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Abstract. Comparison is made between the position of the auroral oval during
both night and day and that of the boundaries of trapped radiation according to
observations from the satellite Alouette 2. We show that visual auroras are located on
the poleward side of the boundary of smoothly closed field lines, From the data on
auroral dynamics, information is obtained on some parameters of the geomagnetic
field, i.e. field intensity in the magnetospheric tail, cross-sectional dimensions of the
tail at various geocentric distances, and the length of the tail. The density of low-
energy plasma at geocentric distances of 5 to 9 Ry is estimated for various periods
of the solar activity cycle. The influence of the magnetospheric ring current on the
position of the auroral oval is considered. On the basis of polar auroral observations,
estimates are made of variations in ring current parameters at times of ring current
enhancement. DP and DPC magnetic field variations at high latitudes, linked with
the structure of the geomagnetic field in the magnetosphere, are also discussed.

DP variations are characterized by current electrojets, a western one within the
auroral oval and an eastern one in the evening hours at ® ~ 65°, where ® is the
invariant latitude. The DPC variations of greatest intensity are noted on the daytime
side of the earth. The field variations are due to a counterclockwise current. We show
that the current system of Chapman’s SD variations is a superposition of two dif-
ferent types of variations, DP and DPC.

INTRODUCTION

Statistical analysis of photographic observations of polar auroras during the
IGY has shown that discrete forms of visual aurora appear most frequently
along an oval longitudinal distribution, which is situated at & ~ 67°-68° near
midnight and at ® ~ 67°-77° in midday [Feldstein, 1960, 1963b]. This oval
auroral zone is not just a result of statistical processing of observations, In
many specific cases the extended shapes of auroras on magnetoquiet days are
located along the oval that extends from high latitudes during the day to Fritz
auroral zone latitudes at night [Khorosheva, 1963; Akasofu, 1964]. At present
the asymmetrical boundary of the zone of visual auroras, relative to the geo-
magnetic pole, is accepted by many researchers. See the reviews by Krassovsky
[1967], Davis [1967], Feldstein et al. [1968a], Akasofu [1968a], Hultquist
[1967], Lassen [1967], and Jacka and Bond [1968]. The oval shape of the most

1Invited review paper read by I. A. Zhulin at the International Symposium on the
Physics of the Magnetosphere, Washington, D. C,, September 3-13, 1968.
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frequent appearance of auroras at zenith was verified for the period of IQSY
by Stringer and Belon [1967], Lassen [1967], and Wiens [1968].

The oval zone concept allowed us to generalize our understanding of the
auroral zone and also to explain the known displacement of auroral glows during
a 24-hour period [Alfvén, 1960; Stormer, 1955]. It was found that the Fritz
[1881]-Vestine [1944] zone reflects the distribution on the earth’s surface of
nighttime auroral glows, whereas the inner Nikolsky [1956]-Alfvén [1955] zone
reflects the distribution of daytime auroras.

Alfvén [1967] noted that the daily variations in the distribution of auroras
were observed by Gillensheld who investigated the variations of a parameter =,
the ratio of the number of observations with auroras over the northern half of
the sky to the total number of observations. However, this parameter permits
only an ambiguous treatment of the observational results and does not quantita-
tively define the magnitude of the daily shift of the oval zone. In particular,
the concept of two zones of polar auroras surrounding the geomagnetic pole
at all times at ® ~ 67° and & ~ 80° (a concept to which Alfvén [1955] adhered)
could have resulted in the variations of Gillensheld’s parameter n.

Piddington [1965a, 1957], Akasofu [1966a], and Feldstein [1966a] related
the asymmetric location of the auroral oval relative to the geomagnetic pole
to the large-scale structure of the geomagnetic field within the bounds of the
magnetosphere. It was found that the auroral oval is located near the outer
boundary of the region of trapped electrons with E > 40 kev [Frank et al., 1964;
McDiarmid and Burrows, 1964; see also O’Brien, 1963]. This component of
trapped radiation defines the boundary of lines of force for which trapped
particle adiabatic invariants are conserved and separates the regions of closed
field lines and open field lines (those undergoing a sharp break in the neutral
sheet of the magnetospheric tail).

For brevity, in the following, we shall speak of closed and open lines of
force of the geomagnetic field, bearing in mind that we also understand by open
lines those that close in the magnetospheric tail but undergo a sharp break
in the region of the neutral sheet.

The day and night portions of the auroral oval differ in a number of char-
acteristics [Feldstein, 1968]. They are apparently due to electrons of different
origin, i.e., from the magnetospheric tail neutral sheet at night and from the
region between the magnetopause and the shock front in the daytime. However,
these auroras of different origin are connected in the oval zone by the magnetic
field geometry in the magnetosphere,

Figure 1 shows a meridional cutaway of a simplified configuration of the
geomagnetic field agreeing with the observations of Ness [1965] and Speiser and
Ness [1967]. A probable position of the auroral oval is indicated as being at the
boundary of closed field lines. The night boundary of high-energy trapped radia-
tion serves as an indication of the neutral sheet’s extension toward the earth.
The conclusion that the auroral oval is located on the poleward side of the
boundary of trapped radiation was based initially on a comparison of these
two parameters obtained statistically for various periods of differing magnetic
activity. For this reason, it remained unclear whether the auroral oval was



POLAR AURORAS AND POLAR SUBSTORMS 181

AURORAL 0L Fig. 1. Configuration of the earth’s magnetic
field in a meridional plane containing the
NEUTRAL SWEET  dipole axis and the solar direction. The shaded
region contains the region of closed field lines
at whose boundary the auroral oval is located.

located within or without the closed geomagnetic field lines [Hultquist, 1968].
Such an investigation became possible only after Feldstein and Starkov [1967]
and Feldstein et al. [1968c] determined the dynamics of the oval as a function
of the intensity of polar magnetic substorms (DP) and of the magnetospheric
ring current (DR), and after McDiarmid and Burrows [1968] had identified
the various types of boundaries of trapped electrons with E > 35 kev.

Atmospheric lumineseence in the form of discrete shapes along the auroral
oval is caused by fluxes of electrons with energies E < 10 kev [Skarp et al,
1965]. Besides optical effects, the injection, along the oval, of fluxes of energetic
particles into the upper layers of the atmosphere increases the ionization and
causes the following disruptions of the structure of the lower ionosphere: (a)
anisotropic electron inhomogeneities in the E and F layers, causing the ap-
pearance around the geomagnetic pole of a belt of auroral radio reflections in
the shortwave band, coinciding with the auroral oval [Bates, 1966; Bates et al.,
1966; Unwin, 1968]; (b) local inhomogeneities at oval latitudes in the ionization
maximum of the F region of the ionosphere, with sharp ionization density flue-
tuations [Lund et al., 1967]; and (c) both the integral electron density of ioniza-
tion in a column of unit cross section [Lund et al., 1967] and the electron and
ion densities increase at altitudes of ~1000 km [Zmuda et al., 1968].

In addition to geophysical phenomena characterized by oval symmetry,
certain manifestations of anomalous processes in the upper atmosphere at high
latitudes have a circular symmetry; they attain maximum intensity in the an-
nular region at ® ~ 67°-70° [Hartz and Brice, 1967]. On the daytime side of
the annular region, electrons with energies > 25 kev are responsible for the
geophysical phenomena [Johnson et al., 1966], and during near-midnight hours
the annular and the oval zones coincide. As a rule, the particle intrusions on the
dayside of the annular zone are not accompanied by discrete forms of auroral
and magnetic disturbances; rather, they cause smooth variations of as much
as several decibels in the absorption of cosmic noise when the magnetic field
is quiet [Driatzky, 1968]. Considered below in detail are only some of the
geophysical phenomena in the oval zone.

Substantial magnetic field variations are observed at an altitude of ~1100
km on the poleward side of the oval boundary in the form of transverse fluctua-
tions with amplitudes to several hundred gammas [Zmuda et al., 1966, 1967].
On the ground, negative bays are interpreted by Feldstein [1963a, 1968], Feld-
stein and Zaitzev [1965a, b], Akasofu et al. [1965], and Akasofu [1966b] as
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the indications of a western electrojet within the bounds of the auroral oval.
This western electrojet, being a composite part of the DP current system, and
the particular DPC type of magnetic field variations in the near-polar region
are related to the inner structure of the magnetosphere [Feldstein and Zaitzev,
1968a; Akasofu and Kawasaki, 1968]. The DP and DPC current systems, pro-
viding a generalized representation of the variations of the magnetic field on
the ground, are apparently linked in a specific fashion with convective large-
scale plasma motions in the magnetosphere [Obayashi, 1967]. Determining the
basic characteristics of the current systems for various types of magnetic varia-
tions, which sometimes differ quite substantially, judging by the data of various
authors [Cole, 1966; Akasofu, 1966b; Obayashi and Nishida, 1968; Nagata
and Fukushima, 1968; Feldstein and Zaitzev, 1968a], is a matter of consider-
able interest in the physies of the magnetosphere.

AURORAL OVAL AND BOUNDARY OF THE REGION OF
CLOSED FIELD LINES

McDiarmid and Burrows [1968] have determined the invariant latitudes
® of various types of trapped electron high-latitude boundaries for energy E >
35 kev during the flight of the satellite Alouette 2 launched in November 1965.
®, is the latitude at which the counting rate of electrons first reaches background,
i.e., trapped electrons with E > 35 kev are absent on ® > &,; ®, is the boundary
of stable trapping, within which are found electrons capable of drifting around
the earth, and ®, is the latitude of the beginning of a sharp intensity decrease
of trapped electrons during the night hours (an order of magnitude in an interval
of less than 0.5°). The mutual location of the auroral oval and the boundaries
®, and @, is shown in Figure 2. The specific values of &, and &, for the period
from December 1965 to February 1966, according to data from satellite Alouette
2 (kindly contributed to us by I. B. MeDiarmid), were averaged for the corre-
sponding values of the index @ of magnetic activity on the night side of the earth
obtained from the data of magnetic observatories located at & ~ 65°. The posi-
tion of the auroral oval was taken according to Feldstein and Starkov [1967,
1968]. During magnetoquiet periods in the near-midnight hours, ®, and @,
differ by no more than 1°-2°, and the auroral region is located on the near-polar
side of the boundary of the outer radiation zone. During magnetic disturbances,
the boundary of the auroral oval coincides with the value of &, within the limits
of a few tenths of a degree, which is evidence that the auroral oval is located,

Fig. 2. Variation with increasingly intense

| magnetic disturbance of the position of the

| ® region of auroral appearance at zenith (shaded)

t and of the boundary of trapped E > 35-kev

o mIIIUII electrons according to Alouette 2 data. The

stable trapping boundary &, is shown by crosses

W ’ and the boundary of closed field lines &5, by
D E m R Ty S circles. The vertical lines show the root-mean-
. b square deflections (a) near-midnight and (b)

near-midday.
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independent of magnetic disturbance intensity, beyond the boundary of the
outer radiation belt (within which the magnetic lines of force differ little from
dipole lines). As the magnetic disturbance increases, the boundary of the oval,
as well as ®,, shifts to lower latitudes. Thus in the near-midnight hours, the
southern boundary of the auroral oval coincides with the outer boundary of the
magnetospheric region, in which stably trapped energetic electrons are capable
of drifting around the earth.

During intense disturbances, ®, corresponds to the near-polar boundary
of the oval zone and indicates the latitude limit of the region where fluxes of
directly accelerated radiation are projected from the geomagnetic tail. Possibly
@, represents the latitude of extreme field lines, closing in the magnetospheric
tail but stretched in the antisolar direction and differing essentially in shape
from the dipole field. As @ increases, so does the latitude interval between &,
and &;, which corresponds to the expansion in the antisolar direction of the region
of the tail in which plasma acceleration takes place. The small difference be-
tween &, and &, in magnetoquiet periods is evidence of partial acceleration to
energies greater than 35 kev in a very narrow region of space. Therefore, ®,—®,
is the region of the tail transformed to a latitude interval in which are gen-
erated fluxes of electrons observed on satellites as sharp intensity increases of
both trapped and precipitated electrons.

Observations from the satellite Injun 3 on magnetoquiet days [Maehlum,
1968a] also indicate a close connection between the positions of the boundary
of trapped E > 40-kev electrons and the luminescence region. In the near-
midnight hours, a sharp near-polar boundary for streams of precipitated and
trapped electrons is always observed, precipitation occurring in a narrow region
near this boundary. Luminescence of intensity more than 500 R is observed
on the poleward side of the latitude of a sharp increase of electron precipitation
into the atmosphere. The auroral maximum is located poleward of the trapping
boundary.

During the near-midday hours and independent of magnetic activity the
auroral oval is located on the poleward side of the boundary of the region where
trapped electrons, capable of moving along closed field lines, are detected. Since
on the daytime side the region of smooth closed field lines reaches the mag-
netopause, the southern boundary of the oval defines the latitude at which the
last closed field line intersects the earth’s surface. Consequently, the southern
boundary of the auroral oval on the day- and nightsides of the earth corresponds
to the highest latitude on the earth’s surface of smooth closed magnetic force
lines of a dipole type.

When processing the results of observations, it was found that for the near-
midday hours &, depends essentially on time; this is apparently due to the daily
rotation of the geomagnetic dipole axis. The values, shown in Figure 2, were
computed for the 0200-1000UT interval, since the data on the polar auroral
oval in daytime were obtained from observations at eastern hemisphere stations
intersecting the near-midday meridian at 0200-1000UT. The variation with
UT of the near-polar boundary of soft electrons is described by Maehlum
[1968b], according to observations from Aurora 1.
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The connection between polar aurora and fluxes of electrons observed by
the satellites Electron 1 and 2, beyond the boundary of the outer radiation
belt at night, was noted by Vernov [1965].

Figure 3 compares the limit positions of closed field lines ®, and of the
sharp nighttime intensity decrease of trapped electrons &, for the period De-
cember 1965-June 1966 after McDiarmid and Burrows [1968], with the posi-
tion of the auroral oval zone in the IQSY period after Stringer and Belon [1967].
The isolines of the relative number of auroral shapes (forms) equal to 20%
were taken for the boundaries of the oval zone, within 1° limits of geomagnetic
latitude for a 15-min interval. The oval zone is located near the poleward
boundary of the limit of closed lines. If for the night hours we assume the
boundary of the trapped radiation to be the latitude of sharp decrease in its
intensity, the oval will be located precisely on the poleward side of the boundary
of trapped radiation with £ > 35 kev; this also constitutes the boundary of
closed lines of force of the geomagnetic field for all hours of the day. On the
poleward side of this boundary, Aurora 1 revealed large fluxes of soft electrons
[Burch, 1968]. According to O’Brien [1967], the auroral oval is located along
the high-latitude boundary of the region of trapped electrons. This conclusion
is based upon O’Brien’s [1964] and O’Brien and Taylor’s [1964] data on simul-
taneous observations of auroras and particle fluxes on the satellite Injun 3;
therefore, the southern boundary of the auroral oval corresponds to the latitude
of smooth closed geomagnetic field lines and coincides with the outer boundary
of the radiation belt. The variation of its position with the rise of DP intensity
reflects the dynamies of the large-scale structure of the magnetic field inside
the magnetosphere.
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Fig. 3. Comparison of the location of the oval

zone of polar aurora (shaded) in 1964-1965,

with the boundaries of trapped E > 35-Kev
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crease In the intensity of electrons in night
hours, &,.
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POLAR AURORAL OVAL AND CERTAIN PARAMETERS OF THE
MAGNETIC FIELD IN THE MAGNETOSPHERE

The position of the region of closed geomagnetic field lines and the geomag-
netic latitude of this region’s boundary on the earth’s surface may be obtained
by considering the magnetic field within the magnetosphere. This field consists
of the field Bpor due to magnetospheric surface currents, the geomagnetic dipole
field By, the field Bpr due to the magnetospheric tail currents, and the ring
current field Bpg.

The Bper field has been computed by Mead [1964] and is determined by
the geocentric distance of the magnetospheric boundary at the subpolar point.
Hones [1963] and Shabanskiy [1968] have shown that the field due to currents
on the magnetospheric surface can be duplicated by a specially chosen dipole.
Although this substitution is rather rough, it is useful for studying the dynamics
of the magnetospheric shape with varying solar-wind parameters.

The current field in the neutral sheet of the magnetospheric tail may be
represented as the field of a plate, along which a surface current Iy flows from
the morning toward the eveningside. This surface Iy is linked with the magnetic
field of the tail by the relation Bpy™ = 2#Iy. The relations deseribing the field
Bpr inside the region of closed field lines are given by Shabanskiy [1968].

The field Bpg due to the drift of trapped radiation in the geomagnetic field
(mainly protons with energies of several tens of kev) was computed by Akasofu
and Chapman [1961] and Akasofu and Cain [1962] for various parameters
characterizing the distribution of particles by equatorial radius and pitch angles.

Postulating that within the bounds of closed field lines in the equatorial
region in the longitude section 8\ the magnitude flux

£23 L(\)
F, = f U BLaL o 1)

is equal to the magnetic flux in the same longitude sector through the earth’s
surface in one hemisphere,

F'.,.=fn]:mB,cos¢d¢d)\ @

Akasofu [1966a], Williams and Mead [1965], Williams and Ness [1966],
and Shabanskiy [1968] determined the geomagnetic latitude of the intersection
of closed lines of force with the earth’s surface. In equations 1 and 2, B, is the
radial component of the magnetic field on the earth’s surface, B, is the field com-
ponent on the equator in the direction of dipole axis, and L()) is the equatorial
boundary of closed field lines.

On the earth’s surface the magnetic field was assumed to be a dipole field,
but in the equatorial plane the field is composed of By + Bper + Bpr +
Bpr. The equality F; = F, is rigorously fulfilled only in the near-midday or
near-midnight hours, when the lines of force are mnot azimuthally distorted;
thus, only these time intervals are considered below.

Quantitative calculations carried out by Shabanskiy [1968] in the two-
dipole approximation have shown that in the absence of the ring current the
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boundary of closed field lines on the dayside is determined by the expression

cos’ ¢ = (3 — 2f)/2L, 3

where L, is the geocentric distance of the subsolar point and f = 1 characterizes
the shape of magnetosphere surface. The field due to currents in the tail’s neutral
sheet also influences the position of the daytime closed field line boundary. Tak-
ing the neutral sheet into account leads to the relation

4° §Bpp"

%: = —gn ¢ cos ¢B,

Equations 3 and 4 yield ®; = 76° for L, = 9, and ®; = 77° for L, = 10 with

Bpg™ ~ 20y; therefore, the closed lines of force intersect the earth’s surface

at polar auroral oval latitudes on the dayside of the earth on magnetoquiet days.

The observed variations in the position of the southern boundary of the

oval with enhancement of DP allow us to estimate the limit of L, variations.
From equation 3 it follows that

L? @

90°

- 9 2
=L cos¢sin¢(8L1 cos” ¢ + of) 5

b
For magnetospheric contractions from L, ~ 10 with preservation of the shape,

0Py = 0 65L1 (6)

As the index @ increases from O to 6, the southern boundary of the oval
shifts toward the equator by 2.3° (Figure 2b). This means that the daytime
boundary of the magnetosphere approaches the earth from 10 Rz to 6 Ra.
With the increase of Q the field in the tail Bpr™ also increases and causes shift
in ®; of ~1° to the south according to equation 4. Consequently, the data on
the position of the oval’s daytime boundary indicate that on the dayside the
magnetopause does not get closer to the earth than 7 Rp. The location of the
boundary at L; < 7 is possible during the development of a ring current in the
magnetosphere and has been observed by Freeman and Maguire [1968].

The latitude at which the boundary of closed field lines touch the ground
on the nightside of the earth as a function of Bps” was computed by Williams
and Ness [1966], taking into account the field of currents Bpor and Bpr. Postu-
lating that this boundary coincides with the southern boundary of the auroral
oval, Starkov et al. [1968] estimated the value of the field in the tail at ~10
Ry for different DP intensities.

The dependence of Bpr™ on the equivalent amplitude of index @ on the night-
side of the earth is plotted in Figure 4. As the magnetic disturbance increases,
Bpy” rises from ~13y at magnetoquiet times to ~47y during intense disturbances.
These values of the tail field, like the increase of Bps” with the rise of DP, agree
well with satellite observations [Ness, 1965; Wtlliams and Ness, 1966; Ness and
Williams, 1966; Behannon and Ness, 1966; Behannon, 1968; Mihalov et al.,
1968; Yeroshenko 1968]. )

If the geomagnetic tail is assumed to be formed by lines of force from
the near-polar regions located inside the auroral ovals in each hemisphere,
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the magnitude of the magnetic flux in the tail and its variations during magnetic
disturbances can be estimated. Determination of the magnetic flux is very im-
portant for theories relating the acceleration of particles in the tail and the
development of auroras to convective motion of matter and of the frozen-in
magnetic field in the magnetosphere [Piddington, 1967; Unti and Atkinson,
1968].

Inside the ovals in both hemispheres, the flux is computed from the relation

F; = (4xM /R5) cos O, sin® © @)

where M is the earth’s magnetic moment, 8y is the displacement of the auroral
oval from the geomagnetic pole, and ¢ is the polar distance of the oval boun-
daries from its center. The magnetic flux variation, computed by equation 7,
is plotted in Figure 5, where 0y and ¢ are taken from the data shown in Figure 2.

When DP ~ 300y on the ground, F; = 2.3 - 10% gauss/cm? and increases
with the growth of DP by 10" gauss/cm?. As DP develops, the transition from
a quiet field to bay maximum takes place in ~1 hour, so that the rate of varia-
tion of the magnetic flux, carried by the solar wind into the magnetospheric
tail is about 3 X 10 gauss cm?/sec.
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Fig. 6. Radius in earth radii of the mag-
Fig. 5. Magnetic flux from the polar netospheric tail cross section with the change
caps into the magnetospheric tail of DP. R, is the cross section in the shape
plotted against variation in the DP of an ellipse, and R, is the cross section in

intensity. the shape of a circle,
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Observations of auroras allow us to determine independently two parameters
characterizing the magnetic field of the tail: (1) the intensity Bps” and (2)
the magnetic flux F; in the tail. These are linked by the relation

Fy = Bps'S ®)

where 8 is the area of the tail’s cross section. Assuming a circular cross sectional
shape with radius R¢ [Gosling et al., 1967] or an elliptical shape with an equa-
torial diameter of 2Ry having a polar-to-equatorial axis ratio of 3:2 [Behannon,
1968], one may determine the radius of the magnetospheric tail as a funetion
of DP intensity on the basis of data on the auroral oval position. In its cross
section the tail’s field was assumed to be constant in accord with the experi-
mental data [Behannon, 1968; Mihalov et al., 1968]. The results of the cal-
culations are shown in Figure 6. According to satellite observations the radius
of the tail is ~16-20 Rz at R ~10 Rg [Heppner et al., 1967; Behannon, 1968],
which is in agreement with the estimates based on the position of the auroral

oval.
Satellite measurements of the field in the tail do not allow us to separate

the temporal variations due to magnetospheric compression by the solar wind
from those resulting from an increase of magnetic flux in the tail, both of
which oceur simultaneously [Yeroshenko, 1968]. Observations of auroras permit
such a separation [Starkov et al., 1968].

Using satellite data on magnetic field intensity in the tail at various geo-
centric distances and data on the magnitude of the magnetic flux in the tail
determined from ground observations of the auroral oval position, Shevnin and
Feldstein [1968] were able to compute the dimensions of the tail’s cross section
at geocentric distances up to 31.7 By for different DP intensities. Those authors
used the IMP 1 onboard magnetograms [Behannon and Ness, 1966] over a
period including five magnetic storms in 1964, for time intervals when the field
direction in the tail was nearly solar or antisolar.

The magnetic flux in the magnetospheric tail was computed for correspond-
ing hourly intervals with the aid of equation 7, using values of @ indices and
the DR field.

The results of computing the equatorial radius B, of the tail’s elliptical
cross section in the absence of field line reconnection (conservation of mag-
netic flux), are shown in Figures 7a and 7b for four pairs of @ indices. The
values of R,, given in Figure 6, are characteristic for B < 12 Ry and are plotted
in Figure 7a as circles at 10 RBg. This is due to the fact that during a magneto-
quiet period the line of force of the oval boundary intersects the equatorial
plane on the nightside at B ~ 10 Rp. Besides, according to the model used
for the calculation of R, shown in Figure 6, B > 8 Ry [Williams and Ness, 1966].

The smooth curves of Figure 7a reflect the variation of R, of the magneto-
spherie tail on the nightside of the earth at the corresponding DP intensity. R,
increases with the distance from the earth (the tail expands). For a fixed R
the radius of the tail decreases with the increase of magnetic disturbance.

The dependence of R, on R is plotted in Figure 7b; crosses indicate the
R, of the tail obtained from observations of the magnetosphere boundary position
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Fig. 7. (a) Equatorial radius of the magneto-
spheric tail (R.) for various distances (R) from
the earth in the plane of the night meridian with
variation of magnetic disturbance on the earth’s
surface. (b) Solid lines are identical with those in
Figure 7a. Crosses represent the R. according to
observations from Explorer 33 [Behannon, 1968].
Distances are in earth radii.

by the satellite Explorer 33 [Behannon, 1968]. The computed values of R, up to
R = 31.7 Ry and those observed on Explorer 33 are in good agreement, provided
we assume that the position of the magnetopause from the satellite measurements
reflects relatively magnetoquiet conditions,

Within the tail a nonzero vertical component of the magnetic field [Speiser -
and Ness, 1967; Mihalov et al., 1968; Behannon, 1968] leads to a decrease of
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magnetic flux with the increase of R. If the vertical field component Bys® at B >
10 Ry decreases according to the relation Bps¥ = 30/R (which does not contradict
the experimental data), we must expect that R, will decrease at the expense of
reconnection by only ~3% at R = 30 Ry and by 2% at R = 20 Ry as compared
to their values computed without considering the reconnection.

Shabanskiy [1968] obtained a relation linking the nightside boundary and
median line of the auroral oval with the dimensions of the region from which
plasma is injected in the earthward direction. The configuration of the magnetic
field between closed and open magnetic lines of force in the near-midnight hours
and the dimensions of the injection region constituting (3/2) A are shown in
Figure 8a. The projection of the injection region on the earth’s surface along
distorted field lines corresponds to the auroral oval.

When the magnetic field is quiet, the dimensions of the injection region are
rather small; its center is located on Lyg ~ 10. As DP increases, the field Bpr
grows. The relation determining the dimensions of the injection region at the
transition from quiet to disturbed conditions as a function of tail field intensity
has the form

By __ Bpr'
Lyo T
Here B, is the magnetic field on the equator, and 2 Ry is the diameter of the tail.

For the projection of the boundaries of the injection region when the field

is distorted, equations 1 and 2 lead to

cos’ ¢ = (3/2) (1/L) (10

Equations 9 and 10 define the geomagnetic latitude of the boundaries and

of the point A of the projection of the injection region on the earth’s surface.
They are plotted as dashed lines in Figure 8b. The dotted curves correspond to
the first stage of auroral oval displacement toward the equator with a small
increase of disturbance. Solid lines show the boundaries and the oval’s median
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Fig. 8. (a) Schematic representation of the region on the nightside, from which the plasma

leading to the appearance of polar aurora is injected. (b) Dependence of ¢* boundaries and the

auroral oval median line near midnight on the field intensity in the magnetospheric tail. The

theoretical dashed curve is from Shabanaskiy {19681, and the solid one corresponds to the

auroral oval in the IGY period. (¢) Dimensions of the magnetospheric region in the antisolar
direction (shaded) from which plasma is injected in the earthward direction.
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TABLE 1. Length of the Geomagnetic Tail Expressed in Earth Radii (Rg)

Lower Limit Upper Limit
Q=0 120 + 6 155 + 9
Q=1 144 + 8 173 + 10

line obtained from the observational data taken during the IGY period [Feld-
stein and Starkov, 1967] in the near-midnight hours; here @ indices are re-
placed by the corresponding values of Bps™ according to the data of Figure 4.
Considering the qualitative character of Shabanskiy’s theory, one should under-
score the good agreement of the conclusions stemming from it with observations.

The geocentric distances of the injection region’s boundaries are shown in
Figure 8c. As Bp,” increases, the region in which plasma is observed expands;
its nearer boundary approaches the earth while the remote one recedes from it.
The approach to earth, as DP increases, of the region in which plasma fluxes
from the magnetospheric tail are observed agrees with the observations from
the ATS 1 satellite [Freeman and Maguire, 1967]. From observations of the
motion of the oval’s poleward boundary it follows that on different occasions
the remote boundary of the injection region may recede to distances substan-
tially greater than 18 Ry, since polar auroras of the zonal type appear in separate
rare cases up to the geomagnetic pole [Geophysical Institute Annual Report,
1967].

The length of the magnetospheric tail in Dungey’s [1961, 1965] open-model
magnetosphere may be determined on the basis of direct measurements of in-
terplanetary plasma velocity and of the rate of magnetic field line movement,
through the polar cap, which is assumed to be equal to the velocity of visible
formations in polar auroras. Using the solar plasma velocity of Snyder et al.
[1963], the motion velocities in near-polar auroras in the direction of the
midday-midnight meridian in magnetoquiet periods of Feldstein et al. [1968b],
and the oval’s diameter after Feldstein and Starkov [1967], we have obtained
for the length of the magnetospheric tail the values given in Table 1.

If we extrapolate to greater distances the dependence of the field intensity
of the tail in magnetoquiet periods obtained by Behannon [1968] for B < 80
Rg, we find at 125 Ry < R < 175 Ry a tail field 4y (i.e., equal to or smaller than
the interplanetary field). The energy density of the magnetic field then becomes
equal to the hydrostatic pressure of solar plasma. At these distances the tail will
not be clearly defined; its dimensions, obtained on the basis of data on the auroral
oval, apparently do not contradict experimental data. Its length, ~150 Rp, also
agrees with theoretical estimates by Dessler [1964, 1968], according to which
the minimum possible tail length would be ~100 K.

AURORAL OVAL AND DENSITY OF LOW-ENERGY PLASMA
IN THE MAGNETOSPHERE

From the data on the position of the oval’s southern boundary near midnight
and during P;2-pulsation periods, it was possible to estimate the density of the
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cold low-energy plasma in the magnetosphere at geocentric distances from 5 to 9
earth radii [Troitskaya et al., 1968]. On the basis of morphological regularities of
P2, Raspopov [1968] and Rostoker [1968] concluded that a possible mechanism
of P2 formation is the resonance of Alfvén waves in the tube of force extending
from the night portion of the oval zone to the equatorial region directly adjacent
to the beginning of the neutral sheet.

In such a case, the oscillation period is determined from the equation
v 24dS
—&a Va (11)
where dS is an element of arc of the field line, &, is the geomagnetic latitude at
which the boundary of closed field lines reaches the earth’s surface, and V, is
the Alfvén velocity. When the first adiabatic invariant is conserved, the concen-
tration of plasma along the magnetie line of force is, according to Parker [1957],

H, (a—-1)/2
7 — n[H—] a2
where n, is the density of plasma at the point S of the line of force with field

intensity Hg, n, is the density on the equator and « is the parameter characteriz-
ing the particle pitch-angle distribution. For a dipole magnetic field

T =

(n‘ 1/2
. T=A4_5% <I>.,\J(“’ ®,) (13)
where -
1/2
A= % Rg = 3.68(10)"
[}]

®o 3/2 P a=-1
J (a, Qo) = j; (ZT—l-cgsst@)l/s) 0087 ®dd

In this way the period of oscillations is determined by the plasma density in
the equatorial dipole plane, the geomagnetic latitude of the point where the field
line intersects the surface, and the parameter ». The values of J («, ®), com-
puted by Ohl [1963], are constant for &, > 45° and are 0.24 at « = 10 and 0.53
at « = 0. The plasma density rises with the approach to the earth’s surface and
consequently « < 1. The latitude of the point where the oscillating tube of force
adjacent to the neutral sheet touches the ground may be determined by the data
on the position of the southern boundary of the auroral oval in the near-midnight
hours and in .the period of P2-pulsation appearance. Then, equation 13 yields
n, as a function of ®, or of geocentric distance B = 1/cos? ®,. The periods of P2,
observed at 2202 LT in the winter of 1957 and 1961 at the Borok and Alushta
observatories, are shown in Figure 9 as a function of the intensity of magnetic
disturbance at Kiruna observatory (Q index).

As the disturbance increases, the oscillation periods decrease. If P; 2 origi-
nates at the boundary of closed field lines, the decrease of T with the rise of Q
is determined by the onset of oscillations on still shorter field lines. Maehlum
and O’Brien [1963] and Williams [1967] have shown that the boundary of the
region of trapped radiation in nighttime does indeed approach the earth in pe-
riods of magnetic disturbances.
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Fig. 9. (a) Period of type P2 pulsations in
winter as a function of DP intensity. Dots
represent the individual values of 1961, dashes
and solid line are linear approximations for
1961 and 1957, respectively, using the method
of least squares. (b) Plasma intensity in the
equatorial plane at various geocentric distances.
Crosses indicate 1957 (@ = 0); dots, 1957
(a= =2); triangles, 1961 (¢« =0); dots with
crosses are measurements by IMP 1 on No-
vember 27, 1963.

We assume that the latitude ®, of the closed field line boundary for the cor-
responding @ is equal to the latitude of the southern boundary of the auroral oval
in the near-midnight hours of the IGY period. The dependence of n, on R in
1957 and 1961, computed by equation 13, is plotted in Figure 9b. For 1967 the
caleulation was performed for « = 0 and « = —2. These are possible boundary
values of «. Even for « = —2 the plasma density according to equation 12
decreases along the field line by more than 3 orders; this exceeds signif-
icantly the plasma density decrease estimated theoretically [Eviator et al.,
1964]. In addition, n, decreases by a factor of 1.5 with the decrease in solar ac-
tivity. This decrease continued toward the year 1964. The computed values of n,
do not differ from the IMP 1 measurements [Serbu and Mater, 1966], which are
presented in Figure 9b for the winter day of November 27, 1963. Taking into
account that, as indicated by the data on pulsations, n, continued to decrease
from 1961 to 1964, one should expect that n, is in better agreement with the ex-
perimental data for « = 0 than for « = —2. An accurate accounting of the propa-
gation path of the oscillations, in particular of the field line deviation from the
dipole, should allow us to derive a more specific conclusion on the value of the
parameter «, which constitutes an important characteristic of the low-energy
plasma filling the magnetosphere. )

AURORAL OVAL AND THE RING CURRENT
IN THE MAGNETOSPHERE

A characteristic of magnetic storms is the ring current enhancement within
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the closed field line region. A direct demonstration was obtained by Frank [1967]
of the connection between DR and the appearance in the magnetosphere of a large
flux of charged particles. The main contribution to this enhanced radiation belt
energy was made by protons with 3 < E < 50 kev. Inside the magnetosphere the
ring current distorts the field lines and consequently changes the position of the
auroral oval. Akasofu and Chapman [1963] have determined the minimum geo-
magnetic latitude of quiet uniform ares observed over USA territory in night hours
as a function of the magnitude of D,; variation (a measure of ring current intens-
ity). Their results are presented in Figure 10a. As D,; increases, arcs are located at
lower and lower latitudes. Feldstein and Starkov [1968] and Feldstein et al.
[1968c] determined the position of the northern and southern boundaries of the
oval in near-midnight and near-midday hours as a function of D, for fixed
values of the Q index. The D,; values were obtained from Sugiura [1965]. The
corresponding positions of the oval are shown in Figure 10b. The DR amplifica-
tion (negative D,;) leads to the shift of both oval boundaries to lower latitudes
and slight oval expansion. Analogous results are obtained also for other hours
of the day. The asymmetric development of DR in the main phase of the storm
also affects the position of the southern boundary of the oval.

The oval’s shift toward the equator with D, enhancement results in a change
in the magnetic flux forming the magnetosphere tail. The corresponding values
of AF are shown in Figure 11 for indices @ = 3 and @ = 5. The calculations
were performed by using equation 7.

Variations in the magnetosphere’s inner structure during the development of
DR have been considered by Akasofu [1966a}, Shabanskiy [1968], Shevnin
et al. [1968], and Hoffman and Bracken [1967].

During the generation of the ring current, equations 1 and 2 lead to the fol-
lowing relation for the latitude of the southern boundary of the auroral oval
without (®,) and with (®) the presence of the ring current, sin? ® = sin® &,
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Fig. 10, (a) Position of quiet arcs in night hours in USA territory during the IGY period

as a function of D,:. (b) Position of the northern and southern boundaries of the oval zone

of auroras at Q = 3 and Q@ = 5 in near-midnight in the IGY period a3 a function of D.:.
(c) This figure is the same as Figure 10 b but represents near-midday hours.
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+ I,, where

I =R_33f' (Bpr + Bpz)r dr
. M J,, ‘e DR

Here B’y is the field due to currents induced in the earth, With the increase of
I, the boundary & of closed field lines and, consequently, the southern boundary
of the oval shift to lower latitudes. This explains the appearance of auroras at
& ~ 50°-55° in night hours in periods of intense storms. I, depends on the varia-
tion of field intensity Bpr of the ring current with the equatorial radius. Com-
parison of the position of oval boundaries at different Bpz intensity on the earth’s
surface with the theoretical model ring current according to Akasofu and Cain
[1962] allows us to draw certain conclusions regarding the variation of the mod-
el’s parameters. Plotted in Figure 11 are the values of AF for a model character-
ized by parameters r, = 3.2 Rp; gl = 2.146, g2 = 0.759, and « = 2. It follows
from the comparison with experimental data that it is impossible to duplicate the
results of observations with model representations merely by a simple increase of
particle density in the radiation belt without changing its geometric character-
istics. Shevnin et al. [1968] concluded that the results of model calculations agree
with the observations, provided that the density maximum of ring current pro-
tons shifts during DR intensification by ~3-3.5 By and that the proton belt
thickness increases by virtue of the receding of its outer boundary.

POLAR AURORAS ALONG THE OVAL IN DAY
AND NIGHT HOURS

The atmospheric luminescences arising along the auroral oval in the day and
nighttime regions differ in a number of characteristics:

(1) Rayed forms of aurora prevail in the daytime in quiet periods, while
uniform arcs dominate the night hours [Feldstein, 1966a]; their activation pro-
ceeds in different fashions as the auroral substorm develops [Feldstein and Star-
kov, 1967].

(2) During daytime hours, glows are located at great heights [Starkov,
1968]. Indeed, an anomalously high ionization density is observed in winter on
the dayside of the ionospheric F region at ® ~ 76°-80° [Yudovich, 1963; Bes-
prozvannaya and Gorbushina, 1965 ; Oguti and Murubashi, 1966].



196 Y. I. FELDSTEIN

(8) Auroral activity begins at different times in the night and day sectors
[Khorosheva, 1962, 1967; Akasofu, 1964; Starkov and Feldstein, 1967].

(4) In magnetoquiet periods the auroral oval disintegrates into two parts.
There are periods when auroras are observed only in the day and night sectors
[Lassen, 1963; Feldstein and Starkov, 1967], being altogether absent either in
the morning or the evening.

Stringer and Belon [1967] and Akasofu [1968b] also pointed out the neces-
sity of isolating the daytime glows at & ~ 78° as a separate type by morpholog-
ical features,

Apparently, auroras on the day- and nightsides of the auroral oval are due
to electrons of different origins penetrating the upper atmospheric layers. The
nighttime glow is due to plasma injection from the magnetospheric tail [Azford
et al., 1965; Piddington, 1967; Shabanskiy, 1968; Ivanov, 1967]. In daytime the
glow originates from the region between the magnetopause and the shock front
[Pletnev et al., 1965]. The injection of charged particles into the magnetosphere
on the dayside takes place through high-latitude neutral lines, formed by the
solar-wind interaction with the geomagnetic field [Piddington, 1965a].

The frequency of daytime auroral appearance is ~100%, indicating that the
aurora in this region constitutes a permanent terrestrial characteristic existing
continuously as does the solar wind. In exceptionally magnetoquiet periods, the
oval is located at ® ~ 78°-80°. Near midnight there is also observed a continuous
luminescence, even in periods with K, = 0 [Stringer et al., 1965; Feldstein,
1966b]. Radio observations of the position of a radio-wave scattering region,
which coincides with the glow region, corroborated the constant existence of scat-
tering regions at ® ~ 70° in the night hours [Bates et al., 1966]. Hence it follows
that in the total absence of planetary magnetic disturbances the asymmetry of
the auroral oval and, consequently, of the region of closed geomagnetic field lines
is preserved.

It will be shown below that magnetic disturbances also differ essentially on
the day- and nightsides of the earth. There is located within the bounds of the
auroral oval a westward electrojet, stronger at night than during the day. On the
dayside, the arc generates a special type of disturbance that appears constantly
as do the polar auroras but reaches notable intensity only during the summer.
These two types of disturbances are basically different in nature, as are daytime
and nighttime auroras.

As was shown by Freeman and Maguire [1967, 1968], nighttime polar au-
roras and magnetic disturbances are caused by plasma fluxes from the magneto-
sphere tail. The absence of plasma at B ~ 6.6 Ry on magnetoquiet days and the
appearance of abnormally high fluxes only around midnight (the disturbance
being feeble) with gradual increase of the time interval as the magnetic activity
increases, all agree well with the variations in the position of aurora oval.

The oval of polar auroras is located on the boundary of smooth closed field
lines. In the near-midnight hours this boundary is the outer limit of the region
of stable trapping and is situated at ® ~ 67°; in the near-midday hours the
stable trapping boundary is at ® ~ 70°-71°. Observed along it are a series of
geophysical phenomena due to intrusion of geomagnetically trapped particles.
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The presence of electrons with £ > 25 kev results in anomalous absorption of
cosmic noise in the morning and evening hours, whereas protons are responsible
for the appearance of positive bays in the evening hours [Pudovkin et al., 1968].
Along the auroral oval, whose boundary is located in the daytime on & ~ 76°-
78°, electrons with £ < 10 kev are being injected. Electrons with 10 < E < 40
kev are possibly injected in the latitude interval between the auroral oval’s equa-
torial boundary and the region of stable trapping. On the poleward side of the
boundary of closed field lines, electrons with E < 10 kev are injected, having
energy of the order of a kilovolt on the nightside and of hundreds of electron
volts on the dayside. The position of this region depends essentially on the level
of magnetic activity; during intense disturbances its poleward boundary may be
located at ® ~ 75° on both the day- and nightsides of the earth.

Thus, at high latitudes, energetic particles are injected in a wide region. How-
ever, depending upon their energy, the zones of injection may have different sym-
metries [Piddington, 1965b], and the geometry of the magnetic field in the mag-
netosphere substantially influences the character of these symmetries.

THE DP CURRENT SYSTEM AND THE AURORAL OVAL

The current system providing a generalized representation of the distribution
on the ground of a perturbed geomagnetic field vector may be located solely in
the ionosphere [Chapman, 1935] or encompass both the ionosphere and mag-
netosphere [Birkeland, 1908; Bostrom, 1968; Atkinson, 1967]. Fukushima [1968]
has shown the equivalence of the field of these current systems on the ground.

Shown schematically in Figures 12a, 12b, and 12¢ are the systems of polar
magnetic DP disturbances currently discussed in the literature: the two-vortex
classical system from the data of Nagata and Fukushima [1952] and Fukushima
[1953]; the single-vortex system with a westward electrojet along the auroral
oval and closing currents through the near-polar and middle latitudes [Feldstein,

Fig. 12. Schematic representation of the current system of polar magnetic DP disturbance

in the Northern Hemisphere: (a) classical current system; (b) single-vortex system with

westward electrojet along the auroral oval; (¢) double-vortex with westward electrojet along
auroral oval. The solar direction is upward.
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1963a; Akasofu et al., 1965]; and a two-vortex system with a westward electro-
jet within the bounds of the auroral oval and an eastward electrojet in the even-
ing hours on & ~ 65° [Feldstein and Zaitzev, 1965b; Afonina and Feldstein,
1968].

" The main difference between the current systems of Figures 12¢, 12b, and 12¢
congists in the presence of a westward electrojet along the auroral oval, located
at ® ~ 67° at night, at & ~ 70° at 2100 LT and at & ~ 75° at 1800 LT. The
electrojet intensity decreases from night to day. We use the term ‘electrojet’ in
high-latitude regions where the lines of the ionospheric current system thicken
as a consequence of increased ionosphere conductivity due to injection of particles
of any sign. The occurrence of current systems of the types shown in Figures 12a,
12b, and 12¢ will result in a different direction of the perturbed vector at ® ~ 70°
for 2100-2200 LT (points A, B), and at ® ~ 75° for 0900-1000 LT, and also will
result in different magnitudes at ® ~ 75° and 67° at 1800 LT (points D, C).
The field variations during the evening hours from pairs of observatories located

CHELYUSKIN BARROW

.

Fig. 13. Direction and magnitude of magnetic field’s perturba-

tion vectors of generalized magnetic bay at Dixon-Chelyuskin

and Wellen-Barrow observations for the period November

1957-February 1958, The position of the points A and B is
shown in Figure 12.
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Fig. 14. Variation of the horizontal component AH and of the
vertical component Az of the bay-like perturbation field at the
geomagnetic longitude ~120° in evening (a, b) and night (¢) hours.

along approximately the same meridian are shown in Figure 13. One pair of sta-
tions (Chelyuskin and Barrow) is on & ~ 70°; the second (Dixon and Wellen)
is on ® ~ 65° (where the sign of the perturbed vector changes from positive to
negative at 2000-2100 L'T). At the time of the perturbed vector transition through
zero at Dixon and Wellen, the perturbation vector in Chelyuskin and Barrow is
directed toward the equator. The preferred direction of the perturbation vector
toward the equator at & ~ 70° at the time of the bay sign change from positive
to negative on ® ~ 65° was obtained earlier by Akasofu et al. [1965] and Aka-
sofu [1966b]. This is evidence of the extension of the westward electrojet from
the midnight to the evening sector, which follows also from the current systems
of Figure 12b and 12¢. The examination of DP field variations at Churchill and
Baker Lake at 0900-1000 LT also shows the preferred direction of the field to be
toward the equator on ® ~ 75°, which corresponds to the current systems of
Figures 12b and 12¢.

The values of the DP field at 1730 and 1700 UT (~1800 hours local
time) from a network of European stations are plotted in Figures 14a and 14b.
The magnetograms from the Bzornoya and Tromso observatories for separate
periods were kindly presented to us by O. Harang. The existence of two electro-

. jets may be noticed: (1) a weak eastward one on & ~ 66° (point D of Figure
12¢) and (2) an intense westward one on ® ~ 74° (point C of Figure 12¢). The
intense narrow westward current on ® ~ 74° cannot be explained by the closing
through the polar regions of the weak eastward current on ® ~ 66°. Near mid-
night LT (2130 UT, Figure 14c), there exists a single wide electrojet on ® ~ 68°.

Intense negative DP in the evening hours is accompanied by injection into
the ionosphere, on & ~ 74°, of intense particle fluxes. Two cases of negative DP
in the evening hours on Heis Island are shown in Figure 15. Such bays are always
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Fig. 15. Bay-like disturbances and absorption of cosmic noise at a fre-

quency of 32 MHz on March 5, 1964, and March 23, 1964, on Heis Island

(D = 74.3°, A = 144.1°), in Kiruna (® = 64.3°, A = 104.8°), and in Tixie
(® = 656°, A = 194.9°).

attended by a sharp increase in cosmic noise absorption, evidence of an increase
in the ionization of the upper atmosphere as a consequence of the injection of
electrons. (Riometer data were kindly made available by V. M. Driatsky.) The
overlapping of the zone of localization of negative bays with particle injection in
the evening hours, along with the character of the spatial distribution of the DP
field, provides the basis for the assumption that negative bays on & ~ 74° in
the evening sector are due to the westward electrojet.

Apparently the westward electrojet is not limited to ® ~ 67° only in the night
sector and spreads in the evening hours to higher latitudes. This fact supports
the existence of the currents systems shown in Figure 12 (b, c).

During nighttime the westward electrojet is located on the poleward side of
the boundary of trapped electrons [Craven, 1967]. The position of the equivalent
linear current in a period of negative DP and the boundary of the trapping region
of electrons with E = 280 kev (from data of the satellite 1963 38C) are plotted
in Figure 16 for the time interval 2300-0100 LT. The satellite data were kindly
made available by D. J. Williams [1967]. The position of the linear current was
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computed by the magnetograms of observatories situated no further than 15°
from the meridian of the trapping boundary as determined by the satellite. It
follows from the data of Figure 16 that the shift toward the pole of the linear
current and of the boundary of trapped electrons is synchronous and that the
current is always located on the poleward side of the trapping region.

There is an essential difference between the current systems represented in
Figures 12b and 12¢, concerning the currents in the evening sector on & ~ 66°.
According to Figure 12b the positive bays in the evening hours are due to a re-
turn current from the westward electrojet, and according to Figure 12¢, the posi-
tive bays are due to a return current from a separate eastward electrojet.

The fact that positive bay-like disturbances in the evening hours are not a
return current from the westward electrojet is substantiated by: (1) the presence
of negative bays in middle and low latitudes during the evening hours, whose
amplitude does not increase toward the equator; (2) the appearance at separate
times of large positive perturbed field vectors during the abrupt attenuation of
the westward electrojet; (3) the nonsynchronism in the growth and decay of the
eastward and westward electrojets; (4) the development of positive bays inde-
pendent of the negative ones; and (5) the measurements on OGO 2 in the storm
period of March 13-14, 1966, [ Langel and Cain, 1967].

The eastward current on & ~ 65° in evening hours is considered an electro-
jet, since (1) thickening (crowding) of current lines in the ionosphere current
system is noted; and (2) positive bays are attended by an ionization increase in
the ionosphere.

8§ 1 &8 9 W gur
5 n 8 LT
»
51 "1.../-—-%-"—"‘\/\- Fig. 17. Variations of the H- and Z-compon-
ents of the magnetic field and absorption of
'tl 32 MHz cosmic noise at Tixie during the
Y] 11 ——— evening hours of January 29, 1964.
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Fig. 18. Average daily values of (1) solar wind velocity
and of (2) the angle « at the station Alert.

The evening variations of the magnetic field on ® ~ 65° are plotted in Figure
17. The positive bay of ~200y at 1800-1900 LT is accompanied by an increase
of ~0.5 db in absorption at 32 MHz. According to Driatskiy [1968], whose
riometer data are shown in Figure 17, positive bays in winter are always accom-
panied by absorption increases of 0.2-0.5 db. The low value of absorption is due
to the fact that the ionization during positive bays is caused by injection of
protons [Pudovkin and Yevlashin, 1962; Baird, 1968].

Mansurov and Mansurova [1968] compared the direction of the ionospheric
current in the near-polar region with the mean daily values of solar-wind veloc-
ity from the data of Snyder et al. [1963]. Certain periods were noted, such as
that shown in Figure 18, when similar behavior was observed between the solar-
wind velocity ¥V and the angle between the current direction and the midday
meridian plane. Apparently a definite connection exists between the current direc-
tion in the near-polar region and the solar-wind velocity, which determines the
direction of the interplanetary magnetic field. The cyclical variation of the angle
« allowed an estimate of the solar-wind velocity ratio from maximum to mini-
mum as equal to 1.7. It was found that the value of the angle a, read from the
magnetosphere’s axis of symmetry and theoretically determined by Walters
[1964] for the Mariner 2 flight period, coincides with the direction of the inter-
planetary magnetic field.

VARIATIONS OF THE MAGNETIC FIELD IN THE
NEAR-POLAR REGION
There exist in the near-polar region, even on exceptionally magnetoquiet
summer days, magnetic field variations of irregular character in time [Bobrov,
1961; Fukushima, 1962]. During these disturbances at latitudes 65° < & < 68°
in nighttime, the magnetic field is quiet. Such disturbances, taking place mostly
in daytime with maxima during the summer solstice, were called ‘permanent’ by
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Mayaud [1955]. Permanent disturbances are characterized by a high level of
short-period field fluctuations.

Nagata and Kokubun [1962] reported an additional variation at high lati-
tude, denoted by S.. Its summer current system in the northern hemisphere is
illustrated in Figure 19. According to Akasofu [1966b], Feldstein and Zaitzev
[1967], and Mansurov and Mansurova [1967], it is not free from the influence
of DP disturbance electrojets.

Nishida [1968] obtained a current system for high latitudes analogous to the
one shown in Figure 19. It was obtained during a period of K, = 3+ and encom-
passed the entire terrestrial globe. It is also probably not free from the influence
of DP and from the asymmetrical part of DR, which contributes to 0.5- to 1.5-
hour field variations at lower latitudes.

The space-time distribution of magnetic field vector variations during uni-
versally magnetoquiet summer days during the IGY was computed as departures
from values in the near-midnight hours of exceptionally quiet periods [Feldstein
and Zaitzev, 1967; 1968b]. Kawasaki and Akasofu [1967] determined the vector
field variations from the exceptionally quiet day of May 8, 1964, as departures
from average daily values. The respective field vector distributions are shown in
Figure 20. Despite the difference in methods of separating out vector variations,
the following similar results were obtained: (1) the field variations encompass
mainly the daytime side of the polar cap; (2) from 70° < ® < 80° at 1200 to
1800 UT, field vectors are mostly directed toward the pole, and for ® > 80° they
are directed toward the sun; (3) the distribution of field vectors differs essen-
tially from DP. The current system describing the field distribution of the com-
plementary variation in exceptionally magnetoquiet periods is illustrated in Fig-
ure 21. For internationally magnetically quiet days, it was obtained byFeldstein
and Zaitzev [1967, 1968b] and consists of a single vortex, situated on the day-
time side of the earth, with a counterclockwise current.

These current systems are in good agreement with the distribution of the
disturbance field in isolated periods of very quiet summer days [Fairfield, 1963],

Fig. 19. Equivalent current system during

international magnetoquiet days for the

summer solstice of the IGY period after

Nagata and Kokubun [1962]. There are
2 X 10t amperes between current lines.
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Fig. 21. Equivalent current system of DPC in

magnetoquiet periods of international quiet days for

the summer solstice of the IGY period. There are
104 amperes between current lines.

as well as with the complementary field variations of April 1, 1964, at 1100-1200
UT [Ivanov and Mikerina, 1967]. The current systems so obtained characterize
the smooth additional variations of the field in the near-polar region, called by
us DPC (polar cap disturbances).

At high latitudes the DPC variation is observed not only on magnetoquiet
days but also during magnetic disturbances. Its intensity in the summer season
increases with the rise of K, [Nagata, 1968; Feldstein and Zaitzev 1968a]. The
existence of DPC in magneto-disturbed days explain the different distribution of
horizontal and vertical components of the perturbed vector on international
magneto-disturbed days in winter and summer.

The smooth DPC field variations do not disappear even in exceptionally
magnetically quiet periods (K, = 0,).

Plotted in Figure 22 are magnetograms from a series of northern high-
latitude observatories from May 12, 1964, from 1500 to 1800 UT with K, = 0.
During this period the Resolute Bay and Mould Bay observatories entered the
region of the DPC current eddy, and distinct field variations from ~50y to 80y
are observed for a quiet field in the auroral zone at night. Kawasakti and Akasofu
[1967] noted the presence of DPC variations on May 8, 1964, with K, = 0,.
Therefore, observations during the IQSY confirmed the permanent existence of
DPC variations in the near-polar region for K, = 0,.

The location of the DPC current system on the dayside with its center at
the latitude of the oval zone is evidence of the fact that the existence of DPC is
due to continuous plasma injection through the neutral line toward the daytime
side of the near-polar region even in exceptionally magnetically quiet days.

The solar-wind parameters may vary in short time periods, and these varia-
tions are naturally reflected in the intensity of the DPC variation. The DPC
variation is seen as sharp field increases in near-polar observatories with a quiet
field on the nightside of the auroral zone. The variations of 0.5- to 1.5-hour dura-
tion are super-imposed on the smooth variations described by the DPC-type
current system of Figure 21. When computing the field vectors characterizing
such disturbances, it is easy to eliminate the uncertainty connected with the
choice of a threshold level.
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The distribution of field vectors for two concrete cases of disturbances at
K =1 and 1+ is plotted in Figure 23. The magnitude and direction of the vec-
tors agree well with the DPC current system obtained during the statistical
analysis of the field of magnetic disturbances in the near-polar region during
magnetoquiet periods. The similarity of the current system is evidence that (1)
isolated, well-defined disturbances in the near-polar region in magnetoquiet pe-
riods are the consequence of sharp, sporadic enhancements of the DPC current
system, and that (2) the form of the DPC current system is independent of the
choice of the threshold level of the perturbation vector and is characterized by
an intense current eddy on the dayside of the earth, shifted to the evening hours.

Mansurov and Mansurova [1965] obtained for an isolated disturbance on
the magnetoquiet day of December 12, 1958, the distribution shown in Figure 23
of field vectors in the southern polar region after a solar chromospheric flare. In
the same paper there is a note that during the summer on magnetically quiet days
an additional mechanism exists which generates a zonal current system within
the circumpolar region having a direction from the morning toward the evening
hours. This zonal system is not connected with the current system S, and there-
fore is basically different from the above-suggested DPC system, which mainly
contributes to field variations in the circumpolar region on quiet days.

Comparison of the magnitude of vectors at K, = 1 and K, = 1+ yields evi-
dence of sharp enhancement of the DPC current eddy intensity with the increase
of K, and appearance in the postmidnight hours of bay-like disturbances in the
latitudes of the oval zone. It is possible that these bays are caused by inflow of
a part of the current from the daytime side of the near-polar region through a
channel of higher conductance along the auroral oval, but it is not ruled out that
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Fig. 23. Space-time distribution of the perturbed vector for (a) May 4, 1964, at 1036 UT

with K, = 1 and for (b) July 10, 1964, at 2010 UT with K, = 1 4. The coordinate net is

geomagnetic. The solar direction is indicated by a circle at the edge of the map. The cross
indicates the geographic pole.

on the nightside, as DPC are enhanced, bays appear as a consequence of particle
injection from the magnetosphere tail.

Various mechanisms leading to variation of the magnetic field in the near-
polar region are considered by Wescott and Mather [1965], Akasofu and Ka-
wasaki [1968], and Shabanskiy [1968].

Starting from the fact that DPC and DP are different components of the
perturbed field at high latitude, the DS variation (or its value Sp, averaged over
disturbed days) should be assumed to be a complex phenomenon that, at high
latitude, would be the sum of component parts, DS = DPy + DPy + DPC.

The ratio between the various DS components varies in the course of a storm
and of the solar activity cycle. At the same time, isolated DS components are
tightly linked with the structure of the magnetosphere: (1) the westward electro-
jet is located on the near-polar side of the boundary of closed geomagnetic field
lines, branching into the near-polar and middle latitudes; and (2) there exist, on
the dayside in the region of the neutral line, permanent disturbances arising as
a consequence of solar wind interaction with the geomagnetic field.
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ADDENDUM

The opinion was expressed by Mishin et ai. [1968] that the concept of an
oval zone is a consequence of insufficient data or of incorrect data processing and
that the concept of two quasi-circular zones of injection situated at ® ~ 77° and
® ~ 67° corresponds more correctly to contemporary data concerning geomag-
netic activity in polar auroras.

Let us consider the fundamental data upon which this conclusion is based.

Space-time distribution of magnetic activity. The isolines of the hourly
amplitude of the horizontal component ry¥ [Zhigalov, 1967; Loomer and Whit-
ham, 1963] and of the Q index [Feldstein, 1963a] are plotted in coordinates ¢
and ¢ in Figures 24a, b, and c. The data shown correspond more closely to the
oval zone, along which the intensity of a disturbance decreases from the night-
time to the daytime hours, than to two quasi-circular zones. These data were
obtained from the averaging of observations from stations situated at different
longitudes, as well as along a single meridian.

From the space-time distributions of rg?, according to Mishin et al. [1966]
and Mishin and Troshichev [1966], shown in Figure 25 for the winter season, the
existence of two quasi-circular zones of magnetic disturbances is not clearly evi-
dent. One may speak either about one zone at ® ~ 65° in Figures 250 and 25b,
or of the circular zone at ® ~ 67° plus an oval distribution in Figure 25¢. Con-
sequently, there are not two discrete zones on & ~ 77° and ® ~ 67° in Figure 25
separated by a minimum in intermediate latitudes during the morning and even-
ing hours.

A look at the observatory magnetograms for & ~ 65° (for example, Dixon
and Kiruna) shows that at these observatories the magnetic field is, as a rule,
quiet in midday. In magnetoquiet days there is hardly a zone of maximum ac-
tivity on these latitudes.

In connection with the sharp enhancement of permanent magnetic disturb-
ances on the daytime of the oval for the summer season, the magnetic activity
has maxima on the day- and nightsides of the oval, which does not contradict
the concept of oval zone.

Space-time distribution of polar auroras. The variation in the frequency
of auroral appearance at various longitudes in the course of a day is shown in
Figure 26 according to Khorosheva [1967]. It may be seen that when data are
averaged in a large longitudinal interval, a scatter exists in the latitude distribu-
tion of polar auroras; nevertheless, maxima in the latitude distribution unam-
biguously point to the existence of the oval. This is precisely the conclusion ob-
tained by Feldstein [1963D].

If, as considered by Mishin et al. [1968], there existed two quasi-circular
zones at ® ~ 77° and & ~ 67°, the probability of appearance of auroras in morn-
ing and evening hours at & ~ 73°-75° would be much less than at 67° and 77°.
However, polar auroras are nearly always observed at zenith in the morning and
evening hours at Baker Lake (® = 75°).

Radio-reflections from polar auroras. Plotted in Figure 27 is the position of
the southern boundary of the scattering region according to Bates [1966], and
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it agrees well with the position of the auroral oval. The scattering region, as does
the auroral oval, exists practically continuously day and night. Multiple-ire-
quency sounding for the determination of the position of the radiowave scatter-
ing region at high latitudes [Bates, 1966] appears at present the most reliable
radar method for determining the oval’s position.

Other arguments, presented by Mishin et al. [1968], are not contradictory
to the concept of an oval zone:

1. the presence of gaps between the day and night portions of the auroral

oval,

10
a [T ] C. "3
Fig. 26. Variation with latitude of the frequency of auroral appearance at various hours
of local time: (@) Eastern Hemisphere A = 120° E (USSR stations); (b) Western Hem-
isphere A = 95° W; (c) average for USSR (1). Scandinavian (2), and American (3) stations.
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2. the independence of day and night auroral shapes,

3. the circular shape of the boundary of stable trapping of electrons accord-
ing to data of Alouette 2,

4. precipitation of electrons with energies in tens of kev at & ~ 67°-70°,

5. the presence of an eastward electrojet, since a westward current is con-
nected with the auroral oval,

6. the difference in regularities characteristic of the magnetic disturbance on
the day- and nightsides of the earth, and

7. the difference in the energies of particles responsible for the activity in
daytime at ® ~ 77° and nighttime at & ~ 67°.

It is surprising how the concept of Mishin et al. [1968] agrees mainly with
the zones of injection discussed by Hartz and Brice [1967], Oguti [1966], and
Sanford [1964], whereas the fact of an oval symmetry for a series of geophysical
phenomena is asserted in the three indicated works.

Thus, it follows from the above that the concept of an oval zone is fruitful
for explaining regularities in the course of numerous geophysical events at high
latitudes, e.g., discrete forms of auroras, variations of the magnetic field, the
region of auroral radiowave scattering, the zone of precipitation of electrons with
E < 10 kev, and others.

There is also no doubt that in order to explain the space-time characteristics
of a number of other geophysical phenomena, such as diffusive polar auroras,
cosmic noise absorption, boundaries of stable trapping of electrons with £ > 40
kev, and others, circular symmetry is indicated; consequently, the concept of a
quasi-circular zone at ® ~ 65°-70° is appropriate.

60—
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Fig. 27. Mean geomagnetic latitude of the south-

ern boundary of the radio-wave scattering belt

in 1965, as a function of the geomagnetic time

for the indicated K, intervals, The data for @
< 68° are not available,



POLAR AURORAS AND POLAR SUBSTORMS 213

REFERENCES

Afonina, R. G., and Y. I. Feldstein, Magnetic activity in high latitudes of the northern
hemisphere in the IGY and IQSY period, in Aurora and Airglow, p. 18, 1968a.

Afonina, R. G, and Y. I. Feldstein, Polar magnetic disturbances and energetic particles
intrusion into the ionosphere, Kosmicheskie Issledovania, 6, 150-153, 1968. [Cosmic Res.
(English I'ransl.), 6, 1968].

Akasofu, S. I., The development of the auroral substorm, Planetary Space Sci., 12, 273-282,
1964.

Akasofu, S.-I., The auroral oval, the auroral substorm and their relation with the internal
structure of the magnetosphere, Planetary Space Sci., 14, 587-595, 1966a.

Akasofu, S.-I., Electrodynamics of the magnetosphere: geomagnetic storms, Space Sci. Rev., 6,
21-143, 1966b. :

Akasofu, S-I., The ionosphere as the buse of the magnetosphere, Ann. IQSY, 4, in press,
1968a.

Akasofu, S.-I., The magnetosphere and magnetospheric substorm, Ann. Geophys., 24, 507-
512, 1968b.

Akasofu, 8.-I., and J. C. Cain, The magnetic field of the radiation belts, J. Geophys. Res., 67,
4078-4080, 1962.

Akasofu, S-I., and S. Chapman, A study of magnetic storms and auroras, Geophys. Inst.
Sci. Rept. 7, NSF Grant Y/22, 6/327, 1-209, 1961.

Akasofu, 8.-I.,, and S. Chapman, The lower limit of latitude (US sector) of northern quiet
auroral arcs and its relation to Dsr (H), J. Atmospheric Terrest. Phys., 25, 9-12, 1963.

Akasofu, S-I., 8. Chapman, and C. J. Meng, The polar electrojet, J. Atmospheric Terrest.
Phys., 27, 1275-1305, 1965.

Akasofu, S.-I. and K. Kawasaki, Polar S, variation, Preprint, 1968.

Alfvén, H., Cosmical Electrodynamics, Clarendon Press, Oxford, 1950.

Alfvén, H., On the electric field of magnetic storms and aurorae, Tellus, 7, 50-62, 1955.

Alfvén, H., Note on the ‘Auroral oval,’ J. Geophys. Res., 72, 3503, 1967.

Atkinson, G., The current system of geomagnetic bays, J. Geophys. Res., 72, 6063-6067, 1967,

Axford, W. I, H. E. Petschek, and G. L. Siscoe, Tail of the magnetosphere, J. Geophys. Res.,
70, 1231-1236, 1965.

Baird, G. A.,, On the production of sporadic E near the geomagnetic pole, Can. J. Phys., 48,
78-80, 1968.

Bates, H, F., Latitude of the dayside auroras, J. Geophys. Res., 71, 3629-3634, 1966.

Bates, H. F, A. E, Belon, G. J. Romick, and W, J. Stringer, On the correlation of optical and
radio auroras, J. Atmospheric Terrest. Phys., 28, 439-446, 1966.

Behannon, K. W., Initial mapping of the earth’s bow shock, magnetosheath, and magnetic tail
by Explorer 33, J. Geophys. Res., 73, 97-930, 1968.

Behannon, K. W., and N. F. Ness, Magnetic storms in the Earth’s magnetic tail, J. Geophys.
Res., 71, 2327-2352, 1966.

Besprozvanaja, T. S., and G. N. Gorbushina, The morphology of disturbed ionosphere in high
latitudes, in Gidrometeoizdat, 5-123, Leningrad, 1965.

Birkeland, K., The Norwegian aurora polaris expedition 1902-1903, Christiania, section 1,
1908.

Bobrov, M. 8., All planetary representation of geomagnetic disturbances of corpuscular origin,
Solar Actwvity, 1, 36-97, 1961.

Bostrém, R., Currents in the ionosphere and magnetosphere, Ann. Geophys., 24, 681-694, 1968.

Burch, J. L., Low-energy electron fluxes at latitudes above the auroral zone, J. Geophys. Res.,
78, 3585-3591, 1968.

Chapman, 8., The electric current system of magnetic storms, Terrest. Magnet. Atmospheric
Elec., 40, 349-370, 1935.

Cole, K. D., Magnetic storms and associated phenomena, Space Sci. Rev., §, 699-770, 1966.

Craven, J. D., Low-altitude observation of the high-latitude cutoff of electron (E & 40 kev)
intensities during magnetic bays in the auroral zones (abstract), T'rans. Am. Geophys.
Union, 48, 181, 1967.



214 Y. I. FELDSTEIN

Davis, T. N., Worldwide auroral morphology, in Aurora and Airglow, edited by B. M.
Mc Cormac, pp. 41-58, Reinhold, New York, 1967.

Dessler, A. J.,, Length of magnetospheric tail, J. Geophys. Res., 69, 3013-3918, 1964.

Dessler, A. J., Solar-wind interaction, Ann. Geophys., 24, 333-340, 1968.

Driatzky, V. M., A Daily variation of auroral absorption within the auroral zone, Geomag-
netizm © Aeronomiya, 8, 42-49, 1968. [ Geomagnet. Aeron. (English Transl.), 8, 33-38, 1968].

Dungey, J. W., Interplanetary magnetic field and the aurorae zone, Phys. Rev. Letters, 6,
47-48, 1961. .

Dungey, J. W., The length of the magnetospherie tail, J. Geophys. Res., 70, 1753, 1965,

Eviator, A., A. M. Lenchek, and S. F. Singer, Distribution of density in an ion-exosphere of a
nonrotating planet, Phys. Fluids, 7, 1775-1779, 1964. '

Fairfield, D. H., Ionosphere current patterns in high latitudes, J. Geophys. Res. 68, 3589
3609, 1963.

Feldstein, Y. I., Geographical distribution of aurora and azimuth of auroral arcs, in Investiga-
tion of the Aurorae, Acad. Sci. USSR, 4, 61-78, 1960.

Feldstein, Y. I., The morphology of aurora and geomagnetism, in Aurora and Airglow, 10,
121-125, 1963a.

Feldstein, Y. I, Some problems concerning the morphology of auroras and magnetic dis-
turbances at high latitudes, Geomagnetizm 1 Aeronomiya, 8, 227-239, 1963b. [Geomagnet.
Aeron. (English Transl.), 3, 183-192, 1963b.]

Feldstein, Y. I., Peculiarities in the aurora distribution and magnetic disturbance distribution
in high latitudes caused by the asymmetrical form of the magnetosphere, Planetary Space
Sci., 14, 121-130, 1966a.

Feldstein, Y. 1., Position of the oval auroral zone on the nightside of the earth on mag-
netically quiet days, Geomagnetizm 1 Aeronomiya, 6, 894-900, 1966b. [Geomagnet. Aeron.
(English Transl.), 6, 693-697, 1966b).]

Feldstein, Y. 1., Polar'geomagnetic disturbances, Space Res., 8, 266-292, 1968.

Feldstein, Y. I, S. I. Isaev, and A. I. Lebedinsky, Phenomenology and morphology of
aurora, Ann. IQSY, 4 (in press) 1968a.

Feldstein, Y. I, L. V. Lukina, and B. G. Belousov, Auroral movements in the near-polar
region, Inf. Bull. Soviet Ant. Ezped. (in press), 1968b.

Feldstein, Y. I., A. D. Shevnin, and G. V. Starkov, Auroral oval and magnetic field in the
tail of the magnetosphere, Ann. Geophys. 24, 517-520, 1968c.

Feldstein, Y. I, and G. V. Starkov, Dynamiecs of auroral belt and polar geomagnetic dis-
turbances, Planetary Space Sct., 15, 209-229, 1967.

Feldstein, Y. I., and G. V. Starkov, Auroral oval in the IGY and IQSY period and a ring
current in the magnetosphere, Planetary Space Sci., 16, 120-133, 1968.

Feldstein, Y. I, and A. N. Zaitzev, Disturbed solar-diurnal variations at high latitudes during
the IGY, Geomagnetizm © Aeronomzya, 5, 477-486, 1965a [Geomagnet. Aeron. 5, (English
Transl.), 367-374, 1965a.]

Feldstein, Y. I., A. N. Zaitzev, Current system of Sp variations at high latitudes in winter
during the IGY, Geomagnetizm © Aeronomiya, 5, 1123-1124, 1965b. [Geomagnet. Aeron. 6,
(English Transl.), 5, 884-885, 1965b.]

Feldstein, Y. I., A. N. Zaitzev, Variation of the magnetic field in high latitudes on calm days
of the IGY summer, Geomagnetizm ¢ Aeronomiya, 7, 204-206, 1967. [Geomagnet. Aeron.
(English Tranpsl.), 7, 160-162, 1967.]

Feldstein, Y. I, and A. N. Zaitzev, Magnetic field variations at high latitudes and the structure
of the geomagnetic field in the magnetosphere, Kosmicheskie Issledovania, 6, 155-157,
1968a. [Cosmic Res. (English Trans.), 6, 1968a.]

Feldstein, Y. 1., and A. N. Zaitzev, Quiet and disturbed solar-daily variations of magnetic field
at high latitudes during the IGY, Tellus, 20, 338-366, 1968b.

Frank, L. A., On the extraterrestrial ring current during geomagnetic storms, J. Geophys. Res.,
72, 3753-3768, 1967.

Frank, L. A,, J. A. Van Allen, and J. D. Craven, Large diurnal variation of geomagnetically
trapped and of precipitated electrons observed at low altitudes, J. Geophys. Res., 69,
3155-3167, 1964.



POLAR AURORAS AND POLAR SUBSTORMS 215

Fritz, H,, Das Polarkcht, Leiprig, Brockhaus, 1881.

Freeman, J. W., and J. J. Maguire, Gross local-time particle asymmetries at the synchronous
orbit altitude, J. Geophys. Res., 72, 5257-5264, 1967.

Freeman, J. W., and J. J. Maguire, On the variety of particle phenomena discernible at the
geostationary orbit via the ATS 1 satellite, Ann. Geophys., 24, 205-303, 1968.

Fukushima, N., Equivalence in ground geomagnetic effect of Chapman-Vestin’s and Birkeland
Alfvén’s electric current system for polar magnetic storms, Preprint, 1968.

Fukushima, N., Morphology of magnetic storms, J. Phys. Soc. Japan, 17, 70-76, 1962.

Fukushima, N., Polar Magnetic Storms and Geomagnetic Bays, J. Fac. Sci. Univ. Tokyo 8,
293412, 1953.

Geophysical Institute Annual Report 1965-1966, 25, University of Alaska, College, Alaska, 1967.

Gosling, J. T., and J. R. Asbridge, S. J. Bame, and I. B. Strong, Vela 2 measurements of the
magnetopause and bow shock positions, J. Geophys. Res., 72, 101-112, 1967.

Hartz, T. R., N. M. Brice, The general pattern of auroral particle precipitation, Planetary
Space Sct., 15, 301-329, 1967.

Heppner, J. P., M. Sugiura, T. L., Skillman, B. G. Ledley, and M. Campbell, OGO A magnetic
field observations, J. Geophys. Bes., 72, 5417-5471, 1967.

Hoffman, R. A., and P. A. Bracken, Higher-order ring currents and particle energy storage
in the magnetosphere, J. Geophys. Res., 72, 6039-6049, 1967.

Hones, E. W., Motions of charged particles trapped in the earth magnetosphere, J. Geophys.
Res., 68, 1209-1219, 1963.

Hultqvist, B., The aurora, in Physics of Geomagnetic Phenomena, edited by S. Matsushita
and W, H. Cambell, Academic Press, pp. 663-792, New York, 1967.

Hultgvist, B., Auroral particles, Ann. Geophys., 24, 563-582, 1968,

Ivanov, K. G., About plasma injection in the magnetosphere during ihe main phase of a
magnetic storm, IZMIRAN, Moscow, USSR, Preprint, 1967.

Ivanov, K. G., and N. V. Mikerina, Geomagnetic storm of April 1-2, 1964, at the surface of
the earth and in the tail of the magnetosphere: Instability of the neutral sheet, Geomag-
netizm ¢ Aeronomiya, 7, 1036-1040, 1967. [ Geomagnet. Aeron. (English Transl.), 7, 840-843,
1967.1

Jacka, F., and F. R. Bond, Optical auroral morphology, Ann. Geophys., 24, 547-554, 1968,

Johnson, R. G., R. D. Sharp., M. F. Shea, and G. B. Shook, Satellite observation of two dis-
tinct dayside zones of auroral electron precipitation (abstract), Tran. Am, Geophys. Union,
47, 64, 1966.

Kawasaki, K., and S.-I. Akasofu, Polar solar daily geomagnetic variations on exceptionally
quiet days, J. Geophys. Res., 72, 56363-6371, 1967.

Khorosheva, O. V., The diurnal drift of the closed auroral rings, Geomagnetizm t Aeronomiya,
2, 839-850, 1962 [Geomagnet. Aeron. (Epglish Transl.) 2, 696-705, 1962.]1

Khorosheva, O. V., The extent of the auroral arc and their orientation in space, Geomagnetizm
i Aeronomiya, 3, 363-366, 1963. [Geomagnet. Aeron. (English Transl.), 3, 294-297, 1963.1

Khorosheva, O. V., Spatial-temporal propagation of aurorae, in Aurora and Airglow, 16, 3-84,
1967.

Krassovsky, V. I., Auroras, Kosmicheskie Issledovania, 5, 71-81, 1967 [Cosmic Res. (English
Transl.), 6, 62-69, 1967]

Langel, R. A, and J. C. Cain, OGO 2 magnetic field observations during the magnetic storm
of March 13-15, 1966, 2, The polar electrojet, Goddard Space Flight Center, Preprint
X-612-67-473, 1967.

Lassen, K., Geographical distribution and temporal variation of polar aurorae, Det Danske
Meteoral. Inst., 16, 5-79, 1963.

Lassen, K., Polar cap aurora, in Aurora and Airglow, edited by B. M. McCormac, 453-464,
Reinhold, New York, 1967,

Loomer, E. I., and K. Whitham, On certain characteristics of irregular magnetic activity ob-
served at Canadian magnetic observatories during 1960, Publ. Domin. Observ., Ottawa,
27, 75-81, 1963.

Lund, D. 8, R. D. Hunsucker, H. F. Bates, and W. B. Murcray, Electron number densities



216 Y. I. FELDSTEIN

in auroral irregularities: Comparison of backscatter and satellite data, J. Geophys. Res.,
72, 1053-1059, 1967.

Maehlum, B. N., Satellite and rocket observations in the auroral zone, Ann. Geophys., 84,
275-284, 1968a.

Maehlum, B. N., Universal time control of the low-energy electron fluxes in the polar regions,
J. Geophys. Res., 78, 3459-3468, 1968b.

Maehlum, B., and B. J. O'Brien, Study of energetic electrons and their relationship to auroral
absorption of radio waves, J. Geophys. Res., 68, 997-1010, 1963.

Mansurov, S. M., and L. G. Mansurova, Some characteristics of geomagnetic variations in
polar regions, Geomagnetizm i Aeronomiya, 5, 740-744, 1965 [Geomagnet. Aeron. (English
Transl.) 5, 572-575, 1965.]

Mansurov, 8. M., and L. G. Mansurova, Variations of the magnetic field in Antarctica charac-
teristic of the quiet state of the magnetosphere, Geomagnet. Invest., 9, 134-139, 1967.
Mansurov, 8. M., and L. G. Mansurova, About the direction of ionospheric current in near-
polar region, Dokladi Mezduvedomstvenot Comissii po Izuchenij Antarctiki, 1967, Nauka

Publishing House (in press), 1968.

Mayaud, P, N., Expedicion Antartica Terre Adelie 1951-1952, Magnetisme Terrestre, 2, 1-128,
Paris, 1955.

Mec Diarmid, I. B, and J. R. Burrows, High-latitude boundary of the outer radiation zone
at 1000 km, Can. J. Phys., 42, 616-626, 1964.

Mec Diarmid, I. B,, and J. R. Burrows, Local time asymmetries in the high-latitude boundary
of the outer radiation zone for different electron energies, Can. J. Phys., 46, 40-62, 1968.

Mead, G. D., Deformatation of the geomagnetic field by the solar wind, J. Geophys. Res.,
69, 1181-1196, 1964.

Mihalov, J. D,, D. S. Colburn, R. G. Currie, and C. P. Sonnet, Configuration and reconnec-
tion of the geomagnetic tail, J. Geophys. Res., 73, 943-959, 1968.

Mishin, V. M., and O. A. Troshichev, About the zones of the maximum magnetic activity in
high latitudes: geomagnetism, aurora, VLF emission, 133-141, Irkutsk, 1966.

Mishin, V. M., O. A. Troshichev, and V. D. Urbanovich, Distribution of magnetic activity
in high latitudes, Geomagnet. Res. 8, 94-101, 1966.

Mishin, V. M., L. I. Saifudinova, and I. A. Zhulin, A magnetosphere model based on two zones
of precipitation, energetic particles, J. Geophys. Res., submitted for publication, 1968.
Nagata, T., Polar magnetic disturbances and conjugate point phenomena in the IQSY period,
University Pittsburgh, Department of Earth and Planetary Science, Pittsburgh, Penna.,

Preprint, 1968.

Nagata, T., and N, Fukushima, Constitution of polar magnetic storms, Rep. Tonosph. Res.
Japan, 6, 85-96, 1952,

Nagata, T., and N. Fukushima, Morphology of magnetic disturbance, Handbuch der Physik,
49, 1-130, 1968,

Nagata, T., and S. Kokubun, An additional geomagnetic daily variation field (S;? field) in
the polar region on geomagnetically quiet day, Rep. Ionosph. Space Res. Japan, 16,
256-274, 1962.

Ness, N. F,, The earth’s magnetic tail, J. Geophys. Res., 70, 2989-3005, 1965.

Ness, N. F.,, and D. J. Williams, Correlated magnetic tail and radiation belt observations,
J. Geophys. Res., 71, 322-325, 1966.

Nikolsky, A. P., On the second zone of increased intensity of magnetic disturbances in the
near-polar region, Proc. Arctic Antarctic Inst., 83, 5-83, Leningrad, 1956.

Nishida, A., Geomagnetic DP, fluctuations and associated magnetospheric phenomena, J.
Geophys. Res., 78, 1795-1803, 1968.

Obayashi, T., The interaction of the solar wind with the geomagnetic field during disturbed
conditions, in Solar-Terrestrial Physics, edited by J. W. King and W. S. Newman, pp. 107-
168, Academic Press, New York, 1967.

Obayashi, T., and A. Nishida, Large-scale electric field in the magnetosphere Space Sci. Rev.,
8, 3-31, 1968

O’Brien, B. J., A large diurnal variation of the geomagnetically trapped radiation, J. Geophys.
Res., 68, 989-995, 1963.



POLAR AURORAS AND POLAR SUBSTORMS 217

O'Brien, B. J., High-latitude geophysical studies with satellite Injun 3, 3, Precipitation of
electrons into the atmosphere, J. Geophys. Res., 69, 13-43, 1964.

O'Brien, B. JI., Satellite observations of particle fluxes and atmospheric emissions, in Aurora
and Airglow, edited by B. M, McCormac, pp. 623-642, Reinhold, New York, 1967.

O’Brien, B. J.,, and H. Taylor, High-latitude geophysical studies with satellite Injun 3, 4,
Auroras and their excitation, J. Geophys. Res., 69, 45-63, 1964.

Oguti, T., Interrelations of upper atmosphere disturbance phenomena in the auroral zone,
Jap. Res. Ezped., 29-52, 1966.

Oguti, T., and K. Marubashi, Enhanced ionization in the ionospheric F» region around
geomagnetic noon in high latitudes, Rept. Ionosph. Space Res. Japan, 20, 96-100, 1966.

Ohl, A. I., Long-period gigantic geomagnetic field pulsations Geomagnetizm it Aeronomiya,
3, 113-120, 1963 [Geomagnet. Aeron. (English Transl.), 3, 90-95, 1963.1

Parker, E. N., Newtonian development of dynamical properties of ionized gases of low
density, Phys. Rev., 107, 924-933, 1957.

Piddington, J. H., The magnetosphere and its environs, Planetary Space Sct., 13, 363-376, 1965a.

Piddington, J. H., The morphology of auroral precipitation, Planetary Space Sci, 13, 565-577,
1965b.

Piddington, J. H., A theory. of auroras and the ring current, J. Atmospheric Terrest. Phys.,
29, 87-105, 1967.

Pletnev, V. D., G. A, Skuridin, V. P, Shalimov, and I. N. Shvachunov, Dynamics of geo-
magnetic trap and origin of the earth’s radiation belts, Geomagnetizm ¢ Aeronomiya, 5,
626-644, 1965 [Geomagnet. Aeron. (English Transl.), 5, 485498, 1965.]

Pudovkin, M. I, and L. S. Yevlashin, Spatial relationship between auroras and electric
currents in the ionosphere, Geomagnetizm t Aeronomiya, 2, 669-673, 1962, [Geomagnet.
Aeron. (English Transl.), 2, 557-560, 1962.]1

Pudovkin, M. I, O. I. Shumilov, and S. A. Zaitzeva, Dynamics of the zone of corpuscular
precipitations, Planetary Space Sci., 16, 881-890, 1968.

Raspopov, O. M., Possible excitation mechanism of type P:2 geomagnetic field pulsations
Geomagnetizm ¢ Aeronomiya, 8, 325-329, 1968 [Geomagnet. Aeron. (Epglish Transl), 8,
257-260, 1968.]

Rostoker, G., A critical study of the possible modes of propagation of P:2 micropulsation
activity over the earth’s surface, Ann. Geophys., 24, 253-260, 1968,

Sandford, B. P., Aurora and airglow intensity variations with time and magnetic activity at
southern high latitudes, J. Atmospheric Terrest. Phys., 26, 749-769, 1964,

Serbu, G. P., and E. J. R. Maier, Low-energy electrons measured on IMP-2, J. Geophys. Res.,
71, 3755-3766, 1966.

Shabanskiy, V. P., Magnetospheric processes and related geophysical phenomena, Space Sct.
Rev,, 8, 366-454, 1968,

Sharp, R. D., J. B. Reagan, 8. R, Salisbury, and L. F. Smith, Direct measurement of auroral
electrons of low energies, J. Geophys. Res., 70, 2119-2127, 1965.

Shevinin, A. D., and Y. I. Feldstein, Dimensions the tail cross-section for different intensities
of DP, Kosmicheskie Issledovaniya, 6, 1968 [Cosmic Res. (English Transl.) 6, 1968.]
Shevinin, A. D., Y. I. Feldstein, and G. V. Starkov, Auroral oval and ring current in the
earth magnetosphere, Kosmicheskie Issledovaniya, 6, 598-608, 1968 [Cosmic Res. (English

Transl.) 6, 1968.]

Snyder, C. W., M. Neugebauer, and U. R. Rao, The solar-wind velocity and its correlation
with cosmic-ray variations and with solar and geomagnetic activity, J. Geophys. Res.,
68, 6361-6369, 1963. -

Speiser, T. W.,, and N. F. Ness, The netural sheet in the geomagnetic tail, its motion,
equivalent currents and field line connection through it, J. Geophys. Res., 72, 131-142, 1967,

Starkov, G. V., Aurora altitudes in the polar cap, Geomagnetizm i Aeronomiya, 8, 36-41,
1968 [Geomagnet. Aeron. (English Transl. 8, 28-32, 1968.1

Starkov, G. V., and Y. 1. Feldstein, Scheme of an elementary disturbance in auroras on the
dayside of the earth, Geomagnetizm i Aeronomiya, 7, 367-369, 1967 [Geomagnet. Aeron.
(English Transl., 7, 294-296, 1967.].

Starkov, G. V., Y. 1. Feldstein, and A. D. Shevenin, Magnetic field in the magnetosphere tail



218 Y. I. FELDSTEIN

and its dimensions, Kosmicheskie Issledovaniya, 6, 153-154, 1968. [Cosmic Res., (English
Transl.), 6, 1968.1

Stérmer, C., The Polar Aurora, Clarendon Press, Oxford, 1955.

Stringer, W. J., and A. E. Belon, The morphology of the IQSY auroral oval, 1, Interpretation
of isoauroral diagrams, J. Geophys. Res., 72, 4415-4421, 1967.

Stringer, W. J,, A. E. Belon, and S.-I. Akasofu, The latitude of auroral activity during periods
of zero and very weak magnetic disturbance, J. Atmospheric Terrest. Phys., 27, 1039-
1044, 1965.

Sugiura, M., Hourly values of equatorial D, for the IGY, Ann. IGY, 35, 9-45 1965.

Troitskaya, U. A, Y. I. Feldstein, and R. V. Schepetnov, P2 pulsations, auroral oval, and
plasma density in the magnetosphere, Compt. Rend., 1968.

Unti, T, and G. Atkinson, Two dimensional Chapman-Ferraro problem with neutral sheet
(abstract), Trans. Am. Geophys. Union, 49, 139, 1969.

Unwin, R. 8., On the origin of the diffuse radio aurora, Ann. Geophys. 24, 201-208, 1968.

Vestine, E. H, The geographic incidence of aurora and magnetic disturbance, northern
hemisphere, Terrest. Magnet. Atmospheric Elec. 49, 77-102, 1944,

Vernov, 8. N., The state and perspectives of investigation of radiational belts of the earth,
in Issledovaniya Kosmitcheskogo Prostranstva, edited by G. A. Skuridin et al., pp. 277284,
Nauka Publishing House, Moscow, 1965.

Walters, G. K., Effect of oblique interplanetary magnetic field on shape and behavior of the
magnetosphere, J. Geophys. Res., 69, 1769-1783, 1964.

Wescott, E. M., and K. B. Mather, Magnetic conjugacy at very high latitudes: Shepherd
Bay-Scott Base relationship, Planetary Space Sct., 13, 303-324, 1965.

Wiens, R. H., Average time-latitude distributions of hydrogen and OI green line emission in
aurora, Ph.D. thesis, University of Saskatchewan, Saskatoon, Canada, 1-120, 1968.

Williams, D. J., On the low-altitude, trapped electron boundary collapse during magnetic
storms, J. Geophys. Res., 72, 1644-1646, 1967.

Williams, D. J., and G. D. Mead, Nightside magnetosphere configuration as obtained from
trapped electrons at 1100 km, J. Geophys. Res., 70, 3017-3030, 1965.

Williams, D. J., and N. F. Ness, Simultaneous trapped electron and magnetic tail field ob-
servations, J. Geophys. Res., 71, 5117-5128, 1966.

Yeroshenko, E. G., Topology of high-latitude night magnetosphere, Geomagnetizm 1
Aeronoimya, 8, 201-207, 1968. [Geomagnet. Aeron. (English Transl.), 8, 161-165, 1968.]

Yudovich, L. A,, Temporal pattern in the occurrence of anomalous ionization in the Fylayer
at high latitudes, Geomagnetizm ¢ Aeronomiya, 3, 1048-1052, 1963 [Geomagnet. Aeron.
(English Transl.), 8, 843-846, 1963.]1

Zhigalov, L. N., Magnetic disturbances in Antarctica (about IGY data), Gidrometizdat, 3-
120, 1967.

Zmuda, A. J., F. T. Heuring, and J. H. Martin, Dayside magnetic disturbances at 1100 kilo-
meters in the auroral oval, J. Geophys. Res., 72, 1115-1117, 1967.

Zmuda, A. J., F. T. Heuring, J. H. Martin, Transverse magnetic disturbances at 1100 kilome-
ters in the auroral region, J. Geophys. Res., 71, 5033-5045, 1966.

Zmuda, A. J., W. E. Radford, P. L. Dyson, J. A. Findlay, and L. H. Brace, Some ionospheric
properties at 1000 kilometers in the auroral oval (abstract), Trans. Am. Geophys. Union,
49, 145, 1968.



