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1. INTRODUCTION

During strong geomagnetic storms, the main struc-
tures of the magnetosphere and ionosphere are subject
to substantial changes in their localization and dynam-
ics. Geophysical manifestations of extremely large
magnetic storms are of special interest, because their
probability of appearance is relatively low (not higher
than four events in one 11-year solar cycle), and, there-
fore, representative data on the entire complex of pro-
cesses interacting in the magnetosphere–ionosphere
system is absent.

Large-scale traveling ionospheric disturbances
(TID) with characteristic periods of 1–2 h and wave-
lengths of 1000–2000 km are one of the significant
midlatitude manifestations of magnetic storms. Many
works, including the detailed reviews [Hocke and
Schlegel, 1996; Hunsucker, 1982], have been devoted
to the studies of large-scale TID. It is assumed to be an
established fact that such TID are the manifestation of
acoustic gravity waves (AGW), whose regions of gen-
eration are located in the auroral zones of the Northern
or Southern hemispheres. Therefore, the study of large-
scale TID can yield important information about the

processes proceeding in these zones under quiet and
disturbed conditions.

Afraimovich 

 

et al.

 

 [2000] were the first to develop a
method for determining large-scale TID characteristics
based on calculating the spatial and temporal gradients
of electron concentration with the use of three spaced
GPS stations (GPS-array). The method was used to
determine TID parameters during the large magnetic
storm of September 25, 1998. The authors indicated
that the large-scale solitary wave with a duration of

 

~1

 

 h and wavefront width of not less than 3700 km,
generated as a result of the auroral disturbance, propa-
gated equatorward over a distance of not less than
2000–3000 km at an average velocity of 

 

~300

 

 m/s.

Yeh 

 

et al.

 

 [1994] studied the global response to the
October 1989 magnetic storm, using the data of the ion-
osonde network. They observed low-latitude airglows
over wide distances in the Northern and Southern hemi-
spheres. The most pronounced manifestation of the
storm is prolonged decreases in ionization at midlati-
tudes. During the storm main phase, the zone of distur-
bances extended toward the equator to a geomagnetic
latitude lower than 

 

10°

 

 and temporarily suppressed the
equatorial anomaly.
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Abstract

 

—The results of measuring the main parameters of the large-scale traveling disturbances of the mid-
latitude ionosphere at the maximum phase of the large magnetic storm of April 6, 2000, have been presented.
The total electron content (TEC) changes have been obtained from the data of the GPS stations in Russia and
Central Asia. The emission rates of the upper atmospheric OI 557.7- and 630-nm lines and the 360–410 and
720–830 nm spectral bands were measured simultaneously with TEC at the observatory of the Institute of
Solar–Terrestrial Physics, Siberian Division, Russian Academy of Sciences, located near Irkutsk (

 

51.9°

 

 N,

 

103.0° E

 

), using the FENIX optical complex. The variations in the 

 

O

 

2

 

 866.5

 

-nm emission rate have been
obtained, using the MORTI complex, at the Institute of the Ionosphere, Ministry of Education and Science,
Kazakhstan, located near Alma-Ata (

 

43.2° N, 77.0° E

 

). The variations in the critical frequency and altitude of
the 

 

F

 

2

 

 layer were measured at the same institute with the help of a standard ionosonde. A data analysis indicated
that the large-scale solitary wave with a duration of about 1 h and a not less than 5000-km-wide wavefront,
formed as a result of the auroral disturbance, propagated equatorward over a distance of not less than 1000 km
at an average velocity of 

 

~200

 

 m/s. The TEC disturbance, reflecting mainly a decrease in the electron concen-
tration near the 

 

F

 

2

 

-layer maximum, correlates well with the emission rate, which increases in the optical range
with a time shift different for different ionospheric altitudes.
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A sufficiently large number of publications [Ishim-
oto 

 

et al.

 

, 1986; Tinsley, 1979; Torr and Torr, 1984]
have been devoted to the emission behavior in the mid-
latitude upper atmosphere during geomagnetic distur-
bances. The characteristic features of the spectral char-
acteristics of the emissions in the mid- and low-latitude
upper atmosphere during strong geomagnetic distur-
bances make it possible to combine such events in the
class of “mid- and low-latitude auroras” [Rassoul 

 

et al.

 

,
1993], which differ from “ordinary” auroras at high lat-
itudes. These differences are, specifically, related to the

appearance of  1N emissions in the airglow spectra
of the midlatitude atmosphere [Ishimoto

 

 et al.

 

, 1986;
Tinsley 

 

et al.

 

, 1984], substantial enhancement of the OI
630.0-nm emission, and predominance of atomic and
ionic lines over molecular bands.

Rassoul 

 

et al.

 

 [1993] proposed a classification of
several types of low-latitude airglows depending on the
type of exciting particles (electrons, ions, and neutrals),
predominant emissions, localization, and characteristic
time scales. It is stated that several considered types of
airglows, attesting, specifically, to the appearance of the
mixture of energetic electrons and heavy particles, can
often be simultaneously observed at middle and low lat-
itudes. The 630-nm emission rate oscillations with a
duration of 0.5–2 h are recorded during moderate geo-
magnetic disturbances at midlatitudes [Sahal 

 

et al.

 

,
1988; Wiens 

 

et al.

 

, 1991]. The midlatitude airglows
observed during very strong magnetic storms (

 

Kp

 

 > 8–9,

 

Dst

 

 > 300 nT), for which the statistics of optical instru-
mental observations is limited, are of special interest.

This work is aimed at studying the response of the
midlatitude ionosphere to the large magnetic storm of
April 6, 2000, using the data of simultaneous radio-
physical and optical measurements in Russia and Cen-
tral Asia. In this case, special attention is paid to large-
scale TID with a characteristic period of 

 

~1

 

 h.

2. DESCRIPTION OF THE GEOMAGNETIC 
CONDITIONS ON APRIL 6–7, 2000,

AND GEOMETRY OF THE EXPERIMENT

Figure 1 presents (a) 

 

K

 

-indices for Irkutsk station,
(b) 

 

Dst

 

 variations of the geomagnetic field, and varia-
tions in the magnetic field 

 

H

 

 component at (c) Alma-
Ata and (d) Irkutsk stations during the large magnetic
storm of April 6–8, 2000. This storm had a pronounced
sudden commencement (SSC) at 1642 UT. 

 

K

 

-indices
reached a value of eight at the storm maximum, and the
sum of 

 

K

 

 was 48 in the course of a day. The 

 

Dst

 

 ampli-
tude sharply increased to zero at 1600 UT on April 6
and then started rapidly decreasing and reached

 

−

 

319 nT at 2400 UT. The recovery phase began after
that instant and continued until April 8. Vertical dashed
lines in Fig. 1 mark SSC and the instant 

 

t

 

min

 

 correspond-
ing to the maximum value of the 

 

dDst

 

/

 

dt

 

 derivative
(2000 UT).

N2
+

 

The geometry of the experiment is presented in
Fig. 2 in the geographic frame of reference. The GPS
stations are marked by heavy dots and small print. The
LT values, corresponding to the given longitude inter-
val, are plotted on the upper scale for the conventional
instant of large-scale TID arrival at midlatitudes at
1900 UT (see Section 3). The positions of the MORTI
(near Alma-Ata and SELE station) and FENIX (near
Irkutsk and IRKT station) optical complexes are
marked by rhombs and large print. The standard ion-
osonde, whose data are used in this work, was also
installed in Alma-Ata.

Unfortunately, for the considered region, we man-
aged to use the data of only 11 stations, whose coordi-
nates are given in the table, in spite of the large number
of GPS stations. It was necessary to detect large-scale
TID at distances exceeding the anticipated wavelength
(>1000 km) in order to reliably determine their charac-
teristics. These arguments were also taken into account
in selecting GPS stations.
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Fig. 1.

 

 Geomagnetic conditions in Irkutsk and Alma-Ata on
April 6–8, 2000. (a) 

 

K

 

-indices at Irkutsk station; (b) 

 

Dst

 

-
variations; variations in the magnetic field 

 

H

 

-component at
(c) Almaty and (f) Irkutsk stations; and variations in
(d) 

 

f

 

o

 

F

 

2

 

 and (e) 

 

h

 

'

 

F

 

 in Alma-Ata (heavy dots) and their
median values (solid lines). Dashed vertical lines mark the
instants of SSC and 

 

t

 

min

 

 (the latter corresponds to the

 

d

 

/

 

dt

 

(

 

Dst

 

)

 

 maximum).
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3. LARGE-SCALE TID CHARACTERISTICS 
ACCORDING TO THE GPS AND ALMATY 

IONOSONDE DATA

The GPS technique makes it possible to detect wave
disturbances in the ionosphere on the basis of TEC
phase measurements 

 

I

 

 at several spaced dual-frequency
GPS receivers. The methods for deriving TEC relative
changes from the measurements of the phase path
increments of the GPS transionospheric radiosignal,
caused by the ionosphere, are described in detail in
many publications [Afraimovich 

 

et al.

 

, 1998, 2000;
Hofmann-Wellenhof 

 

et al.

 

, 1992]. We present only the

final formula for phase measurements:

 

(1)

 

where 

 

L

 

1

 

λ

 

1

 

 and 

 

L

 

2

 

λ

 

2

 

 are the radiosignal phase path
increments due to the phase delay in the ionosphere (m),

 

L

 

1

 

 and 

 

L

 

2

 

 are the numbers of complete phase reversals,

 

λ

 

1

 

 and 

 

λ

 

2

 

 are the wavelengths (m) for frequencies 

 

f

 

1

 

 and

 

f

 

2

 

, const is a certain unknown initial phase path (m), and

 

nL

 

 is the error in phase path determinations (m).
Below, we will use the total electron content unit

(TECU), equal to 

 

10

 

16

 

 m

 

–2

 

, which is generally accepted
in the literature.

The TEC series at the selected receiving stations, as
well as the corresponding series of the angles of eleva-
tion 

 

θ

 

(

 

t

 

)

 

 and azimuths 

 

α

 

(

 

t

 

)

 

 of the beam to the satellite,
calculated according to the CONVTEC program,
which transforms Internet data (standard for the GPS
RINEX system) into files, were used in our experiment
as primary data for calculating large-scale TID charac-
teristics. The continuous series of measurements 

 

I

 

0

 

(

 

t

 

)

 

with a duration not shorter than 3 h are selected for
determining TID parameters.

In order to eliminate variations in the regular iono-
sphere and the trends caused by the satellite motion, we
got rid of the linear trend by preliminary smoothing the
initial series, using the selected time window with a
duration of 

 

~60

 

 min. The series of the angles of eleva-
tion 

 

θ

 

(

 

t

 

)

 

 and azimuths 

 

α

 

(

 

t

 

)

 

 of the beam to the satellite
were used for determining the coordinates of subiono-
spheric points.

For one and the same satellite (PRN25) and the time
interval 1800–2200 UT at all stations from the tabu-
lated set, the initial TEC series 

 

I

 

0

 

(

 

t) were reduced to the
vertical value, using the known technique [Klobuchar,
1986]

(2)

where Rz is the Earth’s radius, and hmax = 400 km is the
F2-layer maximum altitude.

3.1. Large-Scale Traveling Ionospheric Disturbances 
According to the GPS Data

The initial series I(t) and the series dI(t) with the
eliminated trend are presented in Figs. 3 and 4. Because
of the technical problems, for YAKZ station, we man-
aged to use only data for the PRN30 satellite in the time
interval 1700–2000 UT.

At virtually all GPS stations, I(t) gradually
decreases until a certain instant, which changes accord-
ing to a station’s position in the time interval 1900–
2100 UT. Then, we can observe the deep and sharp

I0
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General information about the experiment

Ord. no. Station ϕ°, N λ°, E tmin, UT Amin, TECU

1 YAKZ 62.031 129.681 18.383 –4.55

2 ARTU 56.430 58.560 19.000 –4.94

3 KSTU 55.993 92.794 19.000 –3.78

4 ZWEN 55.699 36.759 19.025 –0.95

5 IRKT 52.219 104.316 19.683 –2.28

6 URUM 43.808 87.601 21.017 –0.81

7 SELE 43.179 77.017 20.958 –0.71

8 SHAS 42.621 75.315 20.925 –0.69

9 KUMT 41.863 78.190 20.992 –0.91

10 TRAB 40.995 39.775 20.750 –1.47

11 KIT3 39.135 66.885 21.042 –0.61

12 FENIX 52.9 103.0

13 MORTI 43.05 76.97
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Fig. 2. Geometry of the experiment. Heavy dots and small
print correspond to the GPS stations. Solid lines demon-
strate the trajectories of motion of the subionospheric
points. Crosses at the trajectories show the position of these
points at the tmin instants of TEC variations; the tmin values
in fractions of an UT hour are given nearby. LT is indicated
above the figure. Rhombs and large print correspond to the
position of the optical devices.



GEOMAGNETISM AND AERONOMY      Vol. 42      No. 3      2002

SIMULTANEOUS RADIOPHYSICAL AND OPTICAL MEASUREMENTS 369

minimum at tmin (marked by rhombs on the x axes in the
right panels of Figs. 3, 4) and the pronounced drastic
and rapid TEC variations after this instant.

One and the same satellite (PRN25) was selected for
the entire set of stations (except for YAKZ), because the
minimal beam angle of elevation θ(t) to this satellite
exceeded 45° between 1900 and 2100 UT. This mini-
mized a possible error in transforming the oblique TEC
value into the vertical one due to the deviation of the

TEC spatial distribution from the spherically symmet-
ric distribution.

Solid curves in Fig. 2 indicate the trajectories of
motion of subionospheric points for the PRN25 satel-
lite (PRN30 for YAKZ) at an altitude of hmax = 400 km.
The positions of subionospheric points at the minima
(tmin) of TEC variations are marked by crosses in the
satellite orbits (see Figs. 3, 4); the tmin values are given
near crosses in UT hour fractions. The table gives the
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Fig. 3. Time variations in the oblique-incidence TEC, I(t), for PRN25 at (b) GPS, ZWEN, ARTU, and KSTU and (c) TRAB stations;
(e) and (f) TEC variations, dI(t), without the trend and smoothed by a time window of 60 min. (a) and (d) Time variations I(t) and
dI(t) for PRN30 at YAKZ station. Rhombs show the instants (tmin) of the dI(t) minima.
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tmin values and corresponding Amin amplitudes (in
TECU) for a subionospheric point at each GPS station.

According to Fig. 2, the dI minimum was first
observed at the subionospheric point for YAKZ at a lat-
itude of 57° N (Fig. 3d). Then, it was almost simulta-
neously observed at a latitude of about 53° N (ZWEN,

ARTU, and KSTU, Figs. 3b, 3e). These stations are
located at a longitudinal distance of 47° E from one
another; therefore, the obtained data indicate that the
disturbance front width is not less than 5000 km. Forty
minutes later, a similar disturbance was recorded at the
subionospheric point for IRKT at 51.5° N (Figs. 4a,
4d). Approximately 2 h later, the disturbance dI(t) of a
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Fig. 4. The same as in Fig. 3 but for the GPS stations: (a) and (d) IRKT, (b) and (e) SELE, and (c) and (f) KUMT, KIT3, and URUM.
Thin lines in panel (d) show the variations in the 630- and 557.7-nm emission rates (A(t) and B(t), respectively). Thin line in panel (e)
indicates the variation in the 866.5-nm emission rate, C(t).
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similar form was observed at latitudes of 40°–45° N,
where TRAB (Figs. 3c, 3f), SELE (Figs. 4b, 4e), KIT3,
KUMT, and URUM (Figs. 4c, 4f) stations are located.

Using the data of the table and Figs. 3 and 4, it is
interesting to trace the variation in the TEC disturbance
character with decreasing latitude of the subiono-
spheric point. The disturbance dI(t) amplitude Amin pro-
nouncedly decreases as the disturbance front moves
southward from 5 TECU at the northern chain of sta-
tions to 1 TECU at the southern chain. Moreover, the
rapid and drastic variations in dI(t), typical of the high-
latitude ionosphere, are observed after the abrupt
decrease in I(t). A similar fact was also reported by
Afraimovich et al. [2000]. At the southern stations,
such variations are substantially less pronounced.

These data can be interpreted in the following way.
For the stations shown in the map northern sector
(Fig. 2), in the indicated time interval (about 1900 UT),
the beams to the satellite crossed the auroral zone
southern boundary moving southward. Assuming that
the disturbance front moved uniformly, then the delay
of the disturbance appearance at the southern chain of
stations (about 2 h) corresponds to a southward motion
velocity of ~200 m/s.

Maeda and Handa [1980] and Whalen [1987]
obtained similar results using the chain of ionosondes.
In our case, the disturbance front width reaches
5000 km, which also agrees with the data obtained by
Mikhalev [1997] and Whalen [1987].

Within the scope of this work, it is important that the
value of a relative TEC variation (sharp decrease) was
very large (from 15 to 20 TECU) along the entire front
of the disturbance recorded at the chain of stations
ZWEN, ARTU, KSTU, and YAKZ. According to the
ideas generalized by Hunsucker [1982] and Ishimoto et
al. [1986], such an extended and so abruptly overbal-
anced region of the atmosphere should become a source
of powerful TID moving toward the equator. It is worth
noting once again that the Dst derivative was maximal
in this time interval (Fig. 1b), which agrees with a sim-
ilar conclusion drawn by Ho et al. [1998].

3.2. Variations in the Critical Frequency and Virtual 
Height of the F2 Layer in Alma-Ata

Figure 1d presents the variations in the F2-layer crit-
ical frequency (foF2) (heavy dots). Solid lines indicate
the current medians determined by the method that uses
the foF2 values for three months [Wrenn et al., 1987].
On the day before the magnetic storm, the magnetic
conditions were quiet, and the foF2 values were almost
median. The main phase of the magnetic storm coin-
cided with the Alma-Ata night. It is clear that the
decrease in the critical frequency relative to the median
values, which reflects the decrease in the electron con-
centration at the layer maximum, was observed shortly
after the storm commencement. The difference
between the foF2 and median current values was maxi-

mal at an instant of dDst/dt maximum. The increase in
foF2, which started at the appearance of the solar ioniz-
ing radiation, had a phase lag of approximately 2 h with
respect to the increase in the median values. Unfortu-
nately, data of sounding within seven hours after
0200 UT are absent because of technical problems.
Therefore, the instant when the foF2 current value
became again similar to the median, is determined
ambiguously.

The time variations in the virtual height h'F are
shown in Fig. 1e by heavy dots. The variation in the
current median value of h'F is shown by the solid line
in the same figure. Figure 1e indicates that h'F started
sharply increasing relative to its current median values
simultaneously with a decrease in foF2. The height h'F
recovered at 0100 UT. At that time, the critical fre-
quency was equal to 6 MHz at a median value of
11 MHz. The sharp decrease in the critical frequency
during the magnetic storm main phase agrees well with
the drastic negative disturbance of TEC observed at the
GPS stations (Fig. 4).

Thus, the considered magnetic storm was accompa-
nied by an extremely considerable decrease in the elec-
tron content at the F-layer maximum, as a result of
which foF2 decreased by 4–5 MHz. The considerable
increase in the virtual height of the F layer followed the
decrease in the electron concentration.

4. OPTICAL MEASUREMENTS

4.1. Large-Scale Emission Rate Disturbances in Irkutsk

The optical complex FENIX is located in the Geo-
physical observatory of the Institute of Solar–Terres-
trial Physics, Siberian Division, Russian Academy of
Sciences, at a distance of 100 km from Irkutsk
(51.9° N, 103.0° E, geomagnetic latitude 41.0° N, L =
2). This complex includes the four-channel zenithal
photometer and a high-sensitivity television system
based on a optoelectronic amplifier and CCD (charge
coupled device) camera.

We performed the photometric measurements in the
OI 557.7- and 630-nm emission lines and 360–410 and
720–830 nm spectral bands. The heights of the 557.7-
and 630-nm emission glows under undisturbed condi-
tions are 85–115 (with the emission maximum at
97 km) and 160–300 km (250–270 km), respectively.
Under undisturbed conditions, the O2 electron bands
with the emission maximum at 97 km and the emission
of hydroxyl (OH) molecules (scintillation heights 75–
115 km, emission maximum at 85–90 km) are the main
emission components in the spectral bands 360–410
and 720–830 nm, respectively.

The 557.7- and 630-nm emission lines were distin-
guished with the help of swinging interference light fil-
ters with characteristic halfwidths of 1–2 nm. The spec-
tral bands 360–410 and 720–830 nm were distin-
guished with absorption light filters. The angular fields
of view of the photometer channels were 4°–5°. The
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absolute calibration of the measuring channels was per-
formed in the individual previous periods against the
reference stars and was subsequently controlled with
the help of reference light sources. The photometer
software made it possible to record the data of photo-
metric channels with an averaging of 12 s. If the ampli-
tudes of the appeared pulsed signals exceeded the spec-
ified threshold, the record was performed with a time
resolution of 8 ms. During the magnetic storm of April 6,
2000, the measurements were carried out only with the
four-channel zenithal photometer.

Figure 5 shows the variations in the upper atmo-
spheric emission rate derived from the zenithal pho-
tometer data for April 6, 2000. The main characteristic
feature of these variations was the increase in the
630.0-nm emission rate in the second half of the night
by a factor of more than 20 (Fig. 5a, curve 1) as com-
pared to the emission values near midnight and on the
previous geomagnetically quiet night of April 5, 2000
(Fig. 5a, curve 3).

The dynamics of the increase in the 630.0-nm emis-
sion, which started after 1600 UT and continued at
dawn, when the optical observations were terminated,
included periodical disturbances in addition to the gen-
eral tendency toward enhancement. In the 557.7-nm
emission variations (Fig. 5a, curve 2), we can observe
an insignificant disturbance at ~1700 UT, coincident
with the similar disturbance of the 630.0-nm emission,
and a sharp (35%) increase in the emission rate, which
coincides with the first phase of the maximal increase
in the 630.0-nm emission rate.

The monotonous increase in the emission rate of the
360- to 410-nm spectral band with the superposition of
irregular short-period disturbances, which is unusual
for quiet geomagnetic conditions (Fig. 5b, curve 6 for
the previous night of April 5, 2000), was observed
beginning at 1700 UT (Fig. 5b, curve 4). The emission
rate in the 720- to 830-nm spectral band (Fig. 5b, curve 5)
monotonously decreased from 1400 UT to the begin-
ning of geomagnetic disturbances (1600 UT) and
stopped decreasing after 1600 UT.

It is interesting to compare these data with the TEC
variations measured at the nearest station (IRKT). For
comparison, Fig. 4d demonstrates (in relative units) the
variations in the 630-nm, A(t), and 557.7-nm, B(t), emis-
sion rates, measured with the FENIX device and filtered
out of the source data (Fig. 5a, curves 1 and 2, respec-
tively), as well as the TEC variations, I(t). Figure 4d
indicates that these variations very closely correlate
with each other, and that the emission rate variations
are in antiphase with the TEC variations. The maximum
in the optical data leads the TEC variation minimum by
approximately 12 min. The possible causes of such a
phenomenon are discussed in Section 6.

4.2. Large-Scale Disturbances According 
to the Optical Data in Central Asia

The optical complex MORTI (Mesopause Rota-
tional Temperature Imager) was imported to Alma-Ata
from Canada in 1997 in order to study a planetary wave
dynamics in the region of mesopause within the scope
of the PSMOS (Planetary Scale Mesopause Observing
System) project. This complex was installed at an alti-
tude of 2800 m above see level in the mountain region
located at a distance of 20 km from Alma-Ata
(43.05° N, 76.97° E). The MORTI instrumentation
makes it possible to measure the rotational temperature
and emission of the O2 (0–1) 866.5-nm nightglow. The
MORTI construction was described in detail by Mis-
awa et al. [1984]. In this paper, we only briefly describe
the MORTI instrumentation and its main specifications.

The MORTI construction includes a conical mirror,
Fresnel lens, interference filter, photographic lens, and
CCD camera. The MORTI optical axis is vertical. The
conical mirror reproduces the observed ring-shaped
region of the night sky at altitudes of 95–97 km with
inner and outer ring diameters of 47 and 63 km, respec-
tively. The interference filter is centered at a wavelength
of 867.6 nm and has a bandpass of 0.27 nm. Thus, this
filter makes it possible to transmit O2 lines with differ-
ent wavelengths from points located at different angular
distances from the optical axis, forming six concentric
rings (corresponding to six O2 rotational lines) on the
CCD-camera plane. The radial distribution of the image
intensity includes information about the rotational tem-
perature and integrated rate of the O2 emission for the
corresponding sky sector. The 5-min exposition makes
it possible to measure the temperature and relative
emission accurate to ±2 K and ±2%, respectively
[Wiens et al., 1991].

Dots in Fig. 6 demonstrate the variations in the O2
866.5-nm emission rate during the magnetic storm of
April 6, 2000, versus UT, obtained at local night, using
the MORTI of the Institute of the Ionosphere, Ministry
of Education and Science, Kazakhstan. The solid line
indicates (a) the rms trend and (b) the same series after
the elimination of the rms trend. Figure 6a indicates
that the considerable background variations in the
emission were observed on April 6 until the instant
which, according to the GPS data, is assumed to be the
time of arrival of the solitary wave caused by the mag-
netic storm. The period of these variations was 2 h;
therefore, it was possible to distinguish the solitary
wave with a duration of about 1 h and the maximum at
20.7 UT against the background of these variations.

Figure 4e shows the variation in the 866.5-nm emis-
sion rate, C(t), filtered out of the SELE source data (Fig.
6a) in the same way as the TEC data, I(t), were pro-
cessed. When comparing the results obtained from the
GPS and MORTI data (Fig. 4e), we should note that the
TEC data and MORTI O2 emissions rather closely cor-
relate with one another, though they are in antiphase:
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the O2 line emission maximum leads the TEC mini-
mum by approximately 18 min. However, in contrast to
Irkutsk, the correlation between the TEC data and
866.5-nm emission rate at SELE is quite pronounced,
but the phase relations are entirely different. Such a dis-
crepancy can possibly be explained by taking into
account the difference in the sensitivity ranges between
the FENIX and MORTI devices.

5. DISCUSSION

The localization and dynamics of the main iono-
spheric trough (MIT), plasmasphere and plasmapause,
and the zone of particle precipitation (auroral oval) and
magnetospheric–ionospheric currents first of all affect
the measured parameters discussed in the present paper.
In the most disturbed periods, the plasmapause bound-
ary can reach ultimate L values in the range 1.7–2.5
[Khorosheva, 1987], MIT appears at 43° N invariant
latitude [Annakuliev et al., 1997], and the auroral oval
boundary reaches corrected geomagnetic latitudes of
48° N (http://www.sec.noaa.gov/Aurora/index.html).
For Irkutsk, the latter boundary is located at a corrected
geomagnetic latitude of 47° N.

According to the NOAA 15 satellite data
(http://sec.noaa.gov/pmap/pmapN.html), in the dawn
of April 7, 2000, the auroral oval boundary (at a level of

0.1 erg cm–2 s–1) reached geographic latitudes of 56°–
58° N in the considered longitudinal sector. Taking into
account that the MIT width reaches several degrees, we
can assume that at least its southern boundary reached
the 52° N latitude in Eastern Siberia, where the optical
observations were carried out. The aforesaid allows us
to suppose that elements of the subauroral and, possi-
bly, auroral ionosphere could be observed at the Irkutsk
latitude during the April 6–7, 2000, magnetic storm.
The data of optical observations also corroborate this
assumption. The increased signal in the spectral band
360–410 nm after 1700 UT can be interpreted as the

appearance of the (1NG) emissions with a wave-
length of 391.4 nm, which are usually observed in auro-
ras as a result of the ionization of molecular nitrogen by
precipitating electrons and energetic atoms or ions [Ish-
imoto et al., 1986; Tinsley et al., 1984].

In addition to the well-known increase in the
630-nm emission in midlatitude airglows, the 630-nm
emission line maximum near 1930 UT, which anticor-
relates (with a certain time delay) with TEC over the
region of observations (Fig. 4d), is also of interest. A
similar maximum of the 630-nm emission against a
background of generally a growing emission rate was
also observed near Irkutsk during the large magnetic
storm of March 24–25, 1991 [Mikhalev, 1997]. If we
relate the TEC minimum to the MIT propagation dur-
ing the ring current enhancement at the storm initial
phase, we can assume that the recorded maximum in
the 630-nm emission develops in the MIT region where
stable auroral red (SAR) arcs are usually observed
[Rees and Roble, 1975].

In this sense, the data on SAR arcs over North
America [Lobzin and Pavlov, 1998] are of interest.
These authors in particular indicate that the weak air-
glow in the form of SAR arcs during strong magnetic
disturbances can “become a low-latitude airglow” and
cited the maximum SAR arc intensities in the 630-nm
emission (2.2–4 kRayleighs) during large magnetic
storms (Dst < –200 nT). The 630-nm emission rates,
recorded during the April 6, 2000, magnetic storm near
Irkutsk, fall in this range. Other researchers (e.g., see
[Khorosheva, 1987]) also identified SAR arcs with
midlatitude airglows.

For SAR arcs, the increased population of the 1D
level of neutral oxygen results from the increased elec-
tron temperature at the altitudes of the F2 region and
outer ionosphere. The latter is in turn related to the
increased heat flux from the plasmasphere, where
energy exchange takes place between the thermal
plasma and ring current.

According to [Burns et al., 1991], TEC directly

depends on the  ratio. Therefore, an increase

in N2 results in a decrease in the local (and, conse-
quently, integrated) electron concentration, which
agrees with the obtained results (Fig. 4).
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(heavy dots); solid line indicates the rms trend. (b) Relative
variations in the same series upon eliminating the trend.
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6. CONCLUSION

An analysis of the data indicated that the large-scale
solitary wave with a duration of about 1 h and front
width of not less than 5000 km, formed as a result of the
auroral disturbance, propagated equatorward over a
distance of not less than 1000 km at an average velocity
of ~200 m/s. The TEC disturbance, reflecting mainly
the decreased electron concentration in the vicinity of
the F2 layer, closely correlates with the emission rate,
increasing in the optical range with a time shift differ-
ent at different ionospheric altitudes. We can assume
that the elements of the subauroral ionosphere were
observed at the Irkutsk latitude during the large mag-
netic storm. In Alma-Ata, the magnetic storm was
accompanied by the unusually considerable decrease in
the electron concentration at the F-layer maximum,
which resulted in the 4–5 MHz decrease in the night-
time critical frequencies. The decrease in the electron
concentration was accompanied by the increase in the
layer virtual height.
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