increased
simultanaouely with the disappearance of the peak. At the same time, the applica-
tion of the higher-order model has made it possible to detail significantly the ob-
served pattern. Indeed, the instantaneous spectra for the model of order 20 exhibit
a steady-state peak at ~5 x 107*Hz frequency (T~30 min) and, as before, a peak at
1073 frequency which is much in excess of the 999 confidence level. Besides that,
the estimated power increased significantly by the end of September 20, 1977, in
good agreement with the results of Kozlov (1981). Asa whole, the pattern obtained
is properly reflected in the fluctuation power spectrum. The spectra exhibit three
statistically significant peaks at 5 x 10™*Hz, 1073Hz, and 1.17 x 1073 Hz a day be-
fore the disturbance. It is also seen that the peaks appeared during the first half of
the September 20 day. The verification of the reality of the discriminated fluctua-
tions in terms of the auto-regressive models of different orders has fully confirmed
the results observed.

The entire rearrangement process for the September 20, 1977 spectra can proper-
ly be traced using the dynamic spectra inferred from the Utrecht data (Fig. 9a, b).
The spectra were calculated throughout the 24-hour interval in each 2 hours in terms
of the models of orders 10 and 16. From Fig. 9 (a, b) it is seen that the amplitudes
of the 5 x 107 Hz, 103 Hz, and 1.7 x 1073 Hz peaks, which were generated as early
as September 19 (during the second half of the day), got maximum at 0200 UT on
September 20 and became statistically insignificant by 0800-1000 UT. At the same
time, the estimated power at f~1.3 x 107> Hz and f~8.3 x 107 Hz began rising from
2000 UT.

Thus, the results presented have shown that, at least 24 hours before the arrival
of the disturbance at the Earth, the spectra suffered powerful fluctuations at several
frequencies (the frequencies are always related to the quantitative characteristics of
the disturbance) which exceeded the 95% confidence level and dissipated to the
low- and high-frequency bands prior to the arrival of the disturbance. The analysis
of the same period but on the basis of 12-hour (instead of 24-hour) intervals has pro-
perly confirmed earlier results. From the calculations it is seen that the clearly ex-
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Fig. 9. The dynamic spectra of the cosmic ray fluctuation power on September 20, 1977 inferred from hourly
data. Frequency is given in 1/60,000 Hz.
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pressed peaks are observed in the spectra at frequencies of about 5 x 107 and 1073
Hz by 0600-0700 UT on September 20, 1977. In 6 hours, the entire diversity of the
discriminated frequencies degenerated into a single peak at a (1.2 - 1.3) x 1073 Hz
frequency which dissipated as early as 1400 UT. By 2000 UT, a peak at 8.3 x 107*
Hz had been formed while the 5 x 10™*Hz peak existed permanently.

The analysis of the cosmic ray fluctuations on September 21 has made it possible
to estimate the subsequent dynamic evolution of the spectral estimates. Fig. 10 pre- .
sents the full set of the spectral estimates of the cosmic ray fluctuations inferred
from the Utrecht data for September 21, 1977, the covariance function (Fig. 10a)
which shows the clear trend to rise to a value of 0.4, the power spectrum (Fig. 10b),
the auto-regression estimation of the spectrum (the instantaneous spectra for the 24-
hour period of 0005-2400 UT in each 6 hours, curves 1, 2 and 3 in Fig. 10c.). The
examination of the fluctuation power spectrum has revealed the peaks at the fre-
quencies of about 6.5 x 10 Hz, 8.3 x 10™*Hz, 1.05 x 1073 Hz, 1.3 x 1073 Hz, and
1.45 x 1073 Hz which correspond to the 12 - 25 min fluctuations. Of these frequen-
cies, the 1.3 x 107 Hz peak (T~ 13 min) is the most pronounced. The auto-regression
estimation of the spectra has confirmed the presence of the isolated peaks in the
models of order 20 (the models with higher orders fail to introduce significant alter-
ations to the estimates). The instantaneous spectra show a shift (dissipation) of the
peaks to higher and lower frequencies as the disturbance approaches the Earth,
namely, the 9 x 107*Hz, 1073 Hz, 1.1 x 1073 Hz, and 1.45 x 1073 Hz peaks are clear-
ly seen on curve 1 (most of them are merely absent in the power spectrum) at 0600
UT on September 21, 1977, whereas the fluctuations with periods of 15 and 20 min
(f~8.3 x 10 and 1.3 x 1073 Hz) appear at 1800 UT (within the confidence inter-
val) and the estimated power rises throughout the high-frequency band. Similar es-
timates inferred from the Kerguelen data have shown a good agreement between the
results obtained (Fig. 11) in the behaviour character of the spectra observed and in
the discriminated frequency bands.

The study of the fluctuations in the intervals with Forbush decreases (the decay
phase on September 22, 1977) has shown that the covariance function falls gradual-
ly (Fig. 12a). The peaks of the cosmic ray fluctuation power spectrum (Fig. 12b)
inferred from the Utrecht data do not exceed the 95% confidence level (with the -
window width of about 15) and exhibit a large spread of their amplitudes (~99%)
as the window width increases up to 90 at all the studied frequencies. The dynamics
of the formation and rearrangement of the spectra (Kerguelen data) can be properly
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Fig. 10. The spectral estimates for the September 21, 1977 interval. (a) Covariance function; (b) Power spec-
trum; and (c) Auto-regression estimation. Frequency in 1/60,000 Hz.
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Fig. 11. Spectral characteristics of the fluctuations inferred from the Kerguelen data.

traced in Fig. 12c which shows the instantaneous spectra in each four hours from
0400 to 2400 UT on September 22. It is seen that the peaks with amplitudes 95%
< A<99Y% are observed in the low-frequency band before the disturbance at 0005-
1200 UT (curves 1-3) and that, starting from 1200 UT, the spectrum rearranges rap-
idly and gets in practice flat (curve 4).

The spectral analysis of the September 22 and 23 data from Kerguelen has de-
monstrated a pronounced decay of the fluctuations in the high-frequency band and
a considerable increase of the spectral slope compared with quiet periods (the For-
bush decrease itself was treated by the program as a trend and was excluded from
the analysis of filtrations). This is in good agreement with earlier results (Libin,
1983b; Kozlov, 1981b) obtained by analyzing the fluctuations in the neutron and
ionized components of the cosmic ray intensity during Forbush decreases.

DISCUSSION OF RESULTS

The analysis of the spectral cosmic ray characteristics has revealed a complicated and
varying pattern of the occurrence and disappearance of the quasiperiodic fluctua-
tions in the intensity of the proton, muon and electron fluxes on the Earth surface
and at various altitudes in the atmosphere and in the interplanetary space. As a first
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approximation , the pattern can quite adequately be described by the kinetic theory
of cosmic rays in terms of the drift approximation. The relations obtained make it
possible to predict the arrival of the interplanetary magnetic disturbances at the
Earth using the observed cosmic ray power spectra.

CORR. FUNCK)

POWER SPECTRA

Fig. 12. Spectral characteristics during the I'orbush decrease decay phase inferred from the Utrecht data. (a)
Covariance function of the cosmic ray intensity on September 22, 1977. (b) Power spectra. (¢) The instan-
taneous tluctuation spectra on September 22, 1977 inferred from the Kerguelen data. Frequency in 1/60,000 Hz.
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We consider the prospects of future studies of cosmic ray fluctuations, and their
application to continuous diagnosis and predictions, to be contingent upon the fur-
ther development of theoretical approaches (the kinetic theory of fluctuations, the
approximations in terms of the isotropic and anisotropic diffusion, the fluctuation
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theory for the process of cosmic ray generation and subsequent propagation in the
corona, the interplanetary space, and the Earth magnetosphere), upon the extension

of experiments (detection of cosmic ray fluctuations with ground-based high-preci-
sion instruments in various asymptotic directions, the use of the worldwide net-

work of neutron monitors as a unified planetary omnidirectional superinstrument,
the detection of cosmic ray fluctuations at various depths undergound, on balloons
and on spacecrafts), and upon the perfection of the techniques for analyzing exper-
imental data (the real-time processing of information by the independent methods
controlling each other). Such advances will make it possible to solve quite a number
of important problems bearing on quantitative diagnostics and prediction of such
events as powerful solar flares, interplanetary shock waves, and disturbances propa-
gating in interplanetary medium.
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