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This special issue is dedicated to the memory of Dr. Olga
Pirog, who was the actual Guest Editor. The obituary below,
prepared by Nelya Polekh on behalf of all her colleagues of
the Irkutsk Scientific Center (Russian Academy of Sciences),
opens the issue recalling to our readers her excellence and her
enthusiasm as scientist and woman.

Olga Pirog was born in 1941 in Kirensk (Irkutsk region).
After finishing the Irkutsk State University, she worked in
Norilsk. This determined the areas of her scientific interests:
high-latitude ionosphere and the magnetosphere-ionosphere
interaction.

In 1974, she successfully defended her thesis for the
degree of doctor of physical and mathematical sciences. She
was the author of more than 150 scientific articles published
in Russian and foreign journals.

Olga Pirog was a highly qualified expert in the physics of
the ionosphere and the magnetosphere-ionosphere interac-
tion. The main directions of her research were related to the
experimental study of large-scale high-latitude ionosphere
structures and their dynamic regime, the main ionospheric
trough, manifestations of magnetospheric substorms in the
ionosphere disturbances, and study of the response of the
ionosphere to geomagnetic storms. Her scientific achieve-
ments in the physics and morphology of high- and mid-
latitude ionosphere and ionospheric-magnetospheric rela-
tionships are well known in Russia and abroad and were pre-
sented at National conferences and International Sympo-
siums.

She loved traveling and tourism and was interested in
literature, music, painting, and history. She loved life. The
tragic death happened on December, 16, 2010, crossed her
plans. We lost a nice colleague, a good partner, and the

beautiful woman. We will always cherish those unforgettable
memories of her.

Even if nowadays the ionospheric plasma can be probed
by a variety of new technologies, such as LEO satellites,
rockets, incoherent scatter radars, backscattering radars, and
GNSS receivers, the understanding of its physical properties
is still matter of scientific debate. Its structure can change
significantly in space, giving rise to the formation of electron
density irregularities of different scale sizes, from thousands
of kilometers to few centimeters. Ionospheric plasma shows
a high degree of variability in time confirmed by a complex
dynamics observed over time scales from milliseconds to
decades and more. The understanding of the configuration
of the ionospheric plasma is not only a scientific challenge,
but can also address the needs of our society, focusing on
phenomena that can significantly impair a wide range of sys-
tems and applications that are at the core of several activities
embedded in our daily life. In this direction, space-weather
issues, dealing with the harmful effects of the ionosphere on
technological systems, will become increasingly significant as
we approach the next solar maximum, predicted for 2013.

The selection of the topics included in this issue is far
from being exhaustive, but it contributes to demonstrate how
many questions arise from the investigation of the coupling
between ionized and neutral atmosphere and from the solar-
terrestrial relationship. We would like to thank the authors
for their excellent contributions and patience in assisting
us. Finally, the fundamental work of all reviewers on these
papers is also very warmly acknowledged.

This special issue contains five papers: two of them inves-
tigate the plasma irregularities from observations and from
numerical simulation; one deals with the effects of solar wind



pressure in the high latitude ionosphere in both hemispheres;
another paper reports the investigation of the connection
between the ionosphere and the underlying atmosphere;
finally, the last paper is an overview of the ionosphere-
atmosphere coupling. The first paper is by Huang, titled
“Occurrence of equatorial plasma bubbles during intense
magnetic storms” and presents the measurements of the ion
density and velocity in the evening equatorial ionosphere
by the Defense Meteorological Satellite Program (DMSP)
satellites during 22 intense magnetic storms. The results of
this study provide evidence that penetration electric field
associated with southward IMF during the main phase
of magnetic storms increases the generation of equatorial
plasma bubbles in the evening sector.

The second paper, by O. V. Mingalev et al., “Numerical
simulation of the time evolution of small-scale irregularities
in the F-layer ionospheric plasma,” addresses the study of the
dynamics of magnetic field-aligned small-scale irregularities
in the electron concentration, existing in the F-layer iono-
spheric plasma, investigated with the help of a mathematical
model. The results of simulation indicate that the small-
scale irregularity, created initially in the F-region ionosphere,
decays accomplishing periodic damped vibrations, with the
process being collisionless.

In the third paper, “Effects of abrupt variations of solar
wind dynamic pressure on the high-latitude ionosphere,” 1.
Coco and coauthors show the results of a statistical study
on the effects in the high-latitude ionosphere of abrupt
variations of solar wind dynamic pressure, using Super
Dual Auroral Radar Network (SuperDARN) data in both
hemispheres. Their results show that, during periods of quiet
ionospheric conditions, the amount of radar backscatter
increases when a variation in the dynamic pressure occurs,
both positive (increase of the pressure) and negative (de-
crease of the pressure).

The fourth paper, “The Planetary wave activity in temper-
atures of the stratosphere, mesosphere, and in critical frequen-
cies of ionospheric F2 layer,” by N. M. Polekh et al., reports
the analysis of vertical-incidence ionospheric sounding data
and temperature measurements at stratospheric (30 km) and
mesospheric (80 km) heights to investigate the interrelation
between the occurrence of fluctuations with periods of
planetary waves in temperature variations at different heights
and in F2 layer critical frequency variations (foF2) under
low solar activity conditions for the time interval 2006-2007.
Their findings reveal a similarity between periodic structures
for the variations in the parameters involved.

In the last paper, “Electrodynamical coupling of earth’s at-
mosphere and ionosphere: an overview,” A. K. Singh et al. give
a brief review of the electrical processes coupling the atmo-
sphere and ionosphere, reporting their present understand-
ing of how these events play key role in energy transfer from
the lower atmosphere to the ionosphere.

Lucilla Alfonsi
Libo Liu

International Journal of Geophysics
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An important issue in low-latitude ionospheric space weather is how magnetic storms affect the generation of equatorial plasma
bubbles. In this study, we present the measurements of the ion density and velocity in the evening equatorial ionosphere by the
Defense Meteorological Satellite Program (DMSP) satellites during 22 intense magnetic storms. The DMSP measurements show
that deep ion density depletions (plasma bubbles) are generated after the interplanetary magnetic field (IMF) turns southward. The
time delay between the IMF southward turning and the first DMSP detection of plasma depletions decreases with the minimum
value of the IMF B;, the maximum value of the interplanetary electric field (IEF) E,, and the magnitude of the Dst index. The
results of this study provide strong evidence that penetration electric field associated with southward IMF during the main phase
of magnetic storms increases the generation of equatorial plasma bubbles in the evening sector.

1. Introduction

Intense geomagnetic storms occur when the solar wind with
strong, persistent southward interplanetary magnetic field
(IMF) impacts on the Earth’s magnetosphere. The inter-
planetary electric field (IEF) associated with southward IMF
penetrates to the equatorial ionosphere, creating an eastward
electric field on the dayside and a westward electric field
on the nightside. Penetration electric fields in the iono-
sphere have been extensively studied with the incoherent
scatter radar chain including the Sondrestrom, Millstone
Hill, Arecibo, and Jicamarca radars at ~75° W geographic
longitude, as well as with other space-based and ground-
based measurements [1-14], and numerically simulated with
global ionospheric models [15-18]. Huang et al. [6, 7, 14]
and Huang [11] found that penetration electric fields in
the ionosphere can last for several hours without obvious
attenuation during continuous southward IMF. Huang et al.
[8] reported that penetration efficiency, which is defined as
the ratio of the change of the equatorial ionospheric electric
field to the change of the IEF, is ~10% on the dayside.

The purpose of this paper is to study how penetration
electric fields affect the generation of plasma bubbles in the

evening equatorial ionosphere during intense magnetic
storms. Plasma bubbles are first generated in the bottomside
F region and then penetrate the F peak to the topside
F region [19-32]. However, the occurrence of equatorial
plasma bubbles during magnetic storms has not been fully
understood. In earlier studies, some investigators suggested
that magnetic storms suppressed equatorial spread F (ESF)
in the evening sector. Rastogi et al. [33] reported that the
enhanced magnetic activity reduced the occurrence of equa-
torial radio scintillations and spread F during premidnight
hours. Watanabe and Oya [34] found that the occurrence
probability of plasma bubbles decreased during magnetically
active periods for the local time in premidnight. Singh
et al. [35] found that increased magnetic activity inhibited
premidnight bubble generation. Palmroth et al. [36] analyzed
the correlation between the occurrence of equatorial density
depletions and the Kp index and concluded that the magnetic
activity decreased the number of depletions in the evening
sector.

Recent studies showed that magnetic activity may in-
crease the occurrence of equatorial plasma bubbles. Fejer
etal. [37] suggested that penetration electric fields associated



with southward IMF during the early main phase of magnetic
storms is eastward in the evening sector and will drive the
equatorial F region to move upward, producing favorable
condition for the excitation of the Rayleigh-Taylor instability.
Huang et al. [38, 39] found that plasma bubbles develop in
the evening sector during the early stages of high magnetic
activity periods, which suggests that penetration electric
fields during southward IMF are responsible for driving
plasma bubbles. Basu et al. [40, 41] suggested that the
eastward penetration electric field at dusk during the main
phase of magnetic storms causes a rapid lift of the equatorial
ionosphere and sets off plasma instabilities to form plasma
bubbles or bite-outs. Huang [11] and Huang et al. [14]
examined the measurements of the Defense Meteorological
Satellite Program (DMSP) satellite and found that the pene-
tration electric field at dusk is eastward, lasts for several hours
during the main phase of magnetic storms, and causes large
upward ion drift in the equatorial ionosphere. The numerical
simulations of Keskinen et al. [26] show that a prompt
eastward penetration electric field during magnetic storms
can increase the vertical drift of the evening equatorial F
region plasma and result in the generation of plasma bubbles.
Kelley and Retterer [13] used measured electric fields as input
into the ionospheric model and successfully reproduced
the large-scale plasma bubbles in the equatorial ionosphere
during an intense magnetic storm. The simulation results are
in good agreement with the measurements of the Jicamarca
incoherent scatter radar.

Recent studies have increased the understanding of the
influence of geomagnetic activity on the generation of equa-
torial plasma bubbles. However, further investigations are
necessary to determine how rapidly plasma bubbles are
generated in response to penetration electric fields and
how the response time of the ionosphere varies with the
interplanetary electric field and with the strength of geomag-
netic activity. In this paper, we present the DMSP satellite
measurements of the equatorial ionospheric ion velocity and
density in the evening sector and perform a statistical analysis
of the occurrence of plasma bubbles during the main phase
of intense magnetic storms.

2. Observations

We first present examples of penetration electric fields during
magnetic storms. Figures 1(a)-1(d) show the IMF B, compo-
nent, the IEF E, (dawn-to-dusk) component, the ion vertical
velocity in the equatorial ionosphere, and the Dst index on
9 November 2004, respectively. The solar wind data were
measured by the Advanced Composition Explorer (ACE)
satellite located at ~220 Rg upstream and have been shifted
to the Earth’s bow shock nose with the minimum variance
analysis technique developed by Weimer et al. [42]; the IMF
components are plotted in the GSM coordinate. In all cases
analyzed in this paper, the solar wind and IMF data have been
shifted to the bow shock nose with the above technique.

The IMF was weakly southward or close to zero before
1900 UT and became strongly southward between 1900 and
2043 UT, as indicated by the yellow shading. The first storm
of this sequence started at ~2000 UT on 7 November, and
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the Dst index reached a minimum value of —373nT at
0600 UT on 8 November and remained below —100 nT on 8-
9 November. The southward IMF between 1900 and 2043 UT
on 9 November caused a significant intensification of the
storm, and the Dst index reached another minimum value
of —223nT at 2100 UT. The Jicamarca incoherent scatter
radar was in the afternoon sector (1400-1543LT) during
the period of southward IME Shown in Figure 1(c) is
the ion vertical velocity measured by the Jicamarca radar.
The maximum upward ion velocity at ~2000 UT reached
~130 ms~!. The enhanced ionospheric ion drift had a shape
similar to that of the IEF and was obviously caused by
penetration electric field. The penetration electric field lasted
for 1.7 hours during the period of storm intensification.

Because equatorial spread F and plasma bubbles occur in
the postsunset sector, we need to determine how the plasma
drift in the evening ionosphere responds to magnetic storms.
In this study, we use the measurements of the DMSP F13
satellite to derive the ion drift velocities. The orbit of F13
crosses the equator near 1800 LT at an altitude of 848 km.
Because ion drift velocities vary with latitude, we perform
second-order polynomial fits to data taken between +10°
magnetic latitudes and use the polynomial-fit values at
the magnetic equatorial crossing to represent the ion drift
velocity at the magnetic equator. To quantify storm-time
ion drift enhancements, it is necessary to establish quiet-
time references. This is important because ion velocity data
measured by satellites may include offsets. The quiet-time
reference is derived from the data during duskside equatorial
crossings during 10 quiet days, 5 days just before and after the
magnetic storm. The details of the DMSP data processing are
given by Huang et al. [14].

Figures 1(e)-1(h) show the storm case on 29-31 Octo-
ber 2003. The shaded intervals represent the periods of
southward IMFE. The ionospheric ion drift velocity was
measured by the DMSP F13 satellite. The green line in
Figure 1(g) is the quiet-time reference accumulated near
the time of the October 2003 storm, and the red dots
represent the ion vertical velocity on the storm days. The
ion vertical velocities, including the reference, are mostly
negative (downward) during the period of interest in this
case. F13 data were acquired near the 1800 LT where the
prereversal enhancement should be in evidence during both
quiet and main-phase intervals. Downward drifts apparent in
Figure 1(g) indicate a bias in value in F13 measurements of
the ion vertical velocity. However, the ion velocity differences
between the storm-time and reference values were caused
by the penetration electric fields and reached ~120ms™.
In particular, the enhanced ion vertical drift lasted for ~6
hours during the second and third shaded periods when the
geomagnetic activity was strengthening [14].

The DMSP measurements presented in Figures 1(e)—1(h)
reveal important features of the equatorial ionospheric ion
vertical drift at dusk in response to magnetic storms. The
ion vertical drift is significantly enhanced in the upward
direction. The enhanced upward ion drift can last for up to 6
hours during continuous southward IMF and will move the
F region to high altitudes conducive for the generation of the
Rayleigh-Taylor instability and plasma bubbles.
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FiGure 1: Examples of penetration electric fields during magnetic storms. Figures 1(a)-1(d) show interplanetary magnetic field (IMF) south-
north (B;) component, interplanetary electric field (IEF) dawn-dusk (E,) component, (c) ion vertical velocity in the equatorial ionosphere
measured by the Jicamarca incoherent scatter radar, and (d) Dst index on 9 November 2004, respectively. Figures 1(e)—1(h) show the case
during 29-31 October 2003; the ion vertical velocity in Figure 1(g) was measured by the DMSP F13 satellite. The shaded regions denote the

periods of southward IMF and enhanced vertical ion drift.

We focus on the generation of equatorial plasma bubbles
following IMF southward turning during intense magnetic
storms. Figure 2 depicts (a) the IMF B,, (b) the ion density
between +50° magnetic latitudes measured by the DMSP
F14 satellite at 2000 MLT, and (c) the ion density measured

by the DMSP F15 satellite at 2130 MLT on 29 October
2003. The orbital period of the DMSP satellites is ~102 min,
and each satellite has ~14 complete orbits every 24 hours.
In Figure 2(a), UT is plotted as the vertical axis, and the
yellow shadings denote the intervals of southward IME
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F1GURE 2: Occurrence of equatorial plasma bubbles during the periods of southward IMF on 29 October 2003. Figures 2(a)-2(c) show the
IMF B, and the ionospheric ion density measured by the DMSP F14 and F15 satellites, respectively.

In Figures 2(b) and 2(c), the ion density is plotted in log-
arithm scale, and UT represents the time when the satellite
crossed the magnetic equator. The ion density varies, in
general, between 10° and 10° cm~ in the latitude range of
+50°. Because the ion density distributions over 14 orbits are
plotted in Figure 2(b) (and Figure 2(c)), the density values
are not marked for each specific orbit.

A strong southward turning of the IMF occurred between
0637 and 0656 UT, with a minimum value of —48nT, as
denoted by the yellow shading in Figure 2(a). F14 detected
significant ion density depletions at 0816 UT (the red line in
Figure 2(b)) and at 0958 UT (the green line in Figure 2(b)).
Similarly, F15 detected significant ion density depletions
at 0859 and 1042 UT. The solid horizontal red and green
lines in Figure 2(a) denote the UT when F14 detected the
ion density depletions, and the dashed red and green lines
denote the times for F15. The ion density showed normal
variations with latitude before 0800 UT, and the ion density
depletions were detected shortly after the IMF southward
turning. The time delay between the IMF southward turning
at 0637 UT and the first detection of plasma depletions by
F14 at 0816 UT is ~100 min.

The IMF was generally northward between 0900 and
1800 UT, and the ionosphere became quiet again. The IMF
became strongly southward after 1800 UT. F14 detected

significant ion density depletions at 2011 and 2151 UT, and
F15 detected ion density depletions at 2054 and 2236 UT. The
time delay between the IMF southward turning at 1800 UT
and the first detection of plasma depletions by F14 at
2011 UT is ~2.2 hours.

The data on 30 October 2003 presented in Figure 3 are
the continuation of Figure 2 for the same storm case. The
IMF remained southward until 0300 UT, and F15 detected
ion density depletions at 0014 and 0153 UT. The IMF was
mostly northward between 0300 and 1830 UT, with some
fluctuations between 1600 and 1830 UT, and then became
southward again after 1830 UT. F15 detected ion density
depletions at 2039 UT and 2221 UT, and F14 detected ion
density depletions at 2137 and 2315UT. The time delay
between the IMF southward turning at 1830 UT and the first
detection of plasma depletions by F15 at 2039 UT is ~2.1
hours.

Figures 2 and 3 reveal important relationship between
IMF orientation and occurrence of ionospheric plasma
depletions. The ionosphere was rather quiet during the peri-
ods of northward IMFE, and significant plasma depletions
occurred ~2 hours after the IMF turned southward. The
generation of the equatorial ionospheric plasma depletions
was caused by the southward IME
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F1GURE 3: Occurrence of equatorial plasma bubbles during the periods of southward IMF on 30 October 2003. Figures 3(a)-3(c) show the
IMF B, and the ionospheric ion density measured by the DMSP F14 and F15 satellites, respectively.

The deep ion density depletions in the low-latitude
ionosphere are plasma bubbles. Equatorial plasma bubbles
result from the nonlinear evolution of the Rayleigh-Taylor
instability. A unique feature of plasma bubbles is the exis-
tence of large upward ion drift caused by polarization electric
field inside the depletion region (e.g., [43]). In order to show
this feature, we plot the ion density and ion vertical velocity
in Figure 4. Figures 4(a) and 4(b) present the data measured
by F15 around 0859 UT on 29 October 2003, and the shaded
region denotes the ion density depletions. The ion density
was decreased by ~2 orders of magnitude, and the upward
ion velocity reached more than 2000 ms™!. The very large
upward ion velocity is the plasma E x B drift caused by the
polarization electric field and is the evidence that the plasma
depletions are bubbles. The plasma particles inside bubbles
are moved to high altitudes by upward E x B drifts and then
flow down along the magnetic field lines to higher latitudes.

In Figures 4(c) and 4(d), the ion density and velocity were
measured by F14 around 2137 UT on 30 October 2003. The
upward ion velocity inside the depletions near the magnetic
equator was enhanced, compared to the plasma drifts outside
the depletion region. In contrast, the ion velocity became
downward at —25° magnetic latitude. The magnetic field
lines have large dip angle at —25° magnetic latitude. When
the depleted magnetic flux associated with the equatorial

plasma bubble reaches this latitude, the plasma flow has
a significant component along the magnetic field lines. The
downward ion velocity at higher latitudes was related to the
field-aligned plasma flow.

The ion vertical velocity was upward inside the plasma
depletions at 14° magnetic latitude in Figure 4(d). The dip
angle of the magnetic field lines at 14° magnetic latitude is
about 15°, and the ion vertical velocity might be dominated
by the E x B drift and upward. At —25° magnetic latitude,
the dip angle of the magnetic field lines is about 36°, and the
ion vertical velocity could be dominated by the field-aligned
plasma flow and become downward. In addition, the orbit of
the DMSP satellite is not along the magnetic field lines. The
plasma depletions at 140 and —25° magnetic latitudes had
a longitudinal difference of ~10° and could be two separate
bubbles. The ion vertical velocity inside separate bubbles may
behave differently.

It should be mentioned that low-latitude ionospheric
plasma depletions can become very wide during intense
magnetic storms. For example, deep plasma depletions mea-
sured by F14 at 2151 UT on 29 October 2003 (Figure 2(b))
and at 2315UT on 30 October 2003 (Figure 3(b)) cover
a latitudinal range of 30—40°. Such wide depletions are not
the normal plasma bubbles. The wide plasma depletions
are caused by continuous lifting of the F region driven by
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FIGURE 4: Latitudinal structures of ionospheric ion density and vertical ion drift associated with equatorial plasma bubbles. The shaded

regions indicate ion density depletions (plasma bubbles).

strong penetration electric fields. When the entire F region
has moved to altitudes higher than the DMSP orbit, the ion
density at the DMSP orbit becomes very low. The wide
plasma depletions result from the long-lasting penetration
electric field during continuous southward IME

We now carry out a statistical analysis of the occurrence
of equatorial plasma bubbles during intense magnetic storms
and use the DMSP measurements for the identification of
plasma bubbles. The orbital path of the DMSP satellites is at
840 km altitude. Any plasma bubbles that are below 840 km
are not detected by the DMSP satellites. Our criterion for case
selection is as follows. There are no plasma bubbles for ~10
hours before the IMF turns southward, and plasma bubbles
occur shortly after the IMF southward turning. We assume
that the occurrence of the plasma bubbles is the consequence
of the IMF southward turning and penetration electric field.

We made a search of the Dst data over 1995-2005 and
found 80 intense magnetic storms with minimum Dst value
of less than —100 nT. Almost all of the intense storms were
associated with strong southward IMFE. We then checked
the DMSP measurements during these storms. In some
storm cases, ion density depletions occurred both before and
after IMF southward turning, and such cases are excluded
in our analyses because we cannot determine whether the
ion density depletions were related to the IMF southward
turning. We finally found 22 storms that satisfy the criterion.
The examples given in Figures 2 and 3 are from this set.

The Dst index during the 22 storms is plotted in Figure 5.
The epoch time is chosen to be the time of the maximum
Dst value just before the storm main phase, which generally

corresponds to the initial phase of magnetic storms. The dot
on the line of each individual storm represents the earliest
time at which deep ion density depletions were detected
by one DMSP satellite after the IMF southward turning.
For example, in the case of the IMF southward turning at
0637 UT in Figure 2, the first detection of plasma depletions
was made by the F14 satellite at 0816 UT, and we do not
count the subsequent detections by F15 at 0859 UT, by F14
at 0958 UT, and by F15 at 1042 UT. In other words, each
magnetic storm is counted only once in Figure 5. It can be
seen that the first DMSP detections of ion density depletions
occurred within 2-3 hours from the storm initial phase.
The plasma depletions in the statistics include all events,
irrespective of whether they are plasma bubbles generated
by the Rayleigh-Taylor instability or larger-scale depletions
caused by eastward penetration electric fields. In most cases,
plasma bubbles with strong upward ion drift were first
detected.

It should be noted that the initial phase of magnetic
storms with an increase of the Dst index is generally caused
by a sudden enhancement of the solar wind pressure and
does not necessarily correspond to IMF southward turning.
The penetration electric field, which lifts the equatorial
ionosphere in the evening sector, is primarily determined by
southward IMFE. Therefore, we use the time delay between
the IMF southward turning and the first detection of
equatorial ion density depletions as a measure of the effect
of penetration electric fields on the generation of equatorial
plasma bubbles.
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FIGURE 5: Epoch analysis of the Dst index during 22 intense
magnetic storms. The dot in each storm case represents the time of
the first detection of equatorial plasma density depletions (plasma
bubbles) by a DMSP satellite in the evening sector.

Figure 6 shows how the time delay between IMF south-
ward turning and the first detection of equatorial plasma
bubbles varies with the minimum value of the IMF B,, the
maximum value of the IEF E,, and the minimum Dst value.
The time delay becomes shorter when the magnitude of
southward IMF becomes larger (Figure 6(a)). The IEF E, is
determined primarily by the IMF B,. The IEF E, penetrates
to the equatorial ionosphere in the evening sector and lifts
the F region there. The larger the IEF E, is, the faster the
F region moves upward. As a result, the equatorial plasma
bubbles are generated within a shorter time, so the time delay
becomes shorter when the IEF E, is larger (Figure 6(b)).
The time delay also becomes shorter when the absolute
value of the minimum Dst is larger (Figure 6(c)), implying
that the time delay is shorter during stronger storms. The
results in Figure 6 demonstrate the role of southward IMF
and penetration electric field in the generation of equatorial
plasma bubbles.

The average time delay between IMF southward turning
and the first detection of plasma bubbles by one DMSP
satellite is 142 min in the 22 storm cases. The DMSP satellites
may not be able to detect all plasma bubbles. Measurements
from four DMSP satellites are available in most cases of our
study. The orbit of the F13 satellite is close to the dawn-dusk
meridian plane around 1800 LT. The local time interval with
high occurrence probability of plasma bubbles is between
1900-2200 LT (e.g., [34]), and F13 is generally outside the
bubble region. A complete DMSP orbit surrounding the
Earth takes ~ 102 min. If there are three satellites flying across
the bubble region, the bubble region will be sampled, on
average, every ~35min. The longitudinal (or local time)
coverage of a plasma bubble is limited, and the bubble cannot
be seen by a satellite if the satellite orbit does not go exactly
through the bubble. Furthermore, the orbital altitude of the
DMSP satellites is ~840 km, and all plasma bubbles below

840 km are not detected by the satellites. The yellow shadings
in Figure 6 cover most data points, and the data scatter
in Figure 6 is caused by these characteristics of the DMSP
measurements. It is certain that the satellites will miss some
bubbles. In other words, there are more plasma bubbles than
the DMSP measurements. Therefore, the real-time delay
between the IMF southward turning and the generation of
plasma bubbles should be shorter than 142 min. Although
some uncertainties exist in the DMSP measurements of
plasma bubbles, Figure 6 clearly indicates that the time
delay decreases with the minimum value of the IMF B;, the
maximum value of the IEF E,, and the strength of magnetic
storms.

3. Discussion

The penetration electric field after IMF southward turning
is eastward on the dayside and westward on the nightside.
However, the reversal of the penetration electric field does
not occur at the dawn-dusk meridian (0600-1800 LT). The
numerical simulations [15-18] show that the low-latitude
penetration electric field is eastward in the evening sector
and that the reversal occurs at 2200-2300 LT. The DMSP
satellite measurements presented in the right column of
Figure 1 show that penetration electric field at dusk is indeed
eastward. The eastward penetration electric field will move
the F region to higher altitudes. When the lifted F region
reaches the height where the ion-neutral collision frequency
is small enough, the Rayleigh-Taylor instability will grow
rapidly, resulting in the generation of equatorial plasma
bubbles. The time delay in Figure 6 is the delay between the
IMF southward turning and the first detection of ion density
depletions. The Rayleigh-Taylor instability must have been
excited in the bottomside F region at earlier times.

The IMF is in general strongly southward during the
main phase of intense magnetic storms. As shown in Figure 6,
the time delay between IMF southward turning and plasma
bubble detection becomes shorter as the magnitude of the
IMF B./IEF E, increases. In particular, plasma bubbles can
reach the DMSP orbital altitude of 840 km within 100 min
from IMF southward turning in a number of cases. The
observed variations of the time delay with the Dst index and
IMF/IEF justify the effect of penetration electric fields on the
generation of ESF plasma bubbles.

Equatorial plasma bubbles often cause ionospheric scin-
tillations. Scintillations are primarily generated near the
boundary of plasma bubbles where the plasma density
gradient is large. When the storm-time eastward penetration
electric field is extremely strong, the equatorial F region
in the evening sector can be moved to very high altitudes,
and significant plasma depletions are formed over a large
latitudinal range. As shown in Figure 2(b), the plasma
density measured by the DMSP F14 satellite at 2151 UT
became extremely low between +20° magnetic latitudes.
The latitudinal variation of the plasma density inside the
depletion region was gradual and smooth, and large density
gradient existed only at the boundaries. In such cases, strong
scintillations occur near the boundaries of the depletion
region, and only weak scintillations occur in the low-density



8 International Journal of Geophysics
300 300
250 | 250 b
[ ] ) L] [ ]
T 200F < 200F ]
£ ° ® g ) [ J
E ° o E ° e
B 150t ° B 150 ® 1
g o o o g [ L] °
o o o [}
£ % ® ° £ o, ° °
= I = A ° |
= 100 ° o = 100 A ° °
° °
50 501 b
0 : : : : : : : 0 : : : : :
0 —-10 =20 =30 —40 0 5 10 15 20 25 30
Minimum IMF B, (nT) Maximum IEF E, (mV/m)
(a) (b)
300
250 |
)
o 200 -
Z °
£ °
g - ¢
B 150 | °
2 oo
o °
E 100 ¢ : ®
= o o °
°
50 r 1
0 . . . . . . .
0 —100 —200 -300 —400

Minimum Dst (nT)

FIGURE 6: The time delay between IMF southward turning and first DMSP detection of equatorial plasma depletions as a function of (a) the
minimum value of the IMF B, (b) the maximum value of the IEF E,, and (c) the minimum Dst value during intense magnetic storms.

region. Abdu et al. [44] have analyzed the characteristics of
ionospheric scintillations in the Brazilian sector during the
magnetic storm on 30 October 2003.

Some previous studies [33-36] found that enhanced
magnetic activity suppressed the occurrence of plasma bub-
bles in the evening sector. Neutral wind disturbances gener-
ated in the auroral zone during magnetic storms take several
hours to reach the equatorial ionosphere and create westward
electric field in the evening equatorial ionosphere. The
westward dynamo electric field causes the equatorial F region
to move downward, inhibiting the excitation of the Rayleigh-
Taylor instability. The suppression of ESF and plasma
bubbles in the previous studies might be related to the
disturbance dynamo and occur during the storm recovery
phase rather than the main phase.

The main phase of magnetic storms occurs during south-
ward IMEF, and the recovery phase generally starts when the
IMF turns northward. In the storm case on 9 November 2004
(Figures 1(a)-1(d)), the IMF turned northward at 2043 UT
through ~0400 UT on the next day. Overshielding electric
field occurs during northward IMF [2] and will cause down-
ward plasma drift in the evening equatorial ionosphere. The
Jicamarca radar indeed measured downward ion velocity
after 2043 UT, consistent with the scenario of overshielding
electric field. This effect of northward IMF also contributes
to the suppression of ESF and plasma bubbles during the
recovery phase of magnetic storms. Abdu et al. [45] found
that the evening prereversal enhancement in the vertical
plasma drift and the consequent spread F generation can
be totally suppressed by the overshielding electric field with
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westward polarity. Our observations are consistent with the
results of Abdu et al. [45].

4. Conclusions

We have presented the DMSP satellite measurements of the
ion density and velocity at 840-km altitude in the evening
sector during the main phase of 22 intense magnetic storms
with minimum Dst value of smaller than —100 nT. It is shown
that the penetration electric field at dusk is eastward and
can last for several hours without effective shielding during
continuous southward IMF as long as the geomagnetic activ-
ity is strengthening. The eastward penetration electric field
moves the equatorial F region to higher altitudes conducive
for the generation of plasma bubbles. The time delay between
the IMF southward turning and the first DMSP detection
of equatorial plasma depletions/bubbles is in the range of
70-220 min, with a mean value of 142 min, during the
22 magnetic storms. The time delay decreases with the
minimum value of the IMF B,, the maximum value of the
IEF E, after IMF southward turning, and the magnitude of
the Dst index. In particular, the time delay becomes shorter
when the value of the maximum IEF E, is larger, indicating
the effect of penetration electric fields on the generation of
plasma bubbles. The IMF is in general strongly southward
during the main phase of intense magnetic storms. The
results of this study suggest that more plasma bubbles are
expected to occur during the storm main phase and that
plasma bubbles are generated more rapidly under stronger
southward IMF conditions.
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Dynamics of magnetic field-aligned small-scale irregularities in the electron concentration, existing in the F-layer ionospheric
plasma, is investigated with the help of a mathematical model. The plasma is assumed to be a rarefied compound consisting of
electrons and positive ions and being in a strong, external magnetic field. In the applied model, kinetic processes in the plasma are
simulated by using the Vlasov-Poisson system of equations. The system of equations is numerically solved applying a macroparticle
method. The time evolution of a plasma irregularity, having initial cross-section dimension commensurable with a Debye length,
is simulated during the period sufficient for the irregularity to decay completely. The results of simulation indicate that the small-
scale irregularity, created initially in the F-region ionosphere, decays accomplishing periodic damped vibrations, with the process

being collisionless.

1. Introduction

Occurrence of electron density irregularities is a natural
phenomenon in the Earth’s ionosphere. These irregularities
have a wide range of spatial scales, ranging from a few Debye
lengths to thousands of kilometers. The electron density
increases and depletions inside irregularities can lie in the
range from a few portions to some tens of percentages. The
well-known equatorial anomaly is the example of large-scale
irregularities in the ionospheric F layer. Another example is
the main ionospheric trough observed at subauroral latitudes
[1]. The high-latitude ionosphere can contain some types of
large-scale irregularities, for example, the tongue of increased
values of the electron density stretched over the polar cap
from the dayside to night side, polar and auroral peaks of
ionization, “patches” and “blobs” of ionization, and so on
[2-5]. Middle-scale irregularities with dimensions of tens of
kilometers are observed in the F-layer ionosphere, too [6, 7].
It is known that small-scale irregularities, which can exist
in the ionosphere, are predominately magnetic field aligned.
The Earth’s ionosphere can contain short-scale irregularities,
having cross-section diameters of about hundreds of meters

[8—11]. Also, radio aurora or small-scale turbulence of the E
layer is the well-known example of short-scale irregularities
[12]. Meteor plasma trails are the example of irregularities in
the ionosphere, too [13].

It is known that ionospheric irregularities may be orig-
inated not only by natural processes but also as a result of
active experiments in the ionospheric plasma, in particular,
as a result of release of various chemically active substances
into the ionosphere. Moreover, ionospheric irregularities
may be formed by high-power high-frequency radio waves,
pumped into the ionosphere by ground-based ionospheric
heaters. These waves cause a variety of physical processes in
the ionospheric plasma. Some such processes result in the
formation of both large-scale electron temperature and dens-
ity irregularities and small-scale, geomagnetic field-aligned
irregularities in the ionosphere. Mathematical modeling of
the large-scale F-layer modification by powerful high fre-
quency waves was performed in some studies, in particular,
in the papers by Meltz and LeLevier [14], Perkins and Roble
[15], Mantas et al. [16], Bernhardt and Duncan [17], Hansen
et al. [18], Vas’kov et al. [19], and Mingaleva et al. [20, 21].
The parameters of the small-scale irregularities, formed in



the F-layer ionosphere by powerful high frequency waves,
were described in detail by Wong et al. [22]. According to
their paper, diametrical sizes of these irregularities are several
Debye lengths (no more that about 100), while the disturb-
ances of the electron density in them can reach some tens of
percentages. The formation of the small-scale irregularities
in the F-layer ionosphere by powerful high frequency waves
was considered and simulated in the study by Eliasson and
Stenflo [23]. It can be noticed that such irregularities may
be formed in the ionospheric plasma not only artificially but
also by natural processes [22].

Just small-scale, geomagnetic field-aligned ionospheric
irregularities are investigated in the present study utilizing
a mathematical model developed recently in the Polar
Geophysical Institute (PGI).

2. Mathematical Model

The ionospheric plasma at F-layer altitudes is supposed to
be a rarefied compound consisting of electrons and positive
ions in the presence of a strong, external, uniform magnetic
field. The studied irregularities are assumed to be geomag-
netic field-aligned, with their cross-sections being circular.
The initial cross-section diameters of the irregularities are
supposed to be commensurable with the Debye length. At
F-layer levels, the mean free path of particles (electrons
and ions) between successive collisions is much more than
the cross-section diameters of the considered irregularities.
Therefore, the plasma is assumed to be collisionless. Kinetic
processes in such plasma are described by the Vlasov-Poisson
system of equations which has been considered, for example,
in the studies by Hockney and Eastwood [24], and Birdsall
and Langdon [25]. This system may be written as follows:
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where f,(t,x,V), n,(x,t), my, and q, are, respectively, the
distribution function, concentration, mass, and charge of
particles of type a, x is the space coordinate vector, v is
the velocity, By is the external magnetic field, E is the self-
consistent electric field, ¢(x, t) is the electric field potential,
p(x,t) is the electric charge density, & is the dielectric
constant of free space, and ey is the proton charge. The Vlasov
equation, (1), describes the evolution of the distribution
functions of charged particles and the Poisson equation, (2),
describes the self-consistent electric field.

As pointed out previously, the investigated irregularities
are geomagnetic field-aligned. Their longitudinal sizes are
much more than the cross-section diameters. Gradients of
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the plasma parameters in the longitudinal direction are much
less than those in a plane perpendicular to a magnetic field in
the vicinity of the irregularity. Therefore, plasma parameters
in the vicinity of the irregularity may be considered as inde-
pendent on the longitudinal coordinate. This simplification
allows us to consider a two-dimensional flow of plasma in a
plane perpendicular to a magnetic field line.

Not long ago, in the PGI, the two-dimensional mathe-
matical model has been developed which is intended to sim-
ulate dynamics of the near-earth rarefied plasma [26]. In this
model, the full implicit variant of the macroparticle method
is applied for joint numerical solving of the Vlasov equations,
(1), and the Poisson equation, (2), with the real charge-mass
ratio for electrons having been used. The Poisson equation,
(2), is numerically solved using a finite-difference method
having the forth order of accuracy. This model has been
utilized for numerical simulation of the behavior of small-
scale irregularities of the electron density which can exist in
the magnetospheric plasma [26]. In the present study, this
model is utilized to investigate the time evolution of small-
scale irregularities in the F-layer ionospheric plasma.

In this work, the simulation region lays in the plane per-
pendicular to the magnetic field line. The simulation region
is a square and its side length is equal to 96 Debye lengths of
plasma. The dimension of the simulation region is consistent
with recommendations of the applied macroparticle method
using a discrete Vlasov-Poisson system of equations. Accord-
ing to these recommendations, for the adequate represen-
tation of the real plasma, the dimension of the simulation
region should be no less than 60-100 Debye length of the
plasma [24, 25].

The grid width is equal to one eighth of the Debye length
of the plasma. The quantity of the grid cells is 768 x 768. The
time step for the electric field is equal to one hundredth of
an equilibrium period of Langmuir oscillations of electrons.
The periodical boundary conditions for the distribution
func-tions and electric field are utilized in this work. In
the model calculations, the number of macro-particles per
species is 72 - 220 & 75.5 - 10%; therefore, the average number
of macro-particles in the Debye cell for the model plasma is
equal to 213

The temporal evolution of the small-scale irregularity,
created initially in the F-layer ionospheric plasma, is numer-
ically studied during a period sufficient for the irregularity
to decay completely. The 2D2V variant of the mathematical
self-consistent model of dynamics of the near-earth rarefied
plasma is utilized. More specific details of the utilized math-
ematical model and peculiarities of the applied numerical
method may be found in the study of Mingalev et al. [26].

3. Presentation and Discussion of Results

The utilized mathematical model can describe the behavior
of the near-earth plasma under various conditions. The
results of calculations to be presented in this paper were
obtained using the input parameters of the model typical for
the nocturnal ionospheric plasma at the level of 300 km. In
particular, the value of the nondisturbed electron concen-

tration (equal to the positive ion concentration) is 10! m~3.
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The electron and ion temperatures are supposed to be equal
to 1213 K and 930 K, respectively. The bulk flow velocities of
electrons and positive ions are assumed to be zero. The value
of the magnetic field, By, is 4.4-107° T.

The above pointed out values yield the following quan-
tities of some physically significant parameters. The electron
thermal velocity, Vr,, is equal to 135.6 km/s, the equilibrium
plasma frequency, w9, is 1.78:107s~'. The Debye length
of the plasma, A%,, defined as 19, = VTe/wge, is equal to
7.6-107% m; the electron gyro radius, R, is 17.5- 107> m. The
equilibrium period of Langmuir oscillations of electrons,
Tye» 15 3.52 - 1077 s. The period of cyclotron oscillations of
electrons, T, is equal to 8.12 - 1077 s, that is, approximately
afactor of 2.3 larger than the equilibrium period of Langmuir
oscillations of electrons (T, ~ 2.3 - Tpe). The collision
mean free path of charged particles is about 50 m. The mean
free time of electron between successive collisions with other
particles, T o> 1 larger than the equilibrium period of
Langmuir oscillations of electrons by a factor of about 1047
(Tfreepath ~ 1047Tpe)'

Taking the input parameters of the mathematical model
typical for the nocturnal ionosphere at the level of 300 km,
we have calculated the time evolution of the distribution
functions of charged particles as well as self-consisting elec-
tric field for two distinct on principle situations. In these
situations, the initial distributions of electric charge density
have been different. The first situation corresponds to homo-
geneous spatial distributions of the electron and positive ion
concentrations at the initial moment inside the simulation
region, with the plasma being electrically neutral and the
electric charge density being equal to zero.

The second situation corresponds to homogeneous spa-
tial distribution of the positive ion concentration only. The
spatial distribution of the electron concentration, at the
initial moment, contains a circular irregularity at the center
of the simulation region. Inside the irregularity, the electric
neutrality of the plasma is broken whereas, beyond it, the
plasma is electrically neutral at the initial moment.

Simulation results, obtained for the first situation when
the process started from the completely electrically neutral
state, indicate that the spatial distributions of the electron
and positive ion concentrations tend to retain a homogeneity
and electrical neutrality of the plasma. However, short-scale
nonregular fluctuations of the calculated parameters of the
plasma arise near their initial values. In particular, the electric
charge density and electric field fluctuate, with amplitudes of
the fluctuations being very little. We calculate two orthogonal
components of the electric field, E, and E,, lying in the
plane perpendicular to the magnetic field. It turns out that
the maximal amplitudes of the electric field component
fluctuations do not exceed a value of 107> V/m at all grid cells
of the simulation region.

It is of interest to consider a decrease of electron concen-
tration, #,, relatively to the initial value of the nondisturbed
electron concentration (equal to the positive ion concentra-
tion), ng, that is, the ratio (ng — n.)/ng, which will be referred
to as a relative decrease of the electron concentration. The
results of calculations indicate that the maximal amplitude of

Relative decrease of the
#e (in units of 107°)

12 16 20 24 28 32 36 40 44 48 52
Normalized time, t/T p,

FIGURE 1: The time variations of maximal (top curve) and minimal
(bottom curve) values of the relative decrease of the electron
concentration, computed at all grid cells of the simulation region.
Also, the time variation of the relative decrease of the electron
concentration, calculated at the center of the simulation region
(middle curve). The results were obtained for the first situation with
the start from the completely electrically neutral state. The values
are given in units of 107°. The normalized time, ¢/ The, that is, the
time in units of the equilibrium period of Langmuir oscillations of
electrons, T}, is shown on the abscissa.

this quantity does not exceed a value of 1072 at all grid cells of
the simulation region (Figure 1). At one separate point of the
simulation region, the calculated parameters of the plasma
fluctuate near their initial values (Figure 1, middle curve).

One of the physically significant parameters of the
plasma, filling in a volume X, is a potential energy of the
plasma

W) = 3 | p- g dx, @

where p and ¢ are the same quantities as in (2). Let W, be
the initial kinetic energy of electrons filling in the volume X.
A normalized potential energy of the plasma may be defined
as Wpoi(t)/ wl .

Results of simulation, obtained for the first situation
with the start from the completely electrically neutral state,
indicate that the normalized potential energy of the plasma
fluctuates (Figure 2). It is seen that the amplitudes of these
fluctuations for the first situation did not exceed a value
of 13-107!! (Figure 2). The period of plasma parameters
fluctuations of shortest duration is about (0.1-0.2) - Tpe-
Besides, fluctuations with other periods may take place in
the simulation results, in particular, with the equilibrium
period of Langmuir oscillations of electrons, T/, and period
of cyclotron oscillations of electrons, T,,, (Figures 1 and 2).

The presence of the short-scale nonregular fluctuations
of the calculated parameters of the plasma, referred to as a
discrete noise, is due to the specific character of the applied
macroparticle method, with the fluctuation amplitudes be-
ing conditioned by the number of macro-particles used in
the calculations. It can be noticed that, in the present calcu-
lations, we use the discrete 2D2V Maxwell distribution simu-
lated by 2!! macro-particles with 16 levels of energy and 128
points for azimuth angle of velocity, which were uniformly
located in space in a square having the side length of 0.5 - A3,,.
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FIGURE 2: The time variation of the normalized potential energy
of the plasma filling up all simulation region, Wy (t)/Wy,. The
results were obtained for the first situation with the start from the
completely electrically neutral state. The values are given in units
of 107", The normalized time, t/T)., that is, the time in units of
the equilibrium period of Langmuir oscillations of electrons, T, is
shown on the abscissa.

It should be emphasized that the amplitudes of the fluc-
tuations, obtained for the first situation when process started
from the completely electrically neutral state, characterize
the accuracy of the applied numerical method that cannot
be exceeded in following calculations. The determination of
this accuracy is one of the goals of performing calculations
for the first situation corresponding to homogeneous spatial
distributions of electrons and positive ions inside the simu-
lation region at the initial moment.

Let us consider the results of simulation, obtained for
the second situation when, at the initial moment, the spatial
distribution of the electron concentration contains a circular
irregularity at the center of the simulation region, with the
spatial distribution of the positive ion concentration being
homogeneous in all simulation region. Calculations were
made for the case in which the initially created irregularity
has the cross-section diameter of 121%,, where A%, is the
Debye length of the plasma. Inside this irregularity, a part
of electrons traveled from the internal circle, having the
diameter of 6/10De, into the external ring, surrounding the
internal circle. Calculations were performed for the case in
which the relative decrease of the electron concentration,
(no — ne)/ng , is equal to 0.2 in the internal circle at the
initial moment. In other words, 20 percent of electrons were
displaced from the center of the irregularity to its periphery.
As a consequence of this displacement, an excess of positive
charge appeared in the internal circle of the irregularity,
while an excess of negative charge appeared in the ring
surrounding it. The configuration of the initial irregularity
in the plane perpendicular to the magnetic field is presented
in Figure 3(a). It can be noticed that the shape, dimensions,
and disturbance of the electron density of the considered
irregularity correspond to the parameters of the small-scale
irregularities, described in the study by Wong et al. [22].

The time evolution of the initially created irregularity
was numerically simulated using the mathematical model
described above. Simulation results indicate that, after initial
moment, the spatial distribution of the electron concentra-
tion changes essentially while the positive ion concentration
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is retained practically invariable. It turns out that the initially
created irregularity vanishes completely during a short
period, with the plasma becoming electrically neutral in all
simulation region at the moment near to the equilibrium
period of Langmuir oscillations of the electrons (¢ ~ T,,).
Figure 3(b) illustrates this condition. Further calculations
indicate that the changes in the electron concentration are
continued and, after a short period, the irregularity arises
again to a moment of about (2.2-2.3)T,, . This fact is
illustrated by Figure 3(c). It can be seen that the recovered
irregularity almost completely coincides with the initial one
presented in Figure 3(a). Later, the cycle of vanishing and
recovering of the irregularity is repeated again and again
(see Figures 3(d) and 3(e)). Thus, the time evolution of
the initially created irregularity is accompanied by periodic
vibrations. The period of these vibrations is approximately a
factor of 2.3 larger than the equilibrium period of Langmuir
oscillations of electrons, with the former period coinciding
with the period of cyclotron oscillations of electrons, T,, . In
the course of time, the amplitudes of the vibrations of the
electron concentration and electric field decrease smoothly,
with the irregularity decaying little by little.

It is of interest to note that, in the process of evolution,
additional almost symmetrical alternate rings with an excess
of charge of different sign begin to appear around the initial
irregularity situated in the center of the simulation region.
Such rings are seen in Figure 3(e) where the spatial distri-
bution of the relative decrease of the electron concentration,
obtained after approximately 2 oscillation periods, is shown.
In the course of time, these additional rings begin to fill up
all simulation region, with the irregularity center remaining
immovable. This condition can be seen in Figure 3(f),
illustrating the spatial distribution of the relative decrease of
the electron concentration, calculated after approximately 6
oscillation periods.

Simulation results, obtained for the second situation
when the temporal evolution of the initially created irreg-
ularity was studied, indicate that the calculated parameters
fluctuate at separate points of the simulation region. Exam-
ples of fluctuating parameters of the plasma are presented in
Figure 4. It is seen from the bottom panel of Figure 4 that
the amplitudes of the electric field fluctuations, obtained for
the second situation when the initially created irregularity
was studied, are much more than those, obtained for the
first situation when the process started from the completely
electrically neutral state (Figure 4(a)). In the first situation,
they did not exceed a value of 107> V/m while, in the second
situation, they can exceed a value of 0.2V/m (Figure 4). In
the second situation, it is easy to see that the electric field
fluctuations possess of two main periods, namely, the period
of Langmuir oscillation of electrons and period of cyclotron
oscillations of electrons (Figure 4(b)).

Results of simulation, obtained for the second situation,
indicate that the normalized potential energy of the plasma
can fluctuate. From Figure 5, it is seen that the normalized
potential energy of the plasma, Wy (t)/ Wy, demonstrates
periodic damped vibrations. The period of the vibrations,
having maximal amplitudes, is close to the period of cy-
clotron oscillations of electrons, which is approximately
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FiGure 4: The time variations of one component of the electric
field, namely, E,, lying in the plane perpendicular to the magnetic
field, calculated at the center of the simulation region for the first
situation with the start from the completely electrically neutral state
(a), also Ey, calculated at the point, displaced from the center of the
simulation region in the X direction for a distance of sixteen Debye
lengths (16 - AD,), for the second situation when the initially created
irregularity was studied (b). The electric field components are given
in units of 107° V/m in (a) and in V/m in the (b). The normalized
time, t/Ty., that is, the time in units of the equilibrium period of
Langmuir oscillations of electrons, T}, is shown on the abscissa.

a factor of 2.3 larger than the equilibrium period of Langmuir
oscillations of electrons. The amplitude of these vibrations
decreases from the initial value of about 0.08 to a quantity,
approximately a factor of 10 less than the initial value, with
the achieved quantity remaining almost invariable in further
calculations (Figure 5). The time interval of about 35T,
(approximately 15 vibration periods of the irregularity) is
sufficient for the amplitude of the normalized potential
energy of the plasma to become almost invariable. Results of
simulations indicate that, during this time interval, the con-
sidered irregularity lost almost completely its initial struc-
ture, was diffused, and decayed. It should be emphasized that
this time interval is much less than the mean free time of
electron between successive collisions with other particles.
Consequently, the process of decaying the initially created
irregularity is really collisionless, with the application of the
Vlasov-Poisson system of equations for the description of
this process having been justified.

As was noted earlier, the applied mathematical model
has been utilized for numerical simulation of the behavior
of small-scale irregularities of the electron density which
can exist in the magnetospheric plasma [26]. In spite of
differences of plasma parameters in the magnetosphere and
ionosphere, the behavior of small-scale irregularities turns
out to be similar. Magnetospheric small-scale irregulari-
ties were found to decay accomplishing periodic damped
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vibrations. The period of the vibrations with maximal
amplitudes turned out to be a factor of approximately 1.3-1.4
larger than the equilibrium period of Langmuir oscillations
of electrons. The former period proves to be equal to
the period of cyclotron oscillations of electrons. The time
interval of approximately 20 Langmuir oscillation periods
of electrons (about 15 vibration periods of the irregularity)
was a characteristic time of existence of the initially created
irregularity in the magnetospheric plasma at the level of
about 3000km [26]. It can be seen that, in essence, the
results, presented in this paper, are similar to the results,
obtained in [26].

4. Summary and Concluding Remarks

In this paper, the time evolution of the small-scale irregu-
larities in the F-layer ionospheric plasma was numerically
simulated using the two-dimensional mathematical model,
developed recently in the PGI. The model is based on numer-
ical solving the Vlasov-Poisson system of equations, with the
Vlasov equations describing the distributions functions of
charged particles and the Poisson equation governing the
self-consistent electric field. The full implicit variant of the
macro-particle method is applied for numerical solving of
the system of equations, with the real charge-mass ratio for
electrons having been used.

The investigated irregularities are supposed to be geo-
magnetic field-aligned, with their cross-section being circu-
lar. The cross-section diameters of the irregularities are much
less than their longitudinal dimensions. Gradients of the
plasma parameters in a plane perpendicular to a magnetic
field are much more than those in the longitudinal direction
in the vicinity of the irregularity. Consequently, the latter
gradient may be omitted and the flow of plasma may be
considered as two-dimensional in the plane perpendicular to
the magnetic field.

Calculations were made of the time evolution of the
distribution functions of charged particles as well as the
self-consisting electric field for conditions typical for the
nocturnal ionospheric plasma at the level of 300 km. Firstly,
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to determine the accuracy of the mathematical model, cal-
culations were performed for the situation corresponding to
homogeneous spatial distributions of electrons and positive
ions inside the simulation region at the initial moment, that
is, when the process started from the completely electrically
neutral state. As a consequence, the amplitudes of the so-
called discrete noise of the numerical model were deter-
mined.

Secondly, the temporal evolution of the initially created
irregularity was numerically simulated which has the param-
eters typical for small-scale irregularities in the F-layer
ionospheric plasma. Simulation results indicated that, in the
course of time, the irregularity decays accomplishing period-
ic damped vibrations.

The irregularity vanishes and recovers periodically, with
its parameters fluctuating. In particular, the normalized po-
tential energy of the plasma demonstrates periodic damped
vibrations. The period of the vibrations with the maximal
amplitudes is close to the period of cyclotron oscillations of
electrons which is approximately a factor of 2.3 larger than
the equilibrium period of Langmuir oscillations of electrons.
During the process of evolution, around the initial irregu-
larity, additional almost symmetrical alternate rings with an
excess of charge of different sign began to appear. In the
course of time, these additional rings filled up all simulation
region.

The time interval of about 15 vibration periods of the
irregularity is sufficient for the irregularity to lose almost
completely its initial structure, to be diffused, and to decay.
This time interval is much less than the mean free time of
electron between successive collisions with other particles.
Therefore, the process of destroying the initially created ir-
regularity is substantially collisionless.
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We show the results of a statistical study on the effects in the high-latitude ionosphere of abrupt variations of solar wind dynamic
pressure, using Super Dual Auroral Radar Network (SuperDARN) data in both hemispheres. We find that, during periods of quiet
ionospheric conditions, the amount of radar backscatter increases when a variation in the dynamic pressure occurs, both positive
(increase of the pressure) and negative (decrease of the pressure). We also investigate the behaviour of the Cross-Polar Cap Potential
(CPCP) during pressure variations and show preliminary results.

1. Introduction

The variations of solar wind dynamic pressure are known
to affect the energy and momentum transfer from the
solar wind to the magnetosphere-ionosphere system. To
this respect, two important factors are the rise time and
the duration of the pressure perturbation. For short rise
times strong transient perturbations are observed both in
the magnetosphere and in the ionosphere until a new
location of the magnetopause boundary is established (e.g.,
[1, 2]). On the other hand, the duration of a pressure
perturbation determines whether the effects will be localized
or global [3]. If the duration is long enough to engulf
most of the magnetosphere in the solar wind region of
enhanced/reduced pressure, the pressure variation causes
typical global increases of the geomagnetic field strength
measured at the geostationary orbit, and on the ground at
equatorial and middle latitudes, which are usually called
Sudden Commencements (SC) or Sudden Impulses (SI),
depending on whether they are followed by a geomagnetic
storm (SC), or not (SI); in such cases, often one refers to the
pressure variation itself as an SI, and this is the notation we
will follow from now on.

The energy transfer from the solar wind to the mag-
netosphere and the ionosphere during SIs can be huge,
especially when the Interplanetary Magnetic Field (IMF) has
a negative B, component. This has been shown for example
by Boudouridis et al. [4], who calculated the geoeffectiveness
of a number of pressure variations as the ratio between
the variation of the Cross-Polar Cap Potential (CPCP), that
is, the maximum electrostatic potential difference in the
polar cap, as measured by DMSP ionospheric satellites,
and the potential driven by the solar wind across the
magnetosphere, obtained as the product of the solar wind
electric field and the variation of the magnetospheric size
due to the pressure pulse. The CPCP is often considered as
a good proxy for the energy transfer between the solar wind
and the magnetosphere-ionosphere system [5]. They found
that the geoeffectiveness, or the solar wind-magnetosphere-
ionosphere coupling efficiency can increase by about 80%
during a pressure variation with negative IMF B,. Moreover,
some case studies have shown that even when IMF B, is
positive, the occurrence of an abrupt pressure variation
can favor reconnection processes in the polar cusps and
stimulate energy injection in the polar cap [6, 7]. The present
work is aimed at describing, from a statistical point of



view, the effects of SIs on the high-latitude ionosphere by
means of Super Dual Auroral Radar Network (SuperDARN)
measurements [8, 9]. Here we recall that the SuperDARN
radars are based on coherent backscatter: the emitted radio
signals are backscattered by density irregularities in the
ionosphere, which follow the motion of the ambient plasma,
so that the autocorrelation functions of the lag times of the
backscattered power allow reconstruction of the Doppler
velocities of the plasma structures in the ionosphere with
respect to the ground. The SuperDARN radars monitor the
high-latitude ionosphere in both Hemispheres simultane-
ously and continuously, detecting the backscattered signals
along 16 directions (beams) and 75 range gates along each
beam, for a total field of view of about 52° for each radar.

Auroral oval expansions to lower latitudes have been
often observed after pressure variations (e.g., Zhou and Tsu-
rutani [10]): this means the particle precipitation increases
and modifies the ionospheric density. Precipitation affects
the plasma gradients in the ionosphere at every spatial
scale from hundreds of kilometers to meters, thus affecting
the radar backscatter as well (e.g., Villain et al. [11]).
The effects of geomagnetic disturbances induced by inter-
planetary drivers on the radar echoes have been recently
investigated (e.g., Ballatore et al. [12]; Wild and Grocott
[13]). A good correlation between the echo activity and the
IMF B, component and the solar wind electric field (or the
reconnection rate) has been shown; furthermore, the global
level of scatter seems to maximize prior to the substorm
onsets and, in the nightside ionosphere, backscatter poleward
of ~70° magnetic latitude is reduced, with radar echoes
shifting to lower latitudes.

A previous work by Coco et al. [14] (C02005 in the fol-
lowing) reported clear effects on the Northern Hemisphere
(NH) SuperDARN echoes following the SIs taking into
account 178 events from November 1997 until September
2000; in more detail, the authors found an increase of
the echoes closely related to solar wind dynamic pressure
enhancements (positive Sls), during periods with low iono-
spheric activity (as monitored by the AE index level). The
database of the SIs has now been extended until the end
of year 2004, including Southern Hemisphere (SH) radar
data. In Section 2 we will briefly recall the analysis technique
already used by Co02005, with some new features, and in
Section 2.1 we will describe the results for the new extended
database in the Northern and Southern hemispheres. A first
attempt to evaluate the CPCP in a statistical way for our
new set of events has been outlined in Section 3, as regards
both the analysis technique and the description of prelim-
inary results. Discussion and conclusions are presented in
Section 4.

2. Data Base and Analysis Method

We selected about 300 events of pressure variations from
ACE data (October 2000—December 2004) with the following
characteristics:

(1) solar wind dynamic pressure roughly constant over
at least 30 minutes before and after the SI (Q < 0.5
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where Q = 20,/|pl, |pl is the average of the dynamic
pressure over the 30-minute periods and o, is the
standard deviation),

(2) |Apl > 3nPa, where Ap is the jump (positive or
negative) in pressure,

(3) At < 10 min, where At is the rise (fall) time of the
pressure jump.

The selection criteria aim to isolate clear pressure variations
whose duration is long enough to cause a global effect on the
magnetosphere-ionosphere system: a pressure discontinuity
which travels on average with a speed of 300 + 400 km/s,
covers between 80 and 120Rg in 30 minutes (point 1),
thus involving the whole magnetospheric cavity in the
interaction; the other criteria (points 2 and 3) are arbitrarily
chosen after careful inspection of a preliminary larger data
base of pressure variations and represent typical limits for
shocks.

We then divided the events in two classes, Increases (Is)
and Decreases (Ds) of solar wind dynamic pressure, and we
took and inspected all available data of IMF and solar wind
parameters in a 2-hour period centred at the event. In the
previous study, for each event Co2005 calculated a delay to
account for propagation from WIND position to the centre
of the Earth, simply as

XwIND
Vsw(X)’

At(ev) = (1)
where Xwin/ace is the position of the spacecraft along the
GSM X direction, and Vsw(X) is the component of the
solar wind velocity along the same direction. On this basis
they defined an expected event time on the ground as
Ty = Twinp + A7. One has to bear in mind, however, that
the delay calculated as in (1) is not very accurate, due to
possible propagation effects of the pressure discontinuities
from L1 to Earth. For that reason a better evaluation of
the delay time has been performed, looking at the response
of 5 ground-based magnetometers close to the geomagnetic
equator. 1-minute resolution data from these stations have
been visually inspected and, when a clear SI effect (sudden
increase/decrease of the H component) was detected, the
time when the effect began was taken as T,. Otherwise, T, has
been calculated as in (1), using ACE data instead of WIND.

The effects of a SI as observed at ground may result from
the superposition of effects depending on various conditions
in the ionosphere, in the magnetosphere, and in the solar
wind; therefore, it is reasonable to group the events into
subsets, to study the echo response for each of them. The
most relevant parameter to group the events is the Auroral
Electrojet index (AE), introduced by Davis and Sugiura [15]
to monitor the occurrence of auroral phenomena and more
generally magnetospheric substorms. For each event we built
a data base comprising of (1) one hour of AE index (with 1-
minute resolution) data centered on T, and (2) one hour of
SuperDARN data (with 2-minutes resolution), also centred
on Tg, from all the available radars in the NH and SH.

Let M = (AE) + 0, and Q = (20)/(AE), where (AE)
is the time average of AE and o its standard deviation
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calculated over a [-30,10] min interval about T,. In this
regard, a natural choice would have been the [—30,0] min
interval; however, we extended it by 10 min to allow for the
remaining uncertainties in the T, determination. We define
the following:

(i) Quiet event: an event which satisfies one of the
following conditions:

(1) M < 200nT,
(2) 200 < M < 300nT, and Q < 0.5.

(ii) Disturbed event: an event which satisfies one of the
following conditions:

(1) M > 400 nT,
(2) 300 < M < 400nT, and Q = 0.5.

(iii) Intermediate event: an event which satisfies one of the
following conditions:

(1) 200 < M < 300nT, and Q > 0.5,
(2) 300 < M < 400nT, and Q < 0.5.

The Intermediate class has the purpose of clearly separating
the Quiet and Disturbed events. Consequently, Intermediate
events, 42 in number (24 1Is and 18 Ds), are excluded from
the following analysis.

In Co02005 the details of the analysis are described. For
each event of the data base a Rate of Scattering (RS) is
calculated as a function of time, as the percent ratio of the
number of detected echoes during a 2-minute time bin, and
the total number of echoes over the one-hour interval of the
event. We excluded the echoes coming from ground scatter
and we retained only the ionospheric echoes for which the
signal-to-noise ratio was greater than 6 dB, and the events
for which the total number of echoes was greater than 5000.
Then, a Mean Rate of Scattering (MRS) as a function of
time is built for each subset of events, simply as the average
over the number of events in the set, of the RS of the single
events (equation 3 + 5 in Section 3 of C02005). Through the
standard deviation o(t;) of the MRS, where ¢; is a 2-minute
time bin, a statistical error €(#;) = o(t;)/~/N, where N is the
number of events of the set, is associated to the MRS of each
bin.

2.1. Results for the Echoes Statistics. In Table 1 information
about the statistics are summarized. SuperDARN coverage is
less abundant in the SH with respect to the NH, and this is
evident in the total number of events and echoes, practically
halved in the SH for all the subsets. Moreover, one can note
the number of Ds is almost half the number of Is; this stems
from the nature itself of the pressure decrease phenomena:
very often pressure perturbations are driven by shock fronts
in the solar wind which compress the plasma ahead of
them, leaving broad regions of denser plasma behind, whose
contours are not so neat and sharp both in space and time.
The consequence of this is that steep and strong pressure
decreases are less common than increases. The definition

TABLE 1: An overview of the echoes statistics for the different subsets
of the events under study. Is and Ds stand for Increases and Decreases
of solar wind dynamic pressure, NH and SH stand for Northern and
Southern Hemisphere.

Set of events Number of events Number of echoes

Quiet Is NH 73 2827600
Quiet Is SH 50 907922
Quiet Ds NH 35 1550229
Quiet Ds SH 29 621471
Disturbed 1s NH 73 2490800
Disturbed 1s SH 54 1091885
Disturbed Ds NH 42 1823510
Disturbed Ds SH 35 652196

of the RS and MRS are therefore appropriate in order to
make the statistical results show up, regardless of the different
numbers of echoes and events in the different subsets. Of
course a risk exists that events with very few echoes influence
too much the statistics: for that reason, a threshold of 5000
echoes has been set in order to accept or discard an event,
which seems reasonable considering the average number of
echoes per event is about 40000 for NH and 20000 for
SH.

Figure 1 shows the MRS as a function of the scan time,
ti, for Quiet events. T = 0 corresponds to T,. Figures 1(a)
and 1(c) refer to the NH, while Figures 1(b) and 1(d) refer
to the SH; Figures 1(a) and 1(b) refer to the Is, Figures 1(c)
and 1(d) to the Ds. The MRS trends show a clear rise of the
echoes in both Hemispheres, and for both Is and Ds starting
close to Ty, more evident for the SH.

Figure 2 shows the same quantity for Disturbed events,
with the same arrangement as for Figure 1. The set of
Disturbed events is far less homogeneous than the Quiet
events set: this stems from its definition and results from a
careful inspection of the single events, as well. Therefore, the
MRS trends are more difficult to interpret and understand. In
the NH a rising trend of the MRS is observed for both Is and
Ds, starting 4-5 minutes after Tg. In the SH no clear trends
can be inferred from data.

3. The Cross-Polar Cap Potential

Maps of the high-latitude CPCP have been calculated for
each event using the technique of Ruohoniemi and Baker
[16]: the polar cap potential contours are obtained through
a spherical harmonic expansion, whose coefficients are
determined through a least square fit of the measured Super-
DARN line-of-sight velocities; where data coverage is poor
ar absent, data from the empirical model of Ruohoniemi
and Greenwald [17] (RG96) have been put in the maps. The
RG96 model consists in a superposed epoch analysis of many
years of SuperDARN convection velocity measurements and
gives average pictures of the ionospheric convection as a
function of orientation and strength of the IME. The use of
the model data in the fit is extensively explained in Shepherd
and Ruohoniemi [18]: the number of model vectors added to
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FiGURE 1: MRS as a function of the scan time, t;, for Quiet events: (a) NH Is; (b) SH Is; (¢) NH Ds; (d) SH Ds.

N hem, disturbed events, increases

=20 -10 0 10 20 30

(a)

N hem, disturbed events, decreases

-10 0 10 20 30

ti
(c)

-20

MRS (%)

MRS (%)

3.8

3.6

3.4

3.2

3

2.8

=30

2.8

=30

S hem, disturbed events, increases

=20 -10 0 10 20 30

ti
(b)

S hem, disturbed events, decreases

-20 -10 0 10 20 30

ti
(d)

FiGure 2: MRS as a function of the scan time, t;, for Disturbed events: (a) NH Is; (b) SH Is; (c) NH Ds; (d) SH Ds.



International Journal of Geophysics

TABLE 2: An overview of the echoes statistics for the different subsets
of the events used for the PCP analysis. Is and Ds stand for Increases
and Decreases of solar wind dynamic pressure, NH and SH stand for
Northern and Southern Hemisphere.

Set of PCP events Number of events Number of echoes
Quiet Is NH 31 1077530
Quiet Is SH 21 238995
Quiet Ds NH 14 610360
Quiet Ds SH 13 362373
Disturbed Is NH 21 683244
Disturbed Is SH 21 421303
Disturbed Ds NH 13 608818
Disturbed Ds SH 15 339407

the measured vectors is the minimum required to constrain
the spherical harmonic expansion at every order and in all
the points of the space grid. The spatial distribution of the
measured velocities is a feature even more important than
the mere number of data points: the symmetries of the
ionospheric convection are such that few points located in
strategic regions (e.g., throats or points of flux reversal of
the convection cells) often allow a better reconstruction of
the whole potential pattern than a denser distribution of
points concentrated in the core of a single convection cell
only.

In order to test the weight of the model data with respect
to the measured data, for each event of our data base, 25
convection maps were generated: one using “true” IMF data
from ACE (delayed by T,) and the others obtained imposing
fixed values of IMF, in order to fall in all the different cases of
the RG96 convection model. For each scan i of each event
j average values yi (i) and standard deviations o] (i) were
calculated over the set of the 25 CPCP (AV}) calculated from
the maps. Let N;(i) be the number of AVj so that AVy >
yi(i) + ai(i) or AVy < ‘ui(i) - ai(i). If Nj(i) < 8 for at least
the 70% of the scans, i, the event j has been taken as good.
This just means that the velocity distribution is good enough
so that the calculated CPCP is reliable: data dominate over
the model.

Given the new set of events, h, survived from the
above criterion, for each scan, i, up to 5 CPCP over 25
are removed (the 3 lowest and the 2 highest values), and
new averages 4, and errors €, = 0,,/+/20 have been
calculated. For a given set of N events, one can finally
calculate the average CPCP for each scan, V(i) as: Va (i) =
> J=LN ‘u;-(i)]/N . The associated errors are obtained using
the standard propagation formula [19].

3.1. Results of the CPCP Statistics. Table 2 summarizes the
characteristics of the data base after the severe selection
imposed by the criteria described above. The number of
events and echoes has been dramatically reduced for all the
subsets, so that one cannot completely exclude that one or
few particular cases influence the statistics. Moreover the
distribution of echoes and events is no more homogeneous
all over the years (not shown in the table), and seasonal

effects can occur as well. However, in the subsets where
a clear trend can be recognized, careful inspections of the
single events confirmed the overall trends.

Figure 3 shows the average CPCP V(i) as a function
of the scan time, ¢; for Quiet events: Figure 3(a) is for NH
Is, Figure 3(b) is for SH Is, Figure 3(c) is for NH Ds, and
Figure 3(d) is for SH Ds. The clearest behaviours show up
for the NH Is, where an average increase of 2.5kV of CPCP
is observed very well correlated with the SIs occurrence, and
for the SH Ds, where the CPCP starts to increase shortly after
Tg, but more gradually.

Figure 4 shows the same quantity for Disturbed events
with the same arrangements as for Figure 3. No clear trends
can be inferred from the data: the CPCP is highly variable
and there are not particular changes in the curves that could
be associated to the SIs occurred at T,.

4. Discussion and Conclusions

The results for Quiet Is seem to confirm the previous results
by Co02005, also for the SH. We propose the following inter-
pretation: when the pressure pulse hits the magnetopause, a
fast compressional MHD wave is launched, and couples to
a shear Alfvén wave at a resonance position which depends
on the local Alfvén speed (e.g., Samson et al. [20]); this
results in a field line resonance which induces soft particle
precipitation in the F region and a consequent increase of
the ionospheric irregularities and of MRS. On the other
hand, the precipitation of trapped electrons due to loss cone
instability induced by the SIs in the magnetosphere can also
account for the MRS increase.

An interesting new result which shows up from the
extended data base is the average increase of the echoes
in both Hemispheres for the Quiet Ds set. This seems to
confirm the hypothesis by Araki [2] that a sudden decrease
of the solar wind dynamic pressure should give rise to
the same kind of current systems in the magnetosphere
and the ionosphere as for a sudden increase: ground-based
high-latitude magnetometers usually show the signatures of
pairs of vortex-like current structures in the ionosphere,
induced by Alfvén waves aligned with the geomagnetic field,
and symmetric across noon. The direction of the currents
(clockwise or counterclockwise) depends on local time and
on the nature of the pressure pulse. Very few studies exist
for decreases of the solar wind pressure: Araki and Nagano
[21] showed that the Araki model is consistent for both
increases and decreases of the pressure, while Takeuchi
et al. [22, 23] found that Ds provoke more or less the
same currents system as Is, and there are no appreciable
differences in the distribution and current circulation of
the vortices pairs. Nevertheless, an energy transfer from the
pressure discontinuity to the ionosphere occurs all the same,
capable of exciting field-aligned waves and current vortices:
as a consequence, an average increase of the ionospheric
irregularities is observed.

As for the Disturbed events sets, the new results show
no evidence of the decrease of the radar echoes reported
by C02005: during high active periods, the ionosphere often
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suffers the effects of geomagnetic storms and substorms, so
that the occurrence of an SI can be masked by other phe-
nomena already at play. Where some particular behaviour
can be isolated, there is rather an increase of the echoes (NH
Is and Ds). It has also to be noted that a selection of the
events according to the IMF (B, or the clock angle) has not
yet been done for the new database; C02005, for example,
found that all the behaviours of the echoes were stronger
when IMF B, was negative, as one would expect, because of
the greater amount of energy transferred from solar wind
to the magnetosphere and the ionosphere with such IMF
orientation. Furthermore, a future study will possibly join
the data bases of Co02005 and that of the present work
together, in order to encompass at least one complete solar
cycle and allow to test the echo response as a function of solar
activity and seasonal variations.

Unfortunately the statistics dramatically diminish when
one attempts to take into account the CPCP, because a
reliable evaluation of this quantity requires very good data
coverage. Nevertheless, encouraging preliminary results have
been obtained which confirm the increase of CPCP caused
by a pressure pulse for Quiet events. Again the effect of
an increased energy transfer from the solar wind to the
magnetosphere and the ionosphere during Sls, is possibly
masked during disturbed periods.
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A large body of experimental evidence lends credit to the existence of a close relationship between ionospheric parameters and the
underlying atmosphere. Vertical-incidence ionospheric sounding data and temperature measurements at stratospheric (30 km)
and mesospheric (80 km) heights have been used in investigating the interrelation between the occurrence of fluctuations with peri-
ods of planetary waves in temperature variations at different heights and in F2 layer critical frequency variations (foF2) under low
solar activity conditions for the time interval 2006-2007. The distinctive characteristics of the manifestation of common periodici-
ties of the wave structures under consideration are discussed. The statistically significant periods of stratospheric and mesospheric
temperature fluctuations vary from 11 to 49 days, whereas foF2 periodograms show higher-frequency fluctuations with periods of
5, 8,9, and 10 days. The study revealed a similarity between periodic structures for the variations in the parameters involved.

1. Introduction

Research into ionospheric variability and its causes has
attracted considerable scientific and practical interest. The
chief causes of the variability and the basis for its forecast are
variations in the intensity of EUV radiation, solar wind, and
corpuscular fluxes and magnetosphere-ionosphere coupling.
It is the extraterrestrial control of the ionosphere, which is
known as coming from above. In recent decades, the idea
about the close relationship between ionospheric processes
and processes (primarily with the dynamics) in the lower
atmosphere was established and experimentally confirmed.
This implies that a part of ionospheric variability is caused
by atmospheric processes. It is called “effect from below” [1-
3]. This effect occurs through the generation, propagation,
and dissipation of internal atmospheric (planetary, tidal and
acoustic gravity) waves. These waves, together with electric
fields, can influence aeronomic processes in the thermo-
sphere, electrodynamic drifts, and, as a result, ionospheric
electron density distribution causing changes in ionospheric
parameters which govern the operating conditions of radio
and telecommunication HF systems [4, 5]. Although it is well
known that planetary waves are incapable of propagating

directly up to the heights of the ionospheric F2 region
[6], several observations of planetary wave-type oscillations
(PWTOs) with periods (2-30 days) in parameters of F2-
region ionosphere were reported [7-12]. It was assumed that
magnetic activity and variations in winds in the lower and
middle thermosphere (MLT) play a key role in generation of
PWTO in the ionosphere [11, 12]. It has not yet been fully
ascertained whether the PWs penetrate from the lower atmo-
sphere using tides which readily penetrate to ionospheric
heights, with their amplitude modulated by planetary waves
as a carrier or, alternatively, these oscillations are generated
directly within the F2 layer. Pancheva et al. [11, 13] suggested
that tides modulated by the planetary waves, and particularly
the semidiurnal tides which propagate freely upwards in
the thermosphere, are capable to transfer the PW effect to
ionospheric levels. Planetary wave signatures, with periods
of approximately 16, 10, and 5 days, have been observed
at altitudes ranging from 30km to 220km over Halley
(76°S, 26°W), Antarctica [14]. The authors suggested there
is duct of the quasi 16-day planetary wave from stratospheric
midlatitudes to mesospheric high latitudes and a strong link
between planetary waves in the mesosphere and F2-region.
Mukhtarov et al. [15] investigated correlations: (i) between
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FIGURE 1: Variations of the F10.7 (a) and daily summary index of
magnetic activity Kp (b) during 2006-2007. The quiet level is shown
by a dotted line.

quasiperiodic variations of the sunspot numbers, solar wind,
Bz and Kp-index with periods of PW and the analogous
variability in the geomagnetic field, foF2, and total electron
content (TEC) and (ii) between the PWs mainly present in
the temperatures (20-120 km) with analogous variability in
the geomagnetic field, foF2, and TEC. They found that 18-
day wave observed in the F-region plasma (foF2, TEC) could
be allocated to simultaneous 18-day planetary wave observed
in the MLT region with large (~70km) vertical wavelength.
The observed oscillations with periods ~9, ~14, and ~24-27
days were approved to be of solar origin.

The objective of this paper is to investigate wave
structure of temperature variations at stratospheric and
mesospheric heights and in variations of critical frequencies
of ionospheric F2 layer (foF2) over East Siberia during the
solar minimum period of 2006-2007. This period includes
few solar terrestrial disturbance events which furnishes an
excellent opportunity to study the influences of the processes
“from below” on ionospheric electron density variations.

2. Technique and Results

Figure 1 shows change of the flux of a solar radio emission
on a wave of 10.7 cm (F10.7) which is the index (proxy) of
solar activity. It is evident, that F10.7 does not exceed 110
(in units 10722 W/(Hz-m?). Figure 1(a) plots the variations of
the daily summary index of magnetic activity, Kp. The dotted
line shows a quiet undisturbed level. It is possible to identify
several intervals characterized by higher magnetic activity
(March-April 2006 and December 2006) when moderate and
stronger magnetic storms were observed. Except for these
intervals, the levels of magnetic activity corresponded to
quiet or weakly disturbed magnetic conditions.
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For the analysis we used variations of the atmospheric
temperature at heights of 30 and 80 km that corresponds to
level of pressure 10 hPa and 0.01 hPa, respectively. These data
were obtained by means of the scanning Microwave Limb
Sounder (MLS) installed aboard the EOS Aura spacecraft
[16]. The Aura EOS satellite is a part of the “A-Train”
mission. These satellites, intended for observation of the
Earth and situated on the orbits with close parameters, make
it possible to carry out unique comprehensive investigations.
They fly one after another above the same regions of the
Earth with an interval of 15min and form the database
for creation of a common image of the global climate
changes. The satellites have a polar orbit (a period of
rotation is about 100 min with a height of 705km). The
spatial coverage is almost global (from —82° to 82° by the
latitude). Vertical profiles are measured with an interval
of ~25s every 1.5° (~165km) along the orbital trajectory.
About 15 flies of the satellite are carried out during a
day. The MLS scans the Earth limb in the flight direction,
recording the microwave emission in five spectral bands
(at frequencies of 118, 190, 240, 640 GHz and 2.5 THz).
The data of MLS measurements are used for retrieval of
profiles of the chemical composition, relative humidity, and
temperature of atmospheric areas from the troposphere and
stratosphere up to the upper mesosphere as functions of
height of isobaric surfaces represented in hPa. The data of
MLS measurements are used for retrieval of temperature
profiles from the troposphere and stratosphere up to the
upper mesosphere as functions of height of isobaric surfaces
represented in hPa (http://disc.sci.gsfc.nasa.gov/Aura/MLS/).
The effective range is from 316 to 0.001 hPa (about 9-92 km);
the accuracy in temperature measurements is 0.5-2 K; the
vertical resolution is about 3km. The computer code is
devised, which enables obtaining the two vertical profiles
of temperature over given point using input parameters:
coordinates of point (latitude and longitude), distance to the
satellite orbit, and local time (day or night) depending on
ascending or descending satellite orbit. Analysis of the tem-
poral and altitude temperature variations in stratosphere,
and mesosphere for the Irkutsk region (52°N, 104°E) over
the period from August 2004 to March 2008 has been made
by Chernigovskaya [17], and considerable differences of the
temperature regimes in the middle atmosphere for the sum-
mer and winter seasons periods were revealed. The distribu-
tion of temperature during 2006-2007 at heights of 30 and
80 km over Irkutsk region is shown in Figures 2(a) and 2(b).

To study wave structure in F region we used hourly values
of the critical frequencies (foF2), obtained at Irkutsk station
(52.5°N, 104°E) during 2006-2007. To order to eliminate the
main diurnal variation in this parameter we used deviations
of observed foF2 from sliding 27-day median (AfoF2). As
an example variations of AfoF2 during 2006-2007 relating to
midnight are shown in Figure 2(c).

The high-resolution spectral analysis method of the “cor-
reloperiodogram” was selected to determine the prevailing
periodicities in foF2 and stratospheric and mesospheric
temperatures. This algorithm devised by Kopecky and Kuklin
[18] was widely used in the studies of periodic processes
in atmospheric and ionospheric parameters [19-21]. The
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Figure 2: The distribution of temperature during 2006-2007 at
heights of 30 km (a) and 80 km (b) over Irkutsk: grey circles—day
temperature, triangles—night temperature and deviations of foF2
from median, concerning local midnight (c).

validity of the resulting periodicities was verified from the
0.95 computer confidence level by using the Fisher test
method.

By applying the correloperiodogram method to a 2-year-
long series of temperature variation observations, it was
received that significant fluctuations with periods >15 days
were present in stratospheric temperature variations, and
there were no fluctuations with the periods <15 days. No
statistically significant periods of fluctuations were revealed
in mesospheric temperature variations for the interval con-
cerned. It does not mean that the fluctuations with periods
of planetary waves may not exist in mesosphere. As shown in
[14, 22], waves with periods of 5-20 days must exist in the
mesosphere, but their amplitudes must be small compared
to the long-period waves, and therefore their amplitudes are
not significant. As far as the foF2 variations are concerned,
periodic structure is clearly pronounced: fluctuations with
statistically significant periods of 2, 3, 5, 9, 14, 16-17, 18-19,
22-23,24-25, 28-29, and of more than 30 days were revealed.

Subsequently, in examining the seasonal features of the
occurrence of fluctuations with periods of planetary waves

Period (days)

Period (days)

Period (days)

FIGURE 3: Periodogram spectra of stratospheric temperature (a),
mesospheric temperature (b), AfoF2 (¢) in the period range of 5-
50 days. Statistical significance level corresponds to R > 0.3.

we used a so-called “dynamic correloperiodogram method”
[19, 20]. We generated time series of the same length
corresponding to the midday and midnight hours. Using
the “time window” involving 90 values (three months) with
a subsequent step of sliding equal to 5 days, we calculated
the periodograms. Thus 637 periodograms were obtained
for each parameter. Figure 3 provides the results from such
a dynamic periodogram analysis that was applied to time
series of stratospheric and mesospheric temperatures and
to deviations of critical frequencies corresponding to the
midnight hours. The statistically significant periods of 11 to
49 days were detected. The comparison to results in Figure 3
points out a difference between the characteristics of PWTO
in the ionosphere, the mesosphere, and the stratosphere. As
can be seen, in the stratosphere and the mesosphere the
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strongest wave activity occurs in the wintertime and has
periods above 25 days and more, while the strongest wave
in foF2 variations has periods of 8—27 days.

Figure 4 shows the oscillation amplitude with periods of
planetary waves in stratospheric and mesospheric tempera-
ture and foF2 variations. Maximum values of PWTO ampli-
tudes in stratospheric temperature variations are observed
in the winter. With the increasing oscillation period, the
amplitude increases to reach 7-8K in fluctuations with
periods of 25-30 days. Maximum fluctuation amplitudes
in mesospheric temperature variations are observed in
oscillations with periods of 40—44 days in the spring and
autumn and in oscillations with periods of 25-35 days in the
winter. The largest PWTO amplitudes in foF2 variations were
recorded during equinoxes.

For all years considered it was determined the number
of days during which the oscillations were detected. Figure 5
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FiGURE 5: The occurrence of the wave oscillation with various
periods in the temperature and AfoF2 during 2006-2007: thick
line—AfoF2; thin line—the stratospheric temperature, dotted
line—the mesospheric temperature.

demonstrates the occurrence of wave oscillations of each
period. Four groups of fluctuations can be identified, namely,
16-day fluctuations (periods ranging from 13 to 19 days),
24-day fluctuations (periods ranging from 20 to 28 days),
33-day fluctuations (periods ranging from 29 to 35 days),
and 43-day fluctuations (periods ranging from 40 to 47
days). It can be identified the separate group of 10-day
oscillations (covering a range of periods from 8 to 12 days)
in foF2 variations. Fluctuations of the first and the second
groups occur more often in stratospheric temperature and,
especially, foF2 variations than do the others. But they are
rather uncommon in mesospheric temperature variations.
Fluctuations of the fourth group with periods >40 days are
dominant in mesospheric temperature variations.

In order to study the occurrence of wave oscillation of
different groups, the probability of finding an oscillation of
these groups for a given month has been calculated as the
number of the oscillations found for corresponding month,
during two years considered, averaged by the total number
of these oscillations of the corresponding months of available
data. Figure 6 illustrates seasonal dependency of probability
of wave occurrence in parameters under consideration. The
16-day oscillations have maximum occurrence during the
first half of year in stratospheric temperature variation, and
in variations of mesospheric temperature during autumn:
winter, while during other months their activity is small or
almost disappears (e.g., in variations of mesospheric temper-
ature). This result is a good agreement with those obtained
previously [21]. There is no marked strong seasonal depen-
dence in foF2 variations the PWTO of 16-day period. There
is a trend towards increased wave activity during summer
[22]. The planetary wave type oscillation of 24-day period
is predominant during summer in variations of mesospheric
temperature. In variations of stratospheric temperature and
foF2 this wave appears during almost the entire year.

As for the oscillations with a period of 33 days, they
appear almost the entire year: in the mesospheric tem-
perature, these waves often appear during the winter and
spring, in foF2 variations they occur during equinox, and in
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TasLE 1: Correlation coefficients between occurring oscillations with periods of planetary waves in variation of the temperature parameters

and the ionospheric parameter for some periods.

16-day period 24-day period

33-day period 43-day period

KI,Z = 039 K1,2 = 059
K1,3 = 0266 K1,3 = 0166
Kys = —0.475 Kys = 0.398

K1,2 = 017 KI,Z = 0918
K1’3 = —054 K1,3 = 039
K2’3 = *041 K2)3 = 034

The first parameter: the stratospheric temperature at 30 km; the second parameter: the mesospheric temperature at 80 km; the third parameter: the deviations

of foF2.

variations of stratospheric temperature their wave activity is
maximal during autumn equinox.

The seasonal dependence of occurrence of oscillations
with periods more than 40 day shows semiannual structure
the most pronounced in variations foF2.

It should be remarked that there is the seasonal depen-
dence of occurrence of oscillations with period of 10 days in
foF2 variation. These oscillations seem to be present mainly
during both equinoxes, specially during autumn equinox.

For each of the selected groups of oscillations, we
calculated the correlation coefficients between the number of
days of fluctuations occurrence during the year by months in
the variations of stratospheric temperatures with analogous
variations in mesospheric temperature and in foF2 with
regard to the >0.90 confidence level by the Fisher criterion
(Table 1).

It was seen that for 24-day and 43-day periods of
PWTO a statistically significant correlation between the
occurring oscillations in the stratospheric and mesospheric
temperature variations was found. In addition, we obtained a
weak correlation between fluctuations with a period of 18-19
days in the stratosphere with the 17-18 days fluctuations of
the electron density (r = 0.598). It indicates a few similarities
of wave structures revealed in stratosphere, mesosphere, and
ionosphere. The major similarity is the existence of the
wave activity in the stratosphere, the mesosphere, and the
ionosphere during winter. As shown in [8], 50% of PWTO
intensity in the F2 layer ionosphere occurs due to solar vari-
ability. Prominent variations of the solar origin occur with
about 27-28 days which is approximately the solar rotation
period and its subharmonics. It is possible that in the winter
this wave activity in F2 layer ionosphere may be enhanced
by the forcing upward propagating 18-day wave with large
vertical wavelength [15, 22]. But the solar influence may not
only produce a positive correlation between solar parameters
and ionospheric characteristics. Changes in the wind system
due to solar-induced changes in temperature and pressure
lead to changes in mass transport that can cause negative
correlation. Because of this, the question of atmosphere-
ionosphere coupling by PW remains open. The complexity
of the possible relationships between the middle and lower
atmospheric parameters and the ionospheric characteristics
dictates a need for further investigation under national and
international programs using multidisciplinary approach,
based on continuous coordinated observations in order to
test the hypothesis that the planetary waves in the strato-
sphere and mesosphere have influence on the ionosphere.

3. Summary

The activity of the planetary wave-type oscillations in the
stratosphere, mesosphere, and ionosphere has been studied
using temperature variations at 30 km, 80km heights and
F2-layer critical frequency variations (foF2) at Irkutsk (52°N,
104°E) under low solar activity conditions for the time inter-
val 2006-2007. The spectral analysis of the wave structure
in the stratospheric and mesospheric temperature variations
and in the foF2 variations has revealed the existence of
fluctuations with periods of planetary waves, having different
amplitude characteristics. These oscillations have periods
typical for planetary waves and their wave activity is the
strongest during winter. There is a considerable difference:
in the ionosphere the dominant periods are shorter than the
typical periods of planetary waves in the stratosphere and the
mesosphere.

In the stratosphere the maximum fluctuation amplitudes
are observed in oscillations with periods of 20-30 days
during winter. In the mesosphere maximum amplitudes are
detected in oscillations with periods of 30-35 days during
winter and autumn the and in oscillations with periods of
25-45 days in the winter. The largest PWTO amplitudes in
foF2 variations were recorded during equinoxes.

A statistically significant correlation between the occur-
ring oscillations with the 40 days in the stratospheric and
the mesospheric temperature variations and between the
occurring oscillations with the period of 18 days in the
stratospheric temperature variations and in the variations of
foF2 was founded.

The obtained results are in agreement with those
obtained previously by other researches and provide addi-
tional information on oscillations with periods of planetary
waves in the stratosphere, the mesosphere, and the iono-
sphere over Eastern Siberia.
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Electrical processes occurring in the atmosphere couple the atmosphere and ionosphere, because both DC and AC effects operate at
the speed of light. The electrostatic and electromagnetic field changes in global electric circuit arise from thunderstorm, lightning
discharges, and optical emissions in the mesosphere. The precipitation of magnetospheric electrons affects higher latitudes. The
radioactive elements emitted during the earthquakes affect electron density and conductivity in the lower atmosphere. In the
present paper, we have briefly reviewed our present understanding of how these events play a key role in energy transfer from the
lower atmosphere to the ionosphere, which ultimately results in the Earth’s atmosphere-ionosphere coupling.

1. Introduction

The atmosphere of the Earth is a layer of gases surrounding
the Earth that is retained by Earth’s gravity. The atmosphere
protects life on the Earth by absorbing the ultraviolet so-
lar radiation, warming the surface through heat reten-
tion (greenhouse effect), and reducing temperature extremes
between day and night. Based on temperature distribution,
atmosphere is divided into the troposphere, stratosphere,
mesosphere, and thermosphere. The temperature in the
thermosphere remains almost constant (Figure 1) [1]. The
stratosphere and mesosphere regions are also grouped as
the middle atmosphere. The region above the middle atmo-
sphere is called the upper atmosphere where solar radiation
and other sources ionize the neutral constituents forming
plasma of ions and electrons. The region extending from the
mesosphere to the thermosphere is called ionosphere where
plasma dynamics is controlled by the collisions between the
ionized particles and neutrals as well as between the ionized
particles themselves. The region above the ionosphere is
known as the magnetosphere. In this region, charged par-
ticles dynamics is controlled by the Earth’s magnetic field
because the density collision frequency is very low. There is

no sharp boundary between the upper ionosphere and the
lower magnetosphere region.

The ionosphere system is mainly controlled by various
external sources of forcing and number of mechanisms oper-
ative in the system to convert, transport, and redistribute the
input energy. Solar extreme ultraviolet (EUV) radiation and
particle energy from the sun in the form of precipitating solar
wind plasma energetic particle influence from the above,
while tides, planetary waves, gravity waves, electromagnetic
waves in wide frequency range, turbulence, convection,
and so forth from the below. Even processes taking place
below/on/above the surface of the Earth also affect the iono-
sphere and its processes. In fact, lower atmosphere/middle
atmosphere/upper atmosphere (ionosphere)/magnetosphere
acts as a multi-coupled system. The coupling occurs mainly
through the dynamical, chemical, and electrical processes.

The ionosphere reacts to various phenomena such as
lightening discharges, functioning of high-power transmit-
ters, high-power explosion, earthquakes, volcano eruptions,
and typhoons through a chain of interconnected processes in
the lithosphere-atmosphere-ionosphere interaction system.
Thunderstorms play a major role in transferring energy from
the atmosphere to the ionosphere [3] and in establishing
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conductivity of various atmospheric layers, after [1].

electrical coupling between atmosphere and ionosphere
through the global electric circuit (GEC). The Earth’s surface
has a net negative charge, and there is an equal and opposite
positive charge distributed throughout the atmosphere above
the surface. The electrical structures of the lower atmosphere,
GEC, and conductivity profile shown in Figure 1 are deeply
influenced by cosmic ray flux [4], high-power transmitted
waves [5-7], and earthquakes [8]. Lightening-generated
whistler mode waves scatter radiation belt trapped electrons
which precipitate into the lower ionosphere and result
into the additional ionization and formation of ionospher-
ic inhomogeneities [9, 10]. The powerful high-frequency
transmitted waves produce ionospheric heating which, in
turn, causes generation of ultra-low-frequency (ULF) and
extremely low-frequency (ELF) waves [11], the formation
of very low-frequency (VLF) ducts and other types of
inhomogeneities [12, 13], the acceleration of ions, and the
excitation of atmospheric emissions in different spectral
bands [14]. The effects of these processes on the GEC
(including the ionosphere) are not yet fully understood.

The convective activity in thunderstorms produces
gravity waves which propagate to the lower ionosphere
and deposit energy and momentum through the process
of breaking and absorption and may help in the initiation
of sprites and other transient luminous events (TLEs) [15—
17]. The converse problem is the generation of acoustic
gravity waves by sprites and other TLEs. The thermal energy
deposited in the neutral atmosphere within a sprite volume
(~10*km?) during short (<1 ms) duration may produce an
impulsive pressure pulse that propagates laterally outward
as an acoustic/gravity wave [18]. The energy deposited by
a large sprite could be as large as ~1 GJ [19]. The acoustic
gravity wave causes spatial and temporal modulation of
plasma density and electric conductivity in the ionospheric
E layer. The associated wave instability causes generation of
related field-aligned currents and plasma density irregulari-
ties in the upper ionosphere [20]. The satellite observations
anomalous DC electric field, ULF magnetic pulsations, small
scale plasma inhomogeneities, and correlated ELF emissions
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[21] may be considered as experimental evidence for these
processes. However, the full knowledge of the interconnec-
tion between gravity waves and TLEs remains unresolved.

The purpose of this paper is to review briefly the present
understanding of the link between most of the processes
operative in the lower atmosphere and their electrodynam-
ic coupling with the ionosphere. After this introduction,
Section 2 deals with a more detailed description of physics
of the atmosphere-ionosphere coupling. Various coupling
processes including AC and DC phenomena are discussed
in Section 3. Brief summary is given in Section 4 with some
discussions.

2. Physics of Earth’s Atmosphere-Ionosphere
(AI) Coupling

Thunderstorms and lightning discharges are the main sour-
ces of electromagnetic and electrostatic energy in the Earth’s
atmosphere. Electrostatics involves the buildup of charge on
the surface of objects due to contact with other surfaces.
Although charge exchange happens whenever any two
charged surfaces contact and separate, the effects of charge
exchange are usually only noticed when at least one of the
surfaces has high resistance to electrical flow. In thunder-
storms, a rapid vertical rearrangement of deep air layers
takes place. Large processes promote, shape vertical and
horizontal air motions, and processes within storms control
the development of rain and strong local winds. Vigorous
vertical air currents and thunderstorms are a consequence of
excessive warmth and moisture at low altitudes.

Thunderstorm consists of a cluster of clouds. Electrical
charges generate and separate during the developmental
stage of thunderstorm and are neutralized during light-
ning discharges. Numerous processes operating within the
environment of a mature convective cloud with varying
effectiveness and time dependencies affect cloud electri-
fication [22, 23]. The charging of thunderstorms can be
discussed as inductive charging or noninductive charging.
An inductive process requires preexisting electric fields to
induce charges on a particle so that when it rebounds
from another particle, charge is separated and the field
is enhanced. In the atmosphere, the fair-weather electric
field resulting from positive charges in the atmosphere
and negative charges on the ground could be considered
as the preexisting field. However, there are experimental
results from airborne instruments which require some
other processes of charging [22]. Noninductive processes
are independent of the presence of an external electric
field. In an ordinary thundercloud, the smaller ice crystals
are charged positively and move upward, whereas larger
graupel particles charged negatively descend relative to the
smaller particles under the action of gravity. This is the
normal situation, depending on the prevailing conditions of
temperature, liquid water content, and mixing in the thun-
derstorm. Situation in thunderstorm is quite variant, and
charging process may not remain as discussed above [24]. To
better understand these phenomena, further investigations
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involving both precise measurements of time development of
electric field inside the cloud and simulations are required.

The charge buildup during the active period of a thun-
derstorm ultimately results into lightning discharge either
through the processes of dielectric breakdown or runaway
breakdown [29-32]. The electric field computation favours
runaway breakdown mechanism [33]. However, discharge
processes are not fully understood, and further observations
and works are required. Lightning discharge creates charge
imbalance in the cloud/thunderstorm, and as a result upward
propagating quasi-electrostatic field initiates from the upper
charge-layer of thunderstorm. This quasi-electrostatic field
connects troposphere with the stratosphere and the lower
ionosphere for a very short duration. There are about 40 to
100 lightning discharges occurring every second. Apart from
the upward propagating quasi-electrostatic fields, lightning
discharge current generates intense electromagnetic pulses of
~20 GW peak powers [34] which may cause significant iono-
spheric disturbances because of the heating and acceleration
of electrons, production of ionization, optical emissions, and
so forth.

The upward propagating quasi-electrostatic causes tran-
sient luminous events (sprites, blue jets/gigantic jets, elves,
etc.) in the stratosphere and the mesosphere which influence
the lower ionosphere with additional ionization and for-
mation of ionospheric inhomogeneities and has motivated
scientists all over the world to reexamine our understanding
of the electrical processes and properties of the atmosphere.
Figure 2 shows the variety of transient luminous events and
the typical altitude at which they occur. Sprites may occur in
cluster of short-lived (~50 ms) two, three, or more carrot-
shaped emissions of ~1km thickness over a horizontal
distance of 50-100 km, with the separation between sprite
elements of ~10 km [2, 35]. The upper portion of the sprites
is red, with wispy, faint blue tendrils extending to 40km

or at time as low as the cloud top and bright region is
in the altitude range 65-85km [35]. They typically last for
5-50 ms and may take the form of one or more vertical
columns of a few hundred meter radius for the smaller
column sprites or large jellyfish-shaped structures of tens of
kilometers of radius and extending from the ionosphere D-
region almost down to the thunderstorm cloud tops [2, 35].
The knowledge gained from laboratory experiment of gas
discharges at subatmospheric pressure has been used to
understand sprite spectroscopy and associated phenomena
[25]. Figure 3 shows broad identical spectral characteristics
of light of positive column of the laboratory tube and sprites
[25]. The difference in spectral characteristics may be due
to difference in applied electric field, gas pressure, and gas
composition in the mesosphere and gas tube discharges.
Physical processes associated with sprites and other optical
events are also associated with thunderstorm activity in the
troposphere and are thought to result in the gradual build-
up of conductivity changes in the lower ionosphere [36].
Liszka [37] suggested the generation of infrasound waves
by sprites, whose signatures were detected by a network
sensors in Sweden [38]. The shape of the chirp signature
in the spectrograms of infrasound can be explained by the
horizontal size of the sprite [39]. Neubert et al. [40] have
concluded that sprite detection by infrared is an attractive
alternative to optical detection, because it is not limited by
clear viewing condition or by the absence of daylight.

Elves are concentric rings of optical emissions propagat-
ing horizontally outwards at the bottom edge of ionosphere
between 75-95 km altitudes caused by the electromagnetic
pulse radiated by the cloud to ground lightning discharge
current of either polarity. Elves produce average electron
density enhancements of 210460 electrons cm™ over large
(165-220 km diameter) circular regions having an assumed
10 km altitude extent [41, 42] and hence produce pertur-
bation in electrical conductivity of the mesosphere which
can be evaluated by measuring changes in the amplitude of
VLF waves [43, 44] from transmitters and propagating in
the Earth-ionosphere waveguide. Mika [45] has discussed
experimental data in which the incident VLF transmitter
signal seems to be scattered from horizontally extended
diffuse regions of electron density enhancements, most likely
associated with halos or diffuse regions of the upper part
of carrot sprites, rather than small-scale streamers observed
at lower altitudes. The electromagnetic pulse (EMP) gener-
ating elves also create ionization [46, 47], which depends
on its intensity. The individual contributions of different
components of constituent gas to the optical emissions of
sprite/elves are not known. An attempt should be made to
investigate lightning chemistry and energetics in the region
of sprites/elves. This may require future studies using a large
number of narrow band filters in optical observations and
kinetic modeling in theoretical analyses.

The transient luminous events provide a link between
tropospheric processes in the thunderstorms and meso-
spheric processes in the upper atmosphere, and their studies
also promise to improve our understanding of the elusive
mesosphere, perhaps the least understood layer of Earth’s
atmosphere. Hiraki et al. [48] suggested that sprites may
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[25].

change the concentration of NOx and HOx in the meso-
sphere and lower atmosphere. These chemical changes have
impact on the global cooling or heating in the middle
atmosphere [49-51]. Nitrogen oxides are critical compo-
nents of the troposphere which directly affect the abundance
of ozone and hydroxyl radicals [52]. Ozone absorbs solar
ultraviolet radiation and controls the dynamic balance of
the atmosphere. NOx creates ozone in the troposphere
and destroys it in the stratosphere and mesosphere and
thus affects the climate. This area of investigation remains
unexplored.

Lightning generated whistler mode waves propagate
along geomagnetic field lines without appreciable attenua-
tion and thus connects troposphere with the ionosphere and
the magnetosphere. Whistler mode waves while propagating
through the equatorial region of the magnetosphere interact
with the Earth’s radiation belt trapped electrons and cause
their precipitation in the form of plasma inhomogeneities in
the high-latitude lower ionosphere. Such a type of coupling
has been confirmed in ground-based observations [53],
balloon measurements [54], rocket experiments [55, 56], and
satellite observations [57, 58].

Thunderstorms and lightning discharges form the major
current source in GEC, essential features of which are shown
in Figure 4 [26]. Solar wind interactions with the Earth’s
magnetic generate additional current [59], and potential
gradient modulation may arise from coupling of geomag-
netically-induced changes in the magnetospheric dynamo
through the global circuit. Precipitations from electrified
clouds are also current driver [60]. The total current flowing
in the atmospheric GEC is ~1-2 kA [27]. A realistic model of
equivalent circuit with capacitors, resistors, and switches is
shown in Figure 5 [28]. A switch is closed for a short time
if a certain type of discharge occurs. For example, switch
S2 (83) closes for ~1ms when positive (negative) cloud to
ground discharge occurs for a particular storm. The switch
S1 closes for a few ms when a sprite occurs above a particular
thunderstorm and fair-weather time constant, r C ~ 2 min
(r ~ 2000hms, C ~ 0.7F). Generators act over <1% of
Earth’s surface, and remaining ~99% of the Earth’s surface
region acts as a load on the circuit. The total current (I) flow-
ing in the circuit is ~1kA [28]. The GEC is based on the
concept that the quantity of electric charge has to be con-
served in the Earth’s atmosphere-ionosphere-magnetosphere
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system, that electric currents redistribute charge and that the
electric currents are continuous.

The power supplied by thunderstorms is insufficient
to maintain a field of magnitude observed in fair-weather
regions. Rycroft et al. [61] included the generator associated
with electrified clouds in the GEC model; this was found
to be of the same magnitude as that due to thunderstorms.
The optical phenomena occurring in the upward branch of
the GEC above the thunderstorms are likely to influence
only the upper atmosphere conductivity. Since they occur
much less frequently (only one sprite out of 200 lightning)
because of their association with intense lightning discharges
[50, 62], their contribution to the ionospheric potential is
very small [61]. The gigantic jets transport large quantities

of negative charge discharging the atmospheric capacitor
[63-66] whose effects on the ionosphere and GEC have not
yet been modeled. The role of sprite/TLE events on the
flow, charging/discharging of GEC, modification of electric
fields near the Earth’s surface remains unanswered. Since
optical emissions could change electrical properties of the
atmosphere and influence processes related with weather and
climate, intense research activity in this area is required.

The earthquakes affect the electrodynamics of the at-
mosphere through the generation of electric and mag-
netic fields with crustal deformation, fault-failure-related
piezomagnetism, stress/conductivity, electrokinetic effects,
charge generation processes, thermal remagnetization, and
demagnetization effects, and so forth [67]. These processes
in the Earth’s lithosphere relate with disturbances in the
atmosphere and ionosphere. Sorokin et al. [8] discussed
the processes forming the electrodynamic model of the
effect of seismic and meteorological phenomena on the
ionosphere. Radioactive substances and charged aerosols
injected into the atmosphere modify the altitude profile of
conductivity, generation of external currents, perturbation
of electric field, and current in the ionospheric layer. As
a result, Joule heating of the ionosphere and instability
of acoustic gravity waves take place, which manifests in
the formation of horizontal inhomogeneities of ionospheric
conductivity. Finally, excitation of plasma density fluctua-
tions and ULF/ELF emissions in the ionosphere, generation
of field aligned currents and plasma layers, upward plasma
transport, and modification of F,-layer, and change in the
ion composition of the upper ionosphere take place [68, 69].
These changes may also affect the GEC and the Earth’s
climate which remains a challenging problem to be solved.
Figure 6 shows a schematic diagram which can be used to
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compute external currents and enhancement of electrical
conductivity in the lower atmosphere that causes an increase
in the electric field in the ionosphere due to the injection
of charged aerosols and radioactive elements from the solid
Earth during earthquakes [3].

There are some other complex processes showing mul-
tiple scales of variability. Turbulent mixing and eddy dif-
fusion are few other ways of transport from below. They
control the relative abundances of atmospheric species in
the mesosphere whose distribution tends to be independent
of altitude. As part of a physical mechanism, the influence
of internal atmospheric waves may be considered. The up-
ward propagation of internal atmospheric waves (planetary
waves, tides, and gravity waves) from the troposphere and
stratosphere is an essential source of energy and momentum
for the thermosphere and ionosphere. Weaker mesospheric
gravity waves will lead to stronger winds in the upper
atmosphere, which in turn will affect the ability of planetary
waves to propagate, producing an additional feedback route
[70]. Of course, the study of internal waves is the province
of meteorology, a discipline that has enjoyed a long and
independent development of its own and has its own com-
plicated problems, sufficiently different from ionospheric
physics that the two are regarded as separate but neigh-
bouring disciplines. However, the internal waves launched by
weather fronts or any other sources in the troposphere and
stratosphere sometimes appear to be capable of penetrating
into the ionosphere, where they dissipate most of their
energy. The leakage of wave energy from the troposphere
and stratosphere at least up to 100-115 km was introduced as
coupling from below [71] and is considered as a mechanism
of the meteorological influence on the ionosphere.
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3. Various Coupling Processes

Thunderstorms directly couple the atmosphere and the ion-
osphere. Potential difference between the ionosphere and
the Earth is maintained by thunderstorms’ pumping action
of lightning discharges and electrified clouds. In the Earth-
ionosphere cavity, the electric field and the conduction
current in the lower atmosphere are primarily controlled
by ions. Ions have the characteristic parameters such as
mobility, lifetime, and generation rate that vary with altitude.
In recent years, some progress has been made towards
understanding thunderstorm and lightning [22, 72, 73]. The
essential factors in marinating the lightning discharge is the
gas breakdown caused by the stored electrostatic charge in
the leader head. This extends the channel into new regions.
General models of the cloud charge distribution are based
on electric field measurements inside a thundercloud and on
the ground below the thunderstorm [75]. Earlier, an over-
simplified tripolar charge structure consisting of a negative
charge in the middle of the cloud, a positive charge above it,
and a smaller positive charge below were widely used. Later
on, a screening negative charge on the upper cloud boundary
was considered [76] which are depicted in Figure 7. In the
convective updraft zone of a matured thunderstorm, usually
four charge layers are found and outside updraft convection
region at least six charge layers are seen. Forward and
rearward anvils typically contain positive charges screened
with negatively charged layers. However, this model does
not represent super cell storms which usually have dominant
positive charge at mid-levels in place of the typical main
negative charge region [77], that is, super cell storms have
“inverted polarity” charge structure, and they produce main-
ly positive cloud-to-ground lightning. The proposed model
(Figure 7) is based on balloon soundings of convective region
of storms that occurred in a limited portion of the lower mid-
latitudes. Its validity for storms in other mid-latitude regions,
the tropics, and high latitudes are yet to be tested because of
scarce in situ data.

The global electric circuit (GEC) links the electric field
and current flowing in the lower atmosphere, ionosphere,
and magnetosphere forming a giant spherical condenser
[50, 59, 78], which is charged by thunderstorms and other
generators to a potential of several hundred thousand volts
[79] and drives a vertical current through the fair weather
atmosphere’s columnar resistance (~1.3 x 10 ohm m™2).
Recently, Stolzenburg et al. [30] examined electric field data
of 32 balloon soundings through MCS (mesoscale convective
system) stratiform regions and inferred that for 15 cases the
stratiform cloud was charging the GEC, while in the other
17 cases the cloud was discharging the circuit. Thus, the
overall effect of MCS on GEC could be very large or very
small. Davydenko et al. [80] modeled the quasi-electrostatic
electric fields and currents inside and near an isolated MCS
producing positive discharges and also sprites and showed
that the large (~25A) cloud-to-ground, quasi-DC current
discharges the GEC. Their full impact on the GEC and that
of the positive cloud-to-ground flashes which they initiate
remains to be quantified. The vertical current causes weak
electrification of stratified clouds [81] and produces a vertical
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potential gradient in the atmosphere near the Earth’s surface.
The circuit is closed by a horizontal current flowing through
the highly conducting Earth and the ionosphere, and by
vertical currents from the ground into the thunderstorm and
from the top of the thunderstorm to the ionosphere.

3.1. AC Phenomena. Thunderstorm is the main source of
both AC and DC coupling of the lower atmosphere and
the ionosphere through lightning discharges. Return stroke
of lightning discharge produces a pulse of radio energy
containing waves from a few Hz up to several MHz.
These signals propagate in the Earth-ionosphere wave guide
over long distances (several thousand kms).The lowest
frequencies of the discharge spectrum are ELF (3-3000 Hz)
waves which excite the Earth-ionosphere cavity at 8, 14,
20, 26,...Hz, commonly known as Schumann resonances
[82]. Resonances are being continuously excited because
lightening is always occurring all over the world. Recent
interest in Schumann resonance studies arose because the
charge movement change (CMC) of the parent lightening
discharge can be evaluated by measuring the contribution
of each mode in the resonance pattern which has been
used in TLEs studies [83-85]. Thus, coupling between the
atmosphere near the surface of the Earth and the ionosphere
can be studied on the time scale ranging from a fraction of
second to less than 1 ys.

Some of the wave energy from lightning generated wave
spectra propagates into the ionosphere and magnetosphere
system, where it interacts with ambient plasma particles and
affects the global ionospheric/magnetospheric energy bud-
get. Waves in the very-low-frequency (VLF, 3-30 kHz) range
propagate in the ducted mode along the geomagnetic field
lines [86] and cause magnetospheric electron precipitation
into the lower ionosphere, leading to D-region conductivity
modification [87, 88]. Unducted VLF wave propagation can
also take place [89]. Precipitating charged particles may
participate in dissociation and ionization processes. There
are VLF signatures of ionospheric disturbances associated
with sprites [29, 43, 90, 91].

Hydromagnetic waves in the ultra-low-frequency (ULE,
<3Hz) propagate through the magnetosphere in one of

several different modes at speeds considerably less than the
speed of light. These waves interact with the ions in the
ionosphere and magnetosphere. ULF waves sometimes are
called magnetospheric analogues of seismic waves, which
enable remote sensing of volumes from point measurements
[92]. Waves in the frequency range ~0.1-5Hz also excite
the ionospheric Alfven resonator (IAR) [93, 94] which is
centered on the maximum of the ionospheric F,-region
where the refractive index for Alfven waves has a maximum
value. The variation of spectral resonance structure of the
IAR over a solar cycle has also been studied [95]. The
boundaries of IAR are at ~1000 km altitude in the topside
ionosphere and in the E-region ionosphere.

The ULF-VLF electric fields were detected up to topside
ionosphere over powerful Pacific Ocean typhoons [96].
However, details of the mechanisms are not yet known.
Ionospheric heating due to lightning electromagnetic pulses
was considered and modeled [97, 98]. Large amplitude radio
waves from ground-based transmitters at VLF [99] and
high frequency (HE 3-30MHz) [100] have been used to
study ionospheric heating and modification. The associated
phenomena include perturbations of electron density and
temperature (increase of ionization at E-region, E-sporadic
occurrence, increase of temperature, and electron density in
F-region), excitation of electrostatic wave turbulence, and
enhanced optical emissions.

The heating of the lower thermosphere by lightening-
generated electromagnetic pulses may result into electrical
breakdown and production of sprites and other optical
emissions [101, 102]. The more exotic relativistic runaway
(avalanche) breakdown mechanism, which can produce
bremsstrahlung and gamma-rays radiations, has also been
proposed and discussed [31, 103, 104]. Rowland [47] had
reviewed both mechanisms. The two processes are coupled in
the sprite streamer: the thermal discharge produces a beam
of relativistic seed electrons that allow ignition of runaway
relativistic discharge [105]. The thundercloud electric field at
the lower thermosphere altitude is very transient, ~1-10 ms,
consequently the observed sprite and halo phenomena
are also of transient nature. The conventional breakdown



mechanism explains most observations of sprites and their
associated phenomena. Gerken and Inan [106] indicated
that relatively faint and diffuse sprites confined to lower
altitude could be associated with very high-peak currents
and short-duration lightning discharges. Adachi et al. [107]
reported that the number of columns in a sprite event
was proportional to the peak current intensity of positive
cloud-to-ground discharges, which was not corroborated by
the results of van der Velde et al. [108]. This suggests a
complex relationship between sprite morphology and in-
cloud lightning processes, which are not yet fully understood.

Streamers associated with sprites are needle-shaped
filaments of ionization and are driven by enhanced electric
fields due to charge separation in their head, and the sign
of the charge in head determines polarity of streamers. Liu
and Pasko [109] have modeled preionization ahead of the
streamer by ionizing ultraviolet photon originating in the
streamer head. Thus, they consider photo ionization to be
important in determining the propagation and branching
of sprite streamer. The presence of inhomogeneities in the
background density could also be helpful in the formation
of streamers [110]. They have also explained the polarity
asymmetry in triggering sprite streamer. Blue jets sometimes
appear at the top of an energetic thundercloud and propa-
gating upwards with a vertical velocity of ~100 kms™! to a
maximum altitude of ~40 km or so. These are believed to be
a positive streamer formed in the upward quasi-electrostatic
field above the cloud [63, 101]. Many streamers originate
from the surface of the leader head (both positive and
negative).

Pasko and George [111] have modeled the branching
streamers as fractal tree growing in three dimensions. Pasko
et al. [112] reported an unusual blue jet above a relatively
small thunderstorm cell in Puerto Rico, and propagating up
to ~70 km altitude. Its characteristics above 42 km resembled
those of sprites but having longer duration. This shows
that an electrical contact was made between the top of
the thunderstorm and the lower ionosphere. Gigantic jets
extend from the cloud top to the ionosphere at 90 km
altitude and can last up to ~0.8sec [64, 113-115]. The
observed gigantic jets were of negative polarity, produced
by a normally electrified storm and therefore resembled to
negative cloud-to-ionosphere discharges. Out of five gigantic
jets, four events were found to be associated with ELF radio
waves, while no cloud-to-ground lightning was observed
to trigger these waves. This indicates that ELF waves were
generated by negative cloud-to-ionosphere discharges. Each
event reduces the ionospheric potential by removing 30
coulombs from the ionosphere [64], and their effect needs
to be included in the GEC model.

3.2. DC Phenomena. In the atmospheric GEC, thunder-
storms are thought to act as a giant battery distributed over
the globe causing electric potentials up to 100 MeV [74,
116], which are discharged in short (~1ms) time scales
by cloud-to-ground or intracloud lightning. Even upward
discharges like gigantic jets also discharge the GEC. Such
large potentials could produce energetic photons, X-rays
[117], and even gamma rays [118], which are absorbed in
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FiGure 8: Diagram showing how the bottom side ionosphere and
the mesosphere above a thunderstorm are probed by ground based
transmitter, credit [40].

the short distance in the lower atmosphere but could travel
appreciable distance before being absorbed in the middle and
upper atmosphere.

The inherent current sources [119, 120] in the meso-
sphere may generate large DC electric fields in the 50-70 km
region [121], which has been observed via rocket measure-
ments [122, 123] and remotely via a series of MF radar mea-
surements [124-127]. The large DC electric fields increase
the electron temperature and effective collision frequency in
D-region. The enhanced electron temperature over neutral
temperature violates the local thermodynamic equilibrium.
During the tropospheric disturbances, tropospheric con-
ductivity increases and the electrical coupling between the
troposphere and the mesosphere results in grounding the
mesospheric current source and in a significant decrease in
the intensity of large mesospheric electric fields. The electron
temperature and effective collision frequency decrease, which
results into the D-region cooling [128, 129].

The upward electric currents associated with the charge
separation process for a single active thunderstorm are ~1 A.
Assuming ~1000 thunderstorms operate at a time over
the entire globe, there is an upward current of ~1000 A.
Theses currents charge the highly conducting ionosphere
(~80km altitude) to a potential of ~250kV with respect
to the Earth. The total charge on the plates of the Earth-
ionosphere capacitor is ~2 X 10°C [59]. The electric
currents (~2pAm~2) flowing from the ionosphere to the
Earth’s surface remote from thunderstorms depend on the
electrical conductivity of the medium. The conductivity may
change due to the incident flux of cosmic rays, precipitation
of energetic charged particles from the magnetosphere,
changes in aerosol distribution, changes in the pressure, and
the temperature distribution in the troposphere. The upward
quasi-electrostatic fields also change the atmospheric/lower
ionospheric conductivity. Figure 8 shows the measuring
principles of the change in the electrical conductivity above
thunderstorms in the mesosphere and the lower iono-
sphere by measuring changes in the amplitudes of signals
radiating from narrow band radio transmitters passing
over thunderstorms region [40]. Global warming affects
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distribution of aerosol, temperature, and concentration of
gases in the troposphere and stratosphere and hence modifies
the dynamics of the lower and the middle atmosphere
[130]. These changes result into changes in thunderstorm
and lightening properties. It would be interesting to study
the changes produced in the GEC by the global warming
phenomena.

In the study of electrical coupling of the atmosphere and
the ionosphere, the latter is considered to be equipotential
surface, which is not exactly true. During very active auroral
conditions, the potential difference across the narrow (1°
or 2° wide) auroral electrojet region may become ~100kV.
Even ionospheric dynamos may create potential differences
of ~15-20 kV between low and midlatitudes. These potential
differences contradict the concept of the ionosphere as
an equipotential surface. Ogawa et al. [131] have studied
the variation of horizontal electric field in the middle
atmosphere. The issue of equipotential further complicates
because spatial and temporal variations of these potentials
have a variety of scale lengths and various time scales. Intense
atmospheric disturbances caused by earthquakes, volcanoes,
tropical storms, typhoons, and so forth also affect electrical
properties of the lower ionosphere. Some definite progresses
in experimental and theoretical studies of man-made and
natural effects on the ionosphere have been recently made
[3]. However, there is significant gap in the understanding of
an origin and interconnection of many processes involved in
the atmosphere-ionosphere coupling.

4. Summary

The electrodynamic coupling between the Earth’s atmo-
sphere and the ionosphere is very complex and described by
the global electric circuit. Currently, many aspects are not
well understood. Recent measurements show that coupling
influences both the electron density and electrical conduc-
tivity. Thunderstorms are the main generators situated in
the troposphere. Measurements and theoretical studies have
led to some understanding of charging mechanisms and
charge structures of thunderstorms, however various aspects
remain unanswered. Thunderstorms are large, complex,
and short-lived phenomena; the charge generation and
separation mechanism and charge structure are not known,
and it is difficult to model them. The electrical processes
are intimately related to the cloud dynamics or motions and
to the microphysics of the clouds which are incompletely
known or understood. Their detailed comprehension is es-
sential as it controls climate and its variability. For proper
understanding, it is essential to make simultaneous mea-
surements of electric parameters from different parts of
thunderstorms at small time intervals.

The role of transient luminous events on the local
ionospheric potentials, modification of the electric field near
the Earth’s surface, and charging/discharging of GEC are yet
to be quantified. Even there is dispute about the breakdown
mechanism involved in the mesospheric discharges generat-
ing sprites, blue jets, elves, and so forth. Lightning-generated
whistler mode waves cause precipitation of Van Allen belt
electrons which modify D-region conductivity. The relative

importance of different types of whistler mode waves is not
known.

The generation of transient mesospheric electric field
needs detailed study as it provides a basis for develop-
ing coupled troposphere-mesosphere-ionosphere electrody-
namic models under disturbed conditions. In fact, numerous
phenomena that occur in the upper atmosphere of the Earth
are caused by the sources located in the lower atmosphere
and on the ground such as thunderstorms, typhoons, dust
storms, earthquakes, volcanic eruptions, and radioactive
emissions from the nuclear power plants. All these phe-
nomena affect the electrical conductivity from the Earth’s
surface to the lower ionosphere. Variation of conductivity
and external current in the lower atmosphere lead to the
perturbation of electric current flowing in the GEC and to
the associated DC electric field perturbations both on the
Earth’s surface and in the ionosphere and hence affect the
electrodynamic coupling of the Earth’s atmosphere and the
ionosphere.
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