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The concept of the auroral oval was proposed independently by Feldstein and by Khorosheva in the
early 1960, and it has since been widely used as a referencé frame for the organization of high-latitude
optical, particle, and ionospheric data. More recently, different structural regions associated with the oval
have been distingiiished, and these have been identified with different magnetospheric regions by different
workers. The net result is an inconsistent set of nomenclature and relationships. The literature of this
development is reviewed in detail, and an interpretation and terminology that is consistent, in the
opinion of the authors at least, are proposed. It is hoped that this proposal will serve as a useful basis for
further discussion on the ordering of auroral phenomena in relation to the magnetosphere.
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1. INTRODUCTION

The concept of the auroral oval was proposed independent-
ly by Feldstein [1960, 1963a, b], Feldstein and Solomatina
[1961], and Khorosheva [1961a, b, 1962, 1963] in connection
with the analysis of International Geophysical Year (IGY)
data and, since then, has been extensively used to describe the
diverse geophysical events at high latitudes [Akasofu, 1968].
The concept accounted for previously recognized statistical
regularities in the occurrence of discrete auroras at an obser-
ver’s zenith and in the orientation of extended auroral forms
(arcs and bands). Later studies have shown that the auroral
oval is closely associated with the large-scale magnetospheric
structure of the earth’s magnetic field, namely, with the com-
pression of the dayside field and the formation of a mag-
netospheric tail on the nightside [Feldstein, 1966; Akasofu and
Chapman, 1972]. This feature of the global auroral distri-
bution has facilitated the extensive use of the oval concept to
interpret the occurrence of various geophysical events at high
latitudes. The auroral oval concept involves a particular auro-
ral system of polar coordinates which was used by Whalen
[1981, 1983] to obtain an ordered space-time distribution of
the charged-particle fluxes penetrating the upper atmosphere
and by Lyatsky [1978] and Galperin et al. [1980] to get the
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simplest description of the large-scale plasma convection in
the earth’s magnetosphere and ionosphere. The center of the
auforal oval taken as the pole of the auroral coordinate
system is shifted by ~5° along the midnight meridian from
the corrected (or invariant) geomagnetic pole.

Until the 1970°s the principal jnformation on the structure
and dynamics of the auroral oval was inferred from thorough
analysis of millions of all-sky camera films. A network of all-
sky cameras was in operation in the high Arctic and the Ant-
arctic during the IGY period, and the observations were car-
ried out in the framework of a coordinated international pro-
gram (Annals of the International Geophysical Year, 1962).
However, the photographs of auroras covering simultaneously
large areas at high latitudes could be obtained only for a few
time intervals [Akasofu and Kimball, 1965; Akasofu et al.,
1969]. This is why the instantaneous locations of auroras in
high latitudes were difficult to obtain.

The situation changed significantly after the first photo-
television imagings of auroras on board various satellites in
individual emissions [Shepherd et al., 1973; Anger et al., 1973;
Lui and Anger, 1973] or in integral light [Pike and Whalen,
1974; Snyder and Akasofu, 1974; Akasofu, 1974a]. In polar
orbits the ISIS 2 and DMSP satellites traverse the high-
latitude region within 15-20 min providing a single snapshot
of the global auroral distribution per pass.” .

The ISIS 2 scanning photometers recorded the 3914-, 5577-,
and 6300-A emissions. The combination of electronic scanning
with the satellite spin and orbital motion makes it possible to
obtain a global pattern of auroras in the dark high-latitude
region with the intensity of auroral luminosity above tens of
rayleighs (R). DMSP detected the integral emission from the
upper atmosphere in the 4000 to 11,000-A interval with the
intensity above about 1 kR. The auroral images were obtained
with a scanning system using the satellite movement along its
trajectory and an oscillating mirror to scan across the trajec-
tory. As a result, a ~2500-km-wide band across the satellite
trajectory was photographed. Although a low-altitude satellite
can take sequential images of the northern or southern polar
cap only once in about 100 min, the large-scale photographs
taken from them yield extensive material to reveal new regu-
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larities in the global auroral pattern. Besides that, such photo-
graphs are widely used in scientific research to compare auro-
ral patterns with local observations of other geophysical phe-
nomena. Some of the results obtained when studying auroral
patterns from satellites may be found in previous reviews
[Akasofu, 1974a, 1976; Hultqvist, 1974b; Feldstein, 1978;
Meng, 1979a; Burch, 1979; Anger, 1979]. The structure and
dynamics of auroras in high-latitudes will be examined below
on the basis of the data of all-sky cameras and the photo-
graphs taken from satellites.

More recently, global auroral imaging has been carried out
at much higher altitudes [Kaneda, 1979; Frank et al., 1981a].
The KYOKKO satellite, with its apogee at ~4000 km,
imaged high-latitude auroras in vacuum UV optical emissions
in the band A1150-1650 A. The imaging and readout cycle
lasted for 128 s, so that, within a ~40-min interval during
which the satellite traversed the region of geomagnetic lati-
tudes higher than 45°, about 20 complete UV images of the
high-latitude region were obtained. The KYOKKO orbiting
period is 137 min. The apogee of the polar-orbiting Dynamics
Explorer 1 (DE 1) satellite reached an altitude of 3.65 R, and,
therefore, continuous television imaging of the global distri-
bution of auroras was possible for up to 5 hours. Two pho-
tometers yielded images in the visible light in 13914-A,
15577-A, and 16300-A emissions, and the third, in one of the
vacuum UV wavelengths (the Lyman-Birge-Hopfield (LBH)
N, bands at 4 = 1400-1700 A, Lyman «, 1300 A O I). The
time to obtain one image may vary from ~3 to 12 min, with
the data of three photometers being transmitted simultaneous-
ly. Such a schedule makes it possible to obtain a series of the
images of the entire auroral oval during a long period at a
high time resolution. The data of this type are very important
when studying auroral substorms and have already been used
to obtain new scientific results [Frank et al., 1982a; Craven et
al., 1982; Craven and Frank, 1983].

The equipment designed for ground-based detection of the
emissions from the upper atmosphere has also been recently
improved. Sears [1982] has described the results of spec-
trographic observations carried out using detectors and TV
equipment designed on the basis of the latest technological
achievements in manufacturing narrow band spectral filters,
digital electronics for image processing of counted photons,
and sensitive TV detectors for recording images. The combi-
nation of the most novel detectors with the modern techniques
of image processing makes it possible to carry out very high
sensitive measurements with a high resolution. Even very
weak subvisual emissions from the upper atmosphere and in-
homogeneous structures in the airglow are accurately detected
and displayed on a TV screen in real time.

Auroras are the end result of a long chain of events covering
the space between the sun and the earth. They are the immedi-
ate consequence of the penetration of high-energy charged
particles, electrons and protons and (to a small extent) heavier
ions, into the upper atmosphere. It is expedient, therefore, that
the present review should also include recent data on the dis-
tribution of the particles penetrating the upper atmosphere
and their relevance to the major magnetospheric plasma re-
gions. Naturally, the “auroral radiation,” ie., the electron
fluxes with energies from several tens of eV to several tens of
keV, will be examined. Detailed reviews devoted to this prob-
lem have been published by Eather [1975], Frank [1975],
Akasofu [1977a, b], Meng [1978], Swift [1978, 19791, Shepherd
[19794], Sergeev and Tsyganenko [1980], and Feldstein
[1978]. At the same time the accumulation of new data, es-
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pecially in connection with satellite measurements of the auro-
ral particles with a <1073 erg cm™2 s™! sr™! energy flux
threshold [Meng, 1978; Cambou and Galperin, 1982], has
made it possible to construct a classification of precipitating
electron characteristics in accordance with the observed auro-
ral types and to obtain more accurate schemes of the relation-
ships of various auroral regions to the earth’s magnetic field
structure and to the location of the major plasma domains in
the magnetosphere. These problems and schemes will be dis-
cussed in the concluding part of this review.

2. ENERGY FLUXES IN THE AURORAL OVAL

The discrete auroras which encircle the geomagnetic poles’
and constitute the auroral oval arise from electron acceler-
ation toward the earth’s ionosphere under the effect of a field-
aligned potential difference in the magnetosphere. The lo-
cation of the discrete auroral region at different levels of mag-
netic disturbance estimated by the index Q in the nightside
sector for ¢ ~ 65° (where ¢ denotes corrected geomagnetic
latitude) is shown in Figure 1 according to Feldstein and Star-
kov [1967]. (The corrected geomagnetic latitude is determined
making allowance for the first four harmonics of the internal
geomagnetic field expansion and may differ from the “geo-
magnetic latitude” by up to 5°. Allowance for higher harmon-
ics makes it possible to find the so-called invariant latitude A
(A = arccos L™ '/2, where L is the McIlwain parameter com-
puted from the internal geomagnetic field expansion) which is
usually used when analyzing satellite measurements. The dif-
ference between ¢ and A does not exceed 1° and will be
neglected here.) The discrete auroral forms are superimposed
on the diffuse auroras observed along the oval [Westerlund,
1969; Eather and Mende, 1972; Whalen, 1981; Sharber, 1981;
Whalen et al., 1977]. According to Whalen [1981, 1983], the
major portion of the global energy flux transferred from the
precipitating plasma sheet electrons is deposited in the diffuse
auroras all along the oval. It should be noted that as long ago
as 1959, Jorjio [1959] used photoelectric measurements to
show that the major part of the integral luminosity emitted in
such auroras is emitted in the spatially extended diffuse back-
ground rather than in the discrete bright forms, even during
an auroral display. The oval-aligned diffuse auroras are due to
electron precipitation from the plasma sheet where the energy
spectrum in the 0.2- to 10-keV range is characterized by a
Maxwellian distribution which is practically invariant along a
force tube [Rearwin and Hones, 1974], as also in the diffuse
aurora [Lui et al., 1977; Meng, 1978; Meng et al., 1979].

The results of specially designed multipoint expeditionary
measurements of auroral brightness taken with wide-angle
spectrophotometers were used by Ponomarev [1981] to show
that the energy contribution from the diffuse precipitation of
auroral electrons dominates the contribution of discrete auro-
ras in all phases of a substorm. The rise of diffuse precipitation
intensity over the entire night sector of the auroral oval fol-
lows the increase of pressure near the inner edge of the plasma
sheet. The same conclusion can be drawn from the concepts of
plasma pressure increase and the large-scale electric field in
the magnetospheric tail.

The pattern proposed by Ponomarev [1981] may be used to
qualitatively describe the behavior of mean auroral brightness,
ionization, and heating of the thermosphere in the auroral
oval disregarding the role of discrete auroras and field-aligned
potential differences, in a satisfactory agreement with experi-
mental data obtained during disturbed periods in the night
sector. Discrete auroras are also due to plasma sheet electrons,
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ass
The auroral oval at various geomagnetic activity levels [ Feldstein and Starkov, 1967].

Fig. 1.

but the charged particles in these force tubes suffer an ad-
ditional field-aligned acceleration as they move from the mag-
netosphere to the upper atmosphere [Evans, 1976; Torbert
and Mozer, 1978; Mozer et al., 1980; Mizera and Funnell,
1977; Chiu et al., 1983]. Upward fluxes of high-energy ions of
predominantly ionospheric origin are also observed in the
same latitudes [Ghielmetti et al., 1978] together with precipi-
tations of such ions into the atmosphere. Thus the auroral
ionosphere and the plasma sheet exchange particles with each
other and are immersed in a complicated system of large- and
small-scale currents, so that they constitute a unified physical
object whose dynamics is most clearly visualized in the auro-
ral luminosity pattern. In the present review we shall examine
the large-scale auroral luminosity pattern but refrain from dis-
cussing the very interesting studies of the small-scale struc-
tures in individual discrete auroras and luminosity pulsations.

The character of the oval-aligned auroras in the dusk sector
is closely related to the interplanetary medium conditions
[Murphree et al., 1981b]. Diffuse auroras are predominant for
interplanetary magnetic field (IMF) components B, > 0 and
B, > 0. For B; > 0 and B, < 0 the diffuse auroras have super-
imposed isolated auroral forms. Under such conditions the
geomagnetic activity is usually low. The extended oval-aligned
auroral arcs are characteristic of disturbed conditions of B, <
0 for an IMF B, component of both signs.

According to Whalen [1981, 1983] the latitude variation of
energy flux E in a diffuse aurora can approximately be de-
scribed by the Gaussoid

— 2
E= Emax €Xp I:_%(%) :|

where changes in maximum energy flux, E_,,, are confined
between 0.3 and 30 ergs/cm? s; ¢ ~ 1.4 and may vary within a
factor of 3; @, is the latitude of maximum flux which may
shift by up to 5°. The equatorward boundary of the auroral
oval for discrete forms at all longitudes is located along an
isoline of constant energy flux. The latitude ¢, is located

near this boundary during magnetically quiet periods and_

within the auroral oval during disturbed periods. The auroral
coordinate system fixed to the instantaneous oval position
makes the observed energy fluxes ordered. In this system, E is
described by a Gaussoid characterized solely by the parame-
ters E_,, and ¢_,,. During substorms, however, the Gaussian
form of the latitude distribution of E is distorted.

The energy flux supplied from the magnetosphere to the
auroral oval was determined by Feldstein and Starkov [1971]
on the basis of ascafilm photometry in the sectors of a frame
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with zenith angles below 60°, This means that the mean lu-
minosity intensity was determined over a ~90,000-km? area;
ie., the oval-aligned diffuse auroras made a major contri-
bution. Figure 2 shows the observed energy fluxes in the
various sectors of the auroral oval with increasing magnetic
activity level. The surface brightness of the auroral forms is
known to be variable by 34 orders of magnitude, and the
local electron flux, by up to 5 orders of magnitude. In Figure 2
the mean energy flux changes by less than an order of mag-
nitude with increasing activity, the difference being due to the
fact that the mean brightness of a significant part of the sky,
rather than the brightness of individual forms, was included in
determining E.

The value of E increases with magnetic activity from 1.4 to
7 ergs/cm? s at night and from 0.45 to 1.4 ergs/cm? s in the
daytime. Thus the energy flux density supplied to the auroral
oval altitudes (1) is 3—5 times higher at nighttime compared
with the daytime, (2) increases by a factor of 3—5 with rising
activity from Q =0 to Q =7, and (3) increases at nighttime
more steeply with increasing Q than in the daytime.

The absolute values of E are in good agreement with the
data [Eather and Mende, 1972] inferred from the experimental
determinations of E by various methods, namely, E ~ 0.1 erg
em~2 s~ ! sr™! in the dayside sector and ~1-8 ergs cm~2s~!
st~ ! in the nightside sector of the oval.

Knowing the location of the poleward and equatorward
boundaries of the auroral oval, Feldstein and Starkov [1971]
obtained the following relation for the total power W supplied
to the oval:

Wierg s~ ') = 5.5 x 10'® (6H)'/?

where 6H is the amplitude of the magnetic disturbance in
nanoteslas in the nightside sector centered on ¢ = 65°. The
relation gives W =9 x 10'® ergs/s at Q =0 and 1.3 x 1018
ergs/s at Q =7. The order of magnitude of such powers
proved to be comparable with the powers measured by Sharp
and Johnson [1968] for > 80-eV electron fluxes (3 x 10'S ergs
s"'at Kp=1and 6 x 10'7 ergs s™! at 4 < Kp < 5). Accord-
ing to Ahn et al. [19834a] the empirical relation between E and
8H in the form E ~ (6H)*%77 at 8H < 0 is sufficiently close, in
the functional dependence of E on §H, to the relation present-
ed above.

McDiarmid et al. [1975] have presented the results of mea-
suring the mean intensities and energies of auroral electrons as
functions of magnetic local time (MLT) and invariant latitude
on board ISIS 2. Their results were supplemented with new
data obtained by Wallis and Budzinski [1981], who deter-
mined the electron fluxes with energies of 0.15, 1.3, 9.7, and 22
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Fig. 2. The mean energy fluxes E (erg cm~2 s™!) supplied to the
various sectors of the auroral oval depending on the magnetic distur-
bance level [Feldstein and Starkov, 1971]. (a) Night sector. (b) Day
sector.

keV for each hour of MLT in the invariant latitude band
60° < ¢ < 84° at two disturbance levels, 0 < Kp <3 and
3 < Kp < 9. The values of W were found to be ~2.7 x 10'7
ergss 'atl < Kp<2and ~55x 107 ergss™!at Kp=4.
The information on energy fluxes supplied to the upper
atmosphere by auroral electrons presented in the work of
Spiro et al. [1982] is the most detailed published so far. The
Atmosphere Explorer D and C (AE-D and AE-C) satellites
measured 0.2 to 27-keV electron fluxes. Following Spiro et al.
[1982], Figure 3 presents a model for the energy flux of pre-
cipitating electrons, E (erg cm~2 s~!). The model was ob-
tained by statistical processing of the data obtained in many
thousands of satellite orbits. The isoline representing the out-
ward contour corresponds to E = 0.25 erg em™2 s™!; each of
the next isolines corresponds to a doubled value of E. The
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coordinates used are invariant latitude-geomagnetic local
time.

From the present data these points immediately follow:

1. The region where intense fluxes of precipitating auroral
electrons are observed (and the maximum energy flux is sup-
plied to the upper atmosphere) is a closed band encircling the
geomagnetic pole. The band is located at lower latitudes on
the nightside compared with the dayside.

2. The most intense energy fluxes exist at near-midnight
hours.

3. As the magnetic disturbance rises, E increases rapidly in
the nightside sector (by 8 times) and more slowly in the day-
side sector (by 2 times).

4. The band is located within the latitude region which in
general coincides with, but is somewhat broader than, the
auroral oval. Such a location is due to the fact that the out-
ward contour in Figure 3 corresponds to a somewhat lower
energy flux compared with the auroral arcs the location of
which was used to find the boundaries of the auroral oval
shown in Figure 1.

5. The main morphological regularities characterizing the
band of maximum E and the auroral oval are the same,
namely: (1) during magnetically quiet periods the band in the

"dayside sector is located at higher latitudes compared with the

nightside sector; such diurnal variations are characteristic of
the equatorward and poleward boundaries of the band; (2) as
magnetic activity rises, the region of maximum E shifts equa-
torward on the dayside and expands rapidly poleward and
equatorward on the nightside; (3) the band is broader in the
nightside sector compared with the dayside sector; (4) during
intense magnetic disturbances the equatorward boundary of
the band is located asymmetrically with respect to the geo-
magnetic pole (~60° at nighttime and ~71° in the daytime),
and its poleward boundary is at approximately the same lati-
tude (~ 77°); (5) the band is broader in the dawn sector com-
pared with the dusk sector.

Comparison of the statistical model results with the data for
individual orbits and the averaged data of the DMSP, TIROS,
and P78-1 satellites [Simons et al., 1983] has shown that the
model is generally consistent with the large-scale features but
disagrees in details.

Thus the auroral oval is precisely the region of the globe

PRECIPITATING ENERGY FLUX
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Fig. 3. The isolines of electron energy flux at various values of the magnetic activity index AE [Spiro et al., 1982]. The
outer isoline is for the energy flux E = 0.25 erg cm =2 s~ !, each of the next contours corresponds to a doubled energy flux.
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where the maximum energy fluxes from corpuscular precipi-
tations are supplied to the upper atmosphere from the mag-
netosphere. This fact accounts to a great extent for the rele-
vance of the auroral oval to some geophysical phenomena at
ionospheric altitudes.

Spiro et al. [1982] present the following relation for the
total mean power supplied to the band:

AE
-y _ p— 17
Wiergs™ ) = [1.75 1 + 1.6] x 10

where AE is expressed in nanoteslas.

Considering that AE ~ AL ~ 6H in winter, this relation is
in sufficiently good agreement with the above relation inferred
from photometric determinations. It should be noted that ac-
cording to Spiro et al. [1982] and Feldstein and Starkov
[1971], the resultant values of W are somewhat higher than
what follows from the empirical relations obtained by Ahn et
al. [1983b]:

Wierg s™') = 0.6 x 10'5 AE
Wi(ergs™') = 0.8 x 10'> AL

where AE and AL are indices expressed in nanoteslas.

The energy fluxes of the 0.3- to 20-keV particles precipi-
tating in the atmosphere were also inferred from observations
on board TIROS-N, NOAA 6, and NOAA 7 [Hill et al., 1982;
D. S. Evans, private communication, 1982]. The dynamic pa-
rameters of the instruments flown on these satellites permitted
the measurement of E in the 0.01 < E < 400 ergs cm ™2 s~}
range. During the period from 1978 the data obtained from
more than 50,000 orbits were used to find the location of the
band where the maximum fluxes of precipitating particles are
supplied at the disturbance levels 0 < Kp< 1,1 < Kp <3—,
30 < Kp < 4—, and Kp > 4o. The conclusions concerning the
location of the band and its relevance to the auroral oval are
in general agreement with the results obtained by Spiro et al.
[1982], namely:

1. In quiescent periods (0 < Kp < 1) the ~2° wide band is
located at ¢ ~ 78° in the daytime and at ¢ ~ 70° at nighttime.
The two boundaries are asymmetric with respect to the geo-
magnetic pole. The values of E are ~1 erg cm™~2 s~ at night-
time and ~0.4 erg cm~2 s~ ! in the daytime.

2. As the disturbance level rises, (1) in the nightside sector
the equatorward boundary of the band shifts toward the equa-
tor (to ¢ ~ 60° at 30 < Kp < 4—), and the poleward bound-
ary shifts toward the pole; (2) in the dayside sector the two
boundaries shift somewhat toward the equator, thereby re-
sulting in a pronounced asymmetry of the width of the band
in the dayside and nightside sectors; (3) the position of the
equatorward boundary of the band remains asymmetric with
respect to the geomagnetic pole, whereas the poleward bound-
ary is extended approximately along the geomagnetic parallel

@ ~ 75°; (4) the values of E at 4 < Kp < 7 rise up to ~7 ergs
2

cm~2 s7! in the nightside sector and remain at a rather low
level (<1 erg cm™2 s™!) in the daytime at all levels of distur-
bances.

3. An additional region of weak fluxes of E ~ 0.2 erg
cm~2 571! is observed equatorward of the oval in the dayside
sector.

Thus from ~ 1300 through midnight to ~1100 MLT, the
band along which the maximum energy fluxes of the precipi-
tating auroral particles are supplied to the upper atmosphere

is located at the latitudes of the auroral oval and shows nu-
merous peculiarities characteristic of the oval.

3. BOUNDARIES OF THE AURORAL
OvaL AND THEIRR DYNAMICS

According to Khorosheva [1962] the auroral oval may be
considered, to a first approximation, to be a circle, and there-
fore the radius and the position of the center of the circle
should be known for describing the oval quantitatively. Such
an approximation was used by Starkov and Feldstein [1967,
1968] to find the parameters of the external and internal
boundaries of the auroral oval at different intensities of geo-
magnetic disturbances.

Figure 4a shows the changes of radii of the circular equator-
ward (1) and poleward (2) boundaries of the auroral oval and
the changes in radius of the circle drawn through the middle
of the oval (the dashed line) as functions of the Q index of
magnetic activity. It is seen that the radius of the equatorward
boundary increases monotonically from 17° at @ = 0 to 24° at
Q = 7. The radius of the poleward boundary changes much
less and is on the average ~16°. The centers of all the circles
at Q = 0 (Figure 4b) are at a ~ 3° distance from the pole on
the midnight meridian. As the disturbances increase, the equa-
torward boundary center shifts up to a 5° distance from the
pole, and the poleward boundary center shifts down to a <1°
distance from the pole. Thus during disturbed periods the
asymmetry of position of the equatorward boundary between
the daytime and the nighttime is ~ 10° of latitude, whereas the
asymmetry of the poleward boundary practically disappears
and the boundary is located along the corrected geomagnetic
parallel of ~75°.

In the near-midnight sector the equatorward boundary of
the oval shifts from ¢ = 70° under magnetically quiet con-
ditions (Q = 0) to ¢ = 61° under magnetic field disturbances
of intensity @ = 7 (see also Figure 1). Such a significant equa-
torward expansion of the region of high-energy particle pre-
cipitation occurs during disturbances, as well as the poleward
substorm expansion. It is only this circumstance that, in our
opinion, may account for the apparent paradox of the dynam-
ics of the luminescence region during substorms mentioned by
Moore et al. [1981]. Referring to some authoritative sources
from the published literature, they assert that, in contrast to
the poleward boundary of the oval, its equatorward boundary
shifts little during substorms, which leads to the following
formulation from Moore et al. [1981]:

A long-standing mystery of substorm dynamics is the paradox
presented by the prevalent poleward expansion of various low-
latitude auroral substorm features despite the equally prevalent
thinking that hot plasma is transferred radially from the mag-
netospheric tail, i.e. equatorwards, when mapped through a fixed
magnetic geometry to low altitudes.

It is assumed that the paradox can partly be resolved by
allowing for the change in magnetic field topology as an inte-
gral part of the substorm. The field lines are taken to be
essentially attached to fixed points on the earth and to move
simultaneously toward the earth in the equatorial plane.

From the auroral data it follows, however, that the earth-
ward plasma motion in the equatorial plane of the mag-
netosphere is accompanied also by an equatorward shift of the
low-latitude plasma penetration region (see Figures 1 and 4).
Such motion can clearly be seen from the auroral dynamics
during auroral substorms, the scheme for which was proposed
by Starkov and Feldstein [1971]. In this respect, their scheme
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Fig. 4. The variations in the parameters of the circles approxi-
mating the equatorward (1) and poleward (2) boundaries of the auro-
ral oval or the mean line of the oval (the dashed line) versus magnetic
disturbance intensity [Starkov and Feldstein, 1967]. (a) The radius of
the circle in degrees of latitude. (b) The shift of the circle’s center from
the geomagnetic pole along the midnight meridian. The circles and
the dash-dot line denote the distance between the centers of the equa-
torward and poleward circles.

differs from the schemes proposed by Akasofu [1968] and
Montbriand [1971]. The equatorward shift of the auroral oval
boundary from ~70° to ~60° with the development of signifi-
cant disturbances corresponds in the case of the dipolar field
to a radial earthward shift of the inner boundary of the
plasma sheet from ~11 Ry to ~4 Ry and to an even more
significant shift in the case of the real extended configuration
of the magnetospheric magnetic field. Of course, the shift of
the equatorward boundary during an individual substorm is
much less noticeable but is still sufficiently marked and does
not contradict the available data on the shift of the “injection
boundary” in the magnetosphere (see section 7 below). Thus
the paradox mentioned by Moore et al. [1981] is probably a
mere exaggeration. It should be admitted, however, that the
physical processes relevant to the injection (heating or acceler-
ation) of the plasma sheet particles near the inner boundary of
the plasma sheet and to its radial earthward shift have still
been insufficiently studied and deserve much more attention.

The mean position of the equatorward boundary of the
auroral oval may be presented analytically. Starkov [1969]
proposed the [ollowing dependence of the position of the
equatorward oval boundary on the magnetic activity index Q
and the geomagnetic local time ¢:

0" =18° +09Q + 5.1 cos (t — 12°)

Here the colatitude 6,,° = 90° — @; Q is expressed in its non-
dimensional units; ¢ is local time in degrees measured counter-
clockwise from midnight.

The analytical representation of the mean location of the
auroral oval (of the positions of its poleward and equatorward
boundaries) was given by Holzworth and Meng [1975]. The
colatitude 6° of the auroral oval boundaries inferred from the
data of Feldstein and Starkov [1967] is presented in the form

0°=A, + Ay cos (t + As) + Ay cos (2t + 2A45)
+ Ag cos (3t + 34,)

Here ¢ is the hourly angle in degrees; the coefficients 4, - - -,
A, have been found by least squares fitting. From the table of
coefficients it follows that already the first two coefficients of
the expansion describe the location of the equatorward
boundary down to ~0.5° and the location of the poleward
boundary down to 1.0°. The changes of the coefficients 4, and
A, are in excellent agreement with the data of Figure 4,
namely, as Q changes from O to 6 for the equatorward (pole-
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ward) boundary, 4, varies from 17.36° to 23.18° (from 15.22°
to 16.1°), A, varies from 3.03° to 4.85° (from 2.41° to 0.37°),
and A, is practically unchanged at ~3.3° (~3°). Thus the
auroral oval boundaries may actually be considered as circles
with centers shifted approximately along the midnight meri-
dian, while the shifts and radii of the circles vary depending
intimately on magnetic activity.

Examination of the photoelectric images of auroras ob-
tained from DMSP has shown that the boundary of the auro-
ral oval during magnetically quiet periods is marked with a
bright arc [Meng et al, 1977]. To within an accuracy better
than 0.5°, the arc is described by a circle whose center was
found from the data of 50 orbits to be shifted on the average
of 4.2° along the 0010 meridian. These values are in excellent
agreement with the above presented data on the position of
the center of the equatorward boundary of the oval.

The arcs photographed from the satellite mark the equator-
ward boundary of the oval rather than its poleward boundary,
as was assumed by Meng et al. [1977]. Indeed, in the DMSP
photographs one can clearly see a diffuse luminosity band
equatorward of the arc. The band borders the auroral oval in
lower latitudes of the dusk-midnight sector. Such a subvisual
homogeneous luminosity has not been identified with all-sky
cameras and, therefore, was disregarded when determining the
boundaries of the auroral oval. In these lower latitudes, mag-
netospheric processes resulting in a field-aligned acceleration
of particles in localized regions (which give rise to discrete
forms of auroras normally) become inoperative in the mag-
netospheric force tubes. Respectively, the maximal energy
fluxes are much weaker in the diffuse luminosity latitudes
equatorward of the auroral oval than in the oval, and their
values generally are <1 erg cm™2 s~ ! (usually, tenths of 1 erg
cm~2 57! and even smaller). Therefore the diffuse luminosity
equatorward of the arc must be attributed to a physical phe-
nomenon of a different type which will be discussed below.
The most clearly defined and longitude-extended arc is often
located just at the poleward boundary of the diffuse lumin-
osity (see also Murphree et al. [1981b] and, therefore, marks
the equatorward boundary of the auroral oval.

The radius of the circle which approximates the quiescent
arc is a function of the B, component of the interplanetary
magnetic field (IMF). Figure S shows the radii 6° of these
circles inferred from the DMSP photographs [Holzworth and
Meng, 1975]. Under magnetically quiet conditions (B; > 0),
the resulting 6° ~ 16° for an arc and increases up to ~23°
during magnetic disturbances (B, < 0). These values are also
in good agreement with the radii of the equatorward bound-
ary of the auroral oval presented in Figure 4. As a rule, the
poleward auroral boundary cannot be approximated by a
circle of so great a radius.

Zverey et al. [1979] presented the location of the luminosity
band in the northern hemisphere during various MLT inter-
vals at B; > 0 and used the method of least squares to obtain
the following relations of the mean values of ¢.,” and ¢," to
B,™ in the near-midnight sector 2200-0002 MLT:

Peg” = 69.95° + 0.53B,™ — 0.02(B,™)
@," = 72.93° — 0.24B,™ + 0.07(B,™)?

where ¢,.," is the latitude of the equatorward boundary of the
auroral oval at the moment of commencement of the sub-
storm expansion phase; ¢," is the latitude of the poleward
boundary of the auroral oval at the maximum of the substorm
expansive phase; B,™ is the minimum value (B, < 0) of the
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Fig. 5. The radii of the circles approximating the equatorward boundary of auroras within the oval versus the IMF B,
component according to the DMSP observations [Holzworth and Meng, 1975].

IMF southward component prior to the commencement of
the substorm expansion phase. Vorobjev and Zverev [1981]
obtained the dependence of the positions of the equatorward
¥.,° and poleward ¢,? boundaries of the auroral oval on B,
in the dayside sector described by the relations

Peg® = 74.3° + 0.49B, — 0.02(B,)*
@, = 75.7° + 0.57B,

where B, are hourly means in the solar magnetospheric coor-
dinate system. Then, the radius of the poleward boundary of
the auroral oval is 14.5° at B, = +4 nT and 15.8° at B, = —4
nT, which agrees with the date of Starkov and Feldstein [1967]
for quiescent and disturbed conditions. The radius of the
equatorial boundary of 16.2° at B, = 4nT agrees with Holz-
worth and Meng [1975] and is ~20.5° at B, = —4 nT, ie,
smaller by 1.5°. The difference is due to the fact that Zverev et
al. [1979] characterize the location of the boundary at the
moment of substorm expansion phase commencement,
whereas Holzworth and Meng [1975] made allowance for the
shift of ¢.,” to lower latitudes during the expansion phase.
The relations for the southern and northern hemispheres are
practically the same; i.e., the positions of the boundaries of the
northern and southern ovals in the ¢ (or A) and MLT coordi-
nates coincide with each other to within the error involved.
The position of the dayside poleward boundary of the oval for
B, > 0 does not depend significantly on the value of the IMF
By component and is ~76.6° in a broad interval of variations
in By. The position of the equatorward boundary at B, > 0
remains constant at ¢.,* = 76.1° and shifts to lower latitudes
for By < 0. The shift is described by the relation

Peg’(Bz > 0) = 76.0° + 0.14B, — 0.02(B,)?

The deformation of the poleward boundary of the auroral
oval was qualitatively studied by Lassen [1979] and Murphree
and Cogger [1981] in connection with the orientation of the

IMF B, and B, components. In the periods with B, > 0, the

polar cap arcs may directly adjoin the poleward boundary of
the oval for By > 0 in the dusk sector and for By <0 in the
dawn sector. This circumstance affects the accuracy in deter-
mining the position of the boundary because of the observa-
tional difficulties of assigning auroras to different types.

The asymmetry in the latitudinal extension of the auroral
oval in the dawn and dusk sectors (see Figure 1) is related in
the work of Atkinson and Hutchison [1978] to the asymmetric
convection pattern in the presence of an ionospheric conduc-
tivity gradient in the polar regions from sunlit to dark sectors
of the polar cap. As a result, the antisolar convection is en-
hanced in the dawn sector of the polar cap. Outside the polar
cap the return flow toward the dayside spreads over a wider
latitude range on the dawnside than on the duskside. This
may be one of the factors accounting for the asymmetry in the
thickness of the auroral oval described by Feldstein and Star-
kov [1967].

It was noted above that Lyatsky [1978], Galperin et al.
[1980], and Whalen [1981, 1983] proposed that the auroral
coordinate system should be used in model descriptions of
some geophysical phenomena. The pole of the system is shift-
ed along the midnight meridian by 5° [Lyatsky, 1978; Gal-
perin et al., 1980] and by 4.2° [Whalen, 1981]. It follows from
the above data that such a coordinate system should be fixed
to the equatorward boundary of the auroral oval. The geo-
physical phenomena in the polar caps are better described
using a coordinate system fixed to the poleward boundary of
the oval which is shifted by 3° to the nightside in magnetically
quiet periods and centered nearly at the corrected geomagnet-
ic pole in disturbed periods. With the purpose of detailed
simulation of particular data sets, such as preferred intervals
of IMS, etc., more precise coordinates of the centers may be
inferred from instantaneous images of the oval and from the
instantaneous disturbance levels, if necessary.

Bond and Thomas [1971] and Feldstein et al. [1974] have
inferred the positions of the poleward and equatorward
boundaries of the auroral oval in the southern hemisphere at
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Fig. 6. Positions of the low-latitude boundary of the precipitation region of dayside cusp electrons at various angles of
geomagnetic dipole tilt [ Burch, 1972].

various magnetic disturbance levels from all-sky camera data.
The comparison of the obtained location of auroral regions
with the DMSP photographs has demonstrated excellent
agreement between the results of the satellite and ground-
based observations [Bond and Akasofu, 1979]. The auroral
oval in the southern hemisphere was analytically described by
Thomas and Bond [1977, 1978].

The diurnal variation in the geomagnetic dipole orientation
with respect to the plane of the ecliptic results in a change of
the positions of the low-energy electron precipitation region
(Machlum [1968]; see also Hoffman [1972]). Feldstein and Star-
kov [1970] have shown that at identical angles of dipole tilt to
the plane of ecliptic, the boundary of closed geomagnetic field
lines ¢, in the noon sector inferred from the high-energy elec-
tron data will be mapped within the auroral oval. As the
dipole tilt angle varies with season and UT, the position of the
noon boundary ¢, changes by ~4°.

Burch [1972] has studied in detail the effect of the geomag-
netic dipole orientation on the location of the low-energy elec-
tron precipitation region. If observation periods with the mini-
mum values of IMF northward component are used, the mean
latitude ¢ of the low-latitude boundary of the region of elec-
tron precipitation to the dayside cusp varies monotonically
with the dipole tilt angle. In the northern hemisphere the
boundary is located at the minimum invariant latitudes A in
winter, when the dipole is tilted from the sun, and at the
maximum invariant latitudes in summer, when the dipole is
tilted to the sun (see Figure 6). The diurnal variation of the
location of the noon sector of the auroral oval (and hence of
the dayside cusp) does not exceed 2° in winter. Fairly good
agreement is seen between the results obtained by Feldstein
and Starkov [1970] and Burch [1972]. The expansion of the
electron precipitation region in the noon sector by 2° to
higher latitudes in the summer hemisphere compared with the
winter hemisphere was inferred from the DMSP F2, F3, and
F4 2-year observation data [Makita and Meng, 1982; Makita
et al., 1983].

Meng [1979b] has reported that the UT diurnal variations
of the auroral oval size exist in the dawn and dusk sectors in

connection with the daily precession of the geomagnetic pole.
The minimum size of the oval is near 0600 UT, and its maxi-
mum size is near 1800 UT. However, Gussenhoven et al.
[1980] assert that a very large portion of, if not all, the ob-
served diurnal variations in the positions of the boundaries,
rather than the true UT variations of the auroral oval size,
reflect the daily shift of satellite orbits in the corrected geo-
magnetic latitude-MLT coordinates (see also Meng [1980]).
According to Gussenhoven et al. [1980] the positions of the
quiescent-time equatorward boundaries of the auroral elec-
tron precipitation regions observed by Meng [1979b] can very
well be described by a ~18° radius circle whose center is
shifted by 4° with respect to the 0100 MLT meridian.

The atmospheric luminescence arising along the auroral
oval in the dayside and nightside sectors differs in some of its
parameters [Feldstein, 1969]. This is accounted for by the
differences of the magnetospheric plasma parameters at the
source altitudes resulting in the decreased mean values of the
field-aligned - potential difference which, in turn, give rise to
generally softer particle fluxes in the dayside sector of the
auroral oval [Eather and Mende, 1972]. As a result, the day-
side auroras are located at higher altitudes (~200 km) than
the nightside auroras (~ 110 km), with atomic emissions being
prevalent in their spectra in the daytime compared with mo-
lecular bands at nighttime [Sivjee and Deehr, 1980; Sivjee,
1983; Gault et al., 1981]. The results of satellitc measurements
permitted Snyder and Akasofu [1976] and Akasofu [1981b] to
modify somewhat the above described schematization of the
structure of the auroral form distribution along the oval for
magnetically disturbed periods as proposed earlier. However,
the main features of the distribution, namely, the prevalent
radiant forms in the dayside sector and the extended homoge-

_neous arcs and bands in the nightside sector, are preserved.

The dayside and nightside visual discrete auroras form dif-
ferent systems overlapping each other in local time and shifted
in latitude in the dusk sector [Akasofu and Kan, 1980]. The
different behavior of discrete auroras in the dayside and night-
side sectors of the auroral oval in magnetically quiet periods
and during magnetospheric substorms was described by Vo-
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robjev et al. [1976]. Rezhenov et al. [1979] used the photo-
graphs taken with all-sky cameras to analyze in detail the
character of connection of the discrete auroras extending to
the dusk sector from both dayside and nightside sectors,
namely, their overlapping in longitude and the typical direc-
tions of longitudinal and latitudinal drifts in the region. It has
been shown that the two systems of auroral arcs may coexist
in the noon-afternoon sector. In the case of a general amplifi-
cation of the electric field of magnetospheric convection, the
arcs of the different systems are shifted in latitude in opposite
directions. The equatorward arc located near the poleward
boundary of the region of closed field lines coshifts equator-
ward with this region, while the poleward rayed arc located
poleward of this boundary shifts toward the pole. Therefore
the meridional drift direction of the equatorward arc in the
dusk sector is the same as that of the equatorward arc in the
noon sector but may differ from the drift of the poleward arc.
This is why they were assigned to different systems. Murphree
et al. [19814a] described the appearance of the latitudinal dis-
continuities or abrupt shifts in latitude of the arcs in the dusk
sector. However, the luminous intensity of the arcs in dis-
continuities is almost the same, and they are immersed in the
continuous and smoothly varying diffuse aurora. Therefore
Murphree et al. [1981a] concluded that the noon and dusk
arcs belonged to a single topological entity. However, the ne-
cessity for a differential classification of the noon (dawn) and
night auroras follows from not only the magnetospheric con-
vection data but also from the statistical data on the frequency
of occurrence of auroras over Greenland [Lassen, 1972; Dan-
ielsen, 1980; Lassen et al., 1981]. However, this circumstance
does not invalidate the concept of the single oval where energy
fluxes maximize and inside which the homogeneous and rayed
arcs and bands arise which may belong to different, but close-
ly interrelated, structural formations in the magnetosphere.

Thus the various structural forms of auroras in different
time sectors are combined to constitute a single oval encir-
cling the geomagnetic pole in all longitudes. The general con-
tinuity of auroras along the oval is due to the topology of the
magnetospheric magnetic field which feeds the oval with the
electron fluxes precipitating into the atmosphere from a vast
volume of the outer magnetosphere in all sectors of local time.
In magnetically disturbed periads, discrete auroras are located
along the oval in all longitudes. In magnetically quiet periods,
discontinuities may arise in the auroral oval at the dusk or
dawn hours [Feldstein, 1975; Akasofu, 1976] and/or in the
near-noon sectar [Dandekar, 1979]. The discontinuities are
due to the characteristic features of a given particular plasma
convection pattern at a given particular moment. As the dis-
turbance enhances, the convection velocity (electric field) in-
creases, and as the mean auroral intensity rises, the dis-
continuities in these sectors disappear. The noon discontinuity
is filled by steady state moving fractions of arcs and by rays,
while extended and strongly deformed arcs and bands are
observed in the dusk and dawn sectors. The noon disconti-
nuity expands in longitude during the intervals of the north-
ward orientation of the IMF; in these cases, however, the
discontinuity covers not more than 2 hours of local time cen-
tered at 1130 MLT.

The complicated distribution of the auroras in the dayside
sector of the oval was studied in detail using ground-based
observations and airborne and satellite measurements (see, for
example, Buchau et al. [1972]). The Antarctic photometric
experiment [Eather et al., 1979] with a scanning photometer
has shown that the precipitation band in the noon sector is
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found to be continuous if measurement data with a ~5 R
threshold are used. If the equipment sensitivity is poorer, the
luminosity proves in individual cases to be lower than the
instrumental threshold which is perceived to be a disconti-
nuity of the oval in the noon sector [Dandekar, 1979]. The
optical data have failed to give any evidence for a systematic
longitudinal limit for the soft electron precipitation into the
dayside cusp. Luminosity spots appear sporadically equator-
ward of the continuous luminosity band. The spectral compo-
sition of the luminosity indicates that it is excited by electrons
with only very feeble, if any, proton precipitation. Precipi-
tation of high-energy electrons during their gradient drift after
injection from the nightside after disturbances is the most
probable source of such a luminosity. The luminosity resulting
from such a precipitation will be examined in the next section
in more detail. The permanent existence of auroras in the
noon sector was confirmed by Eather [1981], who used a
meridjan slit camera working monochromatically at 6300 A (a
~30-R threshold of sensitivity). The so called “midday gap in
dayside auroras” here is missing and must be attribyted to a
limited sensitivity of the all-sky cameras' and the DMSP pic-
tures. '

Detailed information on the emissions from the dayside
sector of the oval in the winter of 1978-1979 was derived by
Deehr et al. [1980] from photometric observations over Spits-
bergen. The auroras were most intense in the 6300-A emission
and simultaneously shifted and expanded equatorward in the
latitudes of the auroral zone. It has been concluded from the
ratio of the emission intensities that the energies of the precipi-

‘tating electrons range from below 100 eV to 2 keV. Higher-

energy particles appear during disturbances in the generation
region of rayed arcs, whereas the lower-energy particles form a
widespread structureless precipitation region. The observed
discontinuity of the luminosity isolines in the 5577-A emission
in the near-noon sector is probably due to a softer spectrum of
precipitating particles in the sector. The proton aurora inten-
sity was below the instrument sensitivity threshold which is 20
R in the H, emission. The altitude of the structureless lumin-
osity in the 6300-A emission could not be determined; for
short-lived rayed bands the 5577-A emission maximum was
located at 140-km altitude, and for 6300 A, at an altitude of
about 220 km.

Spectrophotometric data were used by Sandholt et al.
[1980] and Egeland et al. [1980] to show that there exist two
types of winter auroras in the noon sector of the oval, namely,
the band in the 6300-A emission and the relatively narrow
short-lived arcs and bands in the 5577-A and 4278-A emis-
sions. The width of the band ranges from 1.5° to 5° (a 2°-3°
mean width), and its intensity varies from 0.2 to 2 kR for
76° < @ < 80° in magnetically quiet periods. The discrete au-
roras are most frequently located within, and at the equator-
ward edge of, the band. The 5577-A emission intensity in these
visually observable forms of auroras rises up to several kilo-
rayleighs. As the magnetic disturbance level increases accord-
ing to nightside ground-based data, the luminosity band in the
noon sector shifts equatorward by ~ 1° of latitude for a nega-
tive bay enhancement at midnight of —150 nT. These results
are in good agreement with the data of Vorobjev et al. [1975].
The increase in the precipitating electron energy from 50-200
eV in the cusp to ~0.5 keV at its equatorward edge follows
also from the statistical analysis carried out using the DMSP
F2 observations in winter [Candidi et al., 1983]."

The data of the ESRO 1 AURORA measurements of elec-
trons and protons in the noon sector of the auroral oval and
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of the simultaneous high-altitude airborne observations of op-
tical emissions were used [Sivjee and Hultquist, 1975; Sivjee,
1976] to distinguish the 77.5° < ¢ < 80.5° region of the auro-
ral oval (cusp) where soft particles precipitate from the
70° < @ < 77.5° region of precipitations of the higher-energy
protons and electrons gradient drifting from the nightside
sources. Such discrimination also agrees with the results of the
statistical analysis of the ESRO 1 AURORA data [Deehr et
al., 1973].

The luminosity pattern in the dayside sector of the oval

inferred from the ISIS 2 observations in the 6300-A, 5577-A,

- and 3914-A emissions was described by Shepherd and Thirket-
tle [1973], Shepherd et al. [1976], Murphree et al. [1980], and
Cogger et al. [1977]. Murphree et al. [1980] report the follow-
ing:

1. At 1000-1200 MLT the intensity of the 6300-A emission
generated by soft electron precipitation is maximum, and the
5577-A and 3914-A emission intensity in this sector is mini-
mum.

2. The red emission is not confined to the regions of the
discontinuity or intensity maximum in discrete auroras at the
dayside but may spread over a wide latitude region with the
maxima both at noon and at prenoon and afternoon hours.

3. The 6300-A emission appears also in the region of the
closed magnetic field lines which seem to penetrate the entry
layer on the magnetopause. This conclusion was drawn from
the results of Cogger et al. [1977] which show that the day-
time luminosity in the 5577-A and 3914-A emissions is analo-
gous to the nightside aurora on closed magnetic field lines in
the oval. In the dayside sector, such luminosity is located at
the equatorward edge of the continuous band of red emission.

4. Not a single specific optical signature of the cusp was
found in the specific luminosity features resulting from exci-
tation by the solar wind particles entering the ionosphere di-
rectly from the magnetosheath plasma between the bow shock
and the magnetopause and located at ionospheric altitudes
poleward from the higher-energy precipitations giving rise to
discrete forms in the 5577-A and 3914-A emissions. The same
negative result was drawn by Meng [19814] from the DMSP
38 observations of auroras.

However, more sensitive ground-based observations of au-
roras in the dayside sector of the oval have shown that the
structured auroras are located at the equatorward boundary
of the luminosity region [Sivjee et al., 1982]. They spatially
coincide with the higher-energy electron precipitations. A dif-
fuse luminosity band of ~ 1-kR intensity in the 6300-A emis-
sion was observed poleward from ¢ = 77° + 1°. The band was
due to precipitation of softer particles. Such diffuse luminosity
which spread over the latitudes of the auroral oval and pole-
ward of the oval was also observed by Lassen et al. [1981] on
¢ = 77.5° at Godhavn, Greenland, and by Peterson et al.
[1980] on ¢ = 76.8° at Cambridge Bay, Canada.

The measurements of electron precipitation and convection
direction on board the AE-C satellite [Burch et al., 1976] have
shown that the inverted V events generally characterizing the
locations of auroral arcs from the satellite particle data are
located in the dusk sector mainly in the sunward convection
region but also in the region of velocity shear or even sign
reversal, thereby suggesting their direct relevance to the mag-
netotail plasma sheet. In the region of the dayside cusp, where
the direction of the large-scale ionospheric convection changes
and becomes antisolar, inverted V events extending far into
the dusk sector were observed. The mean electron energy in
such dayside precipitation was 100-350 eV. The most intense

discrete auroral forms in the dusk sector were also observed at
the equatorward edge of the region of auroral precipitation of
low-energy particles. All this suggests that the discrete auroral
forms on the dayside are associated with the entry layer of the
dayside magnetopause, i.e., that the discrete forms at the equa-
torward edge of the oval in the afternoon—early dusk sector
are located at the latitudes where the closed geomagnetic field
lines are mapped, but the convection is antisunward.

It is quite possible that the direct penetration of solar wind
particles from the magnetosheath to the magnetosphere takes
place in a longitude-limited region having a funnel-shaped
pattern centered near noon [Cambou and Galperin, 1974; Sau-
vaud et al., 1980], whereupon these particles are involved in
the convection from dayside to nightside. In this case the low-
latitude part of the funnel is located on closed geomagnetic
field lines, i.e,, in the entry layer, and the high-latitude part on
open field lines, i.e, in the plasma mantle (see, for example,
Candidi and Meng [1984]). Meng [1981b] and Muliarchik et
al. [1982] have substantiated in more detail the above con-
clusion concerning the spot-shaped form of the region of in-
stantaneous direct penetration of the solar wind particles on
the basis of the data obtained by observing the electron and
proton precipitations and hence their conclusion concerning
the funnel-shaped pattern of the magnetospheric region of
direct particle precipitations from the magnetosheath to the
dayside sector of the auroral oval. The ESRO 1 AURORA
satellite observed the azimuthal transfer of auroral electrons
along the poleward border of the oval [Hultquist, 1974], and
the Cosmos 184 satellite measured the azimuthal convection
in the dayside region showing a reversal with the sign of the
By component of the IMF [Galperin et al., 1978]. The theoret-
ical aspects of convection in the closed magnetospheric model
at the dayside were discussed by Vasyliunas [1974]. The exis-
tence of such an azimuthal convection at the dayside makes it
possible to account for the fact that the satellite-observed lu-
minosity at the cusp is usually extended mainly in longitude
and not in the form of a “tongue” toward the poleward region
[Foster et al, 1980]. Such a tongue of recombination lumi-
nosity in the 6300-A line probably exists when the convection
into the polar cap proceeds rapidly through the throat, as was
described in some examples by Heelis et al. [1976] and Reiff et
al. [1978]. However, the decrease with latitude in the auroral
luminosity intensity of the 5577-A emissions and in the bands
of molecular nitrogen, etc., even in the presence of the pole-
ward convection is associated with a sharp decrease of the
auroral electron number density due to the rapidly increasing
field tube volume while extending to the magnetospheric tail,
as the excitation by these electrons defines the poleward
boundary of the intense precipitation region. Reiff et al.
[1978] relate the absence of the visible auroral arcs near after-
noon and their presence in the oval away from noon on both
the dawn and afternoon sides to the convection pattern on the
cusp latitudes at the dayside near the cusp. Away from local
noon the boundary between the sunward and antisunward
convection is a pronounced tangential discontinuity (shear re-
versal), whereas near local noon the “boundary” is harder to
define, since the flow paths display a rotational reversal. The
auroral arcs appear at the boundary where the drift velocity
suffers a simple shear reversal and field-aligned electric cur-
rents are generated. Murphree et al. [1980] failed to find any
luminosity features associated with the particles entering di-
rectly through the funnel poleward from the high-energy elec-
tron trapping region. This is probably due to the fact that ISIS
2 measured the 6300-A, 5577-A, and 3914-A emissions only
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and did not measure the hydrogen emission (H, or Hy). The
former emissions are known to be generated in the dayside

cusp mainly by electrons. According to Siyjee [1976], practi-

cally all the 6300-A emission, 75% of the 5577-A emission,
and 70% of the 3914-A emission are produced by the 0.1- to
1-keV electrons. At the same time the precipitation of such
electrons in the noon sector is more uniform than the precipi-
tation of soft electrons and protons with energies of <100 eV
which form a spot of direct plasma penetration from the mag-
netosphere away from noon. It should be noted that there
exist some possibilities for optical identification of such a spot
on the basis of the Doppler shift in the spectral contour of the
hydrogen lines excited by charge exchange protons precipi-
tating in the cusp, but their intensity is very low for sufficient
spectral resolution.

The fine structure of the luminosity in the dayside sector of
the auroral oval was in fact observed during the expedition of
1981 in the Canadian part of the Arctic by taking measure-
ments with meridional scanning photometers [ Creutzberg and
McEwen, 1983]. Evidently, such data deserve close attention
to clarify the processes of the solar plasma penetration
through the magnetopause.

4. THE D1FFUSE LUMINOSITY REGION AND ITS
DyNaMIcs EQUATORWARD OF THE AURORAL OVAL

Ground-based spectrographic studies of auroras indicated
with certainty that a region of diffuse subvisual luminosity
existed equatorward of the auroral oval [Reid and Rees, 1961;
Galperin, 1963; Sandford, 1964, 1968; Eather, 1967, 1975;
Wiens and Vallance Jones, 1969; Evlashin, 1971; Fukunishi,
1975].

The luminosity was considered to be due to proton precipi-
tation in the dusk sector and to high-energy electron precipi-
tation in the dawn sector. The high-energy particle precipi-
tation equatorward of the auroral oval produces a number of
geophysical phenomena, auroral absorption in particular
[Hartz and Brice, 1967; Hartz, 1971].

The first satellite observations of auroras in integral light
and in individual emissions confirmed the concept of the auro-
ral oval [Snyder et al., 1974; Lui et al., 1975a; Murphree and
Anger, 1980]. The discrete forms and the diffuse luminosity
are concentrated within a single continuous oval band located
eccentrically with respect to the geomagnetic pole. It has also
been shown in the above work that another diffuse luminosity
band, which is less eccentric with respect to the geomagnetic
pole than the auroral oval, exists equatorward of the oval.

The diffuse luminosity equatorward of the auroral oval in
the night sector having a fairly pronounced low-latitude
boundary was inferred from ground-based and satellite data
[Lui and Anger, 1973; Akasofu, 1974a; Pike and Whalen, 1974,
Lui et al., 1973; Creutzberg, 1976; Snyder and Akasofu, 1974].
It should be noted that the visual observations of the bound-
ary at L < 4 have shown that it is characterized by short-term
equatorward jumps of the luminosity by up to tens of kilome-
ters which are accompanied by pulsations at the level of class
1. This small-scale instability of the nightside equatorward
boundary has not been studied sufficiently as yet. As a rule,
the width of the equatorward boundary varies gradually with
longitude, but at finer scales feeble pulsating arcs and patches
can be observed near the edge. In rare cases during magnetic
storms, however, the boundary of the diffuse band is sharply
bordered with large-amplitude undulations [Lui et al., 1982].
The longitudinal wavelength of the undulations is ~40-400
km, and they disappear within 0.5-3.5 hours after their ap-
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pearance. It is natural to assume that the above described
diffuse luminosity zone is adjacent to the auroral oval. It must
be precisely stated that here we deal with the polar boundary
of a specific auroral structure, the diffuse auroral belt, while
the diffuse auroral luminosity, as was already mentioned
above, extends inside the auroral oval existing between the
arcs and even poleward of the auroral oval (see below).

The ISIS 2 spectral data [Lui and Anger, 1973; Wallis et al.,
1976; Lui et al., 1977] indicate that the diffuse luminosity is
due to low-energy (0.1-10 keV) electron precipitation. Com-
parison of the pictures from DMSP with the data of all-sky
cameras [Snyder and Akasofu, 1974; Akasofu, 1974a] has
shown that the diffuse band in fact includes some inhomoge-
neities. The observed intensity of the luminosity in the 5577-A
emission is sufficiently high that it cannot be attributed to
proton precipitation. In an individual case the H, intensity
observed on the earth was ~ 50 R and the intensity of 15577 A
in the diffuse band was ~7 kR [Lui and Anger, 1973]. Mende
and Eather [1976] have also concluded that the major fraction
of the energy in the diffuse luminosity region is supplied by
electrons.

The equatorward boundary of diffuse luminosity is not lo-
cated along a geomagnetic parallel, as was assumed by Lui et
al. [1973] and Akasofu [1974b], but is frequently shifted to
higher latitudes when going from night to day [Evlashin and
Evlashina, 1981]. The high-energy electron precipitation
giving rise to measurable luminosity in the 5577-A and 3914-A
emissions takes place during and after intensive mag-
netospheric disturbances in the dawn sector. The luminosity is
located mainly alonig a geomagnetic parallel (more strictly,
along the line of the high-energy electron drift), thereby re-
sulting in a complication of the luminous region structure due
to spatial overlaps of the luminous entities due to processes of
a different nature.

Akasofu [1974b] presented a summary of the characteristic
features of various types of auroras and called the oval-aligned
diffuse luminosity “the continuous aurora” with the view of
distinguishing this auroral type from the diffuse luminosity
equatorward of the auroral oval.

Because of the relative homogeneity and low intensity of the
diffuse luminosity equatorward of the oval, it may be best
studied using photometric observations from on board low-
orbiting satellites and on the basis of data on the ionization of
the subauroral ionosphere generated by such electrons in the
night sector obtained as a result of oblique sounding of the
ionosphere from the ground-based (or airborne) ionosondes
[Turunen and Liszka, 1972; Khalipov et al., 1977]. We shall
consider these results below.

The photographs of the luminosity taken from DMSP
[Nagata et al., 1975; Sheehan and Carovillano, 1978 ; Pike and
Dandekar, 1979; Nakai and Kamide, 1983] and from ISIS 2
[Lui et al., 1975b] and ground-based photometric data [Slater
et al., 1980; Alekseev et al., 1980] on the luminosity were used
in these studies to obtain quantitative relations between the
position of the equatorward diffuse auroral boundary (DAB)
and magpnetic activity in the dusk-night sector. DAB proved to
shift systematically equatorward with increasing magnetic dis-
turbance; at the same time, the width of the band increased
rapidly. The compression and expansion of the diffuse auroral
region are controlled by substorm activity and by the IMF B,
component [Pike and Dandekar, 1979; Nakai and Kamide,
1983]. Besides that, as a disturbance expands, the equator-
ward DAB shift is more rapid than its reversed poleward re-
covery as the disturbance decays. This feature was explicitly
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demonstrated by soft electron observations from the
AUREOL satellites by Galperin et al. [1977] so that its iner-
tial displacements are ordered better by Kp than by instanta-
neous AE indices. We shall return to these results below. Ac-
cording to Lui et al. [1975b] the DAB in the emission 15577 A
was located at midnight on ¢ =67° at Kp=1 and on
¢ = 62° at Kp = 4. The data presented by Sheehan and Caro-
villano [1978] indicated that as Kp increased, the DAB shifted
monotonically equatorward at 0100 MLT and was observed
on ¢ =67° at Kp=1 and on ¢ = 61.5° at Kp =5, i.e,, 1°-2°
equatorward of the DAB positions obtained by Nagata et al.
[1975] in the southern hemisphere for the disturbances with
Kp = 2-4. The relationship of the DAB position to the AE
index is more irregular than it is to the Kp index, but ¢
decreases on the average by 1° with a 100-nT rise in AE. At
2000 and 2200 MLT the monotonic trend of the equatorward
shift of DAB with increasing Kp is violated; namely, the
boundary shifts poleward with increasing Kp from 0 to 2, and
only after that does it shift to lower latitudes.

The following relation for ¢p,p in the near-midnight inter-
val of 2100-0002 MLT was inferred from ground-based obser-
vations of DAB in the 16300-A emission [Slater et al., 1980]:

@pag = 67.46° — 2.04Kp

The regression relations of the form ¢ =8+ aKp and ¢ = C
+ BKp + AKp? obtained for each hour in the 2100-0002
MLT interval have made it possible to find ¢p,p in this inter-
val at various geomagnetic disturbance levels. Comparison
with the results of Sheehan and Carovillano [1978] and Lui et
al. [1975b] has shown that ¢,,5 inferred from ground-based

photometric observations is located farther equatorward by

2°-3°. This difference may be explained by the fact that Siater
et al. [1980] determined ¢p,p to be the boundary of 2 100-R
excess of the 6300-A emission intensity over night glow which

2 1 -2

s~1 sr™!; crosses, energy flux E > 10! erg cm

coincides with the boundary of a 1072 erg cm™2 s™! sr™ !
energy flux of precipitating electrons. The luminosity detection

threshold was found to be ~1 kR in integral light [Sheehan

and Carovillano, 1978] and ~1 kR in the 5577-A emission

[Lui et al, 1975b]. At the same time, the energy flux of the

precipitating soft electrons decreases toward lower latitudes

[Winningham et al., 1975]. It is quite obvious, therefore, that

¢pas May also decrease with the lower luminosity threshold

used.

It was noted above that the DAB position was closely relat-
ed to the fluxes of the penetrating low-energy electrons. There-
fore satellite measurements were extensively used to find the
position of the diffuse precipitation boundary (DPB}) of such
particles [Galperin et al., 1977; Kamide and Winningham,
1977; Gussenhoven et al., 1981; Hardy et al., 1981]. The lati-
tude variations of auroral electron precipitation and their
spectra were first studied systematically by Frank and Acker-
son [1971, 1972] using Injun 5 data. They have shown that a
structureless soft electron precipitation, whose spectrum is the
same as the plasma sheet electron spectrum, exists equator-
ward of the discrete auroral region coinciding with the invert-
ed V electron precipitation.

The form and position of the DPB were studied by Galperin
et al. [1977], Kamide and Winningham [1977], and Gussenho-
ven et al. [1981] with respect to magnetic disturbance intensity
and by Kamide and Winningham [1977], Hardy et al. [1981],
and Nikolaenko et al. [1983] with respect to interplanetary
medium conditions. ‘

Galperin et al. [1977] determined the DPB position in the
dusk and midnight sectors using the AUREOL 1 and 2
measurements of the 0.2- to 250-keV electron precipitations at
a <1073 erg cm™2 s7! sr™! flux threshold. The diffuse pre-
cipitation zone equatorward of the auroral oval was observed
on every orbit, and its boundary DPB proved to be suf-
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Fig. 8. (a) The dependence of ¢ppg on the AE index averaged

over 5 hours preceding each DPB crossing by satellites for the near-
midnight data area [Nikolaenko et al., 1983]. The line corresponds to
the regression equation ¢ppg = 84.6° — 9.6 log AE(5 hours) > 50 nT
and 7= —0.9. (b) The dependence of the DPB on the AE index
averaged over 5 hours preceding each DPB crossing. The dashed line
indicates a quadratic fit determined by the standard method of least
squares [Sauvaud et al., 1983]. (c) Positions of the equatorward DAB
versus the maximum 30-min averaged B, x V value during 6 hours
preceding the time of each DAB observation [Nakai and Kamide,
1983].
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ficiently stable in time, so that its equatorward shift with rising
activity occurred only within a period equaling two to three
satellite orbits, that is, during several hours. The DPB position
was inferred from the 1- to 2-keV electron flux intensity jump.
which coincides in magnetically disturbed periods with the
latitude of the rapid rise of the precipitating electron energy
flux (E> 1073 >1072 >10"'ergcm 2 s ! sr ! and in the
quiet periods, when the rise of E with latitude is more gradual,
with E > 1072 erg cm ™2 s™! sr™ . The DPB latitude gppg (in
degrees) as a function of Kp in the 0 < Kp < 5 interval within
the 1800 < MLT < 2400 local sector is described by the fol-
lowing relations obtained using the least squares method:

Linear form

(90° — @ppg) = 18.53 + 1.25Kp + 0.018(Kp)

MLT
+ [2.84 + 1.24Kp — 0.076Kp?] x -3+40.12

Oval form
(90° — @peg) = 19.2 + 0.35Kp + 0.17(Kp)?
+ [1.30 + 2.56Kp — 0.34Kp?] x cos (MLT) + 0.13

Figure 7 presents @ppp for the measurement thresholds E >
1073 (dots) and E > 107! erg cm~! s sr™! (crosses). The
solid line shows the DPB of an oval form at Kp=3—. All
measurements have been plotted; therefore a large spread of
values of @ppg is observed. However, it is seen that as E de-
creases, the boundary shifts to lower latitudes and its position
shifts to smaller ¢ from dusk to midnight. The use of the
hourly means of the AE index during the passage through the
boundary to find ¢ppg gives a much larger spread between the
observed and calculated values of ¢ppg, which is accounted for
by a high inertia of the processes which determine the DPB
position. Between or after the disturbances the AE index de-
creases while ¢ppg remains practically constant. Thus the
equatorward DAB differs fundamentally from the equator-
ward boundary of the auroral oval in the character of the
temporal relationship to magnetic disturbances. The position
of the auroral oval boundaries is intimately, nearly function-
ally, related to the instantaneous and immediately preceding
magnetic disturbance intensity without any noticeable time
shift, whereas the DPB position is more inertial and proves to
be closely related to the magnetic disturbances which occurred
several hours prior to the moment of observation of the DPB
position. This circumstance may account for a closer relation-
ship of ¢ppp with the 3-hour mean of the Kp index than with
the hourly mean of the AE index, as was found by Galperin et
al.[1977].

The study of the effect of geomagnetic activity level on the
DPB using AUREOL data was continued by Sauvaud et al.
[1982, 1983] and Nikolaenko et al. [1983]. The relationships
of ¢ppg to the magnetic activity indices Kp and AE were
found for the dusk-midnight quadrant (1800-2400 MLT) or
for the near-midnight interval 2148 < MLT < 0012 MLT
only. The data obtained in the entire dusk sector for @ppg
were corrected for the ¢ppp dependence on MLT according to
the model proposed by Galperin et al. [1977] (see the solid line
in Figure 7) and then correlated to other parameters.

The correlation coefficients t are shown to depend heavily
on the duration of the time interval for the determination of
an index prior to the moment of boundary traversal. For the
3-hour mean of the Kp index, 1(¢ppp, Kp) = —0.71. For the
hourly means of the AE index, t(@ppg, AE) = —0.64, —0.65,
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—0.47, —035 if the AE index is determined in the same
hourly interval (the 0-hour advance) or with the advances of 1,
2, 3 hours relative to the boundary traversal, respectively. As
the time interval of the AE averaging increases, the values of
(@pes, AE) not only do not increase, but even increase some-
what, so that = —0.66 in case of a correlation of gpeg With
AE(0-3 hours). The respective regression equation is

@pps = 67.9° — 0.0164E(3 hours)

where AE in nanoteslas is the value of the AE index averaged
over the 0- to 3-hour interval before the moment of boundary
traversal.

This inertial behavior of the DPB is highly typical for the
relation of the DPB position found in the near-midnight
sector to the mean value of large AE within the intervals of 20
min, 2 hours, 3 hours, 5 hours, 10 hours, and 20 hours prior to
the boundary traversal. The squared correlation coefficients
1%(@ppp, large AE) are —0.77, —0.81, —0.86, —0.90, —0.76,
and —0.61, respectively. Figure 8a shows the dependence of
@ppp ON the mean AE value within a 5-hour interval prior to
the DPB traversal of energy flux when t%(@ppg, large AE) is
maximum. It is seen that ¢ppp decreases rapidly with rising
AE at small 4E and that the equatorward shift slows with
increasing AE. The least squares fit gives the following rela-
tion for the linear dependence of @ on large AE(5 hours):

@ppp = 84.6° — large E(S hours)

at magnetic disturbances with intensities 50 < AE(5
hours) < 600 nT.

Figure 8b shows the position of @ppp determined from at
least a threefold increase of the 1- to 2-keV electron flux over
the apparatus threshold of AUREOL 1, 2 as a function of
AE(5 hours). The nonlinear dependence is approximated from

a least squares fit by the relation
@pes = 64.11° + 3.7 large AE(5 hours)
— 0.75[large AE(5 hours)]?

and is shown with the dashed line in Figure 8b. Thus the DPB
position in the near-midnight sector is determined mainly by
substorm activity several hours prior to the boundary travers-
al rather than by the instantaneous disturbance level. In other
words, the DPB position depends on the combined effects of
several recent high-energy charged-particle injections from the
plasma sheet to the inner magnetosphere. After being injected,
the particles drift in the magnetosphere and precipitate slowly
to the subauroral upper atmosphere. During this time the
pattern of the particles’ precipitation in the night sector re-
tains the signatures of the previous injections within a suf-
ficiently long period (several hours) because of the small lati-
tudinal shift of the drifting particles. Therefore the distribution
of the precipitating particles, which produce the diffuse auro-
ras and the ionization in the subauroral ionosphere, is as if the
development of the active processes occurring in the mag-
netosphere during several preceding hours were memorized.
The relative stability of the quiescent auroral electron precipi-
tations in the diffuse auroral region was also noted by Tanska-
nen et al. [1981] when this region was consecutively traversed
by the DMSP F2 satellite. Eather et al. [1976] have paid
attention to the fact that according to scanning photometer
observations, the spatial distribution of auroral luminosity de-
pends on previous injection events, an observation which is in
line with the above described data.

Thus various observational data have shown that the entire
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auroral zone does not react synchronously with the magnetic
activity variations. The boundaries of the discrete region, the
oval, reflect immediately the development of disturbances,
whereas the variations of the equatorward DAB and DPB are
characterized by a significant inertia.

The statistical study of @ppg in the dusk (1600-2300 MLT)
and dawn (0400-1000 MLT) sectors [Gussenhoven et al., 1981]
was based on the data obtained from several thousands of
DMSP F2 orbits through high latitudes of the northern and
southern hemispheres. According to earlier studies the DPB
shifts equatorward with decreasing energy of the detected elec-
trons. The position of the boundary was determined from a
pronounced increase (>10" (cm? s s7)~') of the integral
number flux of the 0.05- to 20-keV electrons. The linear re-
gression dependence of ¢ppg on Kp was determined for each
1-hour interval of MLT. The dependence for the 2200-2300
MLT interval in the northern hemisphere is of the form

@ppp = 68.3° — 1.79° Kp

The high correlation coefficients (t ~ 0.7-0.8) indicate that the
3-hour Kp indices can properly order the variations of ¢ppp.

Meng [1979b] determined ¢@ppy in the dusk sector on the
basis of the DMSP F2 data obtained during prolonged, ex-
tremely quiet geomagnetic periods. At 1900-2100 MLT,
@pps = 72°—69°. Aflter that, the boundary no longer shifted
poleward with an increasing duration of the quiet geomagnet-
ic period. These values of ¢ppg should probably be considered
as maximum in the dusk sector. The zone of auroral particle
precipitation after reaching this “ground state” apparently
does not diminish to smaller dimensions.

Kamide and Winningham [1977] have correlated the DPB
position in the night (20000400 MLT) sector with the IMF
B, component from the ISIS 1 and 2 observation data. The
boundary was determined to be the equatorward edge of the
>0.1-keV electron precipitation region. Use was made of the
values of the IMF B, component averaged over a 1-hour
interval preceding a crossing of @ppp. The regression depen-
dences relating ¢ppp to Bz in the +4-nT interval of variations
in B, were obtained for each 1-hour interval from 2000-2100
MLT to 0300-0400 MLT. The relations are

@ppp = 64.8° + 0.46° B,
for the 23002400 MLT interval and
@ppp = 64.5° + 0.6° B,

for the entire night sector 20000400 MLT.

Although Kamide and Winningham [1977] assumed that the
IMF B, component was of major importance in controlling
the DPB motion, the correlation coefficient T ~ 0.55 indicates
that B, orders the ¢ppg position more poorly than does the
Kp index (see above). A noticeable contribution to the vari-
ations of the equatorward position of the DPB is made by
substorms. As a substorm develops, ¢ppg decreases rapidly.
However, a quantitative relationship of @ppp to the AL index
characterizing the westward electrojet intensity was not es-
tablished definitely for the near-midnight sector (2300-0100
MLT). A noticeable spread of the values of @ppg takes place at
any given value of AL. Nevertheless, there exists a trend for
oppp to shift to lower latitudes with increasing magnetic ac-
tivity. The DPB position has been shown to depend on the
dipole axis orientation, namely, that the @ppy night sector
winter location is 1°-2° equatorward of the summer location.

The study of the effects of the interplanetary medium pa-
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Fig. 9. The geomagnetic latitude of DAB inferred from the ground-based observations [Slater et al., 1980] and from
the ISIS 2 [Lui et al, 1975b] and DMSP [Sheehan and Carovillano, 1978] data. (a) The dependence on Kp at (top)
near-midnight hours and at (bottom) 2200 MLT. Triangles, Slater et al. [1980]; circles, Sheehan and Carovillano [1978];
crosses, Lui et al. [1975b]. (b) The dependence on MLT at Kp = 0 and Kp = 5. Triangles, Slater et al. [1980]; circles,
Sheehan and Carovillano [1978]. The solid lines show the positions of the equatorward boundary of the auroral oval at the
magnetic activity index Q = 0 and @ = 6 [Starkov and Feldstein, 1967].

rameters on the DPB and DAB positions was continued using
DMSP F2 data [Hardy et al., 1981], AUREOL 1 and 2 data
[Sauvaud et al., 1982; Nikolaenko et al., 1983], and DMSP
7529, 8531, and 9532 data [Nakai and Kamide, 1983]. Hardy
et al. [1981] determined @ppp to be the latitude where the
>0.05-keV electron flux increases rapidly, which is close to
the determination of @peg by Kamide and Winningham [1977],
namely, the latitude where E > 1073 erg em™2 s™! sr™}, and
by Nakai and Kamide [1983], namely, the equatorward DAB
at midnight. According to Hardy et al. [1981], among four
sets of the interplanetary medium parameters (B, B;%, V
x B, V x B,?) the highest correlation of gppp is with B, and
V x B, (t ~ 044 and 0.47, respectively). The maximum z is
obtainable using the hourly means of B; and V x Bz which
are 1-2 hours ahead of the hour of determination of @ppp. The
value of t proved to depend significantly on the sign of B,;
namely, in the data arrays with B, < 1 nT, the correlation is
much higher than in the data array with B; > 1 nT, For
example, in the 2100-2200 MLT interval

@ops = 65.8° + 0.87B,
@ppp = 66.6° — 0.15B,

B, <1nT
B; > 1nT

at t = 0.68 and —0.17, respectively. A special study has shown
that the best correlation of @ppg With By is obtainable if the
boundary of the arrays runs through B; = 1 nT. In this case,
©ppp correlates with B in the data array with B, < 1 nT, and
the correlation is practically absent in the data array with
B, > 1 nT. Since the number of boundary traversals totaled
~2500, it proved possible to obtain regression relations for
each hour in the dusk (1800-2200 MLT) and dawn (0400-
0800 MLT) sectors of the northern hemisphere.

The AUREOL 1 and 2 data obtained in winter were used to

select the boundary traversals in the dusk sector for which
King [1977] provided the data on the IMF components and
on solar wind velocity V. The regression relationships between
opps and the interplanetary medium parameters (Bz and V
x B;) were found. A correction for the @ppg shift with MLT
was introduced as described above.

The study of the @ppg correlation with By and V x B has
shown, in agreement with Hardy et al. [1981], that the corre-
lation is absent at B, > 0 and is relatively small at B, <0.
The values of ¢ increase to ~0.5 when the values of B,
averaged over previous hours are used. The linear regression
equations obtained by a least squares fit are

Gppp = 64.0° + 04B, =022
Opps = 64.4° + 0.5, 1 =0.54

B;>0
B, <0

when B, is averaged over several previous hours. Thus the
DPB position in the dusk sector correlates more poorly with
the IMP B, component than with the magnetic disturbance
intensity (Kp, Y. AE). Nakai and Kamide [1983] have also
shown that the low correlation of ¢p.p With B, at B; > 0 is
due to a high inertia of the position of the equatorward DAB
in the near-midnight sector after the previous magnetospheric
disturbances. A trend exists for the DPB to be observed at low
latitudes even during the periods of northward IMF if such
periods followed the southward IMF intervals. The position of
the equatorward DAB, in accordance with the data described
above, proved to be determined by the time history of IMF
rather than by the simple hourly means of IMF when the
DAB is traversed. An interval of southward IMF may affect
the position of ¢p,5 for at least several hours. The correlation
coefficients between ¢pap and B, x V averaged over five dif-
ferent time scales (30 min, 1 hour, 2 hours, 3 hours, 6 hours)
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Fig. 10. The geomagnetic latitude of DPB inferred from the AUREOL 1, 2 [Galperin et al., 1977] and DMSP/F2
[Gussenhoven et al., 1981] data. (a) The dependence on Kp at 1900 MLT [Galperin et al., 1977] and at (top) 1800-1900
MLT [Gussenhoven et al., 1981] and at (bottom) 2300 MLT [Galperin et al., 1977] and 2200~2300 MLT [Gussenhoven et
al., 1981]. Crosses, Galperin et al. [1977]; circles, Gussenhoven et al. [1981]. (b) The dependence on MLT at Kp =0 and
Kp = 5. Crosses, Galperin et al. [1977]; circles, Gussenhoven et al. [1981].

prior to observations of the boundary rise from ~0.3 to
~0.57. Figure 8¢ shows the ¢p,p positions plotted against the
maximum 30-min average B, x V value during 6 hours pre-
ceding the time of the boundary traversal. This parameter was
found to correlate best with ¢p,p. The linear correlation coef-
ficient T = 0.64.

Let us examine now the agreement of the values of ¢@p,p
and @pp obtained in the dusk sector by various authors.
Figure 9a presents the dependences of ¢p,s on Kp in the
near-midnight sector (top) and at 2200 MLT (bottom) accord-
ing to Lui et al. [1975b], Sheehan and Carovillano [1978], and
Slater et al. [1980]. Fairly good agreement between the data
inferred from the ISIS 2 and DMSP observations can be
noted [Lui et al., 1975b; Sheehan and Carovillano, 1978], while
the DAB position inferred from ground-based observations is
at lower latitudes [Slater et al., 1980]. Such a difference was
explained above by the fact that different auroral intensity
thresholds were used by these authors to find ¢p,5. The values
of @psp obtained" by Sheehan and Carovillano [1978] and
Slater et al. [1980] are shown in Figure 9b for various MLT in
the corrected geomagnetic latitude-MLT coordinates. The
solid lines in Figure 9b show the position of the equatorward
boundary of the auroral oval in magnetically quiet (Q = 0)
and magnetically disturbed (Q = 6) periods according to Star-
kov and Feldstein [1967]. The DAB is located in lower lati-
tudes than is the equatorward boundary of the auroral oval.
The difference is ~2°-3° in magnetically quiet periods and
increases up to ~5° in magnetically disturbed periods. Ac-
cording to Sheehan and Carovillano [1978], @pap coincides
closely with the boundary of the auroral oval in magnetically
disturbed periods, a fact that may be explained by the in-
creased auroral intensity and by the appearance of luminosity
inhomogeneities within the diffuse auroral region. Such a lu-

minosity is readily detected with all-sky cameras. The weaker
diffuse luminosity equatorward of the auroral oval, which was
observed from the earth’s surface [Slater et al., 1980], was not
traced in the photographs taken on board DMSP because of a
high measurement threshold. Figures 10a and 10b compare
the average results on the DPB position as measured from
AUREOL 1 and 2 [Galperin et al., 1977] and from DMSP F2
[Gussenhoven et al., 1981]. The dependence of ¢ppp on Kp in
the dusk and near-midnight hours (Figure 10a) and the depen-
dence of ¢@ppp on MLT at Kp =0 and Kp = 5 (Figure 10b)
demonstrate excellent agreement between the results of inde-
pendent observations. It is regrettable that Gussenhoven et al.
[1981] are probably unaware of the similar results of Galperin
et al. [1977] which were published 4 years earlier.

The comparisons between the DPB and DAB positions
have shown that at Kp = 0 the values of @pep and @pap are
approximately the same and that at Kp = 5 better agreement
is observed with the data of Slater et al. [1980] than with the
data of Sheehan and Carovillano [1978]. Thus the statistical
data are also indicative of the spatial coincidence between
DPB and DAB which was found in particular cases [Deehr et
al., 1976; Lui et al., 1977; Valchuk et al., 1979]. DPB is located
equatorward of the boundary of the auroral oval by ~2° at
Kp =0 and by ~5° at Kp = 5. This difference is preserved in
the entire MLT interval from 1800 to 2400, thereby confirm-
ing the conclusion [Evlashin and Evlashina, 1981] that the
diffuse auroras in the dusk sector equatorward of the auroral
oval are not located along a geomagnetic parallel but form an
oval—éhaped zone shifting to higher latitudes from midnight to
dusk.

The region of diffuse precipitation of soft electrons equator-
ward of the auroral oval is not limited to 1800 MLT but
extends further to the early dusk sector [Burch et al., 1976;
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Geomagnetic latitude of DPB inferred from the ISIS 2 [Kamide and Winningham, 1977] and DMSP/F2

[Hardy et al., 1981] and AUREOL 1, 2 [Nikolaenko et al., 1983] observations. (¢) The dependence on Bj: circles, at
2200-2300 MLT [Kamide and Winningham, 1977]; crosses, at 21002200 MLT [Hardy et al., 1981]; triangles, at 2200
2300 MLT [Nikolaenko et al., 1983]. (b} The dependence on MLT at B, = +5 nT and B; = —5 nT: circles, Kamide and
Winningham [1977]; crosses, Hardy et al. [1981]; triangles, Nikolaenko et al. [1983].

Heelis et al., 1980]. The equatorward boundary of the region
keeps shifting to higher latitudes and is located on ¢ppg ~ 70°
at 1500 MLT. The soft electron precipitations equatorward of
the auroral oval were observed in the dusk sector up to after-
noon hours from AUREOL [Muliarchik et al, 1982] and
DMSP [Meng and Akasofu, 1983; Candidi et al., 1983] satel-
lites. When approaching noon, the latitudinal extension of the
region decreases. It is compressed to the dayside cusp which
constitutes the noon sector of the auroral oval and is located
on ¢ ~ 77° at 1300 MLT under magnetically quiet conditions.
Muliarchik et al. [1982] assume that soft electrons precipitate
in the region extending continuously from the night to day
sector through dusk hours. They did not detect soft electron
penctrations in the prenoon sector equatorward of the auroral
oval. The region of soft electron penetration equatorward of
the auroral oval seems to be asymmetric with respect to the
noon meridian; it spreads over the dusk sector and is barely
noticeable in the dawn sector. The detection of the region at
late dawn hours is probably hampered by the superposition of
the intense fluxes of precipitating high-energy electrons which
appear in this time sector during and after magnetic distur-
bances. The asymmetry of the 0.434-keV electron precipitation
region with respect to the equatorward boundary of the auro-
ral oval in the dusk and dawn sectors [ollows from the DMSP
observations [Candidi et al., 1983]. Gussenhoven et al. [1983]
have statistically studied the position of the equatorward DPB
in the day sector. Frequently, auroral electron precipitation
was not detected in the prenoon sector at latitudes below the
equatorward boundary of the dayside cusp. The absence of
such penetrations in the day sector may be treated as ad-
ditional evidence for the above mentioned asymmetry of the
soft electron precipitation region with respect to the noon
meridian. According to Gussenhoven et al. [1983], the equator-
~ward DPB is located on ¢ ~ 69.4° at 1200-1300 MLT at
Kp = 0. This result presents the mean position of the bound-
ary inferred from a great number of passes and is
characterized by a large dispersion. Besides that, the difficul-
ties in determining the positions of the boundaries on the
dayside are very significant [see Gussenhoven et al., 1983], and
therefore the problem of the precise positioning of the equa-

torward boundary of the soft auroral electron precipitations in
the day sector cannot be considered to be finally solved.

Figures 11a and 11b show the dependences of ¢ppy On B,
and on MLT, respectively, at various B, as obtained in the
work of Kamide and Winningham [1977], Hardy et al. [1981],
and Nikolaenko et al. [1983]. The results of all the above
papers coincide with each other to within 1° of latitude, al-
though the linear correlation of @ppg With B, was determined
for the entire interval of B; < 0 in one of the papers and for
the intervals B, > 0 and B, < 0 separately in the other two. It
should be noted that although the latitudes ¢ppp obtained by
Hardy et al. [1981] and by Nikolaenko et al. [1983] at the
extreme values of B, = +5 nT are the same, disagreement
between them is observed in the middle of the interval because
of a difference in the behavior of ¢ at B, >0 where the
boundary shifts equatorward according to Hardy et al. [1981]
and to higher latitudes according to Nikolaenko et al. [1983].

The diffuse luminosity equatorward of the auroral oval is
observed not only in the dusk sector, as was discussed in
detail above, but also in the dawn and near-noon sectors
[Sandford, 1964, 1968; Hartz and Brice, 1967; Snyder et al.,
1972; Eather et al., 1979]. In the dawn sector the luminosity is
frequently superimposed on pulsating subvisual auroral
patches [Kvifie and Pettersen, 1969; Roldugin and Starkow,
1970; Siren, 1975, 1978; Chernouss, 1977; Royrvik and Davis,
1977; Cresswell and Davis, 1966; Stenbaek-Nielsen and Hallin-
an, 1979]. The pulsating auroras are closely associated with
the high-energy electron ~recipitation responsible for a rapid
increase of the auroral absorption of cosmic noise in the iono-
sphere as measured with riometers. The diffuse luminosity and
the pulsating auroral forms constitute an integral part of the
auroral substorm pattern [Akasofu, 1968; Starkov and Feld-
stein, 1971].

The diffuse luminosity equatorward of the oval in the dawn
sector seems to be of a complicated structure. The luminosity
located in the immediate proximity to the equatorward
boundary of the auroral oval exists simultaneously with the
luminosity band whose equatorward boundary runs closer to
the geomagnetic parallel from night to day (such luminosity
was called the mantle aurora by Sandford [1964]). The re-
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lationship between the two types of luminosity varies depend-
ing on the geomagnetic activity level and accounts for the
observed diversity in the morphology of the phenomenon.

Lassen [1972] indicated a ~8° latitudinal gap in the lo-
cation of discrete auroras at dawn hours (some forms are
located at ¢ ~ 67°, while others are located at ¢ ~ 75°).
Zverev et al. [1976] have examined in detail the mutual posi-
tions of the discrete and diffuse auroras in the dawn sector at
63° < @ < 74° during magnetic disturbances. In such periods
the intensity of diffuse auroras increases, so they sometimes
can be identified using all-sky camera data. After weak sub-
storms the diffuse auroras are located in immediate proximity
to the equatorward boundary of the structured auroral region.
As the substorm intensity rises, the latitude band covered by
diffuse auroras expands and the intensity increases, especially
in the equatorward part of the diffuse aurora zone. A latitude
“slot” may appear between the bright structured auroras
along the auroral oval and the more intense part of the diffuse
auroras, as described by Lassen [1972]. The slot between the
brighter auroras in the oval and in the diffuse zone arises from
the fact that there exist two types of diffuse luminosity located
along the equatorial edge of the oval and approximately along
a geomagnetic parallel. However, the equatorward DAB shifts
somewhat poleward from night to noon, in agreement with
the results obtained by Evlashin and Evlashina [1981].

The diffuse auroras equatorward of the oval in the dawn
sector are due to the intense electron precipitation which was
observed by Frank and Ackerson [1972] and, in more detail,
by Frank et al. [1976] using the Injun 5 data. The intensity of
the precipitating fluxes decreased gradually from midnight to
late dawn and noon hours and was fairly uniform in latitude.

The spectra of the precipitating electrons in diffuse auroras
do not show a secondary maximum, thereby indicating that
the field-aligned electron acceleration by the quasi-static field-
aligned electric fields is absent on these magnetic ficld tubes.
The pitch angle distribution of the electrons is nearly isotropic
here during and shortly after a substorm injection, but a loss
cone with slow pitch angle diffusion develops during the re-
covery phase and afterward. The energy flux in the dawn
sector diffuse precipitation depends essentially on the distur-
bance level and may reach values of the order of 1 erg cm™?
s~! sr™! in the 0.05- to 15-keV electrons. The DMSP 32
observations [Meng, 1978] have shown, however, that the dif-
fuse precipitation zone is rather inhomogeneous in the dawn
sector; namely, rather hard and much softer electron spectra
can be observed here in the equatorward part and at the
poleward edge, respectively, of the diffuse zone with the energy
flux in the precipitation band of about 0.2-0.5 erg cm™2 s~*
st
Meng and Akasofu [1983] related the luminosity which ap-
pears in the day and late dawn sectors equatorward of the
auroral oval to the 10- to 20-keV electron precipitation. The
electron energy flux increases up to 0.1 erg em™2 87! sr™?
after moderate and intense disturbances. The luminosity was
identified with the mantle aurora in the 3914-A and 5577-A
emissions which form a wide band from midnight through
dawn to noon. It has been shown that the hard electron pre-
cipitation region is asyimmetric in local time with respect to
the noon meridian and extends from the dawn sector to the
early afternoon sector only (1300-1400 MLT), while its equa-
torward boundary is located at ¢ ~ 65°-70° irrespective of
longitude. As was noted above, the absence of high-energy
electron precipitation in the late afternoon sector at ¢ ~ 70° is
a spatial rather than a temporal phenomenon. The asymmet-

ric position of the hard electron precipitation region was also
inferred from the riometer observations of the auroral absorp-
tion of cosmic noise [Berkey et al., 1974]. Model calculations
have shown that the mantle aurora is produced by the precipi-
tation of high-energy electrons drifting from midnight to noon
in the radiation belt region during and after magnetospheric
substorms [Hoffman, 1972; Meng and Akasofu, 1983]. The
drift of the 5- to 20-keV electrons is limited to the dawn and
day sectors, whereupon their drift trajectories emerge to the
magnetopause and they leave the magnetosphere. It is this
circumstance that distinguishes the mantle aurora from the
diffuse luminosity which is located in immediate proximity to
the equatorward boundary of the auroral oval in the region of
the outer belt of trapped particles. The latter is due to the
precipitation of soft suprathermal electrons transferred by the
unsteady convection during disturbances from the plasma
sheet to the magnetospheric interior.

According to DeForest and Mcllwain [1971] and Hultquist
[1975a, b], the drifting electrons in a broad energy range are
injected into the magnetosphere from its tail over the entire
nightside. Simultaneous precipitation from the plasma sheet
was observed by Eather et al. [1976] in the longitude interval
from 1700 to 0300 MLT and by Panasyuk et al. [1978] in the
longitude interval above 12 hours. However, the high-energy
particle fluxes are maximal near midnight, and the variations
of the keV electrons with local time are insignificant. Detailed
descriptions of the electron spectra in diffuse auroras may be
found in the work of Meng [1978].

Isolated auroral optical emission regions equatorwards of
the diffuse auroras were abserved on board ISIS 2 also in the
dusk sector [Anger et al., 1978; Moshupi et al., 1979]. Such
regions appear predominantly during the recovery phase from
moderate geomagnetic activity, their intensity is lower in com-
parison with the diffuse auroras located further poleward, and
the ratio of the 3914-A and 5577-A emissions is indicative of
harder spectra of the precipitating electrons. The results ob-
tained by Wallis et al. [1979] have shown that the optical
emission is due to the precipitation of hard electrons at all
energies up to 210 keV. The luminosity is produced by the
outer belt electrons injected in the geomagnetic trap during
previous short-lived disturbances and precipitating into the
ionosphere during their drift around the earth.

Fjodorova and Knuth [1978] have observed intense precipi-
tations of outer belt electrons causing measurable ionospheric
absorption down to L < 3 at moderate Kp values. Meng and
Akasofu [1983] failed to find any relationship of the equator-
ward boundary of the hard electron precipitation region to the
Kp index. One of the reasons for their results is probably the
effect of the previous activity on the position of this precipi-
tation boundary at dawn hours which was disregarded in the
data analysis. However, the processes relevant to high-energy
electron precipitation from the radiation belt are of a specific
nature and will not be discussed here.

The DPB position in the dawn sector was obtained by Guss-
enhoven et al. [1981] as a function of the Kp index and by
Hardy et al. [1981] as a function of the interplanetary medium
parameters. These relations for the northern hemisphere at
07000800 MLT are

oppp = 70.2° — 2.15° Kp 7=—083
Qppp = 662° +1.25°B; t=-062 B, <1nT
@ppp = 67.0° — 0.067° B, 1= —005 B;>1nT
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It is seen that @ppg is closely related to Kp and B in the
intervals with B; < 1 nT and that such relationships are prac-
tically absent in the intervals with B, > 1 nT. The use of
additional data [Gussenhoven et al., 1983] has made it possible
to alter somewhat the relation

¢ppp = 68.9° — 1.91° Kp 1= —0.76

Similar dependences were obtained for all hours of MLT. In
the dawn sector, DPB is located in relatively low latitudes
even at low magnetic activity (Kp ~ 1-2) and practically along
a geomagnetic parallel at high Kp. Taking into account the
adopted methods for boundary selection, the results indicate
that the above relations can, to a great degree, describe the
position of the equatorward boundary of the diffuse precipi-
tation region of harder electrons (the mantle aurora). Accord-
ing to the observations on the Atmosphere Explorer satellite
[Heelis et al., 1980], the position of the equatorward bound-
ary of the 0.2- to 25-keV electron diffuse precipitation at
@ ~ 70° and 1500 MLT shifts monotonically to ¢ ~ 61° at
0200 MLT and, after that, ascends up to ¢ ~ 66° at 0900
MLT. According to Gussenhoven et al. [1983] for Kp =2,
¢ ~ 69.3° at 1500 MLT, ¢ ~ 62° at 0200 MLT, and ¢ = 65.6°
at 0900 MLT. A more accurate comparison between the re-
sults of the two works is difficult because Heelis et al. [1980]
disregarded the data on the variations of the @ppy positions at
different disturbance levels.

In the dawn sector the diffuse auroras coincide with the
large-scale regions of enhanced ionization in the ionosphere
[Senior et al., 1982; Sivtzeva et al., 1983]. In this case the
complicated structure of the precipitation regions of the su-
prathermal and high-energy electrons in the dawn sector,
which gives rise to two types of diffuse luminosity, has its
signatures in the data of the oblique ionospheric sounding of
the subauroral F layer.

Khalipov et al. [1977] have shown quantitatively that in the
dusk-premidnight sector the poleward edge of the main iono-
spheric trough of the electron number density near the iono-
spheric F layer maximum just coincides spatially with DPB.
This fact was subsequently extended and substantiated by sys-
tematic measurements and comparisons. It permits the DPB
position to be traced nearly continuously by oblique sound-
ings under the conditions of the dark ionosphere using the
data from a latitudinal chain of subauroral ionosondes which
bear visual signatures of the trace scattered from the sharp
poleward wall, or cliff, of the main ionospheric F region
trough.

In the dawn sector the ionization latitude structure in the F
layer equatorward of the auroral oval is more complicated;
namely, the latitudinal behavior of ionization may involve two
bands of increased plasma density at the altitudes of the D
layer [Maéller, 1974]. Khalipov et al. [1983] and Sivtzeva et al.
[1983] have described cases with two or even three steps of
increased plasma density in the latitudinal profile of the F
region in the dawn sector during magnetospheric substorms
using the data from the meridional chain of vertical and
oblique sounding stations in Yakutia and inferred similar
structures in precipitation and in luminosity. The subauroral
region, or step density increase, located at a higher latitude,
appears as a continuation of the diffuse precipitation region
from dusk to dawn, and the DPB position calculated from the
model proposed by Galperin et al. [1977] for midnight coin-
cides in the 0000 < MLT < 0500 interval with the equator-
ward boundary of this region of increased ionization. The
equatorward boundary of the second region of increased ioni-
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zation coincides with the poleward wall of the main iono-
spheric trough and with the equatorward boundary of a very
feeble particle precipitation. Such particles seem to be of suf-
ficiently high energies and to give rise to various geophysical
phenomena not only at F layer altitudes but also at the E
layer [Evans and Moore, 1979]. According to Filippov et al.
[1980] the inhomogeneities of the anomalous ionization in the
ionospheric F layer appear on the ionograms of vertical and
oblique soundings most frequently in two regions in the dawn
sector, one being located near the equatorward boundary of
the auroral oval, and another being located in lower latitudes
along the quasi-circular zone. This pattern agrees with the
above described structure of the auroral electron precipitation
regions. The results of vertical and oblique soundings in the
dawn sector may be used with sufficient reliability to locate
the position of the equatorward boundary of the diffuse pre-
cipitation region of suprathermal magnetospheric electrons.
This is substantiated by good agreement of the DPB position
obtained by Heelis et al. [1980] with the position of the pole-
ward boundary of the main ionospheric trough obtained by
Benkova et al. [1980] and by Samsonov and Romaschenko
[1982].

Thus the observational data indicate that electron precipi-
tation extends equatorward of the auroral oval in the dawn
sector and that this precipitation gives rise to feeble diffuse
luminosity and ionization of the subauroral ionosphere. In the
dusk sector, where the structure of this region is relatively
simple, consistent quantitative relations have been obtained
between the DAB position, the magnetospheric disturbance
intensity, and the interplanetary medium parameters. The ex-
tension of the region to the noon and dawn sectors, where the
precipitation pattern is more complicated, has been studied
much less. However, a noticeable asymmetry with respect to
the noon meridian may well be established; namely, the soft
electron penetration region (and hence the respective auroral
luminosity region) spreads over the dusk sector, extends to
afternoon hours, and is barely noticeable at the prenoon
hours. In the dawn sector, apart from the soft electron precipi-
tation region extending along the oval from the midnight
sector, there exists a region of diffuse precipitations of the
radiation belt hard electrons drifting eastward during, and
within several hours after, magnetospheric substorms. The
precipitations of such particles give rise to the mantle aurora
and to the pulsating auroral patches in the postmidnight and
dawn sectors. The precipitations of such a type are asymmet-
ric with respect to the midnight meridian and are maximum in
the dawn sector; i.e., the asymmetry patterns of two types of
diffuse precipitations are opposite. The existence of two types
of precipitations of a different nature in the dawn sector of the
diffuse zone makes it difficult to study their characteristics on
the basis of the measurements of auroral luminosity and of
narrow energy range measurements of the electron precipi-
tation. In particular, it is difficult to obtain quantitative data
on the positions of the boundaries of the luminosity bands of
two coexisting and partially overlapping types under various
geophysical situations and on the longitudinal extension of the
region of soft precipitation equatorward of the auroral oval
into the dawn and noon sector. The differences in the spectral
features of the precipitating electrons in the afternoon and
prenoon sectors of the diffuse auroral region were considered
by Meng [1978].

It seems to us that the changes of the position of the equa-
torward boundary of the diffuse precipitation region of auro-
ral electrons during magnetospheric substorms may account
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for the “mysterious” appearance of hot plasma inside the outer
plasmasphere (on L ~ 3-4) observable in the postmidnight
and dawn sectors [Sivtzeva et al., 1983]. It is known from
whistler data [Carpenter et al., 1979] that the earthward radial
drift of the thermal and soft auroral plasmas at the plasma
sheet inner boundary at dawn is enhanced in these sectors
during active phases of substorms. The radial inward drift,
which lasts for 1-3 hours, introduces hot plasma from the
plasma sheet to the shells down to L ~ 3 and, simultaneously,
carries away thermal plasma from the same region of the
outer plasmasphere. During the drift period (or as the mag-
netospheric disturbances get weaker), the plasma sheet electric
field responsible for the radial plasma drift in the inner mag-
netosphere is shielded (or decreases). The smooth original
form of the equipotential surfaces, which is characteristic of
the quiescent plasmasphere, is restored, so that some hot
quasi-trapped plasma finds itself inside the closed equipoten-
tials, i.e., within the outer plasmasphere where cold plasma
density is depleted. Electrons and ions of a few keV in energy
caught in this sector of corotating outer plasmasphere have a
low gradient drift velocity. So they nearly corotate with the
earth and dissipate gradually to the subauroral atmosphere.
We conclude that such nonadiabatic behavior of the convec-
tion electric field gives rise to the slowly precipitating popu-
lation of the quasi-trapped hot plasma which resides for many
hours in the local time-limited sector of the outer plasma-
sphere. Such hot plasma precipitation and quasi-trapping in
closed field tubes lead to the accumulation in these tubes of
the secondary electrons and suprathermal ions supplied from
the ionosphere as a result of the rapidly developing ion out-
flow in the form of unsteady state “polar wind.” Precipitations
of such “remnant” auroral and suprathermal electrons may
give rise to weak, though quite measurable, auroral emissions,
to pulsating and burstlike strong diffusion events in the outer
belt electrons, and to an additional steplike increase (or “cliff”)
of the F layer ionization in the subauroral ionosphere on the
field tubes of the outer plasmasphere in the postmidnight
sector. This scenario of the processes occurring after sub-
storms holds in the postmidnight sector of the subauroral
ionosphere, when and where a very unstable mixture of up-
flowing rarefied thermal plasma and suprathermal secondaries
can give rise, because of precipitation of the remnants of the
hot plasma injected from the plasma sheet, to unsteady state
and spatially inhomogeneous enhancements in the precipi-
tation of the outer belt hard electrons. Apparently, this is
concordant with a variety of ground-based observation and
spacecraft measurement data (see, for example, Sivtzeva et al.
[1983]); however, this subject is beyond the scope of the pres-
ent review.

5. THE DIFFUSE LUMINESCENCE REGION POLEWARD
FROM THE AURORAL OVAL

Eather [1969] and Eather and Mende [1971, 1972], based
on the results of airborne photometric observations, have
shown that a diffusive subvisual luminescence produced by
suprathermal electron precipitations is observed in the night
sector poleward from the auroral oval. The ratio of the emis-
sion intensities 16300/4278 in this luminescence varies from
~2 at the auroral latitudes to 5 at ¢ ~ 80°. The latitude
variation of the ratio is indicative of a softening of the precipi-
tating electron spectrum down to several eV and lower toward
the pole from the poleward boundary of the oval. Figure 124
presents the latitude variations of percentage occurrence of the
precipitations of electrons with mean energies of <1 keV and
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>1 keV inferred from the data on the emission ratio [ Eather
and Mende, 1972]. As can be seen from the figure, the night-
time precipitation at ¢ 2 80° is completely (~90%) due in
practice to the <1-keV electrons. This precipitation is
characterized by a low luminosity in the emission 14278 A;
i.e., it appears as a weak subvisual luminescence. This lumine-
scence is observed during relatively quiet periods and is irrel-
evant to the possible occurrence, at ¢ ~ 80°, of the intense
auroras which propagate poleward from the oval up to such
high latitudes during active phases of magnetospheric sub-
storms. The diffuse luminescence poleward from the auroral
oval is less homogeneous than that observed equatorward of
it. Isolated structural formations are observed in the former,
and they are excited by the precipitation of softer electrons
with considerably lower energy fluxes than those in the auro-
ral oval.

During magnetically quiet periods, when the IMF B, com-

'ponent is northward, a weak diffuse luminescence with a

<0.5-kR intensity not only fills the entire region between the
discrete auroral forms over the oval (see above) but also is
observed inside the polar cap [Murphree et al., 1982]. The red
luminescence, which is due to soft electrons penetrating pole-
ward from an auroral arc in the night sector, was reliably
identified in high-sensitivity color photographs taken with all-
sky cameras in various emissions [ Mende and Eather, 1976].

Intense auroras propagating poleward in the night sector
during active phases of substorms are contained within a
border of diffusive luminescence [levenko and Samsonov,
1982]. The meridional scanning photometer data are indica-
tive of an abrupt softening of the spectrum of the auroral
electrons exciting the light emissions at the poleward bound-
ary of the luminescence region [Sandholt et al., 1982].

Starkov and Feldstein [1971] included this diffuse subvisual
luminescence on the poleward side of the oval in their global
pattern of auroral substorm development in the night sector.
During magnetically quiet periods the boundary of such a
luminescence is located at ¢ ~ 80°. During creation phases of
substorms (~ 1 hour before active phase onset), the poleward
boundary of the diffuse subvisual luminescence band shifts to
lower latitudes with the outcome that the latitude region of
the band narrows steadily, so that a much confined lumines-
cence band exists at the moment of substorm active phase
onset. The poleward boundary location and the locations of
the oval boundaries respond in practice without any delay to
the development of magnetospheric disturbances. It appears
that the diffuse luminescence located poleward of the oval is
characterized by a close time correlation with the disturbances
and motions in the dynamical outer magnetosphere, and
hence it differs radically from the equatorward diffuse lumines-
cence which is due to inertial processes in the inner mag-
netosphere. However, the studies aimed at establishing quanti-
tative relations characterizing the location of the poleward
boundary of the diffuse luminescence at various disturbance
levels (for a certain value of the energy flux to the ionosphere)
are still in their initial stage.

Locations of the poleward boundaries of precipitation of
electrons with E > 0.05 keV under extremely quiet geomag-
netic conditions in the dawn and dusk sectors were analyzed
by Meng [1981b] on the basis of the DMSP data. In this case
the region of the diffuse precipitations extends up to ¢ ~ 85°-
87° for the electron flux of ~10° ergs cm~2s~! sr~! and the
energy flux of ~2 x 10”2 ergcm™25~1 5171, i.e,, spreads over
almost the entire polar cap. The location of the poleward

boundary for particle fluxes of >107 ergs cm™2 s~ ! sr™! was
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statistically determined by Makita et al. [1983] in all the MLT
sectors. There is, however, a smooth intensity decrease (with-
out any pronounced boundary) in low-energy (< 500 eV) elec-
trons on ¢ > 80°. In the near-polar region the <1-keV soft
electrons can mainly penetrate. In this case the boundary
shifts toward lower latitudes with increasing energy flux and
approaches, but does not reach, the poleward boundary of the
oval.

During long extremely quiet periods, apparently, nearly the
entire polar cap (up to very high latitudes) is covered by weak
electron precipitation, and a luminescence of the entire cap in
the 6300-A line emission may be expected. Such a lumines-
cence was actually observed up to ¢ ~ 85° by Weill et al.
[1965] during magnetically quiet periods in the years of solar
minimum. In the night sector the subvisual luminescence pole-
ward from the auroral oval was observed from 1800 to 0500
MLT to be wide bands extended along a geomagnetic parallel.
The luminosity in the bands increases poleward and then falls
rather abruptly and forms a pronounced poleward boundary.
Its location does not follow the line ¢ = const. It is supposed
that the flux of soft electrons with energies ranging from 30 to
150 eV recorded on board Cosmos 261 [Galperin et al., 1970]
in the dusk sector up to L ~ 20-30 (¢ ~ 75°-80°) should be
responsible for this luminescence. The integral energy flux at

2 -1

these latitudes was 0.3 erg cm~2 s~! sr™1, ie., was quite suf-
ficient to induce the subvisual luminescence.

According to Meng [1981b] the expansion of electron pre-
cipitation up to the poles is due to an increase of the plasma
sheet size and to a diminution of the high-latitude tail lobe in
the magnetotail under extremely quiet magnetospheric con-
ditions (see also Murphree and Cogger [1981] and Murphee et
al. [1982]). Precipitation of plasma sheet electrons with energy
of 0.434 keV into the upper atmosphere poleward from the
oval was observed by Candidi et al. [1983]. Such penetration
spreads over the dusk and dawn sectors under quiet magnetic
conditions (Kp < 2+). The diffuse precipitation of soft elec-
trons poleward from the oval was observed when the IMF B,
component turned northward after active phases of substorms
[Hardy et al., 1982]. The authors supposed, however, that the
interior cusp particles should be a source of these electrons.

The space-time localization of the 0.1- to 20-keV electron
precipitation region was inferred by Dyachenko et al. [1980]
from the Meteor 28 data. In particular, electron precipitation
with soft monotonic spectra and energy fluxes E < 107! erg
cm ™2 571 sr™! were observed poleward from the typical “in-
verted V” structures. In the dusk-midnight sector, during mag-
netically quiet periods (Kp < 1), the boundary of the diffuse
precipitation extends to ¢ ~ 79°, and the latitude extension of
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Fig. 13. Intensity variations of the precipitating electrons of various energies and of the auroral intensities during an

ISIS 2 traversal of the night sector of the auroral oval at 0727-0739 UT on November 11, 1971 [Shepherd et al., 1980].
The upper line shows the variations of the satellite pitch angle. Shown below are the intensity variations of the 6300-,
5577-, and 3914-A emissions along the ISIS 2 trajectory. DA, diffuse auroras; SA, structured auroras; PDA, polar diffuse
auroras. The arrows indicate the approximate positions of the boundaries between auroras of various types.

the region reaches ~7°. During magnetically disturbed
periods (Kp ~ 6), the poleward boundary of the soft diffuse
precipitation is located at ¢ ~ 77°, its latitude extension does
not exceed ~2°, and the zone of soft monotonic electron spec-
tra is adjacent to the poleward oval boundary which is shifted
to the pole. The diffuse luminescence in the dusk sector pole-
ward from the auroral arcs was observed systematically on
board ISIS 2 [Murphree et al., 1981a]. During the DMSP/F2
passes through the late dusk sector a bright luminescence was
observed poleward from the “inverted V” [Tanskanen et al.,
1981]. Along the poleward boundary of the oval during mag-
netospheric substorms intense fluxes of soft electrons 10°-101°
cm~2 57! sr~! with energies of 200 eV and with steep and
monotonic spectra were detected. It should be noted that the
softening of the precipitating electrons and a decrease of their
energy flux at the poleward side of the precipitation region
were also observed on board some other spacecraft equipped
with apparatus capable of measuring energy fluxes of electrons
down to 1072 erg cm ™2 s~ ! sr~! (Galperin et al. [1970] on
Cosmos 261, Frederick and Hays [1978] and Heelis et al.
[1980] on AE-C, Valchuk et al. [1979] on AUREOL 2, Shep-
herd [1979b, 1982] on ISIS 2, Chiu and Gorney [1983] on

$3-3), and suggestions concerning their origin from the ex-
tended plasma sheet on closed field lines up to ~80° from
Cosmos 261 and even higher from some other satellites were
made in these papers. Electron precipitation poleward from
the oval, which should be related to the diffuse zone, is not
always uniform. Even during magnetically quiet periods there
are increases and decreases of particle intensity, and it is
sometimes difficult to identify this zone unambiguously on the
energy-time spectrograms. But the poleward diffuse zone dif-
fers from the precipitation along the oval in another impor-
tant feature; namely, it is located in the region of antisolar
convection. Heelis et al. [1980] have shown that a part of the
region of the antisunward convection is usually found within
the auroral particle precipitation region. McDiarmid et al.
[1978] came to identical conclusions concerning the data from
the dusk (1500-2100 MLT) and dawn (03000900 MLT) sec-
tors: (1) the convection reversal from antisunward to sunward
occurred within the region of auroral electron precipitations
rather than at its poleward boundary; (2) the auroral electron
precipitation takes place on closed field lines.

Hence it may be assumed that the poleward diffuse zone is
located in the antisunward convection region, while the auro-
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ral oval and the diffuse penetrations equatorward from the
oval lie in the region of sunward convection. In this case the
entire nightside region of auroral precipitation is located on
closed geomagnetic force lines.

Figure 13 shows the results of measuring the 5-eV to
15-keV electron intensities in the night sector during an ISIS 2
pass in winter. Also shown are three optical auroral emissions
[Shepherd et al., 1980]. The observed spectra, the character of
electron precipitations, and the emission intensities imply that
the observed latitude interval can be divided into three dis-
tinct regions, namely, the equatorial region (DA) at
62° < @ < 67° corresponding to the diffuse luminescence
region equatorward [rom the auroral oval, the auroral oval
proper with structured forms (SA) at 67° < ¢ < 74° inferred
from the peaks of structured emissions, and the poleward
tegion of diffuse auroras (PDA) at ¢ > 74° where soft electron
fluxes prevail, while the 3914-A N, * band intensity falls to the
instrumental threshold. The data of the measurements taken
from 0727 to 0739 UT on November 11, 1971, were obtained
during the magnetically quiet period which began at 0400 UT
[Allen et al., 1975]. It is quite possible that the poleward PDA
zone boundary extends outside the data reception interval
shown in Figure 13, i.e., to ¢ > 78°.

Thus according to various observational data, there exists a
region of soft elegtron precipitations poleward from the auro-
ral oval. The poleward boundary of the luminescence in this
region undergoes temporal variations closely associated with
the development of magnetospheric disturbances. The immedi-
ate task here is to obtain quantitative relations of the pole-
ward PDA boundary location to the phase and intensity of
these disturbances. PDA is to be located on closed field lines
because a rather high degree of conjugation in the location of
the luminescence poleward boundary was inferred from the
observations in both hemispheres [Makita et al., 1983]. Ap-
parently, PDA is a projection of the high-latitude (outer) part
of the nightside plasma sheet onto ionospheric latitudes.

6. POLAR CAP AURORAS

The polar cap is usually considered in the literature to be a
near-pole region encircled by the poleward boundary of the
auroral oval [Akasofu, 1968]. A special type of auroral lumi-
nescence observed there is called polar arcs (PA). In some
model representations the polar cap is located inside a surface
that consists of geomagnetic field lines which traverse the neu-
tral line (B = 0) supposedly located around the magnetosphere
[Akasofu, 1977a]. Along the neutral line the geomagnetic field
lines are reconnected with the interplanetary magnetic field.
The projection of this surface onto the ionosphere coincides
approximately with the poleward boundary of the auroral
oval. Apparently based on these model representations, Meng
et al. [1977] have related an auroral arc during a magnetically
quiet period to the poleward boundary of the auroral oval. It
was, however, shown above that poleward from the nightside
auroral oval a diffuse luminescence was located which is excit-
ed by soft electrons incoming from the periphery of the plasma
sheet. Therefore a quiet auroral arc along the oval is to be
projected inside the plasma sheet on closed field lines and,
therefore, cannot be considered a neutral line projection. This
circumstance proves to be very important in connection with
the discussion in the literature of the generation mechanism of
magnetospheric substorms, in particular, with a localization of
the magnetospheric region where a substorm commences, and
with the problem of the origin of stable auroral arcs inside the
oval. That is why this morphological problem proves to be

one of the problems of key importance in the magnetospheric
physics.

It is useful to define the polar arcs as a special type of
luminescence because the polar caps are mapped along mag-
netic field lines on the special structural region of the mag-
netosphere called tail lobes. The tail lobes are located just
outside the plasma sheet of the tail, and plasma density there
is extremely low. The intensity of the auroral luminescence in
the polar caps is usually slightly higher than the level of air-
glow. That is why it is especially interesting to study discrete
forms of polar cap auroras because their mapping inside the
depth of the plasma sheet seems impossible, so the abundant
source of hot particles exciting the luminescence is still to be
identified.

During magnetically quiet periods, as was already de-
scribed, the diffuse luminescence poleward from the oval ex-
tends up to very high latitudes. This means that the plasma
sheet, receding from the earth by its inner part, expands simul-
taneously at its outer (poleward) boundary. In such a way, the
volume of the part of the tail which is mapped on the night
sector of the polar cap decreases [Meng, 1981c].

The plasma mantle which, according to various mag-
netospheric models, is mapped on the dayside polar caps be-
comes, at the same time, narrower [Sckopke et al., 1976],
thereby reflecting the gross reconfiguration of the mag-
netosphere. During the periods with B, > 0, a considerable
region inside the poleward boundary of the oval is covered by
the subvisual luminescence produced by weak “drizzling,” pre-
cipitation of soft electrons with energies of up to 0.1-1 keV
(except only for some limited areas near geomagnetic poles).

This testifies strongly that some hot plasma drifting toward
the earth and undergoing adiabatic acceleration in the tail is
present here, because the 0.1- to 1-keV electrons are absent in
the solar wind. The polar cap boundaries during the periods
with B, > 0 can hardly be distinguished if they are inferred
from the data on feeble diffuse auroral luminescence. In a
similar way, the projections of the boundaries between the tail
lobes, plasma sheet, and plasma mantle were not determined
unambiguously by the luminescence and particle measure-
ments. We suggest that such projections might be found from
magnetic field variations due to the field-aligned currents
flowing in this region. The magnetic field lines in the polar
caps are supposed to be open (ie.,, to be connected to the
IMF). During periods with B, > 0 the total flux of open mag-
netic field lines proves to decrease significantly, and the posi-
tion of the remaining polar cap proper is controlled by the
IMF B, and B, components. Considering these experimental
difficulties involved in boundary determination, we adopt the
tentative definition of the polar cap as a spatially limited high-
latitude region located poleward from the auroral oval within
which (1) polar cap arcs are located at the typical orientation
approximately along the earth-sun line and (2) the diffuse au-
roral luminescence is feeble, i.e., does not exceed some level
compatible with the available observational evidence (say,
about 1072 erg cm ™2 s~ 1). Such a definition implies a tempo-
ral expansion of plasma sheet and radical diminution of the
tail lobes in some intervals of B, > 0.

A relatively rare, but striking, feature of the polar caps is the
existence of very long narrow regions of auroral emission
which are often called sun-aligned arcs. The main morpho-
logical features of this type of auroral luminescence were de-
scribed in their reviews by Feldstein et al. [1969] and Cogger
[1980] and were summarized by Akasofu and Roederer [1983].
These features are as follows:
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1. Auroras occur in single or multiple arcs with rayed
structure. The lifetime of single arcs is usually several minutes.
Extended arcs, however, occur in satellite images during suc-
cessive passes of DMSP in every 100 min in 42.5% of the
cases [Gussenhoven, 1982]. The average length of an arc was
~ 1.5 x 10° km [Ismail et al., 1977] or ~10° km [Ismail and
Meng, 1982]. However, Frank et al. [1982a] observed an arc
which extended through the polar cap from the day to the
night sector of the auroral oval (6 auroras) (see also Lassen
[1972] and Anger [1979]). Such extended arcs are rare be-
cause polar cap arcs of any type were only observed in 6% of
ISIS 2 and in 4% of DMSP passes. According to the ground-
based International Quiet Sun Year observation data, the per-
centage occurrence of discrete auroras in the zenith at the
near-pole region was ~5% [Belousov et al, 1968]. Fur-
thermore, such an arc usually terminates inside the polar cap
and fails to reach the night sector of the auroral oval. The
width of an arc is ~30-40 km as inferred from the ground-
based photometric observation data [Romick and Brown,
1971] and ~ 70 km as estimated from spacecraft observations
[Ismail et al., 1977]. Frank et al. [1982a, b] observed ~15
examples of the # auroras within a month. The time duration
of this auroral configuration can reach at least several hours.

2. The arcs are mainly oriented along the noon-midnight
meridian, which results in their rotation by 360° during a day
as observed from the earth’s surface [Mawson, 1925; Davis,
1960; Feldstein, 1960; Denholm and Bond, 1961].

3. The arcs appear mainly during magnetically quiet
periods [Feldstein, 1962; Davis, 1963; Lassen, 1963] when the
IMF B, component is positive [Berkey et al., 1976; Ismail et
al., 1977; Lassen and Danielsen, 1978; Frank et al., 1983] and
the solar wind velocity is high [ Gussenhoven, 1982].

Figure 14 presents the occurrence frequency of the arcs in
the southern polar cap for different orientations of the IMF
according to Yakhnin and Sergeev [1979]. As can be seen from
Figure 14a, the occurrence frequency grows approximately lin-
early with B, for northward IMF, and it is very small for
southward IMF orientations. Figures 14b and 14¢ demon-
strate a prevalence of auroral occurrences in the polar cap in
the cases when the azimuthal component By <O and the
radial component By > 0 (with the simultaneous condition
B; > 0). Thus the occurrence frequency of auroras in the
southern hemisphere is increased when the IMF is sunward.
The additional study made by Sergeev and Yakhnin [1979]
has shown that the arcs appear mainly at By < 0 in the south-

"ern hemisphere and at By > 0 in the northern hemisphere. The

effect of the radial IMF component (By) direction on the oc-
currenge of arcs in polar caps was confirmed by Ismail and
Meng [1982], namely, that the arcs appear mainly during
By > 0 periods in the southern polar cap and during By < 0
periods in the northern cap. The effect of the IMF By compo-
nent on polar cap auroral occurrence agrees with the results of
Burch et al. [1979], who recorded the structured precipitations
of electrons in the northern polar cap when the IMF was
characterized by the component B, > 0 and By < 0 (the IMF
was directed away from the sun). The effect of the B, compo-
nent is also characterized by the fact that in the dawn (dusk)
sector of the polar cap the occurrence frequency of the arcs is
higher for negative (positive) By [Lassen, 1979; Gussenhoven,
1982].

4. The spectral ratio of the emissions 5577 A/3914 A in the
polar arcs varied from 1 to 3, and the ratio 6300 A/3914 A was
about 7 [Cogger, 1980]. A comparatively high intensity of the
emission 6300 A in the polar arcs, which was noticed earlier
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by Eather and Akasofu [1969], indicates that the lJuminescence
in the arc is excited by a precipitation of 0.2- to 1-keV elec-
trons the energy flux of which reaches 1-10 ergs cm™% s™!
sr~!. This is confirmed by the measurement data of several
other studies [Whalen et al., 1971; Meng and Akasofu, 1976;
Meng, 1978]. No proton flux was observed above the arcs (it
proved to be below 1073 erg cm~2 s™!). These values are in
agreement with direct measurements [ Murphree et al., 1983].
But recent low-energy particle measurements from AUREOL
3 (the ARCAD 3 project; see Galperin et al. [1982a, b] and
Galperin and Reme [1983]) made it possible to measure the
soft proton precipitation above the polar caps. For “drizzle”
proton precipitation the 50- to 100-eV protons reach inten-
sities of about 10° (cm? s sr keV)~'. Proton intensity drops
are usually observed simultaneously with intensifications of
soft electrons, thereby indicating field-aligned potential differ-
ences associated with polar cap discrete auroral formations.

Except for their position and a somewhat lower associated
average electron energy, the polar cap arcs bear a strong re-
semblance to the oval-aligned arcs [Murphree et al., 1982].
Frank et al. [1982a, b] have found a similarity of the electron
spectra above the 8 aurora both in the dawn and in the dusk
sectors of the auroral oval, and Weber and Buchau [1981]
have identified subvisual polar arcs at F layer altitudes excited
by electrons with energies of several hundreds of eV.

5. Appearance and disappearance of auroral arcs in the
polar cap is closely associated with development of mag-
netospheric substorms [Starkov and Feldstein, 1971]; namely,
the discrete auroras in the polar cap disappear suddenly at the
onset of an expansion phase and reappear during a recovery
phase. Hardy et al. [1982] have shown that during intense
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substorms, for soutliward IMF, only a homogeneous flux of
soft electrons with energy fluxes of 1073-1072 erg cm™2 §7!
sr~! (“polar rain,” according to Winningham and Heikkila
[1974]) is observed in the polar cap. Within an hour after the
IMF turns to the north (B, > 0) and a substorm decays, the
electron precipitation into both polar caps increases abruptly
and auroral arcs appear in the winter polar cap. If the B,
turns southward, the polar cap arcs disappear again. The elec-
tron spectra in the arcs are characterized by a maximum at
~1 keV. These narrow regions of intense fluxes of keV elec-
trons known as “polar showers” [Winningham and Heikkila,
1974] appear as a result of the field-aligned acceleration in the
potential drop of ~1 kV [Burch et al, 1979; Hardy et al.,
1982; Burke et al., 1982]. This is also consistent with
AUREOL 3 measutements of low-energy protons and elec-
trons inside the polar caps (see above). Thus the polar cap arcs
prove to be an optical signature of the “polar shower” precipi-
tations. During the substorm recovery phase, ~20-keV elec-
tron fluxes exceeding 10% el cm™2 s~ ! sr~! keV~! were ob-
served in the polar caps [Dyachenko et al., 1980; Foster and
Burrows, 1976]. Yakhnin and Sergeev [1981] assume that the
disappearance and occurrence of the polar cap arcs during
various phases of a substorm are controlled by the IMF B,
component rather than by the geomagnetic disturbance level.

6. The polar arcs are followed by small-scale field-aligned
currents [Saflekos et al., 1978; Dolginov et al., 1981; Burke,
1981; Burke et al., 1982; Zanetti et al., 1982]. According to
Lassen [1979], they may be related to upward field-aligned
currents, while Feldstein and Vorfolomeeva [1980] have found
that the polar cap arcs are preferably observed in the region of
large-scale currents flowing into the ionosphere.

7. The large-scale magnetospheric convection in the region
of polar cap discrete arcs may be either antisunward or highly
irregular or sunward [Burke et al., 1982; Lassen, 1979; Burch
et al., 1979; Frank et al., 1983]. Originally, polar cap arcs were
supposed to exist in the antisunward convection region. Direct
spacecraft observations have, however, shown that during
periods with sufficiently intense B, > 0, the direction of polar
cap convection, at least in its central part, may sometimes be
changed to sunward. It is, therefore, not surprising that the
polar cap arcs were sometimes observed within the sunward
convection region. This interpretation differs from that pro-
posed by Murphree et al. [1982] according to which the arc
location in the region of sunward convection is due to the
auroral oval shift poleward during periods with B; > 0. In a
close proximity to a disctete arc, the convection velocity in-
creases and. the convection reversal is observed. In this case,
electric fields converge to the core of an arc, thereby implying
the existence of a field-aligned current flowing out of the iono-
sphere above the arc [Burch et al., 1979]. According to Lassen
[1979], who develops the ideas of Reiff et al. [1978], the auro-
ral arcs arise in shear flow regions at the boundaries of con-
vection cells and may be used to define qualitatively a pattern
of polar cap convection.

8. Polar arcs may drift in the direction perpendicular to
their alignment direction at velocities of about 100400 m/s.
Feldstein et al. [1968] and Akasofu [1972] have shown that
the dawnward and duskward motions are of equal probability.
Danielsen [1969] has found a prevailing dawn-to-dusk motion,
while Sergeev and Yakhnin [1978] observed the motion from
the borders to the center of the polar cap in both the northern
and southern hemispheres.

The necessary condition for auroral arc generation is the
occurrence of a field-aligned electric field in the mag-
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neiosphere above the arcs (see a review by Chiu et al. [1983]).
Such a potential drop above polar cap arcs is usually $0.7 kV
[Hardy et al, 1982]. According to S3-3 observations [Chiu
and Gorney, 1983] in polar arcs, intrusions of hot plasma from
the plasma sheet and of the magnetosheath plasma do occur.
Above the arcs, inverted V ¢vents are observed in satellite
particle data; besides that, ion beams moving upward and
abrupt gradients of electric field in the regions of its sign
reversal are also observed. These are conditions similar to
those for usual auroral arcs in the dusk sector of the oval
This, together with other experimental evidence cited above,
allows us to conclude that a field-aligned potential drop is the
necessary condition for generating polar cap arcs. Meanwhile,
the detailed physical mechanisms of the polar arc-generating
field-aligned potential drop may, however, be distinct if open
field lines are involved here.

Sergeev and Yakhnin [1979] assume that electrons are accel-
erated along open magnetic field lines (for an open mag-
netospheric model) when the density of field-aligned currents
(closed through the magnetosheath) exceeds a critical value
and an instability is developed, resulting in the generation of a
field-aligned potential drop. Field-aligned currents with suf-
ficient current density must be provided by nonuniformity of
the polar cap electric field which is controlled by the IMF B,
component. But observational evidence for nearly complete
disappearance of the polar cap auroras during the intervals
with B, < 0 when the magnetosphere appears to be open con-
tradicts the above scheme.

Inside the polar cap, intense field-aligned currents dre ob-
served, and as their direct result, the polar cap arcs may be
generated by the occurrence of the separating boundaries be-
tween closed and open field lines during magnetically quiet
periods [Atkinson, 1982]. Akasofu et al. [1981] and Akasofu
and Roederer [1983] believe that such separating boundaries
arise in the polar cap owing to the existence of regions with
open field lines in the dusk or dawn sectors. These regions
arise in the dawn or dusk sectors depending on the sign of the
IMF B, component. In the northern hemisphere the open
field line region is located in the dawn sector when By > 0 and
in the dusk sector when By < 0. As a result, the dawnside or
duskside of the polar cap will be connected to the IMF. When
the IMF tangential discontinuity passes by the magnetosphere
and the sign of the IMF B, component reverses on this dis-
continuity, the open field line regions will alternately appear
in different regions of the polar cap. Just at the boundary
between these regions, field-aligned currents arise which are
connected with the polar cap arcs. This mechanism, though
attractive, can hardly provide an explanation for the common-
ly observed simultaneous occurrence of several arcs.

A mechanism based on another possibility of field-aligned
potential drop formation inside the magnetosphere is dis-
cussed by Alekseeva et al. [1979]. Electric field inhomoge-
neities in the polar cap and small-scale field-aligned currents
arise, according to the authors, from the polarization field of a
plasma cloud penetrating the magnetosphere from the solar
wind. A similar idea was originally put forward by Pikelner
[1956]. The cloud motion to the magnetospheric interior cor-
responds here to auroral motion toward the polar cap center.
But when one tries to apply these ideas to observations of
polar cap arcs, it is not clear why such clouds penetrate the
magnetosphere exclusively during the periods of northward
IMF when the polar cap arcs arise and disappear as the IMF
turns southward; additional suppositions are needed here. Ly-
atsky [1982] has proposed an original concept connecting the
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Fig. 15. Magnetospheric convection systems in the northern
hemisphere (arrows) and the cold plasma distribution in the mag-
netosphere (the dots cover the regions of increased cold plasma con-
centration) at different signs of the IMF B, component. The thick line
shows the terminator in winter. The auroral arcs avoid the regions
covered with dots [ Lyatsky, 1982].

formation and spatial distribution of auroral arcs with the
cold plasma density in the underlying ionosphere. According
to this concept, a magnetospheric field-aligned electric field
accelerating electrons arises only if the ionospheric density in
the underlying F region is sufficiently low; otherwise the iono-
spheric conductivity will short circuit the field-aligned electric
field. In this case a low plasma density in the auroral force
tube is not a result of its depletion due to 4 field-aligned
current, as is assumed in a majority of other works on the
subject, but, instead, is merely a condition to form a field-
aligned potential drop. This assumption results, however, in
the conclusions concerning the location of polar cap arcs con-
cordant qualitatively with observations.

Figure 15 presents the expected plasma distribution for dif-
ferent directions of the convection controlled by the IMF B,
component direction. At B; <0, the intensified plasma con-
vection is from the sunlit side of the earth to its nightside. A
high plasma density in the polar cap prevents the field-aligned
electric fields and polar cap auroras from appearing. When the
B, component is reversed northward, the velocity of convec-
tion from day to night decreases with conservation of the
convection direction [Burch et al, 1979]. This results in a
decrease of plasma density in the polar cap and in a growth of
the occurrence probability of the polar cap auroras (Figure
14a). At high positive B, (as estimated by Afonina et al. [1982]
at B, = 10 nT) the convection of plasma over the whole polar
cap is reversed to the sunward direction. According to the
above scheme, it is just then that the most frequent occurrence
of the polar cap auroras should be expected. Considering the
IMF B, component effect on the polar cap convection pattern
and, hence, on the polar ionosphere plasma density, one can
also explain the observed differences in the occurrence of the
polar cap arcs in the dusk and dawn polar cap sectors for
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different signs of B,. Further progress in the theory of auroral
arc formation mechanisms has to be made, however, before
one can appraise the role of the initial ionospheric conduc-
tivity in the field-aligned potential generation and its time
stability to check the above ideas against experimental evi-
dence.

7. RELEVANCE OF THE AURORAL LUMINESCENCE REGIONS
TO THE LARGE-SCALE MAGNETOSPHERIC STRUCTURE

Akasofu [1966], Feldstein [1966, 1969, 1972], and Vasy-
liunas [1970, 1972] emphasized a close relationship between
the auroral oval and the gross magnetospheric structure.
Therefore the global distribution of auroras and their dynam-
ics yield useful information on the variations in the mag-
netosphere during magnetospheric disturbances. The mag-
netosphere is formed as a result of solar wind plasma interac-
tion with the earth’s magnetic field, and therefore the various
aspects of this interaction affect the character and distribution
of the auroral luminescence at high latitudes where the remote
magnetosphere regions are mapped. In connection with the
complicated structure of the auroral luminescence at high lati-
tudes, we shall consider the present-day concepts concerning
the plasma distribution in the magnetosphere. The distri-
butions of plasma with energies from tens of eV to several keV
in the equatorial plane are presented schematically in Figures
16a and 16b according to Vasyliunas [1970] and Frank
[1971a].

Figures 17a and 17b show the data in the noon-midnight
magnetospheric cross section from Frank [1971b] and Aubry
et al. [1972]. In the latter paper, observations of high-energy
(E. > 50 keV) electrons were used. The suprathermal plasma
distribution in the night sector is characterized by the pres-
ence of the inner boundary of the plasma sheet at which a
dramatic softening of the electron spectrum begins with de-
creasing radial distance (instead of a mean energy rise inward
due to adiabatic acceleration of hot plasma with increasing
magnetic field). Simultaneously, the energy density of hot elec-
trons also decreases. The region where these variations are
observed is located between the inner boundary of the plasma
sheet and the plasmapause and is marked in Figure 16b as the
earthward edge of the plasma sheet. The plasma sheet extends
to the day sector [Burrows et al., 1976; Candidi and Meng,
1984]. At high altitudes this region is detected on the equa-
torial dayside magnetopause [ Tsurutani et al., 1981]. As can
be seen from Figure 16b, thé inner boundary of the plasma
sheet nearly coincides with the trapping boundary for high-
energy electrons with energies >40 keV. The trapping bound-
ary was identified with the position of the major rapid de-
crease of high-energy electron intensity as the radial distance
increases. As can be seen from the meridional cross section of
the magnetosphere shown in Figure 174, the low-latitude and
high-latitude parts should be distinguished in the plasma
region of the magnetotail; namely, in the high-latitude part
the fluxes of soft electrons and of their energy ar¢ much lower
in comparison with the low-latitude part. The outer radiation
belt (trapping region) is adjacent to the plasma sheet. The
behavior of high-energy (E = 50 keV) electrons is much differ-
ent from the behavior of suprathermal plasma (Figure 17b).
The maximum fluxes are observed earthward [rom the stable
trapping boundary ¢, separating the C and B regions. The C
region (sometimes called the night cusp) is the outer radiation
belt with a maximum hard electron flux of >10% el cm~2s~ ..
It is the stable trapping region that is marked as the ring
current trapping region in Figure 17a. In the low-latitude
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belt, the fluxes of energetic electrons are considerably lower here).

(~3.10% el cm~2 s~ ! sr™'). The high-latitude part of the In Figures 18a and 18b, variations with geocentric distance
plasma sheet was never identified for electrons of such high in the earth’s radii (L) of the energy density, mean energy, and
energies and is related to the tail lobes (during substorms, number density of auroral electrons are presented following

4 4

[T S

R T T T PP

s

o h e

k&

T

.



244

FELDSTEIN AND GALPERIN: AURORAL STRUCTURE, DYNAMICS, AND THE MAGNETOSPHERE

A
NODN - MIDNIGHT
POLAR CAPC PLASMA SHEET
1 T
POLAR CUSP

HIGH-LATIT\DE
MAGNE TOTAIL

RING CURRENT

TRAPPING REGION

Xcsm

MAIN, [OBE [PLASMA CUSP
AB + 207 +10Y -20Y
FLX | <108 3 108 10%

Fig. 17. (a) Schematic diagrams of the structure of the magnetospheric plasma domains in the noon-midnight meridio-
nal plane [Frank, 1971b]. (b) The structure of the plasma sheet near the earth in the night sector of the magnetosphere
inferred from OGO 5 measurements of high-energy (> 50 keV) electrons [Aubry et al., 1972]. The solid line is the satellite

trajectory.

Vasyliunas [1972] for the night magnetospheric sector during
a magnetic storm and during a quiet period.

Figure 18c shows the plasma sheet energy flux of auroral
electrons at various distances from the neutral sheet. As the
distance from the neutral sheet increases, the parameters of
plasma sheet electrons vary in a manner very similar to that of
decreasing radial distance in the near-earth region between the
inner plasma sheet boundary and the plasmapause; that is, the
mean energy of the electrons and their energy density decrease
in a similar way (see also Hones et al. [1971]).

Vasyliunas [1970] determined the location of the inner edge
at relatively low altitudes in the high-latitude horns of the
plasma sheet. He concluded that the location of the inner edge
of the plasma sheet corresponded to that of the equatorial
boundary of the auroral oval (Figure 19a). A similar con-
clusion was also drawn by Feldstein and Starkov [1970] and
by Lassen [1974]. Figure 19b presents the location of the

auroral oval in the night sector (shaded area), the stable trap-
ping boundary ¢, of >35-keV electrons (squares), and the
boundary ¢, of the region where the counting rate of the
> 35-keV electrons falls to the cosmic ray background level
(open circles) as functions of magnetic disturbance [Feldstein
and Starkov, 1970]. The boundaries ¢, and ¢, were deter-
mined according to McDiarmid and Burrows [1968].

Latitudes ¢, for all the disturbance levels coincide with
those for the equatorial boundary of the auroral oval within
the limits of a few tenths of a degree. Therefore the oval is
located at higher latitudes than the outer radiation belt L
shells but is adjacent to these L shells on its low-latitude side.
At low altitudes in the night sector the projections of the
plasma sheet inner boundary and of the stable trapping
boundary coincide, just as in the equatorial cross section of
the magnetosphere.

According to Lassen [1974] (Figure 19c), the outer bound-



FELDSTEIN AND GALPERIN: AURORAL STRUCTURE, DYNAMICS, AND THE MAGNETOSPHERE

A
July 9,1966 « Electrons } 0.2-50 keV
LT ~ 23-240 o Protons (Frank)
Inner Edge of
P"”"""’P"““\ Plasma Sheet

| i (M.1.T)
|

)
N

Energy Density ,keV cm™®
o

B
June 23,1966 ¢ Electrons 0.09-50keV(Schield and Frank)
LT ~ o" o Protons  0.2- SOkeV(Frank)
Plasmapause Inner Edge of
\I Plasma Sheet
| g%
| o® °I°
0 P jo°
.l |.
Meon Energy | o * ee’e
keVv | o’ |
;o I
[ )
| | |
L X ] I *
o0 ° [ ) R .. :
A [T 1 1
i
. |
[ |
Nurnbcr Donslty ., . |
ee®| %00
[ cee® I o’ o
' 1 l' 1
.
| °° ol
[-]
| o 1%
o
I * I o® o0
Energy Density | o |
keV cm™® | ° |
L] L ]
. |
| °
*iy || 1
qQ 6 7 8 Re
L
Fig. 18b

245

C
Invariant Latitude
68° 69° 70° T7I° 72° 73° 74° 75°
o L 1 r ) 1 ] 1 T
_{{ ]
T [ ] T
o
g | {1 &
) h ?
5 | 1 %
s ‘ l s
H L 0o
-} \ € .
2y | \\ N5
R \ Hoigl
o > \\\ - 2 >
€ o o Ay -1
o t \ . 2 g
! o LAY < [ ~4
o Y] 3 (Y e wt
3 8 ] 3
§ { 3
SOl a
£ 1 3
"é [ AuroraL ZonE a
° 9 North PLasMa SHeer 0,01
¢ South ——
| P I TR I RN B
(o] 2 4 6 8
Estimated Distance from Neutral Sheet, RE
Fig. 18¢
Fig. 18. (a) Rapid radial distance variations of electron and

proton energy density during the main phase of a magnetic storm
inferred from OGO 3 observations [Frank, 1967]. The plasmapause
and plasma sheet inner edge positions have been inferred from simul-
taneous OGO 3 observations [Vasyliunas, 1972]. (b) The variations of
the electron and proton properties across the inner edge of the plasma
sheet (quiet conditions). The electron energy density, number density,
and the plasmapause and inner edge positions are shown according
to Schield and Frank [1970]. The proton energy density is from Frank
[1967]. The squares are the anomalous values right at the plasma-
pause [Vasyliunas, 1972]. (c) Comparison of the average precipitating
electron energy flux in the auroral oval [Sharp et al., 1969] with the
electron energy flux within the plasma sheet at different distances
from the neutral sheet [Vasyliunas, 1972]. Three curves shown are
from three OGO 3 traversals of the plasma sheet during quiet
periods. The values of precipitating fluxes are averaged over 1° lati-
tude intervals.

ary and the inner edge of the plasma sheet coincide with the
poleward and equatorward boundaries of the auroral oval,
respectively, which are determined by the statistical pattern of
auroral arcs.

Thus the concept of Vasyliunas-Feldstein and Starkov-
Lassen (VFSL) is essentially that the auroral oval is mapped
on the magnetosphere in the low-latitude part of the plasma
sheet (which can be called its main part). The equatorward
boundary of the oval is geometrically conjugate through mag-
netic force lines to the inner boundary of the plasma sheet,
and the poleward boundary is conjugate to the outer bound-
ary of the plasma sheet. The subvisual luminescence poleward
of the poleward boundary of the oval is produced by the
diffuse precipitation of soft electrons which are mapped on the
periphery of the plasma sheet (the high-latitude, or outer, part
of the plasma sheet).

Another concept (FA) was proposed by Frank and Ackerson
[1971, 1972] and Ackerson and Frank [1972]. From the thor-
ough analysis of a great number of individual passes of Injun
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(a) Observed positions of the inner edge of the plasma sheet, mapped to the ionosphere, and to the auroral

oval [Feldstein and Starkov, 1967] for different values of geomagnetic activity. Shown to the left and to the right are
magnetically quiet and disturbed conditions, respectively [Vasyliunas, 1970]. (b) The change of the location of the auroral
region appearance in the zenith of the midnight sector during the IQSY with the level of magnetic disturbances [Feldstein
and Starkov, 1968] (shaded area); the stable trapping boundary ¢, for electrons with energies of > 35 keV inferred from the
Alouette 2 data (squares); ¢, is the poleward boundary of the region where the > 35-keV electron counting rate falls to the
cosmic ray background level [Feldstein and Starkov, 1970]. (c) The auroral arc location observed from Greenland during
quiet periods (Kp = 0, 1); also shown are the mapped inner edge of the plasma sheet (open circles and closed circles) and
the mapped outer boundary of the plasma sheet at X = —18 R;(dashed line) [Lassen, 1974].

5 they deduced that all the important characteristics of
charged-particle distributions can be described in terms of two
major precipitation zones and that the trapped >45-keV elec-
tron boundary is a natural coordinate which separates the two
zones. The trapping boundary is defined as coincident with
the high-latitude termination of measurable high-energy elec-
tron intensities. The position of the trapping boundary is in-
terpreted as delineating the location of the high-latitude termi-
nation of closed field lines; i.e., all field lines above the trap-
ping boundary are directly connected to the interplanetary
magnetic field (“open”). Moreover, the position of the trapping
boundary is coincident with the reversal of the convective
electric fields from sunward convective flow (equatorward
from the trapping boundary) to antisunward flow (poleward
from this boundary) as shown in Figure 20. Poleward of the
trapping boundary, intense discrete bands of electron precipi-

tation (inverted V events) coincident with the visible auroral
arcs were detected [Ackerson and Frank, 1972]. During mag-
netically quiet periods, less intense, structureless soft electron
precipitation was located in the dusk sector in the form of a
relatively narrow zone adjacent to, and equatorward from, the
trapping boundary. In the midnight and dawn sectors this
zone of diffuse precipitation occupies a broad latitude region,
especially during and after magnetic disturbances. If one as-
sumes that the discrete precipitation is mapped on the plasma
sheet and that the diffuse precipitation is mapped into the
region between the inner boundary of the plasma sheet and
the plasmapause, the trapping boundary on the nightside will
coincide with the inner boundary of the plasma sheet. In this
case the results of the FA concept would have coincided com-
pletely with the VFSL results. Contrary to this viewpoint,
however, Frank and Ackerson have come to the conclusion
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plasma in the distant magnetosphere, the major convection zones, and the magnetic field topology [Frank and Ackerson,

1972].

that the diffuse electron precipitation equatorward of the trap-
ping boundary is from the plasma sheet, whereas the source of
the discrete precipitation is in a distant part of the plasma
sheet and in the downstream magnetosheath, ie., at the
boundary with the tail lobes. This means that the oval of
discrete auroral forms is mapped on open field lines of the
plasma sheet and that the diffuse auroras equatorward from
the oval are mapped on the central part of the plasma sheet.
In this case the poleward boundary of the oval also constitutes
the equatorward boundary of the polar cap where electron
precipitation is absent. The only reason for such an interpreta-

tion of the data was that the trapping boundary was assumed
to be a boundary between closed and open field lines also
separating the regions with sunward and antisunward convec-
tion. However, Isaev and Pudovkin [1972] argued that the
nightside auroral plasma (including the region of discrete au-
roras) is located entirely on closed geomagnetic field lines.
However, subsequent studies have shown that inverted V
events are observed in the region of closed field lines [Bur-
rows, 1974; Venkatarangan et al, 1975; Lin and Hoffman,
1979] and the convection reversal occurs poleward of the
boundary separating the diffuse and discrete precipitation
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[Burch et al., 1976; Heelis et al., 1980]. The source of precipi-
tating electrons in the inverted V events proves to be the
plasma sheet and the neutral sheet [Lin and Hoffman, 1979] or
the part of the plasma sheet with the sunward convection and
the region of antisunward convection adjacent to the plasma
sheet on the high-latitude side. The latter region appears to be
“open,” i.e., connected with the IMF in the magnetosheath
[Burch et al, 1976; Heelis et al., 1980]. It should again be
emphasized that the VFSL and FA concepts are based on
consistent experimental data. The only difference is in the as-
sumption of the relationship of specific types of auroral lumi-
nescence and precipitating auroral electrons at low altitudes
to plasma domains in the magnetosphere.

Later, the two concepts relating the large-scale precipitation
structures at low latitudes to different plasma domains in the
magnetosphere (VFSL and FA) were extended. The FA con-
cept was developed by Akasofu [1974b], Winningham et al.
[1975] and Lui et al. [1977], and the VFSL concept by Feld-
stein [1974], Valchuk et al. [1979], Feldstein et al, [1979], and
Cambou and Galperin [1982]. The relationship of the particle
precipitation zones to the inagnetospheric structure, proposed
by Pudovkin et al. [1977], are close to the VFSL congept.

Akasofu [1974b], using earlier studies of auroral scanner
and particle spectrometer data from ISIS 2 and also data from
the Injun 5 satellite, studied the characteristics of discrete and
diffuse forms of auroral luminescence and their relationship to
precipitating auroral particles and plasma domains in the
magnetosphere. He reached the following conclusions: (1) the
diffuse luminescence region is associated with the central part
of the plasma sheet (the main part of the plasma sheet); (2) the
discrete luminescence region is associated with the upper
(northern hemisphere) and lower (southern hemisphere)
boundary layers of the plasma sheet; (3) the trapping bound-
ary is located between the two auroral systems.

Winningham et al. [1975] summarized the morphology of
precipitating particles in the midnight sector using ISIS 1 and
2 data and related the particle precipitation during substorm
phases in various parts of the magnetotail to auroral oval
morphology.

Lui et al. [1977] confirmed a close relationship between the
luminescence at high latitudes and the auroral electron pre-
cipitation using simultaneous observations from ISIS 2 of au-
roral emissions and particle precipitation in the 1900-2400
MLT sector. In Figure 21a a schematic summary of the ob-
served latitude distributions of electron precipitation with en-
ergies from 10 eV to 10 keV is presented according to Win-
ningham et al. [1975]. The following four regions of electron
precipitation differing in their mophological features were
identified: (1) electrons of the outer radiation belt (VA) ob-
served equatorward of the zones of auroral precipitation; (2)
diffuse auroral electron fluxes whose spectrum becomes harder
with increasihg latitude; they are supposed to be associated
with the central plasma sheet (CPS) and adjacent to the outer
radiationi belt; (3) structured fluxes of precipitating elecirons
which are characterized by inverted V events that are sup-
posed to be related to the upper (in the northern hemisphere)
and lower (in the southern hemisphiere) boundary régions of
the plasma sheet and adjacent to the tail lobe. They are called
the boundary plasma sheet (BPS) and are denoted as BPL in
Flgure 2la; (4) frequent noticeable precipitation poleward of
the BPS region which are defined as polar rain (PR) of elec-
trons in the polar cap.

The locations of these regions and their latitude extensions
change substantially from magnetically quiet to magnetically
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disturbed conditions. The diffuse and discrete precipitation of
auroral electrons shifts to lower latitudes, the structured pre-
cipitation region expands markedly, and the soft precipitation
region on the poleward edge of the auroral zone decreases (the
latter zone is denoted BPL in Figure 21a). All of these factors
result in a shift of the polar cap boundary toward lower lati-
tudes on the nightside. During quiet times the shapes of the
electron spectra in the BPL are not appreciably different from
those at the dayside cusp, but the fluxes are weaker. In dis-
turbed periods, electron precipitation from the BPL is
characterized by considerable increases in the mean energy,
number flux, and energy flux of particles. During disturbances
the electron number flux from the CPS increases and signifi-
cant spectral hardening is observed.

Lui et al. [1977] have confirmed that the diffuse and dis-
crete auroras seen in the dusk sector are related respectively,
to the regions of comparatively uniform and highly structured
precipitation, respectively. Uniform precipitation is usually
characterized by lower energy fluxes compared with those in
the structured precipitation. The optical intehsity of dlﬂ'use
auroras was found to be produced mainly by uniform preclpl-
tation of 0.1- to 10-keV electrons. Protons precipitate in both
discrete and diffuse auroral regions but contribute little to the
total energy flux and even.less to the number flux. The dia-
gram in Figure 21b illustrates, according to Lui et al. [1977],
the relationships between the plastha sheet and two types of
auroras in magnetically quiet and disturbed periods (“FA con-
cept”). It is assumed there that the discrete auroras in the oval
are mapped on the BPS and the diffuse auroras are mapped
on the CPS. The relationships of the diffuse auroral lumi-
nescence to the CPS are supported as follows: (1) the inner
edge of the plasma sheet corresponds closely to the equator-
ward edge of diffuse auroras; (2) the electron energy spectra in
diffuse auroras are reasonably well comparable with those
measured in the plasma sheet; (3) the plasma sheet source
alone can support the permanently existing uniform electron
precipitation.

Since the discrete auroras usually occur in the poleward
part of the diffuse aurora region, they must be mapped on the
magnetosphere, based purely on geometrical considerations, in
a region located somewhere near the poleward boundary of
the plasma sheet.

Detectors of high-energy electrons made it possible to iden-
tify the >22-keV and >40-keV electron boundaries ¢, and
¢, It appeared that ¢, corresponded to the poleward bound-
ary of the structured precipitation, while ¢, was found some-
what equatorward of the high-latitude boundary of the diffuse
zone. During magnetically disturbed periods a variation was
noted in the spectral shape across ¢,; namely, the mionotoni-
cally falling differential energy spectrum equatorward of ¢,
and spectra with a significant maximum in the 0.1- to 10-keV
energy range poleward of ¢, were observed. Thus from this
scheme it follows that the main part of the CPS is presumably
located inside the outer radiation belt, whereas the discrete
auroras are located on closed magnétic field lines.

The zone of soft precipitation poleward of the oval, which
occupies a wide latitude range in the late dusk-night sector
during magnetically quiet periods (see Figure 21a), is absent in
the scheme shown in Figure 21b. The source of this soft pre-
cipitation must be located geometrically in the tail lobes. In
Figure 21b, however, such precipitation is not indicated. Here,
as was dlready mentioned, the diffuse auroral luminescence is
presumed to be generated by plasma particles from the inner,
or central, plasma sheet [Akasofu, 1977a], and the discrete
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Fig. 22. Schematic representation of the relationships between the distant magnetosphere and the various types of
auroras (~2200 MLT) inferred from the ARCAD experiment on AUREOL 1 and 2 satellites [Valchuk et al., 1979]. (a)
Magnetically quiet conditions (Kp = 1): 1, plasmasphere; 2, plasmapause (R ~ 5 Rg, ¢ = 63.5°); 3, inner boundary of the
remnant layer (R ~ 6-8 Ry, ¢ = 66°-69°); 4, remnant layer connected via the geomagnetic field lines to the diffuse auroral
zone; S, inner boundary of the plasma sheet mapped on the equatorward boundary of the auroral oval (R ~ 11 Ry,
@ = 70°); 6, the central (low latitude) part of the plasma sheet mapped on the auroral oval; 7, external boundary of the
low-latitude plasma sheet mapped on the poleward boundary of the auroral oval (¢ = 72°); 8, the outer (high latitude)
part of the plasma sheet mapped on the poleward soft electron precipitation zone; 9, the external boundary of the plasma
sheet mapped on the poleward boundary of the soft electron precipitation zone (¢ 2 80°); 10, magnetospheric tail lobes
mapped on the polar cap. (b)) Magnetically disturbed conditions (Kp = 5): 1, plasmasphere; 2, plasmapause and inner
boundary of the remnant layer (R ~ 4 R, @ = 60°); 3, remnant layer connected via geomagnetic force lines to the diffuse
auroral zone; 4, inner boundary of the plasma sheet mapped on the equatorward boundary of the auroral oval (R ~ 5 Ry,
@ = 63.5%); 5, the central (low latitude) part of the plasma sheet mapped on the auroral oval; 6, the external boundary of
the low-latitude part of the plasma sheet mapped on the poleward boundary of the auroral oval (¢ = 74°); 7, the outer
(high latitude) part of the plasma sheet mapped on the poleward soft electron precipitation zone; 8, the external boundary
of the plasma sheet mapped on the poleward boundary of the soft electron precipitation zone (¢ = 75.5); 9, the electron
flux void region during magnetospheric storms (between the poleward boundary of the soft electron precipitation and the
polar cap); 10, the equatorward boundary of the polar cap (¢ ~ 77°); 11, the magnetospheric tail lobes mapped on the
polar cap.

auroral forms are produced by particles from the boundary
layers of the plasma sheet, in line with the FA concept.

At the same time, in summarizing the observations of auro-
ral luminescence and particle precipitation fluxes relative to
the magnetospheric structure in the night sector, Feldstein
[1974] continued to defend the earlier VFSL concept con-
cerning the relationship between the auroral luminescence
zones and the plasma domains in the magnetosphere:

1. The discrete auroral forms along the oval are excited by
electron precipitation of the inverted V event type located
generally poleward of the trapping boundary of hard electrons

(with energies of several tens of keV). This auroral region is
presumed here to be magnetically projected onto the mag-
netotail plasma sheet.

2. During magnetically quiet periods, poleward of the au-
roral oval, diffuse red luminescence is observed which must be
associated with lower-energy particle precipitation. This
region is assumed to be magnetically projected onto the
plasma sheet outer periphery.

3. A diffuse luminescence observed equatorward of the au-
roral oval is due to soft electron precipitation from the region
of the outer radiation belt located between the plasma sheet
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inner edge and the plasmapause. During a substorm ex-
pansion phase, hot plasma sheet electrons are injected into
this region and drift to the dawnside. The precipitation of
these accelerated (heated) electrons during a substorm recov-
ery phase and some period after magnetic field recovery pro-
duces an intense diffuse luminescence in the late dawnside-
dayside sectors along the zone located equatorward of the
auroral oval.

In summary, the VFSL concept of the relationships between
the auroral luminescence zones and plasma domains in the
night sector of the magnetosphere has been developed by in-
cluding, in addition to the diffuse luminescence poleward of
the oval, the luminescence along the auroral oval and the
diffuse glow equatorward of it. The equatorward diffuse auro-
ral glow by that time (1974) had been studied from ISIS 2 and
DMSP. The respective scheme of spatial relationships was
finally developed by Valchuk et al. [1979] by comparing si-
multaneous observations of the luminescence from the DMSP
7529 satellite and the measurements of auroral electrons from
the AUREOL 2 satellite (the ARCAD project). From the
analysis of data made for a variety of geomagnetic conditions
and auroral forms encountered by the satellites during their
various passes in the dusk sector of the magnetosphere, the
following conclusions were drawn:

1. Equatorward of the discrete forms of the auroral oval,
there always exists a region of diffuse precipitation of low-
energy electrons which is directly associated with the diffuse
luminescence region.

2. The equatorward boundary of the diffuse luminescence
region (DAB), which is especially distinct during substorms,
coincides with the equatorward boundary (DPB) of diffuse
precipitation of electrons with energies 20.2 keV and energy
flux E 2 0.01 erg cm~2 s~ ! sr™!. Under more quiescent con-
ditions, the latitude variations of E near DPB may prove to be
smoother if softer electrons prevail. In this case the estimate of
the DPB location depends on a particular method adopted for
its experimental determination and on the instrument sensitiv-
ity threshold.

3. When a satellite crosses the DPB and moves to higher
latitudes (but is still inside the zone of diffuse precipitation),
the energy flux and the mean energy of precipitating electrons
increase and reach 0.1-0.5 erg cm™2 s ' sr™! and ~04 keV,
respectively, near the edge of the auroral oval. This region up
to the most equatorward discrete arc in the dusk sector of the
oval is located, according to simultaneous high-energy elec-
tron measurements, inside the outer radiation belt, i.e., within
the stable trapping zone.

4. The stable trapping boundary ¢, is located close to the
poleward boundary of the diffuse precipitation but is already
in the region of discrete auroral forms, i.e., in the auroral oval
proper.

5. The width of the diffuse precipitation band from DPB
to bright discrete forms, i.e., to the equatorward boundary of
the auroral oval, may extend from 1° to 5° of latitude.

6. Over a quiet auroral arc with the brightness of IBC II
the electron energy flux is several ergs cm~2 s~ sr™!, while a
secondary maximum arises in the differential energy spectrum
at electron energies of 3-12 keV. In this region, high-energy
electron fluxes of low intensities are still observed, but their
intensity falls to the sensitivity threshold near the poleward
auroral arc. Therefore the background boundary of high-
energy electron precipitation ¢, coincides approximately with
the poleward auroral arc.

7. Poleward of the auroral arcs, electrons with a softer
spectrum and without a secondary maximum are usually ob-
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served at energies of <1 keV. This poleward band of diffuse
electron precipitation extends usually along the poleward
boundary of the auroral oval. During disturbed periods the
extension is ~1° of latitude and the energy flux of soft elec-
tronsis ~10"2to 10" *ergcm 25 tsr™ L

Figure 22 presents the diagrams illustrating the spatial re-
lationships of the auroral luminescence types to the bound-
aries of various plasma domains in the magnetospheric night
sector according to Valchuk et al. [1979]. In this case, not
only geometrical considerations for projection to the mag-
netospheric domains but also the hot plasma parameters in
different regions of the magnetosphere and the spectra of pre-
cipitating electrons were taken into account, in particular:

1. Diffuse luminescence equatorward of the oval in the
dusk sector is characterized by a gradual softening of the spec-
tra of precipitating electrons and by a decrease of the electron
energy flux with decreasing latitude [ Kamide and Winningham,
1977; Valchuk et al., 1979; Winningham et al., 1975, 1978;
Tanskanen et al., 1981; Gussenhoven et al., 1981]. The behav-
ior of the electron component mean energy at radial distances
between the inner plasma sheet boundary and the plasma-
pause is the same [Vasyliunas, 1968, 1972; Schield and Frank,
19707]. Also, the spectra of soft electrons in the diffuse lumine-
scence and in the equatorial cross section of the mag-
netosphere along the same line of force at Ry ~ 6.6 are practi-
cally identical [Eather et al., 1976; Meng, 1978; Meng et al.,
1979]. This fact suggests that the diffuse luminescence region
is relevant to the magnetosphere region between the inner
boundary of the plasma sheet and the plasmapause.

2. The separating boundary between the diffuse and dis-
crete auroras, which corresponds to the equatorward bound-
ary of the auroral oval, is the inner boundary of the plasma
sheet [Vasyliunas, 1970] and, at low altitudes, is the stable
trapping boundary of the >40-keV electrons [Feldstein and
Starkov, 1970; Akasofu, 1974b; Deehr et al., 1976; Valchuk et
al., 1979]. Thus the diffuse luminescence is mapped in the
outer radiation belt region located at geocentric distances
which are substantially less than the distances to the central
plasma sheet.

3. Along the auroral oval the maximum electron energy
flux is injected to ionospheric altitudes [Spiro et al., 1982],
while in the plasma sheet the prevailing energy densities of
electrons and protons are concentrated at low latitudes near
the so-called neutral sheet [Hones, 1968; Vasyliunas, 1972],
and it is this particle energy that is necessary for the auroral
oval energy fluxes to be sustained. The intensity ratios of emis-
sions in the auroral spectrum at the oval indicates a gradual
softening of the mean spectrum of precipitating electrons from
the latitudes of the equatorward oval boundary (the mean
electron energy of ~ 1-1.5 keV) to higher latitudes (~ 0.5 keV)
[Eather and Mende, 1972; Eather, 1975]. Such spectral soften-
ing is also observed in the diffuse precipitation along the oval
[Winningham et al., 1978]. At the same time, a very similar
general softening was found in the plasma sheet with increas-
ing distance from the neutral sheet, namely, the mean electron
energy decrease from 1.2 keV in the sheet center to 0.4 keV
near the outer boundary of the plasma sheet [Hones, 1968;
Hones et al., 1971]. This circumstance permits one to relate
the auroral oval to a projection to ionospheric altitudes of the
central (low latitude) part of the plasma sheet.

4. The high-latitude part of the plasma sheet is charac-
terized by electrons with a soft spectrum and by an almost
complete absence of slowly varying precipitation of hard elec-
trons (with energies 240 keV) because the poleward boundary
of the auroral oval is in practice coincident with the back-
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ground boundary, ¢,, of trapped high-energy electrons [Feld-
stein and Starkov, 1970; Lui et al., 1977]. Thus it is natural to
relate the soft zone of diffuse luminescence poleward of the
oval to the periphery of the plasma sheet in the mag-
netospheric tail [Eather and Mende, 1972; Feldstein, 1973].
During magnetically quiet periods the diffuse luminescence
poleward of the oval spreads over a wide latitude range but is
transformed into a very narrow strip during disturbances.
These variations are closely associated with the dynamics of
the outer boundary of the plasma sheet in the tail during
disturbed periods [Akasofu, 1977a]. Evidently, they deserve
further thorough study.

5. Comparisons of particular structures of the field-aligned
currents at plasma sheet altitudes and at ionospheric levels
can be used to test their magnetic conjugacy in the real mag-
netosphere. Indeed, intense and localized field-aligned currents
at the expanding outer boundary of the high-altitude plasma
sheet were studied in detail by Fairfield [1973] for 57 orbits of
IMP 4 and 105 orbits of IMP 5 in the night hemisphere. It
was shown that these currents are observed during the recov-
ery phase of substorms and are in the form of localized sheets
with the flow direction toward the earth (inward) in the mid-
night and morning sectors and away from the earth in the
evening sector for a single sheet or for one of several if multi-
ple sheets are observed. The mapping of these field-aligned
currents to ionospheric levels was performed using the mag-
netospheric field model MF73Q [Mead and Fairfield, 1975]. It
appeared that all the crossings of the expanding plasma sheet
boundary occurred on field lines mapping close to the polar
boundary of the nightside auroral oval for Q = 3 according to
Feldstein and Starkov [1967]. (If more appropriate models
MF73D or MF73SD are used, the latitude of the ionospheric
projection changes by no more than 2°, which does not
change the above conclusion.) This is to be compared with the
identification of the equatorial border of the auroral oval with
the inner edge of the plasma sheet [ Vasyliunas, 1970].

Recent high-altitude measurements from the ISEE 1 and 2
satellites allowed one to substantiate and extend these data on
field-aligned currents at the plasma sheet outer boundary
[Frank et al., 1981b, 1984]. Measurements from the proton
cross-field convection velocity at ISEE 1 and independent par-
ticle measurements from ISEE 2 gave a cross-field expansion
velocity of 14 km s~ ! and allowed one to calculate the widths
of three adjacent current sheets alternating in direction and
mapping to 25-, 39-, and 52-km widths at the ionospheric level
(in order of decreasing latitude). Current densities of 0.3-1.3

x 107% A m~? were directly measured by integration of
three-dimensional distributions of electrons, and they corre-
spond to exceptional current densities of the order of 210~ °
A m~? at ionospheric levels. These characteristics of the field-
aligned currents correspond to very intense discrete forms at
the polar boundary of the expanded active auroral oval. Such
bright auroras at the oval polar boundary are usually present
during the active phase and recovery phase of an intense sub-
storm. At the same time, active auroral forms typically are
present inside the oval at lower latitudes. Very similar results
were shown by Akasofu et al. [1971], who compared high-
altitude particle measurements of the expanding plasma sheet
boundary from VELA satellites with auroral all-sky camera
data.

Thus these observations show conclusively that during a
substorm the polar boundary of the nightside aurora projects
close to the outer boundary of the expanding plasma sheet.
Hence the auroral oval must be projected onto the central, or
the main, plasma sheet in full accord with the VFSL concept.
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In the same paper by Fairfield [1973] it was shown that
such intense and localized field-aligned currents do not exist
at the plasma sheet periphery when there is no substorm.
From this an “apparent conclusion is that the expanding
plasma sheet boundary is very sharp and characterized by the
presence of field-aligned currents, whereas at other times the
boundary is broader and more diffuse with no narrow region
of currents.” Thus in the outer plasma sheet during quiet times
a smooth decrease of plasma pressure can be deduced in-
directly from these data (which is also reflected in the data on
IB| due to the plasma diamagnetism). This is in qualitative
agreement with the poleward expansion of the smooth polar
diffuse zone during such conditions. This character may be
compared with the narrow latitudinal strip at the oval polar
boundary during disturbed times when respective low soft
particle intensities at the plasma sheet outer boundary could
be difficult to measure directly.

6. The last but not the least argument on plasma sheet
mapping to the auroral oval by the field-aligned currents can
be deduced from quite general theoretical considerations con-
cerning the generation of large-scale field-aligned currents by
plasma pressure gradients in the plasma sheet. According to
Tverskoy [1982], supposing plasma pressure P to be isotropic
for the large-scale vertical current density j, at ionospheric
levels, we have for these conditions

jj = sen[VW + VP]

where n is the unit vector normal to the ionosphere, W is the
volume of a field tube with unit magnetic flux, and W and P
are regarded as functions of coordinates at the ionospheric
level. On the nightside, VW is directed nearly sunward while
VP in the main plasma sheet is closer to the radial direction.
Thus for the equatorial (closed) plasma sheet outward from
the line of maximal plasma pressure P (that is, for VP nearly
radially inward) it can be deduced from the above formula
that a downward directed large-scale j; must flow in the post-
midnight and morning sectors while upward directed current
exists in the evening and premidnight sectors. This is grossly
consistent with the directions of the large-scale field-aligned
currents flowing out in the evening auroral oval and flowing
downward in the poleward portion of the morning auroral
oval according to Akasofu [1977a, b] and Kamide and Ros-
toker [1977] (this structure of the field-aligned currents was
designated as region I by Iijima and Potemra [1978]). The
region IT currents are located equatorward from that. Thus
they must be projected onto the diffuse auroral zone in the
evening sector and onto the equatorward portion of the oval
and the diffuse zone in the morning sector. And according to
the above considerations they must map in the plasma sheet
to the near-earth region where the plasma gradients in the
plasma sheet and respective auroral regions were successfully
used in global simulations of the magnetospheric substorm by
Harel et al. [1981] and Anistratenko and Ponomarev [1981].
This is also consistent with the “VFSL concept.”

The diagrams of the meridional cross section of the night
magnetosphere through the 2200 MLT meridian are presented
in Figure 22 separately for magnetically quiet (Kp = 1) and
magnetically disturbed (Kp = 5) periods according to Valchuk
et al. [1979]. The regions filled with hot electrons differing in
their macroscopic parameters and mapped along magnetic
field lines onto the auroral ionosphere are marked with differ-
ent dashes. Identification of precipitation zones of electrons
having different characteristic parameters as the low-altitude
projections of certain plasma domains on the magnetosphere
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makes it possible to apply the accumulated rich information
on the dynamics of the auroral precipitation zones to quanti-
tative studies of large-scale dynamic variations in the mag-
netosphere. Hereinafter we present such an identification from
Valchuk et al. [1979].

To avoid any semantic misleading (as will be discussed
below), it was proposed that the region which, according to
Frank [1971a], was designated as the earthward edge of the
plasma sheet, be called the remnant (or transitional) layer. The
inner (earthward) boundary of the remnant layer corresponds
to the equatorward boundary of the diffuse auroras [Valchuk
et al., 1979; Cambou and Galperin, 1982].

Under magnetically quiet conditions (Figure 224) the plas-
mapause 2 is located at L =~ 5-6 (¢ ~ 63.5°-66°). The inner
boundary of the remnant layer 3 is mapped on the equator-
ward boundary of the diffuse zone located at ¢ ~ 67°-68° for
Kp =1 [Galperin et al, 1977]. Now the inner boundary is
separated from the ionospheric projection of the plasmapause
by a ~2° gap in latitude. The remnant layer 4 is mapped
along magnetic field lines on the diffuse auroral zone. The
poleward boundary of the diffuse zone coincides with the
equatorward boundary of the auroral oval and is a projection
of the inner boundary of the plasma sheet onto the iono-
sphere. It is located at ¢ ~ 70° [Feldstein and Starkov, 1967]
and practically coincides with the sharp trapping boundary ¢,.
Poleward boundary 7 of the central (low latitude) part of the
plasma sheet 6 is mapped on the poleward boundary of the
auroral oval proper (¢ ~ 72°). The poleward boundary of the
extended soft electron precipitation zone 9 (poleward of the
oval) separating the soft auroral zone 8 from polar cap 10 is
located at ¢ 2 80°,

During magnetically disturbed periods (Figure 22b) the
inner boundary of the remnant layer 2 coincides with the
plasmapause and is mapped on ¢ ~ 59°-60°, while the inner
boundary of the plasma sheet 4 is also shifted toward the
earth and its projection onto the ionosphere is shifted to
¢ ~ 63°. The central (low latitude) part of the plasma sheet 5,
filled with hotter plasma, compared with magnetically quiet
periods, is substantially widened. Its poleward boundary 6 is
mapped on ¢ ~ 74°, The soft auroral zone 7 poleward of the
oval is, on the contrary, narrowed and its poleward boundary
8 is located at ¢ ~ 75.5°. During magnetic storms there ap-
pears a latitude gap of ~ 1° between the boundaries of auroral
radiation 8 and polar cap 10 [Meng and Kroehl, 1977]. The
polar cap boundary is located now at ¢ ~ 77°.

Figures 21 and 22 show considerable differences in the
large-scale patterns of auroral electron precipitation relevant
to the characteristic regions in the magnetosphere:

1. The band of soft diffuse precipitation and of diffuse au-
roral luminescence equatorward of the discrete auroras (the
diffuse auroral zone) is mapped in the region of the outer
radiation belt between the inner boundary of the plasma sheet
and the plasmapause (in the remnant layer) according to the
scheme shown in Figure 22 or in the central part of the
plasma sheet according to the scheme in Figure 21.

2. The zone of discrete precipitation and structured auro-
ral forms (auroral oval) is mapped in the main central (low
latitude) region of the plasma sheet (Figure 22) or in the upper
(the northern hemisphere) and lower (the southern hemi-
sphere) boundary portions of the plasma sheet (Figure 21).
The difference in the two schemes means that the inner edge of
the plasma sheet corresponds to the equatorward edge of the
diffuse aurora according to Lui et al. [1977] or to the equator-
ward edge of discrete auroras (auroral oval) coinciding with
the poleward edge of the diffuse aurora [Valchuk et al., 1979].
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3. The zone of solt electron precipitation poleward of the
auroral oval is mapped on the polar cap (Figure 21) or in the
high-latitude (boundary) parts of the plasma sheet (Figure 22).
This soft zone is connected with a periphery of the plasma
sheet where the electrons originate [rom the particle fluxes in
the form of polar rain in the tail lobes (Figure 21) or from the
magnetosheath (Figure 22). We believe that the diagram in
Figure 22 corresponds better to the available observational
data: (1) the auroral oval is mapped on the main central part
of the plasma sheet where the maximum number and energy
fluxes of auroral electrons are located; (2) the soft low-latitude
diffuse zone is connected with the magnetospheric region
where the mean energies and the energy flux of auroral elec-
trons decrease with decreasing distances to earth; (3) the soft
high-latitude zone is connected with the periphery of the
plasma sheet where a softening of the electron spectrum takes
place with increasing distance from the neutral sheet to the
abrupt boundary with the tail lobe.

Similar correspondences were not found in the identification
scheme of Lui et al. [1977] (Figure 21).

The diagram in Figure 22 is based on the plasma sheet
structure summarized in Table 1 according to the early synop-
tic surveys from high-orbiting satellites. Also presented in
Table 1 is the terminology proposed here for various structur-
al features in the outer magnetosphere according to Valchuk
et al. [1979].

The scheme of the auroral electron precipitation relevant to
magnetospheric plasma domains shown in Figure 22 has a
characteristic feature in common with the schemes proposed
by Eather and Mende [1972], Feldstein [1973], and Pudovkin
et al. [1977]; namely, the plasma sheet consists of two regions
of which one is mapped on the structured auroral oval and
another on the diffuse auroras poleward of the oval. At the
same time the scheme proposed in the above works differs
significantly from Figure 22 in that the remnant layer con-
nected via geomagnetic field lines to the diffuse auroral zone
equatorward of the oval is absent. In spite of the differences
outlined by the schemes shown in Figures 21 and 22, the
authors of numerous papers adhered to the concept of the
inner boundary of the plasma sheet as the equatorward
boundary of the auroral oval and, simultaneously, the idea
that the diffuse auroras are connected with the central plasma
sheet and that the discrete auroral forms are relevant to the
boundary plasma sheet. Such a situation has led to chaos in
the terminology used to describe the same regions, which can
be seen in Table 2. )

Following the terminology summarized in Table 1 (and re-
peated for the sake of convenience in the upper part of Table
2), we used Table 2 to present the observational results and
respective notions of several authors cited here concerning the
relationships of the magnetospheric structure to various types
of auroral luminescence and auroral electron precipitation.

To facilitate further usage of the extensive observational
data presented and summarized in the respective papers, we
made an attempt to systematize the reasons for the differences
between the results of several authors as follows:

1. The same term was used to designate different subjects,
or conversely, the same structural region of the mag-
netosphere is related to different types of auroral lumine-
scence: “The equatorward boundary of the auroral oval” is
considered the equatorward boundary of the region of discrete
auroral forms according to Feldstein and Starkov [1970],
Eather and Mende [1972], Feldstein [1973], and Lassen
[1974] but is used to designate the equatorward boundary of
the diffuse luminescence bordering the region of discrete forms
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at lower latitudes according to Eather et al. [1976], Kamide
and Winningham [1977], Gussenhoven et al. [1981, 1983], Lui
et al. [1982], and Horwitz et al. [1982, 1983]. “The auroral
oval” is considered the region of discrete auroral forms ac-
cording to Feldstein and Starkov [1970], Eather and Mende
[1972], Feldstein [1973], and Lassen [1974] but is considered
the region of diffuse luminescence on the poleward side of
which the discrete auroral forms are usually embedded ac-
cording to Kamide and Winningham [1977] and Meng and
Akasofu [1983]. “The inner boundary (edge) of the plasma
sheet” is considered a surface along the magnetic field inward
from which a softening of the mean auroral electron spectrum
begins. This boundary is mapped on the equatorial boundary
of the discrete auroral oval according to Vasyliunas [1972],
but the same term was used to designate the minimum radial
distance in the equatorial plane where soft auroral electrons
are observed with a spectral softening inward; this boundary
is mapped on the equatorial boundary of the diffuse lumine-
scence [Eather et al., 1976; Lui et al., 1977, 1982; Kamide and
Winningham, 1977; Gussenhoven et al., 1983]. According to
Galperin et al. [1977] and Horwitz et al. [1982, 1983], the
inner edge of the plasma sheet (for which, in fact, the inner
boundary of the remnant layer was taken) coincides with the
plasmapause on the nightside during disturbed conditions and
in the dawn sector (the data from ISEE 1). For quiet times
(Kp < 2) there is a gap between them in the dusk sector (the
AUREOL 1 and 2 data and the DE 1 and 2 data; see also
Fairfield and Vinas [1983]. “The central (low latitude) part of
the plasma sheet” is mapped on the oval of discrete auroras
according to Vasyliunas [1970], Feldstein and Starkov [1970],
Eather and Mende [1972], Feldstein [1973], and Lassen
[1974], whereas according to Akasofu [1974b], Winningham et
al. [1975], and Lui et al. [1977] it is mapped on the diffuse
luminescence equatorward of the oval. “The boundary plasma
sheet” is mapped on the subvisual diffuse luminescence pole-
ward of the discrete auroral forms according to Eather and
Mende [1972], Feldstein [1973, 1974], and Valchuk et al.
[1979], whereas it is mapped on the region of discrete auroras
according to Akasofu [1974b], Winningham et al. [1975], and
Lui et al. [1977], while Tanskanen et al. [1981] identify its
low-altitude mapping with the regions of both discrete and
diffuse auroras. Indirect evidence for the occurrence of the
convection reversal inside the BPS precipitation region [Burch
et al., 1976; Heelis et al., 1980] indicates independently that
the boundary plasma sheet can hardly be associated with the
discrete auroral region only, as the high-latitude portion of the
BPS precipitation region is presumably connected through
magnetic field lines to the boundary layer on the mag-
netopause. This list may be continued.

2. Sometimes the same structural feature in the mag-
netosphere is defined by different terms. For example, the
region between the plasma sheet and the plasmapause (the
remnant layer in our description) is defined as (1) the inner
edge of the plasma sheet [Schield and Frank, 1970]; (2) the
earthward edge of the plasma sheet [Frank, 1971a]; (3) the
near-earth plasma sheet [Evans and Moore, 1979]; (4) the
near-earth plasma sheet, or the inner plasma sheet, or the
inner part of the plasma sheet [Moore et al., 1981]; (5) the
earthward equatorial plasma sheet [Slater et al., 1980]; (6) the
inner (earthward) edge of the plasma sheet [Nakai and
Kamide, 1983].

3. The experimental data are sometimes interpreted in
favor of one of the commonly adopted concepts concerning
the association of certain types of auroral luminescence with

the characteristic region in the magnetosphere, apparently
without sufficient justification. For example, the observations
by Deehr et al. [1976] indicate that the diffuse precipitations
equatorward from the discrete auroras are observed in the
stable trapping region of high-energy electrons, i.e., at the lati-
tudes of the outer radiation belt. Deehr et al. [1976], however,
relate them to precipitations from the central plasma sheet
(CPS) and the discrete auroras, and precipitations located in
the region adjacent to and poleward from the stable trapping
boundary (i.e., presumably at the latitudes of the central
plasma sheet) were assigned by Deehr et al. [1976] to the
precipitations from the boundary plasma sheet.

Similar phrasings can be found in many other papers, and
this probably justifies such a detailed examination. Additional
difficulties in the analysis of the observational data sometimes
arise when describing the measurements taken inside a certain
characteristic low-altitude structure. Some authors adopt its
projection to the magnetospheric domains according to one of
the above concepts but also quote the works where other
concepts are assumed to be valid.

For example, Hardy et al. [1981], relating the equatorward
boundary of the auroral electron precipitations to the inner
edge of the plasma sheet, simultaneously quote Vasyliunas
[1970], Lassen [1974], Winningham et al. [1975], and Lui et
al. [1977] (see also Nakai and Kamide [1983]). It should be
noted that Lassen [1974] has emphasized the substantial dif-
ference in identifying the inner boundary of the plasma sheet
as the equatorward boundary of discrete or diffuse auroras. A
similar situation with quotations can be found even in the
otherwise excellent monograph by Akasofu [1977a]. In the
section “magnetospheric plasmas and auroral particles” (see p.
165, point 3) one can read, “Lassen [1974] showed that the
upper boundary and the inner edge of the plasma sheet coin-
cided, respectively, with the poleward and equatorward
boundaries of the auroral oval which are determined by a
statistical study of auroral arc alignment.” At the same time he
writes (see p. 166, point 6), “It is quite likely that the projec-
tion of the inner boundary of the plasma sheet along the
geomagnetic field lines coincides with the equatorial boundary
of the diffuse aurora.”

Gussenhoven et al. [1983] believe that there is widespread
agreement that the immediate source of precipitating diffuse
auroral electrons is the central plasma sheet. In this case the
authors quoted Vasyliunas [1970], Lassen [1974], Win-
ningham et al. [1975], Lui et al. [1977], and Meng et al.
[1979], although the first two authors related the oval of dis-
crete auroral forms to the center of the plasma sheet, whereas
in the latter three papers it was associated with the diffuse
luminescence equatorward of the discrete auroral forms.

The classification of the plasma sheet structure in the mag-
netosphere proposed in Table 1 may be treated, in our opin-
ion, as a proposed tentative basis for the commonly used mag-
netospheric and auroral terminology open, clearly, to criti-
cisms, improvements, and experimental verifications before
being presented to the International Association of Geomag-
netism and Aeronomy.

The pattern shown in Figure 22 has recently found its fur-
ther confirmation in observations of the auroral luminescence
from Intercosmos 19 [Gogoshev et al, 1981a, b]. The emis-
sions 46300 A, 45577 A, and 14278 A were measured with a
high sensitivity and compared with other on-board measure-
ments. Figure 23 shows the results of the measurements taken
in the southern hemisphere at dusk hours during the magnetic
storm of April 4, 1979. The 16300-A emission intensity begins
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Fig. 23. The intensities of the 6300-, 5577-, and 4278-A emissions in the dusk sector on April 4, 1979, inferred from the
Intercosmos 19 data obtained in the southern hemisphere [Gogoshev et al., 1981a]- See the text for an explanation of zones
A, B, C, and D. The intensities of the 5577-A and 4278-A emissions are shown on a larger scale in the bottom part of the
figure. Use is made of the invariant latitude (MLT) intensity (in rayleighs) cylindrical coordinate system. Shown in the inset
of the top figure is the magnetospheric structure in the dusk sector during magnetically disturbed periods (see Figure 22).

increasing rapidly from ¢ ~ 56° and reaches 12.7 kR at
@ ~ 61°. In this region the intensities of the 45577-A and
A4278-A emissions are low, which confirms a soft spectrum of
the precipitating electrons (the A zone). Starting from ¢ ~ 62°,
a growth of the 15577-A emission intensity begins, and start-
ing from @ ~ 64°, the 14278-A emission also becomes more
intense. This zone of structured luminescence is extended to
@ ~ 73°. The maximum emission intensities were ~ 50 kR in
16300 A and ~3 kR in 15577 A. At higher latitudes the emis-
sion intensities decrease for all these emissions but still remain
considerable for 16300 A. This is the near-pole region of soft
precipitation (the D zone) with the abrupt poleward termina-
tion at ¢ ~ 74.5° because the satellite left the earth’s shadow.
According to Gogoshev et al. [1981a, b] the luminescence
zones A, C, and D, in their latitudinal localizations, are very
close to the above described zones of soft precipitations, ie.,

the remnant layer (3), the central (low latitude) plasma sheet
(5), and the outer (high latitude) plasma sheet (7), respectively,
during geomagnetic disturbances. These zones are shown
schematically in the upper right corner of Figure 23. The dif-
ference between the patterns in Figures 21 and 23 has its
signature in other geophysical phenomena.

Figure 20 shows the interpretative diagram according to
Frank and Ackerson [1972]. This diagram was, and still is,
widely used in the literature on the subject, and it is in agree-
ment with the precipitation diagram shown in Figure 21 for
the region ¢ > 60°. This diagram was partly modified by Feld-
stein [1973]. Figure 24 shows a new set of composite diagrams
based on the notions of Valchuk et al. [1979] in the dusk
sector and on the concepts of Muliarchik et al. [1982] in the
day sector of the magnetosphere. Also used were the results
from the papers by Maezawa [1976], Kintner et al. [1978],
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Fig. 24. Schemes illustrating high-latitude distributions of various geophysical events in magnetically quiet (Kp = 0)
and magnetically disturbed (Kp = 5) periods. The coordinate grid is the corrected geomagnetic latitude, MLT. (a) The
types of auroras: PA, sunward oriented polar cap arcs; PDA, polar diffuse auroras; SA, structured auroras in the auroral
oval; D, diffuse auroras in the auroral oval; DA, diffuse auroras equatorward of the auroral oval; PSPA, postsubstorm
plasmaspheric auroras. (b) Plasmas at low altitudes. (c) Plasma domains in the distant magnetosphere. (d) Convection in
the magnetosphere. The scheme of the isolines of electrostatic potential during an equinox. The numerals at the focuses of
the dusk and dawn vortices show the potential in kilovolts. The boundaries of the auroral oval are shaded. The scheme is
smoothed and oversimplified; convection close to discrete forms is omitted. (¢) Large-scale field-aligned currents above the
ionosphere. The scheme is very approximate because the commonly adopted concepts concerning the relationships of the
large-scale currents to the magnetospheric structure are lacking. (f) Geomagnetic field topology. (Figure 24 continues on

the following two pages.)

McDiarmid et al. [1976, 1978, 1979, 1980], Klumpar [1979,
19807, Winningham [1979], Heelis et al. [1980], Burke et al.
[1980], Levitin et al. [1982], Robinson et al. [1982], Senior et
al. [1982], Cowley [1983], Coley [1983], and Makita et al.
[1983] and the results referred to in the discussions above.
The distributions of various geophysical phenomena at
@ > 60° are separately presented for magnetically quiet
(Kp ~ 0) and for magnetically disturbed (Kp ~ 5) periods. The
large-scale convection and field-aligned currents (j,) are typi-
cal of the periods when the IMF has a component transverse
to the plane of the ecliptic B, = +4 nT (quiet conditions) and
B, = —4 nT (disturbed conditions) and the azimuthal compo-
nent By = 0 nT. The adopted values for solar wind velocity

3 are for

04 ~ 500 km s™! and density n ~ 4 particles cm™
moderate solar wind flow conditions.
Figure 24a presents the distribution of different types of

auroral luminescence in the quiet (to the left) and disturbed (to

TABLE 3. Proposed Nomenclature and Abbreviations
Abbreviation
Diffuse aurora boundary DAB
Diffuse precipitation boundary DPB
Diffuse aurora DA
Structured (discrete) aurora SA
Polar diffuse aurora PDA
Polar arcs PA
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JISTANT MAGNETOSPHERE
Fig. 24c

18

B, t4nT, By-0nT

CONVECTION

Bz=-4nT; By=0nT

Fig. 24d

the right) periods. The exact locations of the equatorward
boundary of the polar cap where significant auroral soft elec-
tron precipitations are absent, depending on the activity and
for different MLT sectors, have not been studied sufficiently as
yet; hence their description in Figure 24a should be con-
sidered to be but tentative. It is known that during quiet
periods a considerable portion of the near-pole region at
¢ = 80° is filled with the auroral luminescence, while during
disturbances the diffuse luminescence poleward of the oval
(PDA) is confined to within a narrow band. The diffuse auro-
ral luminescence equatorward of the oval (DA) in the dusk
sector is produced by the precipitation of soft electrons caus-
ing the 46300-A emission prevailing in the ionospheric F
region. In the dawn sector the latitude range of this remnant
layer, produced by previous injections of hot plasma, is con-
siderably widened and intensified owing to enhanced precipi-
tation of hard electrons trapped in the outer radiation belt.
Therefore the DA in the dawn sector is concentrated at E

region altitudes near the equatorward boundary (the 15577-A
and 3914-A emissions) and is observable also in the F region,
especially at higher latitudes where soft electron fluxes in-
crease. In the day sector during a magnetically quiet period,
there occurs a latitude jump of the location of the equator-
ward boundary of DA due to an important intensity decrease
toward the noon sector of precipitating high-energy outer
zone electrons during their longitudinal drift.

Figure 24b shows the distribution of the parameters of pre-
cipitating electrons at low altitudes. The poleward and equa-
torward boundaries of the auroral oval during magnetically
disturbed periods (to the right) are shown by dashes. They
coincide with the background trapping boundary ¢, of the
high-energy (=40 keV) electrons and with the stable trapping
boundary ¢, respectively. During magnetically quiet periods
the high-latitude (outer) part of the plasma sheet is signifi-
cantly expanded poleward, as a result of which the near-pole
region proves to be nearly filled with auroral radiation. The
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inverted V precipitations in the auroral oval are associated
with the entry layer on the dayside and with the low-latitude
(main, central) plasma sheet on the nightside. The mag-
netosheath plasma and the high-latitude plasma sheet are re-
sponsible for the diffuse luminescence poleward from the auro-
ral oval. The magnetospheric plasma domains responsible for
various types of auroral luminescence are presented in Figure
24c.

Figure 24d presents the diagrams of the large-scale elec-
trostatic field equipotentials above the ionosphere for the two
cases described above for the interplanetary medium. The
equipotentials in MHD approximation coincide with the
plasma drift trajectories of the large-scale plasma convection
in the magnetosphere. The figures shown close to the foci of
the dusk and dawn votices are peak values of the potential in
kilovolts. The hatched lines correspond to the auroral oval
boundaries. The high-latitude diffuse soft precipitation pole-
ward of the oval is usually located in the region of anti-
sunward convection. At oval latitudes the antisunward con-

vection is located only on its poleward edge in the dusk sector
(Figure 244, to the right). In fact, the entire oval in the dawn
sector and a considerable part of it in the dusk sector, together
with the region equatorward of the oval, are located inside the
region of the sunward convection characteristic of the inner
parts of the outer magnetosphere. ¢

In the two situations presented in Figure 24d, the convec-
tion in the near-pole region at ¢ > 80° is antisunward. At
B, > 10 nT the convection in the near-pole region becomes
sunward. It is quite possible that § auroras observed in the
periods of positive B, are just located along the sunward con-
vecting plasma [Frank et al., 1983].

The large-scale field-aligned currents j; (Figure 24e) in the
dusk sector flow out from the ionosphere at the auroral oval
latitudes and flow into the ionosphere in the diffuse lumines-
cence region equatorward of the auroral oval. In the morning
sector during magnetic disturbances at the auroral oval lati-
tudes, the downward and upward currents j; are observed.
However, the upward ficld-aligned currents are generally
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Fig. 25. (a) Schematic meridional cross section of the high-
latitude dayside magnetosphere and magnetosheath [Sckopke, 1979].
LLBL is low-latitude boundary layer, EL is entry layer, and PM is
plasma mantle. (b) Meridional magnetospheric profile through the
11-hour meridian [Muliarchik et al., 1982]: 1, outer radiation belt; 2,
stable trapping boundary ¢,, equatorward boundary of the discrete
auroral oval; 3, entry layer mapped on the auroral oval; 4, closed
field line region boundary ¢, located near the magnetopause in the
dayside sector; S5, magnetopause; 6, nightside magnetopause; 7,
plasma mantle mapped on diffuse auroras poleward of the auroral
oval; 8, exterior cusp which constitutes, together with the entry layer
and plasma mantle, the polar cusp.

spread over the diffuse luminescence equatorward of the auro-
ral oval. During magnetically quiet conditions in the day
sector, there appears a pair of field-aligned currents which are
directly associated with the currents of the high-latitude mag-
netopause. The j, diagrams presented do not include some of
the important small-scale details associated with auroral arcs
and other small-scale features. Moreover, the substorm effects
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are smoothed in the diagrams, and they should, therefore, be
only considered to be much simplified. At present, the re-
lationships of the large-scale field-aligned currents to the mag-
netosphere structure are being intensively studied on the basis
of the data of the measurements of various types; so in the
near future one may expect a refining of this simplistic pattern
and the establishment of quantitative correlations to the pa-
rameters of the interplanetary medium, probably allowing for
the neutral atmospherer circulation modified by substorms.
With respect to geomagnetic field topology, the lines of force
may be closed within the magnetosphere or reconnected with
the IMF (open). In Figure 24f the magnetic field lines of the
polar cap (loosely defined as the region of nearly absent auro-
ral luminescence) and of the plasma mantle are treated as
open. Over the remaining outer magnetosphere structural re-
giaps, including the entry layer, the geomagnetic field lines are
closed. The location of the boundary separating the closed
and open field lines should be treated as tentative. It is possi-
ble that the open field lines do not form a unified coherent
bundle and appear locally and more or less sporadically on
the magnetopause [Cambou and Galperin, 1974; Russell and
Elphic, 1979]. ’

Now we shall use the proposed composite patterns to exam-
ine the fundamental problém concerning the localization of
the initial substorm-generating shell in the magnetosphere. In
numerous and highly reliable measurements, the brightening
of an equatorward auroral arc in the night sector [Akasofu,
1968] or the appearance, near (but somewhat poleward of)
such an arc, of a new arc which then rapidly moves poleward
[Starkov and Feldstein, 1971] is taken to be an auroral sub-
storm onset. According to Pellinen and Heikkila [1978] this
burst is preceded by a short-term weakening of the auroral arc
brightness. This means that “the first sign of the auroral sub-
storm occurs along the boundary of the quasi-circular diffuse
and discrete auroral regions, namely, near the poleward
boundary of the diffuse aurora and the equatorward boundary
of the belt of discrete auroras™ [Akasofu, 1974b]. In the dia-
grams proposed above, the equatorward arc is located in the
night sector near the inner houndary of the plasma sheet.
Therefore the process of initiating the expansion phase of an
auroral substorm commences on closed magnetic field lines of
the plasma sheet in the magnetospheric tail. Apparently, such
a process must be considered as a signature of some internal
magnetospheric processes originating from, or stimulated by,
the conditions of the interplanetary medium, especially of the
IMF. This conclusion is in good agreement with recent obser-
vations [Lui and Burrows, 1978, Baumjohann et al., 1981]. 1t is
of great importance that a substorm expansion phase com-
mence near midnight on closed magnetic field lines. If it were
directly driven by the solar wind, it would have commenced at
the poleward edge (at the boundary between open and closed
field lines) and then traveled inward, i.e., deeper into the mag-
netosphere, which is at variance with observational data.
More detailed discussion of this problem may be found in the
work of Akasofu [1977b, 1981b], Rostoker et al. [1980], Ros-
toker [1983], and Pellinen and Heikkila [1984].

Let us now discuss in more detail the relationships of the
auroral luminescence and auroral electron precipitations to
the plasma domains in the distant dayside magnetosphere.
The structure of the plasma domains in the day sector of the
high-latitude magnetosphere presented in Figure 25a was sub-
stantiated by Paschmann [1979], Sckopke [1979], and Hgeren-
del [1980]. The low-latitude signatures of this structure were
studied by Reiff [1979] and Mulidrchik et al. [1982] using the
data of low-orbiting satellites. In Figure 25b the mag-
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Fig. 26. The dayside cusp auroras mapped on the equatorial plane and on the magnetospheric tail cross section
perpendicularly to the earth-sun line at X = —10 R,. The two cross sections are joined at X = —10 Ry [Shepherd and

Shepherd, 1985].

netospheric cross section through the day sector is presented
together with the geomagnetic field structure, plasma domains
in the outer magnetosphere, and the associated auroral elec-
tron precipitation regions [ Muliarchik et al., 1982]. Numeral 1
denotes the region of high-energy electron precipitation from
the outer radiation belt equatorward of ¢,. In this region the
drift shell splitting occurs together with considerable temporal
variation of the particle fluxes due to substorm effects. The
low-latitude boundary of the entry layer 2 coincides with the
stable trapping boundary ¢,, while the entry layer 3 proper is
mapped on the day sector of the auroral oval. Thus the auro-
ral oval is located in the day sector mainly at the latitudes
where the field lines are closed. The exterior cusp (8) and the
plasma mantle (7) are mapped on the spotlike “cusp” region of
soft solar wind particle precipitation producing the diffuse
luminescence and ion velocity dispersion effects due to convec-
tion poleward of the auroral oval.

The meridional cross section through the 1300 hour meri-
dian is essentially the same as it is in Figure 25b; the only
difference is that a band of auroral soft electron precipitations
from the remnant layer appears in the outer radiation belt
near o,

Thus if the region of precipitating auroral electrons, whose
spectrum is the same as the magnetosheath spectrum, is taken
to be a criterion for finding an immediate projection of the
polar cusp at the magnetopause onto low altitudes, the polar
cusp projection will spread over the dayside oval sector and
over the diffuse luminescence poleward of the auroral oval.
Akasofu [1977a] has shown that a variety of geophysical phe-
nomena at the cusp latitudes coincide with the dayside sector
of the oval, whereas in the model of Frank [1971b] the region
of soft electron precipitation poleward of the auroral oval is

only related to the dayside cusp region. Shepherd and Shepherd
[1985] used an empirical geomagnetic field model [Fairfield
and Mead, 1975] to map the dayside region of the auroral
6300-A luminescence into the magnetosphere, Figure 26 pre-
sents the magnetospheric cross section in the equatorial plane
(X'Y) and across the earth-sun line (Y Z plane) at a geocentric
distance of — 10 Ry. The dotted line in the tail magnetosphere
cross section and the solid line in the equatorial cross section
show the dayside >0.5-kR luminescence boundary projec-
tions. The observations were carried out from ISIS 2 on De-
cember 16, 1971, at 0403 UT. The luminescence region is
mapped on the regions near the magnetopause both in the
plasma mantle (the YZ plane) and in the low-latitude bound-
ary layer (the XY plane).

Gussenhoven et al. [1981] and Fontaine and Blanc [1983]
have compared the location of DPB at various disturbance
levels with the boundary between the closed and open equipo-
tentials in the outer magnetosphere. Along the open equipo-
tentials, thermal plasma is transferred from the mag-
netospheric tail toward the earth. The boundary betw.en the
two types of equipotentials corresponds to the Alfvén laver for
thermal electrons. Figure 27a presents the location of the DPB
according to Gussenhoven et al. [1981] for the various distur-
bance levels and boundaries of the Alfvén layer of thermal
electrons at two values of the parameter y. This parameter
characterizes the inhomogeneity degree of the magnetospheric
electric field (in the homogeneous field y = 1). It is seen that
the DPB coincides precisely with the boundary of convection
of thermal plasma, which is transferred to the earth owing to
the large-scale magnetospheric electric field, from the tail to
the magnetospheric inside. In other words, the DPB coincides
in practice with the plasmapause. The same conclusion was
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Fig. 27. (a) The comparison [Gussenhoven et al., 1981] of the DPB position with the Alfvén layer of thermal electrons.
The solid lines are the positions of the convection boundaries for various laws of the magnetospheric electrostatic
potential variations with distance (the parameter y). The circles show the DPB projection. (b) Comparison of the position
of the equatorward boundary of the auroral oval in the dusk sector at various disturbance levels (Q) with the plasma
injection boundary [Mauk and Mcllwain, 1974] from the magnetospheric tail. (c) Comparison of the position of the
equatorward boundary of the auroral oval in the dusk sector at Q = 6 with the boundary on L = 6.6 of the 0- and 3-keV

electron convection from the magnetospheric tail. The convection boundaries are shown according to Hultquist et al.
[1982].

drawn by Fontaine and Blanc [1983] from a more rigorous magnetospheric tail where hot plasma is originated (heated
theory of the Alfvén layer formation. and/or accelerated) during a substorm. The particle measure-

Mcliwain [1974] and Mauk and Mcllwain [1974] proposed  ments on board the geostationary satellite ATS 5 have shown
the concept of an “injection boundary” as the region of the that the local time of the observation of the boundary shifts
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toward earlier local time (LT) with increasing Kp. If the ob-
served dependence is presented analytically,

LT =255—-15Kp

then the geocentric location of the injection boundary L, in
earth radii is

_122—10Kp
b LT-—173

The data obtained simultaneously from three synchronously
orbiting satellites were used by Nagai [1982] to obtain the
relation LT = 24.3 — 1.5 Kp which is very close to the data of
Mauk and Mcllwain [1974].

Figure 27b presents the location of the injection boundary
(the solid lines) in the equatorial plane of the magnetosphere
in the dusk sector at Kp =2 and Kp = 5 according to Mauk
and Mcllwain [1974]. During magnetically quiet periods
(Kp = 0), the injection boundary is located outside the geosta-
tionary orbit, and therefore the above relation describes the L,
location inaccurately. Also shown are the equatorial bound-
aries of the auroral oval at a moderate (Q indices 2 and 3) and
at a high (Q indices 6 and 7) magnetic disturbance (the thick
dashed lines). From the figure it is seen that the injection
boundary coincides, apparently, with the equatorward bound-
ary of the auroral oval. Indeed, as the disturbance level gets
higher, the two features shift to lower latitudes, i.e., the region
of the origin approaches the earth in the equatorial cross sec-
tion of the magnetosphere.

DPB is located near the convection boundary of zero-
energy plasma particles (i.., near the last closed equipotential
which, in the steady state case, coincides with the plasma-
pause). The convection boundary increases its radial distance
with increasing energy of the drifting particles [Kivelson et al.,
1979; Hultquist et al., 1982]. Therefore the boundary of the
auroral oval in the night sector which, as was described above,
is identified with the plasma sheet inner boundary projection
onto the ionosphere altitudes, can be related to the convection
boundary of the higher-energy plasma particles. Figure 27¢
shows the location of the convection boundary of the 0- to
3-keV electrons in the equatorial plane according to Hultquist
et al. [1982]. The electric field in the magnetospheric tail is
assumed to be homogeneous; the stagnation point in the dusk
sector is located at L, = 7 for electrons of zero energy. Also
shown is the location of the auroral oval at Q = 6. It is seen
how obediently the mean position of the oval boundary in the
dusk sector follows the above described changes in the posi-
tion of the kilovolt range electron convection boundary. The
projection of the duskside diffuse luminescence region onto
the magnetosphere is located in the equatorial plane (see
Figure 27¢) between the convection boundaries of electrons
with energies of 0 and 3 keV. According to the diagram of
Figure 21, it corresponds to the central plasma sheet location,
but according to Figure 22 it corresponds to the remnant
layer.

The inner boundary of the plasma sheet inferred from the
3-keV electron observations on board the geostationary satel-
lite ATS 1 is mapped along magnetic field lines in the dusk
sector onto the Harang discontinuity [Zi-Min-Yun et al.,
1982]. The location of the discontinuity was determined by
measuring the ionospheric inhomogeneity drifts at the E layer
altitudes with the STARE radar. Thus the Harang disconti-
nuity in the dusk sector is aligned along the equatorward
boundary of the auroral oval. The direct measurement data
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from GEOS 2 and DMSP have confirmed the earlier con-
clusion by Galperin et al. [1977] and Jorjio et al. [1978] that
the plasmapause in the dusk and midnight sectors during dis-
turbed periods is mapped onto the equatorward boundary of
the diffuse auroral zone. Therefore the diffuse auroral lumines-
cence is located between the projection of the plasma sheet
inner boundary inferred from the ~ 3-keV electron measure-
ments and the plasmapause projection onto ionospheric alti-
tudes.

8. CONCLUSION

The planetary auroral pattern is the visual imprint of the
complicated processes in hot and rarefied magnetospheric
plasma.

Satellite measurements have yielded information about the
large-scale pattern of high-energy particle precipitation from
the plasma sheet to the ionosphere, about the associated lu-
minosity of discrete and diffuse auroras, and about the large-
and small-scale field-aligned currents related closely to the
auroral events. The auroras and the field-aligned currents are
characteristic of not only the earth’s magnetosphere but also
the magnetospheres of Jupiter, Saturn, and, probably, other
giant planets. It was shown recently [Gurevitch et al., 1983]
that the field-aligned currents in pulsar magnetospheres also
determined the magnetospheric form and that the associated
electric fields determined the particle acceleration processes,
thereby giving rise to peculiar “auroras.”

Ever growing interest is being taken, therefore, in the study
of the diverse signatures of particle acceleration processes in
the earth’s magnetosphere which give rise to the “auroral ef-
fects” observed in a broad band from X rays to radio waves
but most clearly in the visible light band.

The latest studies of the precipitation of hot plasma parti-
cles from the outer magnetosphere to polar ionosphere have
elucidated the spatial locations and the temporal dynamics of
the main plasma domains in the circumterrestrial plasma. The
present review is an attempt to systematize the auroral oval
data bearing on (1) the energy of hot particle precipitation
from the plasma sheet to the ionosphere and the integral
brightness of auroras; (2) the relationship of the energy spec-
tral shape of precipitating electrons to the types of auroras
produced by such electrons, which makes it possible to obtain
satellite determinations of the position of the boundary be-
tween diffuse precipitations and the discrete auroral oval; (3)
the positions of the boundaries of typical particle precipi-
tations and of relevant auroral luminosity depending on the
geomagnetic activity indices and on the IMF vector; (4) the
correspondence between typical auroras and the overlying
plasma domains in the circumterrestrial space.

It has been concluded that the discrete auroral oval is the
locus of projection of the most intensive field-aligned currents
and relevant electric fields. The discrete auroral oval has also
been shown to be the region of the highest mean energy flux
supplied from the magnetosphere to the upper polar atmo-
sphere in all its forms. The oval is located on the magnetic
force tubes closed inside the magnetosphere and bordering,
but positioned mainly outside, the stable trapping zone of the
outer radiation belt high-energy particles. The force tubes of
the oval are characterized by the absence of equipotentiality
along them and by an anomalously low concentration of mag-
netospheric thermal plasma supplied from the polar iono-
sphere but somewhat lost in auroral acceleration processes. In
quiet periods with the IMF B, component greater than 0, the
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poleward boundaries of the diffuse precipitation zones recede
far toward the poles, thereby limiting the polar caps to small
areas and resulting in a comparatively small magnetic flux of
“open” field lines (which extend far to the magnetospheric tail
and are probably connected to the IMF). At higher activities,
the oval extends to lower magnetic latitudes, so the polar cap
inside the oval proves to be largely “open” and the multiple
hot plasma injections from the plasma sheet fill the entire
space up to the plasmapause, thereby leading to an intensi-
fication of the diffuse auroras whose time inertia is high.

The results described have been used to propose a set of
generalized schemes of the earth’s high-latitude regions which
summarize the concepts concerning the spatial distribution of
the auroras of various types, the relevant parameters of the
high-energy particles precipitating into the atmosphere, the
magnetospheric plasma domains as sources of such particles,
and the large-scale hydrodynamic motions of the circumterre-
strial plasma (convection) with the respective electric fields
and currents penetrating the entire space near the earth. The
set of the schemes may be considered as a certain proposed
concept of magnetospheric structure during quiet and dis-
turbed periods which is open to experimental verification.

Finally, a unified nomenclature of the appropriate regions
and zones of high-energy particle precipitations, the types of
auroras produced by them, the relevant magnetospheric
plasma domains, and the boundaries between them is pro-
posed with a view to describing the magnetospheric structure
pattern (Table 3). The proposed nomenclature is aimed at
ordering the description of experimental data, at facilitating
their comparison in coordinated experiments (for example,
when analyzing the IMS data base), and at assisting the theo-
retical and simulation, or model, studies in formalization of
the circumterrestrial plasma parameters as measured by
various research groups using different techniques. The au-
thors would consider their task to be fufilled if the present
review serves but one of these purposes.
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