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Abstract. Coupling between the neutral upper atmosphere, ionosphere and inner
magnetosphere has been studied considering north-south asymmetry of the neutral total
density, seasonal and annual anomalies of the electron density in the F region, as well as the
plasma exchange between the ionosphere and plasmasphere (inner magnetosphere). As
indicator of the latter process geomagnetic pulsations-have been used. Energy deposition by
particle precipitation generating SAR arc radiation, post storm effect in the lower ionosphere
and effects of energetic neutral atoms are also discussed. It has been found that neutral density
and temperature are enhanced in the whole year, but primely in winter as compared to the
same season in the southern hemisphere, Electron density indicates the same behaviour due to
the increased electron density gradient and increase of ambipolar diffusion in the F region.
Excessive heating in the northern hemisphere as compared with the southern hemisphere may
be due to excessive electron precipitation from the radiation belts, as well as from the ring
current in subauroral latitudes and to energetic neutral atoms related to enhanced neutral
density at low and middle latitudes. Estimates of energy deposition are given.

Keywords. Neutral upper atmosphere (Thermosphere) — Ionosphere (F-region) -
Magnetosphere (Plasmasphere).

1 Introduction

If we will characterize simply the space around the FEarth extending to the
magnetopause, it can be devided into two regions. In the first region there is a close coupling
between the neutral atmosphere and the ionosphere. In the second region this coupling is
followed by a coupling between the ionized medium (plasmasphere, inner magnetosphere)
and the geomagnetic field. Concerning relation of the ionosphere to the neutral atmosphere, it
is not only composition of the neutral gas, which determines the initial ion composition. In the
lower ionosphere motion of the neutral gas plays also an important role (dynamo region).
Other coupling process between the neutral atmosphere and the ionosphere becomes
predominant in the upper ionosphere, it is the composition change of the neutral atmosphere
both in geomagnetically quiet and disturbed conditions. A coupling process of quite other
kind occurs between the ionosphere and the inner magnetosphere due to the exchange of
plasma, as well as particle precipitation originating in the radiation belts and the ring current.

2 Data and analysis

In Fig. 1 change of the total neutral density is shown as a tfunction of latitude for both
hemispheres. It can be seen that the density is higher in the northern hemisphere than in the
outhern hemisphere, that is, there is a density asymmetry between the northern and southern
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thermosphere on the density of atomic oxygen, ion production decreases in this height region
(above the F1 layer representing the altitude of maximum ionization) with altitude.

Concerning recombination, linear or f type recombination is the predominant
process. Its magnitude is determined by the [N>] / [O] ratio, as the rate of £  type
recombination is determined by the reaction O + N> — NO' + N (Rishbth et al., 2000; Zou
et al., 2000). According to our calculations using atmospheric and ionospheric models, the
rate of recombination at an altitude of 300 km and for an exospheric temperature of 1100 K
attains a value of about 2.7 10" m™s (altitude and neutral temperature were selected taking
that altitude and neutral temperature in the models, which correspond to the total neutral
density asymmetry of Ap/p~0.2). Concerning the effect of temperature change of about
94 K connected with the density increase of Ap/p ~0.2, [N:2] / [O] ratio increaes only by
0.03 at 300 km due to this temperature increase. This is due to the growing dominance of [O]
in the composition of the upper atmosphere with increasing altitude.

As regards transport, the transport term in the continuity equation is v, -dn, /0z.

According to our calculations using Equ. 1, velocity of the ambipolar diffusion increases with
height beginning to grow at altitudes above 160 km rising to about 10 ms™ at 250 km and 70
ms™ at 350 km, taking into account conditions valid for an exospheric temperature of 1100 K.
For the transport term a valuc of 7.310" m™ ™' has been obtained referring to 300 km. Thus,
in the continuity equation the transport term may be the dominant factor in determination of
the electron density. Concerning the temperature assymmetry (~94 K) corresponding to the
neutral density asymmetry (Ap/ 0~ 0.2) electron density would be enhanced in northerm

hemisphere winter by growing velocity of ambipolar diffusion as a result of enhanced
negative vertical gradient of electron density and reduced positive vertical gradient of plasma
temperature. Thus, ambipolar diffusion would contribute to development of the north-south
asymmetry of electron density at altitudes above the maximum electron density (NM F2).
Increase of the ambipolar diffusion coefficient due to decrease of the ion-neutral collision
frequency may be neglegted because of the collision frequency approaching a limiting value
with rising altitude.

As it is known, there is an exchange of plasma between the ionosphere and the inner
magnetosphere (Schunk and Nagy, 2000). This plasma exchange is limited to that part of the
magnetosphere called plasmasphere, where magnetic lines of force are closed and the
exchange process takes place along these field lines. This confinement is due to effect of the
geomagnetic field on charged particles permitting only a helical motion along field lines and a
longitudinal motion perpendicular to the field lines. Filling of the plasmasphere with charged
particles is controlled by the ionosphere (Denton et al., 2004). The plasma exchange between
the ionosphere and the plasmasphere has a diurnal course, plasma transport directed by day
from the ionosphere to the plasmasphere. which turns by night. Intensity of the exchange
depends on electron density in the F-region,

The state of the plasmasphere can be studied by geomagnetic pulsations. For this
purpose FLR (Field Line Resonance) type pulsations are suitable. Origin of these pulsations
are upstream waves due to ion-cyclotron instability arising, when protons backscattered from
the bow shock interact with solar wind protons. Upstream waves entering the magnetosphere
result in formation of FLR type pulsations of the geomagnetic field in that part of the
magnetosphere, where magnetic field lines are closed. Conditions of the origin of these
pulsations are correspondence of a period in the spectrum of upstream waves with the
eigenperiod of a field line. Field-lines behave like a string fixed in their ends and hereby
torsional oscillations occur due to upstream waves of the same period. Thus, the period of
FLR type pulsations changes with geomagnetic latitude increasing with latitude, while other
periods of upstream waves are not enhanced. The upstream origin of FLR type pulsations has



also been demonstrated by the study of measurements carried out by means of the fluxgate
vector magnetometer on board of CHAMP (Heilig et al., 2006). The eigenperiod of a field

line is
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where Vj is the Alfven velocity, ds is an clementary part of the field line, p stands for the
plasma density B denoting intensity of the geomagnetic field. This shows that eigenperiod of
a field line depends not only on length of the field line causing increase of the eigenperiod
with geomagnetic latitude, but it is also proportional to the plasma density. If plasma density
is increased due to enhancement of plasma transport from the ionosphere, the eigenperiod
increases, too. The mechanism works like a resonant system, like an oscillating (resonant)
circuit eigenperiod of which increasing with enhanced ohmic resistance (loading). In the field
line resonance process clectron density corresponds to the resistance damping amplitude and
changing the period of FLR type pulsations. Thus, if electron density increases due to the
north-south asymmetry, period of FLR type pulsations is also enhanced, as it will be shown

later.
3 Results and discussion

Concerning the north-south asymmetry of the total neutral density (Fig. 1), it is
observed more or less in every month of the year (Illés-Almar and Almar, 2006). In the
lonosphere a similar asymmetry can be found in the F region of the ionosphere corresponding
in height to the thermosphere. The eclectron density is higher in the northern winter
hemisphere, than in the same season in the southern hemisphere as a result of the
superpositon of the winter (seasonal) anomaly and the December anomaly. It has formerly
been shown that this asymmetry occurs only in the winter months (November, December,
January) and therefore, it is called December anomaly. An investigation of data measured at
several station pairs located approximately at the same latitude and longitude in the northern
and southern hemispheres (Table 1) has indicated that the difference of foF2 (characterizing
the maximum electron density in the I' region) between the hemispheres includes the period
from September to July mainly al mid-latitudes. Thus, north-south asymmetry of the electron
density extends almost to the whole year similarly to the neutral density. Though, the latter
establishment is based only on six station pairs it may be regarded as reliable the latitudinal
variation of he difference characterized by similar features from months to months. This is
shown in Figs. 2-4, where the southern hemisphere part of the curve is obtained by mirroring
the northern hemisphere part as compared with the equatorial plane (Bencze et al., 2005). The
magnitude of the asymmetry indicates maxima at low and subauroral latitudes.

As it has already been shown in Part 2, due to the north-south asymmetry of the neutral
temperature electron density is determined by increasing plasma transport in the height region
considered here as a result of enhanced negative vertical gradient of the electron density and
decreased positive vertical gradient of the plasma temperature. Effect of recombination is of
minor importance. Thus, the December (annual) anomaly in the F-region may be attributed to
the temperature increase in the thermosphere of the northern hemisphere indicated by north-
south asymmetry of the total neutral density. Hereby coupling is established between the
thermosphere and the ionosphere increase of the electron density in the F-region resulting in
enhanced plasma transport from the ionosphere to the plasmasphere.
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hemispheres (Illés-Almar and Almar, 2006). This Figure has been constructed with density
values obtained by observing the drag of satellites. The density values were observed at
different latitudes (inclination of the satellites 5°-96° ) and longitudes, and they represent
various altitudes (175-420 km) in the thermosphere. Measurements included both
geomagnetically quiet and disturbed conditions(Almar et al., 1992). Data refer to different
hours of the day and to different months.This variation of the density with latitude in both
hemispheres plotted in Fig. 1 shows up in every month of the year. In this case the Figure
represents a global average change, the tendency of which indicating enhanced density in the
northern hemisphere as compared with the southern hemisphere. The relative density
enhancement [(0,,, — Pews)! Pews = Bp ! p] attains a value of ~ 0.2 at high mid-latitudes.

In the thermosphere the neutral density is in winter months higher than in summer
months. Thus, in the northern hemisphere density enhancements related to the north-south
asymmetry and to the seasonal variation are superposed in winter. The situation is similar to
that occurring in the F2 region (200-600 km) of the ionosphere, where in the northern
hemisphere effects of the winter (seasonal) anomaly and the so called December (annual)
anomaly are superposed.

It is emphasized that study of the electron density refers to the same height region as
the neutral density data in Fig. 1. Consequently, inferring from the height region from which
the mean value of neutral density changes are obtained the corresponding ionospheric region
coincides to a large extent with the upper F2-region, with heights above the F2 layer
maximum electron density. F2-region clectron density is determined not only by linear ( J

type) recombination. In the height region in question effects of vertical transport processes are
also important. As motion of charged particles is controlled by the geomagnetic field, they are
moving along field lines. The process is called ambipolar diffusion and its veloity is given by

the equation

oT
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where D, = yﬂ is the ambipolar diffusion coefficient. Here 7, = (7, +7,)/2 is the plasma
myv,,
temperature, £ being Boltzmann’s constant, 7, and 7; are the electron and the ion temperature,
respectively, m; is ion mass, v, stands for the ion-neutral collision frequency, #; is the ion
density, H,=k7,/ m;g is thc plasma scale height, I the dip angle. Our calculations carried out
for different altitudes indicate that according to Equ. (1) vp increases with increasing altitude
in the height range above 2 maximum electron density determined by increasing negative
trend of the vertical ion density gradients and decreasing positive trend of the vertical plasma
temperature gradient (in a height region of about 300 km above the altitude of the F2 region
maximum electron density). Besides D, increasing also with altitude, the magnitude of the
third term in the bracket enhances the value of vp, that is -1/H, though it decreases with
altitude. As a result, vp is of positive sign in this region indicating an upward transport of
charged particles.

Considering the continuity equation of charged particles, ion density changes depend
on changes due to ionization, recombination and transport. If the mean value of changes must
be determined as it has been done in case of the neutral density, diurnal and seasonal averages
have to be used. Under these circumstances as a first approximation north-south asymmetry
of ion-production can be neglected as compared with a possible asymmetry in recombination
and transport. Though, ion production depends on the density of the ionizable gas — in the
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Growth of the plasmaspheric electron density decreases activity of FLR type pulsations
in consequence of damping of the resonance system by the enhanced electron density (Verd
and Menk, 1986; Verd ct al., 1995). The period of pulsations is also increased. The enhanced
electron density in the plasmasphere causes reduced pulsation activity in the winter months.
Spectra of geomagnetic pulsations show a peak around the local period of FLR type
pulsations. This peak is of a width depending on the Q-factor of the resonant system. The Q-
factor itself is inversely proportional to the ohmic resistance of the resonant circuit. Thus, if
we accept the resonant circuit as an equivalent circuit, eigenperiod and width of the peak is
determined by the electron density.

Geomagnetic pulsations are continuously recorded since 1957 in the Nagycenk
Geophysical Observatory of the Geodetic and Geophysical Research Institute, Hungarian
Academy of Sciences. Sopron (¢ = 47.2°, A = 98,3°). Processed data are published in
observatory reports ol the Institute. In these reports occurrence frequency spectra of the
recorded pulsations are also shown from 1957 to 1973 (Verd, 1961). Illustrations present
mean occurrence frequency spectra ol periods [rom about Is to 10 min, each curve referring
to an interval of 2 months of the year and the yearly mean is also given. Selected spectra are
shown in Figs. 5-7, showing spectra characteristic of summer and winter months (Figs. 5-6) .
as well as spectra indicating not only the occurrence frequency peak corresponding to FLR
type pulsations, but also peaks belonging to other Pc type pulsations (Fig. 7). In these spectra
generally two peaks can be seen, a greater one corresponding to the FLR type pulsations
between 20 and 30s, as well as a much smaller one at about 2 min indicating Pi type
pulsations. The latter are connected with geomagnetic substorms.

Occurrence frequency spectra can be characterized by three parameters, by their
amplitude, by bandwidth and FLR period. Bandwith in case of an occurrence frequency
spectrum means occurrence of other periods differing only slightly from eigenperiod of the
field line. It may be regarded as a worsening of resonance conditions (damping). The
amplitude of the occurrence frequency peak corresponding to FLR type pulsations shows
increased values from 6h to 18h, that is, by day due to the source of their generation, namely
upstream waves limited to the day side of the magnetosphere (Heilig et al., 2006). The
bandwidth is enhanced by day due to electron density increase. The FLR period shows a
similar behaviour indicating greater periods by day attributable to the same reason, as in case
of the bandwidth. The seasonal variation of the occurrence frequency itself indicated an FLR
peak, which is smaller in winter months (Fig. 6), than in summer months (Fig. 5) in
accordance with winter-time enhancement of the elecron density in the ionosphere and
transferred to the plasmasphere. Concerning the seasonal variation of bandwith and FLR
period, occurrence frequency spectra indicate increasing bandwidth and growth of the FLR
period in winter months (Fig. 6) as compared to summer months (Fig. 5) in accordance with
the seasonal variation of electron density, however, only at high solar activity.

Taking values of the three parameters from the period 1969-1972, it has been found
that occurrence frequency and bandwidth are correlated with solar activity significant at the
95 % level but only in case of winter months (November, December, January, February).
Both parameters decrease with rising solar activity, however the change of the bandwidth
with solar activity is very small. If the relation to geomagnetic activity is considered, the
occurrence frequency is correlated with geomagnetic activity at the 95 % significance level,
but only in that case, if all months are taken into account. Occurrence frequency increases
with growing geomagnetic activity. Considering the bandwidth and the FLR period, both are
correlated with geomagnetic activity at the 99 % significance level, but only in the winter
months and are reduced with increasing geomagnetic activity. (Reduction of these parameters
may be connected with observed clectron density decrease of the ionosphere due to growing
geomagnetic activity). This is a further proof of a coupling between the ionosphere and the
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inner magnetosphere, which is further supported by CLUSTER observations indicating discret
frequency field line resonances (FLRs) driven by magnetospheric waveguide modes (Mann et
al. 2002). In situ CLUSTER measurements confirm the importance of ULF waves in
magnetosphere-ionosphere coupling by generation and modulation of electron precipitation.

Coupling between the neutral upper atmosphere, the ionosphere and inner
magnetosphere is also represented by particle precipitation of energetic particles from the
radiation belts and the ring current resulting in heating, as well as ionization in the upper
atmosphere and lower ionosphere, respectively(Bencze, 1991).

During geomagnetic disturbances, the cold high density plasma of the plasmasphere
interact with the hot, thin plasma in the ring current. Thus, energy is transferred from ring
current particles, in the majority of cascs by high energy (> 10 keV) O ions, to thermal
electrons in the interaction region due to change exchange,Coulomb collision and wave-
particle interactions (Kozyra et al., 1982; Kozyra et al., 1997; Schunk and Nagy, 2000). The
energy originating in the ring current is conducted down along geomagnetic field lines into
the ionosphere resulting in electron temperatures of 4000-10000 K (Wagner et al., 1986).
Thus, at altitudes 300-400 km there are enough hot electrons (> 1.96 ¢V) in the tail of the
thermal electron velocity distribution, which excite atomic oxygen from OCP) to O('D) state.
Excited atoms emit radiation of 630 nm, the red line of atomic oxygen. The red line emission
occurs in a latitudinally narrow region encircling the Earth at subauroral latitudes (45°- 55°).
The phenomenon is called subauroral red (SAR) arc and contributes to heating of the high
mid-latitude upper atmosphere (Fig. 8). [Enhanced electron temperatures not always high
enough to produce SAR arc emissions are much more frequent and are characteristic of the
subauroral ionosphere)].

Concerning diurnal variation of SAR arc in geomagnetically disturbed periods, they
extend from the dusk to the dawn terminator as diffusive bands. Seasonal variation of SAR
arc intensity has also been observed indicating winter maximum in the northern hemisphere
(Slater and Smith, 1981). Increased intensity of SAR arcs in winter (¢lectron temperature
high enough) can be explained by enhanced heat flux, since increased heat flux can produce
the same clectron temperature in case of increased electron density (Coulomb collisions)
(Kozyra et al., 1990). Enhanced heat flux can be the result of increased ring current Q"
density similar to O density increase in the winter ionosphere. O" ions, predominant ions —
with rising geomagnetic activity up to 9000 km in the polar region are produced by the solar
EUV radiaton in the ionosphere. These ions are energized in this height range by parallel and
perpendicular acceleration forming energetic ion outflow. The energetic O ions originating in
the polar wind (dominant source of H" ions), cleft ion fountain and the auroral zone get from
the high latitude ionosphere into the inner plasma sheet, from where drifting earthward they
are further energized and form the ring current (Huddleston et al. 2005).

This lengthy introduction to physical processes of SAR arc formation is thought to be
necessary for discussion of a possible effect of the north-south asymmetry in the
thermosphere and ionosphere on SAR arc formation. According to observations,
thermospheric neutral density is enhanced in the northern hemisphere as compared with the
southern hemisphere, finding also enhanced electron density in the northern hemisphere. SAR
arcs are first of all related to geomagnetic activity (in recovery phase of gcomagnetic storms).
Neutral temperature increase within SAR arcs as compared with temperatures outside arcs is
observed (Hernandez et al., 1982; Watanabe and Kim 1984) attaining a mean value of 100-
200 K, which corresponds to a relative density increase of Ap/ o~ 0.6 at 500 km altitude. It
might be assumed that this heating may also be a source of atmospheric waves in the
thermosphere along a dusk to dawn zone at subauroral latitudes (Prasad and Furman, 1975).
Considering larger neutral and clectron densities in northern hemisphere winter corresponding
to the north-south asymmetry, it would decrease the electron temperature in the topside



ionosphere as a result of enhanced electron-ion and electron-neutral cooling. This would
result in reduced 630 nm column emission intensities in the northern hemlsphere winter as
compared to the same season in the southern hemisphere.

As it is known, the radiation belts are also located in that part of the magnetosphere
where magnetic field lines are closed, that is, in the inner magnetosphere (Schulz and
Lanzerotti, 1974). Electrons are lost in the inner zone mainly by coulomb scattering into the
loss cone, since electrons are scattered more easily because of their smaller mass than to be
slowed down (Imhof, 1968). The ,,slot” located between the inner and outer electron belts at L
~ 3 is a region of anomalously intense pitch-angle diffusion (it is systematically moving
outward with declining solar activity). According to recent investigations (Selesnick et al.,
2003; Selesnick et al., 2004), it has been found that pitch angle diffusion is related to electron
scattering by whistler mode plasmaspheric hiss waves being the primary source of pitch angle
diffusion. In the outer belt electron precipitation may  principally occur during the
acceleration process indicated by electron fluxes increasing with rising geomagnetic activity
and lowering with energy (Hess, 1968). Acceleration itself may be related to violation of the
integral adiabatic invariant I of the magnetic field, if the magnetic field at the particle’s mirror
point changes in a time short as compared to the bounce period. In this case, particles at their
mirror points are submitted to Fermi acceleration, some particles meeting mirror points
moving toward them, other mirror points moving away from them due to magnetic field
perturbations. As statistically more approaching encounters occur resulting in a net energy
gain, mirror points are continuosly lowered decreasing the pitch angle of the particle until it
gets into the loss cone and is lost into the atmosphere.

Temporal and spatial distribution of electron pricipitation from the radiation belts is
controlled also by azimuthal drift. Longitudinal variation of the particle loss is determined by
azimuthal drift. The balance between drift and pitch angle diffusion determines the
longitudinal electron distribution. Plasmaspheric hiss is the principal factor in the diffusion
mechanism at high L values enhanced during the recovery phase, while whistlers in the
plasmaspheric hiss frequency band participate in the process at low L values (Abel and
Thorne, 1998). In low altitudes only the low energy electrons are strongly scattered in
direction, thus, such electrons can easily scattered back out, if their mirror points are below
the top of the atmosphere. High energy particles reach deep into the atmosphere before
loosing enough energy to be scattered. In case of mirror points in the high altitude thin
atmosphere, low energy electrons can be scattered deep into the atmosphere and lost, but high
energy electrons mirror without scattering. Nevertheless, the rate of pitch angle diffusion is
higher on the dayside than on the nightside occasionally by a factor of ~10 (Selesnick et al.,
2003; Selesnick et al., 2004).

As coulomb scattering depends on ion density and electron temperature, and scattering
of electrons by the neutral atmosphere Is proportional to the neutral density and electron
temperature, the loss of radiation belt electrons is also related to variation of the total neutral
density. Thus, the north-south asymmetry of the total neutral density may result in ~ 20 %
enhancement of the loss of radiation belt electrons in the northern hemisphere at mid and high
latitudes.

In the outer belt electron precipitation can also be due to self-excited ion-cyclotron
waves (Kennel and Petschek, 1966). The scattering process is resonant interaction between
waves and particles, where the doppler shifted frequency of the former equals the
gyrofrequency of the latter. Outer radiation belt electrons can also be affected by toroidal ULF
waves (Ukhorskiy et al. 2005).

Precipitating electrons of energy > 40 keV originating in the ,slot” region of the
radiation belts produce the so called geomagnetic after effect, or post storm effect
demonstrated by enhanced electron density in the lower ionosphere (Lauter and Knuth,



1967; Schulz and Lanzerotti, 1974, Peres, 1981, Mircz, 1986). Anomalous increase of the
electron density appears 3-4 days after the primary ionization, when disturbances of the
geomagnetic field ceased long ago. This after effect has been found to last up to 10 days after
the storm (Fig. 9) and can be observed at geomagnetic latitudes greater than about 50°
corresponding to that region of the radiation zones (L. ~ 3), from where elcctron precipitation
comes (slot region). An asymmetry in ionospheric absorption of radio waves in the lower
ionosphere between the northern and southern midlatitudes has been found mostly in features
of the winter anomly (Schwentek et al., 1980). This asymmetry is suggested to be due to
different meteorological processes occuring in the two hemispheres in winter.

In the inner zone, protons are first slowed down by interacting with the atmosphere
until their energy is reduced to about 100 keV. Longitudinal drift of these lower energy
particles — besides protons also He' and O" ions form a ring of current encircling the Earth.
Ring current characteristic thickness is within one ion gyroradius (62 km) (Roclof et al.,
1985; Torr et al., 1982). Intensity of the ring current is increasing with gcomagnetic activity
reaching peak values during the main phase of geomagnetic storms. In the recovery phase of
geomagnetic storms decrease of the ring current intensity is effected by charge exchange
processes (Smith et al. 1981; Roclof, 1997). The energy of energetic ions incident in the
atmosphere is almost entirely transferred to charge exchanged energetic neutral atoms
(ENA), which afterwards propagate along necarly straight-line path (Vallat et al., 2004;
DeMagistre et al., 2004). The ENA intensity originating in charge exchange consists of two
parts. The first part is due to charge exchange between protons and hydrogen atoms in the
exosphere producing slow protons and energetic neutral hydrogen atoms. The second part
represents the ENA flux that is the result of charge exchange between ring current oxygen
ions and hydrogen atoms creating slow protons and energetic neutral oxygen atoms at the
exobase, a shell at an altitude of ~350 km. ENAs may be considered as the source of heating
the cooling rate of energetic O" ions to neutrals being max. $ .10 (Fig.10) (Torr et al., 1982).
As a result of this heating anomalous density increase has been observed at low and low-
middle latitudes (Prolss, 1982; Bencze and I11és-Almar, 1986; Bencze et al. 1993).

Density perturbations originating in the auroral zones due to their sudden thermal
expansion propagate from high to low latitudes at both hemispheres crossing each other at the
equator, as it has been observed by the STAR accelerometer on board of the CHAMP satellite
(Forbes et al., 2005). Model calculations have indicated that the heating rate at low latitudes
related to these atmospheric disturbances in geomagnetically disturbed periods is less than
the energy deposition due to particle precipitation (Illés-Almadr et al., 1990).

4 Conclusions

On the basis of discussion of the results, the following conclusions may be drawn up.

The north-south asymmetry observed in the total neutral density of the thermosphere
hints at a temperature asymmetry with higher temperature in the northern hemisphere as
compared to the southern hemisphere, remarking that the total neutral density originates
practically only from atomic oxygen. Enhanced atomic oxygen in the northern hemisphere
results in the observed increase of electron density in F-region of the ionosphere due mainly
to enhanced upward plasmatransport (ambipolar diffusion) in the height region, where the
north-south neutral density asymmetry has been found.

The eigen-period of FLR type geomagnetic pulsations depends on geomagnetic
latitude, but also on plasmaspheric electron density, the latter being function of the
ionospheric electron density. Thus, north-south asymmetry of the F region electron density
can be observed in the activity of FLR type pulsations their occurrence strongly reduced in
northern winter months and their eigenperiod increased.



During geomagnetic disturbances energy is transferred from the ring current to thermal
electrons, the energy conducted dawn along geomagnetic field lines into the ionosphere at
high mid-latitude resulting in heating and c¢xcitation of atomic oxygen (SAR arc formation).

Protons originating in the inner radiation zone produce energetic neutral atoms (ENA)
due to multiple charge exchange contributing to heating of the thermosphere at low mid-
latitudes as it has been observed.

Loss of radiation belt electrons contributes also to the energy exchange between the
radiation belts and the atmosphere.

Electron precipitation from the ,slot” region located between the inner and outer
radiation zones is related to observed occurrence of the post storm effect in the lower
ionosphere.

Thus, it is demonstrated that there is a manysided coupling between the thermosphere,
the ionosphere and the inner magnetosphere (Amory-Mazaudier, 2006, Aruliah, 2006).

However, the main question remains as what may be the source of energy producing
the temperature asymmetry indicated by north-south asymmetry of the neutral density. In our
calculation presented below the CIRA 1986 atmospheric models and the IRI 1990 have been
used. If the neutral density is higher in the northern hemisphere than in the southern
hemisphere, the loss of radiation belt electrons would be enhanced in the northern
hemisphere, which would attain about 20 %. The north-south asymmetry would increase the
energy deposition in the subauroral SAR arc zone as a result of increased energy deposition.
Calculations have shown that the energy deposition to electrons by electron cooling is
approximately 10’ eVm™s' (Fok et al., 1993). In case of enhanced electron density in
northern hemisphere winter the cooling rate would be ~ 1.1110'% ¢V m™s™” at L = 2.5 on the
nightside. The heating increase in the northern hemisghere due to the north-south asymmetry
of the neutral density would amount to 1.10'" eV m™s™. Excessive energy deposition would
result in the flux of energetic neutral atoms (O,H) at low and middle latitudes during the
recovery phase of geomagnetic storms, which originate in the ring current (Illés-Almar,
2004). According to calculations, estimated value of the energy deposition, the cooling rate of
energetic O ions to neutrals is about 5.10'" eVm-’s" maximizing at about 350 km on the
night side (Torr et al. 1982). Cooling decreases both below and above this altitude.
Considering the neutral density asymmetry, a relative increase of 0.2 would enhance
proportionally the ion-neutral cooling rate, since the momentum transfer collision frequency
is proportional to the neutral density. Thus, the ion-neutral cooling rate would increase to
about 6.10'% eVm™s™ at the height of the maximum energy deposition. The excessive heating
related to ENA’s in the northern hemisphere due to the north-south asymmetry of the neutral
density would amount to 1.10" eVm™s"'. As a comparison, the solar UV/EUV energy
deposition in 300 km altitude is about 3 107eV m™s (Torr et al., 1980).
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Figure captions

Fig. 1: Change of the total neutral density deviations from the CIRA 72 model values
expressed by ( 0., = Puoder | Puodwr /) @s @ function of latitude for both hemispheres shown by
the drag of different satellites (Illés-Almar and Almar, 2006)

Fig. 2: Difference of [0F2 in corresponding months of the same season between the
northern and southern hemispheres for the interval September 1958 - July 1959.

Fig. 3: Difference of [0F2 in corresponding months of the same season between the
northern and southern hemispheres for December 1957 and January 1958.

Fig. 4: Difference of foF2 in corresponding months of the same season between the
northern and southern hemispheres for April 1958 and May 1958.

Fig. 5: Occurrence frequency spectrum of geomagnetic pulsations determined on the
basis of earth current records of the Nagycenk Geophysical Observatory, May-June, 1960

Fig. 6: Occurrence frequency spectrum of geomagnetic pulsations determined from
earth current records of the Nagycenk Geophysical Observatory, Nov.-Dec. 1960.

Fig. 7: Occurrence f{requency spectrum of geomagnetic pulsations determined from
earth current records of the Nagycenk Geophysical Observatory showing peaks corresponding
to Pc 2, Pc 3, Pc 4 and Pi 2 pulsations.

Fig. 8: Heating of the thermosphere by ring current particles appearing in electron
temperature (T¢) (Wagner et al., 1986).

Fig. 9: Post storm effect (geomagnetic after effect) represented by anomalous increase
of radio wave absorption measured by the A3 method at mid-latitudes in the lower ionosphere
showing from top to bottom change of geomagnetic activity (ZKp), of night-time excess
absorption (AL, ) and sunset excess absorption (AL, ) from 3 days before to 15 days after
beginning of the geomagnetic disturbance (Mércz, 1986).

Fig. 10: Heating of the thermosphere by energetic neutral particles related to day-time
solar electromagnetic radiation (dashed line) and to nightside energetic O™ precipitation (full
line), height variation of the heating rate deduced from measured density values (circles) and
due to atmospheric disturbances propagating from the auroral zones obtained hy modelling
(crosses) (Torr et al. 1982; Bencze et al., 1993).
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North-south asymmetry

km) (Fig. 1).
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North-south asymmetry of electron density in the F-region of
the ionosphere, the electron density being greater in the northern
hemisphere than in the southern hemisphere mostly in the
northern winter months due to enhanced neutral density
representing increased atomic oxygen density and less effective
g type recombination
(O"+N, > NO"+N,NO"+e » N+O)

(Fig. 2).
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North-south asymmetry of activity and period of the FLR (Field
Line-Resonance) type geomagnetic pulsations the period
increasing in winter months in the northerm hemisphere related

1/2
to the increased electron density (T = f(ﬂop) ds/ B) in the

inner magnetosphere transferred from the ionosphere
(Fig. 3 a, b).
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Heating in the thermosphere related to the interaction of hot ring
current protons with thermal electrons, the energy conducted
along geomagnetic field lines down to the ionosphere, where
atomic oxygen is excited from the OCP) to the O('D) state and
as a consequence red line emission of atomic oxygen occurs
(SAR arc formation) at high mid-latitudes during geomagnetic

disturbances (Fig. 4).
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Heating in the thermosphere may be caused by protons from the
inner radiation zone transferring energy by multiple charge
exchange with hydrogen atoms producing energetic neutral
atoms (ENA) at low mid-latitudes. As a result of this heating

increased neutral density is produced (Fig. 5).
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Post storm effect (geomagnetic after effect) has been observed
in the lower ionosphere due to precipitation of electrons of
energy > 40 keV originating in the ,,slot” region of the radiation
belts (L ~ 3). Electron precipitation is caused by pitch angle
diffusion of electrons into the loss cone related to wave-particle
interaction (cyclotron resonance), in course of which particle
acceleration occurs due to violation of the integral adiabatic

invariant of the magnetic field (Fig. 6).
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North-south asymmetry of activity and period of the FLR (Field

Line-Resonance) type geomagnetic pulsations the period
increasing in winter months in the northerm hemisphere related

to the increased electron density (T = J.(ﬂop)l/zdS/ B) in the
inner magnetosphere transferred from the 1onosphere
(Fig. 3 a, b).
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Heating in the thermosphere related to the interaction of hot ring
current protons with thermal electrons, the energy conducted
along geomagnetlc field lines down to the 10nosphere where
atomic oxygen is excited from the OCP) to the O('D) state and
as a consequence red line emission of atomic oxygen occurs
(SAR arc formation) at high mid-latitudes during geomagnetic

disturbances (Fig. 4).
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