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POSITION OF HOMOGENEOUS ARCS
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Summary
Observations on homogeneous arcs (H.A.) made at Macquarie Island (geomagnetic
coordinates 60-7°S., 2431 °E.) are examined. The latitude of H.A. is found to be
significantly dependent on the geomagnetic planetary disturbance index K p and the
time of day. For given values of K p and time the probability distribution of latitude
of H.A. has a sharply defined mode about 0-5° north of the mean.

I. INTRODUCTION

The main features of the frequency distribution of geographic position of
auroras in the northern hemisphere are well known from the work of Fritz
(1881) and Vestine (1944). The first comprehensive study of this distribution
in the southern hemisphere was made by White and Geddes (1939) who found
the zone of maximum frequency of occurrence to be roughly circular with a
radius 18° about a point (75 °S., 129 °E.) near the magnetic axis pole. Vestine
and Snyder (1945), from an analysis of the disturbance daily variation (Sp)
of the Earth’s magnetic field and comparison with northern hemisphere observa-
tions, estimated the positions of the zone of maximum frequency and other
isochasms (lines of equal frequency of occurrence of auroras). Their estimates
show only very rough agreement with the observed frequencies of occurrence
of auroras up to that time (cf. Fig. 1). In all of these studies the data were
taken from various periods in the sunspot cycle, and the auroral observations
referred to auroras of all forms.

In the present paper attention is confined to just one type of aurora, viz.
homogeneous arcs (H.A.) (see Atlas of Auroral Forms 1930), and the latitude
of the southern auroral zone as defined by the most frequent position of H.A.
on the 243 °E. geomagnetic meridian is determined by an examination of the
records of 211 H.A. observed by Parsons and Fenton (1953) at the Australian
National Antarctic Research Expedition Station at Macquarie Island during
the period May 1950 to April 1951. The geographic coordinates of Macquarie
Island are 54° 29’ 8., 158° 58’ E., the geomagnetic coordinates being 60-7° 8.,
243-1°E. The data used are the observers’ estimates of the elevation above
the southern horizon of the apex of the lower border of the H.A., the fraction in
eighths of the sky which was cloud covered, the hour (G.M.T.) during which the
observation was made, and the value to the nearest integer of K, (geomagnetic
planetary disturbance index) associated with the 3-hr. period including the hour
of observation. '
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The observations on H.A. were selected for the following reasons :

(1) The orientation and simple shape of H.A. permit of fairly accurate
visual estimation of the elevation of the apex of the lower border which
was in all cases approximately in the magnetic meridian plane. The
observers consider that errors of more than 5° in these estimates are
rare.

Fig. 1.—Diagram by Vestine and Snyder (1945) showing estimated percentage

frequency of days with occurrence of aurora on clear dark nights at high

latitudes, southern hemisphere. Figures in square brackets are observed
values.

(2) H.A. appear to be due to a quiet discharge (as distinct from a constricted
discharge which may remain fixed in the atmosphere for long periods).
This has also been suggested by Alfvén (1950) who considers H.A. to
define the position of the ‘“ A curve” of his theory.
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The latitude departures L°, measured positive to south (see Fig. 2), of the
H.A. from Macquarie Island were calculated from the relation

€08 (L+a)=(1+h/R)™1CO8 @y «.vvuveernnn... (1)
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Fig. 2.—L is the latitude departure of the H.A. from the
observer at Macquarie Island.

where a=elevation of H.A., R=radius of the Earth (6-36 X103 km.), h=height
of the lower border of H.A., taken as 105 km. (near the most frequent value
found in the northern hemisphere (cf. Harang 1951)).
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Fig. 3.—Observed frequency of H.A. in 10° intervals of elevation measured from the
southern horizon.

The observed frequency of H.A. in 10° intervals of elevation is shown as a
function of elevation in Figure 3. In Figure 4 (@) the relative frequency of
H.A. per degree of latitude is shown as a function of L. This curve clearly
shows two maxima, one at L~1° and one at L=0°. The possibility has been
considered that the decrease in relative frequency south of L —1° may be due to
the effect of cloud obscuring the sky at low elevations. The unimportance of
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Fig. 4.—Relative frequency of H.A. per degree of latitude departure L.

(@) Derived from all observations; (b) derived from observations made at

times when the cloud cover was 0/8 or 1/8; (c) derived from observations

made at times when the cloud cover was >2/8; (d) calculated from observed
values of K » and ¢ using equation (5).
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cloud effects is, however, clearly demonstrated by the similarity of Figures 4 ()
and 4 (¢), which were derived from observations made at times when the cloud
cover was 0/8 or 1/8 and >2/8 respectively.

II. LATITUDE OF H.A. AND GEOMAGNETIC DISTURBANCE

Several workers in the northern hemisphere have shown that the auroral
zone expands with increase in geomagnetic activity. Among them Reostad
(1935) found a roughly linear relation between auroral zone radius and magnitude
of the perturbing magnetic vector at Potsdam and Rude Skov. Nagata (1950),
from an examination of magnetic records of a number of stations at different
times during one magnetic storm, found the mean radius of the auroral zone, as
defined by the line of maximum geomagnetic north component of the D,, field
AX,, to increase during the development of the storm and to be related to the
mean equatorial AX,. This relation was interpreted using Stérmer’s auroral
theory and found consistent with the view that increase in auroral zone radius
is due to modification of the Earth’s field associated with the development of an
equatorial ring current of radius about 20 Earth radii. The solar particle
stream was assumed to consist of Ca+ ions moving with velocity 1000 km. [sec.,
the particle trajectories being determined by the magnetic field of the Earth.

According to Martyn’s (1951a, 1951b) theory one would expect the radius
of the outer edge of the auroral zone to increase with increase in kinetic energy
density of the solar particle stream. Also Alfvén’s (1950) theory indicates an
increase in mean radius of his *“ A curve ”’ with increase in velocity of the stream.

The geomagnetic planetary disturbance index K » Was devised to measure
the intensity of the solar particle stream by its geomagnetic effects (cf. Bartels
and Veldkamp 1949 ; Bartels 1949). For this reason it was considered desirable
to examine the relation between latitude of H.A. and K e

Figure 5 shows the mean latitude of H.A. associated with each value of K »

the straight line
Lp=2-95—0-605K, .................. (2)

through the points being fitted to the raw data by the least squares method. One
of the assumptions on which the validity of the least squares method is based is
that successive errors are distributed independently of one another. When
this condition is violated the estimates of the regression coefficients, though
unbiased, need not have least variance and the ¢ and F tests generally used for
making confidence statements are not valid.

In the present case the observations were ordered chronologically and
where several observations occurred during the same hour these were shuffled so
that their ordering was random. The deviations from the regression equation (2)
then show positive serial correlation significant at the 1 per cent. level. This is
indicated by the statistic d=X(AZ)?/XZ2=1-43 being less than d,(1%)>1-52
a8 given by Durbin and Watson (1951). (Z is deviation from regression, AZ’s
are first differences of Z). Consequently the usual test of significance of the
correlation coefficient r,,,, according to which in this case the value found is
significant at the 1 per cent. level, is not valid. The deviations Z from regression
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show, on the average, a systematic non-linear variation with time of day as
shown in Figure 6. A regression equation linear in K, and quadratic in time ¢
was therefore fitted, the equation found being

L;=2-12—0-72K,+0-06(t—12-5)4-0-104(: —12-5)%. ....(3)
The value used for ¢ is the mid-point of the hour (G.M.T.) of observation. In
this case, too, the deviations from regression show positive serial correlation
significant at the 1 per cent. level ; d=1-52<d;(1%)=~~1:60. An examination
of the values of AZ shows that in a number of places several small values follow

one another, these being associated mainly with the occurrence of several
observations during the same hour.
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Fig. 5—Dependence of latitude of H.A. on K,. (The figures
near the points indicate the number of observations used in- .
computing the point.)

For this reason a regression equation linear in K, and quadratic in ¢ was
fitted, taking as dependent variable the mean latitude L’ of all H.A. observed
during the same hour. Cases where several observations were made during the
same hour are mainly those where several H.A. occurred simultaneously. The
observations were again ordered chronologically. The regression equation
obtained is

L';=2-98—0-79K,+0-06(t—12-5)4-0-11(t—12-5)%. .. (4a)

The deviations from regression in this case show no serial correlation significant
at the 5 per cent. level ; d=1-781>d,~1-780. Equation (4a) may be rewritten
in the form

L'p=2-97—(0-794+0-20)K,+(0-11+0-05)[t — (122 +0-8)]?

in which the limits shown are the 95 per cent. fiducial limits.

All of the above statistical tests involve the assumption that the errors
(departures from regression in the population) are normally distributed with
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constant variance. An examination of the frequency distribution of L-L',
(Fig. 7) suggests that this is not so in the present case; however, this is not
likely to affect the conclusions here.

The quadratic form of equation (4) was chosen purely on the grounds of
simplicity to fit the data which cover the range K ,=0 to 7,¢=7-5 hr. to 175 hr. -
G.M.T.; it is not inconsistent with the view that the auroral zone is a closed
curve, as is required by Alfvén’s and Martyn’s theories.

From equation (4) it can be seen that for any K, L', has a minimum value
at t,,,=12-24-0-8 hr. G.M.T. which is not significantly different from mean
magnetic midnight (12-4 hr. G.M.T.) as defined by McNish (1936). This result
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Fig. 6.—Nocturnal variation of deviation of observed L from equation (2).
(The figures near the points indicate the number of values used in com-
puting the point.)

is in fair agreement with observations on arcs in the northern hemisphere
summarized by Alfvén (1950). According to Alfvén’s theory, however, the
minimum L', should occur 6 hr. before magnetic midnight. Martyn’s theory,
on the other hand, indicates no dependence of L', on time of day.

In Figure 7 is shown the frequency distribution of deviations L—L’ of the
observed latitudes of H.A. from the regression equation (4). The smooth curve
estimates the probability distribution of latitude of H.A. at constant K, and ¢ ;
but it definitely underestimates the probability at each end of the curve, especially
for L>L',. This is caused by the limitation in range of L over which H.A. may
be observed from a single station.

At this stage it ma,y be pointed out that when several H.A. occur simul-
taneously their latitudes are not independently distributed. This is shown
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by the fact that the deviations of observed L from regression equation (3) show
significant positive serial correlation while the deviations of observed L’ from
regression equation (4) do not.

Figure 7 shows that the auroral zone is extremely sharply defined especially
on its northern edge where the probability of occurrence of an H.A. decreases
from its maximum to half the maximum over a range of less than 1§° of latitude.
This result is of course not inconsistent with any of the auroral theories proposed
by Stoérmer, Alfvén, or Martyn but the general shape of the curve (Fig. 7) is
relevant to considerations of the accuracy of Alfvén’s and Martyn’s theories.

According to Martyn’s theory the auroral zone is an annular ring about 6°
wide. On the outside of this ring positive ions impinge on the upper atmosphere
while on the inside edge electrons enter. If now we assume that both positive
ions and electrons produce H.A. we would expect the distribution of L at constant

IS
o
T

w
=
T

20

RELATIVE FREQUENCY OF VALUES l.-l.'E
FROM EQUATION (4)
=]

L-LE

Fig. 7.—Frequency distribution of deviations L—L'E of observed latitudes of H.A. from
equation (4). The dotted curve estimates the probability distribution of latitude of
' H.A. at constant K, and time of day.

K, and ¢ to be rectangular with a width of about 6° or bimodal with the modes
separated about 6°. TFigure 7 is not consistent with either case. The presence
of the HB line in the spectrum of H.A. (see, for example, Dahlstrom and Hunten
1951) demonstrates that protons do occur in the streams of particles producing
this phenomenon. If, then, we assume that electrons do not produce H.A.
we may identify the line of maximum frequency of occurrence of H.A. with the
outer edge of Martyn’s auroral zone.

According to Alfvén’s theory the auroral zone has a well-defined outer edge
only, the day side being produced by positive ions, the night side by electrons.
The results of this work, then, are consistent with Alfvén’s theory only if electron
streams do produce H.A.

Vestine (1944) estimated the probability distribution of latitude of the aurora
in the northern hemisphere. His result is shown in Figure 8. The extreme
difference between this curve and Figure 7 is largely explained by the following
features of the data used by Vestine : ,

(1) Since the ordinate represents the probability that the aurora will be

within ¢ seeing range’ from a given point the latitude resolution is
about 10-12°.
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(2) The curve is derived from observations associated with various values

‘of K, and ¢.

(3) The observations used refer to auroras of all forms while the probability

distribution may be different for different forms.

This is certainly the

case at Macquarie Island where pulsating and flaming auroras occur

almost invariably north of all H.A. visible.
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(4) Vestine assumes the mean auroral zone (Alfvén’s “ M curve ) to be

circular with its centre on the magnetic axis pole.

irregularities of the Eart
accurate assumption.

From an examination of the distribution given in Figure 7 it can be seen

that the most probable latitude L,, of an H.A. is about 0 -5°
value L', given by equation (4).

The equation
Ly=2-47—0-79K,40-11(t—12-2)2

Owing to the local

h’s magnetic field this is unlikely to be an

less than the expected

i (B)
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then predicts the most probable position of an H.A. given that an H.A. occurs.
The frequency distribution of L,, (calculated from values of K, and ?) is given
in Figure 4 (d). This clearly shows the main features of the observed distribution
(Fig. 4 (a)).

Summarizing then : the expected value of the mean latitude L’ of all H.A.
visible from Macquarie Island at the one time is given by equation (4), while the
latitude of the southern auroral zone as defined by the line of most frequent
occurrence of H.A. is given on the 243 °E. geomagnetic meridian by equation (5).
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