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1. INTRODUCTION

Under good weather conditions within the model
of a spherical capacitor formed by the Earth’s surface
and the lower boundary of the ionosphere, the con�
duction current in the global electric circuit (GEC) is
determined by remote thunderstorm sources (the so�
called global thunderstorm generator). Also, there are
other additional global�scale generators in the iono�
sphere (in the dynamo region at h ~ 100–120 km), in
the magnetosphere, in the upper atmosphere of polar
latitudes (solar cosmic rays), and in the middle atmo�
sphere (h ~ 15–25 km) (galactic cosmic rays).

The midlatitude surface atmosphere, as a GEC
component, involves both global and local current
sources: a convective generator and a seismic genera�
tor, which supplies the atmosphere with Rn, a radioac�
tive gas. Cumulus clouds negatively charged in the
lower part also should be attributed to local generators.
Local generators are known to be strongly dependent

on meteorological variables (temperature, pressure,
humidity, and wind velocity), which in turn depend on
solar activity. The ionospheric dynamo makes an
insignificant contribution to atmospheric parameters
(~5–10%) [Roble, 1985]. Under good weather condi�
tions at midlatitudes in the near�surface atmosphere,
the effect of solar cosmic rays and the magnetospheric
generator should also be neglected. Even in polar lati�
tudes, the contribution of the magnetospheric genera�
tor is ~±20% relative to the contribution of the thun�
derstorm generator [Roble, 1985].

With strong solar flares and geomagnetic storms as
global processes, their influence is manifested prima�
rily in variations in global current sourcing in the
GEC. The results of the analysis of these effects at
middle and high latitudes are given in many studies
and are consistently reflected in the surveys [Roble,
1985; Rycroft et al., 2012] (including the solar event in
August, 1972).
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Similar solar events occurred in October 2003 and
November 2004. A detailed analysis of temporal varia�
tions in the electric field stress and electric conductiv�
ity of air in the near�surface atmosphere of Kam�
chatka during these events was conducted by us earlier
[Smirnov et al., 2013, 2014]. In these works, we have
considered simultaneously observed variations in the
local meteorological parameters (temperature, pres�
sure, humidity, and wind speed), as well as solar and
geomagnetic parameters (fluxes of X�ray radiation as
an indicator of the level of solar activity, the fluxes of
solar and galactic cosmic rays, Dst�variations,
Kp�indices, and the horizontal component of the geo�
magnetic field). First used to study the effects of solar
phenomena in atmospheric electricity of the near�sur�
face atmosphere, this integrated approach made it
possible to separate the contribution of global and
local sources in temporal variations in electric con�
ductivity of the atmosphere and the electric field
stress.

The temporal variations in the aforementioned
variables are naturally related to the atmospheric
dynamics during this period. In this context, to detect
more distinct cause�and�effect relationships between
these variables, it made sense to investigate their fre�
quency variations in a wide range of periods of atmo�
spheric waves: thermal tidal waves (TTWs, Т = 4–24 h)
and planetary�scale waves (PSWs, Т > 24 h). The first
attempt in this direction was the study [Smirnov et al.,
2013] for the solar events of November 2004. The
present paper is a sequel to these studies for the solar
events of October 2003.

2. ORIGINAL EXPERIMENTAL DATA

Figure 1 shows simultaneous observation data of
the following variables from October 21 to 31, 2003.

Curve 1 describes the quasi�static electric field stress
(the Еz�component) measured by a Pole�2 instrument
with an accuracy of 0.3 V/m and a temporal resolution
of 1 min, as well as the values of the Dst�index (nT) with
a temporal resolution of 1 h (http://spidr.ngdc.
noaa.gov/spidr).

Curves 2 and 3 describe electric conductivities of
the atmosphere due to positive (λ

+
) and negative (λ–)

ions, respectively, and measured by an Elektroprovod�
nost�2 instrument with a temporal resolution of 1 min.

Curves 4–8 describe the pressure (Р, hPa), temper�
ature (Т°, C), humidity (V, %), precipitation, and
wind speed (U, m/s), respectively, measured with a
temporal resolution of 10 min at WS�2000 and
WS�2300 digital stations. The resulting data are trans�
mitted to the observatory over a radio channel at a fre�
quency of 433 MHz. Curve 4 has an additional curve
for the record of the horizontal component of the geo�
magnetic field (H, nT), measured by an FRG�601G
ferroresonant magnetometer with an accuracy of
0.01 nT and a temporal resolution of 1 min.

Curves 1–8 reflect the results obtained from obser�
vations at the Paratunka observatory (ϕ = 58.9° N; λ =
158.25° E; Φ = 46.37°; L = 2.1). Also, observational
data on the state of cloudiness and precipitation at a
local meteorological station were used. Unfortunately,
the observatory provided no actinometric observa�
tional data.

Curve 7 describes three�hour values of the Kp�index.
Curve 9 describes the fluxes of galactic cosmic rays

(N is the number of particles per min) measured by a
neutron monitor with a temporal resolution of 1 min
at the Stekolny observatory (Institute of Space Physics
Research and Radiowave Propagation, Far East Divi�
sion, Russian Academy of Sciences).

Curve 10 describes the series of solar flares mea�
sured in X�ray fluxes (W/m2) by the GOES�12 satellite
http://goes.ngdc.noaa.gov/data/avg).

In addition to this figure, the Table shows a more
detailed history of these events described in depth by
Veselovskii et al. [2004], and Fig. 2 shows a close�up
view of the series of several of the most interesting
fragments of records of electric conductivity and elec�
tric field stress as a function of time UT (the local
noon and midnight at the observatory correspond to
0145 UT and 1055 UT, respectively). A detailed analysis
of temporal variations in the records shown in Fig. 1 was
performed in [Smirnov et al., 2013]. Below, the results
of their spectral analysis are presented.

3. SPECTRAL PROCESSING

To estimate the spectral power density (hereafter,
power spectrum), we used the classical method of
periodograms. The choice of lengthТ of the time win�
dow (T = 2 days) is explained by the duration of peri�
ods of anomalous bursts of solar (October 22–23, 26–
27, 28–29, 29–30) and, accordingly, geomagnetic
(October 24–25, 29–30, 30–31) activities. Next, we
used the method of superposed epochs; the good
weather days of October 21–22 preceding the emer�
gence of a strong solar flare on October 23 were chosen
as reference days for comparison. During this period,
the conditions of good weather were really retained:
we had a low wind speed with U < 4 m/s, no precipita�
tion, high stratus clouds, quiet solar activity mani�
fested in regular diurnal variations of temperature and
humidity, relatively quiet geomagnetic activity (Kp ~ 4),
and diurnal variations (typical for these conditions) in
electric conductivity and the Ez�component of the
field (Fig. 2a) [Smirnov, 2013]. Since the meteorolog�
ical variables were digitized with a temporal resolution
of Δt = 10 min, all of the data used for spectral process�
ing and digitized with Δt = 1 min were reduced to a
time step of Δt = 10 min. The calculated power spectra
S of all of the variables under analysis are shown in Fig. 3
on a linear scale, with the exception of X rays, which
vary in a very wide range (10–3–10–5 W/m2). Their
spectra SХ are plotted on the logarithmic scale.
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Fig. 1. Diurnal variations in the electric field, electric conductivity of the atmosphere, meteorological, geophysical and solar vari�
ables in October 21–31, 2003.

4. MAIN RESULTS AND DISCUSSION

Figure 3 shows the power spectra of the variables
given in Fig. 1 for selected time intervals: October 21–
22 (days of good weather); October 22–23 (a period of

high solar activity with a series of solar flares (X rays up
to 10–4 W/m2)); October 24–25 (a period of high
(Kp ~ 6) geomagnetic activity with emerging strong
thunderstorm activity); October 28–29 (a complex
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period with two solar flares and simultaneously high
geomagnetic activity (Kp ~ 9)); October 29–30 (a sin�
gle but sufficiently powerful (~10–3 W/m2) solar flare
with a prolonged period of high geomagnetic activity
and a Forbush decrease in galactic cosmic rays); Octo�
ber 30–31 (a period of high geomagnetic activity with
short�term thunderstorm activity).

Figures 3a and 3b make it possible to trace the vari�
ations in the power spectra of given parameters from
October 21 to 31 (vertical sections) and the relation�
ship between these parameters in some time periods
(horizontal sections).

We consider variations in the power spectra of the
meteorological variables: air temperature and humid�
ity (ST and SV).

Under the good weather conditions of October 21–
22, before the strong solar flare, thermal radiation with
known diurnal variations goes to the ground through

the so�called window of transparency (infrared and
visible light as well as far UV�radiation) and controls
the power spectrum of temperature and humidity. As a
result, their spectra (ST and SV) have the components
of thermal tidal waves: Smax at Т ≅ 24 h and weak addi�
tional maxima at Т ~ 12 and 48 h.

With increased solar activity on October 22–23,
the temperature spectrum ST has an emerging compo�
nent unresolved by frequency and with Т ~ 48 h, which
later (during the magnetic storm of October 24–25)
becomes predominant, and the intensity of compo�
nents with Т ~ 12 and 24 h significantly decreases.
Then, with the development of solar and geomagnetic
activity, both components with Т ~ 24 and 48 h can be
amplified or weakened but are constantly present in
the spectrum ST. The same complex changes are
experienced by the power spectra of air humidity (SV).
Their character is additionally modified by precipita�

Flare events in AO 10484 and 10486 during October 19–31, 2003 and their manifestations in near�Earth space [Veselovskii
et al., 2004]; the Dst and kp data were taken from http://spidr.ngdc.noaa.gov/spidr/ and http://wdc.kugi.kyoto�u.ac.jp/cgi�
bin/kp�cgi, respectively

Date

 Flare
SC
UT

Dst, 
nT Kp

Solar cosmic 
rays E, MeV

P, cm–2 s–1 sr–1
ГКЛ, %@ Main phase 

of stormTime UT
Duration, min Class

19 16:29; 79 X1.1/1N –40 5–

22 19:45;
>41

M9.9 –33 3–  

23 08:17; 64 X5.4/1B –21 2 –5

23 19:50; 38 X1.1/1N –11 1– –5

24 02:22; 66 M7.6/1N –8 1+ –3

26 05:17; 213 X1.2/3B –27 2 –7

26 17:17; 179 X1.2/1N –5 3– 2; 10 ''

26 21:26; 60 M7.6/2N –16 4– ''

27 09:21; 23 M5.0/1F –49 2 –6

27 12:27; 37 M6.7/1F –41 2 ''

28 09:51;
>269

X17.2/4B –30
–80

4+
8–

1
1000

–10

29 20:37; 136 X10.0/2B –233 9– '' –5
–25

14.00–29

30 –350 9– '' –15 00.01
30

τ = 11 h

30 –100 9 '' –22 18.00–30

30 –383 9 '' –24 23.00
30

τ = 5 h
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tion during thunderstorm processes on October 24,
30, and 31. The character of the spectra is completely
different in the variations of air pressure (SP) through�
out the development of solar and geomagnetic pro�
cesses: there is a predominant component with Т ~ 48 h
with weakly expressed component at Т ~ 24 h. Here,
the intensity of this peak varies slightly, except the
period of October 29–30, when there is an increase in
the spectral density of almost an order of magnitude.

Next, we consider the power spectra of the X�ray
radiation of the sun (SX) and galactic cosmic rays
(SG).

It is known [Fontenla et al., 2004; Woods et al.,
2004] that the presence of an active area on the solar
disc increases the radiation flux in the entire range of
electromagnetic radiation. To estimate the wave pro�
cesses on the sun, we use data on X�ray radiation
intensity characterizing the intensity of flares. In our
case, this is a rather rough approach to the estimation
of processes in the near�surface atmosphere). The
analysis of SX spectra shows the following: under good
weather conditions of October 21–22, the SX spec�
trum involves a wide range of components and thermal
tidal waves (24, 12, 8 h) and planetary�scale waves (Т ~
48 h). With the development of solar and geomagnetic
activities, the spectral composition is preserved but the
intensity of various components varies greatly. It can
be assumed that a similar character of the spectrum is
preserved also in the band of atmospheric transpar�
ency window, through which the ground receives addi�
tional heat influx affecting the air temperature and
humidity.

This time period was characterized by equally com�
plex power spectra of galactic cosmic rays (SG). Under
the good weather conditions of October 21–22, tempo�
ral variation in galactic cosmic rays (Fig. 1, curve 10)
involves a relatively weak decrease in the flux of galac�
tic cosmic rays, which was caused by the earlier solar
flare of October 20 (not shown in the figure but can be
found in [Yermolaev et al., 2004]). The next decrease
in the flux of galactic cosmic rays accompanied the
October 23 flare, which also is reflected in the spec�
trum by the increased component with Т ~ 48 h. When
the flux significantly decreases on October 29, the
intensity of this component grows by an order of mag�
nitude in comparison to the period of October 21–22.
In the recovery period, the power spectra SG are char�
acterized by the fact that the dominant component
with Т ~ 48 h was coupled with components with Т ~ 12,
24 h. Since the reduction in the intensity of fluxes of
galactic cosmic rays is caused by increased solar wind
blocking these fluxes, it can be assumed that the spec�
tral composition of galactic cosmic rays is determined
by the periodicity of solar processes, which also is
reflected in the spectral composition of X rays.

Let us consider the power spectra of atmospheric
electricity parameters: electric conductivity of air Sλ+

and Sλ– and the electric field stress SE. Under the

good weather conditions of October 21–22, the power
spectrum SE is dominated by a broad maximum of
intensity in the band of periods 24 h < T < 48 h and a
weaker maximum with Т ~ 12 h. Under the solar activ�
ity of October 22 and 23, the spectrum changed so that
almost all of the power proved to be concentrated in
the band of periods 12–24 h. At the same time, during
the solar flares on October 28–29, the power spectrum
was enriched by a component in a wide range of peri�
ods 12–48 h. During the magnetic storms on October
24–25 and 29–30, the spectrum was dominated by the
components with Т ~ 48 h, the intensity of which is an
order of magnitude higher than that of the corre�
sponding component on October 21–22. The com�
plex character of the spectrum SE on October 24–25
and October 30–31 is associated with the influence of
thunderstorm activity observed in these days.

The power spectra Sλ+ and Sλ– had an equally
complex character in these days. Under the good
weather conditions of October 21–22, the spectrum
has two components with 12 and 24 h, coinciding with
the periods of thermal tidal waves. However, with
increased solar activity on October 22–23, the domi�
nant component with Т ~ 48 h increased on the back�
ground of components with Т ~ 24, 12, 8 h. During a
magnetic storm and due to correspondingly reduced
fluxes of galactic cosmic rays, the power spectra Sλ+

and Sλ– expanded to the range of higher periods (Т ~
48 h). The appearance of thunderstorm processes
accompanied by precipitation carrying additional vol�
umetric charges leads to components with Т ~ 12 h
that have a weaker intensity than the component with
Т ~ 48 h.

Within the model of a spherical capacitor, the cur�
rent density in the atmosphere is determined by the
following expression [Tverskoi, 1949]

j = λE + ρ  + DtΔρ + Σjs,

where λ = eΣ(ni+Ui+ + ni–Ui–), ni is the concentration
of positive and negative ions prevailing in the lower
atmosphere, λE is the conduction current controlled
by the thunderstorm generator, ρ is the volumetric
charge,  is the medium motion velocity, and Dt is the
eddy diffusivity. The last term of the expression
describes currents of different sources, including pre�
cipitation currents (j = Σqmnm  where qm is the
charge, nm is the concentration, and  is the rate of
particle deposition during precipitation) and currents
of global sources (solar cosmic rays and galactic cos�
mic rays), contributing to the current of the global
electric circuit.

Under good weather conditions, the effect of solar
activity on current density j and, accordingly, on the
electric field stress is manifested in several ways. First,
this occurs through variation in air conductivity, which
is determined by the concentration and mobility of
ions. As a result of low temperatures in October (curve 5,
Fig. 1) and the presence of snow cover and precipita�

v

v

,mv

mv
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tion (curve 7, Fig. 1), the release of subsurface air con�
taining radon was delayed [Moses et al., 1960]. Since
the contribution of galactic cosmic rays to the lower
troposphere is insignificant, the air conductivity under
slightly varying concentration of ions is determined by
their mobility, which depends on the air temperature
[Brikar, 1969]. In addition, the coupling with solar
activity is reflected in the effects of sunrise and sunset
through the local convective generator [Smirnov,
2013], when the temperature growth leads to an
increase in the convective and turbulent heat fluxes
contributing to the current density (the terms ρ  and
Dt∇ρ). This coupling with solar activity was reflected
in the coinciding variations in the power spectra of
temperature (ST), humidity (SV), electric conductivi�
ties (Sλ±), and, partly, SE, which involve the compo�
nents of thermal tidal waves. Additionally, the influ�
ence of solar activity appeared through the action of
clouds and precipitation, which were observed at the
Paratunka observatory during the given period sporad�
ically rather than periodically. Their contribution was
manifested in variations in electric conductivity
(curves 2 and 3, Fig. 1).

Under disturbed conditions with strong solar flares
(see the table), the GEC is characterized by the activa�
tion of global atmospheric ionizers: solar and galactic
cosmic rays. As seen in Fig. 22 in [Veselovskii et al.,
2004], during the period of October 21 to 31, after the
strong solar flare on October 26, the flux of nuclei of
solar cosmic rays in the northern hemisphere increased
from 1 to ~102 on October 27 and to ~103 h/cm2 s sr on
October 28–29 under relatively quiet variations in
galactic cosmic rays (curve 9, Fig. 1). It is known that
this reduces the threshold of strong cut�off of fluxes of
solar cosmic rays. This leads to an increase in the con�
centration of tropospheric ions and, accordingly, the
conductivity in the GEC. Apparently, this process can
qualitatively explain the high constant level of electric
conductivity on October 27 and 28 and the presence of
the dominating component with T ~ 48 h in the spec�
tra S(λ+ –) and SE. However, the start of the geomag�
netic storm and the strong effect of the Forbush
decrease of galactic cosmic rays at 16:00 UT (curve 10,
Fig. 1) suppressed the action of solar cosmic rays and
extended the power spectra Sλ± and SE to shorter peri�
ods (T < 48 h). As a result, the global sources of atmo�
spheric ionization in this anomalous period of solar
activity suppressed the action of local sources: convec�
tive generator, clouds, and precipitation.

5. CONCLUSIONS

Studies of the power spectra of meteorological and
electrical variables in the near�surface atmosphere in
Kamchatka during solar events in October 2003
revealed the following:

(1) Under good weather conditions, the power
spectra of atmospheric temperature and humidity had

v

oscillations with periods of thermal tidal atmospheric
waves (T ~ 12, 24 h) caused by the of solar heat influx.

(2) During strong solar flares accompanied by
additional heat influx entering into the lower tropo�
sphere, the diurnal variation and feedback between
temperature and humidity are disturbed. When the
component with T ~ 24 h is dominating, the humidity
spectrum has an additional component with T ~ 48 h
(the period of planetary�scale atmospheric waves).

(3) This power spectrum of these variables is retains
during the magnetic storm on October 29–31.

(4) Under good weather conditions, the power
spectra of atmospheric pressure is characterized by a
wide range of oscillations 12, 24, 48 h, with T ~ 48 h
being the dominant component. With the develop�
ment of solar activity, the spectrum retained its char�
acter; however, the intensity of the component with
T ~ 48 h during the geomagnetic storm increased by an
order of magnitude in comparison with good weather
conditions.

(5) Under good weather conditions, the power
spectra of electric conductivity of the atmosphere
involve components with T ~ 12 and 24 h. At the same
time, the power spectrum of the electric field is char�
acterized by the fact that these components are weakly
expressed and the component T ~ 48 h is predomi�
nant.

(6) During strong solar flares and magnetic storms,
the power spectra of electric conductivity components
had clearly expressed components nearly with the
same intensity as at T ~ 24 and 48 h. The electric field
spectrum was more complex (due to the influence of
thunderstorm processes) but with a predominant
component T ~ 48 h, the intensity of which increased
by an order of magnitude in comparison with good
weather conditions. This character of the power spec�
trum of the electric field was also observed during solar
and geomagnetic events in November 2004 [Smirnov
et al., 2013].

(7) In the power spectra of galactic cosmic rays
accompanying strong solar flares, the component with
T ~ 48 h was predominant and increased by an order of
magnitude during the Forbush decrease on October 29.
This character of spectra was also observed during the
magnetic storms in November 2004 [Smirnov et al.,
2013]. The simultaneous amplification of components
with T ~ 48 h in the power spectra of electric conduc�
tivity of air and electric field stress points to the fact
that during strong solar flares and magnetic storms,
the role of the actual ionizer of the lower troposphere
is mainly played by galactic cosmic rays.

(8) The specified oscillation period with T ~ 48 h in
the spectra of galactic cosmic rays and of X�ray radia�
tion of the sun seems to be caused by the dynamics of
solar and geomagnetic activities with this time scale.
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