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1. Introduction

It has recently been established that the ionosphere is only part of a signi-
ficantly larger plasma envelope around the Earth, which is called plasma-
sphere. More accurately, the ionosphere is the nearest to the earth-crust
layer, where the absolute concentration of neuirals, electrons and jons is consi-
derably higher than in the other regions. Considering the ionosphere in this
way as part of the magnetosphere, we come fo a new stage in the iono-
spheric investigations, i.e. to investigations of the dynamic couplings bet-
ween the magnetosphere and the ionosphere, Now it is necessary to revise
our previous concepts, and first of all that on the conditions of the disturb-
ed ionosphere which is to be seen in connection with magnetospheric-iono-
spheric interactions. For example, we could show the ifonospheric storms
which were studied before by statistical methods mainly, in the mid-and
low ignosphere, If has been realized in the past few years that a geomag-
netic storm consists of separate elementary storms or substorms, and now
it is possible to investigate and explain the physical nature of the iono-
spheric disturbances. The precipitation of corpuscules in the ionosphere was
considered as a direct consequence of the solar flares, and not as a purely
magnetcspheric process caused by the flare,

Ditferent methods are used in the diagnostics of the magnetospheric-
lonospheric interactions, by which the conditfons of the ifonosphere and the
magnetosphere are sindied separately while at the same time we are look-
ing for the relations beiween them. In general, we could classify these
methods in two main groups. To the first group, that of ground metihods,
belong all classical investigations of the ionosphere and magnetosphere used
during the last few decades. In the second group of methods, which may
be called space methods, the investigations are carried out directly in space
by equipment on rockets and artificial satellites. Direct measurements are
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thus taken of the structural paramefers of the plasma councentrations of
electrons, ifons and neuntrals, in addition {o femperature measurements. Here
belong also the measurements of the various dynamic characteristics such
as drift, wind, diffusion, etc. Electric and magnetic fields in the plasma, as
well as various other processes are also measured by space methods.

It should be pointed out, however, that the classification of these me-
thods in iwo groups is a very conventional one. An essential part of the
structural and dynamic parameters of the ionosphere and magnetosphere can
be obtained independently by any one of the iwo methods, A typical example
is the measurement of the electron density by ground methods and by
various rocket and satellite methods.

We know that the investigation of the neuiral optical emissions of the
near-space plasma provides a vast amount of information about the compli-
cated physicochemical processes which take place in this medium. In the
auroral zone in particular, the investigation of the atmospheric emissions is
the basic source of information forstudying the interaction between the cor-
puscules and the fonospheric plasma,

The purpose of this paper is to show the opportunities offered by the
investigation of the atmospheric emissions for discovering the magnetosphe-

fi L i e 1 ittt e ORI C
Fig. 1. Energetic terms of the oxygen atomns
ric-ionosphetic relations, mainly as regards the subauroral regions-—— mid-

and low latitudes. The aurorae will be discussed ito the extent to which
they are connected with the oplical emissions over mid- and low latitudes.
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2. Excitation of the Oxygen Emissions

As is well known, in the intermediate E—F and F regions, i e. that part
of the ionosphere which is in direct contact with the magneiosphere, the
oxygen atoms are the basic components of the plasma. For that reason,
let us consider the ways of excitation of the oxygen atoms. Fig, 1 presents
the diagram of the basic energetic terms of the oxygen. It shows that the
nearest to the basic term {(#F) and, consequently, most easily excited terms
are 1D (energy of excitation 4.17 eV). The restoration of the atom from an
excited state to the normal is achieved by the transition 3P—1D, at which
the red oxygen triplet 1 630CA, 2 6364 A and 2 6391 A is em;fted and the
transition 1D —1S Jeads to the emission of the so-called auroral line with a
length of 5577 A.

2.1. The red oxygen line 1 6300 A

The first line of the iriplet with a length of 6300 A is significantly mere
intensive compared with the second and third lines, and it is the one usu-
ally quoted. This line, called nebular line because of ifs large propagation
in the nebulas, holds an important place among all airglow emissions.
{Later on we shall explain iis popularity.) The basic mechanisms leading to
excitation of the term '[) and, consequently, to emission of 1 6300 A have
been thoroughly freated in [1—6]. These mechanisms are the following:

21.1. By chemical reactions

The two basic reactions playing an essential role in this process are the

dissociative recombinations of O, and NO!':

(1) Of +e — O('D)4-O(P) up{Oy)
O(S)+O¢P)
O(*D)+0(D)
O(1D)H-0O(S)

@ NO# 4 ~» O(D)+N{S) ap(NO+)
O(FP) |-N(2D)
OGP} --N(*S)

The above reactions reveal that the dissociative recombination of Ok

is considerably more productive than that of NO+. It has been theorettcally
and experimentally established that at each act of recombination of Of at
least one of the oxygen atoms has a ferm !/, while the efficiency of reac-
ifon {2) is by one order lower, i. e. af len recombinations of NO' at least
one oxygen atom has a term 1D,

The dissociative recombinations (1) and (2) have a very high rate. The
rate constant of the first reaction ap(QG)) Is equal to 2X10-7cm? g1, that

of second reaction being 4 10—7cm?s—! [7). Naturally, at such high rates
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of dissociation of O} and NO+ the reserves should be depleted, but this

does not actually happen. This situation explains the great importance of
the ion-exchange reactions in the physics of E and F ionospheric regions,
by which the stocks of molecular ions are continuously replenished.

O{1D) can be obtained also at triple collision, i. e, at a reaction of the
following type:

{3) OfP)+OFP)HOP) — O(D)+ 0,

but the above reaction is not very probable in reality hecause of the need
of very high absolute densities of O fu the £—F and F regions which ac-
tually do not exist.

The reaction

{4) NED)+OCP) — N(:5)+0(D)

plays an esseuatial role in the deactivation of the exciled nitrogen whose
life-time, before emitting, is about 26 hours. On the other hand, the quan-

tity of N(3D) is small, and this leads to insignificant production of O(ID}
by this reaction,

The same refers to the reaction:
(5) O+(D)-+00P) -— O*(:S)+0('D),
which is very effeciive at high altitudes,

2.1.2 Dissociation of G, according to the reaction:
6) Oy XPZ))+hv — O(°P}+ O D).

The solar uliraviolet quantum taking place in this reaction is from the
Schumann-Runge’s continuum. Naturaily, this reaction is valid only when
the upper atmosphere is lightened directly by the Sun.

2.1.3. Direct electron collision
{7) O@P)+e — O('D)4-e.

An essential part of the red ling emission is emitted by the above me-
chanism, mainly during the day. This mechanism plays a definife role in
some extreme cases during the night pre-dawn enbancement, SAR arcs, etc.

Let us see which electrons could take part in reaction (7) for the ex-
citation of the ferm /3. No doubt, these electrons should have energy
E>2eV. In Fig. 2 the number of the atoms O(D) are taken from [26],
which number could be produced by one electron with energy £, at differ-
ent values of the parameters of the fractional ionization R= N./[0]

Let us now see where in the ionosphere could there appear elecirons
with energy in the range of 25100 eV.

a) Photoelectrons, The cobservations show that the essential part of ihe
day emission of 4 6300 A is due to excitation by ambient photoelectrons,
produced in consequence of the absorption of the short-wave solar radia-
tion, At certain particular conditions the photoelecitons play a role during
the night as well. For example, al mid-geomagnetic latitudes in winter, the
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intensity of the red line in the north hemisphere shows a shatp increase
before the local dawn. This phenomenon, observed for the tirst time by
Barbier in 1859 [3}, was interpreted by Cole (8] as an effect of the pholo-
electrons arriving from the magneto-conjugate regions (MCR), where the
Sun has already lightened the local

tonosphere, 8 9 . Ne
b) Superthermal elecirons. The - [o]

energy of these electrons is more than &~

2 eV. At daylight conditions, the high- = |

energy end of the Maxwell disiribu- =

tion of the electrons is passing to and w |

melting with the spectrum of the =

photoelectrons. During the night an 2

insignificant part of the ambient elec- - [

irons possess energy of over 2 eV.No
doubt, this smail part and the curve
of the Maxwell distribution depends oo
on the electron temperature 7, The sl
higher the 7,, the higher the contri- 2.1
bution of the local thermal electrons to
the excitation of i 6300 A. Let us s
note here that it is precisely by th¢ '
superthermal electrons that scem€
magnetospheric influences on the iono-
sphere are achieved, as can be detected
by the red line. The healing of the  Fig. 2. Excitation of O(ID) by electrons
ambient electron gas can be achieved

by Cole thermal conductivity along

the field lines, by dissipation of the energy in the F-region of iono-cyclo-
tron waves generated in the magnetosphere, and by some other ways.

c) Secondary electrons obtained at the precipitation of electron and
proton fluxes.

It is well known that the precipitating electron and proton fluxes from
the magnetosphere provoke ionization of the atmospheric components. The
secondary electrons obtained in this way take part in the elastic and non-
elastic collisions, causing the rise of the neutral and ion temperature, and
to a higher degree, that of T,. At the non-elastic collisions, the vibrational
terms of N, and O, are excited with higher efficiency, also that of 1S and
especially 175, for which a very small quantily of energy is necessary. In
actual fact, at the aurora the excifation of the oxygen emissions is per-
formed mainly by secondary electrons.

g P T T O T | O L
Cisutrcn erzruy, oW

2.2. The red emission af calm conditions

The main generative mechanism of the A 6300A line during the night is
the dissociative recombination of O}, according to reaction (I1). Barbier and

Glaume [9] obtained a semi-empirical relation between the intensity of the
6300 A line and the fonospheric parameters at calm conditions, which is pre-
sented by the following formula:
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(8) Iysoo=BLF PP exp. [ : (l‘_*_"%@.“)]

where fof" is the critical frequency of the layer F, &'F is the height of the
iayer, /¥ is the density scale, while B and € are consianis determined af
simultanecus ionospheric and photometric observations.

Serafimov and Gogoshev [10] presented in 1972 a generalized theory
of 4 6300 A radiation during the night. According to this theory, the
2 6300 A line emission is a result of the dissociative recombination. Some
basic relations have been obtained between the emission of this line and
the parameters of the F-region. One of the relations is reduced to the for-
mula of Barbier [9], where the constant B already has a physical meaning;

(9) B=1.24X10%. &, [Oslaco®(H, Z).

Here the function @(H, Z,) comprises the hali-width of the layer Z,
and the density scale A as well.

In 1875 Serafimov and Gogoshev [11] improved the similar formula
wotked out by Peterson [12), reducing it fo a convenient form for practi-
cal purposes, with which, besides the atmospheric model, the knowledge on
the N(%) profile is also necessary. This formula is:

506 ke (NOT}. ap(OF) . [Oof V2 di
(O oaco=0076.4e | (NG a0] )+ (OF T AsNaf-Horp (VO PV OGNATRING)
The experimental verification of formula (10), carried out by simuita-
neous fonospheric and photometric observations, has shown that it provides
values about the intensity of the red line emission which are the nearest
to those regisiered experimentally. By tracing the evolution of the connec-
tions between the red oxygen line and F-region parameters, our aim was
to show that by the photometric observations of the 1 6300 A emission du-
ring the night we can very well coolrol the basic processes in the F-re-
gion. The accuracy of the photomeiric data exceeds that of the radiophysic-
al measurements. For example, a change of 5—6 per cent, and even {ess,
of the electron concentration in the F-region caniol be detected by verti-
cal sounding, while changes of only 2 per cent in A, can be detected by
photometric measurements of the 1 6300 A line.

23. The red ‘oxygen emission at geomagnetic activity

23.1. Strong storms in the aurora zone

Cbservations of the red line emission, carried out over a period of many
years at the Observatory of Stara Zagora, Bulgaria [4], at the Observatory
of Abastuntani, USSR [13] and at the Observatory of Zvenigerod, USSR
{14] have shown that the mean night iniensity of the red line emission,
with the exceplion of the twilight periods, is within the limits of 20—100R,
under conditions of low geomagnetic activity (K,< 2). The increase in geo-
magnetic activity leads immediately to a sharp rise in the 1 6300A emis-
sion Intensity. Trufce [15] obtained a relation between D, variations of
the geomagnetic field and the abnormal rise in the red line intensity, This
relation is the following:
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(1 1) logfgago-_:ﬂost"‘gxIO'"EF'—'HB.IT,

where F is the flux of the solar radio-radiation with a length of 10.7 em
(10~ W/m®Hz), and B is a constant depending on the geomagnetic latitude,
This relation makes it possible to estimate the total planetary flux ofenergy
in the jonosphere by the intensily of the 2 6300 A line, depending on the
strength of the geomagnetic storm. For example, during the strong geo-
magnetic storm on 11 February 1958, at D =409 2, the energy of the red
line was about 300 erg/cm?®s.

Let us note here that the above selation is valid for geomagnetic
storms at which Da>>100y and at geomagnetic latitudes of more than 40°.
This important formula no doubt reflects a definite generative mechanism
which is valid only for subauroral zones and also for a definite region of the
magnetosphere. The action of this mechanism is insignificant during weaker
geomagnetic sforms (Dy:<100 y) and the observed increase in the intensity
of the red line must be explained in ancther manner. The most probable
cause for excitation of the 6300 A line, at strong geomagnetic storms, is
the beating of the F-region and the rise of 7, In this case, as we have
shown above, there is an increase in the quantity of the superthermal elec-
trons exciting the 6300 A line. We shall have, of course, electrons with
energy over 4.16 eV which could excite the green oxygen line as well, but
they would be few and, contrary to the assertion of Krassovsky [16], the
green oxygen line should have a very low intensity. Our calculations show
that the intensity of the red line, obtained by the thermal mechanism,
should be by four orders higher than that of the green line. The same ratio
has actually been observed during the geomagnetic storm on February 11,
1958, and this confirms the existenice of the thermal mechanism. We must
add, however, that the cause of the heating of the eleciron gas in this case
remains unknown.

2.3.2. SAR-arcs

A tull review of the observations of SAR-arcs and their generative mecha-
nisms is given in [17]. In general, these arcs are observed over mid-latitudes
(Fig. 3) at a height of about 400 km. Their length is several thousand kilo-
metres and their width is several hundred kilometres, They have an inien-
sity of between 100 and 1000 Rayleighs. The most important fact is that
the red arcs are observed in that region of the atmosphere where the pla-
smapause is projected. We assume that the basic generative mechanism is
related to the appearance of the ion-cyclofron waves in the zone where
the asymmetric ring current is spread out in the plasmapause region, The
dissipation of the energy of these waves in the F region leads to heating
of the electron gas and to the corresponding glowing of the atmosphere
by the red emission. The exact determination of the height (by vertical
sounding), can provide very good information about the nature of these
electro-magnetic waves, taking into consideration the fact that they transmit
their energy to the electron gas depending on the free path of the electron,
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233. Intcrease of the red line emission over mid- and low
latitudes

The absence of a sufficient number of siations in tlie equatorial zone and
in the low latitudes makes it impossible for us tn assess exacily the be-
haviour of the 6300A emission during the geomagnetic disturbance, In gene-
ral, the satellite observalions have shown that at about 10--15° on both
sides of the magnetic equator, there exist regions (arcs) with elevated inten-
sity of the red oxygen line. (These are the familiar regions of higher elec-
tron concentration related to what is known as the equatorial anomaly.) It
is difficuli {o maintain that they are connected with the magnetospheric
processes and with the ring curreni, and that they depend on the geomag-
netic activity,

In 1973, through the observations carried out at the Bulgarian station
of Stara Zagora, quasiperiodical oscillations of the intensily of the 16300
line were discovered with an average period of 90 minutes during the main
phase of a geomagnetic storm (Fig. 4) [18, 19]. Later on Vlassov and Ro-
manovsky {20] pointed out that the observations at the Observatory of
Stara Zagora were the first confirmation of the existence of the theoreti-
cally predicted oscillations with such period, which, in their opinion, are due

F1asmapaust

A oxpansion

Bhable ring

N - BUTDER
pralon bald
(M0 =108 kel

Fig, 3. Schematic diagram of the magneiosphere and the regions in which the SAR-arcs
are exclted

to changes in ifon concentrations in the F region during the geomagnetic
storm. Comparing the above observalions of the atmospheric emissions with
those of the geomagnetic field (af the station in the oval--—- Leirvogur aud
at the station of Panagyurishte), and also with the data from the ionosphe-
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ric station of Sofia, Gogoshev, Serafimov, Gogosheva and Kazakov [21, 22]
have shown that:

ay The time and the periods of the wave oscillations of the glowing
are connected with the substorms in the polar region,

b} The height of the F-layer has
pulsated synchronously with the sub-
storms,

¢) As a consequence of that, the
dissociative recombination, by which
the observed oscillationscould be ex-
plained guantatively, has been changed. =

dy The assumption that -eleciric =
fields with intensity of 5—10 mV/m are
generated during the subsiorm in the
mid-latitudes, tallies very well with
the experimental data.

Another example of emission,
increase over the mid-latitudes is the
case which occurred on September 18/19,
1974, After a comparatively strong
geomagnetic storm during the period of
14—17 September,a normalization of the
geomagnetic field was observed. During
the evening hours on September 18/19,
however, there was a single and isolaied
sub-storm. About one and a half hours 79 @3 el
after that the Observatory at Stara PR N
Zagora regisirated a sharp increase of Fig. 4. Anexample for substorms in the
the intensity of the 2 6300A line mid-latitude lonosphere
reaching 600 R. At the same titme, the
ionograms at the staticn in Sofia showed the presence of ionospheric hete-
rogeneity, which strongly inteusified the dissociative recombination and hence
the glowing of the red line [23}. It is assumed that the generator of these
moving heterogeneities is located in the polar region, perbaps it coincides
with the auroral oval and increases during geomagnetic activity [24].

S o

3. Conclusion

The influences of the magnetosphere on the mid- and low latitude iono-
sphere which culminate in a rise of the red oxygen line intensity as a final
result, are presented in Fig. 5. It shows that the increase in the 2 6300 A
line can be achieved through four channels which we denote by the lefters
A, B, C, D. Naturally, with one single observation only of the 1 6300 A line
it is impossible to solve this system of equations with four unknown quan-
tities. Therefore, other observations are to De carried out, parallel with the
observations of the red line. First, we must carry out ionospheric observa-
tions of the F region, by which several structural paramelers can be mea-
sured, such as N, for example. Through N, we could immediately control
the most important channel A (dissociative recombination). Let us assume
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that the influx of 1 8300 A emission is passing through the channel A. This
channel consists of four secondary channels {4, A, A, A,). The measured
ionospheric data are quite enough for comparison and control of the secon-
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Fig. 5. Block-diagram of the basic channels for excitation of the 16300 A line under
magnetospheric-ionospheric influence

dary channels A; and A, and for their suificient discrimination at the same
time, If channels A, and A4, are not operating we must check the connec-
tions A4, A; and-B, C, D as well. No doubt, there exists a deiinite connec-
lion between channels B, C, 4, and A, which is unknown., We only know
that the channels B, €, A, and A, are operating simulianeously. By way
of a qualitative explanation, we could only say that 4,, 4, and C, for mid-
latitudes, are much weaker than B,

The channel C can be controlled in the following way: It is well known
that the precipitation of corpuscules leads to ionization of N, and, at the
same time, to the excilation of the first negative system of N}. By obser-
vations of the lines 2 3914 A or 4 4278 A we can provide a qualitative esti-
mation of the flux of particles and, consequentily, of the influx into the
channels B, A, and A, Additional information for channe! B can be obtain-
ed by parallel observations of some bands of N, and O, which are excii-
ed only by secondsry elecirons. Consequenily, the unknown channel is
only [, which can be determined by observations as the difference bet-
ween the observed values of 1 6300 A emission and the estimated influx of
A, B and C. This ditference can immediately give us information about the
electron temperature T, by using the graph in Fig, 6 {25].

In addition to the analysis given in section 3, the use of a photometric
station can be recommended for the ground diagnostics of the magneto-
spheric-ionospheric influences by the atmospheric emissions, in which station
the atmospheric emissions 1 6300 A, 13914 A and one of the bands of N,
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or O, are measured. In addition, the use of an ionospheric station also is
recommended, as it can give the basic structural parameters of the Fre-
gion, with the same time resolution,
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Wcnonb3oBanye atMocdepHBIX ONTHIECKHX SMUCCHUIT
IS TUArHOCTHKY HMOHOCHRPHO-MarHUTOCHEPHBIX CBfiel

1. Kucnoponuas smuccas 6300 A
M. M. Fozowes

(Peanme)

B paSore paccmMOTDeHEl OCHOBHBIE [IDHYHHBI FeHEDANdM aTMOC(EDHEIX SMHC-
cuft. QcofenHoe BHUMaHue OODAIIeHO HAa KPACHYIO KHUCAOPONRYIO JIMHHIC
6300 A, KA KOTOPOH AaHANH3UPOBAHBI CACAYIOUHE MEXAHU3MbI FEHEPALMA:
XHMHYeCKHe mpolecchl, puccounanusa (g, HeNoCpeICTBEHHBIE 3AeKTPOHHLE
yAapel ¥ AUCCONMATHBHAS pexkomGuuandda. B paBore Takxe pPaccMOTPeRH
NPUYHHEB! M3JAYYeHHd JHHHE BO BpPeMS MarmuToC(epHBIX CMYIEEHHH ¥ B 4BpO-
PRIBHEIX KpacHHX znyrax. Chenano npeijoXeHne MNAf AHACHOCTHKM HOHO-
cepro - MarauTochepHbIX  cBs3ell NOCPEXCTBOM  M3MEPEHHH aTMOC(heDHEIX
ONTHYECKHMX 3MHCCHH,
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