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ABSTRACT

(1) The overall purpose of this work is to examine the
morphology of the high latitude winter ionosphere during magnetospheric
substorms. Recent studies have shown that the large-scale structure
of the high letitude ionosphere is characterized by pronounced
circumpolar features that are closely associated with the auroral
oval. therefore, it is hypothesized that there exist refationships
between the variations of the high latitude ionosphere and the
dynamics of the auroral oval during magnetospheric substorms.

{I1) lonograms from ground and airborne jonosondes form
the ion.c>§pheric data base for b’rhese studies. Auroral ali-sky
camera data and auroral zone magnetograms reliably define the
occurrence of magnetospheric substorms. These latter twe data
types form the majority of the associated observational material
for the interdisciplinary sTudy' cf the morphology of the high
latitide ionosphere.

(111) As a first step, all-sky camera data from the Alaskan
meridian chain of observatories are studied to determine the
meridional distributions and motions of auroras THa‘t comprise
the auroral oval. A magnetic meridian observing chain is similar
to an azimuth scan radar that 'scans' the auroral oval once per
day. The results of this investigation reveal severa! new morphological
features of the auroral substorm: (i) An enhanced equatorward
drift of auroral forms and the 'clearing' of the poleward sky
result in an equatorward 'thinning' of the auroral oval prior
‘o the onset of The expansive phase of the substorm. These phenomena

may possibly indicate the growth phase of a magnetospheric substorm.
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(ii) During worldwide magnetoquiet, intense auroral substorms
occur on the confractsd auroral oval. Such substorms may occur
beyond the poleward horizon of an auroral zone observatory.
This fact emphasizes the importance of data from a meridian chain
of observatories for morphological studies of auroras. (iii)
All-sky camera dzta from the Alaskan meridian chain confirm
the earlier statistical results which indicate that equatorward
auroral motions in the nignt sector are more frequent than poleward
motions. Sunlight precludes comprehensive day sector observations
by the Alaskan meridian chain. For this reason, southern hemisphere
all-sky camera data are used to determine that poleward motions
of day sector auroras occur statistically more frequently than
equatorward motions.

(1V) An investigation of ionospheric disturbances depends
upon a detailed knowledge of the behavior of the ionosphere
during magnetoguiet periods. Data from airborne and ground
based ionosondes are combined o deduce the macroscale patterns
of the magnetoquiet high latitude ionospheric E-region and the
F2-layer. (i) During such periods, the auroral E-layer and
retarded type sporadic E occur in a circumpolar band bounded
by approximately 68° and 75° CGL; non-retarded type sporadic E,
with top frequencies above two megahertz does not occur equatorward
of approximately 68° CGL. (ii) The magnetcquiet night sector
F2-layer is characterized by the main trough, with critical
frequencies of appreximately one megahertz; the main trough

is bounded on the poleward side (v67° CGL) by a well defined
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wall and a2 plateau of F-region jonization that extends poleward
to the instantaneous auroral oval.

(V) Night sector ionc;spheric disturbances are closely
associated with fthe occurrence of magnetospheric substorms.
(i) At approximately 65° CGL in the night sector, sporadic E
with top frequencies greater than two megahertz occurs in conjunction
with substorms. The top frequency of sporadic E decreases below
two megahertz during the recovery phase of the substorm. At
times, the blanketing frequency of sporadic E increases prior
to the onset of accepted substorm phenomena. (ii) The night
sector poleward trough wal! is displaced equatorward during
the development of a substorm. From these Iimited studies,
it appears that the displacement occu-rs during the expansive
phaée of The aurc-ai substorm. Normaﬂy once the poleward. .
trough wall is displaced equatorward, it remains equatorward
of its magnetoquiet position for the remainder of the night.

(V1) Day sector disturbances are recognized by ionospheric
characteristics closely associated with auroral phenomena. (i)
The day sector F-layer irregularity zone and the discrete auroras
move equatorward and then poleward wvi‘rh the development and
decay of a magnetospheric substorm. (ii) Increased non-deviative
ionospheric absorption of high frequency radio waves is associated
with the formation of midday auroral patches that occur in conjunction
with substorms.

(VI1) This work illustrates the advantages of an interdisciplinary

study of the high latitude ionosphere. It also demonstrates the
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need for a meridian chain of geophysical observatories equipped
with icncsondes, as well as all-sky cameras, magnetometers and
riometers. Such a chain would provide the data necessary for

the refinement and expansion of the studies presented here.
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PREFACE

Accurate knowledge of the behavior of the high latitude
ionosphere is vital for understanding the environmental effects
upon the communication of information via or through the polar
ionosphere.

The ionosphere forms the base of the magnetosphere. As
such, the polar ionosphere is subject to the continuous bombardment
of energetic particles that populate the outer magnetosphere
and precipitate along the auroral oval. Electric fields, which
are an ir)'i‘egral part of the description of the magnetosphere
and its variations, also effect the ionosphere.

‘The purpose of the work presenied here is to morphologically
examine the morphological larpce-scale changes in the structure
of the high latitude ionosphere during magnetospheric substorms.
The distribution of auroras (the only "visible" phenomenon in
polar aeronomy) is.closely related to the structure of the
high latitude ionosphere and is also an excellent indicator
of substorm variations. Thus, the characteristics of the high
latitude ionosphere have been jointly considered with auroral
phenomena. It is for this reason that auroral substorms and
associated polar magnetic substorm activity have been studied
in the first part of the thesis.

The meridional distribution of auroras during magnetospheric
substorms is studied in detail with data from the Alaskan meridian

chain of geophysical observatories (Chapter 2). This observing
XX
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chain systematically observes the auroral oval once-per-day
like an azimuth scan radar. The study of these systematically
acquired data has revealed several new features of auroral
substorms:

I. There seems to be an enhanced equatorward drift of
nighf—secfof aurora! forms one to two hours prior to ;;e onset
of the expansive phase of an auroral substorm. The equatorward
drift and the "clearing" of the poleward sky result in an equatorward
thinning of the auroral oval. These auroral phencmena may be
indicators of the growth phase of magnetospheric substorms.

. 2. Auroral substorms occur on the contracted auroral
oval during general worldwide magnetoquiet. The features of
These auréral subslorms are identical, with the exception of
their latitude of occurrence, fo those that occur at typical
auroral zone latitudes.

In the second part of the thesis, the synoptic pattern
of the magnetoquiet ionosphere has been established (Chapter
3) and identification of ionospheric disturbances as deviations
from the magnetoquiet patterns: have been made (Chapter 4). These
jonospheric disturbances have been related fo several major
features of auroral and magnefospheric.subsforms. Data from
the Flying lonospheric Laboratory, an Air Force Cambridge Research
Laboratories NKC-135 jet aircraft, instrumented with an ionospheric
sounder and an all-sky camera, have also been used for these
studies.

Several new results from the interdisciplinary study

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of the high latitude ionosphere include the foliowing:

I. There are FZ-la{er variations in Iatitude that are
closely associated with magnetospheric substorms. The day-
sector F-layer irregularity zone and auroras both move eguatorward
and then poleward with the devzlopment and decay of @ magnetospheric
substorm. In The night-sector the poleward trough wall moves
equatorward with the development of a substorm.

2. The ionospheric absorption substorm in the day-sector
is related to the formation of midday auroral patches.

3. Occurrences of night sector sporadic E, at approximately
65° corrected geomagnetic latitude and with blanketing frequencies
greater than two megshertz, are associated with magnetospheric
substorms. The lanketing frequency of sporadic E is offen
observed to increase prior to the onset of other substorm
phenomena.

I+ is recommended, on the basis of the studies presented
here, that a meridian chain of ionospheric sounders be established
in association with a high latitude observing chzin such as
now exists in Alaska.

Such an interdisciplinary and systematic observing approach
would provide the data necessary for refinement of the studies
presented here and for examination of the possibilities of
providing warning for the occurrence of magnetospheric subsiorms.
Such studies are essential for a better understanding of the
ionospheric environment and its effect upon the communication

of information via or through the polar ionosphere.

xxii
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INTRODUCT I Gi

This chapter reviews the previous work in the fields
of auroral and ionospheric morphology as a background for the
topics treated in the final three chapters. The first half
of this chapter considers the auroral oval and ifs dynamics
including the auroral substorm. The latter half of the chapter
discusses the known large-scale synoptic features of the high
latitude ionospheric F2-layer.

1.1 SPATIAL AND TEMPORAL DISTRIBUTIONS OF AURORAS
1.1.1 The Auroral Oval

The world-wide distribution and occurrence frequency
of auroras has been refined and clarified greatly during the
past decade. However the history of this scientific endeavor
dates to the mid-19th century.

Loomis (1860) collected many early northern hemisphere
auroral observations dating back to the time of Aristotle.
Loomis's contribution was the recognition that the occurrence

. frequency of auroras maximizes in a roughly circular band.
The center of this band was shifted from the geographic pole
by about ten degrees of latitude toward Greenland. Fritz (1881)
cataloged auroral records for the preceding 2300 years and
determined isochasms of auroral occurrence. An isochasm is

an isocontour line of auroral occurrence frequency commonly
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expressed in nights per ysar. Vestine (1944), using Fritz's
data and observations of the aurora from the First and Second
In'fernéfional Polar Years, expanded Fritz's work and refined
the concept of the auroral zone. The auroral zone is the region
in the vicinity of the maximum value isochasm. Vestine also
made an analysis improvement by considering only those nichts
on which auroras could be observed.

Evidence for the auroral zone was pieced together from
date that consisted of observing notes made from visual sightings
of auroras. The development- of the all-sky camera for auroral
photography (Davis and Elvey, [955) provided a dramatically
improved capability for the systematic gathering of auroral
data. The cperaticn of meny suroral z2ll-sky cameras during
the International Geophysical Year provided the necessary data
base for two significant morphological results.

The first of these results was the determination that
auroras occur statistically within an oval belt, called the
auroral oval, which encircles the polar regions and which is
fixed approximately with respect to the sun (Felds.1'ein, 1960,
1963; Khorosheva, 1962; Feldstein and Starkov, [967). The

. auroral oval is eccentric with respect to the dipole pole and
coincides with the auroral zone only near the local magnefic
midnight time sector.

The concept of the auroral oval was developed through
the statistical smoothing of a great amount of all-sky camera

data. However, even the combined field-of-view of the IGY all-
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sky camers network was insufficient to cdefermine the instantaneous
distribution of auroras over the entire polar region. Largely

for this reason, the question has remained as fo the instantaneous
distribution of the auroras that statistically produces the

oval configuration.

There are many observational facts that favor strongly
the concept of the auroral oval as a physical entity. Khorcsheva
(1963) and Akasofu (1964) presented specific first case evidence
thet auroras are located in an oval configuration that extends
from high geomagnetic latitudes (v 75° 16 80° corrected geomagnetic
latitude, CGL) during the day to avroral zone latitudes (v 65°
to 70° CGL) at night. The corrected geemagnetic coordinate
system (Hultquist. 1958; Hakura, 1955) wil! be used throughout
this thesis.

Even with an zli-sky camera network with the required
field-of-view, cloud, lunar, and sclar lighting interference
would reduce the probability of the determination of the instantaneous
polar distributions of auroras to @ minuscule value. Photography
or television imaging from a polar orbiting satellite will
providé, in tims, the data to resolve the continuity question.

However, in the absence of such data, the continuity
of the auroral oval has been examinad, with reasonable certainty,
by using a high speed jet aircraft as an observing platform
(Buchau et al., 1970). These unique auroral data reveal that
under moderately disturbed magnetic conditions (24}:hr Kp > 10)

visible auroral arcs form a continuous tand around the geomagnetic
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pole; under quiet magnetic conditions ( Kp < 10) tempcral

24£hr
and/or spatial gaps were found in the morning, nocn and evening
time sectors of the instantaneous auroral oval (Buchau et zl.,
1970). Further siudies have shown That these gaps are bridged
by subvisual bands of auroral emissions (Buchau et al., 1972).

The subvisual emissions that bridge the gaps in the discrete
auroras suggest that the rather discontinuous statistical auroral
distribution obtained by Lassen (1969) for the evening and
morning time sectfors may be a visual threshold probiem and
not a physical reality as suggested by Mishin et al.(1970).

The. alignment of auroral arcs has been studied in detail
since the IGY (Denholm, 1961; Davis, 1962; Feidstein, 1963;
Stringer and Belon, 1967; Gustafsson, 1967; Lassen, 1970). in
the most recent study, auroral data acquired from an aircraft
observing platform were used by Akasofu et al., (1972) to show
a continuous pattern of quiet auroral arc positions and alignments
that are consistent with the Feldstein and Starkov (1967) Q = 3
statistical auroral oval. Akasofu et al., (1972) conclude
that their auroral arc position and alignment data agree with
the concept of a continuous aurora! oval.

Ground-based auroral observations through the visual
atmospheric radiation window will always be hampered at Times
by weather, direct sunlight, twilight anc moonlight. Bates
et al., (1966, 1959) have shown a close correspondence beiween
sweep frequency HF auroral backscatter radar echoes and visual

auroras. Bates (1966) suggested the installation of an auroral
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radar at eazch magnetic pole to permit a comprehensive study
of the auroral oval, +hushcircumven*ing unfavorable weather
"‘and lighting conditions. The radars are now operating at Resolute
Bay in the northern hemisphere and at McMurdo Station in the
southern hemisphere. First results (Bates, 1972) show that
the auroral radar data yield the location of the instantianeous
auroral oval with a reasonable temporal and spatial resolution.
The main purposes of the work described in Chapters 2,
3 and 4 are to examine the dynamics of the auroras that comprise
the auroral belt and fo.demonstrate the value in ordering high
latitude ionospheric phenomena relative to this belt. Nevertheless,
certain aspects of these studies border on the question of
the continuity of the auroral oval; where appropriate, corﬁmén+s
will be made and then summarizad in Chapter 5.
I.1.2 The Auroral Substorm
As mentioned in Section 1.1.l, the IGY all-sky camera
network provided the data base for two significant results.
The second of these two results was the development of the
concept of the auroral substorm. This concept has ordered the
different and complex auroral forms and displays info a substorm
and local-time coordinate framework within the auroral oval
(Akasofu, 1964; Feldstein and Starkov, 1967).
Prior to the post-IGY period it was recognized that a
close relationship existed between auroral displays and polar
magnetic disturbances (Eff Harang, 1951; Heppner, 1954). However,

at that time the understanding of the iarge-scale auroral display
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over the entire polar region was dominated by the concept of

a fixed pattern of auroral activity under which the earth rotates
once-per-day. This concept evolved from the finding that characteristic
auroral forms statistically dominate specific local time sectors:

quiet homogeneous arcs in the evening, active rayed arcs and

bands near micnight and diffuse auroral surfaces or patches

in the morning.

Analysis of simultaneous all-sky camera photographs taken
from a number of IGY observations revealed (Akasofu, [964) that
the statistical treatment of auroral data to determine the
Earge scale morphology of auroral displays was incorrect. Akasofu
determined that quiet auroral forms could be found, during
mgn?i‘qqui}?,, in all time sectors of the night half of the
auroral oval. He further found that the breakdown of the quiet
auroral condition begins near local magnetic midnigh‘i‘ and expands
inall directions. The result of this expansive activity is
the westward traveling surge of the evening sector (Akasofu
et al., 1965) and the active auroral forms of the midnight
and morning sectors that were identified previously and incorrectly
with a fixed pattern of auroral activity. Folluwing the transient
auroral disturbance, quiet auroral conditions refurn to the
auroral oval. This sequence of auroral activity was termed
by Dr. Sydney Chapman (ﬁ: Akasofu, 1968) as the "auroral substorm".
A full summary of the night sector auroral subsiorm may be
found in Akasofu (1965, 1966). Hore recently the auroral substorm

concept has been extended to the day sector of the auroral
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oval by Starkov and Feldstein (1967a) and Feldstein and Starkov
(1967).

There are several considerations and facets of the auroral
substorm that are important to mention for Their connection
with the discussions that fol!low. First, the occurrence of

an auroral substorm is independent of local time; however,

the nature of the substorm auroras is sirongly dependent upon

local time (cf. Akasofu, 1968). Second, while an auroral substorm
does alfer the dynamics of the auroras, the substorm occurs
within the concept of the auroral oval (Feldstein and Starkov,
1967) .

I.1.3 General Dynamics of the Auroral Oval

The charac*~ristics of *the zuroras that comorise the
auroral oval are described wel' in the substorm concept. However,
because of the lack of comprehensive data, there is insufficient
evidence available to undertake case studies of the dynamic
character of the entire auroral oval or even a significant
fraction thereof. For this reason the general dynamics of
the auroral oval have been assembled from case studies in narrow
time sectors or through the statistical collation of auroral
data from all local times.

Russian scientists have been leaders in the statistical
study of the variations in the space-time distribution of auroras.
Feldstein and Starkov (1967), in their classic work, determined
from IGY data the mean position of the boundaries of the auroral

oval for different time sectors and for different levels of
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the midnight sector Q index (Bartels, 1957). Their basic work
has been followed by several refinements. Starkov and Feldstein
(1968) determined from IGY data the midnight sector boundaries
of the aurorai oval as a function of Q EDE.Dsf- Starkov and
Feldstein (1968) compared the midnight sector auroral oval
boundaries during the 1GY and the 1QSY; their results revealed
approximately a two degree poleward latitude shift of the IQSY
oval boundaries .for Q > [.

The results of the statistical studies of auroral distributions
during.varying levels of magnetic activity have shown the following:
1). The spatial distribution of auroras, in an oval belt, is
preserved for ail levels of magneTié activity. 2). The low
latituda boundar of the auroral oval moves eguatorward with
an increase in the magnetic disturbance level, 5). The latitudiral
width of the night sector auroral oval increases with increasing
Q; however, the poleward boundary moves equatorward with an
increase in gy (more negative).

Numerous case studies (e.g., Akasofu and Chapman, 1963;
Stringer _eﬂ., 1965; Siringer and Belon, 1967; Chubb and
Hicks, 1970), but limited in local time, have considered the
"geometry" or the position of the auroral oval in relation
to various geomagnetic indices (Dsf' Kp, and local K). The
case studies in general agree with the statistical results;
as magnetic activity increases, visual auroras occur at progressively

tower latitudes.
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The prime interest in auroral morphology during the past
15 years hzs been in the determinaticn of general substorm
characteristics, occurrence frequency, spatizl distribution,
and variations in ihe general spatial distributions with changes
in magnetic activity. The same |5 year period has been marked

t of the interdiscip!inary science of

magnetospheric physics. Undoubtedly the extension of the observational
domain by sate!lites has been instrumental in this rapid progress.
However the concepts of the auroral ova! and the auroral substorm
have also contributed significantly. Because of the close
relationship that exists between the aurora and the upper atmosphere
and its extension into the magnetosphere, the continuing detailed
study of auroral morphology will aid in The further understanding
of the dynamics of the magnetosphere.
1.2 SYNOPTIC PATTERN OF THE HIGH LATITUDE IONOSPHERIC F2-LAYER
1.2.1 Synoptic Studies from Satellite Data

The International Geophysical Year and the International
Years of the Quiet Sun included a great emphasis on the determination
of a self-consistent synoptic pattern of the high latitude
ionosphere. Toward this end, many ground-based ionosondes
wera operated. Although an astonishing amount of date was
recorded, a unified pattern of the high Iatitude ionosphere
was nct determined from these deta. Rather, the results from
the higher density of observatories revealed frequent and significant

dissimilarities among data from adjacent stations.
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However, even prior to the 1QSY, data were being acquired
that would provide a new conceptual understanding of the high
latitude ionospheric F-region. On Sepiember 29, 1962, the
Alouette | satellite (Canadian built and American launched)
was injected into & near polar circular orbit 1030 kilometers
above the earth. Satellite insirumentation included a topside
ionospheric scunder that operated from 0.5 fo 1.5 Mz (Nelms,
1964). Data from this satellite and follow-on satellites of
the Alouette and the ISIS series have defined the general structure
of the topside ionosphere as a function of latituds, local
time and season.

In retrospect, the Alouette ionospheric data have also
provided fthe necossary insight 1o understand the original difficulties
in the interpretaiion of ground acquired ionograms (Thomas
and Andrews, 1969). First, the spacing between The ionosondes
was too great to determine the fine structure of the ionosphere;
and second, the data that might have identified the large scale,
rather sharply defined, east-west aligned troughs and ridges
of F-region ionization were generally overlooked -- again because
of the lack of corroboratory evidence from adjacent stations.

Alouette's polar orbit and its data gathering rate of
one ionogram per degree of latitude provided the spatial resolution
and the latitude profiles necessary for the discovery of the
main F-layer frough. ‘uldrew (1965) in the first major investication
concluded that the trough was an annular region of relatively

low F-layer ionization that is aligned approximztely in a magnetic
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east-west direction. Huldrew (ibid) was able to identify the
trough between approximafély 1400 hours and 0700 hours local

time and to show that it characteristically shifts from v 74°

CGL at 1400 hours to ~ 60° at 0000 hours and shifts back poleward
to v 63° at 0700 hours; he also shewed that the Trough shifts
equatorward with increasing KF"

Tulunay and Sayers (1971), in an extensive statistical
treatment of the main trough data obtained by Ariel Ill, verified
and refined the work of previous studies (e.g., Muldrew, 1965;
Sharp, -1966; Calvert, 1966; Hagg, 1967; Carpenter, 1966). Several
results (Tulunay and Sayers, 1971) are important fo note for
their connection with the material ﬁresen‘red in Chapters 3 and
LH

I. Scasonally, the trotzh occurrence is most frequent
in winter.

2. Diurnally, the frough occurrence is most pronounced
in the early morning hours.

3. The gradient of electron density is normally greater
on the poleward side of the frough than on the equatorward
side.

4. The irough width decreases with increasing Kp and
is dependent upon local time - being greatest in the early
morning and the late evening hours.

Thomas and Dufour (1965) suggested that the equatorward
edge of the main tfrough represents the termination of the normal

solar-procuced ionospheric F-layer and that the poleward trough
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"wall" is formed by auroral ionization. The characteristics
of the poleward frough wall are also of special interest in
connection with the topics of Chapters 3 and 4.

Thomas and Andrews (1969) showed that the general latitudinal
decrease in the maximum electron density of the F-layer is
irterrupted ir winter by a superpesition of iorization erhancements
that are extended in longitude with a latitudinal width of
approximately five to ten degrees. The combination of the
general decrease of ionization and the auroral ionization enhancements
results in @ meridional distribution of ionization which has
a sharp minimum that corresponds to the main trough. To a first
;pprcximafion, the poleward frough wall is formed by a quasi-

- stationary, circumpolar "plasma ring" of higher density under
which T.he earth rotates (Thomas and Andrews, 1969; Andrews
and Thomas, 1969). As in the case of the main trough, the
plasma ring's latitudinal position is associated with the geomagnetic
disturbance level. The low Ia‘t'i'l‘udé boundary of the plasma
ring moves equatorward with increasing magnetic activity; the
position of the poleward boundary, while more variable, moves
also to lower latitudes with increasing Kp for moderate geomagnetic
activity (Thomas and Andrews, 1969). Poleward of the plasma
ring is another iow electron density F-region sector called
the polar cavity (ibid).

While not of prime interest for the following considerations,

a Universal time effect has been observed in the high latitude

ionosphere (e.g., Duncan, 1962; Thomas et al., 1966, Maehlum,
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1968, 1969). Meshlum (1968) has suggesied that the Universal
time effect may be due to the "wobble" of the geomagnstic axis
with respect to the solar wind. This wobble may also account
partially for seasonal effects observed in the polar ionosphere
(ibid). The Universal time effect alters the degree but not
+he character of the synoptic pattern of the nigh latitude
foncsphere. This effect is a second order consideration for
the presént studies of the substorm time variations of the
fonospheric F-region.

In summary, The topside ionospheric observations from
satellites have idanfified three gross features thet comprise
the synoptic pattern of the high lafitude ionospheric F-layer:

-~ associated spatially and

temporally with the auroral precipitation region.

2. The mein F-layer frough -- equatorward of the plasma
ring.

3. The F-layer polar cavity -- poleward of the plasma
ring.

1.2.2 Contributing Studies of Bottomside lonosonde Late
As mentiored in the previous section, the synoptic interpretation
. of ground acquired ionosonde data was virtually impossible prior fo
+he "discoveries" that were made with the topside satellite
data. New observational techniques (e.g., incoherent backscatter
and high frequency backscatter) can also provide detailed measurements
of ionospheric parameters. But, the vast amount of ground

acquired ionosonde data, the number of ionosondes still being
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operated coupled with several recent studies completed with
‘hese data may again liven interest in the ionosonde as an
effective probe of the ionosphere, the aurora and the magnetosphere.
The recent airborne ionospheric and auroral studies by
the Air Force Cambridge Research Leboratories group (cf. Whaien
el ai., 1971; Pike, 1971b; Wagner and Pike, 1971; Buchau et al.,
1972) have gone far to direct attention toward ionosonde data
for the interdisciplinary study of the high latitude ionosphere
and interrelationships between the ionosphere, the aurora and
the magnetosphere. The work of this group has identified the
topside observed F-layer plasma ring on bottomside ionograms
and has estab!ished that the F-layer polar cavity is common
fto both observations. They have furiher estabiished several
relationships between ionospheric and auroral parameters. These
aspects will be considered in later chapters.
The mobility of the aircraft and the rapid areal coverage
by the satellite are advantages that render these platforms
buseful for gathering high latitude ionospheric data. But,
the ground-based ionosonde and the insight of the workers who
have studied these data have been essential to the greater
understanding of the high latitude ionosphere that is now evolving.
Burkard (1948), in-a little recognized but significant
research note, discussed what he called the "sporadic F-layer"
observed at Tromsg (67.1°N CGL). In the context of the current
terminology and understanding, Burkard observed during winter
nights the frequent encroachmert of the poleward wall of the

main F-layer trough over Tromsé. He also suggested fthat a possible
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relationship between the appearance of this iayer and magnetic
activity sheuld not be dismissed. However, the possible relationship
with meteor showers, suggested by other workers, wes not supporfec
by his data (ibid).

Meek (1953, 1954b) studied the relationships between magnetic,
auroral and ionospheric veriations at Saskatoon (6[.5"1“3 CGL) .
He concluded that the critical frequency of the ionospheric
F-layer decreases regularly through a quiet night; however,
when there is magnetic disturbance, the critical frequency
of the F-layer is higher than normal. Heek's observations are
compatible with the interpretetion given to Burkard's. HMeek's

vork was one of the first efforts fo study in detail the high

©
S

latitude F-lay: with zuroral and pelar
magnetic disturbances.

In a study similar fo those ofv Burkard (I_945) and Meek
(1953, 1954), Bellchambers et al., (1962) considered Halley
Bay (61.4°S CGL) ionosgheric dafa; they noted the same F-layer
phenomena as were observed at Tromsg and Saskatoon. Bel Ichambe_rs 77777
et al., (1962) noted that on disturbed days a new ionospheric
F-layer appeared in the early evening and "replaced" the old
layer; however, on quiet days the “'replvacemenf-layer" remained
polevard of Halley Bay throughout the night.

Stanley (1966) was one of the first workers to interpret
winter night auroral zone F-layer ionograms in the context

of the main F-layer frough; he showed that oblique F-layer

echoes from the poleward wall of the main F-layer frough move
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toward auroral zone latitude stetions in @ regular mznner almost
every night. Staniey {(ibid) also showed that typical winter
night 10SY values of the F-layer critical fregusncy &t Co!lege
were near and at times less than one megahertz.

Bowmzn (1969) noted, from his studies of Eilsworth (62.6°S
CGL) ionosonde data thet in the night hours before 2200 (megnetic
time) the rotation of the earth seemed fo produce an apparent
equatorwdrd movement of the main F-layer frough reiative o
a stationary observer.

Together the prior studies of satellite, aircrafi and
ground-acquired data support the conclusion That the synoptic
pattern of fthe high latitude ionospheric F-layer consists of
a circumpolar rinc of enhanced electron density bounced on
the equatorward side by the main F-layer trough (ill-defined
under sunlit conditions) and on the poleward side by the polar
cavity. Further, these ionospheric features are approximately
fixed with respect to the sun, and they exhibit temporal and

spatial variations associated with changing magnetic conditions.
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CHAPTER 2

MAGNETIC MERIDIAN OBSERVATIONS OF AURORAS

A high latitude magnetic meridian chain of observatories
permits a systematic examination of the auroral oval. The
first part of this chapter considers the c-oncepf of a magnetic
meridian observing chain for auroral observations, the Alaskan
meridian chain in particular, and the analysis and the limitations
of auroral ali-sky camera data. The second part of the chapter
discusses the meridional distributions and motions of aurcras
that were ot;*ained from the detaiied studies of the VAI.askan
‘all=sky camera data as well as from similar data from the
southern hemisphere. The major results of these investigaticns
are présented in sections 2.3.4, 2.4.4, 2.5.3, and 2.5.4,
2.1 MAGNETIC MERIDIAN OBSERVING CHAINS

The distribution of the all-sky camera olLservatories
has limited The number of compreherisive case studies of auroral
phenomena. As mentioned in the previous chapter, the auroral
oval, within which the auroral substorms occur, is eccentric
with respect to the dipole pole and coincides with the auroral
zone only in the midnight sector. This means that even a large
number of observatories distributed along the auroral zone
(v67° CGL) cannot effectively monitor auroral activity.

There were a great nunber of IGY all-sky camera observatories.
However, these sites were located with only fthe a priori concept

of the auroral zone and the desire for as dense a network as
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possible. The IGY data provided an adequate base for statistical
studies of auroral occurrences and spatial distributions as
well as for the development of the auroral substorm concept.
But the random scaiter of observatories has limited the value
of the IGY date for comprehensive case studies to only several
auroral disturbances.

Te determine the distributicn of phencmena that occur
spatially more or less at random requires a matrix array of
observaetories. Yet to observe phenomenz that occur spatially
in some known geometry requires only a network of observatories
to monitor the changes to the nominal ge.ome‘rry. For this
réason, the most efficient auroral oval observing nefwork
is one comprised of several magnetic meridian 'chains' of
observatories. Each chain in order to observe the majority
of the auroras within the instantaneous auroral oval, should
gather dates over the IaTH‘gde range of 60° fo approximately
85° CGL. It is noted however that auroral disturbances that
occur during infrequent great world-wide magnetic storms will
extend equatorward of 60° CGL.

Auroras that comprise the auroral oval can be systematically
monitored with magnetic meridian observing chains, but the
present lack of a synoptic understanding of polar cap auroras
would require e matrix array of observatories for initial "
comprehensive investigations. There are, however, certain
features of polar cap auroral distributions that could be studied
systematically with meridian observing chains. The preferential

earth-sun orientation and the greater occurrence frequency of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



polar cap auroras in the morning hours (cf. Denielsen, 1963
and Lassen, 1972) would favor a meridian chain.

‘n "he midnight or the midday Time sectors a meridian
chain would not e helpful. In these time sectors, the auroral
forms would be preferentially orienied paraliel to the meridian
observing chain and possibly simulfaneously out-of-view of
all sites.

Polar cap aurorzs occur over mostly uninhabited areas.
This fact alone may preciude a systematic observing array
unless a reliable automatic all-sky camera is developed or
auroral imaging is underfal;en from polar orbiting satellites.
2.2 ALASKAN MERIDIAN OBSERVING CHAIN
2.2.1 Observing Site Location and Instrumentation

Akasofu recognized the observational deficiencies of
the random scatier of the IGY azuroral observing netwerk, and
he established a magnetic meridian chain of auroral observatories
in the Alaskan sector.

The Alaskan meridian chain as operated in 1969-1970,
consisted of five ali~-sky camera sites with several additional
supporting locations where other monitoring instruments were
operated. Table | provides the location data for each site
and the instruments operated. While lesser scale observing
chains were operated in prior years along the Alaskan meridian,
the 1969-1970 observing season was the first period with five
all-sky camera locations. Figure | shows the location of
the chain stations with respect to the Q = 3 statistical auroral

oval (Feldstein and Starkov, 1967) and Universal time curing the
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winter solstice.

Each all-sky cemera was fundamentally of Davis and Elvey
(1955 dusign. A modified Kodak 16mm K-100 movie camera body
controlied by an auxilliary fimer, provided the film management.
Photographs were taken during darkened hours and nominally

at a rate of one six o eight second exposure per minute.

The Soligar lens opening was f0.95, and the exposures were
made on_Kodak Tri-X or 4-X movie film that was developed for
maximum speed and contrast. A combination of 60 Hz AC powered
digital clocks and large face battery powered Accufren clocks
provided tTimes infternally accurate to within at least two

or three minutes depending upon the diligence of the camera
operafor:s.

From Table | it is noted that the Alaskan magnetic meridian
chain of stations has a geographic northeast-southwest orientation.
The orientation is roughly parallel to the tilt of large-
scale weather paiterns. The result is that similar weather
conditions often prevail along the magnetic meridian. It is
not exceptional for the magnetic meridian to have favorable
sky conditions for the photographic recording of auroral forms
throughout a !6-hour winter night.

. Data from a magnetic meridian auroral observing chain
is ideal for the systematic study of meridional motions and
distributions of auroras as a function of local and substorm
time. The following section will outline the analysis and

limitations of all-sky camera data To be used for the specific
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purpose of meridional mo’rioﬁ and distribution studies.
2.2.2 The Analysis and the Limitations of All-Sky Camera Data

The purpese of this section is twofold:

I. A description is given of how the all-sky camera
data were anzlyzed to determine the meridional distributions
and motions of auroral forms.

2. A discussion is also presented to outiine the difficulties
and the limitations in the use of all-sky cemera data for the
determination cf auroral position and character.

With a multi-station all-sky camera network, it is possible
within overlapping fields-of-view to triangulate upon auroral
forms to determine their ground projection position and their
height. The station spacing (minor overlap) and the smcll
16mn film format have precluded such a detailed analysis for
the Alaskan meridian data.

To obtain the ground projection position a 110 kilometer

lower auroral border height was assumed throughout the analysis.
While fhe work of Boyd et al. (1971) illustrates that significant
and systematic auroral height variations do occu;' as a function
of tocal time and latitude, the substorm auroras that Boyd ef al.
(1971) purposely avoided depart widely from their results.
For this reason the very simple assumption of 110 kilometer
lower aurcral border height was used for all latitudes and
local and substorm times.

Each all-sky camera film was scaled to obtain the temporal

variation of the ground projection position of the auroras
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along the local magnetic meridian through each station. Where
possible, an attempt was made to keep track of individual
aurorul .oims in their meridional motions.

Vihen two or more cameras recorded auroral forms to be at
approximately Jrh_é sare laTitude along the meridian, the final
analysis was based on the data from the station nearest to
the aurcral form. AT Times when an auroral form passed from
the proximity of one station T& another, slight 'smoothing'
of the position data may have been required to joi'n the motion
of the form along the meridian. Such joining errors can resulf
from any one or a combination of five factors:

{. An auroral form may deviate from a magnetic east-west

orientation.

2. An auroral form may not have a lower border height of

110 kiiometers.

3. There may be timing errors between observatories.

4. Individual stations may depart from a common magnetic

meridian.

5. There are greater uncertainties in the ground projection

distances for large zenith angles.

The last consideration is especially important for observing
networks with large station separations. The geometrical conversion
from zenith angle to ground projection distance is a non-linear
function:

+ ht

R
- . =l e B
D—Re[Z-sm (Wm )]
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where
D = ground projection distance
Z = mzasured zenith angle
Re = radius of the earth
h'= elevation of the observatory

h = height of the auroral lower border

A small change in a large zenith angle corresponds fo
a relatively large change in the ground projection distance
compzared to the ground projection distance change related
fo the same small change in a small zenith angle.

The joining errors were largest for the greater station
separations in which the zones of overiap occurred at larger
zenith angles. Joining errors were approximately one-half
to one degree of latitude for forms that moved rapidly along
the meridian from the proximity of one station to another.
Position uncertainties were generally less Th.an one-half a
degree of latitude for those forms that persisfed at a constant
latitude or drifted slowly along the meridian. 'Smoothing'
was limited to auroral forms that were oriented approximately
east-west and had an arc or band-|ike appearance.

In the 1800 to 0600 hours local time (corrected geomagnetic
local time, CGLT) sector during quiet periods, homogeneous
(inactive) arcs are the common auroral forms. Within approximately
10 to 30 minutes after the onset of an auroral substorm in
the midnight sector, diffuse patches and irregular folds develop

to the equatorward side of discrete auroral arcs and bands that
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lie in the midnight and the morning time sectors (Akasofu
et al., 1966b). The extension of patchy auroras into the day
sector will be discussed in section 4.2.

Auroral patches are aspect sensitive. That is, they
may appear as arc-like when photographicaliy recorded at large
zenith angles. But when they are ssen in T-he zenith, they
appear as.pa‘i'chy diffuse aurcrai torms. Akasofu ef al. (1966b}
noted Thafv the formation of patches, in the early morning
+ime sector (0000 to 0600 hours CGLT), decreases in occurrence
frequency at dipole latitudes greater than 65°. The Alaskan
meridian station spacing is inadequate for the accurate determination
of the precise boundaries of regions of auroral patches. In
the analyses that follow, it was assumed that when patches
were observed at College and possibly near the zenith at Fort
Yukon that the southern boundary of auroral fuminosity was
comprised of diffuse auroras even though the curoral luminosity
may .have had an arc-|ike appearance when viewed from 2 distance.
An obvious exception to this assumption occurs when an arc-
like form moves from a distance to a position in or near the
zenith amidst or replacing the diffuse auroras. Also in the
analyses that follow, the indicated po_( evard boundary of the
diffuse auroras is meant only to show that such auroras were
equatorward or poleward of an observiné station.

The arc-~like appearance of the diffuse auroras, when
photographically recorded at large zenith angles is due to

several integration effects:
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i. The line-of-sight may have passed throush several
auroral forms.
7. The rapid motion of these forms coupled with the six

to eight second camera exposure time may have resulfed

%)

in a blurred film image.

Several zcditional factors coniribute to the uncertainties
in the analyses of all-sky camere fiims. One of the most
important of these is the zenith angle calibration cf the
optical system. The calibration requires the determination
of zenith angles for representative stars. A corparison is
made of the known zenith anéles of the stars with The measured
radial distances to the stars from the center of the all-sky
camera circle (assuming camera level). The resuli of such
a calibration is a best fit curve of a series of data points
that define the zenith angie for a known radial distance
from the center of the all-sky camera circle. Belon (1971)
suppliied the calibration shown in Figure 2. For very precise
work, each all-sky camera system must be calibrated; for triangulation
studies, the film should be scaled directly from ihe star field

The following assumptions were made for the analysis
of the 16mm Alaskan meridian all-sky camera data:

1. The camera was level

2. The camera maintained a constant azimuth orienfation.

3. The camera was operated at sea level on a circular

earth of polar radius 6356.79 kilometers (Allen, 1955).

4. The calibration data shown in Figure 2 are valid for

all the cameras operatad.
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Thirty five millimeter auroral ali-sky camera fi i;n, recorded
aboard 2 jet aircroft, provided z part of the auroral date
base. The anaiyses of ah;crafT acquired all-sky camera data
present several problems peculiar fo these data sources.
The obvicus and the most important additional factor is the
motion of the aircraft. Again for very precise work, the
e scaled dircctly from the otar field. Such
an analysis will account for the three dimensional motions
of the aircraft.
The following assumptions were made for the analysis
of the 35mm aircraft acquired all-sky camera data:
I. -The camera was level.
2. The camera was operated af.a neminal elevation of
10 kilo.sTers above a circu;ar earth.
- 3. The aircraft maintained a constant speed and geographic
heading between navigator log entry fimes.
4. The calibration data {(Wagner, 1971) shown in Figure 3 are
valid for the data analyzed.
The determination of the ground projection position from
either the aircraft or the ground acquired data is first in
the geographic coordinate system. This determination is transferred
info a geomagnetic coordinate system. Whalen (1970) has developed
a useful nomograph for performing the transformation from
high latitude geographic positions in the northern hemisphere
into the corrected geographic latitude, longitude and time
coordinate system. The nomograph was used throughout these

analyses .
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2.3 MERIDICNAL MOT!OWS AMD DISTRIBUTIONS OF AURCRAS
2.3.1 Introduction
A meridian chain of aurcral all-sky camera cbservatories
is aligned at approximately right angles to the circumpolar
auroral be!f and as such is idezl for the study of meridional
auroral motions and for defermining the in'sfan'r'aneous meridional
disfribuiion of durur;:s ihai conpr ise ihe suroral o;/»'alw. o
The upper part of Figures 4-8 present cross sections
through the instantaneous auroral oval as observed by The
Alaskan magnetic meridian chain of staftions during five nights
of the 1969-1970 auroral season. The heavy solid l'ine of
the upper part of Figures 4-8 represents the position and
continuity of auroral forms. The heavy dashed line defines
the app.-oximate boundary of the auroral oval when it is not
defined by the continuous presence of an auroral form. The
shading defines the latitudinal extent of the 2uroral oval
when it is defined clearly by multiple auroral forms. The
light hatching, as indicated, represents the approximate location
of the patchy diffuse auroras. As mentioned previously, the
northern extent of these diffuse auroras csnnot be defined
weli with the data from the station spacing used. The i)oundaries
of the Q = 3 statistical auroral oval (Feldstein and Starkov,
1967) are also shown for comparison. The iower portions of
of Figures 4-8 are the corresponding auroral zone magnetic
indices in the form of AU and AL. The AU and AL indices provide

a measure of the eastward and westward electrojet currents
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flowing along the zurcral zone (Davis and Suziurz, 1966). The
figure captions iist the stations that were used to develop
the AU an' AL indices. Superposed on the AU/AL indices are
the H component magnetograms from Inuvik (71.1°N CGL).

The 'scanning' speed around the auroral oval by a single
chain of observatories is too slow (one 'scan! per day) to
depict the instantaneous azimuthal display of +he auroral
oval. Nevertheless, it is interesting o see that a gross
oval pattern does emerge from the 'scan' (Figures 4-8).

The horizontal mofions of visual auroral forms have been
treated specifically by nume-rous authors (e.g. Meinel and
Shulte, 1953; Meek, 1954b; Kim and Currie, 1958; Nicols, 1959;
Evans, [§59, 1960; Davis and Kimball, 1260; Davis and Dewitt
1963; Akasofu st al., in the "Dynamics of the Aurora" series
that appeared in Journal of Atmcspheric and Terresirial Physics,
1965-1966, and Davis, 1971). Previous observetions agree
that the east-west component of auroral motion is generally
an order of magnitude greater than the north~south component
(cf. Kim and Currie, 1938); possibly because of this asymmetry,
the meridional motions have not been studied extensively.

Akasofu and his co-workers have found that the meridional
‘moﬂons of the aurcras have five basic components within
two gencral categories:

A. Meridional motions related to auroral oval geometry

and size:

|. The earth's rotation beneath the quasi-stationary

auroral oval results in even equatorward and morning
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poleward motions.
2, Equatorward and poleward motions are associated with
the interdependence of the geometrical configuration
of the auroral oval and the general level of magnetic
activity.
B. Meridional motions related to the auroral substorm:
I'. Poleward motions occur during the expansive phase.
2. .An equatorward 'spread' of irregular bands also occurs
éuring the expansive phase.
3. Equatorward motions occur during_ the recovery phase.
The auroral substorm related meridions! motions are seen
easily from a small network or, even in ideal situaticns,
by a single siation. However, there have been almost no case
studies that have do;:umenfed all of the motions described.
Davis and Kimball (1960) concluded from a statistical
study of night sector auroras that equatorward motions occur
more frequently than poleward motions. These considerations
as well as the present interest in the early phase of magnetospheric
substorms suggest that the case history study of meridional
auroral motions with comprehensive data is relevant. In the
following subsections, the results shown in Figures 4-8 will
be discussed with respect to the five listed meridional motions;
comments will be made where appropriate on the Davis and Kimball
(1960) study, and a discussion will be presented on a possible
growth phase of magnetospheric substorms.
2.3.2 Meridional Yotions Related to Auroral Oval Geometry and Size

The following discussion will treat observed (actual plus
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apparent) motions of auroral forms. The spatial configuration
of the auroras occupies an oval band that is offset from the
rotational pole of the.earth. This means that if auroral
forms are stationary within a static oval that an observer
fixed on the earth will observe apparent motions of auroral
s “crms. To ais in the visualization of the magritude and direction
of these apparent motions, the Q = 3 statistical auroral oval
is superposed on the upper part of Figures 4-8.

The apparent meridional motion of the aurora due fo the
earth's rotation beneath the auroral oval should be observed
during periods of non-varying magnetic activity to be sure
‘that other factors are not the cause of the observed motions.
Of the days analyzed certain periods of January 6 and 8, 1970
sa‘fisf\} the magnetic criteria. From 0200 to 1000 UT on January
6, the AU/AL indices were low and fairly uniform (Figure 2).
Note the equatorward drift of auroras that occurred during
this period, in particular, the fac+ that neither boundary
of the instantaneous auroral oval was defined for more than
~90 minutes by a continuous auroral form.

In general. the individual auroral forms moved equatorward
at a faster rate than either boundary or the statistical auroral> -
oval even though the envelope of all the observed auroras
moved roughly parallel to the statistical oval.

On January 8 from 1300-1600 UT, the AU/AL indices were
enhanced but relatively constant (Figure 7). We observed
that the equatorward auroral form that was present for the

entire period did not move poleward as expected. The poleward
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boundary of the instantaneous oval was ill~defined by forms
that moved repidly equatorward and aisappeared while new forms
reappeared at higher latitudes.

In each of the cases studied, the envelope of all auroral
forms behaves in agresment with the gross motions expected
from the statistical oval, i.e. pre-midnight equatorwerd drift
and post-midnight poleward drift of the envelopes that bound
the instantaneous auroral oval. However, the individual auroral
forms offen move equatorward between the envelopes. This
finding verifies the statistical result of Davis and Kimball
(196C) that equatorward Imoﬂons are dominant Throughout the night.

Akasofu and Chapman (1963) using D, Feldstein and Starkov

st?

(1967) using Q, Feldstein (1969) usinrg Q and D, Stringer et al.

st? —_—
(1965) using Kp and local K, Stringer and Belon (1967) using Kp
ana local K and Chubb and Hicks (i970) using Kp, have all
discussed the 'geometry'! or position of the auroral oval in
relation fo magnetic activity as defined by the forementioned
magnetic indices. These studies agree that as magnetic activity
increases visual auroras occur at progressively lower iatitudes.
Feldstein and Starkov (1967) have shown for the night sector
that discrete auroral forms are found over a wider range of
latitudes as well as at lower latitudes during increased magnetic
activity in the auroral zone. These previous studies suggest
that as the general level of magnetic activity changes, one
should observe meridional motions as the oval size expands

or contracts. This discussion will concentrate on the meridional
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motions associated with the equatorward boundary of the instantaneous
auroral ova_l, thus avoiding the difficult consideration of

the moticas that may be related to the fThickening and the

thinning of the oval band itself.

Stringer et al. (1965) present several cases in which

the expansion equaforward and the contraction poleward could

and could not be followed with changes in magnetic activity.

They no‘rei that at times an abrupt change in the latitude of

the auroras occurred with a change in the local magnetic disturbance
index. A similar latitude change occurs in the case studies
reported here; houwever, AU/AL and the Inuvik H component magnetogram
were used as the indicators of magnetic activity. Notice

at “0520 UT on Decémber 5, 1969 the abrupt appearance of auroras
near the lnuvik zenith in the evening sector following, but
associated with, the increased megnetic activity in the midnight
sector (AL). On February 14, 1970 another similar and striking
example occurred in the afternoon sector at approximetely

0300 UT. In this case the aurora could be followed south

during the development of an intense negative bay in the midnight
sector that was also associated with a significant decrease

in Ds1' (Sugiura and Poros, 1970). As the bay recovered, the
"aurora also showed a tendency fo retreat poleward prior to

another increase in activity about 0500 UT. As auroral zone
magnetic activity decreased again after 0600 UT, the equatorward

auroras disappeared from south of lnuvik and auroras were seen

well fo the north of Inuvik.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

It can te ssen also that the examples cited do not include
+he meridional auroral motions associated with abrupt chzngss
in magnetic activity near local magnetic midnight (1100 UT
along the Alaskan meridian for the dates considered). Here,
the substorm related motions are dominant, and studies to
separate the substorm motions from the motions related to
The aurotei ovel geonmsiry ond size are not feesibie. An exception
fo the last statement may exist in a possibly pre-expansive
phese meridional motTion that will be discussed in the next
subsection. |n the cases studied, there were no isolated
changes in magnetic activity during the local morning hours
that could be used tc study the association of the morning
sector oval geometry with changes in magnetic activity.

Another aspect of this general probiem of auroral oval
geomatry is the association of the 'size' of the oval, as
defined by the |latitude indices at different levels of solar
activity. The days selected for this study were days of relatively
low ring current activity; |Ds1'l was less then or equal to
18 gammas (Suguira and Poros, 1970). The confribution of
ring current activity fo the auroral oval size for the days
of this study should b2 minimal (Feldstein, 1969). Polar

" magnetic substorms with an AL index of more than 500 gammas
(Q index of 7 (Bartels, 1957)) occurred on December 5, 969
and on February 14, 1970. The equatorward boundary of the
discrete auroras on both of these days, with minor exceptions,

was poleward of the equatorward boundary of the statistical
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auroral oval (Feldstein and Starkov, 1967) defined for Q = 3 (an
AL index of about 60 gammas) for fthe IGY solar maximum. However,
the observed sunspot number for the period of these analyses
was approximately one-half that of the IGY period (Solar Geophysical
Data, Jan., 1972). These observations illustrate, by case
study, the contraction of the auroral oval. associated with
a decrease >in solar activity (Starkov and Feldstein, 1967).
2.3.3 Meridional Motions Related to the Auroral Substorm
2,3.3.1 The Growth Phase of Magnetospheric Substorms
There are two general purposes for the discussion that
follows in +his section: o
- I. Several examples will be given to illustrate the
.difficu'ties that other workers have had in successfully
identifying the growth phase from surface and satellite
observed magnetic field variations.
2. The Alaskan meridian all-sky camera <ata will be examined
for a possible identification of the growth phase.
Recently there has been considerable interest in a very
early phase of magnetospheric substorms. A number of works
(Pudovkin, 1968, McPherron, 970, Kokobun, 1971, Nishida and
Kokobun, 1971, and lijima and Nagata, 1971) have suggested
that there is a distinct phase, called the growth phase,
which precedes the expansive phase of magnetospheric substorms.
The onset of the latter phase, defined by Akasofu (1964), is
characterized by a rapid poleward expansion of the midnight
sector auroral oval. Pudovkin, Shumilov and Zaitzeva (1968),

Feldstein (1971), Kelley, Starr, and Mozer (1971), and tiozer (1971)
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have noted an equatorward motion of auroras before the onset
of the expansive phase of a substorm.

Unfortunately, in some of the referenced studies, the
growth phase was determined on the basis of geomagnetic field
variations without an examination of the cgrresponding all-sky

_camera photographs. From the Davis and Kimball (1960) study
and also from the material discussed in previous sections
of this chapter, it is apparent that equatorward auroral motions
are not unusual at any loca! time of The night or, with the
exception oflfhe early expansive phase, aT any substorm tire.
For an equatorward aurorai motion to define the growth phase,
there must be one or more additional characteristics which
- can provide the onset fTime of the growth phase.

I is believed commonly that several geomagnetic observatories
scattered along the auroral zone can monifor the intensity
of the auroral elecircjet. As pointed out by reldstein and
Starkov (1967), Stringer and Belon (1967) and Akasofu (1969),
the auroral oval contracts poleward during quiet periods to
about dp latitude 70° or higher and expands equatorward during
disturbed periods (see also Akasofu and Chapman, 1963). Care
must be exercised to interpret geomagnetic variations for substorms
which are preceded by a few hours of magnetoquiet (both the AE
and Ds‘r indices are small). This is especially true for the
so-called 'isolated! substorms. Such substorms ftend to occur
along the contrected oval, and their 'magnetic signature'

aicng the auroral zone can be quite different from that for
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successive substorms. In this situaticn, since the oval is
locgted well polewsrd of aurorai zone stations in the midnight
sector, a typical auroral zone station temporarily 'becomes!
a subsuroral station. Examples of fwo such substorms are
discussed in section 2.5 on the basis of the records taken
from the Alaska meridian chain of stations; such substorms,
on the coniracted oval, occurred aimost beyond the field
of view of the College all-sky camsra.
In ;uch sifuations the AE index is not proportional fo
the total infensity of the auroral elecfrojef. Indeed, it
is possible *that when succeésive substorms occur affer a few
hours of magnetcguiet, the first substorm begins along the
contracted oval, and the oval expands equatorward as a whole
as the subsequent substorms occur. During the first of several
successive substorms, the H component magnetic records frem
auroral zone stations in the midnight sector may show a weak
negative bay (or scmetimes even a positive bay). Subsequent
substorms are defined more clearly as negative bays with a
sharp onset. McPherron (1970) and Kokubun (i971) noted that
a sharp growth of negative bays is preceded by a gradual growth
of negative bays which last for 1-2 hours. They call this
"initial slow growth the 'growth phase'. However, their growth
phase fits with the pattern of the described magnetic variations.
Such an inference cannot be proved easily without having magnetic
and/or all-sky records from a meridian chain of stations.

The fol lowing example, supplemented with magnetic and all-sky
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camera data from the Alaskaﬁ meridian, will serve to iliustrate
the sequence of events jusi described.

The lower half of Figure 8 shows the AU and AL indices
on February 14, 1970. Superposed on the AL index is the sinultaneous
magnetic record from inuvik (71.1°N CGL), located about 680 km
poleward of College (64.9°N CGL),

In the AL index, a weak negative bay began at about 0850 UT
and gradually developed until about 1025 UT when an intense
negative bay began at College; this portion of the AL index
is identical fo the College records. Such a gradual growth
of the negative bay fH*s- wifﬁ the description of the growth
phase. f-'lowever, the Inuvik magnetic record superposed on
the AL index shows a fairly well defined negative bay during
this period as well as at 0830 UT. At 1000 UT, the center
Ii-ne of the oval was iocated at about 68.5°N CGL, about 270 km
south of Inuvik, and its all-sky camera recorded clearly active
auroras. Thus, onthe basis of both the magnetic and auroral
records from lnuvik, it is concluded that the 'slow' growth
negative bay in the AL index is misleading if 1'h.is 'slow!
growth is interpreted as a growth phase.

I+ is important fo note that such auroral activity is
not observable from a typical auroral zone station (like College),
except for an equatorward motion associated with the expansion
of the oval. The absence of auroral displays near the zenith
of a typical auroral zone station does not necessarily mean

the absence of substorms. A single auroral zone all-sky camera
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will often be inadequate to identify the expansive phase.
Another complication occurred also on the same day. The
AL index began to increase at 1315 UT and suddenly increased
at 1440 UT after a slight decrease between 1415 and 1440 UT.
The all-sky photographs taken from College show the formation
of patches near the equatorward boundary of the oval at 1315 UT.
The pa';‘;he.s faded between 1415 and 1440 U1.' and re:;ppea:ed
at 1440 UT. Since the formation of patches is one of the
major features of auroral substorms, we can conclude thai
both the gradual and sudden increases of the AL index indicated
the occurrence of two substorms. |t should be noted that
+he formation of the patches was not visible from Fort Yukon,
since it c_vccurred near the equatorward horizon there.
As mentioned earlier, it is difficult to detect the occurrence
of substorms from sub-auroral zone stations during fairly
quiet periods. For example, examining magnetic records from
Sodankyla, Leirvogur, Great Whale River, Meanook, Sitka and
Col lege on February 14, 1968, Aubry and McPherron (1970) claimed
that no distinct substorm could be identified. However, the
magnetic record from Tromsg showed clearly a negative bay
of magnitude of more than 100y (Figure 9), thus casting doubt
on some of their conclusions. .
Kokubun (1971) and Nishida and Kokubun (1971) noted that
the equivalent current system for the growth phase consists
of two vortices of currents and that it is similar, or essentially
identical, to the current system for the DP-2 variation (cf. Nishida

and Kokubun, 1971). All-sky camera data are available for several
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prior determinations of the groQTh phase and D7-2 variations.
These examples were studied tc determine if growth phase and
DP-2 conclusions are valid with respect to the known zurors
substorm phenomena.

Fi

, from the top, the angle 6 (Ness et al., 1964)
of the interplanetary magnetic field, the Y ccmponent magnetic
record trom Atert, the AL index, and selected ail-sky camera
photographs from Meuld Bay (80.9°N, CGL, 1600 km. poleward

of Co]legé) on December |, 1965. This example was examined

in detail by Nishida (197i) who iden#ifigd the disturbance
between 1240 and 1310 UT to be the DP-2 variation-and the
disturbance 1310 UT fo 1510 UT to be the DP-I (auroral electrojet)
variation. The kould Bay all-sky records show clearly, however,
that a violent poleward expansive motion began at about 1230 UT.
Active auroras crossed the zenith about 1254-1255 UT and went
further poleward. |In this case, the poleward expansive motion

of auroras occurred during the DP-2 variation which is supposed
to be distinct from the DP-1 variation.

Figure i shows the AL index and the growth phases determined
by lijima and Nagata (1971) and also the corresponding all-sky
photographs from Fort Yukon. Again, an intense poleward motion
is seen clearly during the initial slow growth or their 'growth
phase'.

Figure 12 shows another example of similar incorrect
identification. The format of the upper part is the same as

that of Figure 10, and the lower part shows selected a!l-sky

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

photographs from College onv October 2, 1965. Nishida (1971)
identified three successive OP-2 variaticons which were fol lowed
by a DP-1 variation and then two other DP-2 variations. The
College all-sky photographs show, however, that during the
first three DP-2 variations all the major characteristics

of auroral displays during aurora! substorms occurred. First
of all, there were two westward traveling surges (1132-1147 UT),
the subsequent poleward expansive motion (1150-1240) and the
eastward drifting 'inverted Q' band (1405-1416 UT). All these
features are so typical that there is little ambiguity about
‘rheir.idenfiﬂcaﬂon. .In Thiis case, too, it must be concluded
+hat aurcral substorms were progressing during the 'growth
phase'.

The lower half of Figure 13 shows the AE, AU, AL and Dsi’
in'dices (Cape Wellen, College, Byrd, Baker Lake, Cape Chelyuskin,
Murmansk, Tixie Bay and Dixon) on May 30, 1960. The period
indicated by the letter B fits well the description of the
growth phase defined by Kokubun (1971); in particular, note

that AU>AL and the L‘Js index shows a slight depression. However,

+
a poleward motion of auroras was observed at Byrd (68.6°S CGL)
and subsequently at South Pole (74.7°S CGL) during this period
(Figure 14). The poleward motion began about 0415 UT, and
auroras crossed the zenith of Byrd about 0532 UT and of the
South Pole about 0625 UT. From 0630 UT to about 0700 UT the

oleward boundary of the instantaneous auroral oval moved
Y

equatorwvard approximately four degrees of latitude. As The
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growth of AL continued, the aurora again moved poleward, crossing

+the-South Pole zenith about 0708 UT and eventually reached -

the poleward horizon of the South Pole Station (';479"5 CcGL).

Thus period B cannot be the growth phase of the substorm with

the sharp onset negafive bay about 0830 UT. s
There is also another example in which the growth phase

is not clearly defined. Figure 16 shows the H component magnetic

records from College, Barrow and Cape Wellen on February 13, 1968.

Aubry and FcPherron (1970) determined the onset of the expansion

phase to be 1230 UT. In spite of the bright moon and .foggy

condition, all-sky photographs from all the Alaskan stations

(Fort Yukon, Bettles, Eagle and Coilege) showed considerable

auroral activity after 0800 UT. This activity can be seen

clearly in the magnetic records from College and Barrow. The

last intensification of auroral activity began sbout 1215 UT,

or even earlier, in Alaska which was located in the early

morning sector; the Cape Wellen record shows the onset of

2 negative bay at 1145 UT. Aubry and McPherron (1971) determined

also the onset time of the expansion phase for the second

substorm fo be 1510 UT. However, the auroral substorm activity

began at 1559 UT or earlier in Alaska (the last morning sector).

Their determination of the onset time of the expansion phase

was partly based on a decrease of the magnetic field infensity

in the distant tail which is usually asscciated with the expansion

of the plasma sheet (cf. Meng et al., 1971). However, simultaneous
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observations of the expansion by two satellites indicate that
the times when the expanding plasma sheet reaches satellites
are 2 coiplicated function of location of satellifes in the
distant tail (cf. Meng et al., 1270) .

The precediﬁg discussion shows clearly that it is difficult
tc define The growth phase on the basis of magnetic records
alone. The identification of a growth phase from the magnetic
records for any of the substorm examples discussed in this
paper is incorrect. It is concluded that until geomagnetic
field variations during an early phase of magnetospheric substorms
are well established, the gArow'rh phase should not be defined
on the basis of auroral zone megnetic records alone.

I+ should be noted in +his connection that the AE |ndex
should not teen considered to be proportional to the total
current intensity of the auroral eifectrojet because of the
lack of accurate knowledge of the growth pattern of the electrojet
during the early phase of magnetospheric substorms. It is
also unlikely that all initial slow growths can be atfributed
fo the expansion effect of the oval associated with successive
substorms. A similar pattern occurs also in the vicinity
of the path of westward traveling surges (Akasofu 1968, p. 43).

Akasofu (1950) noted that rapid motions of the auroral
electrojet make it difficult to assume that an observed negative
bay represents time variations of the tntal intensity of the
electrojet. A very rapid growth of the negative bay could

be either or both a rapid growth and a rapid motion of the
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electrojet toward the obser&er. This is quite common near
the poleward expanding bulge. Similarly, & rapid decay of
negative bays could be either or both a rapid decay and a rapid
motion of the electrojet away from the observer.

It is also clear that the absence of auroral displays
over an auroral zone station in the midnight sector does not
necessarily indicate the absence of auroral substorms. An
auroral substorm may occur almost beyond the field of view
of a typical auroral zone station. One musi also be carefu
in interpreting an equatorward motion of auroras, since there
are s;veral causes whicﬁ are‘noT related to the growth phase
(Akasofu, Kimball and Meng 1966¢). _In particular, a slight
equatorward motion of the oval 2 littie before the arri.al
of westward fraveling surges or eastward drift motions (Akasofu
1938, Figure 17) should not be identified with the growth
phase feature.

In brief, extrems care is needed to identify the growth
phase without a close network of magnetic or all-sky stations,
in particular a meridian chain of stations. The AE index
is a good index for substorms, buf it is too crude to identify
the growth phase.

Thus far the theme of this section has been to iliustrate
the prior and incorrect identifications of magnetospheric
substorm growth phases. One may attribute the inadequacies
of the determinations to an insufficient and possibly inappropriate

data base.
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Hones et al. (1971) have shown that the auroral brightening,
immediately prior fo the poleward expansion, to be a good
indicator of substorm onset. The brightening occurs within
the tempora! uncertainty (several minutes) of the onsets
of other magnetospheric substorm phenomena, i.e. plasma sheef
Thinning,_ agroral zone negative bay, and I;>=v !a+ifufie positive
bay. Since the auroral sutstorm onset is often unambiguously
defined and apparently an indicator of the onset of all substorm
phenomena, it is natural to ask if there are any other auroral
characteristics that might heip fo identify the growth phase.

As mentioned previously, several wcrkers have suggested or
&bserved that midnight sector equatorward auroral motions
precede the expansive phase of magnetospheric substorms. However,
a large uncertainty must exist in these unqualified statements
because equatorward aurora! motions are common throughout

tThe night sector (cf. Davis and Kimball, [960;.

An inspection of Figures 4-8 seems to show that there
are interesting and pronounced meridional motions prior to
the substorm expansive phase. Of the five days analyzed,
auroral substorms occurred near midnight on December 5, 1969
and January 5 and 8, 1970 that exhibited well defined expansive
phases and that were not preceded by any unusual magnetic
activity that would confuse the auroral situation during the
possible growth phase. These cases should be ideal for the
study of pre-expansive phase auroral activity. Several interesting

characteristics may be noted.
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First, up to 6C - 120 minutes prior to the expansive phase

onset, the equaterward drift rate of auroral forms increases.

er (197!1) suggested that such an increased equatorward speed
arises from ean increasing westward electric field during this
period. Second, the poleward sky is relatively free of aurcras
just prior fo the expansive phase. That is, the auroral oval

in the midnight sector is reduced to one, or possibly several,
equatorwerd auroral arcs prior to the activation and the expansive
phase. Notice that this equatorward thinning of the midnight
auroral belt occurs during the reiative magnefic quiet prior

fo the sudden onset negafivé bay of the expansive phase. Notice
also that the equatorward 'spread' of the expansive phase is

minor relative fc the equatorward driffs that precede the expansive
phase. This means that in the midnight sector the auroral telt
moved and thinned equatorward prior fo the substorm and relatively
little equatorward motion was associated with the expansive

phase of these substorms. On December 5, 1969 two substorms
occurred within approximately one hour (~1040 and ~I130 UT)

Notice that in the second substorm the midnight auroras drifted

and thinned equatorward prior fo the weak intensity but significant
poleward expansion. This is in contrast to the January 5, 1970
"double substorm structure (v1000 and ~1045 UT) where the equatorward
recovery of the poleward boundary of the auroras was interrupted

by the second substorm and poleward expansion. From these

limited examples, it appears that the evening, midnight and
possibly the early morning auroras shift equatorward prior

to an 'isolated' magnetospheric substorm; whereas in the midday
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sector, the auroras shift edua+orward during the substorm (Akasofu,
19723, b).

It is thus of great interest to examine interplanetary
magnetic field conditions during the equatorward motions prior
to the expansive phase. A preliminary study of Explorer 33
and 35 satellite date indicates that on both December 5, 1969
and January 8, 1970, there was no clear indication of the expected
relationship, while on January 5, 1970, the situation was more
or less as expected. It is thus necessary to examine many
more events before being able to identify the equatorward motion
to be .a; true manifesfa'l'ion o% the.growth phase. |t should
be noted 'in this connection that the equatorward motion does
not occur concurrently with the thinning of the plasma saeet. .
Hones et al. (1971) showed that the thinning begins at the
onset time of the expansive phase.

The possibility of a depression of the H component in
low-latitudes during the equatorward motion was also examined.
Kokubun (1971) suggested this possible magnetogram characteristic
to be a manifestation of the growth phase. Theré were, however,
no such indications on any of the days studied.

McPherron (1970) noted that there is a slow growth of
the AL index prior to the expansive phase. The data examined
do not show any consistent indication of such a slow growth.

This was discussed in detail in previous paragraphs.
2.3.3.2 Poleward Motions and the Expansive Phase

The most spectacular of the meridional motions is the

poleward expansive mofion of the midnight sector of the auroral
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oval associated with the polar magnetic substorm (cf. Akasofu, 1968).

Poleward expansive motions within an hour of locel magnetic

midnight were observed on December 5, 1969, Janvary 5 and &, 1970

and February 14, 1970. The January 5 (~{000 UT) and 8 (~1020 UT)

events are the clearest and appear to be free of the complications

of other superimposed substorm activity. However, ig both of

these cases, the expansion was not purely poleward but had

a significant westward component (see Figure 19 for photographs

of the January 8, 1970 event). The westward compenent indicates

that the auroral substorm may have begun slightly east of the

Alaskan meridian and that the observed motion was composed of

4 poleward expansion and a westward traveling surge. During

a poleward expansion, the location of the northern boundary

of the ‘expanding oval can be easily defined but the auroral

motions within The poleward 'bulge' are often too violent to

be studied in detail from the all-sky camera piotographs (Akasofu

et al., 1966a). In the cases where it was possible to define

the meridional motions of the forms within the poleward 'bulge',

equatorward motions were observed prior to the time that the

expansion had reached its most poleward point, e.g. 1200 UT

December 5, 1969 and 1030 - 1130 UT January 5, 1970. This

is another situation that undoubtedly adds to the dominance

of night secfor equatorward motions (Davis and Kimball, 1960).
From figures 4-8 one can see that in general the poleward

motion of a night sector auroral form was normally associated

with or followed an increase in auroral zone magnetic activity.

An obvious exception to this statement occurred at 0700 UT on
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February 14, 1970 when a rapid poieward motion was observed
following a decrease in auroral zone magnetic activity. However,
the inspection of the Mould Bay magnetic data shows that a negative
bay of approximately 60 gammas occurred in the Y component
record. This weak bay was nearly coincident with the poleward
rotion of the aurora. As discussed previously, the AE index
ray not ba proportionz!, in certain situations, to the total
intensity of the auroral electrojet. This study suggests that
poleward auroral motions in the night sector are a sensitive
indicator of magnetospheric activity; whereas, with the exception
of the apparent morning poleward drift, equatorward motions
dominate the quiet night sector auroral oval.
The equatorward motion of irregular auroral bands during
a subsiorm has besn described by Akasofu gi el. (1966c). Examples
of these meridional motions are illustrated in relation to
the other meridional motions by noting the equatorward expansion
of the southern boundary of the auroras in Figures 4 (~1130-1200 UT),
5 (w1000 UT), 6 (v1120-1230 UT), 7 (~1020 UT), and 8 (v1100-1115 UT).
It is noted that this substorm asscéiafed equatorward 'spread'
is reIa:Hvely minor, several degrees of latitude, while the
poleward expansion often occurs over ten degrees of latitude.
Another characteristic difference between the poleward
and the equatorward auroras during a substorm is that much lower
infensity auroras comprise the equatorward-most region of auroral
luminosity. The irregular bands and the diffuse auroras are
weak compared to the discrete auroras that advance poleward

and that occupy the poleward 'bulge' during the auroral substorm.
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idional motion

The equatorward diffuse auroras show tittle me
compared fo the rapid, generally eastward, iafitudinal drift
that is easily seen in the cine projection of the all-sky cemera
films.

2.3.3.3 Recovery Phase

Equatorward zuroral motions during The recovery phase
of substorms have been discussed by Akasofu et al. (1966¢c).
They found that the characteristic equatorward recovery speed
was slower than the poleward expansive speed, and that the
equatorward recovery may be interrupted by a new substorm that
will renew the poleward motion.

From  the analysis here, it is apparent that equatorward
motions, fcllowing the advent of the expansive phase of *“he
auroral substorm, begin before the poleward expansion is complete
or before the poleward enve'!opes begin to contract equatorward.
It is not readily apparent from the case histories presented
in these examples that the equatorward recovery speeds are
less than the poleward expansive speeds. When the poleward
envelope of the auroras is considered, then the cbmparaﬂve
statement about the speeds is correct for the situations studied.
Further, it may be pertinent to ask what is the recovery phase
of the auroral substorm? [s it the reappearance of a significant
equatorward-component of motion within the poleward 'bulge'
or the subsequent equatorward recovery of the auroral form that
defines the poleward boundary of the 'bulge'?

The January 5, 1970 data (Figure 5) show an excellent example
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of ;n interruption of the equatorward auroral motions of the
recovery phase by the onset of a second poleward expansion

2t about 1045 UT. Nete that the AL index, constructed from

the auroral zone magnetic records, shows only a gradual onset
negative bay and no definite hint of successive substorms;
whereas, the Inuvik magnetogram shows clearly the dqpblevbay
sfrucfuré that follows closely the poleward motion of the auroras.
This is another example that illustrates the inadequancy of

the AE index for use in detailed studies of aurcral and magnetospheric
dynamics. |t also points toward the importance of magnetic

meridian chains of observatories for the detailed s?ud9 and
fonitoring of high latitude magnetospheric substorm phenomena.

2.3.4. Summary

Both all-sky and magnetic records from the Alaskan meridian
chain of stations have Pro;ided and ciarified several imporiant
features of auroral morphology.

A. Although the daily 'scanning' by the chain stations
reveals the general pattern of the auroral oval, there are
at many times considerable departures from the pattern suggested
by the earth rotating beneath a quasi-stationary auroral oval.

B. Regerdless of the local time in the night secter, individual
auroral forms drift generally equatorward within the band of
latitudes where auroras are observed most frequently, i.e.
the statistical auroral oval. The exception to the equatorward
drift occurs during brief periods of the expansive phase of

auroral subsforms or in association with less well defined

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51

increases in aurcral oval magnetic activity. The dominance
of the equatorwerd drif{t metions fhroughout the night is in
agreemen* with a statistical study by Davis and Kimball (19280).

C. Poleward auroral motions, within the night sector,
appear To be a sensitive indicator of magnetospheric substorn
ac1‘iv.i'i'y.

D. There seems to be an enhanced equatorward drift of
auroral forms 60 - 120 minutes prior to the onset of the expansive
phase of an auroral substorm. The equatorward drift (Pudovkin
et al., 1968; Feldstein, 1971; Kelly et al., 197i; and Mozer,
1971} and the 'clearing' of-‘rhe p&leward sky result in an equatorward
Thinning of the auroral oval. However, since the equatorward
drift motion of auroras is a common feature, another independent
phenomenon is needed to define definitely the growth phase.
from the exampies considered, there does not appear to be
any upambiguous characteristic of the AU or the AL indices
\that can be associated with the enhanced equaiorward drift
of auroras prior to the onset of an auroral subsiorm in the
midnight sector. A preliminary examination of the correspending
inferplanetary conditions at about the onset of the enhanced
equatorward driff is inconclusive. There is also no consistent
relationship between the claimed manifestations of the growth
phase and the equatorward motion.

E. During an auroral substorm, equatorward motions of
auroral forms may occur within the expanding 'bulge' before

the poleward boundary of the 'bulge' reaches its highest latitude.
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F. The spead of the cqﬁa‘l’orv/erd aurorzl motions may be,
at times, of the same mzgnitude or even greater than the speed
of the poleward expansive motions of the auroral substorm.

G. Ali-sky camera date analyses illusirate, by case study,
the contraction of the auroral oval associated with a decrease
in solar activity.

2.4 AURURAL SUBSTORMS ON THE CONTRACTED AURURAL OVAL
2.4.1 !ntroduction

Several workers have noted that the auroral oval contracts
poleward during periods of magne’rc.:quief. Stringer et al. (1965)
have si’lown specific examples i'rha‘r during 1QSY periods of zero
and very weak magnetic disturbance that the midnight sector
auroras contract poleward to near 75° dipole latitude. The
work of Feldstein and Starkov (i967) and Starkov and Feldstein
(19675) has shown the equatorward boundary of the midnight sector
Q = 0 statistical auroral oval to be located near 70° latitude

(CGL) during both the IGY and the 1QSY. For D5 % =30 gammas

t
(more positive) and Q = 3, the equatorward boundary of the
midnight sector of the auroral oval shifts to near 65° CGL
(Feldstein and Starkov, 1967; Starkov and Feldstein, 1968;
Starkov and Feldstein, 1967). The upper limit of the magnetic
disturbance amplitude for Q = 3 is 80 gammas (Bartels, [957).
This suggests that an auroral zone station, such as College,
Alaska (64.9°N, CGL) would be statistically just equatorward

of or even beneath the midnight sector auroras for all associated

polar magnetic substorms with a disturbance amplitude greater
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than or equal to 80 gammas.

I+ should be noted that the midnight sector Q indices,
referred to by fhe Russian workers, are those reduced fo the
value of the Q index for 64.5°N CGL (Feldstein and Starkov,

1967). MWith this fact, there remains the possibility that auroral
and polar magnetic substorms do occur on 'H}e confradeg oval;

yet, the associated magnetic disturbance at ~65° latitude (CGL)

is relatively minor (less than ~ 100 gemmas). The purpose

of this section is to present observational evidence from the
Alaskan meridian chain that intense auroral and polar magnetic
substorms do occur on the confracted oval with only minluor indications
a8t a typical auroral zone latitude station such as College.

Two such substorms will be discussed that were observed
near local midnight by the Alaskan meridian chain on January
5 and 3, 1970.

2.4.2 January 5, 1970 Auroral Substorm

On January 5, 1970 the equatorward migration of auroras,
discussed in previous section as a possible pre-expansive phase,
culmirated in the 0917 UT appearance of a new auroral arc about
120 kilometers poleward of Fort Yukon (Figure 5). At 0923 UT
this arc brightened for a short time and drifted slightly poleward --
possibly in association with the slight negative bay (v70 gammas)
in the AL index. At 0954 UT this same arc suddenly brightened,
and at 0957 UT the expansive phase of the auroral substorm began.
The poleward moving auroras crossed the Inuvik zenith about

1000 UT, and a very sharp onset negative bay of about 350 gammas
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began at lnuvik just a2 few minutes prior to the poleward motion
of the auroras fhrouéh the Inuvik zenith (Figure 5). After
1004 UT “he equatorward moving arc of the auroral substorm
disintegrated into patches that prevailed for about 10 minutes
in 2 position poleward of ~ 66.7°N CGL. A reintensificaticn
of the substerm phencmena after 1030 UT resulted in the poleward
'bulge' expanding poleward to approximately 77.5°N CGL by
1145 UT; _however, there were no auroras observed equatorward
of &~ 68.5°N CGL.

It is important to note several aspects of this disturbance.
All auroras associated wi%h.fhis intense substorm occurred poleward
of 66.7°N CGL. Only a minor, ~ 50 gamua, positive bay was
observed at College (64.9°N CGL) whereas lInuvik recorded an
intense, 350 gamma, negative bay (Figure 17).
2.4.3 January 8, 1270 Auroral Substorm

The substorm of January 8, 1970 was similar in many respects
to the January 5, 1970 substorm. The a.uroral substorm occurred
poleward of 66.9°N CGL. The magnetic 'signature' of the substorm
at College was a minor, generally positive, perturbation compared
to the 270 gamma negative bay recorded at Inuvik (Figure 18).
The expansive phese of this substorm was also preceded by an
equatorward 'thinning' of the auroral oval at about 69°N CGL
(Figure 7). This thinning began almost ftwo hours prior to
the expansive phase. These pre-substorm auroral forms were
at times bright and active bands (e.g. 0900-0930 UT). At 0920
UT and 100! UT the equatorward-most arc brightened transiently

and drifted poleward. From 1017 to 1020 UT the auroral oval
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narrowed to @ single arc Théf brightened from east to west;
the expansive phase of the auroral substorm followed immediately.
The poieward 'bulge' auroral forms were very bright and active
with no crganized internal motion discernable in cine projection
of the ali-sky camera data. The poleward expansion can be
recognized easily by comparing the simuitaneous photographs
from Sachs Harbour and Inuvik (Figure 19).
2.4.4 Discussion

From Figures 5, 7, !7, 18 and 19, jt+ is easily seen that
auroral and polar magnetic substorms do occur on the contracted
auroral oval. The feaTUEes of these substorms are identical,
with the éxcspfion of the latitude of occurrence, to those
that occur at typical auroral zone latitudes. It is also eas’ly
seen that the magnetic and auroral records from auroral zone
Ia;ifudes give little hint of the occurrence of substorms on
the contracted oval. Therefore without a meridian chain of
observatories, that extends to about 75° CGL, it is not possible
to monitor substorm activity during quiet periods such as
discussed for January 5 and &, 1970.
2.5 CONTINUOUS AURORAL OBSERVATICNS
2.5.1 Limiting Factors for Continuous Aurorai Observations

As discussed in the previous sections of this chapter,
the magnefic meridian observing chain is the most efficient
way to monitor the auroral oval. The meridian chain may be
compared to an azimuth scan radar that 'scans' the auroral

oval once per day. The Alaskan meridian chain is ideal for
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the systematic monitoring of the night sector auroras; however,
sunlight precludes day-sector observations except for possibly
near the winter solstice. Since upper atmospheric lighting
conditions are a strong governing factor for any type of optical
auroral measurement, the following paragraph wil! outline the
major limitations in the northern hemisphere. The discussion
will ignore tropospheric weather conditions.

“For the highest potential of observing auroras any day
of the year near magnetic midnight, one requires a ground station
with a relatively low geographic latitude for a corresponding
geomaghéfic latitude of approximately 65 to 70° CGL. In the °
northern hemisphere, this region is located in the eastern
Hudson Bay area of Canada.

For the highest potential of ol;s.erving auroras for a full
24 hour period near the winter solstice, one requires a ground
station with relatively high geographic latitude for a corresponding
geomagnetic latitude of approximately 73 to 78° CGL. The most
favorable land areas in the northern hemisphere are northeastern
Greenland, Svalbard, Franz Josef Land, and Severﬁaya Zemlya.

Figure 20 will help to illustrate the preceding, and several
following, considerations. The geographic outlines of the
major land areas for high latitudes in the northern hemisphere
are shown as transformed info the corrected geomagnetic coordinate
system (Whalen, 1970). The 50 kilometer shadow height at local
solar noon is shown for various dates. Also shown are several

constant geomagnetic latitude (CGL) circles.
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To observe auroras from a ground based observatory or
even a jet aircraft, the upper atmosphere cannot be sunlit
below 50 kilometers, at fhe absolute lowest, and preferably
not below 100 kilometers. These shadow heights correspond
fo solar depression angles of seven and ten degrees respectively.
If sunlight illuninates the atmosphere below 50 kilometers,

e scafiered suniight witi prevent optical observations of
aurora.

AnoT‘her limiting factor is moonlight. Moonlight interferes
with most optical auroral observations - especially those of
the fainter auroral forms that comprise the midday sector of
the auroral oval. Moonlight can become a significant problem
when one considers that at high geographic latitudes that the
winter moon may be continuously above the horizon for several
days abcut the time of the full moon.

It should be pointed out that the advances in lighting
technology are also important to consider. The installation
of mercury and scdium vapor exterior lighting at remote arctic
stations has been detrimental to the quality of the all-sky
camera data -- especially under blowing snow conditions. This
fact is clearly illustrated vhen the excellent data teken at
Hould Bay in the early 1980s (without high infensity exterior
lighting) are compared to those data from the recent past (with
high intensity exterior lighting).

2.5.2 A Southern Hemisphere Auroral Observing Chain

From the title of this section and the previous discussion,
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it may be inferred that there are certain advantages in auroral

data acquired in the southern hemisphere. South Pole Station
(Amundsen-Scott) is loca"rs-:d at 90°S geographic and has a favorable
geomagnetic latitude (74.7°S CGL) for auroral observations.

South Pele is complimented by Byrd Station located at 80°S geographic

latitude and at 68.6°S CGL. Davis and DeWitt (1963) demonstrated

the valuc cf the Zyrd dete in the deter ion of characteristic
auroral motions. Simultaneous data from both stations become
more interesting when one notes that these two stations are
separated by only 25.6° in geomagnetic longitude (approximately
| hour 40 minutes in geomagnetic time, CGLT). This means that
Byrd and-South Pole form a two station 'quasi-meridian' observing
chain. »
2.5.3 Continuou. Auroral Observaﬂér;s for May 30, i960

= All-sky camera films were reviewed for both stations for
approximately one observing season to find a day with clear
skies and auroras at both stations. May 30, 1960, a day also
considered by Davis and DeWitt (1963), was selected for investigation.
The meridional position and character (diffuse or discrete)
of each auroral form was determined, and the results are shown
in Figure 13 in a similar format to the Alaskan meridian figures.
Since the stetions are separated by almost two hours in geomagnetic
time, the poleward and the equatorward boundaries of the Q = 3
statistical auroral oval were defined separately by the distances
from South Pole and Byrd respectively. Since ground projection

position data are uncertain for large zenith angles, auroral

forms for Z>80° have been grouped into two categories (poleward
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and equatorward of each ststion) and zre displayed in Figure
I3 by dashed lines. No attempt has been made to smooth the
data because of the latitudinal and the femporal separations
of the stations.

The gecmagnetic field was moderately disturbed on May
30, 1960. The lower half of Figure 13 showé that several polar

equatorial DsT index

decreased to a minimum of -49 gammas at 1700 UT (Sugiura and

Poros, 1970). Kp ranged from 20 to 4+ and ZKP for the day
was 25- (Solar-Geophysicai Data, July, 1960).

As before, with the Alaskan meridian chain, the 'écanning'
speed around the auroral oval is too siow to depict the instantaneous
azimuthal display of the oval. Yet, the two station chain
data revaal that a gross oval pattern does emerge from the
complete 24 hour 'scan' (Figure 13).

Since ZKP was greater than 10 for May 30,. 1960, one would
expect to find a continuous band of auroras around the geomagnetic
pole (Buchau et al., 1970); with minor exceptions, this was
the situation found. Discrete auroras were not observed continuously
for two periods: ~00l5 fto 0105 UT and ~|000 to 030 UT. During
the earlier period the auroras disappeared and reappeared atf
similar latitudes. This suggests that }he first 'gap' in
the auroral oval may have been temporal rather than spatial
and possibly related to the lower threshold auroral intensity »
that could have been recorded by an all-sky camera in 1960.

The second period was not an absence of auroral forms. Rather,

there was an absence of discrete auroral forms during a substorm
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that began at about 0945 UT. Diffuse auroral forms covered

the entire field-cf-view qf the Byrd camera (Figure l4). No
definitive statements can be made about the presence of discrete
auroras for the period in question.

The slow, two station 'scan' of the auroral oval for tay
30, 1960 supports the concept of a continuous auroral oval
without any spatial gaps. There is no indication of a latitude
discontinuity between the day and night sector auroras as
has been suggssted by Mishin et al. (1970) and reported by
Lassen (1972) from visual auroral observations in Greenland.

!H Section 4.2, midday auroral patches are discussed for
northern ‘hemisphere cbservations. As mentioned eariier, the
northern hemisphere lighting conditions are not the mos+* fayoﬁable
for midday auroral cbservations. The 'discovery' of midday
auroral patches in auroral data from the northern hemisphere
prompted an examination of Byrd films for the same phenomena.
Diffuse patchy midday auroras observed on May 30, 1960 are
typical of occurrences on other days. Figure [5 shows remarkable
examples of intense diffuse patchy auroras from 1300 fo 1700 UT.
After the later tTime, twilight interference became tco great
for good photographic reproduction; however, cine projection
revealed that the patches continued through 1800 UT (v1240 hours CGLT).

With the exception of an approximate 75 minute period
(1130 to 1245 UT), auroral patches were observed continuously
from 0940 UT to midday twilight at 1800 UT. These diffuse

auroral displays are morphologicaily related to the series
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of magnetospheric substorms that occurred prior to 1600 UT;
the extension of the patchy auroras from the early morning
sector, where their occurrence has been well documented (cf.
Akasofu et al., 1966b) info the day sector is established.

An equatorward 'thinning' of the auror:al oval is indicated
prior to the midnight sector substorm (Figures 13,14). This
'thinning' is in agreement with the results found for the substorms
studied with the Alaskan meridian data. Equatorward 'thinning'
of the auroral oval prior to subsequent substorms is not clearly
indicatea -- possibly because of the increased disturbance
level and the location of the stations in the morning sector.

Data from both Byrd and South Pole indicate the equatorward
motion and the subsequent retreat poleward of the day-secior
auroras associated with the development and recovery of the
largest polar magnetic substorm (v1330 to 1500 UT) (Figures
13, 15). Notice also for this same time period, the occurrence
of aurora‘l paiches equatorward of the discrete auroras (Figures
13, 15).

Following the substorm recovery motion of the day-sector
auroras and during a period of relatively constant AE index,
numerous auroral forms were observed to appear equatorward of
the South Pole zenith, drift poleward through the zenith, and
subsequently disappear while continuing poleward. Shortly after
2100 UT  (1800-1200 hours CGLT) the dominant meridional auroral
motions became equatorward.

2.5.4 Day-Sector Meridional Auroral Motions

It is not clear exactiy what the motions of auroras indicate.
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Two plausible possibilities are: magnetospheric convection
patterns (Davis, 1971) or motion of primary auroral electron
sources through the magnetosphere. |If the first possibility
is correct, the dominance of poleward auroral motions observed
between 1700 and 2100 UT on May 30, 1960 may indicate the steady
state convection pattern similar to that suggested by Dungey
(1961). A survey of South Pole all-sky camera films revealed
that the occurrence of poleward drifting auroral forms varies
from day to day. For this reason no absolute statement can
be made as to whether the pattern of Mayv30, 1960 is representative
of the general meridional motions of day-sector auforas.

Nine eight-hour periods (1200-2000 UT) during days in
1962 were selected for additional study (May 31, June i, 7,
28, 29 and 30, and July 1, 5, and 6, 1962). Figure 2l presents
the meridionai distributions of the day sector discrete auroras
that were observed dur}ng the nine additional periods. Of the
total of ten days studied, there were four extended periods
in which the day-sector 'migrating' poleward auroral motions
were observed (May 30, 1960, 1800-2000 UT; May 31, 1962, 1430~
1530 UT; July 1, 1962, 1145-1400 UT and July 6, 1962, 1145~
1415 UT). From this limited investigation it appears that the
frequent successive birth, poleward migration, and disappearance
of the day-sector auroras are not uncommon phenomena, but not
necessarily representative of all day-sector aurores.

A statistical approach was undertaken to gain further

insight into the data sample. The number of auroral forms was
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determined that passed through or that disappeared in the South
Pole zenith as the forms drifted poleward or equatorward. The
resulting distribution for the fen eight-hour periods is:

Poleward motion crossings of the South Pole zenith: 44

Equatorward motion crossings of the South Pole zenith: 17

If one makes the a priori assumption that day-sector auroral
motions through the South Pole zenith are equally probable
in elther direction, the probability of achieving the observed
distribution is less than one percent.

Another approach used was to determine the number of auroral
forms that disappeared pboleward or equatorward of their position
of first observation. This question removes bias that may
have been introduced in the first distribution as a resuit
of the position of the station relative to those auroral forms
that passed through the station latitude. The results for
the second distribution are:

Poleward disappearances: 103

Equatorward disappearances: 50
Again if both disappearances are equally probablé, the probability
of achieving at least 103 poleward disappearances out of 153 is
much less than one percent.

This limited study demonstrates that poleward auroral
motions are more likely than equatorward motions within the
day-sector auroral oval. This is in obvious contrast to the
night-sector where equatorward motions are more frequent than

polevard motions (Davis and Kimball, 1960).
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Alaskan Sector Observatories (1969-1970)

Geographlc Corrected Geomaanetic Instruments Operatod
Station . Lat. Long. Llat. Lorg. All-Sky Camera Riometer
tould Bay ©76.2°0 119.4° 80.9°N 96.0°% X
Sachs Harbour 72.0 125.3 76.3 89.2 X X
Inuvik 68.6 133.0 7.1 9.2 X X
Bar-1 69.2 143.7 .1 69.9 100.3 X
Barrow 7.3 156.8 69.7 113.0
Fort Yukon 66.9 145.3 67.1 99.3 X X . X
College 64.9 147.8 64.9 99.7 X X X
Anchorage 61.2 149.9 60.8 98.7 X X
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CHAPTER 3 .

THE HIGH LATITUDE |ONOSPHERE DURING MAGNETOQUIET

A thorough investigaTion of ionospheric disturbances depends
upon a detailed knowledge of the characteristics of the guiet
ionosphere. Prior investigations of the quiet ionosphere have
generally been restiricted fo mesoscale features, or the results
have been generalized from the collation of data greatly sroothed
in time and space. In this chapter, ionospheric data, obtained
from airborne surveys and from ground based ionosondes, are
combined, with limited smoothing, to deduce the macroscale
patterns of the magnetoquiet higﬁ latitude ionospheric E-region
and the F2-layer. The resulfs are presented and discussed in

ons 3.2.1.2 and 3.3,

3.1 INTRODUCTION

Recent studies (ﬁ; Buchau if_.‘.; 1972 and Vhalen ef al.,
1971) have estabiished the importance of considering high latitude
ionospheric phenomena in the context of the auroral oval. The
position of an observing station relative to the instantaneous
auroral oval is a significant parameter for understanding high
la'i'ii'u(;]e ionospheric data.

Many of the problems that previous workers have encountered
in ordering ground acquired high latitude ionospheric data
have arisen because of this fact. Due to the eccentricity
of the auroral oval and the shift of the 'auroral pole' toward
the night sector, the data from a single station are often representative

of several data types. On the average, a stafion between 65° and 72° CGL
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'scans' the subauroral ionosphere during the day, but at night
the same station rotates bénea'rh the auroral oval; a staticn
between 75° and 80° CGL is beneath the auroral oval during the
day and becomes a polar cap station at night; a station between
72° and 75° CGL is positioned fo observe at different local
times all three high latitude ionospheric zones: subzuroral
(main trough), auroral oval and polar cap.

This simple spatial pattern is subject to temporal variafions.
This means that a station's transition times from one zone
to another are not fixed put.vary in association with the geomagnetic
disturbance level. During disturbed conditions, a station
normally beneath the auroral oval méy become a polar cap station.

Togu'~t the same station may observe the subauroral

ionosphere. These femporal ccisiderations coupled with the
prior absence of a known ionospheric synoptic pattern have
resulted in a seemingly inconsistent body of ionospheric data
that has been difficult fo understand. Before considering

the temporal variations of the high latitude ionosphere, it

is important to establish the prevailing ionospheric conditions
during exiremely quiet periods. Disturbances may be considered
or defined to be deviations from the magnetoquiet characteristics.
The data are not available to determine the instantaneous high
latitude ionospheric patterns. Two indirect approaches have
been used to establish the magnetoquiet characteristics. The
first used the ionospheric data obtained from airborne surveys

of the high latitude ionosphere conducted by the Air Force
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Cambridge Research Laboratories. The second approach used data
from the Alaskan ground jonosonde stations to study the magnetoquiet
F2-layer between 60° and 70°N CGL.
3.2 AIRBORNE SURVEYS
The jet aircraft borne ionospheric observatory has several
advartages for detailed studies of the high Iatitude ionosphere.
Vihen compared to the satellite, the aircraft can be flown in
a variety of flight frack modes that are impossible for a satellite.
Flight paths may be chosen that permit a latitude scan while
maintaining or accelerating local time. A meridien flight
path may be fiown so that the aircraft drifts in local time
with the meridian. The aircraft borne ionosonde can observe
the low»erv ionosphere up fo the height of ilic peak electron
density. The airborne observatory can also prote the ionosphere
above remote areas that are not suitable for ground observations.
Five airborne surveys have been made during magnetoquiet
and hours of darkness. Table 2 is a tabulation of the dates,
flight times and the corresponding Kp indices. Figures 22-24
present the auroral zone H (or X) component magnetograms for
three of the five flights for which the ionospheric E and F-region
data were investigated. Note that the most significant auroral
zone magnetic perturbations were generally less than 50 gammes,
of short duration and confined to narrow local time sectors.
Figure 25z shows the flight tracks in corrected geomagnetic
latitude and local time coordinates. Note that the night sector

was fairly well covered equatorward of 80°N CGL whereas only
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a single flight occurred in the noon and the early afterncen
sectors. There have been no magnetoquiet airborne surveys info
the late morning sector.

The analysis of the airborne survey data was subdividsd
into data for the E region heights (95 - 150 kilometers) znd
the F2 layer. The results of these analyses are shown in
Figures 25b end 26. The first three flights occurred in the
Alaskan longitude sector. Because of the F2-layer variations
with longitude, discussed in a following section, data from
only the first three flights were used in the F2-iayer analysis.
3.2.1 High latitude lonospheric E—Regio;l
3.2.1.1 lonogram Interpretation

lorograms have provided the data base for the study of
the high latitude E-region. A brief review foliows that gives
the ionogram characteristics that were used to determine the
presence of the following phenomena: auroral E-layer, retarded
type sporadic E (Es-r) and non-retarded types of sporadic E (Esj.

Hanson, Hagg and Fowle (1953) (see also King, 1962) described
the aurcral E-layer (night E) ionogram echoes by five characteristics:

I. There is a definite cusp on both the E and the F2-layer
traces defining the critical frequency.

2.. There is complete blanketing of the F2-layer up to
the critical frequency and complete penetration of the ordinary
wave beyond it unless sporadic E is present. )

3. The extraordinary trace appears frequently and the

Z trace is also commonly seen.
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4. There is generaliy more spread near the critical frequency
than is the case with the normal E-iayer.

5. The critical frequency often varies rapidly; changes
of 1.0 iHz or more in a few minutes sometimes occur. Values
of foE may be anywhere from |.0 to 4.5 MHz.or more.

s Beyaoi, ard Brown (1957) define retarded type sporadic E

as non-blanketing sporadic E with group retardation at the
high frequency end but no group retardation cn the F2 trace
at the corresponding frequency.

The definitions and the photographic exampies presented
by the referenced authors as well as those shown in Figure
£7 lead to the belief that auroral E and retarded type sporadic
E are muiuaily exclusive phenomena. However, the recommendation
of the QRSI/STP Seminar on the Interpretaticn of High Latitude
lonograms, held in Leningrad in May (970, proposed that auroral
E and retarded type sporadic E be classified {oge?her. The
resolution of this dichotomy of views cou!g be possible through
the study of ionogram sequences obtained from low interference
high quality data down fo approximately one-half megahertz.
Such high queiity data would simplify the ionogram scaling
in the inherently complex two megahertz frequency band centered
on the gyrofrequency (cf. Ratcliffe, 1962).

The airborne acquired ionospheric data are not good for
such a study. The low frequency |imit of the aircraft ionosonde
is two megahertz. Due to this low frequency cutoff, it is

possible that a retarded E region echo, observed on the ionograms

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



90

without a corresponding F-layer cusp, is the extraordinary
component of the aurora! E layer with a critical frequency
below fwo megahertz. The difficulties in observing the rapid
temporal variations of the auroral E-layer (Hanson et al., 1953)
are compounded by the nominal [4 kilometer per minute speed
of the aircraft; spatial variations are thus integrated with
the temporal variations. |t is felt that a meaningful distinction
cannot be reliably made between auroral E and retarded fype
sporadic E for the data acquired from the airborne ionosonds.
For this reason only, all retarded E-region echoes recorded
by the airborne ionosonde have been considered as a single
phenomenon.

Be‘yno‘n and Brown (1957) define and illustrate six types
of non-retarded sporadic E that may be observed on high latitude
ionograms. These fypes are low, cusp, high, f‘la'l', slant and
auroral. A seventh type of non-retarded type sporadic E is
Es~d (Oleson and Wright, 1961). The occurrence of Es-d is
normally ignored in routine ionogram scaling. A typical example
of non retarded Es is shown in Figure 26. No attempts were
made to investigate the space-time distribution of the various
fypes of sporadic E. Figure 25b shows “the occurrence of non-
retarded sporadic E regardless of type. The only Es data requirements
for inclusion in Figure 25b were that the virtual heights be
between 95 and 150 kilometers and that the echoes be continuous
over a frequency range of about one megahertz. These requirements

have filtered out the most ob!ique occurrences of sporadic E
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and have also served to reject weak fragmented echoes, ground
reflections and possible occurrences of Es-d.
3.2.1.2 Results

Figure 25b shows the locaTion of the discrete auroras,
the location along the flight track of the non-retarded types
of sporadic E, indicated by dotfted lines, and the location
of auroral E and/or retarded sporadic E, indicated by heavy
solid lines.

Whalen.et al., (1971) have shown that the auroral E layer
is caused by particle precipitation. The background intensity
cof the auroral emission of N2+ (4278A) is proportional to the

ambient ion (electron) production rate (Whalen et al., 1971);

they hove quantified the relationship between the backgrourd

+ P
, emission (Imin) and the critical frequency

of the auroral E layer (foE):

intensity of the N

Lot

) = 0.55(foE)*
min' 2

is given in Rayleighs and foE in megahertz.

The determination that such a relationship is valid for
the auroral E-layer means that this layer is in equilibrium,
i.e. the electron production rate equals the loss rate which
- for the E region is proportional to Ne2 which in turn is proportional
to (foB)®,

Figure 25b shows for magnefoquiet that the auroral E-layer
and retarded type sporadic E occur, with one exception, equatorward
of the latitude of the discrete auroras; the polar cap is almost

a complete void for the occurrence of thick E-layers required fo
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produce retarded type E-region ionogram echoes. Whalen et al. (1971)
conclude fhat the surorai E-laver is produced by electron precipitation
with energies of several ke¥. Frank and Ackerson (1971) show
that the polar cap is a void for the precipitation of electrons
with such energies; they further show that the poleward boundary
of the auroral precipitation zone is normally well defined.
It would then be surprising fo find a particle precipitation
produced E-iaver witnin the polar cap.

The exception occurred on December |, {970 near loca
magnetic midnight and 80°N CGL. This occurrence was 2 clear
case of retarded type sporadic E. Note the lack of a corresponding
retardation in the F-layer frace even though both the ordinary
and The extraordinary magneioionic components of the E-region
echoes are clearly recorded on the ionogram (December 1, 1970,
1133 UT, Figure 27).

A review of E-region data recorded during other flights
into the polar cap reveals that this area, with minor exceptions
such as described, is a void for the occurrence of auroral
E and Es-r. It is noted that the geomagnetic field was moderately
disturbed during the other flights into the polar cap. The
conclusion may be generaiized fo state }ha+ the polar cap is
a void for particle precipitation produced E-layers,

Note also in Figure 25b that the low latitude boundary
for the magnetoquiet occurrence of auroral E and Es-r is between
68° and 70° COL for all the local hours investigated. It also

appears that these E-region phenomena occur in a circumpolar
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band of five to eight degrees in latitudina! width that is
positioned slightly equatorward of the instentaneous position
of the discrete auroras.

Wagner and Pike (1971) have found good agreement between
auroral type sporadic E parameters and the occurrence of visual
auroras. Pittenger and Gassmann (i971) in & survey and reordering
of past investigaticns of sporadic E concluded that there exist
occurrence patterns of Es that are related to the occurrence
patterns for visual auroras. They further conclude that the
occurrence of Es in the polar cap appears to be more 'sporadic!'
in the time and the location of occurrence and negatively correlsted
with Encreasing geomagnetic activity.

The occurrence of non-retarded sporadic E shown in Figure 25b
generally follows the charac‘reris‘i*»ics previcusly determined.

Note the equatcrward-most occurrence of Es. One can visualize

a bounding circle or ovai that is displaced toward the night
sector. This spatial characteristic is sugéesfivs of the auroral
oval equatorward boundary configuration. Minor exceptions

to this generalization were observed in the midnight sector.
Becausé of the short, several minute, temporal span during
_which the exceptions were observed, it is concluded that the
magnetoquiet occurrences of Es between 58° and 62° CGL represent
short-lived fTemporal occurrences and are not part of a large
scale spatial pattern.

From This limited data sample, there appears to be no

consistent polar cap pattern for the spatial and the temporal
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occurrence of Es. During the November 30, (970 flight to approximately
90°N CGL, only infrequent znd short-lived occurrences of Es

«ere observed (Figure 25b). However, one day later Es was observed
well poleward of the discrete auroras during The midnight sector
poiar cap penetration. The blanketing frequencies of the polar

cap Es were almost always below the ionosonde's two megahertz

low frequency cutoff. These low values of the blanketing frequencies
are in agreement with the review work of Pittenger and Gassmann
971y,

As_mentioned earlier, the polar cap appears to be a void
for par‘i‘if:le precipitation of sufficient energies to ionize
the atmospheric constituents at E-region heights (Frank and
Ackerson, 1971). This combined with the normally low blanket:ng
frequencies of polar cap Es sungests that partial reflections
from electron density gradients or scattering from Es irregularities
(Reddy, 1968) may be responsible for the high top frequencies
of polar cap Es relative to the blanketing frequencies. A review
of the ionospheric data from several additonal flights into
the polar cap, during moderately disturbed geomagnetic conditions,
shows variable polar cap Es occurrences such as those found
for the magnefoquiet fiights.

In summary the occurrence of non-retarded sporadic E during
magnetoquiet appears to have a low latitude boundary that is
positioned af most only several degrees of latitude equatorward
of the instantaneous position of the discrete auroras. Non-retarded

sporadic E normally occurs poleward of auroral E and retarded type

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



95

sporadic E. The polar cap is not a void for the cccurrence
of non-retarded sporadic E; this means that the poleward boundary
for the occurrence of such Es is ill-defined. Polar cap Es
is normally non-blarketing above two megahertz. Polar cap
Es is not the result of particle precipitetion but may be due
+o partial reilections from electron density gredients or scattering
from Es irregularities as Reddy (1968) has suggesied for mid-latitude
sporadic .
3.2.2 High Latitude lonospheric F2-Layer

The magnetoquiet synoptic pattern of the F2-layer critical
frequencies has been investigated by using data from fwo Alaskan
magnetic meridian flights and a third flight info the local
noon secior. This thivd flight originatsd from and returned
to The Alaskan sector. Figure 26 shows the flight path schematics
in the corrected geomagnetic latitude and local time ccordinate
system.

Notice that fwo additional fiights used to study the magnetoquiet
E-region were not included in the F2-layer study. The F2-
layer is subject to geographic as well as geomagnetic influences.
There exist pronounced longitude sector differences among F2-
layer characteristics that are ordered geomagnetically without
regard for the geographic considerations. For This reason,
the F2-layer has been studied with the Alaskan sector data,
and the data from other longitude sector flights have not been
considered. A porfion of the data from the noon sector flight

was also not considered. Part of This flight occurred near
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I35°E geographic longitude where the solar depression angles
(geographic latitudes) are greater than those for the same
geomagnetic latitudes in the Aiaskan sector. The effect of

this difference was seen equatorward of the aurora where, in
the Siberian sector, the F2-layer critical frequencies were
approximately one-half of the critical frequencies at the same
geomagnetic latitude and local time (CGLT) in the Alaskan sector.
The synoptic pattern of the F2-layer (Figure 26) is valid in
detail for the Alaskan sector only. If the longitude sector
were changed, the general local time-latitude pattern would
remain, but the pattern would be adjusted according fo the
geographic influences. |f an instantaneous hemispheric pattern
were avsilable for the F2-layer, the ganerai paitern shown

in Figure 26 would change to accomodate the geographic longitude
sector variations.

Critical frequencies of the F2-layer were determined for
College, Alaska at |5 minute intervals and .added fo the dafa
base for Novermber 30 and December |, 1970. College ionograms
were not available to supplement the airborne ionogram data
for Décember 13-14, 1969, The College data provided for lower
latitude continuity in the final analysis and also extended
the night sector data below the two megahertz low frequency
limit of the airborne ionosonde.

While porticns of the three flights took place poleward
of the instantaneous positions of the discrete auroras, an analysis

of the F2-layer data has not been included in Figure 26. A
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circumpolar band called the F-layer irregularity zone (plasma
.ring in ihe topside nomenclature) extends nominaliy poleward
for three to five degrees from near the equatorward boundary
of the discrete auroras. The F-layer irregularity zone (FLIZ)
ionograms are generally not amenable To a critical frequency
determination; see Figure 32 for examples of such ionograms.
Because of the uncertain critical frequencies, the F-layer
irregularity zone data were not included in Figure 26. The
polar cavity, poleward of the FLIZ, was observed on only two
of the four scans above 80°N CGL. Critical frequencies of
four to six megahertz were observed near the geomagnetic pole
and within the polar cap on the equatorward leg of the November
30, 1970 flicht. 1T is concluded that sufficient date are
not available for a valid analvsis of the polar cap F2-layer
critical frequencies. Thus, Figure 26 presents only the synoptic
pattern of the subauroral winter F2-layer as deduced from Alaskan
sector ionospheric ‘daﬂ‘a.

The contours of the F2-layer critical frequencies shown
in Figure 26 represent the data closely. There were no major
discrepancies where multiple data were available. The contours
have not been smoothed in areas of data to reduce irregularities.
Obviously the contours have been subjectively extended across
areas without data.

Since the analysis presented in Figure 26 does not reveal
any sharp discontinuities and very |ittle indication of a patchy

synoptic pattern, it is concluded that the magnetoquiet subauroral
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ionospheric F2-layer, poleward of approximately 60°N CGL, exhibits
a quasi-staticnary pattern fixed with respect to the earth-

sun line. This conclusion implies that only minor temporal

changes occur within a local time sector.

Several features of fthe main trough are evident from Figure
z6. The rrough is most pronounced iu fhe early amorning nours;
this is in agreement with the work of Tulunay and Sayers (1971).
The F2-layer critical frequencies equatorward of 65° CGL drop
to their lowest values betwesen midnight and 0400 hours CGLT
while the poleward trough wall F2-layer critical frequencies,
at approximately 70°N CGL, remain nearly constant from 2100
to 0400 hours CGLT. Sufficient data were not available to

dete:

ine the pattern of the main trough in the day sector.
However, the F2-layer critical frequencies decrease poleward
to the position of the midday auroras before increasing fo
attain higher values near and sever§1 degrees .poleward of the
midday auroras. This |imifed data sample suggests that the
lowest electron densities in the midday F2-layer occur near
or slightly equatorward of the midday auroras.

The poleward trough wall is very evident in the data recorded
on the meridional flight paths that occurred in the local
time sector of 1800 to 0400 hours CGLT. In the night sector,
this wall was consistently observed fo be near 67° CGL with
a quasi-plateau of F2-layer critical frequencies extending
poleward to the auroral position. The single flight into the

1800 hours CGLT sector observed the poleward *rough wall fo
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be near 72°N CGL. |f these observations are representative
of the average magnefoquiet positions, it appears that The
poieward trough wall in the night sector is approximately three
degrees of latitude equatorward of the average auroral position
given by the Q = 0 auroral oval (Feldstesin and Starkov, 1967).
Figure 27 shows a typical ionogram sequence through the
trough wall recorded on December 14, 1969. The €845 UT ionogram,
recorded ‘at approximately 68°N CGL and 2120 hours CGLT shows
a weak multiple of the F2-laver and an oblique E-region echo.
Ten minutes later at approximetely 67.5°N CGL and 2140 hours
CGLT the multiple of the F2-layer and the E-region echo were
both gene. Notice aiso that +the virtual height of the F2-

laver echo had increased between 0845 and 0855 UT. During the

next |5 minutes (0855-0910 UT) the F2-layer echo became very

weak and increased in virtual range, and finally the F2-layer
echo disappeared at 0912 UT at a latitude of approximately

66°N CGL and a local time of 2155 hours CGLT. Similar ionogram
sequences were observed on the flights of November 30 and

December |, 1970. For equatorward flight paths, the disappearance
of the F2-layer multiple, the weakening of the ionogram echoes,

_ the incresse in the virfual range of the F2-layer echoes, the
final disappearance of the F2-layer echoes from the’ ionogram and
the less Than two megahertz F2-layer critical frequency recorded
at College combine to provide evidence that the poleward wall
of the main trough is a well defined feature of the magnetoquiet,

night sector, bottomside, high latitude ionosphere. (Data for
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poleward flight paths are simiiar, but the sequence is reversed).
3.3 F2-LAYER SYNOPT!C PATTERN DEDUCED FROM GROUND |ONOSONDES

The purpose of this section is to show that during magnetoquiet
that ground acquired jonosonde data can provide a similar synoptic
pattern of the F2-iayer critical frequencies as was deduced
from airborne survey data. This analysis will also serve o
illustrate that @ meridian chain of ground ionosondes can provide
during magnefoquiet a reasonable meridional cross-section of
the ionospheric F2-layer.

Data from thres ionosondes that were operated in Alaska
during Sgp‘rember 1964 provided the data used for this investigation.
September 1964 ionosonde data for Barrow were scanned to learn
the character of +he ionograms recorded at ~70°N CGL compared -
to_those recorded at College a* “65°N CGL. A quiet 24-hour
period was found (September 14, 1000 UT to September 15, 1000 UT)
during which F2-layer data were available continuously except
for a brief period‘ of blanketing sporadic E near magnetic
midnight. Good quality ionosonde data were found Yo exist
for College and Anchorage with the exception of a 3 hour 45
minute period at Anchorage. Data for the following 24-hour
period were substituted for the missing Anchorage data as the
data for the two days on either side of the missing data period
agreed closely.

Worldwide magnetic conditions were quiet for fThis 24-
hour period. Kp was 0+ except for lo and |- for the periods

September 14, 2100 to 2400 UT and September 15, 0600 to 0900 uT,
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respectively, D_, ranged from +2 to +16 gammas (Sugiura and

st

Poros, 1971). Figure 28 presents the asuroral zone magnetograms

for the September 14-15, 1964 period. Three rather well defined

but short duration negative bays occurred during the 24-hour

period. These lass than 100 gewma negative bays occurred at

avout 1900 UT and 2300 UT on September 14 (Dixon and Leirvogur)

and at about 0500 UT on September I5 (Fort Churchill). These

bays were the most notable magnetic substorm activity of the

24-hour period.

The F2-layer critical frequencies for the three stations
were scaled for |5 minute infervals and were plotted in the
corrected geomagnetic latitude and local time coordinate system,
Contours at one-half megahertz intervals ware hand drawn, and
the results are shown in Figure 29, Again the contours represent
the data closely.

Several features are apparent. The slow v24-hour scan
of the three station ionospheric observing chain beneath the
auroral zone ionospheric F2-layer has produced a synoptic pattern

- essentially like that deduced in the previous section from
) the FiTborne fonosonde data. The only local time sector where
a 'patchy' contour paitern exists is in the affernoon sector.
One notes that this breakdown in the smooth contour pattern
occurred after the first two negative bays and during the third
bay mentioned earlier. However, such a connection may be forﬂi‘fous.
Data pbleward of 70°N CGL are needed to better define the contour

pattern in the afternoon time sector (CGLT) and to determine if
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F2-layer effects occurred in association with the weak negative
bays. F2-layer conditions associated with magnetospheric substorms
will he “reated in the next chapter.

The characteristics of the night sector main trough are
very similar fo those found from the aircraft data. The poleward
Frough wall is not as weli resolved, as data were only available
at v65°N and ~7C°N latitude CGL. It is interesting fo note
that in the night sector between 60° and 65°N CGL that there
was essentially no meridional gradient in the F2-iayer critical
frequency.

Winter night F2-layer VdaTa will be used from Allakaket
(65.6°N CGL), College and Anchorage to study the F2-layer substorm
time variations. It is therefore reasonable 1o ask if the
magnetoquiet winter pattern of F2-layer critical frequencies
at approximately 63°M CGL follows the character found for
the period studied in September, 1964 and deduced from the
airborne fonosonde data. Reference to Stanley (1966, figure
5) shows that the F2-layer critical frequencies at College and
Allakaket, during four magnetoquiet days in January [966 follow
the same general pattern deduced in this and the previous sections
(Figures 26 and 29).

I+ has been shown that the data from a meridian chain of
ionosondes are useful for the study of the ionospheric F2-layer
between 60° and 70°N CGL. Data combined from one 24-hour period
during a magnetoquiet period have produced a latitude local

time pattern (Figure 29) consistent with topside sounder satellite
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data smocothed over many passes as well as consistent with the
pattern deduced from three magnetoquiet airborne surveys of

the high latitude ionosphera (Figure 26).
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TABLE 2

Airborne Surveys of the High Latitulie lonosphere during Magnetoguiet

Date
December 13-14, 1969
November 30, 1970
December |, 1970
January 8, 1971

November 16-17, 1971

Flight Times (UT)
Takeof f Land
13/2353  14/0928
30/0400 30/13!5
0140820 01/1800
08/0055 08/0923
16/2208 17/0620
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CHAPTER 4
THE HIGH LATITUDE IONOSPHERE DURING MAGNETOSPHERIC SUBSTORMS

Various workers have noted that high latitude ionospheric
and magnetic disturbances are closely related. However, the
relationships have not bcen investigated within the concepts
of the magnetospheric substorm. The purpo.se of this chapter

o is tc identify ond consider several substorm Avar‘ia‘-‘?on; bof
the high latitude ionosphere. The results of these investigations
are summarized in sections 4.1.7, 4.2 and 4.3.4
4.1 THE DAY SECTOR F-LAYER DURING A MAGNETOSPHERIC SUBSTORM
4.1.1 Infroduction
. Chapter 3 considered the general magnetoquiet pattern
of the F2-layer equatorward of the discrete auroras. With
This baskground, the first section of this chapter will consider
in more detail the day sector features of the F-layer and their
variations during a magnetospheric substorm. .The 'F2-layer'
nomenclature will be dropped in favor of 'F-layer' for the
remainder of this section. Layering of the F-region occurs
infrequently at geographic latitudes poleward of approximately
70° in the winter hemisphere.

Satellite studies provided the initial impetus for an
increased understanding of the high la'i'i-rude ionospheric F-layer
(cf. Petrie, 1966; Muldrew, 1965; Andrews and Thomas, 1969;
and Thomas and Andrews, 1969). However, Oguti and Marubashi
(1966), in a study of bottomside ionograms recorded in the
noon CGLT sector, identified that a localized enhancement

in the F2-layer electron density existed near 75° CGL. Later

12
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Feldstein and Starkov (1967) showed that the noon CGLT sector
of the Q = 3 statistical auroral oval also occurred near 75° CGL.

Unti® recently however, a relationship between the ionosphere
and the auroras in the day sector could only be inferred. The
Air Force Cambricge Research Laboratories, using a jet aircraft
as an observing platform for high latitude ionospheric and
aurora! research, have now directly studied this relationship
(Whalen et al., 1971; Pike, 1971b; Buchau et al., 1972). Their
observations show That the day-sector F-layer electron density
enhancement, herein called the F-layer irregularity zone (FLIZ),
is co~facated with a band o% enhanced 6300A emission within
which discrete visual auroras appear. Pike (1971) has also
shown that the topside *plasma ring' and the bottomside FLIZ
are the same feature and that the F-layer polar cavity is &
feature common to both observations. In addition, Wagner and
Pike (1972) have observed that the equatorward boundary of
the FLIZ coincides closely with the presence of aurora in the
zenith in the late evening sector. |f this latter observation
is representative of the relationship between the FLIZ and
the entire auroral oval, statistical auroral studies (e.g.
Feldstein and Starkov, 1967), can be used o infer the synoptic
bdisfribufion of the equatorward boundary of the FLIZ.

Numerous authors (Akasofu and Chapman, 1963; Feldstein
and Starkov, 1967; Feldstein, 1969; Stringer et al., 1965;
Stringer and Belon, 1967; and Chubb and Hicks, 1970) have shown

that changes in the shape and the size of the auroral oval
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correspond To changes in magnetic activity. Akasofu (1972a,
1972b) has shown that day-sector auroras typically move equatorward
with the development of a magnetospheric substorm, and, as
the substorm recovers, the day-sector auroras retreat poleward.
If the close spatial relationship between the FLIZ and auroras
is substantiative, then the FLIZ is expected to exhibit meridional
motions similar o those of the auroras. It is the purpose
of this section to present observational evidence that such
a relationship does exist during a magnetospheric substorm.
4.1.2 Aircraft Instrumentation and Flight Track

In December 1969 the flying ionospheric laboratory, a NKC-135
jet aircraft of the Air Force Cambridge Research Laboratories,
investigated the midday sector of the aurcral oval under conditions
of darkness. The aircraft is instrumented with a Granger vertical
incidence ionosonde (30 kw pulse peak power), an all-sky camera,
and several photometers. The aircraft flight path on December 5-6,
1969 is depicted in CGL and CGLT coordinates in Figure 30.
The position of the aircraft at various universal times has
been indicated next to the flight path. Figure 3lb depicts
in greater detail than Figure 30 the midday portion of the
flight path. Of major interest here is the period from 0230
to 0630 UT.
4.1.3 Magnetic Activity

Magnetic activity during the ten hour flight was moderately

disturbed (Kp ranged from 3- to 4+). Negative Ds values,

+
(Sugiura and Poros, 1971) which ranged from -7 to -37 gammas,
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indicated that a significant ring current was present during

the flight. Figure 3la shows the AE, AU, AL and the DST magnetic
indices for the flight. The AE, AU and AL indices were derived
from the superposition cf the H or X component magnetograms

from || cbservatories which are idenﬂﬂed. in the Figure caption.
An exeminaiion of The doia presenied in Figuie 3la shows that

two magnetic substorms occurred during the flight. The magnetic
activity from about 0400 to 0600 UT is of prime interest for

our discussion. THe increase in the AE and the AL indices

began shortly after 0330 UT (Figure 3la). However, ésApoinTed
eut in Chapter 2, the onset of a magnetospheric substorm is
difficult to determine from magnetic records alone. The Alaskan
meridia. chain of auroral all-sky cameras, which was located

in The later afternoon and early evening sector, recorded the
sudden appearance and brightening of an aurore! arc just south

of fnuvik (71.1° CGL) between 0405 and 0410 UT which was then
followed by typical night sector substorm auroras (Akasofu et al.,
1971). Since the Alaskan magnetic meridian was in the pre-midnight
sector, it .is likely that the substorm onset time was prior

fo 0400 UT. For the purposes of our consideration the precise
onset time is not essential. For convenience, the magnetic
disturbance of prime interest will be termed the '0400 UT substorm'.
The maximura develc;pmenf of the 0400 UT substorm' occurred

near 0530 UT. All-sky camera data, taken at stations along

the Alaskan magnetic meridian, show that the 0400 UT substorm
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ended at about 0£00 UT and that another disturbance began at
about 06;0 UT (Akasofu et al., 1971).
4.1.4 Aucral Activity .

Due to fortuitous circumstances midday auroras were near
the zenith of the aircraft frem about 0130 to 0500 UT, even
though the aircraft scanned over a six degree wide latitude
band. Representative positions of the day-sector auroras observed
in the aircraft are shown schematically in Figure 3lb by the
symbol X. Akasofu (1972a) has shown that midday auroras shift
equatorward during magnetospheric substorms, and Akasofu (1972b)
has also shown that a c!ose-relaﬂonship exists between the
magnitude of the equatorward shift and the intensity of the
auroral élecfro_]ef. On the flight of December 5-6, 1969, the
equatorward shift and the poieward recovery of the midday auroras
during fwo substorms could be followed (Figure 3Ib). The first
substorm (v0200 UT) had an AL index of approximately -650 gammas
as compared to about -450 gammas for the 0400 UT substorm.
The symbol X for the aurora in Figure 3lb shows that the long
duration negative bay associated with the 0400 UT substorm
resulted in @ greater equatorward shift of the midday auroras
then the first substorm (10200 UT). This relationship has
vbeen indirectly suggested by Akasofu (1972b).
4.1.5 lonogram Interpretation

Pike (1971b), Wagner and Pike (1971), and Buchau et al. (1972)
have discussed the character of jonograms recorded during aumerous
aircraft latitude scans beneath the midday sector of the auroral

oval.
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The subauroral F—layer; equatorward of the auroral oval,
is characterized by relatively simple ionograms with little
spreadiness and with idenfifiable critical frequencies. A similar
type of ionegram is also recorded from the poiar cavity F-layer.

In contrast to such simpler ionograms from the F-layers
equatorwerd and well polevard of the aurora, the F-layer irregularity
zone (FLiZ) is characierized by ionograms that are difficult
to interpret in the sense of virtual heights and critical frequencies.
Spreadiness dominates the FLIZ ionograms and offen there is
no significant critical frequency retardation.

In this section an attempt will be made fo identify what
sector of the high lafitude ionosphere is represented by each
F-iayer ionogram. These three sectors are: the subaurc-al
F-iayer (SF) equatorward of the aurora, the F-layer irregularity
zone (FLIZ) near and extending characteristically four degrees
of latitude poleward of the aurora (Pike, 1971b), and the polar
cavity F-layer (PC).poleward of the FLIZ.

Figure 32 shows representative jonograms and all-sky camera
photographs selected from the recorded sequences.‘ The sector
of the high latitude ionosphere characterized by each F-layer
ionogram is shown in Figure 32. Each F-layer echo in Figure 32
is also identified by a corresponding number. A brief discussion
follows of the essential “ionogram characteristics.

For the period of prime interest, the aircraft was equatorward
of the midday auroras from 0215 to 0239AUT and from 0421.to 0448 UT

(Figure 3Ib). The low levels of spreadiness and the retarded
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F-layer echoes shown on the 0230 and the 0440 UT ionograms

are characteristic of the subauroral F-layer (Figures 32a and
32g). The 0430 UT frame (Figure 32f) shows a transition ionogram
with echoes from both the FLIZ and the subauroral F-layer.

After 0430 UT the FLIZ echo increased in virtual rangs while

the range of the subauroral F-layer echo décreased.

Thé ionograms between 024! and 0420 UT were re;oré;d with
aurora in the zenith or slightly equatorward of the aircraft
position (Figure 31b). These jonograms are representative,
with minor exceptions, of the FLIZ. The F-layer echoes on the
0241 UT transition ioncgram by 0244 UT had evolved +o be very
characteristic of the FLIZ.

Note the clear differences between the ionograms recorded
polewar! of the auroras (Figures 32c and 32d) compared to those
recorded well equatorward of the aurora (Figure 32a and 32g).

On the final poleward leg, aurora was obs-rved in the
zenith at 0449 UT. The majority of the ionograms on this flight
leg were recorded with aurora well equatorward of the aircraft
(Figure 31b).

The 0455 UT ionogram (Figure 32h) represents a transition
ionogram. After 0455 UT the echo from the subauroral F-layer
increased rapidly in virtual range, became spread and disappeared.
The FLIZ echo, slightly below 300km, developed rapidly as the
plane continued poleward. The 0524 UT ionogram is representative
of the FLIZ._ However, about this time the FLIZ echo began to
increase in virtual range. This increase in range indicated

the departure of the aircraft from the area where the FLIZ
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was located.

The 0535 UT ionogram shows ciearly an echo with a different
character. The low critical frequency and the decreased spreadiness
combined with the fact that the aircraft was deep within the
polar cap leads to the conclusion that the new F-layer echo
was from the equatorward portion of the polar cavity F-layer.

A comparison of the jonograms in Figures 32c and 32j shows
the lack of a polar cavity-like echo at 0324 UT even though
the aircraft was more poleward of the statistical auroral oval
than at 0535 UT (Figure 31b).

T.he FLIZ is recognivzed on the 0535 UT ionogram (Figure 32j)
as the sp'read non-retarded F-layer echo. The FLIZ echo continued
to increase in virtual range until 0558 UT and then deciease”.
steadily in virtual range through 0615 UT. During this period
prior to 0558 UT, the poiar cavity F-layer echo was dominant.
Following 0558 UT, as the FLIZ echo decreased in virtual range,
the clear dominance of one echo over the other was not clear
in the transition zone between the polar cavity F-layer and
the FLIZ. ‘

By 0616 UT the FLIZ echo had returned fo a virtual height
of about 290 kilometers. The polar cavity F-layer echo, just
prior to this time, had become spread and had partially merged
with the FLIZ. These ionogram features are interpreted to
indicate that the FLIZ had replaced the polar cavity as the
dominant F-layer at the aircraft position.

4.1.6 Discussion

From the data discussed in the sections on magnetic and
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auroral activity and fonogrem interpretation, several r-‘elaﬂonships
can be established between the aurora and the high latitude
F-layer.

Even though the aurora exhibited rather large latitude
shifts, asscciated with two magnetospheric substorms (Figure 31b),
the equatorward boundary of the FLIZ occurred within a fraction
of a degree of the position of the midday auroras. “This relationship
was observed on each of the five midday aurora encounters. The
preservation of this close relationship in a dynamical situation,
such as that which occurred during the period of this flight,
implies that the equatorward boundary of the FLIZ moves in
conjunction with the meridional motions of the aurora.

On the second poleward flight leg, the aircraft passed
beneath The aurora and the equatorward boundary of the FLIZ
near 73°N CGL. The flight continued poleward for approximately
five degrees, but the polar cavity F-layer was not observed.
However, the aurora moved poleward at a comparable speed to
that of the aircraft and was only 1.5° of latitude (CGL) equatorward
of the aircraft at the flight leg's terminus. These observations
are inferpreted fo mean that the aircraft remained beneath
the FLIZ as it shifted poleward in phase with the poleward
motion of the aurora. The close relaffonship between the FLIZ
and auroral motions is supported also by the data for the second
equatorward flight leg; the FLIZ remained above the aircraft
until the plane passed equatorward of the aurora.

During %he final poleward flight leg, the aurora was initially

moving equatorward (Figure 3Ib). After 0500 UT these separative
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motions of the azircraft and the aurora resulted in the aircraft
being located we!ll within the polar cap. When the aircraft
was six or more degrees of latitude (c.g.) poleward of the
aurora, The polar cavity F-layer was observed' (0535 UT, Figure 32j).
This observation -is interpreted to mean that the FLIZ had moved
equatorward with the aurora and was six or more degress of
ncer the time of the maximum development
of the 0400 UT magnetospheric substorm.
Duri-ng +the recovery phase of the substorm, the midday
auroras retreated poleward with the decrease in the |AL| index
(Figures 3la and 3Ib). Following the Tu;“n o the east at 0545 UT,
the aircraft remained at a constant latitude (CGL) for 15 minutes
then drifted slowly equatorward. During this period the aurora
was moving poleward. By about 0616 UT the FLIZ had replaced
the polar cavity as the dominant F-layer. This means that the
FLIZ had recovered poleward in conjunction with the aurora
during the recovery phase of the substorm. Note also that
the poleward boundary of the FLIZ was then four degrees of
latitude (CGL) poleward of the aurora. It is inferred from
this observation that the FLIZ contracted in latitudinal width
as it retreated poleward during the recovery phese of the substorm.
Figure 33 summarizes the preceding discussion by illustrating
in schematic the relationship between the F-layer irregularity zone
and the midday auroras during a magnetospheric substorm.
Oguti and Marubashi (1966) suggested that the midday F-layer

near 75° CGL was due fo ionization by particle precipitetion
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tThrough the magnetic neutral points that arise in mathemetical
models of the boundary surface of the magnefosphere. Frank
(1971) has shown that the neutral points are in fact bands
that he designated 'polar cusps' through which the magnetosheath
plasma has direct sccess to the inner magnetosphere. Winningham
and Pike (1972) have shown excellent agreement between precipitating
particie measurements through the polar cusp and the day-sector
FLIZ characteristics. There appears to be |ittle doubt that
the winter day-sector FLIZ is maintained by ionization from
particle precipitation through the polar cusps.

FFank (1971) has sugges‘i"ed that during relative magnetic
disturbarice that the polar cusp moves to lower latitude and
is not accompanied by a large increase in cusp width (less
than or equal to a factor of approximately fwo). Polar cusp
data from Ogo 5 were reported by Russell et al. (1971) for the
great world-wide magnetic storm of November |, 1968. Their
data show that the polar cusp moved equatorward to about 66°
invariant latitude during a very large substorm (2500 gamma
negative bay at College). The ionospheric data aiscussed in
this section indirectly confirm Frank's (1971) observations
and extend further the work of Russell et al. (1971) to suggest
a close relationship between polar cusp motions and width and
magnetospheric substorm phase.
4.1.7 Summary

High latitude ionospheric data from an aircraft borne ionosonde

have been combined with auroral and magnetic records to arrive at
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the following conclusions:
|. During 2 magnetospheric substorm, the winter day-sector
F-layer disturbance zone (FL!Z) exhibits meridional motions in close
association with those of the day-sector auroras. The FLIZ
moves equatorward during the expansive phase of the substorm
and poleward during the recovery phase. L
2. The equatorward boundary of the day-sector FLIZ corresponds
to that of the day-secior auroras to within a fraction of a
degree of latitude independent of auroral motions or substorm
phase.
3. The width of the day-sector FLIZ increases by several
degrees of latitude during the expansive phase of a magnetospheric
substorm.
4. The spatial characteristics of the FLIZ during a magnetospheric
substorm suggests that a close relationship ought to exist
between poiar cusp motions and widths and substorm phase.
5. Also illustrated are the advanfages of considering
ionospheric data jointly with auroral and magnetic data for
the proper interpretation and understanding of high latitude
F-layer phenomena.
4.2 MIDDAY AURORAL PATCHES AND RELATED [ONOSPHERIC PHENOMENA
Auroral displays during auroral substorms have now been
well documented in the night sector (cf. Akasofu 1968), but
not in the day sector, particularly in the midday sector. Feldstein
and Starkov (1967} reported that auroras along the auroral oval

are activated about half an hour after the onset of an auroral
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substorm in the midnight sector. Akasofu (1972e, b) reported
that the midday part of the oval shifts equatorward during
an early nhase of substorms and refurns to the pre-substorm
location during a later phase cf substorms.

Riometer studies of auroral substorms show that an intense
precipitation zone develops along the morning side of the aurorzl
zone from the midnight sector toward the day sector (cf. Hartz
and Brice, 1967). In the dark sector, this precipitation zone
coincides with the region where patchy auroral forms develop
and drift eastward.

It is known that this }n+ense precipitation zone extends
fo the midday sector and even beyond. It is thus of great
interest to examine whether auroral patches can be observed
in the midday sector during auroral substorms. In the northern
hemisphere, such an observation can be made from only a very
limited region of the polar region, since daylight tends o
obscure midday auroral displays (cf. Figure 20).

Fortunately, the formation of the patchy auroral structure
well equatorward of the oval in the midday sector was confirmed
by an aircraft observation on December 9, 1969. An airborne
ionospheric sounder and Asian sector riometfer data indicated
"the simultaneous absorption event, substantiating the precipitation
and the associated ionization in the lower ionosphere. In the
following, the observations will be described.

During December [969 the Flying lonospheric Laboratory,
an NKC-135 jet aircraft of the Air Force Cambricge Research

Laboratories, made a series of flights to examine the midday
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auroral oval. During the flight of December 9, a singlﬁe polar
magnetic substorm occurred during an otherwise magnetically
quiet period (Figure 34).. -The aircraft, instrumented with an
all-sky camera, an ionosonde, and several photometers, passeﬁ
beneath the milday aurcral oval during the early expansive and
the late recovery phases of the polar magnetic substorms that
began about 0230 UT (Figure 35).

Diffuse auroral patches were observed well equatorward
of the discrete auroral oval from about 0420 to 0600 UT (Figure 26).
Twilight prevented definitive observations during the period
0510 to 0530 UT. The presence of auroral patches near the
southern horizon can be inferred both before and after 0420
and 0600 UT respectively; however, pi"ecise interpretation from
a single ali-sky amera phoiograpn is difficult because of o
the great distance to these au.oras.

A detailed examination of the all-sky camera photographs
from the other middgy oval flights reveals that the auroral
patches occur only in association with polar magnetic substorms.
Auroral zone magnetograms from the night sector for the 0230 UT
substorm on December 9 show that the substorm ended about
0400 UT (Figure 34). The character of the discrete auroras
of the midday oval at the 0406 UT crossing is consistent with
the Feldstein and Starkov (1967) schematic of the recovery phase
of the midday auroral substorm. Nevertheless, at the 0406 UT
crossing a luminous glow was present on the southern horizon.
This glow cannot be totally twilight as the earth's shadow

height at the all-sky camera horizon was about 170 kilometers.
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By 0420 UT the aircraft had approached close enough to the
glow to observe that the luminosity was due to diffuse auroral
patches.

By 0435 UT the aspect sensitive auroral patches were observed
on atl horizons, and by 0500 UT the patches covered the entire
sky. The patches appeared in the zenith near 73° corrected geomagnetic
latitude and inree to Tive degrees of latitude south of the
midday auroral oval. On the southbound leg of the flight,
twilight interfered with the observations after 0510 UT. After
the aircraft turned to a poleward heading at 0519 UT, the sequence
of observations seen on the southbound leg was repeated in
reverse. Figure 37 presents photographic evidence of the midday
auroral patches observed at 0445 UT. A photograph from the
mzagnetical ly quiet flight of December 14, 1989 is shown for
comparison so that the patches of auroral |uminosity can be
more easily recognized. The comparative photograph from December [4
was taken at approximately the same local magnetic time and
with the same zenith shadow height.

Riometer data from the Russian day-sector and from the
aircraft ionosonde indicate conclusively that the auroral patches
occurred within the hard precipitation zone equatorward of
the discrete midday auroras. Figure 38 shows the relations,
in latitude, Universal time, and local magnetic time (CGLT)
between the correlative data that pertain to the observations
of the midday auroral patches. Notice that the riometer absorption
was minima| in the early afternoon sector poleward of the discrete

midday auroras. However, in an approximate ten degree wide
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band equatorward of the auroral oval, significant riometer
absorption was observed in the morning and the midday sectors.
Figure 39 is a plot of the minimum frequency (fmin) 0400 and
0615 UT. The general increased value of fmin and the occasional
total blackouts indicate absorption and corrsspond to the time
period during which the auroral patches were observed. Since
the ionosonde and the riometer observe a large portion of the
sky, the variations in fmin and the riometer absorption are
evidence for a temporal variation in the particle precipitation
into the hard zone.

Berkey (1971) documen‘i‘; photometrical ly, from College,
Alaska data, several occurrences of micd-afternoon twilight
pulsations in N +, 4278A, and relates these pulsations to intense
afternoon absorption events as observed by riometer. Of the
three events studied by Berkey, all-sky camera photographs were
available for one event; weak equatorward drifting arc segments
were observed and Berkey concluded that thess auroral forms were
similar to the dusk sector patches seen by Montbriand (1969).

It is quite likely that the formation of patfchy auroras
in the midday sector is associated with the drift motion of
energetic electrons (cf. Lezniak and Winckler, 1970) and their
'subsequenf precipitation (cf. Hoffman and Berko, 1971).

4.3 THE NIGHT SECTOR IONOSPHERE DURING MAGNETOSPHERIC SUBSTORMS
4.3.1 Introduction

As noted in the introductory section of Chapter 3, there

have been difficulties in ordering high latitude icnospheric

data obtained from ground ijonosondes. Durirg the past decade,
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satellite and aircraff—oorné ionospheric observatories have
provided the necessary data to identify macroscale ioncspheric
patterns and to demonstrate the validity of ordering high latitude
ionospheric data relative to the auroral oval (see for example
Themas and Andrews, 1969 and Buchau et al., 1972). These recent
advances combined with the magnetoquiet investigations presented
in Chapter 3, as well as previous studies such as those of

Burkard (1948), Meek (1953, 1954), Bellchambers et al. (1962),
Stanley (1966) and Bowman (1969), provide a base of knowledge

for a reconsideration of ground ionosonde data.

fhe main purpose of this section is to present observational
evidence to indicate that a better understanding of high latitude
ionospheric phenomena in the winter njghf sector results from
a study of ground ionosonde data within the framework of the
maénefospheric substorm.

The ionospheric data base for these studies included copies
of the original iorograms recor&ed at Allakaket (65.6°N CGL),
College (64.9°N CGL), and Anchorage (60.8°N CGL) during the
fall and winter of 1965 - 1966. Four nights were selected for
detailed investigation: December 5, 1965, January 2 and I8
and March 3, 1966. Data for the three ijonosonde stations were
available for only December 4, 1965.

These four nights were selected because the F-layer ionogram
data illustrated clearly the 'replacement-layer! (equatorward
displacement of the poleward trough wall) phenomenon noted

by Bellchambers et al. (1962) as well as in earlier studies
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by Burkard (1948) and Meek (1953, 1954). There were aiso interesting
E-region characteristics that represent significant departures
from the magnetoquiet patterns illustrated in Figure 25b.

For the purposes of this discussion, disturbances are
defined as deviations from the quiet conditions. The major
magnetoquiet features of the night sector éubauroral ionosphere
witl be réviewed as they pertain fo the gubs#orm—fi@g vériaTions
to be discussed later.

An examination of Figure 25b reveals for the magnetoquiet
night sector, at latitudes of ~60° to 65° CGL, that few E-region
ionogram echoes were observed above the two megahertz low frequency
cutoff of the airborne ionosonde. Thus E-region echoes above
fwo megahertz would indicate a departure from magnetoquiet
conditicas.

The F2-layer data presented for magnetoquiet conditions
(Figures 26 and 28) show that a station at a I~titude of ~60°
to 65° CGL is beneath the main trough for most of the night
sector period. F-layer critical frequencies at these latitudes
in the night sector are typically one to two megahertz during
magnetoquiet periods. Yet note that the poleward frough wall
with higher criticai frequencies occurs during magnetoquiet
at approximsfely 67° CGL. Thus a small equatorward displacement
of the poleward trough wall would result in an increase in
the F-layer critical frequencies at Allakaket and College and
indicate a departure from magnetoquiet condif{ons.

© 4.3.2 Date Presentation

The Tonospheric data have been scaled and are presented
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in Figures 40, 43, 45 and 47 as partial f-plots (see Beynon
and Brown, 1957, p. 132 for a discussion of f-plots). The
type of s cradic E is not indicated on the f-plot results.
If there are data for both the E and the F-regions at comparable
frequencies and times, letters are used (E and F) to identify
on the f-plot the ionospheric region that particular data refer
to.

Integral parts of the fotal data base are the correlative
magnetic, auroral and riometer absorption data that form the
basis for the discussion of the high latitude ionospheric disturbances
within the concept of the mi;gne'rospheric substorm. Representative,
rather than comprehensive, correlative data are presented.
Riometer data, representative ionograms, and corresponding
all-sky camere photographs are presented for the December 4,
1965 disturbance to illustrate by exampie the relationships
that exist between the various data types. Even though auroral
zone magnetograms have |imitations for the detaiied study of
certain substorm phenomena (see Chapter 2), the magnetic records
form a reliable and readily available data base for the determination
of substorm occurrences. For this reason, the magnetic H component
records for the night sector auroral zone observatories are
.presenfed for each period studied.
4.3.3 Discussion of the Observed lonospheric Variations

The purpose of this section is to consider the observed
ionospheric variations jointly with date that ars accepted
as defining the occurrence of magnetospheric substorms. Each

night studied wi!l be discussed separately in a following subsection.
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Each subsection will first identify the substorm occurrences
and will then discuss the related ionospheric variaﬂ'ions.
4.3.3.1 Decemter 4, 1965

Reference to Figures 40 and 41 reveals that two major
polar magnetic substorms occurred during the period studied.

The first substorm attained a maximum development at approximately
1250 UT and the sscond at approximateiy 1625 UT. The period

from 0700 UT fo approximately 1030 UT was a time of general
magnetoquiet. It is noted that while no significant magnetic
activity was recorded in the Alaskan (midnight) sector prior

to vl 115 UT, a weak negative bay was observed to begin at ~1030
UT in the morning sector (Fort Churchill, Figure 41). Positive
bays were also observed to begin about the same time at Capg
Chelyuskin, Dixon and Heiss Island inA the late afternoon sector
(Figure 41).

A survey of all-sky camera data revealed that the night
sector auroral oval. was contracted far poleward during this
magnetoquiet period. Ovai aligned auroral arcs were observed
near the Mould Bay zenith (80.9°N CGL) between abproxima‘tely
0715 and 0900 UT. Between 1055 and 1115 UT an equatorward moving
arc crossed the Mould Bay zenith. Auroras were not observed
within the College field-of-view until 1030 UT when an auroral
arc was also observed moving equatorward through the Barrow
zenith. The onset of the auroral substorm was observed to
occur in the Alaskan sector at 115 UT as the sudden brightening

of a rayed arc (Figure 42).
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The Col lege ionosonde was operated at a reduced gain for
this entire night. WNumerous blackout conditions observed at
College were not confirmed by the higher quality Allakaket
ionosonde data. For this reason, only the Allakaket f-plot
is shown in Figure 40; however, Figure 42 shows that when College
jonosonde data were available they were comparable in character
to the higher gain ionograms from Allakaket.

Note from the Allakaket f-plot (Figure 40) that the top
frequency of sporadic E increased above two megahertz at about
1045 UT - some 30 minutes before the Alaskan sector onset of
the auroral substorm. In faéf, the blanketing frequency of
sporadic’E (fbEs) began to increase at approximately 0930 UT -
almost one hour prior to any magnetogram indication of cubstorm
activity (Figures 40 and 41). The blanketing frequency of
speradic E is the lowest frequency at which jonosonde echoes
from higher layers are received through the Es layer. (See
Reddy (1968) for a-discussion of the physical significance of
fbEs).

Alsc during this 'pre-substorm' period the ;:ri+ical frequency
of the auroral E-layer increased slightly prior to complete
blanketing after 1000 UT by the lower virtual height Es. Figure
42b shows that sporadic E of greater than two megahertz top
frequency developed at Anchorage prior to the substorm as well
as at Aliskaket and College. The latter two stations showed
retarded type Es while a non-retarded type was observed at

Anchorage.
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At 1130 UT the first evidence for the 'replacement-layer
echo was observed on the Allakaket ionograms.. This echo showed
a critical frequency of five megahertz but was amidst another
F-region echo that was not seen on prior or following ionograms.
I+ is important to note that the Allakaket F-layer critica
frequencies during the ear!y phase of the éubsform were representative
nol of {he m;in trough bu{ rather of the piateau in }gé.F-layor
critical frequencies north of the poleward trough wall. The
1205 UT Al lakaket ionogram shows a multiple of the new higher
critical frequency F-layer (Figure 42). The Anchorage ionogram
for 1200 UT recorded an oblique F-layer echo near 400 ki lometers
and between three and‘four megahertz top frequency. The decrease
in the virtual range of the Anchorage F-layer echo to 300 kilometers
at 1400.UT combined with the higher critical frequency F-layers
observed at Al lakaket and Coliege lead to the conclusion that
the poleward trough wall was displaced equatorrard from ~67°
CGL to 462° CGL during the early phase of the substorm. Between
1400 and 1500 UT, the weak poleward trough wall echo, observed
at Anchorage, increased in virtual range as the auroras retreated
poleward (Figures 42f, g and h). During the same period, both
the Allakaket and the College ionograms indicated a slow decay
of the F-layer critical frequencies (F{gures 40 and 42f, g and
h).

The next major substorm was accompanied by an intense
display of auroral patches and increased D-region non-deviative

absorption (Figures 40 and 42k). During this second substorm,
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the Anchorage and College ionosondes recorded no ionospheric
echoes while the Allakaket ionograms showed rather clear examples
of Es-d (Figure 4Ck). With twilight anc]_'rhe recovery of the
substorm by 1990 UT, the normal solar produced F-layer was observed
at ali three stations.
4.3.3.2 January 2, 1966

Two polar magnetic substorms occurred during The period
of 0700 to 1700 UT. The first subsform is seen best in the
Fort Churchill magnetogram (Figure 44) which recorded a sharp
onset negative bay of ~100 gammas at about 0810 UT; however,
note that the Great Vhale R}ver magnetic record shows a gradual
onset bay that begen about 0730 UT. A second extended period
of polar. magnetic substorm activity began about 1300 UT. (Figures
43 and 44).

The ionospheric parameters prior to the first substorm
were typical of the n65° CGL magnetoquiet ionosphere (Figure
43). The F-layer critical frequencies were approximately one
megahertz at both College and Allakaket, and the blanketing
frequencies of sporadic E were near or below one megahertz.

With +he very early development of the first polar magnetic
substorm, fbEs was observed to increase at Allakaket. The
top frequency of the completely blanketing sporedic E increased
through two megahertz near the time of the sharp onset negative
bay observed at Fort Churchill.

After 0830 UT a new higher critical frequency F-layer was

cbserved at both Ccllege and Allakaket. An aurcral E-layer,
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with a critical frequency o% approximately 1.0 to .5 MHz,

was observed at both stations after 20915 UT (Figure 43). After
0930 UT multiples of the new F-layer were also observed at

both stations.

As the blanketing frequency of Es decreased, the main trough
ionogram echo was observed at College and later at Allakaket
(Figure 43). With the reappearance of the main trough echo,
the virtual range of the 'replacement-layer' increased and
the multiple of this jayer disappeared. These occurrences
are interpreted Yo mean that the poieward trough wall had moved
sl ighﬂ‘y northward to asouf és" CGL.

The onset of the second magnetic substorm was well defined
in the Asian sector (Figure 44). Again about 30 minutes pric~
1o the onsef of the polar magnetic substorm in the Asian sector,
the Allakaket bianketing frequency of sporadic E began to
increase (Figure 43). Yet at College there were only minor
indications of this effect until some |5 minutes after the
substorm onset. The Allakaket fbEs reached two megahertz near
the magnetic substorm onset time, whereas the Col.lege fbEs exceeded
two megahertz about 45 minutes later. After approximately 1430
UT, the F-layer was observed again. The post-subsiorm F-layer
electron densities were approximately four times the pre-substorm
values at both Allakaket and College. These higher post-substorm
values are characteristic of the plateau in the F-layer critical
frequencies found north of Tl;e polevard trough wall.
4.3.3.3 January 18, 1966

The night sector magnetograms reveal that a rather slow
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onset ~[J0 gamma negative bay occurred at about 0800 UT (Fort
Churchill, Figure 48). A second, better defined, polar magnetic
substerm occurred with its maximum develcpment between [530
and 1630 UT. The eerliest aurorzl zone magnetogram indication
of the second substorm was at approximafel\_/ 1400 UT. The 0800 -
UT magnetic activity was confined to a narrow local time sector
at auroral zone latitudes; the only definitive indication
of a possible substorm was at Fort Churchill.

The ionospheric data for AliakakewL and College reveal
no significant variations in the characteristics of the overhead
ionosphere during the 0800 UT magnetic activity. Typical values
of fbEs were less than one megahertz, and the critical frequencies
of the F-layer were consistently near |.2 megahertz at both
stations. However, during the period from 0800 +o 0900 UT, the
poleward trough wall was dispiaced equatorward to near 66°
CGL. This was deduced from the Al lakaket date that revealed
an oblique F-layer echo that decreased in virtual range from
500 to 370 kilometers during the period of 0815 to 0900 UT.
This echo maintained a nearly constant virtual range through
~1345 UT when the echo could no longer be observed because
of blanketing sporadic E. Except for a slightly greater range
(50 to 100 kilometers), oblique F-layer echoes were observed
fo vary in a similar manner on the College ionograms compared
to those recorded at Allakaket. The difference in range can
be attributed to the more southerly latitude of College compared

to Allakaket.
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As mentioned previously, the eariiest auroral zone magnetogram
indication of the second substorm was at ~1400 UT. However,
both Allakaket and College recorded increasing fbEs shortly
after 1300 UT, and the two megahertz value of fbEs was reached
at both stations at ~1330 UT. With the reduction of the top
frequency of the sporadic E (fEs), associated with the substorm,
an overhead F-layer with higher critical frequencie; was cbserved
at both Allakaket and College. This F-layer is again interpreted
to be characteristic of the plateau in critical frequencies
north of the poleward ftrough wall.
4.3.3.4 March 3, 1966

A large polar magnetic substorm occurred between approximately
0900 and 1100 UT. With the exception of this period, the auroral
zone mag\ne.'rograms indicated magnetoquiei conditions. The earliest
indications of the onset of the polar magnetic substorm occurred
at about 0800 UT (Great Whale River and Cape Chelyuskin, Figure
48).

In this case there vere no early indications of the substorm
in the College ionosonde data (Figure 47). Allakaket ionosonde
data were not available. However, shortly after 0900 UT the
top frequency of the sporadic E increased dramatically to over
seven megahertz and blanketed the F-reg.ion (Figure 47). Note
that the College magnetogram revealed only a slight ~20 gamma
position perturbation during this same time period of increasing
Es. With the sharply defined onset of the negative bay at

College the top frequency of Es decreased sliightly.
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After 1100 UT, the blanketing frequency of sporadic E decreased,
and a new overhead F-layer was observed with a critical frequency
of four fo five megahertz. The critical frequency of this
layer increased through 1230 UT and then decreased systematically
until ~1545 UT when the F-layer electron density began to increase
foliowing about 90 minutes the time of sunrise at 300 kilometers
above College. Strong multiples (generally fwo or three) of
the F-layer echoes were observed after 1130 UT indicating that
the post ‘'substorm 'replacement-layer! was overhead. Even though
the blanketing frequency of sporadic E was approximately one
megahertz, there were no posi-substorm indications of ionogram
echoes from the main frough that was the overhead F-layer prior

to the substorm. The post-substorm F-layer is agzin interpreted

1o be characieristic of the plateau in The criticel frequencies
found north of The poleward trough wall.
4.3.4 Summary and Discussion of Results
From these limited studies it appears that an ionosonde
located at approximately 65° CGL is a sensitive night sector
detector for the occurrence of magnetospheric substorms. The
onset of auroral substorms and other known magnetospheric substorm
phenomena (cf Akasofu, 1968) usually occurs in the local midnight
. Time sector. HNevertheless, the time sector location of the
ionosonde does not appear to be important for the detection
of significant ionospheric variations that occur simultaneously
and at times precede the earliest onsefs of proven substorm
phenomena.

It is apparent, from the four periods studied, that certain
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relationships exist between winter night sector ionosp};eric
variations at 60° to 65° CGL and the occurrence of magnetospheric
substorms: '

1), Sporadic E with blanksting frequencies equal to or
greater than two megahertz occurs in conjunction with magnetospheric
substcrms; further, on three of the four nights studied, there
werce systomatic increases in-the blanketing frequency of sporadic
E, 30 fo 60 minutes prior to the earliest substorm onset times
determined from auroral zone magnetograms. On the fourth night
considered, the onset of high top frequency sporadic E occurred
in the' evening sector several minutes before the local sharp
onset of an intense negative bay.

2). The F-layer poleward 1‘roug.h wall is displaced equatorvard

during a magnetoc heric substorm. Sporadic E, which complefelvy
blankets the F-layer, often inrerferes with the determination
of when this displacement occurs relative to the onset of
the substorm; however, it appears from these limited investigations
that the displacement occurs during the expansive phase of
the auroral substorm - possibly in association with the equatorward
"spread' of irregular auroral bands discussed in Chapter 2.
I+ appears that the poleward frough wall in the early morning
sector is displaced equatorward to approximately 61° CGL with
the occurrence of a magnetospheric substorm with an AL index
of approximately —-400 gammas (December 4, 1965).

3). Normally once the poleward trough wall is displaced
equatorward, it remains equatorward of its magnetoquiet position

for the remainder of the night. The post-substorm F-layer at
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approximately 65° CGL remains representative of the platezu
in the critical frequencies found north of the poleward trough
wall. This situation normally exists even though only a single
substorm occurs during an otherwise magnetoquiet night (e.g.
March 3, 1966).

Recent studies have shown that parfic'le precipitation
is an important mechanism for the maintenance of the winter
polar F-layer {cf. Thomas and Andrews, 1969 and Pike, 1971a,”
b). The calculations of Rees (1964) show that the precipitation
of electrons with energies less than about 500eV' produces
the maximum ionization rates at F-region heights. Frank and
Ackerson (1971) have reported very detailed measurements of
particle precipitation into the auroral zone; they conclude
that th~ dominant contribution to the particle precipitation
intensities and energy fluxes in the early morning sector is
provided by electrons with energies equal to or less than 300
eV. Such primary electron energies are efficient for producing
F-ragion ionization (Rees, 1964). Frank and Ackerson (1971)
also summarize the features of electron precipitation in the
late morning sector as being generally more diffuse and less
intense compared fo the patterns observed in the evening sector.
They also show, for both local time se;:fors, that electron
precipitation occurs at lower latitudes with increasing K .
A survey of the Frank and Ackerson (1971) (E-t) spectrograms
reveals that the auroral precipitation region boundaries are

normally well defined.
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Hoffmann (1962) presents examples of satellite recordings
of 700eV detector responses Tc; precipitating electrons at auroral
latitudes: he concludes that electron precipitation in the
morning sector is characterized by relatively structureless
precipitation 'bands' near and equatorward of 'bursts' that
have a short temporal duration or a small spatial extent. The
'bands' and 'bursts' observed by Hoffmann (1969) correspond
to the enhanced background levels and the structured precipitation
events observed by Frank and Ackerson (1971).

The general morphology of the F-layer phenomena studied
for latitudes of 60° to 70° CoL is consistent with the satellite
observations of precipitating electrons into the same latitude
zone. The F-layer poleward trough wall corresponds to the
equatorward edge of the auroral precipitation region. The
plateau in the F-layer critical frequencies north of the poleward
trough wall corresponds to the enhanced background level in
the particle precipitation. It is also likely that the night
sector F-layer irregularity zone corresponds to the location
of the particle precipitation 'bursts' (Hoffmann, 1969) and
the structured particle precipitation events (Frank and Ackerson,
1971). The equatorward shift of the poleward trough wall in
"association with magnetospheric substorms can only be inferred
from the satellite observations; however, the satellite data
do show that the particle precipitation region extends to lover
latitudes in association with an increased geomagnetic disturbance

level (K ).
P
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There is uncertainty as to the physical significance of
sporadic E parameters; however, it is likely that the blanketing
frequency of sporadic E (fbEs) corresponds fo the maximum plasma
frequency in the Es iayer (Reddy and Rao 1968 and Reddy, 1968).

If this relationship is valid, then the maximum Es-layer electron
densities may be determined from the values of fbEs.

In Chapter 3 it was concluded that sporadic E, either
blanketing or non-blanketing with top frequencies above two
megahertz, normally does not occur during magnetoquiet at latitudes
equatorward of ~68° CGL. Further, the gxamples considered
for this section reveal that fbEs values, during magnetoquiet,
are normally less than one megahertz.

The ‘early increase, at auroral zone latitudes, in the
blanketing frequency of sporadic E prior to magnetospheric
substorms indicates an increase in the electron density at
Es heights -- assuming that fbEs is related to the electron
density. It would be of great interest to examine auroral
electron precipitation data for such latitudes prior fo substorms
to determine if the intensity of the 10 keV precipitating electrons
shows a "pre-substorm' increase that could account for the
increased Es ionization. The absence of an increase in the
precipitation of 10 keV electrons prior to substorms would
be equally interesting, as this would point foward a local mechanism
for the production of the 'pre-substorm' increases in the blanketing
frequency of sporadic E.

The results of this chapter illustrate the potential value

in establishing an ioncsonde network fo systematically observe
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the high latitude ionosphere.

The synoptic pattern of the high latitude ionosphere is
characterized by pronounced circumpolar features that are closely
associated with the auroral oval. For this reason a magnetic
meridian chain of, ionosondes, established in association with
a chain of geophysical observatories such as now exists in Alaska,
would provide the date fo further relate the F-region ionospheric
structure to the dynamics of the auroral oval and magnetospheric
substorms. E-region date from such a high quality geophysical
observing chain would permit a detailed study of the auroral
E-layer and retarded type sporadic E. THe E-region data would
also permit a comprehensive investigation of the relationships
between sporadic E, auroras and magnetospheric substorm phenomena.

The high latifude ionosphere forms the base of the outer
magnetosphere. The ionosonde is not only an instrument for
ionospheric studies but is in a much broader sense a simple
and powerful instrument for monitoring the temporal changes
in the large scale magnetospheric structure. The jonosonde,
recognized in this realm, is capable of providing essential data
for +hg continued interdiscip!inary study of ionospheric and

magnetospheric phenomena.
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CHAPTER 5
. SUMMARY

The main purpose of this thesis has been to examine the
morphology of the high latitude ionosphere during magnetospheric
substorms. The approach adopted here differs from many of the
earlier morphological studies which confined their attention
to the mid-latitude ionospheric variations during worldwide
magnetic disturbances (e.g. Matsushita, 1959; King, 196! and
Thomas and Venables, 1966). Because of the complexity of high
latitude ionospheric phenomena, there have been relatively few
deTaiied studies of laége-scale ionospheric disturbances that
occur in the polar regions. Notable exceptions inciude the
earlier investigations of Burkard ([948), Meek (1953, 1954)
and Bel Ichambers et a!. (1962) who each observed that the
F-region variations at latitudes of approximately 61° to 67°
CGL are closely related to the [ocal magnetic disturbance level:
however, because of the lack of a known synoptic pattern or
frame of reference for high latitude ionospheric parameters, the
significance of these investigations was not fuily understood.

During the past decade, aircraft and satellite borne ionosondes
have provided the data to identify the large-scale circumpolar
features of the high latitude ionosphere and to show a close
association between these features and the auororal oval (e.g.
Thomas and Andrews, 1969 and Buchau et al., 1972). Based upon
these recent deveiopments, it was hypothesized and proved that

variations of the large-scaie features of the high latitude
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ionosphere are related to the dynamics of the auroral oval during
magnetospheric substorms.
5.1 THE AURORAL OVAL AND AURORAL SUBSTORMS

All-sky camera data from the Alaskan meridian chain of
observatories were studied to determine the meridional distributions
and motions of auroras that comprise the auroral oval. This
study provided a background for the evalﬁaﬂ}:n of i;\;;pheric ~~~~~
variations in relation to the suroral oval during magnetospheric
substorms. A magnetic meridian chain of observatories is analogous
to an azimuth-scan radar that systematically 'scans' the auroral
oval once per day. The results of this investigation have revealed
.several new morphological features of the auroral substorm.

An enhanced equatorward drift of auroral forms and the
'cleariné‘ of the poleward sky result in an equatorward 'thinning'
of the auroral oval prior to the onset of the expansive phase of
the substorm. These phenomena may possibly indicate the growth
phase of a magnetospheric substorm.

Because of the current interest in the early phase of
magnetospheric substorms, growth phases defined by other workers
were investigated on the basis of all-sky camera photographs.
It is concluded fthat until the geomagnetic field variations
during the early phase of rnagne')'osphel‘-ic substorms are well
established, the growth phase should not be defined from auroral
zone magnetic records alone.

During worldwide magnetoauiet, intense auroral substorms

can occur on the contracted aurorai oval. Such substorms may
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occur beyond the poleward horizon of an auroral zone observatory;
except for the difference in the latitude of occurrence they are
similar in character to those substorms observed at typical auroral
zone observatories; such as College or Fort Yukon. Without a
meridian chain of observatories extending to approximately 75°
CGL, such substorms would not be detected. This fact emphasizes
the importance of a meridian observing chain for morphological
studies of auroras.

Auroral motions may be a2 visible indicator of the magnetospheric
convection pattern (cf. Davis, 1971). Accepting this premise,
nighf‘ ‘sector equatorward motions correspond to the earthward
convection of magnetic flux tubes in the magnetotail, while the
poleward motions of day sector auroras correspond to thz ncon-
midnight meridian convection patiern into and across the polar
cap (cf. Axford, 1969). All-sky camera data from the Alaskan
meridian chain confirm the earlier statistical results that
concluded that night sector equatorward auroral motions are more
frequent than poleward motions. Sunlight precludes comprehensive
day sector observations by the Alaskan meridian ‘chain. For this
reason southern hemisphere all-sky camera data were used To
determine that poleward motions of day sector auroras occur
statistically more frequently than equatorward motions. Thus,
the characteristic meridional motions of night and day sector
auroras support the concept of the 'open' magnetosphere with
a steady convection driven as a result of the reconnection of

interplanetary and geomagnetic field lines (Dungey, 1961).
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The concept of the continuous auroral oval is supported
by the auroral studies undertaken for this dissertation. 'Gaps'
were observed during magnetoquiet, such as those reported by
Buchau et al. (1970). However the gaps were not associated
with spatial discontinuities of the type reported by Lassen (1972).
5.2 THE HIGH LATITUDE IONOSPHERE DURING MAGNETOQUIET

An investigation of ionospheric disturbances depends upon
a detailed knowledge of the behavior of the ionosphere during
magnetoquiet periods. Data from airborne and ground based ionosondes
were combined to deduce the macroscale patterns of the magnetoquiet
high'llaﬂfude ionosphe‘ric E-region and the F2-layer. During
such periods the auroral E-layer and retarded type sporadic E
occur in a circumpolar band bounded by approximately 6%° avndv75°
CGL; non-retarded type sporadic E, with top frequencies above two
megahertz does not occur equatorward of approximately 68° CGL.

The magnetoquiet nig‘h+ sector F2-layer is characterized by the
main trough, with.critical frequencies of approximately one
megahertz; the main trough is bounded on the poleward side (v67°
CGL) by a well-defined wall and plateau of F-reéion ionization
that extends poleward to the instantaneous auroral oval.

While many factors may contribute fo the maintenance of the
high latitude winter ionosphere (cf. Rishbeth, 1968 and Rishbeth
and Garriott, 1969), particle precipitation into the circumpolar
ring bounded by the main trough and the polar cavity must be
a prime consideration. Whalen et al. (1971) show a close correspondence
between the characteristics of the auroral E~layer and the ion

. + teet
production rate deduced from measurements of the auroral N7 emission.
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The meridional profiies of lower energy particle precipitation

('\<4 700 eV), reported by Frank and Ackerson (1971) and Hoffmann

(1969), agree qualitatively with deduced positions of the poleward
trough wall of the night sector F-layer. Winningham and Pike

(1972) have shown excellent quantitative agreement between the

day sector characteristics of the F—Iayer' irregularity zone

T ’ and Thé-?a*v} energy particle pr;ecipifafibﬁ Th'rough. fhé‘ﬁblar cu5p.”4 -

5.3. THE HIGH LATITUDE IONOSPHERE DURING MAGNETOSPHERIC SUBSTORMS

Night sector ionospheric disturbances are closely associated
with the occurrence of magnetospheric substorms. At approximately
65° CGL in the night sector, sporadic E with top frequencies greater
.than two megahertz occurs in conjunction with subsvforms. The top
frequency of sporadic E decreases below two megahertz during the
recovery phase of the substorm. At times fhe blanketing frequency
of sporadic E increases prior to the onset of accepted substorm
phenomena.

There is uncertainty as to the physical significance of the
top frequency or the critical frequency of sporadic E as scaled
from ionograms; however, it is likely that the blanketing frequency
of sporadic E corresponds to the maximum plasma frequency in the
sporadic E layer. Accepting this likelihood, then the early
increase in the blanketing frequency 51‘ sporadic E, prior to
magnetospheric substorms and at latitudes of approximately 65°
CGL, indicates an increase in the electron density at sporadic E
heights. Such a finding, if properly verified by independent

data, could be important in the studies of the growth of the
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auroral electrojet during the growth and early expansive phases
of magnetospheric substorms.

The poleward frough wall in the night sector is displaced
equatorward during the development of a substorm. From fimited
examples, it appears that the displacement occurs during the
expansive phase of the auroral substorm. Normally once the
poteward frough wall is displaced equatorward, it rasmains equatorward
of its magnetoquiet position for the remainder of the night.

The equatorward shift of the poleward trough wall-in association
with magnetospheric substorms can only be inferred from the
reported satellite observations of low énergy particle precipitation
The satellite data do show that the precipitation zone extends to
lower latitutdes with an increased geomagnetic disturbance level
(KP) (Frank and Ackerson, 1971). Limited observations indicate
that the poleward trough wall is displaced equatorward five or
more degrees of latitude with the development of a moderate
polar magnetic substorms (Alv-400 gammas). |t is concluded
that the displacement of the poleward trough wall of the night
sector F-layer is associeted with a similar displacement of the
equatorward boundary of the auroral precipitation zone.

Buchau et al. (1972) show that the day sector of the auroral
oval is co-located with a band of enhanced 6300 A emission and the
day sector F-layer irregularity zone; they further show that
both features resul+ from the precipitation of low energy electrons
through the polar cusp. This suggests that the F-layer irregularity
zone is an excellent indicator of the intersection of the polar'

cusp with the ionosphere. The meridional motions of the F-layer
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irregularity zone can thus be interpreted to indicate large-scale
motions of the polar cusp. Day sector disturbances are recognized
by icnospheric characteristics closely associated with auroral
phenomsna. The dey sector F-layer irregularity zone and the
discrete auroras‘move equatorward and subsequently poleward
with the development and decay of a magnefcspheric substorm.

Increased non-deviative ionospheric absorpiion of high
frequency radio waves is asscciated with the formation of midday
auroral patches that cccur in conjunction with magnefogpheric
substorms. This is further evidence that indicates the circumpolar
nature of the hard particle precipitation zone associated with
magnetospheric substorms (Hartz and Brice, 1967). Midday auroral
pafches‘musf also be an integral part of the substorm morphology
of midday auroras.
5.4 HIGH LATITUDCE IONOGRAM INTERPRETATICN

Earlier studies of ionospheric variations emphasized the
investigation of 'scaled' ionogram parametérs, such as critical
frequencies and heights. However, for the studies presented here,
the scaled ionogram parameters have been used only fo illustrate
differences in ionogram character that in turn identify with known
large-scale ionospheric features. This 'characterization' of complex
high latitude icnograms offen relates more information than d;; the
scaled data. The application of the current international guidél ines
(Piggott and Rawer, 1961) for the interpretation and scaling of
high latitude joncgrams often requires arbitrary decisions by the

scaler and does not require a consideration of additional significant
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information recorded on many high latitude ionograms. Any revision
of the international guidelines for the infterpretaticn and scaling
of high iatitude ionograms should consider the demonstrated
significance of icnogram characterization.
5.5 A MAGNETIC MERIDIAN OSSERVING CHAIN FOR CONTINUED STUDIES
This work illustrates the advantages of an interdisciplinary
study of the high latitude ionosphere. It also demonstrates the
need for.a meridian chain of geophysical observatories equipped
with ionosondss, as well as all-sky cameras, magnetometers and
riometers. On the basis of the studies -presented here, it is
recommended that ionosondes be installied along 2 meridian chain
of observatories as well as the standard monitoring equipment.
Such an‘in+erdiscipl inary and systematic observing approach
would provide the deta necessary for refinement of the studies
presented here and for examination of the possibilifies of
providing warning for the occurrence of magnetospheric substorms.
Several results of this dissertation suggest that the growth
phase of magnetospheric substorms may be observed in auroral and
ionospheric data. The pursuit of these suggestions fo a definitive
conclusion is important for a better understanding of magnetospheric
phenomena. In addition, such studies would extend the understanding
of the ionospheric environment and its effect upon the communication

of information via or through the polar ionosphere.
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APPENDIX |
Phenomena
Dates Studied Auroral lonospheric Section
May 30, 1960 X 2.3, 2.5
May 31, 1962 X 2.5
June 1,7,28,29,30, 1962 X 2.5
July 1,5,6, 1962 X 2.5
September 14,15, 1964 X 3.3
October 2, 1965 X 2.3
December 1, 1965 X 2.3
December 4, A|965 X . X 4.3
January 2,18, 1966 B X 4.3
March 3, 1966 X 4.3
December 22, 1967 X 2.3
February 13, 1968 X 2.3
December 5, 1969 ’ X 2.3
December 6, 1969 X X ) 4.1
December 9, 1969 X X 4.2
December 13,14, 1969 X 3.2
Janvary 5,6,8, 1970 X 2.3, 2.4
February 14, 1970 X . 2.3
November 30, 1970 X 3.2
December |, 1970 X 3.2
January 8, 1971 X 3.2
November 16,17, 1971 X 3.2
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