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Foreword

" The Conjugate Point Symposium was held at Boulder, Colorado, during
June 13-16, 1967. The symposium concerned upper atmospheric phenomena
whose manifestations uniquely identify pairs of northern and southern
hemisphere locations at the earth's surface which are connected by the
earth's field lines. The papers presented at the meeting were divided
among four sessions: Luminosity. Ionosphere and Particle Precipitation,
EM and HM Guided Waves, and Geomagnetic Field and Magnetosphere.

This Technical Memorandum is a reproduction of the papers submitted
by the speakers.— In a few cases only the abstract is available. The pages
are numbered for the session and paper order with some changes from the
original order to improve continuity. The reproduction in this Mgmorandum
does not constitute formal publication; it is done as a service to the
attendees and the symposium sponsors. Primary responsibility for the
technical content of this document must rest, of course, with the individual
authors and their organizations. Readers should re%er to these papers as

presentations to the Conjugate Point Symposium.

W. H. Campbell S. Matsushita
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Rapid Geomagnetic Ficld Varisticn: Cbzerved al

Conjugatc Locations
by

W. H. Campbell

Institute for Telecommunication Sciences and Aeronomy
Environmental Science Services Administration
Boulder, Colorado

1. Introduction

This paper reviews the observational evidence for the earth field
line dependence of rapid geomagnetic field variations in the frequency
range from 4,0 to 0.002 c¢/s. In the literature of geomagneticians the
"micropulsations” have been referred to using the letters p for "pulsation"
followed by t, ¢, g, or p for the amplitude trace characteristics of
"transient", "continuous", "giant" (Amn. IGY, 1959) or "pearl" (Sucksdorff,
1936) appearance. In 1963 an international committee (Gen. Assem. IUGG,
1963) recommended a Pi and pc system of naming for the field fluctuatjions,
using i1 to indicate an irregular pattern and c a regular mainly continuous
appearance o. the amplitude trace. A suffix 1 to 5 is proportional to the
pulsation period (fig. 1).

This later naming will provide an order for presenting the topic of
this paper. The pi will be given first, then the pc following from lower
to higher frequencies. The review will emphasize the important chara;:ter-

.

istics of the micropulsations which have been observed simultaneously at
comparable earth field locaticns in opposite hemispheres (Camptell and
Matsushita, 1967). Table 1 summarizes the station locations of the suthors
whose work is discussed herein. A review of the general properties of
geomagnetic pulsations has been given by Camptell (1967b). With a focus
upon the phenomena, there will be no attempt to evaluate priority of rirst
observations.

III-1-1
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2. Pulsations with Irregular Forms

This class of pulsations has frequency components spread through the
entire range of 4.0 to 0.002 c/s. They are known to be closely related
in occurrence and amplitude to auroral zone, disturbed ionospheric
contions. It is usually difficult to indicate a distinct separation
between the lower pi frequencies and types which typicelly occur simul-
taneously with the rapid variations such as the magnetic disturbances of
SSC (storm sudden commencement), positive and negative bays, SI (sudden
impulses), ete.

Figure 2 illustrates for College, Alaska, and Macquarie Island some
of the similarities and difference observed in pi 1 amplitude records on
December 28, 1961 (Campbell et al., 1962). The top two records have a
pass-band for oscillations between 30 sec and 5 sec pericd, the lower
two records for 5 sec to 1 sec period. Note the missing higher frequencies
at College at the first burst of the event and the similar onset times
for both major activity pe:ks.

Figure 3 illustrates a pi 1 event at the Great Whale-Byrd conjugate
stations on 3 August 1962. In this presentation, the pulsation events
appear as impulsive, vertical darkening of the chart. The bursts of
activity are often simultaneous but some non-conjugate behavior is evident
even though these stations are in closer conjugacy than College-Macquarie.
A station 100 km away from an E-region line-current location would sense
cnly about a 30% signal amplitude reduction; exact conjugacy of sites would
not seem to be a necessary requirement in data acquisition for such
vaeromena. Difference in the occurrence cf the vertical bands of activity
in figure 3 should be ascribed tc a large but brief, changed location in
the earth's field lines comnecting the two sites or to an asymmetry of
the aurcoral particle precipitation between the two hemispheres. Often the
spectral records show horizontal regions of enhanced or faded signal level.
Since these are usually band-like, at similar frequencies for many impul-
sive bursts a* one station tut differing at conjugate stations (figure 3),
resonant transmission or selective absorption at ionospheric heights is

£robably responsible.

III-1-2




Mather and Wescott (196?) compared earth current records for pi
events occurring at Cold Bay in the Aleutian Islands and Oamaru in New
Zealand., The major disturbances on the two station records occurred
simultaneously, had similar duration, and usually showed peak for peak
correspondence, Other Alaskan stations generally were disturbed at the
same time but failed to be correlated in the detailed varietions. Figure 4
shows the similarity of amplitude changes at the two sites for an event
on April 2, 1962. Mather and Wescott (1962) interpreted the relative
loss of shorter period pi flucutations at Cold Bay due to the unique
ground conductivity at that site.

A series of papers concerning micropulsation studies at Great Whale
River and Byrd Station have been published by the Canadian research
groups at Pacific Naval Laboratory and the University of British Columbia.
Lokken et al.(1961, 1962), Yanagihara (1963), Wright (1964), Jacobs (1964),
Lokken (1964) and Wright and Lokken (1965) presented conjugate data
obtained in January 1961. Jacobs and Wright (1965) added to the analysis
the conjugate events for the year from February 1963 to February 1964.

In their comparison of Byrd pi events with those at Canadian stations,
Great Whale River proved to be beét correlated. At times, though, it
seemed that a Byrd pi burst corresponded best with Ft. Churchill data.

The field line location was thought to flucutate enough that occasionally
the two stations were not at all conjugate. Using 72 selected events with
good timing, Jacobs and Wright (1965) found two groups of 26 and 29 cases
when one station led the other by an average of 1.1 min and one group of
17 cases with zero time difference.

In figure 5, the 5-min average amplitudes at six world stations are
displayed for a brief period of pi activity in November 1963. The distur-
bance starting about 1800 UT cn 7 November probably reached from Sweden
to Alaska across Siberia. Northern Canada seemed to catch most of the
activity at 0200 on Novemter 8. The pulsations starting near 0520 UT
were spread over the western hemisphere and extended to low latitude.

The conjugate stations cf Great Whale River-Byrd exhibited a correlation

coefficient of C.7 for S5-mir scalings of the data during the pericd of
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figure 5; other pairs of stations gave much lower coefficients. In one
hemisphere, great differences in the amplitude changes for pi typically
" occur at distances of 1000 km and disappear for 200 km separation. The
conjugate region may be within such dimensions. The distribution of
activity for pi events in figure 5 is quite similar to the regions of
ionospheric absorption of cosmic noise with which the pi are clearly
related (Campbell and Leinbach, 1961).

Equatorial locations sometimes have been called "self conjugate".
In a study of the long-period irregular fluctuations which are most
numerous during daytime hours, Onwumechilli and Ogbuehi (1962) reported
that about 90% of the events at Ibadan, Nigeria, could be identified at
other observatories along the equator and within the auroral zone.
Wescott and Mather's (1965c) results for long period variations at San
Juan, Puerto, Rico, and Trelew, Argentina, near conjugate locations with
L of about 1.4, were in agreement with the Nigerian study. The close
association of the amplitude of the fluctuations with the strength of
the equatorial Sq current system implies that the field variations are
actually changes in Sq communicated to the equatorial regions from the
higher latitudes.

The longer-period irregular variations were compared for College and
Little America by Ahmed and Scott (1955). Activity at conjugate locations
in middle and auroral latitudes were more recently reported in a series
of papers by Wescott (1961, 1962), Wescott and Mather (1963, 1965a, b)
and Brown, Barcus, and Parsons (1965). Between Cold Bay, Alaska, and
Oamaru, New Zealand, activity correlation was about the same or slightly
poorer tran auroral zone pairs. Macquarie Island records compared best
with Alaskan stations at Healy and Kotzebue. The region of coherence of
signals in Alaska was elongated along the line of constant L about 350 km
E-W and 120 km N-S. There was a seasonal change in the relative amplitude
of the field disturbance variations such that the southern station was
more active in the December solstice months and the northern station more
active in the June solstice months. It appears that ionospheric conduc-

tivity and currents play an important role in the conjugate occurrence

region ard amplitudes for these auroral zone field variations.
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Irregular field fluctuations seen on magnctometers at Shepherd Bay,
Canada, and Scott Base, Antarctica, both within the auroral zone, exhibited
thelr greatest similarity during the nighttime hours, a secondary maximum
of moderate correlation about midday, and usually dissimilar behavior
between the two maxima (Wescott and Mather, 1963). One interpretation
of figure 6 is that during the midday hours Sq-like currents carry the
variations in from the auroral zones whereas at nighttime either the high
latitude field lines are connected and/or the auroral magnetic distur-
bance, associated with particle precipitation, is spread over a broader-
region.

Magnetic storm sudden commencements (SSC) and magnetic field, sudden
impulses (SI) are typically associated with Pi type pulsations in the
auroral zone (Campbell and Matsushita, 1962). More than 50% of SSC's
are associated with pulsations of 2.5 to 10 minutes period (Sugiura and
Wilson, 1961). For that reason some results of three studies of SSC and
SI phenomena are mentioned here. '

The SSC's are rapid changes in the geomagnetic field which last about
1 to 6 minutes, breaking a quiet period of recording, and occur at the
beginning of a magnetic stomrm. -Sugiura and Wilson (1961) and Nagata et
al. (1966) found that conjugately located auroral stations have SSC's with
similar app:arance, occurrence frequency and polarization vectors showing
elliptic counic:clockwise rotation (viewed along the fleld line) from
22 h to 10 h local geomagnetic time. In this feature the SSC behaves like
Pc 5 pulsations. The relative sizes of the SSC's at Reykjavik, Iceland,
and Syowa, Antarctica, seemed to indicate slightly larger amplitudes in
the winter hemisphere. Sato (1962) gave excellent examples of the concur-
rent ionospheric absorption effects associated with the SSC simultaneously
occurring in Alaska and Antarctica.

The SI's are sudden, world-wide changes in the magnetic field, much
like the S5C's but not followed by a magnetic storm. The general conjugate
features were the same as that reported above for the SSC.
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Longer period continous pulsations of the pc 4-5 variety are often
seen within the pi 2 épectra.. Figure 7 illustrates that type of conjugate
pi micropulsation received on ITSA recorders at Great Whale River and Byrd
Station. Three aspects of this figure should be pointed out. There is a
good agreement in the occurrence time for most of these pi bursts. Saito
(1967) used an interesting photographic technique for displaying this
coincident spectral pattern. A higher frequency portion of activity
between 08 h and 09 h UT is missing at Great Whale River whereas a higher
frequency portion between 09 and 10 UT is absent at Byrd. There is a well
developed pc L-5 in the early hours of the event that becomes the major
micropulsation activity after 10 h UT,

There are a few reports of the behavior of the long period, damped
oscillation type pulsations (pt) at conjugate locales. Some aspects of
these may place them in the transitory region between pi pc pplsation
types or miniature version of the SI mentioned earlier. Saito's (1961)
hodographs of the pt disturbance vector in the horizontal plane showed a
northern hemisphere convergence into a region lying along the auroral zone
near the local midnight meridian while vectors in the southern hemisphere
diverged from the approximate conjugate point. Jacobs and Wright (1965)
show cne example of a large 4 to 5 min period pt observed simultaneously.
at Great Whale River and Byrd (figure 8).

3. Continuous Pulsations with Periods of One to Ten Minutes

The long period continuous pulsations, pc L-5 generally have large
amplitudes reaching, at times, to several hundred gammas. They occur
principally in the auroral latitudes in periods of high solar-terrestrial
activity. The forms are quite sinusoidal, often damped, and the duration
ranges from a few minutes to several hours. Many events have harmonic
structure. The spectra in figure 7 from 1015 tco 1200 h UT is typical of
the detailed, fine structure coincidence found at conjugately located high
latitude stations.

The reports by Sugiura (1961) on the conjugate College-Macquarie pair
of staticns, by Nagata et al. (1963, 1966) and Kckubun and Nagata (1965)

1I1-1-6
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on the Reykjavik-Syowa stations pointed to the correspondence of such
pulsations at conjugate locations and their hydromagnetic-wave-like
behavior. The signals seemed not unlike the magnetic impulses of SCMS
(Wilson and Sugiura, 1961) with the disturbance vector rotation sense
invariant along the whole line of force in space; a counterclockwise
direction (fig. 9) in the horizontal field vector, H, during the morning
(looking into the northern hemisphere) and reversed in the afternoon with
a transition about 11 h local time. The main axis of the polarization was
almost perpendicular to the direction of the main geomagnetic force.
Correlation coefficients between successive maxima and minima were about
0.8. Amplitudes were c;ose to the same value at the two stations but
amplitudes of the morning pulsations were appreciably larger than the
afternoon variety. Frequency spectra show usually one but often two
discrete peaks. The pulsations were ascribed to hydromagnetic waves,
resonating with the eigen-oscillation of the geomagnetic field line and
excited by the arrival of the solar wind. _

Ahmed and Scott (1955) found pc 4-5 with similar occurrence and period
at College and Little America. Wescott and Mather (1965b) mention pc L-5
events observed at the Cold Bay-Oamaru station pair. Jacobs and Wright
(1965) and Saito (1967) published some similar pc L-5 events at the Great
Whale-Byrd station pair.

Recently Wilson (1966) reexamined some of the College-Macquarie data
and concluded that ionospheric current systems were induced by %the circu-
larly polarized standing hrdromagnetic waves on the field lines. He
ascribed differences in signal appeararice at near conjugate locations to
the position of the observing station relun.ive to the terminal point of
the oscillating field line. His model seemed to leave unexplained the
interrelationship of the Pc 4-5 with ionospheric absorption (Sato, 1964,
1965), auroral radar reflection (Kaneda et al., 1964) and precipitating
auroral electrons (Anger et al., 1963, and Barcus and Rosenberg, 1965).

Sato's (1964, 1965) study used the data from a world network of
stations. He found most pulsations in Antarctica to be a local phenomenon
with occurrence maxima different in each area and phases not coincident

III-1-7
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between stations., Figure 10 illustrates the amplitude and phase similarity lr
cf the pulsations he studied atthe conjugate College-Macquarie pair of

stations. The correspondence with concurrent riometer measured ionospheric .
absorption led Sato to the conclusion that most high latitude pulsations

cf this type are caused by currents arising from the high latltude, particle
bombardment of the ionosphere.

L, Pulsations with 5 to 50 sec Period

Mather et al. (1964) studied an active period in April 1962 during
which pulsations with about 4O sec period occurred at Cold Bay and Oamaru.
The signal'sbehavior is rather like that expected of pc 4 type pulsations.
The amplitude and the periods were somewhat shorter during the daytime.
Trere was some tendency tc slightly longer periods at the time of auroral
disturbance onset. Figure 11 is an example of their study on the direction
of rotation of the disturbance vector for the two stations. Four of their
ten simultaneous conjugate disturbances maintained exactly the same phase
relationship with oppositely rotating vectors. The polarization sense was
' uniform at night, counterclockwise (looking into the ground) at Cold Bay

and clockwise at Oamaru. The rotation pattern was more irregular during
the day but generally reversed to the ni httime behavior. The earth-sun
line division of the sense change seemed atl variance with the results cf
Wilson and Sugiura (1961) and Nagata et al. (1963) for the longer period
variations.

— " 77~ The true pc 2-3 pulsations are typically a daytime phenomena with
—onger periods at midday and amplitudes proportional to the Kp index of
werld wide geomagnetic disturbance. The signals usually stay under 1 gamma
in size and maximize in the aurcral region. Examples of simultaneous high
Zatitude appearance of these pulsations have been published by Lokken et al.
{1962) for Victoria and Byrd, by Campbeli (1963) for College and Macquarie :

(£22. 11), and by Jacobs and Wright (1965) for Great Whale and Byrd.

At low latitudes Katc and Ckuda (1.956) reported similar 3C to 50 sec

rTulsetions at Japan and Ceylon. Schlumterger and Kunetz (1946) reported

w

pcssible reversal cf signal pclarization between France and lMadagascar

Yy

cr these signals.
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The pc 2-3 are the most poorly studied pc group of pulsations. The
polarization sense and major direction of the horizontal disturbance vector

undergoes a regular diurnal variation at most latitudes (Terada, 1917;

Kawarmura et al., 1961) which can account for some of the hemispherical
differences reported. The peak for peak identification at conjugate

stations does exclude the local ionospheric resonance as a generative

model.

5. Regular Pulsations in the 1 sec Period Range

- The pc 1 pulsations occur principally in the band from 0.15 to 2.5
¢/s. They usually have a rising frequency structure but variations have
been observed. The average frequency and emission-recurrence period seem
to be linearly related. Bursts of activity typically last about one-half
hour; the general disturbance level may be as long as twelve hours. The i
averaged diurnal variation in mid-frequencies is similar at all world {3
locations: minima of about .4 or .5 ¢/s occur from 1400 to 1800 hours i,
local time and maxime of about .9 or 1.0 ¢/s occur from 0100 to 0500 hours
locael time. The occurrences ar;e usually near the local noon hours at
auroral latitude stations and they shift into the morning to predawn hours
at middle and low latitudes.

At times the events are found simultareously at widely spaced stations
over a hemisphere of the earth (Tepley et al., 1965; Kenney and Knaflich,
1967). The usual case, however, is for a rather local appearance of the
events. This is evidenced in the unique local occurrence maxima as a ‘
function of latitude ard in the local-time diurnal variation of mid- 1
frequency for the events. <Campbell and Stiltner (1965) and Campbell (1967a) ;’
demonstrated the conjugate station similarity of these two characteristics.

They placed the typical range for coherent signal to be under 1000 km in
the high latitudes. In contrast, Eorsoukov and Ponsot (1964) found phase
coherence at 1100 km. Campbell and Stiltner (1965) only found significant
correlation coefficients for data from stations conjugately located.
Figure 13 shews the cross-correlaticn for joint sampling pericds at College-
Macquarie, sreat"'hale-eyrd, Baie St. Paul (Quebec)-Eights. The highest
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correlation was obtalned from this last pair. These statlons were not
only nearest to computed conjugacy but closer to each other in local time
and st lower L values than the other two pairs.

Figure 14 is an example of the spectra of Pc 1 events received at
condugate locations. In addition to the last two references a number of
authors have published examples of conjugate pc 1 signals. Dawson (1965)
3iscussed occurrence and similar average frequency changes at College and
“ezquerie, Lokken et al. (1963), Yanagihara (1963), and Wright and Lokken
(19€5) presented examples of concurrent events at the Great Whale-Byrd
rair cf stations. The data received at Kerguelen and Sogra or Borok
appeared in publications of Borsoukov and Ponsot (196L4), Laurent et al.
(1984), Troitskaya et al. (196L4), Gendrin and Troitskaya (1965), Lacourly
et al. (1965), Loran et al. (1965), Matveyeva and Troitskaya (1965) and
Sendrin et al. (1966). Schlicht {19€2) reported some similarities in the
rezcrds taken at Chambon-la-Foret and Garchy, France, and at
mermanus, South Africa. The pc 1 at the near conjugate locations of Kauai
ani Tongatepu have been presented by Tepley (1964, 1965, 1966).

A number of unique features have come to light in the conjugate studies
wnich should give insight into the magnetospheric propagation character-
istizs gni separate cut the local icncspreric effects on the signal recorded.

AT 2onlugete stations with greatly differing geographic longitude, the

sverage occurrence and diurnai changes in mid-frequency are best matched

87 *he two sites when a common field-lire time is assumed (Campbell and

)

S+iZ+rer, 2965). Some of the gross appearance of the signal is immediately

(D

< <
' -

(l:

rnt in viewing such examples as fizure 1-. There is often a general
gotivizy rsourrence pattern of about cne-half cor one hour., The general
ervzlcpe cf ine event is often similar at the two stations, for example
in *he early hours of figure 1L, These features and the horizontal
s-reagking” cf signal enhancement and disappeararce must not be dependent

. <he transient ionospheric conditicns which vary independently in

In fisire 15 we cee the several surprising results of the study by
erdvir et al. (1906). The pclarizstiocn sense is unique with respect to

a fizl3 iire occrnerting tne staticns throughout an identifiable family of
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a pc 1 events. However, as the figure shows, both senses are observed.
Theoretical models seem to predict a left-haud polarized (looking into
the northern hemisphere), Alfven-mode of field guided propagation in the
magnetosphere. The results of this figure must modify that assumption
or introduce increased importance to propagation processes within the
ionosphere.

The interlacing of pc 1 fine structure has been demonstrated by
several independent researchers. Figure 15 also illustrates this alter-
nation between the two hemispheres. Lokken et al. (1963) and Yanagihara
(1963), examining Great Whale River and Byrd Station records, found a few
remarkable cases when the amplitude envelope of activity alternated in
the northern and southern auroral zones with the maxima of activity at
one station occurring midway between the maxima at the other. Tepley's
(1964) studies in the Pacific area indicated that emissions observed
simultaneously in the same hemisphere were simultaneous within an accuracy
of + 12 seconds whereas emissions observed at Kaual and Tongatapu, at near
conjugate locations, had structural elements displaced in time by one-half
the fine structure periodicity. He also observed occasional doubling of

the fine structure repetition frequency at middle ard low latitude stations.

Borscukov and Ponsot (1964) calculated correlation coefficients and auto-
correlation functions for simultaneous pc 1 events. They found no time
differences greater than 0.1 sec between Borok and Lovozero, a distahce
of about 1100 km; the oscillations were in phase. The authors found no
phase coherence between the conjugate regions of Borok and Kerguelen for
the individual oscillations. Figure 16 shows the correlation function
for various time shifts between the envelopes of activity received alter-
nately in the two hemispheres. The figure indicates that the signals
appeared at Kerguelen about 70 sec after its appearance at Borok whereas
the repetition period was 120 sec. Gendrin and Troitskaya (1965) point
out that this discrepancy may be due to some heating between overlapping
emissions. Wentworth et al. (1966) reported that for Pacific stations in
the northern hemisphere the pc 1 seem to penetrate the ionosphere at high
latitudes and propagate equatorward with an average apparent velocity of
about 900 km/sec. They interpreted such propagation time as responsible
for the difference from exact 180° phase shift measured for signals
received in opposite hemispheres.
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Apparent attenuation of the ionosphere upon pc 1 signals was investi-
gated by Campbell (1967). Studying the 0.5 to 1.0 c¢/s pc 1 emissions at

the conjugately located stations he selected Northern summer solstice times

when the ionosphere was dark over Eights, Antarctica, but cycle noymally
over Baie St. Paul, Canada. Table 2 indicates that the signal level was
reduced under the daytime ionosphere. At the higher frequencies and with
more disturbed (higher Kp) ionospheric conditions greater attenuation was
found. Slight changes in seasonal occurrence and signal frequency-were
shown to be consistent with the estimated attenuation. The signal ampli-
tude reduction was matched to theoretical c:pectations by the assumption
of Alfven to modified-Alfven mode coupling of the propagated signal in the
ionosphere.

Several features of the pc 1 now seem quite evident. The phenomenon
is of magnetospheric origin. It is field guided into high latitude
stations without appreciable ionospheric attenuation. The signals may

travel to lower latitudes in other ducted modes. There are still numerous

unexplained characteristics of the form of these pc 1 events which cannot

be ascribed to local anomalies.
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Table 2

Average Amplitude Ratio (Quebec/Eights) for Dark Ionosphere
at Eights and Daylight at Quebec (Campbell, 1967).

Frequency c/s

Kp index 0.5 1.0 1
0 to 1+ .70 k9 !

2- to 2+ .59 U5

3- to 3+ .23 .19

1
i
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Figure 3. Sonagraph spectral display of conjugate behavior of pi signals at Great
Whale River and Byrd on August 3, 1963 (Campbell, 1965).

Figure 4. Telluric current charts for April 7, 1962, at Cold Bay, Alaska, and Osmaru,
New Zealand (Mather and Wescott, 1962).
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Figure 5. Pi activity at six world stations on 7 and 8 November 1963. Local sunrise
TSR) and sunset (SS) times are indicated (Campbell, 1965).
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Fi,we 6. Variaticn of correlntion between Shepherd Bay and Scott Base
magnetic disturbances. The shading refers to the local night.
(Wescott and Mather, 1963).
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SEPT. 22, 1965

Figure 7. Spectra of simltaneous disturbance at Great H’hnle: !.uver and Byrd Station
on September 22, 1965. The early hours show a pi 1-2 event; later in the
day a pc 4-5 develops.
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A pt event recorded at Great Whale River and Byrd
on February 9, 1964 (Jacobs and Wright, 1965).
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Figure 9. Example of locus of rotating vectlou for the morning pulsations in the
horizontal plane (top) and in the magnetic plane (bottom) observed at
Reykjavik (Re) and Syowa (Sy) at 0655 to 0705 UT on Setpember 18, 1959
(Nagata et al., 1963).
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Figure 10. Simultaneous pc 5 magnetic field pulsations at College and Macquarie
Island on 19 March 1958. Concurrent ionospheric absorption measured
with the College Riometer is shown on a similar time scald at the top
(Sato, 1965).
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Figure 11, Polarization of 4O sec pulsations received at Cold Bay and Oamaru for

a 2L hr period on 11-12 April 1967. Radial arrows drawn from the
reference circle denote the direction of rotation at various times
throughout the day. Long arrows directed outward denote clockwise
rotation; directed inward, counterclockwise. Short bi-directional
arrows mean both sense or linear polarization were present with no
preferred direction (Mather et al., 1964).
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Figure 12. A pc 2-3 event recorded simltaneously along the Pacific Ocean region on
12 February 1962 (Campbell, 1963).
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Figure 15. Average polarization sense in horizontal plane for .E 1 events measured simultaneously for the
periods indicated at Sogra, USSR, and Kerguelen Islands on 4 March 1965. Percentages indicate
the proportional mixture of + and - rotation sense (Gendrin et al., 1966).
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Figure 16. Correlation function for envelopes of pc 1 signals received
at Borok and Kerguelen on February 17, 1964 (Borsukov and
Ponsot, 1964).
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Pi Events

J.A, Jacobs

Institute of Earth and Planetary Sciences
The University of British Columbia
Vancouver 8, B.C., Canada

l. Introduction

The amount of literature on irregular micropulsations
(P1) is relatively sparse, particularly when compared to that
on the more regular, continuous pulsations, and very little
work has been done on the characteristics of P1 activity at
conjugate points. Originally such irregular micropulsations,
which tend to appear during the initlal stages of relatively
large scale geomagnetic disturbances known as bays, were
designated Pt. At the 13th General Assembly of the IUGG,
Jacobs et alia (1964) proposed the present classification of

impulsive micropulsation activity known as Pi; this was sub-

divided into the categories P1 1 (periods 1-40 sec.) and Pi 2

(periods 40-150 sec.). P1 1 are usually seen in the initial

stages of a P1 2 and appear as riders on the longer period

pulsations.

II1-2-1

R s

A N O R Yy I - -

Pt




——

2ls P32

2.1 The frequency spectrum of Pl 2's

As in the case of auroral and geomagnetic bay acti-
vity, P1 2 micropulsations have a maximum occurrence frequency
around local midnight. The relationship between the occur-
rence of Pi1 2 and planetary magnetic activity 1s, however,
not clear. Yanagihara (1959) has presented evidence that,
whille auroral and geomagnetic bay activity increase towards
sunspot maximum, Pi 2 activity in low latitude regions
decreases. On the other hand, he found that the probability
of occurrence of a P1 2 increases with increasing Kp index
(Yanagihara, 1960). At the same time P1 1 activity lncreases
towards sunspot maximum, suggesting that either P1 1 and Pi 2
have different source mechanisms or that they have different
modes of propagation over the earth's surface. Rostoker
(1967a) has shown that P1i 2 may be considered to consist of
two separate contributions: the initial kick which is a broad
band effect and the actual damped oscillation. Sometimes
the initial kick may occur but insufficient energy is imparted
to the mechanism of generation to cause an oscillation to take
place. Such kicks appear often prior to an auroral breakup,
and Rostoker has referred to these occurrences as "one pulse

effects".

III-2-2




Spectral analysis of Pi1 2 tralns bear out this
picture. Rostoker (1967b) found that, exclusive of Pi 1
activity, a P1 2 may contain anywhere from one to several
frequency components (see Figs. 1 and 2). None of the
frequency components in the spectra he obtalned were present
prior to the initiation of the P1 2 event. In his analysis
of 18 P1 2 events periods as long as 286 seconds were found.
Thus it appears as though the range of Pi1 2 should perhaps be

extended to 300 sec.

2.2 The relationship between P1 2 activity and the Kp index

Rostoker also found that the number of frequency
components in a P1 2 event increased approximately linearly
with increasing Kp index (see Fig. 3), reminiscent of the
relationship obtained by Yanagihara (1960) of the probability
of occurrence of a P1 2 as a function of the Kp index. The
frequencies measured in each event were usually not harmonics
of a fundamental frequency and thus each frequency may be

thought of as having a separate generation from one another.

Troitskaya (1964) has given evidence that the period
of a P1 2 decreases with increasing Kp index; however, this

conclusion is a result of the assignment of a single frequency
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to a P1 2 event by visual analysis of chart recordings.

With the aid of power spectra of 18 P1 2 events, Rostoker
(1967b) has shown that the minimum period in a Pi 2 event
decreases with increasing Kp while the maximum period increases
with increasing Kp up to Kp 20, after which it decreases
slightly with further increase in Kp. Visual analysis of the
18 events reveals a decrease in dominant apparent period with
increasing Kp, in accordance with the results of Troitskaya.
Rostoker's results also indicate that the period of a given

P1 2 event does not change with latitude for a single event,
although Eleman (1966) has shown that the average period of
many Pl 2's at a given station 1s longer the closer the

observing station 1s to the auroral zone.

2.3 Polarization characteristics of Pi 2's

It is generally agreed that Pl 2's are polarized in
the horizontal plane in mic and low latitude regions, although
there is usually a relatively strong vertical component in the
vicinity of the auroral zone of an event. The results
obtained at low latitude stations by Kato et alia (1956) indi-

cate that Pi1 2's are polarized in a clockwise sense before
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local midnight. This is in disagreement with the results of
Christoffel and Linford (1966) who found that Pi 2's were
polarized predominantly, although not always, in a clockwise

sense in midlatitude regions in the southern hemisphere.

Rostoker (1967a) showed that the polarization of
Pi 2's in midlatitude regions in the northern hemisphere 1is
predominantly in the anticlockwise sense, although cases of
clockwise rotation are observed on occasion. He found that
the sense of polarization does not depend on the position of
the observing station relative to local mianight, but that
its geographical locatior ~lative to the source of the P1 2

directly influences the polarization characteristics.

The implication of the results of Rostoker and

those of Christoffel and Linford is that at least the last part

of the propagation of Pi 2's may te dominatecd by the Alfven
mode of a hydromagnetic wave propagating through the iono-
sphere in a direction parallel to the ambient field lines.
However, the fact that some clockwise pulsations are observed
in the northern hemisphere and some anticlockwise pulsations
in the southern hemisphere suggests that the mode of propaga-

tion of a P1 2 is not a pure Alfven wave.

The observed polarization characteristics indicate

that P1 2 micropulsations cannot be described by a simple
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equivalent current system such as that used to describe a bay.
Such a current system would provide an "in phase" relationship
between the H and D components which 18 not observed to be

the case, Nor can a rotating line current such as that pro-
posed by Wilson (1966) for Pc 4, Pc 5, and Pg-type micropul-
sations fully describe the source mechanism for Pi 2's, since
for anticlockwise rotation of the current system all pulsa-

tions in the northern hemisphere should be polarized in an

"anticlockwise sense, which is not the case. The appearance

on occasion of a clockwlse rotation at a station while the
sense of polarization at other stations for the same event

is anticlockwise, together with the fact that the dominant
sense of rotation is anticlockwise in the northern hemisphere,
and clockwlse in the southern hemisphere, suggests that the
disturbance 1s subject to propagation effects and hence in
midlatitude regions Pi1 2's may be conslidered to propagate as
a wave rather than being the effect of an ionospheric current

system.

Although P1 2 micropulsations as a whole seem to
be unrelated to ﬁhe bay type equivalent current system, the
initial kick on the magnetogram appears to be strongly
correlated with the polarity of the accompanying bay. In
general the direction of the initial kick of either component

on the micropulsation record has the same sign as the polarity

I11-2-6
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of the corresponding component of the bay; this effect is

strongest in the D component, although it 1s also prominent

in the H component.

It 1s suggested that the initial kick of a P1 2
micropulsation may be represented by an equivalent overhead
current system in the manner shown by Jacobs and Sinno (1960).
The current is set up in the Hall region of the ionosphere as
a consequence of the fact that the ambient ionospheric parti-
cles cannot respond sufficiently rapldly to the first hydro-

magnetic impulse generated in the breakup.

2,' ro:3ible source mechanisms for P1 2 activity

The initlal hydromagnetic impulse arriving in the
auroral zone from the tail region of the magnetosphere is
broad band, containing periods ranging from those of a Pi to
a bay. Near the source all the frequency components arrive
at approximately the same time, and thus the leading edge of
the bay near the source 1s very steep. However the disper-
sive effect of the ionosphere on the propagation to lower
latitudes causes the higher frequencies to arrive at a field
point earlier than the lower frequencies; this effect results

in a spreading on the time axis of the 1impulse, and the lead-
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ing edge of the bay becomes less steep the further it is
observed from the source. In this respect the bay and
initial pulse of the Pi 2 may be regarded as part of the
response of the ionosphere to a hydromagnetic impulse gener-
ated in the magnetosphere. Ward (1963) has endeavored to
find the transfer function of the magnetosphere, that is,

how the incoming solar plasma generates hydromagnetic dis-
turbances which, when modified by the ionosphere, are received

on the surface of the earth.

Rostoker (1967a) suggests that P1 2's originate as
eigen oscillations on auroral z.. field lines, although the
initial movement is probably due to a current system set up
in the ionosphere as an impulse response tc the influx of
energy from the tall of the magnetosphere. That part of the
P1 2 generated by the eigen oscillations of the field lines
is thought to propagate through the E reglon of the lonosphere,
and the observed polarization at a field point 1s determined

by the screening effect of the ionosphere over that point.

Herron (1966) observecd sizeable phase shifts (of
the order of seconds) in the appearance of micropulsations at
stations separated by hundreds of kms along an east-west
line. From Herrorn's results the relationship between the
projected velocity of propagation of the disturbance and 1ts

reriod appears to be hyperbolic in nature. Rostoker (1965)
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showed that P1 2 mlcropulsations can be vescribed by a weak

couj ling of fluild and electrom:prnetic Jlcturtances in which ‘
the electromagnetic contribution is dominant., Any variation [
in the values of the parameters whicl. may occur in the course ‘

of propagation of the waves over the earth's surface may

cause one or other of the coupled moces to become dominant.

Thus alterations in ionospheric conductivity caused by the
precipitation of auroral particles will cause the waves to 1
acquire irregular phase velocitles during the course of their .&
propagation from the source of the pulsations to the field . j
points. In particular, in the case of pulsating auroras
different rhase shifts between two stations would be expected
for different sets of reaks in a chain of pulsations.
Rostoker observed this to be the case for the herizontal
components of Pi 2's observed at Vancouver, B.C., anc¢ Ralston,

4lterta.
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3. P1 activity at Great Whale Rlver and Byrd Station

When P1 activity can clearly be recognized on the
records as by the abrupt commencement of polar substorms they
occur within a minute or two at stations in and between the
two auroral zones over large areas of the earth. The changes
when sufficlently abrupt have been called psc's (polar sudden
commencement or gpange) by analogy with the much larger
commencements (ssc) of a magnetic storm. It is this system
of psc events, the following impulsive P1 activity and the
preceeding quiet interval that governs the general pattern of
nighttime activity at the pair of conjugate auroral zone
stations, Great Whale River, Quebec, and Byrd Station,
Antarctica. There 1s a very persistent statistical occurrence
of pse's and psi's between 0300 and O400 UT at these two
stations. A quiet interval which often preceeds the psc makes
possible greater accuracy in the timing of the event. Nega-
tive psc's without exception move initially in the direction
corresponding to a decrease in H, in contrast to the relatively
few (in 1963) daytime positive psc's which all moved in the

direction of increasing H.

The fact that high frequency components seem to
appear on the micropulsation records only when the psc events

are sufficiently abrupt is not new and it has long been known

III-2-10
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that the sudden commencements of magnetlic storms are assoc-
iated with frequencies up to at least 3 cps. It i1s known
also that abrupt psc's in the auroral zones can be recognized
in the midlatitudes of Canada almost simultaneously. This
behaviour suggests that there might be a layer in the 1oﬁo-
sphere that can be shock excited at 1ts natural frequency of
about 1 cps. It is then natural to consider the sudden
event as being caused by the shock of a sudden change in
velocity of the solar wind, the efect of which 1s propagated
towards the earth by hydromagnetic waves. The earlier, less
abrupt event might possibly be due to a change in direction

of the solar wind which probably occurred less suddenly.

A comparison of the times of individual negative
psc's at Byrd and Great Whale has been made by Jacobs and
Wright (1965). Examination of a series of 140 days from
September 28, 1963, to February 21, 1964, ylelded 72 cases
Judged suitable for comparison of times. Measurement was
made to the nearest half minute from paper records moving at
a speed of 6 inches per hour. This analysis showed 17 cases
of zero difference, 29 cases of positive difference and 26
cases of negative difference (Byrd minus Great Whale). Ex-
cluding the 17 cases of zero difference the average differ-
enices were +1.1 minute and -1.1 minute. The differences do

not conform to a smooth error curve and personal errors in
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judging the times are not wholly responsible; instead we
believe that the stations are not truly conjugate at the times

of all negative psc's.

Green (1967) has carried out a detailed study of
Pi 1 events recorded during the IQSY at Great Whale River,
Byrd Station, College, Alaska and Kiruna, Sweden, In parti-
cular he 1lnvestigated the nature of the conjugacy and the
degree of similarity between Great Whale River and Byrd
Station in an effort to better understand electron precipi-
tation from the magnetospheric boundary. His study included
comparisons of dynamic micropulsation spectra, the relation-
ship with concurrent cosmic noise absorption and possible

conductivity enhancement effects.

At auroral zone stations the occurrence of irregular
and burst-like micropulsations 1s frequently observed.
These are very different from the intrinsic regular and con-
tinuous micropulsations. Noise bursts include a wide range
of frequencies and their wave forms are therefore irregular.
They occur suddenly and die out after a short tinme. They
are simultaneously accompanied by the sudden enhancement of
DS fields such as negative bays. The main part of a noise
burst decreases abruptly away frcm the central area of activity.

Thus frequently no evidence of a nolse burst is observed at
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Churchill although the Great Whale records clearly show a
nolse burst and vice versa. (The distance between Churchill
and Great Whale is about 1100 km.). At Victoria, Vancouver
and Ottawa corresponding noise bursts are not found at all

on records of the same sensitivity. On the other hand P1 2
micropulsations are sometimes found at the middle latitude
stations when noise bursts occur at Great Whale or Churchill
(Yanagihara, 1963). The corresponding Pi 2 part of the
noise bursts in the central area of activity in the'auroral
zone 1s not clearly seen bccause it is swamped by the higher
activity. Generally speaking there is a conjugate relation-
ship'between Byrd and Great Whale or Churchill for noise
bursts. Sometimes a burst at Byrd corresponds to one at
Great Whale and somctimes to one at Churchill. The conjugacy
i1s thus rather loose. The loose conjugacy can be explained
by movement of the active centre provided that the dimensions
of the active area of the noise burst are of the order of

several hundred km.
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4, Other forms of P1 activity

Tepley (1966) has found that other types of signals
may be observed, particularly during stormy periods, which
are less ;egular in appearance than the continuous emissions
but are more regular than noise bursts (Pi 1). Signals
referred to as SIP and IPDP by Troitskaya may possibly be
placed in this transition category. The signal is character-
1zed by a rising frequency fine structure similar to that of
hm emissions but the structural elements do not repeat
periodicélly. Tepley refers to these signals as storm time
emissions since all events he has observed so far have occurred
during magnetically disturbed periods, often in conjunction
with magnetic bays. Less formally he has called such signals
gurglers since when monitored aurally on time compressed
magnetic tape with a speed up factor of 1000 to 2000, the
siznals are characterized by a sound similar to bubbles being
blown under water. Occasionally rising frequency structural
elements are superimposed on Pi emissions and a composite
siznal may be placed in the transition category, gurgler-Pi 1.
Transition signals are characterized aurally by bubbly sounds
similar to those made by gurglers, The occurrence times of
gurglers and gurgler-P1 1 transition signals at Palo Alto show
a strong maximum around 2000 local time (0400 UT). Helms

anc Turtle (1964) found an almost identical occurrence curve
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for impulsive high frequency micropulsations recorded at i !

Byrd Station, Antarctica, and reported a strong intensifi-

cation of visual auroral activity with each micropulsation

burst.

SN0 T SN g P Y

IPDP events frequently have structural elementg in

the noiseand have been detected simultaneously at conjugate

T

stations by Gendrin et alia (1966). On the assumption that
these structural elements have been generated at the equator t
in the magnetosphere by an impulsive source, Knaflich and

Kenney (1967) have interpreted the later arrival of the higher
frequencies as the results of propagation in a dispersive

medium,. A dispersion analysis of structured IPDP elements

observed during 1965 and 1966 showed that they were generated

in a narrow range of solar magnetospheric longitude centred

around 2000 LMT at L values 6as13. The broad band unstruc-

tured noise seems to originate in a zone of magnetic turbul-

ence just outside the normal trapping region so that the
structured elements could be the dispersed signal resulting
from a broad-band impulse. That part of the magnetosphere
where turbulence exists 1s also the same region where the

field lines cease to be closed and become transported out to

the tail region. Hence it is possible that the broad-band

impulses that cause the amplitude enhancements are merely

manifestations of the instabilities assoclated with opening -

and closing of field lines in a critical region.
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Heacock (1967) has distinguished two subtypes of Pi.
The first subtype are midnight P1i bursts. He found (1966)
that most weak impulsive noise bursts occurring on summer
nights showed an enhancement in the 2 to 6 sec. period range.
There seems to be an annual variation in the mid-frequency
éf the enhancement with the lowest value occurring in summer -
the mid-frequency varying from approximately 0.2 cps in day-
t ime in summer to 0.3-1.0 cps during dark nights in fall and
winter. Bursts tend to be seen clearly on the records only
when Kp 1s less than or equal to 3. At times of high Kp,
bursts seem to be superimposed on other P1 activity and cannot
be clegrly distinguished. Sudden commencements and sudden
impulses that occur during the nighttime at College rarely
coincide with the onset of micropulsation bursts (although
ssc's that occur at College during the daytime usually coin-

cide with the onset of micropulsation events).

In addition to impulsive bursts, the records of Pi
activity at College contain events which have a continuous
norni-impulsive character, designated by Heacock as Pi (c).

A subclass (elementary Pi (c)) are simple, isolated events
characterized by the auroral electrojet being nearly station-
ary Just north of College. These events are characterized
by simultaneous negative bays in the magnetic H and Z compon-

ents. Heacock found that every elementary Pi (c) event which
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began in the interval 2300 - 0200 LMT was lnaugurated with at

least one Pi burst. Pi (c) can occur any time of the day, f

but are most intense in early morning near 0400 LMT. It was @
found that at high Kp values, P1 occurrence is increasingly

dominated by Pi (c). ‘

5. Theories of Pi's

Pc theories are quite different from P1 theories.
Pc theories generally depend on some kind of resonance to
achieve the narrow band effect. Although a number of sources
for broad band geomagnetic noise have been suggested, in-
cluding auroral electrojets and the action of the solar wind

at the surface of the magnetosphere, the only detalled Pi

theory is that of Nishida (1964). Nishida showed that the
presence of a passing electron beam through the magnetospheric
plasma modifies the character of hydromagnetic waves in such
a way that an instability takes place. The situation is

reminiscent of the hydromagnetic instability due to run-away

electrons encountered in Project Matterhorn. With adequately
chosen parameters for the beam and the amblent plasma, Nishida
estimated the range of the period of growing waves generated

in the magnetosphere and found close agreement with that of a
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pulsation burst. As the bombardment of the ionosphere by
the electron beam continues the electrical conductivity of the
ionosphere would be cnhanced and hydromagnetic waves incident
from abovg would be shielded to an increasing degree. This
might be the explanation of why pulsation bursts are observed
only in the early stages of the development of a magnetic bay.
It might also explain why the longer period part of the burst
lasts for a longer time. Nishida suggests two mechanisms as
possible causes of P1 1 and P1 2 in middle and low latitudes.
The first is the oblique propagation of unstable hydromagnetic
waves o lower latitudes. The second is the leakage of the

screening current which flows in the auroral zone when the

pulsation burst passes through the ionosphere to lower latitudes.

The occurrence of P1 2 1s less frequent in solar active years
than in quiet years although the acti;;ty of P1 1 is higher
in solar active years. Because the 1lonospheric conductivity
would be higher and the degree of ionospheric screening and
the intensity of the screening current would also be higher
in solar active years it might be possible to account for

P1 2 by oblique propagation and P1 1 by the leakage of the

screening current.

Although there are many examples of good correlation
between micropulsations at conjugate points, it 1s not obvious

that there should be perfect correlation since conjugate

III-2-18
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points are defined by the geometry of the static field.

There are many important questions requiring answers, some of
which are: How much of the lack of conjugacy is due to mag-
netic activity? How much to the magnitude of the disturbance,
which we might assume determines the area of conjugate
relationship and how much to the positions of the stations
vis-a-vis the angle of the solar wind? To settle these
questions more statistical data are required, particularly

at different seasons. Limited data may give quite mislead-

ing results. ' I
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NO. OF PEAKS I M1 2 FREQUENCY SPECTRUM

Figure 3.

Number of frequency components
in P1 2 events as a function of
the Kp index. (After G. Rostoker)
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Conjugate Observations of the pi 1 Micropulsation Event
of May 25, 1964

by

R. G. Green

Institute for Telecommunication Sciences and Aeronomy
Environmental Science Services Administration
Boulder, Colorado

1. Introduction

This is a brief account of an IQSY event that probably originated
with the 108 MHz burst of May 21911M46™ U.T. Conjugate ULF pulsations
of irvegular amplitude and period (1-4O sec) were recorded as a micro-
pulsation storm at Baie St. Paul, Quebec, and Eights, Antarctica for
several hours on May 25. These stations comprise a pair very near to
the exact computed conjugacy (L = 4.0) as well as being very close to
each other in local time (U.T. - 57). It is the purpose of this paper
to show the nature of conjugacy between this pair of stations. Comparisons
of dynamic micropulsation spectra, simultaneous amplitude spectra, and
concurrent cosmic noise absorption are given.

2. Method of Analysis

For the measurements the magnetic north-south component of the magnetic
flux density vector was sampled using a two meter diameter antenna of
16,000 turns. The amplified signal from the antenna was recorded with a
frequency modulated, magnetic tape recording system. Sonagrams, or fre-
quency (and intensity)-time display, are then produced for study.
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3. Results

Figure 1 is such a sonagram of the entire event. There is the usual
good delineation of gross fratures, However it should be noted that the
BSP record is higher in gensitivity than the EI. Note the general impulsive
behavior and broad spectrum of the frequency components. Also shown are
the concurrent changes in the 30 MHz riometer ionospheric absorption in
1 decibels above the quiet day values. Note the degree of dependence between.
frequency span and absorption. Figure 2 shows the event on the same time
scale but with an expanded sonagraph frequency display of the portion below
0.12 cps. In quite another way, through ionospheric conductivity enhance-
ment effects, certain features may not b.e at all comparable. For practically -
the entire event BSP was in sunlight, and EI was in darkness. There being
ne transitional sunlight period for ei*uer station during the storm it is

not possible at this time to point ocut any obvious conductivity enhancement
effects. .

One may, ﬁpon examination of figures 1 and 2, note many groups of
spectral patches concurrent at the two sites. Figure 3 is provided to show ’
one such group. -

A display of simultaneous amplitude spectra is useful to determine
relative frequency enhancement. Such a display below 0.5 cps at 30%
intervals during the event is shown in figure 4.
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Relation of Correlated Magnetic Micropulsations

And Electron Precipitation to the Auroral Substorm

R. L. McPherron, G. K. Parks, F. Coroniti

Space Sciences Laboratory
University of California
Berkeley, Cnlifornia

Abstract

Magnetic micropulsation and energetic electron precipit;;.tion data
recorded simultaneously in the auroral zone have been used?ﬁp cha\ra.c-
terize distinct types of pulsation and precipitation phenomen;.’ . ‘i.t is
{ found that certain types of pulsation and precipitation are invariably
associated with each other. Further, these phenomena occur only in cer-
tain limited regions of local time and are always associated with an

auroral substorm. Correlated phenomena include:

Local Time 2200 - 0200, Micropulsation noise bursts and impulsive
electrons, associated with auroral breakup and sudden changes
in auroral electrojet.

Local YWime 0200 - 1000, Band limited irregular pulsations and

b modulated electrons, associated with diffuse, patchy aurora
b . and negative bays.
Local Time 1000 - 100, Quasi-sirusoidal pulsations and modulated
electrons, associateq with large awmplitude dayside magnetic

disturbances occurring durirg auroral substorms.
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local Time 1400 - 1500, Magnetic impulses and microburst elec-

trons, associated with dayside substorm disturbances.

Incal Time 1500 - 2200, Micropulsation sweepers and pre-midnight
pulsations, associated with no type of structured electron

precipitation, but ocewrring only during auroral substorms.

Evidence is given substantiating the ccrrelation between these micro-

pulsatio:l and energetic electron precipitaticii phenomena, and linking them

to the auroral substorm. This evidence suggests a causal relation between
modulated electron precipitation ari associated micropulsation types with

micropulsatidns playing the more fundamental role.

T — e
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Introduction

Several of us from the University of California are studying the
characteristics of auroral zone micropulsationc and energetic electron
precipitation. We have been motivated by the desire to establish two
concepts. First, we believe a causal relationship exists between certain
types of micropulsations and certain forms of electron precipitation.
Second, we feel that both micropulsations and electron precipitation can
be included in a comprehensive model of auroral zone disturbances. To
demonstrate the truth of these concepts we have performed simultaneous
measurements of micropulsations and electron precipitation at the auroral
zone station, Flin Flon, Manitoba. Data were acquired in August and
September of 1965 and 1966. Our analysis of these data supports the

following conclusions:

e

1. Auroral zone micropulsations and energetic electron precipitation
can be divided into distinct types which usually occur only in
limited local time intervals.

2. Certain types of micropulsations and electron precipitation.
always occur together. Some of these appear to be causally
related.

3. Most types of micropulsations and electron precipitation appear
at their respective local times only when an auroral substorm
occurs in the midnight sector.

L. Dynamical processes associated with auroral substorms are not
limited to the auroral ionosphere in the midnight sector. They
appear completely around the euroral zone, and throughout the

magnetosphere.,
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The date and argumenis which justify these conclucions in detail
will nppear in a sequence of three papers: Parks et al. (1967), McPherron
et al. (1967) and Coroniti et al. (1967). 1In this paper we wish to illus-
trate the type of analysis vc have carried out and to summarize our con-

clusions.

Instrumentation and Anslysis

X-ray detectors carried by balloons to very high altitudes have pro-
vided us with precise data on the temporal cheracteristics of energetic
electron precipitation., Various geometrical arrangements of detectors
ard pulse height analyzers have givern information about the spatial di-
mensions znd cnergy spectra of th. urecipitating electrons. A pair of
induction coils and associated electronics at the balloon launch site
detected magnetic variations. Both micropulsation and precipitation data
were recorded continuously on an eight channel recorder and also on FM tape.

By visual examination of these records we identified a number of dis-
tinet types of micropulsaticns and precipitation. Interesting events were
replayed from the FM tapes and digitized. Fourier and dynamic spectral
analysis were carried out on the computer to study the frequency charac-
teristics of pulsating signals. Numerical calculations were performed
tc letermine source size and e-folding energy of the incident electrons.

Using riometer and earth current data from permanent auroral zone
stations, we extended our electron precipitation and micropulsation data
to cover, simultaneocusly, half of the zuroral zone., Standard magneto-
Troms from 2 number of awroral zone ~bservatories demenstreted the occur-

rence ¢ aurorsl substerms.
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Experimental Results
(a) Types of Micropulsations and Electron Precipitation

Visual examination of our records shows both micropulsations
and electron precipitation have a well defined diurnal occurrence pattern.
We find also certain forms of electron precipitation always accompany 1
definite micropulsation types. A summary of cur results is presented in
figure 1. In a peper as short &s this one we shall not be able to prove
in detail the truth of this picture. Defailed presentations were given
at the April 1967 meeting of the American Geopuysical Union in Washingfon,
D. C. Our results are. consistent with previous wcrk vhich has appeared «
in the literature.

The region around local midnight is dominated by the most violent
effects of the auroral substorms. The micropulsations are predominantly
in the form of broad band noise bursts which are accompanied by impulsive
electron precipitation., Fifty millisecond bursts of electrons are also
observed at this time. Progressing in local time from 0200 to 1000,
micropulsaticn activity is in the form of band limited irregular pulsations
and is associated with modulated electron precipitation of 5 to 10 second
period. In the region of local time from 1000 to 1500, the characteristic
type of micropulsation is the guasi-sinusoidal cscillation from 15 to 40
second period. The electron precipitation is modulated at about the same
period. Also, around local noon magnetic impulses are associated with
microbursts. From 1500 to 2200 local time three types of micropulsations

are seen. Aurcral zone pearl pulsations peek around 1500. Around the

dusk meridian, the so-called sweeper of I.P.D.F. events are seen. Scme-

what later ir local time pre-midnight pulsations cccur. Ncne of these
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threc micropulsation types are associated with electron precipitetion.

(b) Crusel Relation between Micropulsations and Flectron Precipitstion
We have indicated in figure 1 thet micropulsetions and electrons

are correlated. Our analysis suggests that in some cases a causal ;-ela-
tionship exists as well. To illustrate this point we would like to-
present the most convincing example we have studied so far. Figure 2
shows micropulsations of 20-40 second pericd beginning at 1216 (90° WMT),
September 8, 1966. Modulated electron precipitation of similar period
accompanies the micropulsations. This particular event was initiated
by two S-minute sequences of nearly pure LO second pulsations at 1216
and 1220. The mein pulsation event began at 1232, increasing in 20
minutes to a maximum amplitude of about 3 gammas. Thereafter, the signal
amplitude decreased slowly until a new micropulsation event began at 1630.
Obvicus modulated electrcn precipitation of 20-L0 second period began at
the same time as the main micropulsation event and persisted throughout.

Figure 3a and b shows the results of Fourier analysis of both the
Xerzy and micropulsation signals. Part a contains the entire frequency
spectra from DC to '10 second period plotted on a log scale. The micro-
pulsation spe;:trum is made up of a number of well defined spectral peeks
superimposed on a falling spectrum. The X-ray spectrum, however, falls
very rapidly from DC to about 100 seconds and then appears to be made up
of less well defined peaks on a more slowly decreasing background.
Spectral peaks which appear to correlate have been connected by vertical
dashed line;'. The period of significant peaks in the micropulsation
spectrum is indicated above each peak. Portions of the spectra including

the 4O second peaks have been plotted on a linear scale, shown in part b

. of figure 3.
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Visml examination of the chart records suggests that the micro-
pulsations and X-rays are correlated at a period of 25 seconds. The
spectra confirm this observation but also indicate correlation at 20,
27 and 170 seconds. It should be noted that the micropulsation peak
near 40 seconds has fine structure. PFurthermore, the main peak at 41
seconds does not appear to be correlated with X-rays, wvhile the subsi-
diary peak at 37 seconds does.

Figure 4 illustrates the results of dynamic spectral analysis of
both signals. All the features described above are clearly evident in

the sonagram.

(c) Relation of Micropulsations and Electron Precipitation to the
Auroral Substorm

Data obtained at one station are sufficient to determine the

diurnal occurrence pattern of the auroral zone micropulsations and elec-

g S sy

tron precipitation. However, these data cannot give any indication of
theéir spatial extent. Neither can data at a single statior always show

e e, B

the relation of these phenomena to auroral substorms. The auroral
breakup and magnetic bay disturbances which characterize an auroral *

substorm do not generally occur in the day hemisphere. To extend our ;

data coverage we have obtained riometer, magnetometer and earth current

. —————

records from two stations east and west of Flin Flon. Kiruna, Sweden,

s

eight hours ahead, and College, Alaska, three hours behind Flin Flon,
include eleven hours in local time. The relative positions of these
stations at 1500 UT are shown ir figure 5. College is at 0500, Flin

Flon at 0800 ard Kiruna at 1600 local time.
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Observations male at these three stations on the 19th of August, 1965,
are shown in figure 6. The top three curves indicate the occurrence of
energetic electron precipitation at these stations as detected by rio-
meters or balloons. The fourth block contains a plot of five minute
scalings of micropulsation amplitude and frequency at Flin Flon. The
bottom set of curves are the horizontal magnetic field variations at the
three stations. The occurrence of at least six substorms in this univer-
sal day is obvious from the characteristic bay disturbances. Comparison
of the Flin Flon micropulsation and precipitation data with the magneto-
meter traces leads to the obvious conclusion: every major micropulsation
or precipitation_ event occurs durini: an auroral substorm in the midnight
sectcr. Although it is not evident from this figure, we find that there
:‘.'s one exception to this rule. Pearl pulsations do not appear to be re-

lated to substorms. All other micropulsation precipitation types mentioned

ﬁbox'e are related.

These data support a second conclusion as well. Consider the substorm
which cccurs over central Russia at 1500 UT as indicated by a negative
bey at College. Electron precipitation begins first at College, next at
¥lin Flon, and later at Kiruna. By 1700 UT, precipitaticn is occurring

simultenecusly over at least half the aurcral zone. By inference from

ocur nmidnight data we suggest that it is also occurring over Russia.
Thus, we conclude that electron precipitaticn appears nearly similtan-
ecusly throughout the entire auroral zone when an auroral substoru occurs
in the midnight scctor.

Micrcpulsations of the band limited irregular type occur at Flin

Flen during this substorm. Ccllege earth currents also show the presence
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of these pulsations. Kiruna is beyond the appropriate local time in-
terval and no significant activity is observed. Thus, micropulsations
also occur simultaneously over a more limited region during the course

of an auroral substorm.

Conclusions
Before concluding, we summarize again the results of our work:

1. Auroral zone micropulsations and energetic electric precipi-
tation can be divided into distinct types which usually occur
only in limited local time intervals.

2. Certain types of micropulsations and electron precipitation
always occur together. Some of these appear to be causally
related. '

3. Most types of micropulsations and electron precipitation
appear at their respective local times only when an auroral
substorm occurs in the midnight sector.

b, Dynamical processes associated with auroral substorms are

not limited to the auroral ionosphere in the midnight sector.

They appear completely around the auroral zonme and through-
out the magnetosphere.

The fact that the occurrence of an auroral substorm is present not
only in auroral disturbances but also in electron precipitation and
micropulsation activity throughout the auroral zone, indicates that it
is the dynamical processes occurring in the magnetosphere which deter-
mine the local time characteristics of the substorm. Recent setellite

observations have shown that many magnetospheric phencmena are correlated
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with substorms. In order to generalire the concept of the auroral sub-
corm to include the world-wide disturbance characteristics and to em-
phasize the importance of the magnetosphere in auroral zone observations,

we suggest a new terminology: magnetospheric substorm.
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pulsations and electron precipitations showing correlated
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Quasi-sinusoidal micropulsations and modulated electron
precipitation of 25-40 second period, 1216 (90° wMr),

September 8, 1966.

Fourier spectra for mi~r.pulsations and modulated electron

precipitation, 1240-14L0 (90° WMT), September 8, 1966.

Digital dynamic spectra, power spectra and computer plot
of digitized data for micropulsations and modulated electron

precipitation, 1240-1440 (90° WMT), September 8, 1966.

Locations of various aurcral zono stations in Tocal time
for substorm cf 1900 UT, August 19, 19G%,
Plct showing world-wide extent and relation of electron pre-

cipitation and micropulsations tc auroral substorms, August

19, 1965.
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POLARIZATION ANALYSIS OF NATURAL AND
ARTIFICTALLY INDUCED GEOMAGNETIC MICROPULSATIONS

by

R. A. Fowler
B. J. Kotick

The polarization characteristics of geomagnetic micropulsations are
investigated using quasi-monochrcmatic wave train theory of physical
optics. The polarization of a wave train is analyzed by considering

the coherency matrix of the wave field. The elements of the matric .
are calculated over the desired frequency band and the polarization
parameters evaluated. Since the determinant of the coherency matrix

is zero for a totally polarized wave field, this property can be used

to separate a partially polarized wave field into its polarized and
unpolarized parts. The ellipticity, orientation and sense of polar-
igzation for the polarized portion are then calculated in terms of the
martix elements using power and cross-power spectral analysis techniques.
Based on this approach, the polarization of a number of different signals
has been digitally determined. Test cases include a random number time
series, a constructed signal with a predetermined polarization, and an
example typical of geomagnetic micropulsations resulting from high
altitude nuclear weapons tests superimposed on high natural backgrounds
The results of these analyses are then compared with those from the
standard hodogram technique and the effectiveness of both methods

discussed in terms of the signal characteristics.
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Frequency Analysis of the Cromagnetic Micropulsations

Observed at the Magnetic Equator

Yoshio Kato
Geophysical Institute of Tohoku University
Sendai, Japan

The conjugate phenomena concerning geomagnetic micropulsations have
been investigated by many workers and have been reported by Campbell and
others in this symposium. However, at the present time characteristics
of the geomagnetic micropulsations at the magnetic equator have not been
so thoroughly investigated.

Prince and Bostick (1964) calculated theoretically the power spectrum
of micropulsations of the extraordinary mode, propagating at 90° with respect
to the earth's magnetic field from the outer boundary of the magnetosphere.
Field and Greifinger (1965) calculated the transmission of micropulsations
of ordinary mode which propagate parallel to the geomagnetic field.

Last year we observed the magnetic micropulsations at Huancayo, Peru
whose location is near the magnetic equator. This enabled us to compare
the observed power spectrum of the micropulsations at the magnetic equator
with that of Maui Island, Hawaii, and Onagawa, Japan, in the middle latitude.
We also compared the same magnetic micropulrations with the theoretical
power spectrum of the results by the above-mentioned workers.

Before talking about these results the occurrence mechanism of pi 2
using the data of its power spectrum is proposed. Figs. 1 and 2 show
examples of records of the frequency analysis of pi 2. These are reproduced

through several band pass filters.
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It is interesting to note that pi 2 has a broad band of periods from
1 sec to 210 sec, and it seems as if the maximum amplitude of the individual
bands nearly form a series of harmonic periods as shown in the power spectrum
of pi 2 in Figs. 3 and 4.

Concerning the mechanisms of the excitation of pi 2, the following were
proposed by the author. We can expect a kind of instability (a neutral point
instability) in the transition region of the neutral sheet of the magnetic
tail (Fig. 5). The energy due to the deformation of a dipole magnetic field
is stored within the magnetosphere, and the growth of the instability in the
transition region is necessarily accompanied by the release of stored energy.
After releasing the energy for thei' deformation, the magnetic lines of
force around the neutral point would then be compressed toward the earth.

The energy released is then used to accelerate plasma particles trapped
there and to generate the hydromagnetic shock wave.

This hydromagnetic shock wave will reach the outermost side of the
magnetic cavity where the hydromagnetic waves will be excited by this stress,
with not only its fundamental mode but also together with its higher harmonic
periods.

This ordinary wave will propagate parallel to the magnetic field line
and we can observe the harmonic power spectrum on the earth's surface.

Fig. 6 shows the record of pc 5, observed at Maui Island on the dayside
when typical pi 2 was observed at Onagawa on the tailside.

On the other hand, the extraordinary wave will propagate to the equator
and the power spectrum of pi 2 is quite different at thé magnetic equator as
is shown in Fig. 7 or 8 and Fig. 9 or 10, showing that the powers of short

period rapidly decay (Fig. 11).
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Next the results of frequency analysis of pc pulsation at Huancayo
are compared with those at Maui. One of the very clear characteristics 1is
that the polarization of micropulsations at the magnetic equator is linear,
while that at middle latitudes is circular.

The frequency analysis and the power spectrum of pc at Huancayo are
shown in Figs. 12 and 13. As the figures show, the power spectrum of pc
at Huancayo is different from that at Maui. The slope of power spectrum in
daytime at Huancayo decays rapidly and the frequency of the most resonant
peak occurs in the short period at night but in the long period during the
day.

This characteristic is consistent with the theoretical result presented
by Prince and Bostick.

The frequency analysis and power spectrum at Maui is shown in Figs. 14
and 15. The slope of the power spectrum is not as rapid as that at Huancayo.
Also the mode of the power spectrum during the day does not decay as rapidly
as that at night (Fig. 16). This characteristic seems also consistent with
Field and Greifinger's result, but the resonant frequency peak is not always
consistent with their theory.

More detailed investigation not only of theory but also of simultaneous
observations for the northern and southern hemispheres and the equatorial
region at high and middle latitudes to include the day- and nightside of the

earth are highly desirable.
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SIMULTANEITY OF Pc 3 MICROPULSATIONS AT CONJUGATE POINTS

, A. C. Fraser-Smith
Lockheed Palo Alto Research Laboratory
Palo Alto, California 94304

Ir*roduction Pc 3 micropulsations are small amplitude (~ gamma)

oscillatory geomagnetic‘ variations with periods in the range of 10-45 seconds.
In auroral and middle latitudes they occur predominantly during the day
(Campbell, l9§3) , and they are, therefore, sometim.s called "daytime activity".
Although they have been recognized as a distant class of micropulsations for

a rnumber of years, their origin is still uncertain and there are few quan-
titative results concerning their properties. Unlike Pc 1 micropulsations
they have little apparent frequency structure.

One property of the Pc 3 micropulsations which is of importance in
distinguishing between various theories of their origin, and in particular
between those involving poloidal and toroidal oscillations (Jacobs & Westphal,
196L; Carovillano & Radoski, 1967) and other theories, is the closeness of
their simulianeity at conjugate points. This simultaneity is difficult to
measure accurately from chart records because of the nature of the waveforms
and the common presence of longer period waves (Pc 4, for example). The
overlay technique to be described in this paper is tedious but can in principle
measure Pc 3 simultaneity between two stations to an accuracy of a few seconds.

The micropulsation data analyzed for this study were recorded during
1963 on magnetic tape at the four Lockheed Pacific geomagnetic observatories
at Palo Alto, Kauai, Canton Island and Tongatapu (figure 1). The three
island stations are located at approximately the same geomagnetic longitude,
and Kauai and Tongatapu are also located at approximately conjugate geomagnetic

latitudes. All observatories had identical recording equipment. Pc 3 signals,
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which were recognizably the same, were found to occur at all four stations.
However, those at Canton Island, which lies close to the geomagnetic equator,
were comparatively very weak and difficult to compare in detail with the
correcponding signals at the other fhree stations. The Kauai and Tonga
signals were always closely similar when compared with those at Palo Alto,
an irndication of the significance of conjugacy in P: 3 propagation (figure
2). Two periods of Pc 3 activity were analyzea in detail. These occurred
curing August 1-2, 1963, and Anugust 27-28, 1¢03, wnen there were approximately
seven and nine hours, respectively, of ccuparable activity. Altogether, a
Total of nearly 100 hours of recorded ccta from the four stations were
analyced. The results to be pressrn- 1 here mostly concern the two conjugate
svevions., Sore comparison will ue made, nowever, with the non-conjugate

Fa.0 Alto station.

P

-2ti:0d oF Analysis Following a speed-up of about 2000, the micropulsation

»

data were freguency analyzed using a Kay NMissilyzer and Scale Expander. This
enatled the Pc 3 signals to oe separated from other micropulsation activity.
Tizie marks were recorded on one channel of the Missilyzer and the data on
the other, a procedure enabling a close connection between the Pc 3 signals
anc their times of occurrence to be maintained. Only North-South component
dave were usecd, and all these dasta were anaiyzed in exactly the same way,
Trequency-time plots were made for each hour of the periods of Pc 3
activity studied, and the Missilyzer speed was adjusted using a frequency
control system to give the same distance between hour marks for each station
(fizure 3). The hour was then divided into five sections of approximately
wwelve minutes each which were then photographed with polaroid transparency

Jiim. Time differences between corresponding signals at the different
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stations could then be measured by overlapping and adjusting the transparencies
for best fit (figure 4). 1In general, the two matching Tongatapu and Kauai
transparencics were compared first, after which the Palo Alto transparency
(which was never as good a match) was compé.red separately with both Tongatapu
and Kauai. In this way, a double check of the time differences was possible.
Once the transparencies were positioned the time differences could be

measured to one second accuracy. However, since positioning of the trans-
parencies was uncertain within small limits, measurement accuracy was
effectively 2-3 seconds.

Results The results of the measurements for the two periods of Pc 3
activity studied are shown in figures 5 and 6. All time differences are
measured with respect to Kauai. As was to be expected, no time differences
greater than a minute were found, and on this scale of time measurement the {
Pc 3 micropulsations are simultaneous at Kauai, Tongatapu and Palo Alto.
ror time reasurements on the order of seconds, however, the micropulsations
may occur at different times at the three stations. On comparing the

Palo Alto-Kauai (non-conjugate) results with those for Tongatapu-Kauai
(conjugate), it appears that conjugacy reduces but does not eliminate the
time differences between stations. The following three points are also
noted:

1) fThere is little if any time difference between Kauai and Tongatapu at
either the beginning or end of a period of activity.

2) Kauai predominantly leads Tonga in both figures 5 and 6. This is

considered to be a seasonal effect and can be expected %o change as the

year progresses.
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3) The approximate times of local noon
are as follows:

Palo Alto noon
"

Kauai

Tonga

at Palo Alto, Kauai and Tongatapu

~ 2015 Ur
~ 2245 UT
~ 2345 UT

While there are insufficient data to draw any general conclusions, there

m

d

D

pRY

local noontimes just precede the times of maximum time difference.

more, in btoth figures, there is a small

I

Kauai results preceding ihe Kaual nc ..  Some local time control is

ime differences. For example, in figur

ears 10 be a connection between these times and the general trend of

P

e 6, " .e Palo Alto and Tongatapu

transition period in the Tongatapu-

consistent with earlier observai.ons (Troitskaya, 1964).
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Figure 3, Detail of one hour (2200-2300 UT, August 27, 1963) of Pe 3
micrcpulsation activity at the two caﬁugdk.ltntiau Kauai and
Tongatapu, Note the close similarity between the individual
signal bursts.
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greater clarity,
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and Kaual. The time differences shown
are relative to Kauai.
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THE BEHAVIOR OF MAGNETOSPHERIC PROTON DENSITIES DERIVED FROM

*
PEARL DISPERSION MEASUREMENTS

H. B. Liemohn, J. F. Kenney and H. B. Knaflich
Boeing Scientific Research Laboratories

Seattle, Washington 98124

The dispersion characteristics of 116 pc 1 micropulsation pearls
are described and analyzed using various models of the magnetosphere.
Theoretical analyses have shown that the dispersion of the signals de-
pends primarily on the plasma density distribution along the field
line, and the geocentric distance measured in earth radii to the place
where the field line crosses the equatorial plane. Thus measurements
of experimental dispersion can be used to estimate the plasma density
at various distances out in the magnetosphere. The geomagnetic field
B is assumed to be a dipole so that the field-line paths are given by
R = L cos?\ where )} is the geomagnetic latitude and L is the geocentric
distance to the equatorial intercept of the field. The plasma distri-
bution is assumed to have the general form N = NO(L)P(L,A) where P(L,0)
is normalized to unity so that N0 can be interpreted as the equatorial
density distribution. The different assumptions concerning the distri-
bution of plasma along the field line will change the determination of

L only a small amount while making a larger change in No.

*
To be published in Earth and Planetary Science Letters, July 1967.
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Figure 1 shows that pearl emissions are generated on field lines
with equatorial intercepts between four and nine earth radii. The
upper-frequency limit rarely exceeds 0.6 of the minimum ion cyclotron

f requency, fto’ and the detectable bandwidth is about 0.1 fio.

Figures 2 and 3 show that there is a diurnal variation in the lo-
cation of the propagation paths which constitute a pearl oval with high
latitude or large L-values on the dayside of th: earth and small L-val-
ues or low latitude on the nightside. Figure 2 shows that in general
data taken during magnetically quiet periods occur farther out in the
magnetosphere than those taken at the ame local time during the most
disturbed periods. Figure 3 ind.. ..es no obvious seasonal shift in the

location of the pearl zone.

Figure 4 shows the equatorial plasma density, NO(L), for the
field-line distribution P~R™>, Determinations of N, from pearls which
are detected either simultaneously or within a short time interval are
connected with straight-line segments. These straight line segments
indicate that pearls which are detected essentially at the same time
may have a spread of L-value in excess of 1 earth radius, but usually
occur on a very steep density gradient that may coincide with the plas-

mapause already detected by VLF techniques.
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Recent Investigation on lydromagnetic Emissions
by Tomiya Watanabe
Institute of Earth and Planetary Sciences

University of British Columbia
Vanccuver, Canada

1., 1NTRODUCTION

The words "hm emissions" in the title are used in
a very broad sense., It 1s implied that hm emisslons are
synonymous with geomagnetic micropulsations with short
periods, say, from about 0.2 sec to 5 sec, that 1is, the
range of the shortest periods ever observed on the earth's
surface for geomagnetic micropulsations. If hm ¢missions
are defined like this, all the pc 1! type of micropulsations
are contained in this category. Besides, some pi 1! type

of micropulsations are also included.

There are various types of signals in hm emissions.
Signals of the simplest type are hm whistlers. Figure 2 of
Ref. 2 shows & typical example of hm whistlers displayed on
a spectrogram, They appear as a series of rising tones which
form a fan-shaped structure. An nm whistler is due to dis-

persion of an hm wave packet which propagates in the magneto-

sphere and bounces between the twc hemispheres along a magnetic

line of force of the earth3 “* ., 1In general, there are two

modes of waves in a2 magnetoactlive plasma. The mode relevant

III-9-1
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to hm whistlers seems to be the L mode (or the slow mode,
more exactly). In the hm frequency range, only the L mode
of waves is likely to be guided by the ambient magnetic
field*. The R mode (the fast mode) of hm waves is not
field-guided in the hm regime. The group delay of the L
mocde of an hm wave 1s larger for a higher frequency. This

explains the fan-shaped structure of hm whistlers.

Tepley ana WertworthLi® menticned that an hm emission
¢cften starts as a weak sigral and as time passes the signel
intensity becomes continually stronger and in the f{inal stage
it diles out gradually. McNicol and Jonnson® obtained an
example which clearly shows such a trend (their spectrcgram
!s cited in Ref. (15) ). Tepley and Wentwerth® also mentioned
that 1In such an hm emission event the hm wave does not follow
tne dispersion process simply out that 1t should te amplified
wnlle propagating In the magnetcsphere. Furthermore, it
srhould be noticed that there is no fan-shaped structure in
the event obtained by Johnson and McNicol, unlike hm whistlers.
“he emlssion signals are more or less parallel to each other.
This also indicates that in this event there is something else

to be considered besides the dispersion process. Emission
signals such as this example are quite common, and it shows

that there is a different group of signals from hm whistlers.
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Those signals might be called hm emissions in the narrow
sense, By adopting the nomenclature this way, it is implied
that hm emissions should be discriminated from hm whistlers
as radio emissions in the VLF range are differentiated

from whistling atmospherics.

2. Some Problems about the Cyclotron Instabllity Process
as the Triggering Mechanism of hm Emissions

2.1 Model of Periodic Emissions and Principal Results of
the Linear Theory of the Cyclotron Instability Process
In 1965, Brice? mentioned that in hm emissions in
the narrow sense mentioned above, there is a type which is
similar to periodic emissions in the VLF range. One might
call 1t;;eriodic emissions. According to Brice®, the
mechanism of periodic emissions is as follows. (See Fig. 1.)
Let us suppose that a wave packet 1s propagating along a
magnetic line of force. 1In the case of a whistler, this
wave packet 1s simply dispersed while propagating along the
magnetic line of force. What 1s different in periodic
emissions is that somewhere on the propagation path there is
a black box, a region of triggering of hm emissions. Vhen
the initial wave packet comes back as an echo and enters the
black box, it triggers a new emission. This new emission

subsequently triggers the next one when it comes back to the

III-9-3

R R




triggering region. In the case of VLF emissions, the
triggering mechanism is believed to be the cyclotron
instability process caused by nonthermal electrons®. 1In
the case of hm periodic emlssions, the triggering mechanism
is also believed to be the cyclotron instability process.
However, nonthermal protons ratiner than electrons are
believed to be responsible for the instabilities in the
case of hm emissions. The same conclusions have been
obtained by some other authors? 5 10712 ynho investigated
the triggering mechanism independently. According to an
estimate by Jacobs and the author !! 12, the energy of
each nonthermal proton 1is required to be from about a

few kev to a few tens of kev, if the triggering region
exists at a typolcal place in the outer magnetosphere,

for example, at six earth-radil distance from the centre
of the earth. On the other hand, the reaquired energy for

an electron must be relativistic to cause an instabllity.

Mathematical investigation of the cyclotron

instability process is donre by looking for solutions of growing

waves in an infinite and uniform magneto-active plasma. In
the case of a plane wave where the electromagnetic field
varies in space and time as ex’o < (&-2‘ - awit) ,
the wave 1s said to be a "growing wave" if the wave frequency
« has a positive imaginary part while the wave number )

is taken real:
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This type of mathematical analysis concerns monochromatic
waves only. In actuality, however, one has to deal with a
wave packet that is a superposition of many monochromatic
waves., According to Sturrock!3, a growing wave packet

takes either of the following two behaviours. In one case,
it is like a travelling amplifying wave. In the other case,
the wave packet is like a self-exciting oscillator. When
considering the model of periodic emissions, it is

important to find out which of the two possibie cases is
relevant. If a wave packet triggered in the black box behaves
as in the first case, it keeps 1its identity as a wéve packet
while propagating through the black box. However, if the
triggered wave packet behaves as in the second case, it
fills the whole space of the black box, stays there and grows
as long as nonthermal particles supply their energy to the
wave packet. The appearance of an hm emission signal on a
spectrogram could be quite different for the two cases.

In the case of VLF emissions, it is suggested by Bricel"
that the instability is of the second type, namely, of the
self-exciting oscillator type. For hm emissions, Jacobs

and the author!! 12 found that the instability process is

again of the self-exciting oscillator type.
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2.2 Non-linear Evolution of the Signal Strength

This result brings a dirficulpy to the proposed
emission meéhanism, because 1if this result is correct the
appearance of an hm emission signal on a snectrogram
should be a continuous line as long as the instabllity
process goes on. This is contrary to what we have observed.
Jacobs and the writer!S are of the opinion that this difficulty
can be avolded by considering non-lineérities in the
cyclotron instability process. Mathematically, the non-
linearities arise from the Boltzmann equation which is
needed to describe the particle distribution in a plasma
gas. According to the linear theory of the cyclotron
instability process, the wave amplitudé, for instance, the

strength of the wave magnetic field b changes with time as
— = [} (2)
where T 1s the growth rate and becomes equal to the

Inaginary part of the wave frequency according to analysis in

the complex form:

[’ = .5Ln (w) (3)
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In the linear approximation, the prowth rate is constant
with time, and 1if it 1is positive, the amplitude Db

grows indefinitely. However, the growth rate I 1s no
longer constant with time in the non-linear theory. Since the
wave is able to grow only by taking energy out of the
nonthermal particles, tho growth rate T should acecrease
with time as the nonthermal particles give up their energy.
As the growth rate T tends to zero, the wave amplitude

b must tend to a certain constant value. This 1s true,
however, only if the temperature of the ambient plasma
(excluding the nonthermal particles) is zero. If the
temperature is not zero, the quasi-linear theory!S shows

that the above equation should be rewritten as follows.

db 3
= = b — Ab ()

where .te coefflcient A 1is a positive constant. This
equation shows that the wave grows in the initial stage

but as time passes it decreases to zero.

2.3 Non-linear Drift of the Emission Frequency

Concerning the model of periodic emissions, Brice?
presented another problem of why each emission signal becomes
a rising tone on a spectrogram. Brice surmised that the

frequency rise might occur due, at least partly, to the
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emission mechanism itself. Thls conjecture seems credible,
particularly in the case of VLF emissions. Because the
relevant mode for VLF emissions is the R mode, the

emission frequency would decrease with time if the frequency
change with time were due to dispersion only. In actuality,
an individual signal in a series of VLF periodic emissions
is a rising tone more often than a falllng tore. Also 1n
the case of hm periodic emissions, there .s evidence to
suppcrt Erice's idea. A series of hm periodic emissions
often begins with a dim dot on a spectrogram. More often,
the starting pnoint of a series is barely defined. In such

a case, there are several or more dim dots in the early
stage of a periocdic event. As ti- asses, a dot tends to
extend horizontally mcre and mere, becoming more like a line
segment rather than a dot. As time goes on further, each
signal becomes a rising tone2, and its gradient is steeper

as the signazl strength becomes stronger. hen a series
approaches the end, the signal strength becomes weaker and
weaker and subsequent signals tend to incline towards the
time axis more and more, forming a fan-shaped structure.

An example of an hm emission obtained by Gendrin and Stefant!®

clearly shows such a trend.

Now the 1dea by Brice gives rise to the question

as to now the cyclotron instability process makes an emission
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frequency increase with time. Regarding this problem,
Jacobs and the present author!5 are again of the opinion
that non-linearities in the instabllity process might
give the answer, Suppose we are considering a wave
propagating along the background magnetic field. If the
medium 1s a cold plasma, the wave 1s non-attenuating

and circularly polarized expressed as follows,

bg = bmcuz—c«t-e)'

ba = b am (KZ — wt —0) (5)

’
and

bz = CJ.
The linear theory gives the dispersion equation by which
the wave frequency w and the wave number  are con-
nected to each other. For the L (R) mode, the frequency
w 1s positive (negative). The amplitude b as well as the
phase angle 6 are constant in time. If the medium contains
nonthermal particles, however, the amplitude b 1s no
longer constant with time but graduslly changes with time
as shown in Eq. (2). The coefficient T 1is positive for
a growing wave. The above equation can be derived in the
linear approximation. The quasi-linear theory tells us

how this equation must be modified, as already mentioned
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(Eq. (4) ). This 1s not the only result of the quasi-
linear theory, however. It also shows that the phase
angle 6 is not constant with time. This means that

the effective frequency w' 1s different from the wave
frequency w 1in tne linear approximation, and not only
that, theiefrective frequency might 'drift' with time. 1In
the case where the ambient plasma (excluding the non-
thermal particles) 1s at zero temperature so that the
nonlinear term on the right hand side of Eq. (4) vanishes,
according to calculation in Ref. (17), the rate of change

of the effective frequency is given as follows

ﬁ:'zcr(_b_)z (6)
T 3.

In this expression, 30 1s the strength of the ambient
magnetic field, and C 1s a constant which depends upon

the linear wave frequency w and is positive (negative)

for the L (R) mode. This expression shows that the
effective frequency ' increases with time as the wave
amplitude grows with time. The rate of the frequency
increase 1s greater as the wave amplitude b and the growth

rate T are greater,
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3. Comments on an Unsolved Problem in hm Emissions

In hm emissions, there are many other unsolved
problems. The author would like to mention one of those
problems. (Please refer to Fig., 7 of Ref. (2).) Looking
at the figure, one might wonder if this event 1is a periodic
emission, an hm whistler, or something else. One way
to look at this event is to group those dots lined up
horizontally into one series and to regard it as a series
of periodic emissions. According to this view, this
event 1s an ensemble of several series of periodic emissions,
although these series are not independent of each other
but are somehow related. On the other hand, one could
regard this event as a kind of whistler, say, a "dotted"
whistler. By connecting four or five dots, one can trace
out a curve along which the frequency increases with time.
A series of curves traced out like this look jJust 1like

signals of an hm whistler.

If one takes the second point of view, an immediate
question is why a whistler signal is not smooth but dotted.
An answer suggested for this question is that the "dotting"
occurs due to the propagation mechanism of hm waves!ls,
Considering a field-guided hm wave which propagates from a

point deep in the outer magnetosphere to the earth's surface,
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the transmission coefficient of the wave as a function

of frequency is sald to have several maxima and minima

in a narrow frequency band., ‘hether this suggestion 1is
correct or not might be checked by analyslng the signals
of this type with a high resolution sonograph or,
especlally, by taking the signals on a three dimensional
spectrogram wherg_thp signal strength is displayed on the
third dimensioﬁﬁngh a three dimensional spectrogram like
that, a dot must look like a mountain. Now, i1f the
suggestion given above is correct, the edge-line of the
mountain shogld.run along the whistler trace. To obtailn

a three dimensional spectrogram of an hm emission event,
one may employ a digital spectral analyser or a new
experimental technique which has been Heveloped by Kenney!?®.
Kitémura has been analysing a number of hm emission events
using a three dimensional spectral anaiyser. His investi-
gation 1s still under way. However, some of the preliminary
results show that the edge-line of a "dot" mountain does
not necessarily run along the whistler trace: More often,
it runs obligue to the whistler trace?? From this obser-
vation Kitamura and the author agree that due to this

a dot seems more likely to be an emission rather than a
segment of a whistler signal. However, why several series

of periodic emissions take place simultaneously 1s an
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unsolved problem. It may be that hm emissions of the
type under consideration are something analogous to
multiple emissions or a chorus in the VLF range. Since

dotted structures often appear in hm emissions, they

present an important problem in theoretical investigation

of the emission mechanism.
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NOTES

Concerning the problem on the non-linear
evolution of the signal strength (raised in the section 2.2),
it is worthwhile mentioning the recent result obtained
by I.B. Bernstein and F, ' ,elmann (Phys. of Fluids 9,
937, 1966) that in the case of three dimensional electro-
static plasma instabllities in a non-magnetic elzctron
plasma the fluctuating e:iecciric tields decay effectively
to zero 1n a time of the order of the reciprocal of the
maximum initial growth rate. It seems interesting to
extend the analysis by Bernstein and Engelmann to the case

of cyclotron instabilities.
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Radial diffusion coefficients for low=-energy protons in
; the ragnetospiere are estimated for processes involving Pc 1, 2,
\\‘“‘ and 3 hydromagnetic waves., These diffusion coefficients are come )
B parei to roash sstimates of diffusion due to magnetic impulses und |
- § bays, to arrive at an overall diffusion rate. An effective loss ' $

' rate for pitch-ungle diffusion (caused by Pc 1) i3 aeveloped, and

4 conmbined with radial diffusion to yield a noalineur differential

equation. UJorie estinates of expectel proton fliax levels are nude,

on the basis of tnis equation.,
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1. INTROINCTION I

In this puaper, we discuss semi-quantitatively the vays in g
vhich pitch-angle scattering caused by aydromagnetic vaves can influence . {
the Luvari recial dif€fusisg 0" [ov-energy protons. The prodlem of radial ;
diffusion is an extremely complicated one, with pitcheangle diffusion l
tuken into account, and no definitive conclusions can be drawn without

extensive computer studies. The results of the preseat worx ure neces-

sarily tentative, vut ve nope they are sufficiently reliadle to use as
gulleposts.,

A number of authors have discussed the gsneration of Pc 1
aicropulsations (frequencies 0,2 = 5 ilz) [Cornwall, 1965; Obayashi, 1965;
Brice, 1964; Jacobs and /atanabe, 196h]. When particles of the uppro-
priute energy huve an anisotropic pitcheangle distrioation, un instability
results, with frequencies in the P¢ 1 band for Dcvii-ﬂilliamson (1963,
1064] protons. (:lectrons of 2100 kev produce & similar instability

with wiaistlers.) Because hydromagnetic waves can bounce between conjugate

points of a magnetic field line, a single wave packet can be amplified
many times. The effect is reminiscent of a J-spoiled laser. The micro-
pulsations scatter the protons in pitca anjie, wnich is best described

as a diffusion process [Cornwall, 1965; ennel and Petschek, 1966]. This
pitch-angle diffusion is an effective loss mechanism for Davis-d4illianmson

protons. . ‘
Je are interested in the effect of pitch-angle iiffusion on F

radial diffusion [see, e.z., 'iakada and 'lead, 1965, waich contains further
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references). ‘lagnetic and electric disturvancas associated with

the solar wind and other phenomena cause low=onergy protons (and
electrons) to diffuse radiully invard from the magnetosphare. These
disturvances act on a time scale wiich i3 long compared to the

crelotron and bounce periods of the particles, and therefors violate

only tihe third adiabatic invariant. In addition, there are processes
which act on much shorter time scales to cause radial diffusion: 1) Pcl
picropulsations can cause radial diffusion in an axially asymmetric
magnetosphere, as pointed out by Roederer [1967]; 2) longer-period
micropulsations (Pc 2 or 3) can resonate with proton bounce time, violate
the longitudinal invariant, and produce radial diffusion [Cornwaell, 1966,
has evaluated the same mechanisw for electrons). It is important to
evaluate the effect of these last two mechanisms quantitatively, since
the diffusion coefficients proposei by lukada and 'lead, based on longe
time-acale disturbances, is much too small to eiplal. t'.2 noserveld ruiiil
‘iitrioution of Davis-vWilliamson protons.

Probably the most important effect of all is the loss rate
induced by pitch-angle diffusion, waici competes strongly wita radial
diffusion., The loss rate is nonlinear waan saturation effects set in
[Cornwall, 1966; Kennel and Petschek, 1966]. When tae proton flux tries
to exceeu 8 certain level, the loss rate hecomes very large and likcits
the protoa flux. ‘hen this loss rate is combined witn radial diffusion,
a nonlinecar differential equation resulis,

In this paner, we estimate the strength of various radial

diffusion processes, and combine this inforimation with nonlinear pitch-angle
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diffusion Lo estimate tae proton .liax a¢t various posiiions in the
magnetosphere. It turns out tnat the proton flux level at saturation
Jdepends only logarithmically on the radial diffusion constant, vhich

is fortunate since tnis diffusion coefficient is very poorly known.
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2. DRADIAL DIFTUSION PROCESSES

The resder should consult Table I for a quick survey of the
results of this section, which is partly & review of other suthors' work.
Certain diffusion processes are associated with electromagnetic fields
vhich are virtually pure magnetic, and thus energy~conserving; fable I

carries a column for this information.

These are

reviewed by Dungey [1965), and important work nas been done by Félthammer
(1965, 1966). We define long time as & time long compared to the bounce
period and cyclotron period of Davis-Williamson protons; thus the primary
effect of these processes is to violate the third adiabatic invariant,
while the first two are conserved, If these processes were the only ones
acting, then the energy E of an equatorial particle should be proportional
to the earth's field strength B-L'3. by invariance of the magnetic moment.

!fany people have discussed diffusion by magnetic impulses and
sudden commencements, which have a short rize time and long decay time
[e.gs, TBlthammar; Nakada and Mead]). The diffusion coefficient as given by
iakede and Yesd is D~3(1/10)'0 B2fdny [R, is the eartn's radius]. The
steep radial dependence, as T&lthammar has shown, comes from the very long
decay time of the magnetic impulses. This has the consequence that, at
L = 6, this type of diffusion is much too small to 2xplain the Juvis-
Jilliamson protons.

A potentially much more important mechanism is related to mag-

netic bays, and their associated electrostatic potential fields {Dungey,
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& | 4
Filthammar], Magnetic oarys last some 10 to 30 minutes, and are caused by 'j ]
ionospheric currents which are driven Ly electrostatic fields., 3ecause '

|

t

nagnetic field lines are very nearly equipotential lines, these same

electrostatic fields persist to large radial distances, wnere they energize , ]

charged particles, The jims scale (10 - 30 minutes) is short compared to L
i

proton drift periods, hence (as Filthammar has shown) the radial diffusion !

coefficient goes rouzhly like L6, at large (L 2 5) distances. For smaller
distances, this kind of diffusion is nuegligible, because t.ie electrostatic
potential vanis.es rapidly below subauroral latitudes.

Filthammar's expression for the diffusion coefficient is

2

o
83° nZ; n
where
P * h[d? < En(L.t) En(L,tn) D cos RuwpT (2.)

is the power spectrum at the frequency nubr of the azimuthal electric

field E(L,t):

E(Lyt) = Z E_(L,t) cos (nwt+d ) (3)

n=)

In these 2xpressions, B is the earth's magnetic field, w_ is the drift

D
frequency, ¢h a phase angle presunably randomly distridbutea, and the

juantity in angular brackets is the autocorreiation function of the
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Fourier components of the electric field. Tor fields generated by mag-

netic bays, E points vest on the night side, cast on the dsyisiéb“ and 1¢fn

,ﬁbﬁt&éﬁ'h'

” e
e

so the term with n=l in equations (1 - 3) is doubtless the most#inm

sanll in any event only xeep the n=l1 term. For the brackets in (2)

W

we urite

' E(L)2 e-eT/T

where T i5 a characteristic time for magnetic bays, say, 2)(103 sec.

It is then casy to find D:

6
c?r°rE(L)? :
D= » B_=0.31 gauss (5) !
5 o

T
up? |1 + (:2-) ]
o 2 ) { 3

Little is known about Z=(L), but extrapolation of ionospheric potentials

shows that the associated potential over several earth radii might be

8 =9

1L - 10 kv. e tnerefore set &(L) = 107~ = 107  in cgs units, and get

v
L )‘ 2/
D = - — 0
L= (1 1oc>)(lq Ry [d8y (6)
(This expression does not include tne relative variation of E(L)® “with
1, ana equation (%) should not be used below L=k or 5.) This kind of
diffusion can easily dominate magnetic impulse diffusion. In going from

(5) to (6), ve aave set 1 + (w.T 2)2 = 1, since T 1is considerably
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shorter than the drift period. In the opposite limit, 'l‘wn »>1l, we find

D~ Llo. since wp~ 1
B. Jiort-time-scale processes. e hegin by discussing very .

briefly certain electrostatic instabilities which can promote the fast
diffusion of plasma across a magnetic field. (Such fast diffusion is known

as Johm diffusion in laboratory plasmas.) An example of tie type is the

universal instability [Krall and Rosenbluth, 1963]. In a plasma with a
density gradient, helical electrostatic waves can propagate alonz & mage
netic Tield line And De amplified by the instability. The growth rate of

the instability depends on th2 ratio of plasma scale length to ion cyclotron

raiius; the smaller this ratio, the more severe the instability. For a

ratio of about 10, one expects growth times on the order of minutes.
3

| Unfortunately, this ratio is liable to be about 10° in the magnetosphere,

unless sharp spikes of enhanced (or depleted) field-aligned plasma exist.
J_ But such sharp spikes would be rapidly dissipated by drift instabilities
in the thermal plasma. Our tentative conclusion is that this process is

not liable to dominate radial diffusion.

Secondly, we consider processes tiat violate the longitudinal

iavariant, i.e,, processes with cnaracteristic periods near the proton .

tounce period of about 30 sec (for a 7S5-kev proton at L = 6), Pec 2-3
i (5 = 4S5 sec) fits ideally. The formulas needed to calculate the diffusion
cocfficient have already bteen givern [Cornwall, 1966), in an application

to 2lectrons interacting with Pc 1. The reader is referred to this paper
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for detailsj the result is

-1/2
(

D= hx103(§5)

2
) 2/
2) K, [aay (1)
where b s the hydromagnetic wave strength, and 3 is the eartn's

field strength, Tor L 24, we might guess b/B = 1072 (b= Sy at L s k),

and thus

-1/2
- L 2
Of course, if b/B changes with L very much, formula (7) instead of

(3) should ve used.

Finally, Pc 1 hvdiromagnetic waves can caus: radiaul diffusion in
an axially asymmetric magnetosphere (Roederer, 1967). These waves, of
frequency 0.2 = 5 Hz, are thought to he generated by Davisedilliamson
protons, so in a sense the protons are causing their radial diffusion.

It is difficult to estimate the diffusion coefficient without .extensive
nunerical analysis, but we can argue a3 follows: A Davis-Williamson proton
drifts around the earth on a time scale meagsured in hours. During this
time, strong pitch-angle diffusion may change the piten angle by a few
tenths of a radian, corresponding to 3 radial movement of a few tenths of

an earth radius. We estimate D by

2
1 r
D = E'LA%EL- (9)

™

whare Ar is a fraction of an earth radius, and % the drift time (say
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one or two hours). An upper limit for D might be 1 Ree dw'l. This }
sort of diffusion cannot occur below I = 5, where the magnetosphere begins .' 4
to look axially symumetric, }
It is clear from the crulity of the estimates of this section . :‘

that it is difficult to pin down a good value for the rudial diffusion ‘%

cont'Ticient, All things considered, it is probably fair to tase D at ‘

L = 6 of the order of 1 Ri/dty. It would be not at all surprising to ‘i

learn that other workers have made different (and better) estimates of | !

the diffusion coefficient, but the authnor knows of no published values for

processes other than magnetic impulses.
4
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3. COMBIWED DIFFUSION AND NOJLINZAR LOSS RATE

Scattering of Davis-Williamson protons by Pc 1 can be described
as a diffusion process acting on the protons' pitch angles, which causes the
protons to leak into the loss cone. Because the protons tnemselves produce
Pc 1 waves, the pitch-angle diffusion process is nonlinear [cornwall, 1966}
Zennel and Petschek]. For a sufficiently strong source of protons, satura-
tion occurs and the proton flux is effectively bounded. It would be virtu-
ally impossible to combine the nonlinear partial differential equations of
pitch-ungle diffusion and wave growth with a radial diffusion Jdifferential
equation. There is, however, a simple approximation which allows us to
describe pitch-angle diffusion by an effective nonlinear loss term, whose
magnitude has recently been calculated [Cocke and Cornwall, 1967).

Let fﬁidi't) be the Boltzmann distribution function for the
protons. The time rate of change of f by pitch-angle diffusion can be

written:

of - 2 " 2 2 £
= x 1) % [x(l_x 2 e g_xJ (10)

where x (not to be confused with the spatial coordinate) is the sine of
- - 2

the pitch angle, D = 75 (L/&) 3 sec l. and € is essentially b2/B‘

(b = Pc 1 magnetic field, 3 = earth's field). (3ee Cocke and Cornwall

for details.) de propose to replace equation (10) by a much simpler form:
of

3?--Mf)f (11)
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S e

rof £ and €, +e can

7o do 50, Wwe neeu to know sone average benavio

meke an empirical fit to the calculations of Cocke and Cornwall; this fit

is shown in Figure 1, where the data points are computer calculations, and

1 is inversely proportional to the omnidirectional flux J of protons.

A 3ood fit is:

3 ,. =k
() = 1.7 x 107 exp |22 ’; 10 (f) | _ (12)

-1

J is the omnidirectional flux in cru'2 sec ., Tne number of protons

dhere

entering tne loss cone per second is

1 -1/2 1/2 o

A L dx x(l-xa) £l = x(l-xe) Deg; (:3)

ot

o]

. ; . - 2 .
wizre  x  is tae si.e of tne ioss angle. JZxperimentally, £ ~x° (rougnly),

30 wWe carry out the jirferentiation in (13), multiply by & factor repre=

senting the fraction of time nicropulsations are present (say, 0.3), and

assade it is sufficientiy accurate to replace f by J. The resulting

ejuation of the tvpe (11) is:

8 . . ) 2 (1L
& = I = =310 J(r

l day™t  (2b)

‘cte L.e sataration effect: as J Dbecones large, tae loss rate grows

exponentially.
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The next step is to add to (14) an effective source term from

i ) radial diffusion., On very general grounds [Dungey; Félthammar, 196G] the

diffusion term looks like

(again we replace the Joltzmann distribution function f oy 7 ), where

L ! r 1is tiae radius variahle: r = LRe + In equiliorium,
] aJ 2 0 -2 0J .
| 0 = & = (o =) - ) (15)

Tais is a nonlinear enuation in J, wnich a computer could easily handle.
The important nonlirear feature m=ans that, given the spatial dependence
of J, the magnitude of J can be determined at a particular point. To

illustrate, suppose J ~ rN, D~ r° ; equation (15) becomes

2 o INJT) (17)

H(N+3)DJr”

Take r = 6Re , D=1R“day -, N~-5 to find
J(L=C) = 17" cm * sec-l. “his is quite comparable to observed fluxes.
.ote t:at tne value of J depends onlr logaritimically on the details
o the diffusion process, which is fortunate since tiese details are verv
poorly linown,

f course, there are otier 10ss processes (e.g., cnarge exchange,
Coulonb scattering) not considerei here, Hut agpareatly in L = L6
pitch-angle diffusion is the 1ain loss lechanism, on tae basis of rough

estinates.
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4, CONCLUSIONS

A vide variety of physical effects contribute to radial
diffusion, and these are difficult to estimate severally and collectively.
.lovever, the exponential dependence of loss rate on J minimizes the
affect of this uncertainty. We are left with the task of calculating

. in the exponent in loss rate (equa-

accurately the coefficient of J™
tion (12)). The work of Cocke and Cornwall may well contain cystematic
errors of a factor of 2 or 3, which might best be revealed by fitting the
observed data to the 3olution of equatior (16), or a similar, more
secarate equation.

Little can be said about the raaial dependence of J until
equation (16) is solved numerically. It is unlikely taat J can stray
too far from a depcnuence iike L'b. since J ~ L'u means that the
exponential term in (14) depends rather insensitiveiy on L. This sort
of radjial dependence is reasonably consistent with experinent.

One major problem we have left untouched is that most of the
processes listed in Table I give quite small diffusion coefficients at
L = 3=4, with at least the exception of electrostatic processes, about
which we knovw little. The Davis-dilliamson protons are certainly seen
in this L range, so something must be diffusing them invard, One is
tenpted to speculate that universal instabilities might be important near

the density knee, near L = 3.i, where plasma density gradients are

larger than elsevhere in the magnetosphere.
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MEASUREMENT AND INTERPRETATION OF ULF AND VLF POWER SPECTRA

J. F, Kenney, H. B. Knaflich and H. B. Liemohn
Boeing Scientific Research Laboratories
Seattle, Washington 98124

Recently a method was proposed for estimating the pitch angle and
energy distributions of nonthermal particles in the magnetosphere based
on the cyclotron-resonance amplification of VLF and ULF whistlers., The
method requires measurements of the power-spectral density of two or
more consecutive whistler elements which have traversed the same path.
Multi-hop VLF whistler events recorded by a ground receiver (courtesy
D. L. Carpenter) and by satellite (courtesy R, E. Barrington) have been
analyzed for power spectra by playing a tape loop repeatedly through a
swept-frequency filter. Several multi-hop ULF whistlers, otherwise4
known as pearl micropulsations, have been similarly analized for power

spectra.

The relationship between the observed power spectra cof successive
whistler echoes is shown schematically in Figure 1. Pw is the initial
spectrum incident on the top of the ionosphere, Ps and PR are the
observed source and response spectra and M, T, and R are linear power-
transfer coefficients for the magnetosphere and ionosphere. Observed
ratios give the product MR, which requires independent measurements of

M or R to test the theory.
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An ampligram of one of the multihop VLF events (D. L. Carpenter)

which we have analyzed, and some of its fine structure is shown in Fig-

ure 2. The power spectra of elements in this event are shown in Figure
3 and their successive ratios PR/Ps are shown in Figure 4. Using pub-
lished ionospheric absorption curves to estimate R (Helliwell, Whis-

tlers and Related lonospheric Phenomena) the magnetospheric amplifica-

tion can be estimated as shown in Figure 5. The cutoff ratio of propa-

§yto e
gation frequency w to minimum electron/ requency is based on con-

ventional dispersion analysis (R-mode).

The cyclotron resonance interaction between VLF whistlers and non- |
thermal electrons (0.1~10 keV) gives amplification or absorption of
the signal in the magnetosphere depending on the phase space distribu-

; tion, F. The theory for whistler propagation in a hot plasma gives a

complex propagation vector k = kr + iki where kr is given by the cold

plasma approximation and k, depends strongly on F. The growth or decay

i

along the propagation path is given by A(db) = const f ki
path

The logarithmic magnetospheric power transfer has been evaluated for

ds = 10 log, oM.

energy (E) and pitch-angle (a) distributions of the form F = E "sin"a
(Liemohn, J. Geophys. Res. 72, 39-55, 1967) and a typical result is
shown in Figure 6. The curve m = 0.5, n = 2.5 agrees fairly well with

e : the data in Figure 5.

An ampligram of a typical multihop ULF whistler event (pearl) is
shown in Figure 7. The unsmoothed power spectra of the elements in

this event and their successive ratios are shown in figures 8 and 9,

! respectively. There appears to be a steady downward shift in the peaks
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of maximum power. Since reflection can only reduce the power in suc-
cessive hops it is evident that some amplification is present along the
magnetospheric path, From dispersion analysis (L-mode) the propagation

path is along L = 5.3 which has a minimum proton gyrofrequency 3.1 Hz.

The ionospheric reflection coefficient is not sufficiently well
known to correct the observed ratios. The published reflection curve.
(Field and Greifinger, J. Geophys. Res. 70, 4885-4899, 1965) for pr ...~
gation parallel to a vertical magnetic field (polar case) whick s&:
shown in Figure 10 are not quantitatively applicable to our daiz.
deep resonance spikes in |R| depend on the model but may exp). = it
large fluctuations in the power spectra that have been de%r. .4 in

pearl elements.

Typical theoretical power-transfer curves for th» --clotron resc-
nance interaction between ULF whistlers and nonther ... protcuns
(0.1-10 keV) in the magnetosphere are shown in Fiy. . 1l. Alchough the
power transfer to individual elements cannot be :..ermined, an cstimate
of m=2, n=2 has been inferred from certain .. -cral properties of

pearls.

I has been demonstrated that the product Mn can be deterpined ex-~
perimentally for both VLF and ULF whistlers. For VLF, R iz suificient-
ly well known to allow quantitative estimates of M, but for ULF, mcre
realistic estimates of R are needed before an adequate measure cf M can

be attained.
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EM AND HM GUIDED WAVES IN THE
EARTH'S ATMOSPHERE

Neil Brice
CENTER POR RADIOPHYSICS AMD SPACE RESEARCH

CORNELL UNIVERSITY
TTHACA, NEW YORK

In this peper T shall consider guiding of waves in the upper atmos-
phere and then discuss the guided wvaves which are of natural origin.
Guiding of waves in the earth's upper atmosphere may be brought about
by either inhomogeneity or anisotropy. The inhomogeneity may take the
form of a discontinuity in refractive index (such as is found at the
earth's surface) from which partial reflection occurs or of a gradient
in refractive index. 1In the latter case in an isotropic medium, the

A
V:-k where n 1s the refractive

curvature of the ray is given by the
index and i is a unit vector in the wave normal direction.

The general condition for trapping or ducting of waves along a
surface is that the component of refractive inde¢x normal to the surface
be sufficient to give the ray a curvature at least equal to the curva-
ture of the surface. For example, the ducting of high frequency waves
in the magnetosphere requires a gradient of refractive index in the
meridian plane normal to the.magnetic field which produces a curvature
of the ray &t least equal to the curvature of the magnetic field

Of greater interest to conjugate point studies is the guiding of
vaves due to anisotropy in the propagation which arises from the earth's
magnetic field. In a homogeneous magnetoplasma such as the upper
atmosphere, the group ray (or vector group) velocity w‘r of a wave
vith frequency « and wave vector K, propagating at an angle © to
the magnetic field is given by

A
A Ao e &
e "X I |o* T ® qu
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The first term gives the component of group ray velocity in the
direction of propagation while the second term, the component normal to
the direction of propagation, arises from the anisotropy of the medium
and produces the guiding to be discussed below. The angle, ¢, between

the ray direction and wave normal direction is given by

-l ,=1 dn)

@ et () - e G3)

vhere W 1is the phase velocity of the wave. For guiding in the magnetic
field direction, we require @ to be negative and hence % to be
positive. The magnitude of dn/d6 may be estimated fraom the shape of
the phase velocity surface (a polar plot of phase velocity, W, versus 0).
If the phase velocity surface is elliptical, ?6 (and hence dn/de) is
generally small, corresponding to a weak guiding condition. If the phase
velocity surface has a "figure 8" ghape, dW/d0 is generally large,
corresponding to strong guiding. Thus a general idea of the conditions
under which strong guiding will occur can be obtained from examination
of the phase velocity surfaces for a CMA diagram. Figure 1 shows a CMA
constructed for conditions appropriate to the magnetosphere, i.e., a
plasma consisting of electrons and protom.(l) The vertical scale is
the ratio of electron gyrofrequency squared to wave frequency squared

Yi = .ﬂ.i/wa) and the horizontal scale is the ratio of electron plasma
frequency squared to wave frequency squared (ﬁ - vi/ £ ). For each
area of the diagram, the shape of the phase velocity surface is given at
the right of the figure, the vertical direction being that of the
magnetic field. For strong guiding in the direction of the magnetic

field we require a vertical "figure 8" phase velocity surface, wvhich is
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found in regions 7 and 8 for the right-hand polarized (whistler) mode
and region 10 for the left-hand polarized (Alfven) mode. Thus the strong

guiding along the field of right-hand polarized waves occurs at fre- 1 [

quencies below the plasma frequency (xe >1) and the electron gyro-
frequency (Ye> 1) but above the electron-ion hybrid (or lower hybrid)
resonance frequency, while for the left-hand polarized waves it occurs
at frequencies below the ion gyrofrequency. .,‘
For a sufficiently dense plasma the phase velocity for the right-
hand circularly polarized mode (WR) at low frequencies is given by

(ignoring ion effects)
C'2ﬂe o

. 2
e

v .

where

is the electron plasma frequency and
) is the electron gyrofrequency and

is the wave frequency.

For the left-hand, (L) and plasma (P) modes the phase velocities

are approximstely

A
25 b

I

i

=
n

%

-u.

o hJI
N
Q
L ]

For the extraordinary mode, the phase velocity is given by

B |

0.

“2

x 2 .
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The Astrom equation for the ph:se velocity, W, as a function of

propagation angle, 6,

(- B)(P- W¥)cos®e + (- W2)(#P- G)etn’0 = 0

then reduces to
(W- H§)(H2 + Hi)cosee +Wsine = 0 , |

Wu(cmae + cinae) - W: coaao = 0,

so that
W = W (cos o),

ns= nR(cos 6)'% s
For this case the angle between the wave normal and the ray is given by

1l dn
tanC = o 3o

= - (1/2)tan ©

The angle between the ray and the magentic field is

¢ s T+ 60 30 that
tan 6

tan -——T
y 2 + tan 0

for small values of 6, J = 34 6 and for large 6, ¢§ tends to zero,

i.e., perfect guiding. At frequencies well below the ion cyclotron fre-

quency,
R AL
wvhere W, is the Alfven velocity and the Astrom equation reduces to

A
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~ 4

= . 2w Vaind 4
Wy =Wy _ -J(wA-w)ainG-O

80 that for the slow mode

W2 = We cos29

A

from which
1 aw 1
t&na-ﬁa—e-- -tan 0

8o that ]
g = =0 and the ray direction is the direction.or

the magnetic field (i.e., perfect guiding.)

The approximations used here break down for the right-hand mode
at frequencies below but comparable with the electron gyrofrequency amd
between the ion gyrofrequency and the electron-ion hybrid (or lower hy- 1
brid) resonance frequency, and for the left-hand mode at frequencies
below but comparable with the ion gyrofrequency.

In the first of these cases (X 'g-ﬂe), we may use

ceg:)(x‘l cos® -4
I L

to obtein K i

(l-a\secalne)

80 that 2 is negat!ve and larger in magnitude than 6 for small 6, ]
and increases in magnitude more rapidly than 6 .

For the right hand mode at the ion gyrofrequency, we may use .;
Hi = 0= Hg in the Astrom equation and obtain

. tan 6
tan 2 -.—__5- {
2 +tan O

which provides reasonable guiding only at small angles.

: For the left hand mode near the ion gyrofrequency, we may use
052 W, W&

tan 9(1+t¢.n29)

2+ tm! e
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It is seen that in the case, * = -6/2 for small 6, and that
1 = -0 for large O, so that this situation is very similar to the low
frequency whistler mode case discussed above.

We turn our attentior now from the guiding of waves to the waves
vhich are guided in the direction of the magnetic field in the upper
atmosphere, i.e., right-hand polarized (electromagnetic) waves at fre-
quencies between the electron and ion cyclotron frequencies and left-
hand polarized (hydromagretic) waves at frequencies below the ion cyclotron
frequency. In the upper atmosphere, the naturally occurring waves which
fall into the former category are whistlers and so-called "VLF" emissions
vhile in the latter are ion vhistlers and micropulsations or "hydro-
magnetic" emissions. The range of frequencies encompassed in this paper
extends over 7 decades from a lower limit of about 0.1 Hz (for which
the wavelength in the magnetosphere is at least several earth radii) to
about 1.5 MHz (the electron cyclotron frequency in the ionosphere).

Since the wi: ‘tlers are better understood then the emissions, I will con-
sider them first.

Whistlers have their origin in impulses radiated by lightning dis-
charges, these impulses being dispersed by propagation in the ionosphere
and magnetosphere to produce the whistler. The energy propagates from
hemisphere to hemisphere along the earth's magnetic rield.(e) Whistlers
have many fascinating properteis, a few of which will be mentioned.

(See Hellive11(3) for a more complete dencripfion). Whistlers which make
many successive traverses of the magnetosphere produce echo trains, the
ratio of dispersions of successive whistlers being 2:4:6, ete. (if
initiating lightning discharge was in the same hemisphere as the ob-

server), or 1:3:5, etc. (if the lightning was in the opposite hemisphere).
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Frequently whistler =nergy is trapped in field-aligned'columns of
enhanced ionization or "ducts",(h) producing whistlers with a number of
discrete traces, each corresponding to a particular field-aligned outer-
magnetospheric path. An example of such a multipath whistler is shown in
Figure 2. Occasionally the whistler follows different paths on successive
hops (mixed-pe :h whistlers) and multiple-flash lightning produces multi-
flash whistlers. Whistlers have long been used to measure electron

(2,4,5)

densities in the magnetosphere. More recently radial motions of

the ducts have been measured using whistlers, and from these measurements

the magnitude of the electric f'ields in the magnetosphere have been

deducec.(b) An example of movement of ducts is illustrated in Figure 3.

Audio frequency receivers «n toard satellites have recorded proton(7)
and helium(a) (ion) whistlers in which the dispersion arises primarily
from the proximity of the wave frequency to the appropriate ion cyclo-

(9)

tron frequency. An example of a proton whistler is shown in Figure k.

The electron ~nd ion whistler traces meet at the crossover frequency(lo)
from which the fractional abundarce of hydrogen ions at the satellite

may be determined.(ll)

The dispersion of the proton whistler is depen-
dent on the proximity of the wave frequency to the proton gyrofrequency
at the satellite and is proportional to the proton plasma frequency at

the satellite. These properties of proton whistlers “ave been used to

determine the earth's magnetic field strength at the satellite with

(1) and also the proton number density.(lz)

considerable accuracy
The proton whistler is cut off by cyclotron damping at frequencies a
few cycles below the proton gyrofrequency. The difference between cute

off frequency and gyrofrequency arises from the thermal motion of the

ions, and has been used to determine proton temperature.(13)
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whistlers have been recorded in the frequency range from a few tens of
Hs to a few tens of kiHs.

We turn now to waves which are generated in the ionized atmosphere,
and generally referred to as “emissions”.

A number of generaligzations which may be made about these emiuionl(lh)
are illustrated in Figure 5. The scale at the__tap of this figure shows
the range of frequencies occupied by the emissions, from a (rather
arbitrary) lower limit of about 0.1 Hz to an upper limit of about 106 He.
The emissions observed on the ground fall naturally into two calsses,
those below about 10 Hs which we call hydromagnetic (HM) and those above
100 Hs which we call electromagnetic (EM).

At intermediate frequencies, ground-based observations of waves of
upper atmospheric origin are hampered by Schumann resonances and power-
line interference, and the dearth of cbserved emission may be due to this
interference, to the opacity of the ionosphere at these trequeﬁcies (due
to multiple-ion propagation effects) or to an absence of noise genera-
tion in this frequency range in the magnetosphere.

Each of these classes of emissions (EM and HM) may be further sub-
divided into "discrete" emissions which consist of a series of gliding
(rising and/or falling) tones and "diffuse" emissions, or hiss, which
most resemble band-limited white noise.

As illustrated in Figure 5, for both EM and HM emissions there are
two types of diffuse emission and one type of discrete emigsion. The
diffuse impulsive FM emissions (Pi micfopulsations) occur primarily at
nuht(]'S) (N) when the energetic particle precipitation contains both
electrons (e) and protons (p). The diffuse continuous HM emissions

(Pc aicropulsations) occur primarily in the .orning(l‘j) (M) vhen the
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(16) (e).

energetic particle precipitation consists primarily of electrons
Discrete HM emissions (pearls) occur in the afternoon(17) (A), pre-
sumably in association with proton precipitation.(le)

At night one also finds a maximum for diffuse EM emissions at
frequencies generally above U4 kHe (auroral hiss) while in the morning
one finds diffuse EM emissions below U kHz (polar chorus and mid-
latitude hiss) as well as discrete EM emissions (chorul).(19) The fre-
quency ranges generally occupied by these emissions are also shorn in
Figure 5. The night-time diffuse emissions (EM and HM) are often
associated with auroral subatom(lg’eo).

EM and HM discrete emissions have a number of fa.‘ccimting character~
istics in common. For both types, a predominance of rising tones is

observed. (22,23) (23,24)

On occasion, periodic emissions are detected,
an example of periodic EM emissions being shown in Figure 6. The
emissions are observed alternately in opposite hemispheres (25,26) and
the period o the emissions is the two-hop hemisphere-to~hemisphere
propagation delay, (27) the delay being that of left-hand polarigzed waves
for HM emin:lonswb) and right-}-xaﬂd polarized waves for EM eniuionl.(a”
This property has allowed the use of periodic emissions to determine
magnetospheric electron densities by techniques similar to those used far
whistlers. (28,29)

From observations of periodic emissions, it is apparent that the
generation of one emission may be stimulated by the arrival in the
generation region of the echo of the previously generated emissionm, (30)
and ge:.eration of discrete VLF emissions may also be stimulated by
whistlers®) or man-made signals from VIF transmitters,3}) an example

being shown in Figure 7. Multi-phase periodic EM emissions have been
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observed, i.e., evenly spaced sets for which the apparent period is a
subharmonic of the true period. An example of multiphase emissions is
shavn in Figure 8. It is found that two sets or phases represents an
unstable configuration while three phases is much more stable.
Discrete EM emissions sometimes show "frequency modulation", i,e., a
quasi-periodic change in the center frequency of the emission, (3) an
example being shown in Figure 9. The discrete emissions are generally
observed at frequencies lezs than, but comparable with, the minimm
gyrofrequency for the magnetic field line path along which they
propagate. The generation mechanism for discrete, emissions is not well
understood. The emission certainly involves non-linear interaction be=-
tween the waves and energetic charged particles, very likely in a cyclo-
tron-resonance interaction, probably at several earth radii in the
vicinity of the equatorial plane and possibly involving trapping of
energetic particles in potential wells of coherent wave fields. It is
believed that discrete EM emissions are generated by energetic electrons,
discrete HM emissions by energetic protons.

We come now to the generation of the diffuse emissions, and here we
find a substantial divergence between EM and HM emissions. Certainly
some and possibly all of the diffuse HM emissions discussed here are not
gererated through cyclotron-resonance plasma instabilities with protons,
wvhereas we believe that all the diffuse EM emisgsions discussed are gen-
erated through cyclotron-resonance instabilities by energetic elec-
trons. (33,34)

The simultaneity of onset of the night-time Pi micropulsations, of

the cosmic noise (riometer) absorption, of the negative bay on the
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ngnetoneter(lg) and the overhead passage of the expanding auroral bulge(as)

strongly suggests that at least some and possibly all of these micro-
pulsations arise from high frequency components of ionospheric currents.
The close association between changes in amplitude of auroral hiss,
auroral luminosity, cosmic noise absorption and the rate of change of
vertical magnetic field is illustrated in Figure 10.

There is less certainty about the morning Pc micropulsations.
The range of periods typical for these emissions is also typical for
microbursts (modulation of precipitation of energetic electrons) in
balloon X-ray observations and for the fading of VHF forward scatter
(of A3 and S types), all of which generally occur at about the same time

(16) However, whether the modulation of the magnetic field (the

of day.
micropulsations) causes the electron precipitation (the microbursts) or
Vice versa is not known. It is probably significant that the periods
found are of the same order as the mirror periods for trapped energetic
electrons. |

We turn now to consideration of diffuse EM emissions. In Figure 11,
contours of constant average amplitude (in db) have been plotted to show
the variation of average amplitude with frequency and time of day at
Byrd Station. The main features of interest are two maxima, one in the
iate morning hours for the low frequencies (about 700 Hz) and one at
night for the high frequencies (about 20 kHz. While there is little
information available between about 20 kHz and 150 kHz, the ionosonde
receiver on the Alouette II satellite often records intense noise at high
latitudes extending from the lowest frequency of observation (about
150 kHg) up to a frequency comparable with, but somewhat less than the

electron gyrofrequency at the ut.enite.(37) It seems likely then that
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the night-time auroral hiss extends up to frequ;-nciea of the order of
1 Miz. The higher frequencies must certainly be gener;ted in or near the
ionosphere. By contrast, the morning polar chorus is confined to
frequencies less than about 1.5 kHz, and is presumably generated in the
equatorial plane at several earth radii.

As was mentioned above, the EM diffuse emissions are probably
generated by eneréetic electrons through the cyclotron-resonance plasma
instability. The growth rate " of small-signal whistler-mode waves for

this instebility is given by )

p ) 2 : 3 : we
voe T L () n(vy! EWR) - I-Tne]

where .ﬂe is the electron cyclotron frequency (e B/m), W, is the
ratio of wave frequency to ﬂe . n(vR) is proportional to the fraction of
electrons whose velocity along the magnetic field equals the resonance
velocity, Vp, and A(VR) is the anisotropy factor for the rglomnt
energetic eicctrons. The form of the equation is particularly interest-
ing, the dominant factors for the growth rate being number of resonant
electrons, | , and the anisotropy factor, A.

There is not sufficient time to discuss this instability in detail,
tut same general observations may be made. For stably-trapped electrons
in the magnetosphere the anisotropy factor, A, is approximately indepen-
dent of the position along a given magnetic field line. As a result,
for a given we' larger fluxes of electrons (i.e., larger 7, and
hence larger growth rates) are found in the equatorial plane. Thus the
emissions generated by stably-trapped electrons will be expected to have
their origin in or near the magnetic equatorial plane. Polar chorus and

mid-latitude hiss are believed to be in this category.
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For energetic electrons newly injected into the magnetosphere

(presumably from the tail) the anisotropy factor, A, is larger in the

ionosphere than in the equatorial plane. This allows generation at larger

values of iﬂe vhere the number of resonant electrons, M , is often very
much larger. Thus newly injected electrons are expected to generate EM
emissions primarily in the ionosphere, where, it is believed, all or most
of the auroral hiss is generated.

Thus diffuse EM emissions at frequencies less than the electron
gyrofrequency in the equatorial plane, i.e., the polar chorus and mid-
latitude hiss, which occur in the morning, are probably generated by
stably trapped electrons. The diffuse EM emission at frequencies much
above the electron gyrofrequency in the equatorial plane, i.e., auroﬁl
hiss, which occurs at night, is probably generated by newly injected

electrons.

This work was sponsored in part by the National Science Foundation ,

Division of ; ‘mospheric Sciences under Grant NSF GA-878.
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Figure 1.

Figure 2.

Figure 3.

Figure L.

o Leptivis

A CMA DIAGRAM FOR ELECTRONS AND FROTONS. The horizontal scale
(xe) is the ratio-of e¢lectron plasma frequency squared to wave
frequency squared and the vertical scale (\'i) the ratio of
electron cylotron frequency to wave frequency squared. Lines
indicate zeros or infinites of refractive index for the right-
handed (R) or left-handed (L) waves propagating along the
magnetic field or the extraordinary (X) or ordinary (P) modes
propagating normal to the field. Sketches of the phase velocity
surfaces (the magretic field direction is vertically upvn.rdc)
appropriate to the varicus areas of the diagram are given to

the right of the figure. (After Brice(l)).

-

A NOSE WHISTLER RECORDED AT EIGHTS STATION. The zero on the
time scale indicates the approximate location of the causative

atmospheric. (After Brice (34) s

THE CHANGE CF LOCATION OF WHISTLER PROPAGATION PATHS IN THE
MAGNETOSPHERE ASSGCIATED WiTH A POLAR SUBSTORM. “he whistler
paths begin to move in toward the earth at about 0620 U.T.,
vhile the Byrd Station magnetometer and riometer and Great
Whale River magnetometer show a sudden onset of activity at

0645, (After Carpenter and Stone, (6)).

A FREQUENCY-TIME SPECTRUM OF A PROTON WHISTLER (below) AND
ILLUSTRATIVE DIAGRAM (above). The proton whistler rises from
the crossover freguency and asymptotically approaches the proton
gyrofrequency until cyclotron damping cuts off the whistler

(After Gurnett and Brice(l”).
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Figure 5. THE FREGUENCY KANGE: GCCUFTED BY VARIOUS TYPES OF EM AND HM
EMISSIONS. The emissions are also classified as diffuse (for
broad-band emission) or discrete (for nerrow band), the times

of maximum occurrence, (A for afterncon, M for morning and

N for night) are given, and the ‘ype of energetic particle
precipitation (electron (e) or proton (p)) with which the
emissions are associated. HM emissions are also called

“micropulsations” end ¥™ emissions "VLF emissionms".

Figure 6. SIMULTANEOUS RECOFDINGS OF SINGIE-74ASE PERIODIC EMISSIONS
AT TWO PAIRS OF M~GNETICALLY TONJUGATE RECORDING STATIONS.
(after Brice(’h)).

Figure 7. RECORDINGS FROM GSELNBANK SHOWING THE GROUND-WAVE SIGNAL FROM
STATION NAhk AT 1b.7 ko, AND TRIGGEKED EMISSIONS RECORDED ON THE

RESFARCH SHIP ELTANIN. (After Helliwell et t1(31‘).

Figure 8. &INGLE-PHASE AND SYMMETRICAL THREE-THASE EMISSIONS RECORDED
AT GREAT WHALE KIVIR, 3ECWING A PRECISE THREE-TO-CNE KELATION-
SHIP BETWEEN TiF APPAREYT FERIOCS OF THE EMISSIONS. (After

I Br:lce(3b)).

Figure 9. QUASI-PERIODIC EMISSICNS RECOKDED AT EIGHTS STATION, SHOWING
SLOWLY RISING FREQUENCY BANDS, EACH CONSISTING OF A NUMBER OF
SETS OF PERIODIC EMISSIONS. (Reccrded at Eights Station, 1930-

34 UT and 1940-42 UT cn 13 Dec. 1961.) (After Brice(Bh)).
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Figure 10.

Figure 11.
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AVERAGE AMPLITUDES OF VLF AURORAI H'SS, \URORAL 5577: LINE,
COSMIC NOISE Al::OSFTION AND ULF Z (i.e. the rate of change of
vertical magnetic field) RECORDED AT THE ONSET OF A POLAR SUB-
STORM DISTURBANCE AT BYRD STATION, ANTARCTICA. (After

Morozumi and Helliwe11(19)),

AVERAGE RELATIVE AMPLITUDE TN d.b. OF EM EMISSION AT BYRD
STATION AS A FUNCTION OF FREQUENCY AND TIME FOR THE MONTH OF

JUNE, 1962. (After Morozumi and Hellive11(19)).
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Selected Problems in Wave-Particle Interaction,

from Conjugate Pvint Observations

R. M. Gallet

Institute for Telecommunication Sciences and Aeronomy
Envirommental Science Services Administration
Boulder, Colorado 80302

Organized examples of observations simultaneously made at conjugate
points, concerning both whistlers and some types of VLF emissions, will
serve as a review of the observational knowledge of natural VLF phenomena
in the magnetosphere. This however will be restricted to questions
touching the subject of this symposium, namely conjugate point studies.
Of particular interest are types of interactions between a whistler and
a triggered VIF emissions which could be disentangled only by means of
conjugate point observations.
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POLAR EMISSIONS

Leif Owren
Radiophysics Laboratory

Dartmouth College

The natural ELF (0.3 - 3 kHz) and VLF (3 - 30 kHz) emissions
occurring in the polar regions have been observed at Vostok,
Antarctica and Thule (Qanaq), Greenland since 196l4. The stations
are located one degree from the South and the North Geomagnetic
Poles respectively, Recordings were started at Vostok (gm. lat.
89.1° s) in February 1964 and at Thule (gm. lat. 88.9° N) in
October 196lL. The Thule-Qanaq station lies about 100 km north
of Thule Air Force Base. The Technical University of Denmark

maintains ionospherite stations including VLF equipment at

Narssarssuaq (gm. lat. 71.2° N) and at Godhavn (gm. lat. 79.9° N).

The chain of stations Narssarssuaq, Godhavn and Thule spans
the polar cap region from the auroral zone to the geomagnetic
pole at about 9° intervals of geomagnetic latitude within a
hOo sector of geomagnetic longitude.

Initially the ELF-VLF recordings at the geomagnetic
pole stations were made with Stanford-type IGY whistler
recorders using the standard two-minute per hour sampling
schedule. Later hiss recorders were installed in addition
to the tape recorders. At Thule a panoramic receiver covering

the 0.5 - 20 kHz frequency range was put in operation
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in February 1965. The amplitude vs. frequency oscilloscope
display is photographed every six minutes. At Vostok continuous
hiss recordings covering the 0.2 - 8 kHz range were started
in January i966 using a dual-channel strip-chart system which
displays the integrated rms amplitude and the spectral intensity
distribution for each one-second frequency sweep.

One problem arising when recording phenomena observed
from stations near the geomagnetic poles is the definition of
local magnetic time, 1In view of the fact that auroral and
related ionospheric phenomena appear to be centered on the
eccentric dipole axis, we base local magnetic time on the
eccentric rather than the earth-centered dipole. With this
definition magnetic noon at Vostok corresponds to about 1300 UT
and at Thule occurs at about 1500 UT, so while the geomagnetic
longitude difference is about 180 degrees the local magnetic
time relative to the eccentric axis poles differs by only two
hours for the two stations,

For an understanding of the ELF-VLF emissions observed
in the polar regions it is important to take account of the
prcpacation characteristics of the earth-ionosphere waveguide.
The basic properties may be inferred from a paper by Wait (1957)
in the 1957 VLF-issue of Proc. IRE. According to the results
of this paper VLF propagation over long distances can take
place with little attenuvation in the fundamental mode for
frequencies below 2 kHz and in the first mode for frequenices

abcve 8 kHz.




——— ——

In the 2 - 8 kHz band the VLF waves are subject to strung
abscrption. Typically, the attenuation is of the order of 3 db
per 1000 km at 1 kHz and 2 db per 1000 km at 10 kHz but exceeds
10 db per 1000 km at Y} kHz. Thus the propagation conditicns
tend to divide the ELF-VLF emissions observed in the highest
latitude zone of the polar regions iInto three categories
characterized by the three frequency bands 0.3 - 2 kHz, 2 - 8 kHz
and 8 - 20 kHz, Phenomenologically there is a natural division
between the emissions observed below and above about 2 kHz at

any polar cap station,

Polar Chorus

The natural emissions occuring between 0.5 and 2 kHz are
generally referred to as polar chcrus although in fact they
consist of a mixture of chorus-type emissions and hiss. The

term polar chcrus was introcduced by Ungstrup and Jackerott (1963)

tc distinguish the chorus observed below 1.5 kHz at Godhavn,
Greenland during 1957-1961 from the middle latitude chorus
occurring mainly in the 2 - | kHz range. The proportion of
chorus and hiss in the poclar chorus varies with the sunspot
cycle, the chorus component being more prominent near sunspot
maximum and receding into the hiss background with declining
solar activity,

The polar chorus observed at Vostok during 1964 showed
the same diurnal and seasonal variation as that found for

Godhavn and other polar stations with a diurnal maximum at
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10 - 11 local magnctic time and a yearly maximum during the
local summer. The polar chorus at Vostok in 196l consisted
mainly of the hiss component. A comparison of the occurrence
and intensity of polar chorus at the three Greenland stations

Narssarssuaq, Godhavn and Thule strongly suggests that the

polar chorus is generated in the auroral zone and propagated
to hicher latitudes in the earth-ionosphere waveguide. This '

| conclusion was reached by Jackerott et al. (1964) from a detailed

study of the Narssarssuaq and Godhavn recordings and is further

strengthened when the Thule data are taken into account,

Auroral Hiss

Wide-band hiss occurring in the Lt - 16 kHz frequency range
and associated with auroral activity was first observed at

Byrd Station, Antarctica by Martin et al. (1960). The hiss

activity typically follows in the wake of magnetic storms and
has a diurnal maximum shortly before local magnetic midnight,
The hiss observed at Vostok during 1964 at frequencies above
L kHz showed a similar diurnal varjation and a similar relation h
to magnetic activity.

Jérgensen (1966) has studied the hiss events occurring at
Narssarssuaq, Godhavn and Nord (gm. lat. 80.8° N), Greenland
during November and December 196l using continuous recordings
at 8§ kHz. He concludes that the auroral hiss is a rather local
phenomenon. Drawing on observations in the } - 9 kHz frequency

range from a number of high and middle latitude stations,
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Jférgensen derived contour maps of spectral density for wide-
band hiss bursts chowing a zone of maximum occurrence. This
zone has the shape of a horseshoe with its opening‘toward the
magnetic noon meridian. The highest occurrence rate and spectral
density of hiss events is observed in the auroral zone at

about 70o invariant latitude an hour before magnetic midnight.
In the morning and afternoon hours there is more hiss activity
at 80° latitude than at 70°. The auroral hiss observed in
middle latitudes appears to be propagated from the auroral zone
in the earth-ionosphere waveguide as indicated by a decrease

in maximum spectral density by approximately 10 db per 1000 km
and the simultaneity of the hiss bursts recorded at different

stations.

Local Hiss Events at the Geomagnetic Poles

The continuous hiss recordings at Vostok during 1966
provided an opportunity for a systematic study of hiss events
observed near one of the geomagnetic poles. The 0.2 - 8 kHz
frequency range of the hiss recorder favors the detection of
local hiss events over hiss propagated from the auroral zone.
Two main types of hiss bursts are observed: (1) band-limited
events with a bandwidth of about 3 kHz and (2) wide-band events
having an essentially uniform intensity over the 8 kHz range.
The band-limited bursts occur predominantly in the lower half
of the recorded frequency range but sometimes in the upper

half. Both types may be represenied during a single burst,
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Storm bursts often show a drift of the maximum intensity from
low to high or from high to low frequencies in the course of
a few minutes. Spot checks cof the 0.3 - 20 kHz Vostok tape
recordings coinciding in time with hiss events indicate that
the activity in the 2 - 8 kHz range is the dominant feature,
The highest level of hiss activity tends to follow
moderate or moderately severe magnetic disturbances. Intense
hiss storms lasting from 6 to 9 hours occurred on 27 May,
1 June and 31 August 1966 in the wake of the magnetic storms
of 26 May, 31 May, and 30 August. The severe magnetic storm
of 3 - I} September was not followed by increased hiss activity

at Vostok, This simply reflects the well-known migration of

the ma jor magnetic disturbances to lower latitudes. On the
other hand, an intense hiss storm lasting 11 hours occurred on
22 July preceded only by a weak magnetic disturbance which
apparently must have been associated with a polar storm.

Short periods of high hiss activity occassionally reaching
hiss storm levels, occur frequently in the evening hours,
particularly during the local winter season. These evening
"flashes" between 18 and 24 hours magnetic time typically last
1 or 2 hours but may extend over periods or 4 - 5 hours. It
is the cumulative effect of these flashes which give rise to
the diurnal evening maximum in the statistics of hiss activity.

Turning then to the Thule six-minute samplings of the
VLF hiss, the hiss recorded during 1965 appeared mostly in the

€ - 20 kHz range and was of the wide-band variety. This
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situation changed in 1966. The hiss storm activity now became
most noticeable in the 2 - 8 kHz range with a significant
occurrence of band-limited emissions. The hiss activity at
the two geomagnetic pole stations Vostok and Thule thus showed

similar overall trends during 1966.

Origin of Local Hiss Events

It is generally accepted that ELF-VLF emissions are caused
by an interaction of charged particle streams flowing along the
lines of force of the earth's magnetic field with the ionosphere,
although the detailed mechanism for the generation of the

cmissions is not understood (Helliwell, 1965). The Injun 3 1

observations (Gurnett and O'Brien, 196L) demonstrated the

direct relationship belween electron precipitation, VLF hiss

and aurora in thc magnetic shell near the bovndary of the outer
radiation zor« . .ciated with the auroral zone. The occurrence
of locally gerierated hiss in the pclar cap regions therefore

suggests an occassional occurrence of localized electron streams
in the regions of the magnetosphere beyond the boundary of the *
outer radiation zone. Evidence of such electron streams has

been presented by Gringauz and Khokhlov (1965) using data from the

Russian satellite Electron-2 and the spacecraft Mars-1. These

data showed the occurrence of high fluxes of 100 ev - LO kev

electrons in high latitudes. Similarly, McDiarmid and Burrows

(1965) have reported from Alouette observations on the inciderce
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of high fluxes of electrons with energy above 4O kev in the

form of narrow spikes occurring in high latitudes (70 - 85°
invariant latitude) outside the outer radiation zone. J¢rgensen
(loc. cit.) found a good time correlation between the spikes
observed from Alouette in 1963 over the north polar cap region

and the occurrence of strong hiss activity at Godhavn, Greenland.

Magnetic Storm Events During 1965

The VLF emission activity at Thule and Vostok associated
with the sudden commencement magnetic storms of 1965 has been
studied in order to determine the "conjugacy" aspects of the
VLF emissions at the two stations during incidences of low
energy solar particles on the magnetosphere. For each storm
and post-storm period the available tape and . m recordings
were examined for enhancements in hiss or chorus activity over

the pre-storm days. The results are shown schematically in the

figure which indicates for each magnetic storm: (1) the time
and position on the sun's disk of the solar flare responsible
for the storm, (2) the 3-hour Kp-flgures for the storm period,
and (3) the occurrence and intensity of VLF emission enhance-
ments at Thule (labelled Kanak) and Vostok.

It will be seen that in [} of the 5 cases only one of the

two stations gave evidence of increased VLF activity. During

the two June storms, designated as moderately severe and compris-

ing the strongest magnetic disturbance period of the year, both
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Thule and Vostok recorded VLF emissions. It may be mentioned
that a comparison of the local K-figures for the two stations 1
during each storm indicates the same trend as the VLF emissions.

The station showing VLF activity also had relatively the higher

N A e ey

local K-figures., The observalions therefore suggesti an

asymmetrical particle distribution and magnetic disturbance ;

v i

field over the two polar regions,

Consideration of the position of the solar flare provides

no obvious clue tu the difference in response to the solar

particles in the two regions. This Is perhaps not surprising

since the particle ejection from the sun is not necessarily

in a radial direction. Morceover, the inclination of the geo-
magnetic axis to the sun-earth direction might be expected to
be a more important cause of an asymmeirical response, but the

observations at hand give no clear indications to this effect.

e P PUNP S SRS SO L. -

More detailed and comprehensive information, including space-

craft data, will be required to resolve the problem.
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RECENT RESEARCH ON THE MAGNETOSPHERIC PLASMAPAUSE

by

D. L. Carpenter
Radioscience Laboratory
Stanford University
Stanford,California

ABSTRACT

The plasmapause is a three-dimensional field aligned boundary that
divides the closed field-line portion of the earth's magnetosphere into
two physically distinct regions. The boundary is asymmetric, uﬂlnlly
exhibiting a minimum geocentric range near dawn and a maximum near dusk
under conditions of moderate but steady geomagnetic agitation (xp-z-o.
The mean equatorial radius of the plasmapause is typically about 41!',
but it may vary from about 5.5R! during periods of extreme quiet to the
range 2-31!: during great -toml.“' The approximately corotating thermal
plasma within the boundary exhibits two types of radial drift motions,
These may be visualized as: 1) slow "breathing' motions that follow the
radial variations in a fixed, asymmetric boundary, 2) more rapid, tran-
sient (1-2 hour) motions that occur when the boundary position varies,
as is the case during a polar substom.

The asymmetry of the boundary and the nighttime drifts of tubes of
ionization probably cause the mid-latitude daytime and nighttime iono-

spheres to be decoupled from one another insofar as the balance of up-

ward and downward fluxes of thermal protons is concerned.
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The plasmapause involves an abrupt change in electron density, in
tube electron content above 1000 km, and possibly in plasma bulk velocity
and mean thermal energy. To the ionosphere, the protonosphere inside
the plasmapause appears as a large reservoir of themal protons, while
the region outside appears virtually empty. At the plasmapause, equatorial

values of electron density change by a factor of 10 - 100 within less than

0.15 earth radii., Satellite vlf experiments suggest that the change may

be far more abrupt than this, possibly on a scale of a few kilometers,
Studies of the distribution of electron density along the field lines in
the plasmasphere have shown that earlier empirical models of the type
NxR are not in fact compatible with recent satellite data on topside
electron concentrations, Instead, the theoretically palatable diffusive
equilibrium model has been found to be an appropriate description for
most of the plasmasphere, while a more rapidly varying model appears
necessary to describe the tenuous outer region, Details of the latter
distribution may vary in important ways as a function of local time,
Many wave propagation phenomena of conjugate interest are strongly
affected by the presence of the plasmapause, For example, satellites
moving poleward through the boundary observe: a cutoff in whistlers
propagating from the conjugate hemisphere, a decrease in the intensity
of fixed-frequency vlf signals propagating upward, and dramatic changes
in vlf noise such as the LHR resonance noise, In ground recordings made
at Eights (L ~ 4) and Byrd (L ~ 7) in the austral winter, four distinct
magnetospheric regions of propagation may be identified: (I) the outer

part of the plasmasphere; (II) the outer ''surface” of the plasmapause;

(III) a belt-like region extending 1-23' outward from the near vicinity
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of the plasmapause; (IV) a region beginning ~ I.SRE beyond the plasma- T
pause and extending several earth radii outward, Each region exhibits

special properties with respect to the occurrence and spectral behavior

of vlf noise, and in particular noise triggered by whistler components.

The occurrence of one-hop whistlers propagating in the outer regions

III and IV is relatively low, and is particularly low near midnight and 4
in region III at all times except in the mid-afternoon, Whistlers propa-

gating in regions I, III and IV exhibit an abrupt half-gyrofrequency

upper cutoff, while whistlers propagating in region II do not, The

ground data on the occurrence of whistlers and noise are broadly consis-

tent with recent surveys of magnetospheric noise carried out on satellites.
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REVIEW OF MAJOR FEATURES OF THE PLASMAPAUSE

The plasmapause is a three-dimensional field-aligned boundary that
divides the closed field-line portion of the earth's magnetosphere into
two physically distinct regions. The purpose of this paper is to review
some of the features of the plasmapause and to describe a few of the vlf
wave phenomena whose characteristics appear to be strongly influenced by

the boundary,

The boundary during moderately disturbed conditions., Under conditions

of moderate but steady planetary geomagnetic agitation (l(p=2-4) , the
plasmapause exhibits an equatorial radius similar to that shown by the
dark curve in Figure 1, The curve is based on whistler observations near
the prime geomagnetic meridian in July-August, 1963 [Carpenter, 1966a].
Inportant features of the asymmetric plasmapause are a broad minimum in
geocentric radius near dawn and, near the dusk meridian, a bulge with
equatorial radius 1 to 2 earth radii larger than that of the dawn minimum.

Variation in the plasmapause boundary with magnetic activity. The

plasmapause is known to move inward with increasing magnetic agitation,
but relatively little is known about the details of the process by which
the accretion or erosion of ionization takes place, The statistics are
clear, however, in support of a boundary that is typically at 4 earth
radii, reaches as little as 2 earth radii during great storms, and
extends to 8 or more earth radii during very quiet conditions. Satellite
measurements using a mass spectrometer on 0GO-I [Taylor, et al, 1965]

and a Faraday cup on IMP-II [Binsak, 1967] have prc;wided excellent
documentation of this effect,

An illustration of the boundary position during 4 successive days
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is shown in Figure 2, where the plasmapause radius is plotted on an

hourly basis in the upper part of the figure and the Kp index, with values
increasing downward, is shown below (from [Carpenter, 1966a]). Following
a period of quieting there is a weak gradual-commencement magnetic storm,
during which the boundary moves inward and assumes the type of diurnal
behavior illustrated in the previous figure, Some details of the variation
of the plasmapause during periods of increasing disturbance and of quieting
are shown, respectively, by the dotted and dashed curves in Figure 1.

The dashed curve in Figure 1 is a smoothed representation of the data in
the interval marked °'Q' in Figure 2,

Statistics on the geocentric radius of the plasmapause as a function
of planetary magnetic activity are shown in Figure 3, where the geocentric
radius near dawn on 48 days in July-August 1963 is plotted versus maximum
Kp in the preceding 24 hours (from [Carpenter, 1967})., For radii less
than GRE, there appears to be a grouping of the data into 2 bands separated
by about 0,7 earth radius., This appears to be a real effect associated
with the as yet unknown time sequence of events during the development
of a weak storm., During the first 2 days of a stom, points tend to lie
in the right hand band, and then appear to concentrate or the left side
during the latter stages,

Plagma motions and the role of the substom. There appear to be two

basic types of drift motions of the plasma ingide the boundary, The

first type is slow breathing motions, during which the boundary may be

thouzht of as fixed in space, with the plasma inside approximately co-
roteting with the earth and also drifting inward and outward in conformity

with the asymmetries of the boundary (with the possible eoxception of the
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1800-0000 LT region) [Carpenter, 1966a], The other type of motion is of
short duration (~ 1 hour), and appears to involve changes in the boundary
itself, At such a time, the plasmapause and the dense plasma within it

are observed to move radially at speeds of the order of 0.4RE/hr. The

e

A

more proncunced inward displacements appear to take place during polar
substorms and to occur on the nightside of the earth near the longitudes ] %

where the substorm bay is observed [Carpenter and Stone, 1967], The

extent to which the overall plasmapause boundary is modifjied is not yet

I
1

known, but it appears that some substorm activity occurs on nearly all
but the most quiet days. Due to the rotation of the plasmasphere, the
temporal sequence of compressions in the post-midnight region may lead

to longitudinal variation in the boundary radius, and possibly to spatial

variations in ionospheric parameters that depend on magnetospheric drift

motions, 3

An example of a substorm effect is shown in Figure 4 (from [Carpenter ]

and Stone, 1967]). In the upper part of the record are shown transcrip-
tions of the magnetic bay observed at conjugate stations Byrd, Antarctica,
and Great Whale River, Canada (L ~ 7), with additional information on

the Byrd riometer, the magnetometer at Eights (L ~ 4, one hour ahead of
Byrd in local time), and the elf envelope at Eights (0.2-0.8 Hz), The o
substorm was isolated, in that the magnetic records showed very little
activity in the previous 20 hours, Planetary magnetic conditions were
relatively quiet, with Kp near 2, The inward motion of the plasma is
demonstrated by the whistler data at the bottom of the record, At the i
left is a scale for the geocentric radius of a whistler path, at the

right a corresponding scale for measured whistler nose frequency, A
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series of Arrows shows various important features of the event, including
an inward drift of plasma that began prior to the bay, For a period of
1-2 hours, the plasma drifted inward at a velocity on the order of

700 m/sec, corresponding to a vV X B electric field of some 2-3 kV/earth
radius at 4 earth radii in the magnetosphere, The plasmapause boundary
was not itself observed during the event, but was subsequently found to
have shifted inward to about 4 earth radii (further details of the event

are presented in the original reference),

Asymmetry of the plasmapause as a function of magnetic activity.

During very quiet planetary magnetic conditions, the plasmapause appears
to assume a more nearly circular configuration at its larger radius.
This is supported strongly by the recent data of Binsak [1967] from a
Faraday cup on IMP-II., During great storms the degree of agymmetry
probably becomes more pronounced, although details are not yet known,
Corcuff and Delaroche [1964] reported knee effects between 2 and 3 earth
radii during great storms, and the present author has observed depressions
in the magnetosphere during the August 16-19, 1959 storm which are con-
sistent with a knee at less than 2 earth radii (Carpenter, 1962].

Further description of the plasmapause is divided into two sections,
one on the changes in the medium across the boundary and another on vlf
wave phenomena that are apparently affected by the presence of the

plasmapause,

CHANGES IN THE NEDIUM AT THE BOUNDARY

At the plasmapause, there is an abrupt change in plasma density,

and possibly corresponding changes in plasma bulk velocity and mean

III-15-7
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thermal energy, A satisfactory description of these variations is not
yet available, although much is slready known about the two regimes near
the boundary, if not precisely at the boundary itself, ’

The change in tube electron content &t the boundary, At nighttime,

inside the plasmapause, the electron content in a tube of force extending
from a square centimeter at 1000 km tn the equatorial plane may be as
much ag an order of magnitude larger than the total content in a cmz-

column in the ionosphere below, From low latitudes the tube content }

rises steadily, reaching a maximum at the plasmapause and then falling

to extremely low values in the tenuous region outside, This is illustrated
in Figure 5 from the work of Angerami (1966]. The solid curve shows the
content measured on a very quiet day, when the boundary was presumably
beyond the observing range of Eights Station, The open and filled

circles show individual data points from moderately disturbed days
(Kp=2-4). It 18 clear that the nighttime levels of 2-4.1013 el/cmz-

tube inside the plasmapause provide at least numerically a substantial

reservoir for an ionosphere of say, 4.1012 e1/cm2- column, while the

values of 1-2.1012 el/cmz- tube for the outer region are low by comparison,
The possible insufficiency of the protonosphere as a reservoir for the
nighttime ionosphere at middle to high latitudes may be relevant to the
mid-latitude trough phenomena described by a number of investigators,

e.g. [Muldrew, 1965; Sharp, 1966; Stanley, 1966].

The change in field-line distribution of ionization at the boundary.

Until the recent work of Angerami [1966], whistler data were believed to
support an N « R-3 or 'gyrofrequency' model of the distribution of

electrons along the field lines of the magnetosphere [Smith, 1961la],

I11-15-8
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Meanwhile, theoretical considerations favored the much more slowly decreasing
hydrostatic model (e,g, (Johnson, 1960)), The convenient R-3 model, still
useful in many essentially model-independent calculations, was developed
using what are now known to be unrealistic assumptions about the latitudinal
distribution of electrons in the upper F-region, Using extensive new
sources of whistler data and satellite infomation on ionospheric electron
density at 1000 km, Angerami demonstrated that the hydrostatic model is

in fact the best choice for describing the region inside the plasmapause,

In the same investigation, he found that the tenuous outer region or
'trough' cannot usually be described by the hydrostatic model, but in

fact appears to require a distribution varying roughly as R-q. Thus the
gyrofrequency-type model may again be invoked, with the supporting physical
argument that the outer region is describable by a 'collisionless' model

in which particles move in ballistic orbits (see [Eviatar, et al, 1964)),
and in which forbidden, collision-associated orbits become populated only
gradually. Much remains to be learned about electron density in the

outer region, in particular the manner in which the field-line distribution
varies with time from after midnight to late afternoon, At night the
distribution may be essentially 'collisionless,' while by afternoon it

may approach a collision-dominated model,

Change in the equatorial profile of electron density at the boundary.

Fine details of the electron-density profile at the boundary are not yet

3

known, and perhaps may not be known until high-time-resolution experiments
are flown on satellites. From whistler data, it was found that the electron
density decreases by between one and two orders of magnitude within a

distance of less than .15 earth radius [Angerami and Carpenter, 1966].
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The satellite data of Taylor, et al [1965] and .‘insak [1867] indicate
that plasria density at the plasmapause decreases by ¢ factor greater
than 10, but these experiments do not provice fine details, say on a
scale of 10 km, There are some indications from satellite vlf experiments
that the boundary may at times be only a few km in thickness. Abrupt
changes in whistler rate and vlf noise phenomena are observed over
distances of the order ci 10 km on Alouette I at 1000 km [Carpenter, et
al, 1967] and over distances of 20-100 km on OGO-III at 20,000 km
(K. Howell, private communication),

A summary of the variation in electron density across the ‘'knee’
is shown in Figure 6, which is based on whistler data for June-July 1963
[Angerami, 1966], Outside the knee nighttime densities (filled points)
are extremely low, so low that during moderately severe storms near
sunspot minimum,the plasma frequency in the trough may fall below the
local gyrofrequency over a large portion of the path, As pointed out
by Bell [1966]) this condition will permit the propagation of the left-
hand mode, and may give rise to enhanced Landau damping of whistler waves,

The density outside the knee is sensibly higher on the afternoon
side of the earth than at night, and appears to reflect the filling from
below of the tubes of ionization, As noted above, the manner in which
the tubes are filled has not yet been studied, and could provide good
research opportunities, An example of a problem would be to check on
models of high-latitude convective motions in which the daily cycle of
filling of tubes at high L values is interrupted in specific ways (e.g.
[Nishida, 1966, Brice, 1967]). |

Attention will now focus upon a number of wave phenomena that are

apparently affected by the presence of the plasmapause,
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WAVE PHENOMENA AFFECTED BY THE PRESENCE OF THE PLASMAPAUSE

Satellite observations of a whistler cutoff and vlf noise effects

at the boundary, It has been known for some time that the probability

of observing a whistler component propagating in the tenuous region out-

side the plasmasphere is relatively low by comparison to the probability l
of observation in the dense inner region [Carpenter, 1863). A recent {
statistical study of the occurrence of whistlers as & function of observing
station latitude and magnetic activity supports this conclusion [Allcock,
1966]. It has recently been shown that the whistler rate observed on
satellites Alouette I and II drops abruptly as the vehicle moves to in-
variant latitudes beyond the plasmapause [Carpenter, et al, 1967).
Frequently associated with this whistler cutoff are abrupt cha:ges in

the structure and intensity of v1f noise, one such change being an

apparent 'breakup' in the lower hybrid resonance (LHR) noise band, A

summary of 12 case studies comparing ground whistler data on the plasma-
pause position with the invariant latitude of the whistler cutoff and
noise breakup effect is present in Figure 7 (from [Carpenter, et al,
1967)). The cases are ordered according to maximum K at Byrd Station in
the preceding 12 hours (4th column), and for the group corresponding to
K = §, according to plasmapause position, There is clearly a close
spatial relation between the plasmapause and the whistler cutoff and
noise breakup (when the latter is observed), The agreement persists

i
over a wide range of variation in magnetic activity and a corresponding §
invariant latitude range of 52o - 660. The apparent tendency for the
whistler cutoff and noise breakup to occur slightly equatorward of the

plasmapause is not yet understood, but may be attributable to uncertainties
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in the model of tne earth's field used in the calculations (the plasma-
pause position at 1000 km was calculated in dipole coordinates). In
particular, use of a model in which the field at scveral earth radii is
dilated by plasma currents (see [Mead and Cahill, 1966; Heppner, et al,
1967]) would tend to reduce the offset shown in the figure,

Reviewing this initial study, it appears that broadband v1f measure-
ments on satellites may provide one of the most precise methods of
determining the location of the plasmapause and of identifying the range
over which the transition from the inner to the outer regime takes place
in a physical sense,

Ground observations of propagation from the conjugate hemisphere,

The probability of observing a whistler trace propagating to a ground
station from the conjugate hemisphere is a complicated function of
latitude, local time, and magnetic activity (e.g. [Laaspere, et al, 1964;
Yoshida, 1965; Allcock, 1966]). To partially clarify this picture, there
is offered in Figure 8 a crude summary of whistler occurrence in four
field-aligned regions inside and outside the plasmapause, The figure is
based on a visual survey of spectrographic records from Eights, Antarctica
(L ~4) for 15 days in July-August, 1963, On these days the plasmapause
was typically near L = 4, and planetary magnetic agitation was moderate
and steady (Kp=2-4). The four regions of propagation are:

(1) in the plasmasphere, the field-aligned region within about

one earth radius of the boundary in L space;
(1) the outer 'surface' of the plasmapause;

(II1) in the plasma trough, the field-aligned region extending

outward roughly 1 earth radius in L space from the plasmapause;
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(IV) 1in the plasma trough, the field-aligned region beginning
roughly 1 earth radius beyond the boundary, and extending
possibly several earth radii beyond,

Approximate local-time periods represented are 2300-0100, 0300-0700, and
1400-1600, For each period, three 2-minute synoptic recordings were
available, The numbers on the graph represent the number of periods

(of a possible 13) during which at least one whistler component was
identified as propagating fram the conjugate hemisphere, Major features
of the pattern are: 1) generally low values beyond the plasmapause, but
high ones in the plasmasphere and on the outer 'surface' of the plagma-
pause; 2) extremely low values in the plasma trough near local midnight;
3) relatively low values in a belt-like region outside the boundary
(region III),

Propagation in region I is frequently characterized by periodic
emissions, low decrement whistler echoing, and strong vlf noise activity
near local dawn, Triggering of vlf 'chorus' by whistlers is often
obsgerved in region II, and the noise may persist for from a fraction of
a second to tens of seconds following the whistler, Region III appears
to be the'quietest' region, and is described by whistler traces only
rarely, the most probable time of occurrence being mid-afternoon, Region
IV, which may possibly be associated with the relatively low-frequency
‘polar chorus' band, is a region of active noise and frequent strong
triggering of noise by whistlers,

Certain spectral properties of whistlers may be identified with the
various regions, In all but region II, whistlers observed on the ground

tend to exhibit a well-defined half-gyrofrequency upper cutoff frequency,
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at which the wave intensity drops by 10 db or more within a fraction of
a2 kHz [Carpenter, 1966b]). BSurch a cutoff appears to be related to the
predictions of ray theory for propagation in ducts of enhanced ioniza-
tion [(Smith, 1961b). 1In region II, the traces do not usually exhibit the
abrupt half-gyrofrequency effect, but instead show more gradual cutoff
effects and a wide range of upper limiting frequencies, sometimes extend-
ing to within 10 per cent of the minimum gyrofrequency.

The occurrence pattern in Figure 8 is broadly consistent with other
types of observations, including the Alouette cutoff effects described
above. The lack of whistler activity in region III may be related to

some observations of Heyborne [1966), who made a satellite study of the

field strength of fixed-frequency signals (~18 kHz) from vlf transmitters.

Digital data from the polar-orbiting satellite 0GO-II showed that as the
satellite moved poleward near L ~ 4, there occurred field-strength
decreases of about 25 db in less than 5° in daytime (1600 LT) and
about 20 db in less than 10° at night (0400 LT). Heyborne considered
it likely that increased absorption in the lower ionosphere accounted
for the effect. A problem in interpreting the whistler cutoff in terms
of ionospheric effects is the observation on satellites of continued
upward propagation of short fractional hop (0+) whistlers at latitudes
poleward of the cutoff of whistlers from the conjugate hemisphere

(R. E. Barrington, private communicatiop). These persisting short-path
whistlers have not yet been studied for intensity changes at the plasma-
pause. Certainly much remains to be done before the propagation

characteristics of the outer region are well understood.
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ILLUSTRATIONS

Figure 1. Equatorial radius of the plasmapause versus local time, The
solid curve represents average behavior during periods of
moderate, steady geomagnetic agitation (Kp=2-4). The obsgerva- i
tions were made in July and August 1963 at Eights, Antarctica, ﬂ
The dots show a particular example involving increasing

1

magnetic agitation, the dashes an example of decreasing

agitation (see Figure 2) (from [Carpenter, 1966a}).
Figure 2, Comparison of the equatorial radius of the plasmapause and the H

Kp index during the 4-day period July 28-31, 1963. The
quieting interval of outward displacement in the plasmapause
radius, marked 'Q' on July 28-29, is shown on a polar plot in
Figure 1 (from [Carpenter, 1966a]). 1

Figure 3, The geocentric equatorial distance to the plasmapause near

local dawn versus maximum 3-hour Kp value in the 24 hours
preceding the dist 1ce measurement, The whistler data were
recorded in the Antarctic at Byrd and Eights, and represent
a roughly 30o range of longitudes near the prime geomagnetic
meridian, Centered dipole coordinates were employed in the
calculations of ,eocentric distance (from [Carpenter, 1967}).
Figure 4, Some features of a 15 July 1965 polar substorm and associated
whistler path motions, See text and original reference for
details (from [Carpenter and Stone, 1967)).
Figure 5, Scatter plot of day and nighttime data on total tube electron

content above 1000 lkm versus dipole latitude. The whistler
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Figure 6.

Figure 7,

Figure 8,

observations were made at Eights, Antarctica in July-August,
1963, during periods of moderate, steady geomagnetic agitation
(Kp=2-4). The continuous curve corresponds to Kp ~ 0 (from
[Angerami, 1966]).

Scatter plot of day and nighttime data on equatorial electron
density versus geocentri¢ distance in earth radii, The data
points correspond to those in Figure 5 (from [Angerami, 1966]).
Summary of case studies in which the whistler cutoff on
Alouette I is compared to simultaneous ground measurements

of the plasmapause position, The K-values in the 4th column
at the left are for Byrd Station, See original reference for
details (from [Carpenter, et al, 1967]).

Crude statistics on the frequency of observation of whistler
components propagating to Eights Station from the conjugate

region, versus local time and path location in the magneto-

sphere,
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WHISTLER PROPAGATION IN MAGNETOSPHERIC DUCTS *
by

R. L. Smith and J. J. Angerami
Radioscience Laboratory
Stanford University

In this paper we will review some of the theories of propagation of
whistlers in field aligned ducts and their relétion to recent observations.
A number of the features of propagation deduced from the ray theory approach
have been verified by fecent ground and satellite observations. These
observations in turn have led to further ray tracing studies which explain
some interesting high frequency leakage effects and suggest an indirect
experimental determination of duct dimensions and enhancement factors.

Whistlers observed by ground stations have been explained as the result
of the propagation of energy from lightning along field-aligned ducts of
enhanced ionization. The theory of propagation in a smooth magnetosphere
without ducts was inadequate to explain many of the features of whistlers
observed on the ground, such as the multiplicity of discrete components and
the integral relationships between whistler echoes,

The theory of propagation in ducts can be approached in many ways. The
simplest (and the most productive so far) is through the use of ray tracing
techniques. By using Poverlein's construction and by making ray tracing
calculations in a medium with a uniform magnetic field and a variation of
electron density across the field lines, one may deduce the following:

1) Whistlers are more readily trapped in ducts of enhanced (rather than
reduced) ionization,

2) Frequencies below the lower hybrid resonance may be trapped only
in enhancements.

3) The upper cutoff frequency for trapping in enhancements is approxi-

mately one halr of the minimum gyrofrequency.
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4) If the electron density varies slowly across the duct, the energy
below one half the minimum gyrofrequency can be completely trapped.

5) oOn the other hand, if the duct has sharp sides, so that the
gradients of ionization across the duct are quite large, then the duct
will usually become "leaky,” and some of the energy will escape.

6) The average group velocity of the trapped whistler energy is necarly

|

the same as that for a whistler traveling strictly along the direction of the ;
static magnetic field. i

Another approach has been used by several workers who applied to the ;
magnetosphere the mode theory of propagation as developed for tropospheric
ducting. One of the results of this approach is a trapping condition which
is a function of the curvaturs and gradient of the duct. Another result
gives a discrete set of trapped modes and a minimum size ("track width') of
the duct, We note two points on which some care must be taken: 1) the

anisotropy of the medium must be taken into account, and 2) one must choose

the proper phase of the reflected wave relative to the incident wave.

Still another approach is a full wave treatment using Maxwell's equations
directly, However, in order to make the problem tractable, the duct is
usually considered to have a discontinuous boundary. Because of this, authors
following this approach deduce that only depressions of ionization are suit-
able for trapping the whistler energy, or that, if one must study trapping in
the enhancements, that the ducts are very leaky. We see that both results
depend directly on the sharp boundary assumption and hence do not necessarily
represent the physical case. -

The ray theory of duct propagation has been applied to ground-based
whistler observations with considerable success. The most easily tested
prediction of the ray theory approach is that the upper cutoff of whistlers

observed on the ground should be approximately one-half of the minimum
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gyrofrequency along the path, Carpenter has measured the upper cutoff of
hundreds of nose whistlers, and his results show a very strong tendency for
upper cutoff frequency to equal one-half the minimum gyrofrequency.

One might ask what happens to the whistler energy which is not trapped
in ducts of enhanced ionization. The answer to this question has been
found in OGO satellite observations of a new type of whistler which is
described as "magnetospherically reflected." The wave normal of this non-ducted
whistler rapidly approaches 90°, and consequently it cannot propagate through
the lower ionosphere to be observed on the ground.

Ducted whistlers are also seen in satellites, mainly at L values
greater than about 3. At high altitudes (several thousand km), they exhibit
frequency-time spectra which are characterized by discrete changes in shape,
corresponding to the motion of the satellite through successive ducts, It
is therefore possible to identify the different ducts and to measure their
size and spacings.

The best example of these ducted whistlers is found in records from an
inbound, nearly equatorial pass of OGO-III on 15 June 1966. The whistlers are
classified as short fractional hop (0+). We note the following results:

1) In the re¢gion between 4.2 and 4.8 earth radii (inside the plasma-
pause), the satellite traversed five ducts, their sizes ranging from 200 km
to 400 km measured radially. The spacings between ducts range from a few tens
of km to 1000 km. Such density of occurrence of ducts is quite comparable to
the duct occurrence inferred from ground observations of whistlers, under
similar conditions of magnetic activity (very quiet). This has led us to
suggest that the ducts are E-W elongated, rather than circular.

2) The measured nose frequencies agree (within a measurement uncertainty

of 3%) with the predictions based on purely longitudinal propagation,
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hydrostatic distribution of ionization along the magnetic field, and the
measured intensity of magnetic field at the satellite (about 6% lower than the
Jensen and Cain field). This comparison provides further support for the
electron density model and the longitudinal approximation discussed above,

3) Whistlers are observed to have an upper cutoff as high as 0.75 times
the gyrofrequency at the satellite even inside a duct. This result, which
might be thought to be contradictory to the ray theory of ducting, is
actually very consistent with it. The frequencies above half the gyrofrequency
become untrapped (as seen below). As the propagation changes from a trapped
mode to an untrapped mode, the energy nevertheless is close to the original
enhancement for some distance. This is confirmed by ray tracing. Since
frequencies above hal:!’ the gyrofrequency are observed in situ but not on
the ground, it is suggested that the upper cutoff frequency of whistlers is
not due to Landau damping effects, as proposed by Scarf and Liemohn.

4) The high frequency portions of whistlers (lying roughly between
0.5 and 0.75 of the local gyrofrequency) become unducted as the gyrofrequency
decreases along the propagation path. They propagate then from the outer
(high L-value) ducts toward the inner region. We can predict the behavior

of these unducted components from previous ray tracing experience: the wave

normals will tend to rotate away from the magnetic field in an outward direction,

and the ray will tend to rotate inward. (Recall that the medium is highly
anisotropic.) As a consequence, as the satellite moves inward, not only are
signals from a given duct observed but also the high-frequency unducted
components escaping from ducts at higher L values.

The original proposals concerning the untrapping of whistler energy

were based on a simple application of Poverlein's diagram. A more convincing
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demonstration of the transitien from the trapped to the untrapped mode can
be made by tracing rays in a morc realistic magnetosphere including at lceast
8 dipole magnetic field and a small field-aligned enhancement of ionization
superimposed on a reasonable background ionization model. Such ray tracings
have shown at least qualitative agreement with the observations. The
frequencies at which untrapped signals from an outer duct are observed in an
inner duct may be used to set an upper limit for the density enhancement
factors in the intervening ducts. Preliminary results based on such

procedure inaicate an upper limit of 60%.

*This research was supported in part by the National Aeronautics and Space
Administration under grant NsG 174-SC/05-020-008 and contract NAS 5-2131

and in part by the National Science Foundation through the Office of Computer
Sciences in the Mathematical Division under grant NSF GP-948.
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Figure 1,

rigure 2,

Figure 2,

FIGURE CAPTIONS

Ray tracing of waves initially trapped in a duct of enhanced
(10%) ionization, Frequencies above half the minimum gyro-

frequency (7.55 kHz) leave the duct (become untrapped or non-
ducted), The points where the local gyrofrequency are twice

the wave frequencies are indicated by the small circles,

(a) - (d). Ducted whistlers and related untrapped components
(leakages) as observed on OGO-III. Figure 2a shows whistlers
observed while the satellite is in duct no, 1, Figure 2b ghows
the whistlers observed in duct no. 2, Figures 2c and 2d show
the leakage signals from duct no, 2 observed in the region
between ducts no. 2 and 3. Note that as the satellite moves
inward the observed low frequency cutoff of the leakage signals
increases,

(e) - (h)., Figure 2e shows observations in duct no, 3, where
the related ducted whistler is seen as well as the leakages
from duct no, 2. The leakage signals from ducts no., 2 and 3
are observed in the interval between ducts no. 3 and 4 as seen
in Figure 2f, Similarly we obscrve in Figures 2g and 2h the
ducted whistlers in ducts no. 4 and 5, as well as the leakages

from the prior ducts,
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WAVEGUIDANCE IN THE MAGNETOSPHERE
ALONG FIELD-ALIGNLU IRREGULARITIES

Nicholas Gothard
Texas A&M University, College Station, Texas

ABSTRACT

A study is made of waveguidance along an inhomogeneous field-
aligned plasma stratum. A time invariant model of the ionosphere
imbedded in the earth's dipole field is postulated. Along the lines
of flux of the earth's magnetic field bell shaped plasma strata are
aligned. The theory presented here is based on the mode of theory
of propagation in an inhomogeneous medium and is modified to
account for anisotropy. The two dimensional problem is reduced to
a one dimensional integral equation, the mode condition, by using
Booker's q parameter.

The results of the solution are given in terms of mode angles
and track widths.

The numerical results are calculated for the locked modes
only, although the theory is capable of handling the leaky modes
as well.

The numerical results indicate the existence of total guidance

between the conjugate points for some frequencies, for others only

partial guidance exist.
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CONJUGLEE HF DUCH it

J. A. Thomas
Physics Department (RAAF Academy)
University of Melbourne, Australia

1:zny ettempts have been made to observe conjugate ducting of HF
rzdic weves from the ground. Some long range signals of more or less
th2 ccrrect radar range have been detected by Obayashi (1959), Gallet and
Gizent (1961) and Du Castel (1965), but they were not definitely established
zs naving travelled the field line paths involved. Muldrew (1963) estab-
i2sned *he rature of certain long delay echoes observed by Alouette I
sucve the ionospherz - they were attributed to multi hop ducted propagaticn
seTwsern the conjugate reflection levels for the freguencies involved. Such
zzve since been detected by the fixed frequency topside sounder
Sxziorer XX and by Alouette II. I wish to briefly outline certain aspects
of imvestigation into such propagation, with particular emphasis on
Eyplorer XX cbservations.

Lootus, VanZendt and Calvert (1966) have made an analysis of HF
coniugate ducted echoes occurring during two 3-month periods of 196k and
1565, end esteblished the latitudinel veristion, diurnal variation, NS duct
~nicimesses and separations and, (following Booker (1962)), minimunm reletive
snhancezents of eleciron density required for trapping the observed signels.
Stosacuently (in conjuncticn with ILT.S .A.), Work was ccmmenced on follow-up

rohlers releted 4o the E-W thickmess and lifetime of the ducts.

It should be pointed out that cbservations of a related phenomenon

ivvan scme estimate of minimuim E-W duct widths for what are believed

[/]]
&

~

<2 be the lower ends of ducts which mey on occaesion extend to the conjugete
point, TIucts may be detected not only when tne setellite is directly within

<hs duss Tut more cften by means of "combinetion mode" propegation (Muidrew
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(1£3), Celvert and Schmid (1963)). Dyson (1967) has shown that field

=d shset-like irregularities with AN/N of about 2% and thickness

a.

iue <5 & duct on the same L shell, gives an estimate of the E-W extent of
ire dues since the sub-sateliite path is usually inclined to the megnetic
=zridian, Typical maximum widths are 20-30 km, but these should not be
~ezzrded es maximum velu.s, both because of steepness of field-lines, and
czceuse the possibility of non-meridional entry into a duct should be
svzidsr2d. It seems likely that signals entering an elliptical duct from
T 2x ¥ of ths meridian plene should also be trapped under appropriate con-
iitions but deteiled ray tracing .still has to be carried out for suitable
rodels end estimates mede of the power returned to the vicinity of the
sztellite, This problem also arises when such a duct is at or near the
setellite height - i.e., if ducts are elliptical in sections, how far to
<he E or W of the duct can it be detected by the observation of radio
zrcoezation to the neer or far end reflection levels?
Two experimental observations have been attempted:
(2) &tiexmpts have veen made to identify the same duct at both

ends of a line of force when the satellite passes nearly

elong the magnetic meridian (or at least close to the

ccnjugete points).
and (b) Attempts vere rede tc identify the seme duct observed by bcoth

Expiorer XX and Alcvette I at times when they passed through

tne seme area close in time or longitude,

III1-18-2
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If such identification can be made then valuable information is
availeble concerning the E-W extent, drifting and/or lifetime of conjugate
end "near-end" ducts., No positive identification has yet been achieved,
vertly besceuse of time and space difficulties but mainly because of
difficulties essociated with the accuracy of bota the satellite location
ené megnetic field models together with the methods of tracing field lines
to the ccnjugate point. Fortunately, we are concerned with L values of
not zore then 2 and generally rather less than this, so Main Field models
right be expected to give a sufficiently accurate picture.

Scre indicetion of the problem can be gained fram the set of observa-
ticas of Table 1 which show the departures of the magnetic field determined
oy syrofrecuency plasma resonance of observations on Alouette I ‘in the
Asustrelian Area from the values computed from the GSFC 12/66 set of
coefficients (Cairn (1967)). The significant feature is that for south-
geing passes the departures are negative whereas for north-going passes the
daparturss ere positive., It is to be hoped that the satellite locations
are not in error by amounts sufficient to account for these differences.
Iz order to establish the duct identity we would like to be able to locate
the satellite(s) to within 2 or 3 km and also trace a field line from the
satellite o its conjugate point (or at least to the level at which the
setellite passes) with the same accuracy. It is probable that this is
teyend the presently available technigues., It may be that the problem
skould be turnes é.round and a detailed comparison of the duct structure
used tTc estaeblish a better knowledge of conjugate point locations in mid
end 1ow latitude regioms.

Scme ettexpt has been made to investigate the reason for the dawn

sezx o ccajugate duct observetions reported by Loftus et al. (1966).
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I cne examines the CRPL prediction maps of fo2 , for 1964 and 1965 the
Tre-iawn period is seen to be one of extremely low critical frequencies

(2.5 to 2.0 lc/s) and this is follcwed by a situ.e.tion lasting an hour or
~ore in which the critical fregquencies vary very little with latitude but
st=edily increase with local time. This suggests that either (a) propagation
slong ducis et 1.5 - 4 Mc/s is more easily meinteined under such ionospheric

cocnditicns, or (b) that ducts are more readily formed and maintained then.

Prelirzirexy tests with model ioncspheres varying realistically with dip

sesitudzs end time of day indicate that while some latitude zones tend to
rzvz mcre observable ducts crowded into them than others, and these zones
cnemzs with iime of day, such changes are not sufficient to account for the
cz3arvzi diurnel veriation of conjugate ducting. The curves of figure 1
znow =he nuxoers of possible conjugate echoes (0 & X) detectable in the
first four "windows" of Explorer XX records at 2 MHz assuming ducts are
wnifcrmly vresent at all satellite locations. The vast majority of ducted
e:h:e§ ovserved are propagated in the X-mode and all the camputed ducts for
IL30 1M =2re in fact O mode (as the electron density at the satellite is then
too ziga tc support X mode propagation). This result is then in agreement
with the observed midday minimum of conjugate ducted propagation but the
=iiright propagation conditions are not too dissimilar to those at 0700 LMT

exi on zhe basis of propagation changes alone one would not expect a dawn

osex of occurrence., The second alternative is in many ways more attractive
since 2 given fractional ennhancement of the electron density is achieved
ercund dawn with 2 smaller absolute value of electron density enhancement,
2.5., & 2.5% reletive enhancement &t a plasma freguency of 2.5 MHz requires

e= ghssiut2 enhancement of 2,000 el/cc, but at 5 MHz requires 8,000 el/cc.
Sirzleton (1662) nes cammented to some extent on this feature in spread F data.

[pSet-e s
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Finally, it is worth bringing to notice a feature which is occasionally

cbserved on Explorer XX records. At times when the electron density at the
setellite is just below that required for the X-mode propagation cut off,
the virtuel range of the signal (at a fixed frequency) is & very sensitive
indicator of the electron density - greater ranges corresponding to smaller
electron densities close to the satellite. Occasionally, when such a
condition holds for the 1.5 Mc/s frequency of the sounder, near-end ducts
and conjugete ducts are observed on the other frequencies, and these occur

rost strongly at times of relative minimum electron density at the satellite.
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TABIE I -~ Alouette I Gyrofrequency Measurements

Ccmparison of GSFC 12/66 Field Model with Field Values

Deduced from Gyrofreguency Harmonics - Australian Region

1962-3
22 .2, cf Cohservations N or S going Model - Exptl B
3 €17 4195, 198N - 70 + 1Tk vy
- 3G 2718, T8N - 31+169y
: 50 26S, 26N % 83 1+ 158 iy
8 5 55, 10N + 60 + 163 y
7 L N +231 + 20y
~11 18 7918, 329N -5 +176 y
St 751 7918 - 99 +158 vy
i 327 327N + 68 + 163 y
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MEDIUM-FREQUENCY COIiJUGATE ECHOES CESZEEVED On

TOPSIDE-SOUNDER DATA

D.,E., Muldrew

Radio Physics Laboratory
Defence Research Telecomnmunications Establishment
CGttawa, Canaca

Introduction

Medium-frequency conjugate echoes (or ducted echoes)
were first observed on the Alouette I sweep-frequency topside-
sounder ionograms. An example of an Alouette I ionogram
containing conjugate-echo traces and a sketch 1llustrating
the propagation paths corresponding to the different traces
are given in Figure 1, Combinations of the paths along Lhe
magnetic field to <the north and to the south of the satellite
for the extraordinary and ordinary waves are labelled using

S S_. Conjugate echoes were also observed

the symbols Nx’ N x? 5o

o?
on the Explorer XX fixed-frequency topside-~-sounder ionograms;

an example, from the paper by Loftus, VanZendt and Calvert (1966),
showing two distinct ducted echoes at 1009:13 and 1009:14 U.T.

at aprarent ranges of 300 and 1200 km is shown in Figure 2,

The time interval over which each of these echoes was received
indicates that the radio energy is ducted in a region which has

a thickness, in a direction normal to the megnetic field, of

about one kilometer.
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An example of an Alouette II ionogram containing
conjugate echoes is given in Figure 3. The Alouette II sounder
is better sulted to the study of conjugate echoes than that of
Alouette I because of the lower low-frequency limit of the
sounder, The results of a statistical study of about 60,000
Alouette II equatorial ionograms, of which about 3,000 (5%)
contein conjugate echoes, will be presented in this paper,

All the available ionograms from elight equatorial
stations were classified into five groups depending on the
value of fxS, that is, the frequency of the extraordinary wave
which has zero refractive index at the satellite height,

The five classes are: 0,2 { fxS { 0,9 MEz, 0,9  £r5S < 1,25 MHz,
1.25¢ £xS< 1.6 MHz, 1.6 { £xS { 2.0 MHz and fxS > 2.0 Miz.

.aere were no conjugate echoes observed in the last class and
consequently it was excluded in the statistical study., The
£xS was chosen for the classifications because it gives a rough
indication of the electron density at the satellite height
and is readily obtained from the ionograms, Conjugate echoes
tend to occur at frequencies slightly above fxS so this paraneter
also gives en indication, on the average, of the frequency of
the conjugate echoes, For each class the recording time was
noted for those ionograms conteining conjugate echoes as well as
for those ionograms not containing conjugate echoes, The
percentage occurrence of conjugate echoes on ionograms vas then
calculated as a function of ¥p incex, L value, local time and

calencar date,
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Tnere are two importent factors which must be
considered 'n an Interpretation of the results:

1. The orbital plane of the satellite precesses 1,78
degrees per day with respect to the sun so that for north-to-
south (or south-to-north) passes of the satellite the 1lncal
time at a given latitude changes slowly with the date (day of
year). Thus, a plot of percentage occurrence of conjugate
echoes as a function of local time can also be interpreted as
a plot of occurrence as a function of date,

2, The argument of perigee rotates 1,89 degrees per
day which is almost the same as the precession of the orbitel
plane with respect to the sun, Hence, the local time at
perigee (or apogee) changes less than 3 hours per year, About
one year of data is presented here and for these data perigee
occurs near noon and apogee near midnight, Thus the satellite

intersects the lowest L shells near noon.

Conjugate Echoes as & Function of Kp Index

The percentage occurrence of conjugate echoes on
ionograms as a function of Kp index for all the date with
0.2 xS { 2,0 Miz is presented in Figure 4. The error bars
are a measure of confidence for the points; they give the
standard error of the mean assuming, although it is not strictly
true, that all the data are independent and random, It can
be seen that the occurrence is independent or decreases very

slightly as the Kp index increases from 0 to 6, Muldrew (1963)
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and Loftus et al (1966) also r.oncluded that the occurrence of

ot

conjugate echoes was not correlated with Kp index,

At geomagnetic latitudes less than 30° Calvert and
Schmid (1964), using Alouette I data, found a weak negative
correlation between Kp and topside spread F (below the satellite
height) attributed to aspect-sensitive scatter, This agrees
with the low latitude results of Shimazaki (1959), Shimazaki
found that the correlation between occurrence of spread F and
geomagnetic activity is strongly negative for geomagnetic latitudes
less than 20° and strongly positive for latitudes between 20°
and 60°, In the present study 944 of the conjugate echoes
occur at L values greater than 1.25 and the geomagnetic latitude
corresponding to L = 1,25 at 300 km height is about 21°, Thus,
assuming L value to be a more appropriate parameter than geomagnetic
latitude, the relationship between the occurrence of conjugate
echoes and Kp does not agree with the positive correlation
between spread F and Kp found by Shimazaki from ground-based
stations at latitudes greater than 20°, However, the characteristics
of spread F are dependent on the epoch of the solar cycle
(Shinazaki, 1959) and Shimazaki's correlation results were for
high sunspot activity (IGY) whereas the data presented here is

for lower sunspot activity (1966).

Conjugate Echoes as a Function of L Value

The percentage occurrence of conjugate echoes between
21 hours and 04 hours local time is plotted as a function of L
in Figure 5, This period of local time was chosen because the

percentage occurrence of conjugate echoes remains fairly constent
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throughout the period (see Figure 6) and, as mentioned in the
introduction, the satelllte height remains near apogee,

To date, the highest L value for a conjugate echo
observed with Alouette II is 3,8, This is not a real cut-off
however since the sweep-frequency receiver is no longer tuned
to the frequency of the echoes that arrive after the long
delay for propagation along a duct with an L value of about
4 or greater,

The occurrence of conjugate echoes increases with
decreasing L down to about L = 1,4. There is an apparent rapid
drop in occurrence for L less than about 1,35, It is not
certain at present whether this drop 1s real since, due to
the characteristics of the satellite orbit, the .Jata at these
lower L values may not be represcntativz, If it is real the
distribution is not unlike the distribution of energetic
electrons (energy > 1 meV) with L value (latz, 1966).

In Figure 5 plots for 0,2 { fxS < 0,9 ¥Hz and for
0,9 ¢ £fx5< 1,25 MHz are given; plots for other classifications
are not given because of Iinsufficient data, For L less than
2.5 the occurrence of conjugate echoes for 0,9 { fxS { 1,25 Mz
is about twice the occurrence for 0.2 { fxS < 0,9 MHz, This
could be due to the lower efficiency of the antennas at lower
frequencies; however, because of the high echo signal strength
of conjugate echoes this seems unlirely. Fror ducting, the
transverse thickness of fleld aligned iorization irregulerities
would likely need {0 be in the order of a wavelength or nmore,

“hus, the two distiributions in I'igure £ coulc te explained if
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for L values between about 1,3 and 2,5, thin fleld-aligned
ionization irregularities of thickness less than about 300 meters
were more numerous than those of thickness greater than about

300 meters,

Conjugate Echoes as a Function of Local Time (Two-Hour Averages)

The percentage occurrence of conjugate echoes for
0.2 £xS ¢ 1.6 MHz (solid line) and for 1.6 { xS { 2.0 MHz
(dashed line) as a function of local time is given in Figure 6.
The data in the three classificetions between 0,2 { £xS < 1,6 Miz
were similar and for simplicity were included together, The
date were averaged in two hour intervals of local time, It
can be seen that the occurrence of conjugate echoes is less than
about 1% from about 10 to 16 hours local time, starts to increase
before sunset and reaches a maximum of about 114 just before
sunrise, In this plot the noon values are for heights near perigee
(500 km) and the midnight values are for heights near apogee
(3000 km), The Alouette I analysis (Muldrew, 1963) indicated
maxima at both midnigh“ and noon; the disagreement at noon might
be due to the lower heizht of Alouette II for noon data (S00
xilometers vs 1000 xilometers).

The cccurrence distribution of conjugate echoes for
‘he case 1,6 J fx5 2,2 lHz is quite different than that for
0,2 £x8 { 1,6 Mz, Although there are not many data during
the night with 1,6 [ fx5 { 2,c Mz, it eppears that the occurrence
of conjugate echoes begins 1o increase sonetime afler 21 hours
local tine, reaches a pealt scmevhere near 07 hours and drogs

off to near zero a: 12 hours, This type of distribv._.on is
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similar to that obtained by Loftus et al (1966) from the fixed-
frequency topside-sounder data, They obtained conjugate echoes
on 1,50, 2,00, 2,85 and 3,72 MHz, There thus appear to be two
quite different distributions for the occurrence of conJjugate
echoes as a function of local time; one for frequencies below,

and one for frequencies above, about 1,5 MHz,

Conjugate Echoes as a Function of Local Time

or Date (Helf-Hour Averages)

The percentage of conjugate echoes for 0.2 { fxS < 1.6 Miz
as a function of local time 1s given in Figure 7 (north-to-south
passes of the satellite) and Figure 8 (south-to-north passes),
The class for 1,6 { £xS { 2,0 MHz was excluded because there
are too few conjugate echoes in this class to make a significant
contribution to the graphs, The data for Figures 7 and 8 were
averaged in half-hour intervals of local time, It was mentioned
in the introduction that a plot of this type can also be
interpreted as a plot of cccurrence as a function of dete; the
day of the year is thus given along the top of the figures,
increasing from right to left,

In Figures 7 and 8 it is seen that the occurrence of
conjugate echoes with date or local time does not vary smoothly
but tends to have a considerable fluctuation, An attempt was
made, using all of the data of Figures 7 and 8, to determine
a regular period for the fluctuations, The best fit glves a
period of 1,75 hours in local time or 14.8 days 1in date, This
periodicity is illustrated in Figures 7 and 8 by the arrows,
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It can be seen that, in general, the peaks in the occurrence
distribution lie near the arrows, There are some exceptions
however, notably the large naximum in Figure 7 at 2130 hours
local time where a minimum might have been expected.

If it is assumed that the percentage occurrence of
conjugate echoes oscillates in local time, then this can be
interpreted as shown in Figure 9, The shaded regions are fixed
relative to the sun as the earth rotates beneath them and are
separated by 1.75 hours of local time, The shaded areas represent
regions in the earth's magnetosphere which are most favourable
for the formation of conjugate ducts,

/i different interpretation results if it is assumed
that the periodicity of the percentage occurrence of conjugate
echoes is one in date, Twice the period of 14.8 days 1s very
nearly the synodic period of the moon (29,53 days). For the
data presented in Figures 7 and 8 it appears that conjugate
ducting is most likely to occur when the position of the moon,
relative to the sun and earth, is in either of the two positions
shovn in Figure 10, This is not a simple tidal effect since
the location of Alouette II is not of primary importance in
deterrining when the occurrence of conjugate echoes is a maximum,

Further studies, using both Alouette I and Alouette II
data should determine whether or not the occurrence of conjugate
echoes oscillates with a regular period and whether the oscillation

is with respect to local time or with respect to date,
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Summary

The percentage occurrence of conjugate echoes on
Alouette II data from November 1965 to about Octcher 1966:

1, 1is either independent of Kp or decreases slightly
with increasing Kp for Kp between 0 and 6,

2, 1increases for night-time data, from about 1% at
L=3to 188 (0.2 fxS { 0.9 MHz) or 32% (0,9 { £xS { 1.25 MHz)
near L = 1,35 and then may decrease rapidly for L less than
this,

3, increases from a minimum of less than 1% near noon
(possibly affected by low satellite heights) to a maximum
of about 11% before sunrise for 0,2 { fxS { 1,6 MHz and for
1.6 { xS { 2,0 MHz increases from very low values between
13 and 21 hours local time to & maximunm near 07 hours,

4, appears to have an oscilletion in either local time or

calendar date with periods of either 1.75 hours or 14.€ days,
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Figure 1 After Muldrew (1963), An Alouette I ionogram recorded
at 1725 U,T. on Dec. 18, 1962, The propagation paths
of the various conjugate echoes are illustrated.
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Figure 2 After Loftus, VanZandt and Calvert (1966). An
Explorer XX ionogram, for a frequency of 1,50 MHz,
recorded cn Aug, 30, 1964. Conjugate echoes can
be observed at 1009:13 and 1009:14 U.T.
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Figure 3 An Alouette II ilonogram, showing two sets of

conjugate echoes, recorded at 2214 U.T., April 16,
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The standard error of the mean is given by the bars,
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PROPAGATION CHARACTERISTICS OF THE EQUATORIAL IONOSPHERE A8
MEASURED BETWEEN MAGNETICALLY CONJUGATE POINTS AT VHF

by E. D. Bowen

Bmyth Research Associates
3555 Aero Court

San Diego, California 92123

A transequatorial propagation experiment was conducted in the Far East {n
which an anomalous propagation mode appeared. This anomalous mode has been
interpreted as a fleld guided mode as suggested by the experimental evidence.

The program for studying the propagation characteristics of the equatorial
ionosphere was conducted from December 1866 to June 1966. In the experiment,
transmissions at 34, 45, 64 and 77 MHz from Okinawa were monitored at receiving
sites at Darwin, Australia and at Fiji. The Okinawa-Darwin terminals are very
nearly magnetically conjugate and separated by 4300 km. They occupy positions
on the same.L shell (L ~ 1.10), but are separated by about two degrees in
latitude. The Okinawa~-Fiji path of 7200 km is skewed to about 40° with the
magnetic equator. Horizontally polarized yagi antennas were placed three wave~
lengths above a smooth foreground at each experimental site and at each frequency.
Phase locked receivers with narrow tracking loops received the emmissions from
the stable frequency, 300 Watt, CW transmitters. These transmissions were on
occasion pulsed at a 25 cps rate and with a 100 microsecond pulse width for travel
time measurements.

Figure 1 shows the signal levels of received frequencies at Darwin (upper
half of figure) and at F{ji (lower half) for a characteristic day near the equinox.
Thirty-four MHz and occasionally 45 MHz occur throughout much of the day at
both Fiji and Darwin, but a propagation mode with markedly different character—
istics occurs at Darwin in the late evening hours (2200). The incidence of this
mode is displeyed by a significant increase in frequency support, with the lowest
frequency appearing first and the higher frequencies progressively.

The diurnal occurance of the guided mode is limited to the nighttime

hours with a maximum at 2300 local path midpoint 1ine. The seasonal variation
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maximizes at the equinox, but the biannual peaks in activity are broadened to
include the magnetic equinox which follows the vernal equinox by fourteen days.
This skewing of the seasonal dependence carries over to the solsticial periods
as a higher activity at northern summer than at northern winter.

Nearly free space signal levels (=~ -70 dBm) are produced hy the guided
mode on occasion. Generally a frequency independence for path 1oss is shown
that persists up to some cut off frequency. This cut off frequency varies with
each occurance of the mode, and severe path loss is noted beyond. An average
of all the guided mode occurances ylelds a A" 8 dependence for the path loss.

Figure 2 shows three fading distributions of the received signal at
Darwin. The lower histogram is the fading distribution obtained from a sample
of the normally propagated F layer modes. The fading frequency is 0. 25 Hz.
By contrast the fading distributions shown in the upper two histograms from the
gulded modes have more than an order of magnitude higher fading frequency.
The fading frequency was found to be transmission frequency independent and
near five Hertx.

I'xperimental evidence for the field guided mode was obtained from
elevation angie and relative travel time measurements. The experimental
travel time difference measurements agree with differences between the
calculated travel time for the numerous modes occuring over the trans—
equatorial path and the calculated travel time for the field guided mode.
Flg'ureaahow-nnddmdedptthlndmmmmlndlwerﬂdlpdo
magnetic field lines along the experimental magnetic meridian. The trapasoidal
mode occured regularly over the transequatorial path but did not display the
high fading frequencies of the field guided mode.

The occurance of this mode at 2300 local time coincides with equatorial
topsite spread F which displays magnetic fleld aligned irregularity structure and
occurs at a time when hsz (dotted line in the figure) is decreasing to below the
height of the field guiced path.
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