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1. INTRODUCTION

The topic of this chapter is very low frequency,

or VLF (~100 Hz to ~100 kHz), wave phenomena
~and their applications as diagnostic tools in magne-
tospheric research. These waves propagate through
the magnetosphere in what is known as the ‘whistler
mode,’ a reference to the fact that this mode ex-
plains the propagation of lightning-induced whis-
tlers. Some authors refer to all electromagnetic
waves propagating in this mode as whistlers, but
here we will avoid confusion by reserving that term
for waves originating in lightning discharges. Whis-
tler mode propagation is possible only in the pres-
ence of a magnetic field and at frequencies below
‘the electron gyrofrequency, the natural frequency
of cyclotron motion of electrons about the direction
~of the magnetic field. By contrast, high-frequency
propagation is possible only above the plasma fre-
quency, a natural oscillation frequency of the
. plasma. Under ordinary circumstances the plasma
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frequency is much higher than the electron gyrofre-
quency throughout the plasmasphere or inner mag-
netosphere and near the magnetic equator in the
more distant regions. The geomagnetic field thus
provides a low-frequency passband within which a
wide variety of wave and wave-particle interaction
phenomena may take place.

Whistler mode waves propagate at velocities well
below the propagation speed in a vacuum. The
group velocities are strongly dependent on fre-
quency, so that distinctive, readily identified wave
forms are received. Furthermore, the slow phase
velocities allow the waves to interact strongly with
energetic electrons, a phenomenon resulting in wave
growth and particle precipitation. :

In the whistler mode, wave normal direction and
ray path are strongly affected by the geomagnetic
field as well as by density gradients. The geomag-
netic field tends to guide rays in the field line
direction, but magnetic guiding alone is not suffi-
cient to make them follow the curving field lines

exactly. Figure 1.1e illustrates a ray path in. a

magnetosphere in which plasma densities decrease
smoothly with distance. The wave frequency is ~1
kHz; waves propagating in this ‘unducted mode’
may undergo a number of reversals of direction in
regions where the local lower hybrid resonance
(LHR) frequency of the plasma is equal to the wave
frequency [Edgar, 1972, 1976]. Their propagation
gives rise to many interesting phenomena that can
be observed by satellites. However, these subjects
arc beyond the scope of this chaprer.

While unducted whistler mode propagation de-
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of a whistler path (equatorial radius or endpoint

plasma distribution in the magnetosphere [Smith,
1960, 1961b]. This in turn led to the discovery of
the plasmapause [Carpenter, 1962, 1963, 1966], a
field-aligned boundary at which the equatorial elecs

\ tron concentration may -drop abruptly from a-few
A hundred per cubic centimeter to a few_pér cubic
\:\\\ centimeter within a fraction of an eartrradius. The

~

dense region. inside the plasmapause is called the
plasmasphere.

(a) : (b) An extensive survey of whistler and other VLF '

Fig. 1.1. Typical whistler ray path in (a) unducted mode and . wave activity was conducted during and immediately

(&) ducted mode. Dashed lines represent geomagnetic field lines. - fo]]owing the International Geophysical Year

(IGY), 1957-1958, with some 50 monitoring sta-

pends strongly on the large-scale gradients of plasma  igps extending from the equator to the poles. It -
density, ground-observed events depend upon the soon became clear that Antarctica was an ideal _

~ presence in the magnetosphere of density irregulari- place for VLF research, and substantial VLF re-
ties of varying sizes. Electron density gradients gearch efforts were launched at a few key antarctic —-

associated with field-aligned irregularities can trap  gtations. The favorable factors in Antaretica include
whistler mode waves and guide them in such a way  low levels of both man-made.and natural electro-
that both the wave normal angle and the ray-path magnetic noise such as sferics, low ionospheric ab-
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latitude) and permitted more detailed studies of -

direction are confined within a small cone about the $orption during long winiter nights,-and exceptionally

field lines [Smith, 1961a; Helliwell, 1965]. Figure high whistler rates. The Eights-Siple area in Antarc-

1.1 illustrates schematically a snakelike ray path tica has the world’s highest whistler rates, often
inside such a ‘whistler duct.” If the ducting effect exceeding one whistler per second during austral
continues down to ionospheric heights in the conju-  winter, This is due to the fact that the conjugate
gate ionosphere, the ducted waves can penetrate region in northeastern North America provides ex-
the ionosphere and, after propagating in the earth- efjent lightning sources at relatively high geomag-
lonosphere wave guide, be observed at ground sta-  netic fatitudes. Whistlers recorded at Eights (1963~
tions within a radius of ~1000 km of the exit point. 1965) led to a number of important breakthroughs;

A typical duct may measure a few hundred kilo- hjs provided a strong motivation to establish Siple

meters in diameter at the equator and have density = Station in the same generai area. Winter-over oper--

enhancements of the order of 10% or more above gtions at Siple started in 1973.

the background level [Angerami, 1970]. There may It is convenient to divide the discussion-of VLF
be.as many as 30 or more ducts within the viewing
range of a whistler receiver, part or all of which
may be illuminated by a given lightning discharge.{ of <~10 evmimagnetosphere deduced from
This allows simultaneous probing of a large volume “ifE"dispersion characicristics of WhistUSTS THE Sec.
in the magnetosphere (2= L = 6, ~+20° longitude) ond part deals with the effects of energetic electrons

ss the dynamics of the thermal plasma (energies

from a single ground station. Furthermore, because (energies of >~100 eV) that give the magneto-

of the long-enduring nature istler. ducts it is. - sphere its amplifier-oscillator properties. Energetic
possible™to monitor the same plasma continuously electrons are not usually present in sufficient num-

for many hours: -These factors make whistlers a - bers.to affect the propagation_ch istics of the
powerful diagnostic tool, waves. but have. sufficient@o ‘cause:
1

Historically, whistlers provided the first evndence strong wave growth.

. that the earth’s plasma envelope extended far be- : : T
'yond the normal ionospheric F layer heights [Storey, 2. WHISTLER STUDIES OF

1953]. This opened a vast new region for explora- PLASMASPHERE DYNAMICS .

tion which later came to be called the protonosphere Whistler probing of the structure and dynamics of

or magnetosphere. The discovery of nose whistlers the magnetospheric thermal plasma is important for

[Helliwell et al., 1956] a few years later made it many reasons. This plasma provides a reservoir for -
~-possible to determine the magnetic shell coordinate  the underlying ionosphere. It also forms the dense
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phenomena into_two parts.“In the first part wg\\%r
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‘cool’ background that is threaded by the radiation
-belts, which represent the much more tenuous but
 far more energetic component of the plasma. The

L
\7 & cool and hot magnetospheric plasmas interact in
‘ \l\(;{ {j\f important but subtle ways. For example, the thermal
JJ' (oé’ plasma controls the wave refractive index and thus
o v determines certain conditions of interaction between
VLF waves and high-energy particles.

\‘Th'rough_m urements topology of the
plasmapause and of t cross-L tions of whistler
paths the whistler techmgque vides information

on magnetospheric convection, the circulation. in-
duced by the ‘wind’ of solar plasma in its encounter
with the earth’s magnetosphere. The whistler tech-
nique also provides important information on the
compliex magnetospheric substorm, a disturbance
event of fundamental importanceé in which stored
energy is dramatically redistri'buted and dissipated.

2.1.

" The success of whistler dtagnosﬂcs of the plasma-
sphere derives from the excellent- -agresment: be-
“tween observed whistler frequency versus time char-
acteristics and the predictions of a relatively straig
forward propagation theory. For longitudinal pyop-
agation in a ducted mode the whlstler trave tlmﬁeﬁ

g™
et‘f““ 29

Whistler Technique

fﬁ[l«» (f/fy)]"” ;s

= 3 @.1)

igned path, ¢ is the
wave. frequency,

electron gyrofrequency, an @Qs the plasma fre-
~ quency. The integration is over the entire path
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Fig. 2.1. . Frequency-time characteristics of a nose whistler.

SPLHERE RESEARCH IN ANTARCTICA

above the@—) edges of the m}phere If we °
adopt any reasonable fild line distribution models
for fy and f£,, the resulting t(f} curve accurately
describes the shape of whistlers as illustrated in
Figure 2.1. The frequency of minimum travel time .
is called the nose frequency f,; it is roughly propor-
tional to the minimum electron gyrofrequency along
the path (fyeq)- The ‘constant’ of proportionality is
weakly dependent on the path latitude as well as on
the field life distribution models of f, and f. Fora
diffusive efuilibrium model, f, = 0.37fge,, While
for a collisionless model that might apply when
plasma depsities are extremely low we obtain f, '
= 0.41fzeq. OnCE fyreq is known, it is straightforward
to determine the path equatorial radius from the fH
model. Iffa part of a whistler containing the nose is
not visibje on a spectrogram, it can be reconstructed

_from vigible portions of the whistler trace by.using :

several curve-fitting techniques that have
developed recently (see, for example, Ho and
Bérnard [1973), Smith et al. [1974], Corcuff and

Lorcuff [1973], and Tarcsei [1975])

A measurement of 7, for a given path prov1des a
scale factor for the assumed field line model of the

\ 'distribution of f,. Since plasma frequency f, is pro--

ortional to n, %2, where n, is the electron density,
p e ¥

~ an estimate of electron densities  everywhere along

the path can thus be made: For reasons discussed

below, electron density estimates near the equator

are much less model dependent than those at low

.. altitudes. A very. useful parameter, which is even

less model dependent than equatorial density, is
tube content Nyp. It is commonly defined as the total
pumber of electrons in a flux tube extending from
1000-km altitude to the equator and having 1-cm?
cross-sectional area at the base.

An abrupt upper cutoff frequency of whlstiers.
fuco» i believed to be determined by trapping condi-
tions inside enhancement ducts. Propagation theory
predicts that trapping should be effective only at
frequencies below fi/2 [Smith, 1961a]; hence waves
whose frequencies exceed fyeq/2 should leak out of
ducts before they reach the equator and fall into the
unducted regime. This has been vérified by satellite
observations of leakage from ducts [Angerami,
1970] as well as by statistical studies of ground
whistlers [Carpenter, 1968].

Figure 2.2 shows two examples of whistlers along

‘with equatorial electron density profiles deduced

from them. In each spectrogram the causative sferic

is marked by an arrow. The smooth fu-fp locus in '

the first whistler yields a correspondingly smooth
electron density profile as indicated by solid circles.
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Fig. 2.2, Fréquency4time spectrograms of two whistlers recorded at Siple, Antarctica. Arrows mark the causative
sferics. The lower plot shows equatorial electron density profiles deduced from the two whistlers: solid circles, June 23

whistler; open circles, September 11’ whistler.

In the case of the second whistler the Ja-ta locus is
irregular. At low values of fa» nose travel time ¢, is

also low; this is due to the density drop at the .

Plasmapause, located in this case near I = 4.5
(open circles). In the analysis the geomagnetic field

‘Was approximated by a centered dipole. A diffusive

equilibrium model of plasma density was used inside
the plasmapause, and a collisionless model was used
outside. Evidence in support of this choice of models
was found by Angerami [1966] and Angerami and
Carpenter [1966]. However, since collisions must

oceur at some finite rate, collisionless models repre-
sent idealized situations that may be approached -
only if electron densities are extremely low. In most

cases, including the case under discussion here, the

use of a collisionless model probably underestimates
equatorial densities by factors of up to about 2.
Returning to (2.1), we see that the integral is
heavily weighted in favor of the equatorial region,
where fy is small. For L = 2 it is found that about
80 % of the whistler propagation delay occurs within
%£30° of the equator, where both fo and fi; vary
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slowly with distance along field lines. Thus the
equatorial parameters deduced from whistlers are
remarkably insensitive to assumed field line distri-
bution of f, and f;. Inside the plasmapause, typical
model-dependent errors in fye,, R, and Np are
estimated to be less than 1%, 10%, and 4%,
respectively. Qutside the plasmapause the use of a

collisionless model may cause fyeq, #eq, and Ny to be

underestimated by as much as 10%, 50%, and
10%, respectively. A detailed analysis of the whis-
tler technique, including model-dependent and
other sources of error, can be found in a study by
Park [1972]. '

2.2. The Plasmapause

The first measurements of the density gradients
associated with the plasmapause were made during
the IGY by whistler techniques [Carpenter, 1963]
and by two USSR lunar probes [Gringauz et al.,
1960]. The Lunik probes provided in situ evidence
of steep gradients in positive ions, while the whistler
~data indicated that the corresponding knee or den-

sity gradient in the electrons was of frequent occur-
rence and that its equatorial distance varied in- -

versely with magnetic activity. The recognition of
the regular existence of a worldwide boundary and
its identification as the ‘plasmapause’ followed fur-
ther studies based on antarctic whistlers (described
below). In the middle and late 1960s, satellite
measurements in the pioneering Ogo series helped
to confirm and extend the whistler results [Taylor et
al., 1965; Chappell et al., 1970]. Although it had
not been predicted theoretically, the plasmapause
rapidly gained general acceptance. Today it is rec-
ognized as an important boundary not only because
its dynamic behavior serves as an indicator of large-
scale magnetospheric convection activity [e.g., Ax-
- ford, 1969], but also because the sharp density
drop across the field-aligned boundary gives rise to
* & variety of interesting phenomena. Examples in-
- clude special classes of VLF [e.g., Carpenter et al.,

1968] and ULF [e.g., Lanzerotii et al., 1974] phe-
nomena, ‘strong pitch angle diffusion of energetic

particles [e.g., Williams and Lyons, 1974], and the -

excitation of stable red auroral arcs [e.g., Hoch,
1973]. :

The plasmapause has also been assocnated with a
number of ionospheric features such as the mid-
latitude electron density trough [e.g., Muldrew,
1965] and the light ion trough {e.g., Taylor and
Walsh, 1972]. However, the coupling between the
equatorial plasmapause region and the underlying
ionosphere is a complex problem; depending on
geomagnetic conditions, the two regions may be

dominated by fundamentally different physical proc-
esses. For example, a stable nighttime ionosphere is
expected to reflect the presence of the équatorial
plasmapause, but not if the ionosphere is sunlit or is -
disturbed by some other process [Park and Banks,
1975; Grebowsky et al., 1977]. More experimental
and theoretical work is needed before ionospheric
observations can be used for -tracking the plasma-
pause position. We will now review properties of
the plasmapause deduced from whistler observa-
tions.

Early whistler data from the northern hemisphere

- IGY network and from Byrd Station, Antarctica,

suggested that the plasmapause, or ‘knee’ as it was

“then called, was a persistent feature of the magne-

tosphere [Carpenter, 1963]. There was a need for
better experimental evidence on this point. Several-
day-long time series of data on plasmapause position

- were needed in order to identify diurnal effects and ™

responses to changes in magnetic activity. Data of
this type became available after broadband VLF
recordings were initiated at Eights Stauon in 1963.

'Some of the key findings follow.

Electron density and tube content near the plasma-
pause. At the knee, or plasmapause, equatorial
electron density decreases with distance by a factor
of 30-100, while tube content decreases by a factor
of about 10. The equatorial density decrease may
take place within <0.15 R and the content change
within <(1° latitude at 1000 km.

Density and content profiles representing moder-
ately disturbed magnetic conditions were obtained

- for both the nightside and the dayside of the earth

[Angerami and Carpenter, 1966). These results pro-
vided some of the first clear evidence of the essen-
tially worldwide nature of the plasmapause.

Diurnal variation of the plasmapause position. In -
July 1963 there were several weak magnetic storms;
the plasmapause radius exhibited a generally repeat-
able and distinctive diurnal pattern during the sev-
eral days of relatively steady but moderate geomag-
netic agitation (Kp = 2-4) that followed the onset
of each storm [Carpenter, 1966). Figure 2.3 shows
whistler data on plasmapause radius in earth radii
versus universal time and magnetic local time at -
Eights on four successive days, July 7-10, 1963. At
the end of each panel are periods of overlap with
the preceding and following days. The daily mean
values of plasmapause radius are in the range 3.5~
4.0 Rg. There is a minimum radius in the dawn
sector and a maximum in the premidnight sector;
the difference between the maximum and minimum
radii is about 1.5 R,

F:gure 2.4 shows this behavior on a polar plot of_
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Fig. 2.3, Variation of the plasmapause position in units of
earth radii plotted against time for four consecutive days in July
1963. The data for 3 hours before and after 00 UT are repeated
in each panel. The observations were made at Eights, Antarctica.
Open or solid circles connected by a line represent the range
within which the plasmapause lies. An arrow connected to a data
point represents an inner limit of the plasmapause position [from

- Carpenter, 1966].

equatorial radius versus magnetic local time. The
solid curve represents an average of July-August
1963 days of moderate steady agitation (such as
those in Figure 2.3). There is a rapid change in
radius with local time near 18 LT associated with
the region of larger radius called the ‘bulge.’ Be-

- .cause of the repeatability and the extent of the data

it was inferred that the solid curve of Figure 2.4, a
result of averaging over time, represents the large-
scale spatial characteristics of the plasmapause un-
der conditions of moderate steady magnetlc agxta—
tion.

Response of the plasmapause to magnetic disturb-
ance. Earlier whistler studies had suggested that
the plasmapause radius decreases with increasing
magnetic activity [Carpenter, 1963}. The data from
Eights provided extensive new documentation of

-this effect. Figures 2.5¢ and 2.5b display plasma-

pause position data during two 4-day periods. The
periods had approximately similar magnetic disturb-
ance histories as shown by the Kp index (values

increasing downward). Two days of quieting were

" oo

Fig. 2.4. The average equatorial radius of plasmapause ver-
sus local time under moderately disturbed magnetic conditions -
(Kp = 2-4). The observations were made in July and August
1963 at Eights, Antarctica (adapted from Carpenter [1966]). -

followed by weak gradual-commencement magnetic
storms. The plasmapause response was similar in

- the two cases. During the two initial days of quieting

there was a generally increasing trend in the radius.
Then during the first storm-day the radius dropped
to a minimum of 3.0-3.5 Rg. A diurnal pattern
similar to the patterns of Figure 2.3 then developed
on the fourth day as the several-day recovery phase
of the storms began.

Significant inward displacements of the plasma—
pause, observed from a ground station, were thus
found to occur within a period of the order of 6
hours following an increase in the worldwide dis-
turbance index. Later studies showed that in a
worldwide sense the disturbance response of the
plasmasphere is very complicated, owing in part to
the inhomogeneity. of the coupled magnetosphere-
ionosphere system and to spatial and tempora] limits
on disturbance activity.. : = .

Physical interpretation of the pfasmapause phe-
nomenon.  The relatively low densities beyond the
plasmapause are generally attributed to coupling of
this outer region to more distant regions of low

- plasma density such as the magnetotail [e.g., Nish-

ida, 1966] or interplanetary space [e.g., Brice,
1967]. The coupling is believed to occur through
the combined effects of solar wind induced magne-
tospheric convection and a flow regime associated
with the earth’s rotation. The combined effects of
the two regimes are such that in an inner magneto-
spheric region the flow lines enclose the earth, The
plasmapause represents the outer limit of this re-
gion; beyond it the plasma circulates so as to be
carried to and from the outer reaches of the magne-
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Fig. 2.5. 'C_ompa'ri's_oﬁ of the’ plasmapause equatorial radius observed at Eights, Antarctica, with Kp [from.Carpemer, 1966).

tosphere. When the high-altitude portions of a con-
vecting field-aligned region temperarily reach ‘the
magnetotail or interplanetary space, enhanced up-

flows of plasma can occuf, effectively evacuating

the region and giving rise to the low average densny
level observed beyond the plasmapause.
A number of important interpretive ideas were

“ developed by Brice [1967], who noted the evening

bulge or local time asymmetry in plasmapause radius
and interpreted this effect as being due to local

. opposition of the flow associated with .the earth’s

rotation by a large-scale sunward flow associated
with a dawn-dusk electric field in the magneto-

sphere. Figure 2.6, reproduced from Brice’s [1967]
Figure 15, shows postulated equatorial flow pat-

. terns.

‘Although these ideas continue to be widely ac-
cepted, continuing research has shown the plasma-
pause-plasmasphere system to be a complex dynam-
ical phenomenon. Interpretive models capable of
reproducing the known complexities are only grad-
ually being developed; the models require informa-
tion on magnetospheric electric fields and on com-

plex ionization interchange processes along geomag-

netic field lines. These are subject areas in which

‘much remains to be done both experimentally and
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Fig. 2.6. A model of plasma flow pattern in the equatorial
magnetosphere (adapted from Brice {1967]).

theoretically and in which antarctic researchers have
a major continuing interest (see later sections).

" The plasmasphere bulge. The dynamic nature of
the plasmasphere was evidenced in studies of the
bulge or duskside increase in plasmapause radius
[Carpenter, 1970]. It was found that the local time
at which a ground station first detects the westward
end of the bulge depends on magnetospheric sub-
storm activity. The earlier local times, near dusk

and in-the afternocon sector, were associated 'with -

periods of increasing or sustained substorm activity,
while later times, between dusk and midnight, were
associated with quieting. These observatioris of the
plasmapause boundary were interpreted as evidence
of sunward surges of plasma in the duskside plas-
masphere during substorms, coupled with a ten-
dency for the outer plasmasphere to move in the
direction of the earth’s rotation during quieting. In

- these studies it was inferred that the dusk sector is a

region of exceptionally intense plasma flow activity
in the middle magnetosphere. Related findings from
spacecraft and from ground-based probing tech-
niques at high latitudes have confirmed and ex-
tended this picture. Ogo 5 satellite data on outlying
plasma structures or ‘detached plasmas’ at 6-9 R,
suggest that such structures develop in the dusk

sector during substorm flow activity [Chappell, -

1974]. High-latitude measurements of plasma flow
or associated electric fields at ionospheric heights
show relatively large sunward flow activity in the

‘dusk and “dawn sectors [Cauffinan and Gurnett,

1972; Heppner, 1972, Mozer, 1976; Banks et al.,

1973]. :
Propagation effects at the plasmapause. The plas-

mapause appears to serve as a guide and a trap of
VLF waves in a manner that is not yet well under-
stood. In most cases of plasmasphere propagation
and frequently in ducted propagation well beyond
the plasmapause, there is an intensity cutoff in
whistlers at about 1.3f,, which corresponds (from

- dispersion analysis) t0 fy,,/2, or half the equatorial

gyrofrequency of the path [Carpenter, 1968}. How- -
ever, whistlers propagating just outside the bound-
ary frequently extend well above this limit. Figure
2.7 shows two examples recorded 1 hour apart on
June 9, 1965, at Eights, Antarctica. Both events
extend to =2f,, or to =0.8f,,. ’
Propagation just beyond the plasmapause may
include multihop echoing above fy,./2, an effect not
observed in ordinary ducted propagation. On some
occasions the activity includes noise bands near or
above fye,/2. Figure 2.8 shows an example of such
activity following the development of a moderate
magnetic storm on July 6, 1965. The upper part of
the figure shows 1-min samples of VLF spectra
recorded at Eights, Antarctica, at 15-min intervals
over a roughly 3-hour period from 1450 to 1736
UT. Below the broadband records is part of a

continuous chart recording of wave field strength in ™~

microvolts per meter in the band 7-12 kHz. Data
from 1400 to 1600 UT are shown. The five times at
which synoptic recordings are available on the
panels above are noted by arrows above the chart.
The corresponding spectra are marked by asterisks.

Banded noise activity is present during most of
the approximately 3-hour period represented by the
VLF spectra. The frequency, the intensity, and the
bandwidth of the bands vary with time; occasionally,
there are two bands. On the 1720 UT record a new
band develops as an existing one continues. Near
1520 and 1535 UT there appear to be quasi-periodic
increases in band center frequency with time; the
oscillations on the chart below suggest that new

03 JUN 65
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Fig. 2.7. Two examples of whistlers propagating. just outside

the plasmapause.
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Fig. 2.9. Example of a whistler cutoff and LHR noise breakup observed by the Alouette 1 satellite as it crossed the plasmapause region at

~1000-km altitude [from Carpenter et al., 1968).

bands appeared at intervals of about 1-2 min at this
time.

In the upper right half of the 1520 record is an
example of a whistler echoing near 15 kHz along
the plasmapause. Roughly 20 echoes of the rising
upper frequency part of a whlstler appear agamst a
diffuse bandlike background.

Plasmapause-associated wave phenomena ob-
served from satellites. It is known from ground
whistler probing that the plasmapause is particularly -
well defined during periods of either increasing
magnetic activity or moderate but relatively steady
magnetic agitation [e.g., Carpenter and Park, 1973].

A corresponding statement applies to VLF observa-

tions of the plasmapause from polar-orbiting satel-
lites. During such periods there occur abrupt
changes in whistler and VLF noise activity at the -
boundary [Carpenter et al., 1968). The effects are

illustrated in Figure 2.9, which shows broadband =™

VLF spectra telemetered from the Alouette 1 satel-
lite to Byrd, Antarctica, on August 26, 1965. The
uppef panel shows VLF activity as the satellite

moved from about 50° to 62° invariant latitude. 7 -

The lower panel shows an expanded view of the
activity near the plasmapause crossing, which took °
place at ~0941:48 UT. The crossing is characterized
by an abrupt disappearance of whistlers propagating
from the conjugate hemisphere, Until 0941:48 UT,
whistlers propagating within the plasmasphere ap-
peared at a rate of several per minute. The rate
then dropped abruptly; after 0942:03 UT, essen-
tially no such whistlers were seen. Inside the plas--
mapause at A < 57° the LHR noise band, which is
a characteristic VLF feature on satellites with long
electric antennas [Brice and Smith, 1964], decreased
sIowly or remained relatively steady near 8 kHz,
This is an indication of relatively normal plasma- |
spheric conditions. At 0941:48 UT the noise band
began to ‘break up,’ and its apparent lower limiting .
frequency decreased. This is a characteristic feature
of plasmapause crossings; the apparent decrease in
the LHR frequency is indicative of passage into a
‘light ion trough’ [Taylor, 1972], where O* is the
domirant ion species. The intensity of the noise
activity just beyond the plasmapause is indicated by
the automatic gain control action of the receiver,
which suppressed the interference line that appeared
near 2.4 kHz within the plasmasphere.

Beginning at about 0942:20 UT there appeared a
series of impulsive noises which exhibit a lower-
intensity cutoff near 2 kHz. Close inspection of
these cvents reveals that they were produced by
whistler traces propagating along the outer surface
of the pldsmapdusc



82
2.3. Magnetospheric Electric Fields

At altitudes above ~100 km, electrical conductiv-
ity in the direction of the geomagnetic field B is so
large that the electric field component parallel to B
is negligibly small. (Exceptions may be found at
high latitudes where large parallel electric fields are
believed to be produced inside electrostatic double
layers or in anomalous resistivity regions. Such
" phenomena, however, are beyond the scope of this
chapter.) For many practical purposes, particularly
in the plasmasphere, where thermal plasma densities
are high, magnetic field lines can be considered

equipotentials. If we assume a fixed potential differ-

ence between two such field lines, the electric field
strength between them should vary in inverse pro-
portion to their separation. Thus electric fields mea-
sured anywhere above ~100 km can be mapped up
and down along magnetic field lines in a stralghtfor—
ward way.

If we assume perfectly conductmg field lines and
an electric field E, the plasma assumes a bulk flow

velocity v given by v = (E x B)/B®. The flow is.

perpendicular to both E and B. Furthermore, it is

flux .preserving; as it moves, a tube of ionization -

changes its volume and shape so as to preserve the
amount of magnetic flux threading the tube. Thus
field-aligned structures such as whistler ducts should
remain field aligned as they undergo E x B drift.
Whistler ducts embedded in the plasma have in fact
served as convenient markers to measure cross-L or
meridional drift velocities and the associated electric
fields. The technique allows measurements of elec-
tric fields as small as 0.02 mV/m in the equatorial
magnetosphere and has been used since the mid-
1960s to-study electric field distributions during
both magnetic disturbances and quiet times. At
middle latitudes the whistler technique offers special
advantages over other known methods in terms of
both sensitivity and data coverage.

Inside the plasmapause the whistler nose fre-
quency is given by (from section 2.1)

fu= 037 e = 1.04 X 1098,

if the minimum electron gyrofrequency fy., and fn'
are measured in hertz and the minimum B field B,,
is measured .in teslas (1 T = 10® y). A change in f;
. can be written in terms of two components:

dfa

R = 1.04 x 100 (%4-
a

. v- vseq) 2.2)

" The first term represents temporal variations of B,
- whereas the second term is due to convection of

-including storm and substorm periods,.

‘whistler technique. -

UPPER ATMOSPHERE RESEA.RCH IN ANTARCTICA

ducts into regions of different B,,. The ‘convection
velocity at the equator is given by

v=(ExB,g)/B,? @2.3)

where E is the total electric field including potential
(Vx E, = 0) as well as induced (V x E; = — (3B/dr)
fields. Combining (2.2) and (2.3) and separating
the two types of electric fields, we obtain

a1 a0 | 2Bes (meﬂ
i 1.04 < 10 o + E; - B2

o (53] e

The first two terms inside the bracket represent
effects due to changing magnetic ficlds and can be
significant during storm sudden commencements
(ssc) and sudden impulse (si) events [Park, 1975]. -
Whistler observations during such periods have po--
tential applications in studies of the response of the
magnetosphere to sudden changes in the solar wind
pressure that cause ssc and si. During other times,
the third
term dominates, and the observed changes in f, are
interpreted largely in terms of potential electric
fields {Block and Carpenter, 1974). In a dipole
model a westward électric field £, in the equatorial
plane is then given by '

Ey=21X 102423 /dt V/im (2.5

The conventional whistler technique provides no
information about the radial component of electric
field (north-south component at ionospheric
heights). In principle, direction finders can follow
the motion of duct exit points and resolve both
north-south and east-west components of the electric
field. Recent developmental efforts in direction-
finding techniques have produced several systems
that show promise of fulfilling these expectations
[Bullough and Sagredo, 1973; Leavitt, 1975; Tsu-
ruda and Hayashi, 1975].

We now briefly review results on magnetospheric
electric fields obtained through the conventional

Substorm electric fields. During magnetospheric
substorms, electric fields originating at auroral lati-
tudes penetrate deep within the plasmasphere.
These fields show complex temporal and spatial

variations; however, after many case studies, certain ~

repeatable features begin to emerge. Some features

are well established now, while others must still be .

considered tentative.
One of the well-established features of substorm
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electric fields is a westward field that appears in the

postmidnight sector [Carpenter and Stone, 1967;
Carpenter et al., 1972]. This is illustrated by an
example in Figure 2.10. The nose frequency and
the corresponding path equatorial radius are plotted
as functions of time for several différent whistler
ducts. The vertical scale on the right is linear in f,2/3,
so that a constant slope indicates a constant elec-
tric field (see (2.5)). A westward field of ~0.3
mV/m appears at the onset of substorm activity at
~0615 UT as indicated by the auroral electrojet
(AE) index.

In a large number of case studles a westward
tield, typically of 0.2-0.5 mV/m in the equatorial
plane, emerges as a repeatable substorm signature
between about 00 and 04 magnetic local time
(MLT). These local time boundaries may shift in
either direction, depending on individual substorms.
The boundary on the midnight side is particularly
well defined; prior to ~23 MLT, E, during sub-
storms may be near zero or slightly negative [Park
and Carpenter, 1970]. Near 04 MLT a frequently
observed feature ‘is a-temporal reversal from west-
ward to eastward fields (inward to outward drifts)
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Fig. 2.10.- Westward magnetospheric electric fields deduced

from drifting whistler ducts. The data points show variations in

nose frequency (vertical scale at right) und corresponding equa- -

torial crossing radius (vertical scale at left) as functions of time
on July 13, 1965. The whistlers were recorded at Eights; Antarc-
tica, where local magnetic time is ~5 hours behind universal
time. Nonlinear vertical scales are used so that a constant slope
in the plot would correspond to a constant electric field as

indicated in the upper right-hand corner. The curve at the top -
shows the AE index (adapted from Carpenter and Stone [1967]).

at the cessation of isolated substorms [Carpenter et .
al., 1972; Carpenter and Seely, 1976]. During pro-
longed substorm activity, apparently as part of the
process by which the worldwide average plasma-
pause radius is substantially reduced, westward sub- -
storm fields and associated cross-I. inward drifts
tend to persist until ~06-07 MLT [Carpenter et al.,
1972].

On the dayside, substorm fields usually have
eastward components associated with plasma flow
in the generally sunward direction [Carpenter and
Seely, 1976]. In the dusk sector, eastward fields of
the order of 0.2 mV/m in the equatorial plane have
been observed to extend as far as 20 MLT [Park,
1976a]. The present picture is not clear in the dawn
sector. .

The ionospheric counterpart of the magneto-
spheric electric fields discussed above is expected to

ccontribute to F, layer disturbances through the ver- ™~

tical component of E x B drift, as was first suggested
by Martyn [1953]. Experimental evidence for such
effects has been found in 10nosonde data [Park and

_’Meng, 1973; Park, 1976a].”

‘Quiet time’ electric fields. During magnetically
quiet periods (Kp = 0-2), magnetospheric electric
fields near L. = 4 deduced from whistlers show a
generally repeatable diurnal pattern. The magneto-
sphere rarely remains quiescent for several days in
succession. However, owing to the extensive time
coverage of whistler data, Carpenter and Seely
[1976] were able to base a description of ‘quiet
time’ electric fields on cases preceded by several
days of quiet. The results not only serve as a
reference in studying substorm eiectric fields, but
also provide information on the ionospheric dynamo
process, another important source of electric fields
in the ionosphere and the magnetosphere [e.g.,
Matsushita, 1971]. '

Figure 2.11 shows the equatonal electric field
near L = 4 on two exceptionally quiet days. The
curves represent the results of Fourier analysis of
30-min average electric fields. The fields are largest
on the dayside, in contrast to fields observed during
disturbed times, and in the afternoon-dusk sector _

‘their sense is opposite to thdt of the substorm fields

discussed above.

Although the origin of these quiet time fields is
not yet known, dynamo winds in the ionosphere
may possibly be an important causative factor [Car-
penter and Seely, 1976]. The whistler results are in -
general agreement with several of the predictions of
dynamo theory |Maeda, 1964; DeWirt and Akasofu,
1964; Schieldge, 1974] and also with dayside inco- -
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herent scatter radar measurements made at iono-

spheric heights [Evans, 1972].

2.4. Plasma Flow Between the Ionosphere

and the Magnetosphere

The study of plasma flow between the ionosphere
and the magnetosphere is complicated by the fact
that the two regions are dominated by different ion
species: OF ions in the ionospheric F region up to
about 1000 km and H* ions above that level. NO*
and He™ ions are also present, but at middle lati-
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Fig.2.11. Leocal time variations of quiet time magnetospheric

electric field near L. = 4 deduced from whistlers on two different

days [from Carpenter and Seely, 1976].

tudes they usually remain minor constituents every-
where at F region heights and above. The term
‘protonosphere’ is conveniently used to refer to the
upper region where H* is the major ion. '
Figure 2.12 illustrates typical height distributions
of electrons and ions at middle latitudes. The tran-

‘sition level is where the dominant ion species

changes, while the critical level marks the boundary
between the region of chemical control and the

tegion of diffusive control for H* ions. Below the

critical level, H* density is controlled primarily by

the charge exchange reaction H + O* 2 H' + O;

above thé critical level, diffusion dominates over
chemical reactions. The corresponding critical level
for O* is below the F, layer peak.

In order to maintain charge neutrality it is clear
that electrons flowing upward from the ionosphere
into the protonosphere must be accompanied by an
equal number of protons. Since: the source of pro- .
tons is in the chemical equilibrium region, well |
below the transition level, the upward moving pro--
tons. must suffer frequent coulomb collisions with

* the dominant . OF "ions before escaping into the

protoriosphere. This severely impedes the upward
plasma flow, and the region between the critical
level and the transition level has been called the ‘dif-
fusive barrier’ [Hanson and Ortenburger, 1961].
Theory shows that regardless of how low plasma
pressure is in the protonosphere, the upward flux of
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Fig. 2.12. A schematic illustration of electron and ion distributions in the ionosphere.
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H* ions has a well-defined upper limit, determined
by the conditions in the diffusive barrier region
[Hanson and Patterson, 1964; Geisler, 1967; Banks
and Holzer, 1969].

Whistlers provide a unique tool for studying
ionosphere-protonosphere coupling. Figure 2.13 il-
lustrates a ¢ase in which the daytime filling rate of
the protonosphere could be measured by continu-
ously monitoring f, and ¢, for four different ducts
(Figures 2.13¢ and 2.13b). The L wvalues of the
individual ducts remained fairly constant throughout
the period of observation (Figure 2.13¢), but the
corresponding tube electron contents increased
steadily (Figure 2.13d). Since diffusion across mag-
netic field lines is negligible above 1000 km, the
tube content increases can be interpreted in terms
of field-aligned flow from the underlying iono-
sphere. Figure 2.134 implies an average upward
flux of 3- X 10%-el cm™ s7!.. These observations
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were made during a poststorm recovery period when

the protonosphere was still depleted. (Compare
tube contents in this case with typical values in -
section 2.5.) Therefore the flux quoted above is

probably close to the limiting flux value.

Although upward fluxes of this magnitude may
significantly deplete protons in the topside iono-
sphere, they have little effect on the normal F,
layer, where there is copious production of O* and
electrons by photo-ionization [Park .and Banks,
1975]. The real significance of these fluxes as far as
the F, layer is concerned lies in the fact that they
set an upper limit on how much plasma can return
to help maintain the layer at night without depleting
the plasmasphere. (The maintenance of the night-
time F layer has been discussed extensively in the
literature because of earlier difficulties in explaining
the persistence of ionization in the absence of photo-

- ionization [Hanson and Patterson, 1964; Yonezawa, -
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Fig. 2.13. (a, ) Plots of whistler nose frequency and nose time delay versus time for four different duets. The
whistlers were recorded at Eights, Amarctica, on June 18, 1965. (C, d} Equa[(\ria] Crossing radius and clcct_ron tube
content corresponding to Figures 2.13a and 2.136 [from Park, 1970].
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1965; Stubbe, 1968; Titheridge, 1968].) An upper
limit of 3 x 10% el cm~? 57! is sufficient to allow the
plasmasphere to maintain a nocturnal F layer with a
peak den51ty of =10° elfem™. This is an important
factor in explaining ionospheric behavior during
long winter nights when the peak density remains
constant or even increases slightly. Recent theoreti-
cal work shows that the plasmasphere has a strong
stabilizing influence on the underlying nighttime F
layer; the upper region tends to regulate plasma
flow in such a way as to maintain the peak iono-
spheric density at a certain level [Park and Banks,
1974]. This level is determined by plasma pressure
in the high-altitude plasmasphere but is remarkably
insensitive to conditions at F layer heights.

In the mid-latitude plasmasphere where the flux
tube volume is >10' c¢m® and the average tube
content is >10" el, fluxes of the order of 10® cm™
57! cannot change plasmaspheric densities signifi—
cantly on time scales of a day or so. In other words,
the plasmasphere cannot follow large diurnal and
storm time variations in-the underlying ionosphere.
This is illustrated in Figure 2.14, where whistler
measurements of equatorial density at L = 4 (mid-
dle panel) are compared with simultaneous F, layer
peak densities over Ottawa. The L value of Ottawa
_is 3.6; its longitude is close to that of the whistler
receiver at Eights. The magnetic storm that started
on June 15 (see Kp index above) caused the plas-
mapause to shrink to L = 2.5, reducing the density
at L = 4 to a level of a few electrons per cubic
centimeter. Subsequent recovery was a long process;

5 days were required to reach the monthly median

value. The equatorial density continued to increase
beyond the median value until June 25, when the

plasmasphere ‘was depleted again by a small disturb-

ance, indicated by a rise in the Kp index. The
ionosphere was also disturbed during the magnetic

storm, but the recovery was much faster. Equatorial -

densities are shown in greater detail from June 18
through June 22 to reveal small diurnal fluctuations
superimposed on an almost linear increase. These
variations are consistent with a daytime upward flux
of 3 x 108 cm™2 s~ and a nighttime downward flux
of 1.5 X 108 cm™2 ™! [Park, 1970]. It is clear that
the plasmasphere acts as a large-capacity reservoir
with a much longer response time than the underly-
ing ionosphere. Evidence from the June 25 disturb-
ance indicates that a rapid dumping of plasmaspheric
plasma into the underlying ionosphere caused the

decrease in equatorial density and simultaneous

enhancements in Ny, F; [Park, 1973]. Such effects
are important in understandmg the complex 10n0—
spheric storm.

To summarize, the diffusive barrier limits upward
plasma flow to a level that does not allow the
plasmasphere to follow large diurnal variations in
the ionosphere. Upward fluxes are too small to
deplete the daytime F layer significantly but are
sufficiently large to replenish the plasmasphere,
which acts as an important source of plasma for the
F layer at night and during geomagnetic disturb-
ances. The results of recent theoretical modeling
are in agreement with this picture of ionosphere-
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{a) The 3-hour Kp index for the period June 14-26, 1965, (b) Equatorial electron density at L. = 4

‘deduced from whistlers recorded at Eights, Antarctica. (c) F, layer peak density. over OQtitawa. The solid curve
represents the monthly median behavior, and the mungles with the apex pointing downward represent upper limits

[from Park, 1970].
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plasmasphere coupling [Park ana’ Banks, 1974,
1975; Murphy et al., 1975].

2.5. Electron Density Variations
in the Plasmasphere

Storm and substorm effects. The protonosphere
is generally depleted during magnetic storms and
substorms and then recovers gradually by filling
from the underlying ionosphere. An example of this
was already seen in Figure 2.14. Details of the
depletion process are not well understood, but there
may be several different mechanisms involved. Fig-
ure 2.15 illustrates schematically how the equatorial
electron density profile changes during a disturb-

- ance. The plasmapause s displaced inward, proba-

bly owing to enhanced magnetospheric convection
that carries plasma to regions of ‘open™ geomagnetic
field lines where it can escape into interplanetary
space or into the geomagnetic tail region. In addi-
tion, densities inside the plasmapause are often
depressed, indicating that large amounts of plasma
can be dumped into the ionosphere durmg magnetlc
disturbances.

The recovery time of the p]asmasphere followmg

storm time depletion depends on how fast plasma
can flow upward from the ionosphere as well as on
the volume of plasmaspheric tubes to be filled.
Since the tube volume increases roughly as L+ while
the filling flux remains relatively constant with L,
the recovery time is a strong function of L value.
This can be clearly demonstrated by the L depend-
ence of the recovery behavior foliowing the mag-
netic storm of Figure 2.14. Figures 2.16z and 2.16b
show tube content and equatorial electron density
profiles, respectively, on eight consecutive nights,
June 1825, 1965. The magnetic storm of June 15-
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“Fig. 2.15. A schematic illustration of equatorial electron
density profiles under qule[ (Q) and disturbed (D) conditions
ffrom Park, 1974} o

-substorms involving Kp =

17 ‘moved the plasmapause inward to L = 2.5.
During recovery, daytime filling fluxes exceeded
nighttime draining fluxes, so that a net nightly gain
of 5 X 10" ¢l in tube content was realized until the
tube content reached a well-defined saturation level,
At this level the plasmasphere is in equilibrium with
the underlying ionosphere over a 24-hour period.
The recovery time, or the time required to reach
saturation, varied from ~1 clay at L 2.5 t0 ~8
days at L = 4. ' ' e

‘Because of these long recovery times the plasma-
sphere usually consists of two distinct regions, an-
inner plasmasphere, which is in equilibrium. with
the underlying ionosphere over a 24-hour period,
and an outer plasmasphere, which is still recovering

from the previous disturbance; these two regions

may be referred to as the ‘saturated plasmasphere’.
and the ‘unsaturated plasmasphere,’
with the understanding that the term saturated is
used only in a diurnal average sense. Although
most dramatic depletions of the plasmasphere occur
during periods of intense substorm activity such as
the main.. phase of .a ‘miagnetic storm, moderate
4 or less also produce
significant effects. The average frequency of such
moderate substorm activity is less than 8 days, so
that the plasmasphere beyond L = 4 very rarely, if
ever, reaches saturation. The dynamic state of the
outer plasmasphere is reflected in large day-to-day
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Fig. 2.16. (a) Nightly tube content and (b} equatarial den-
sity profiles deduced from whistlers recorded at Eights, Antarc-
tica, during an 8-day recovery period following a major gcomag-
netic storm, The numbers indicate UT days in June 19635 {from
Park, 1974],

respectively, j



88 UPPER ATMOSPHERE RESEARCH IN ANTARCTICA

density fluctuations that overshadow systematic var-
iations with solar cycle, season, and local time.

The picture described above can dlso be seen in
the average behavior of the plasmasphere illustrated
in Figure 2.17. This behavior was determined from
whistlers recorded -at Eights Station during the
month of June 1965. Several representative whistler
trains of high quality were chosen from each day’s
recordings. These events were analyzed to obtain
daily tube content and equatorial density profiles,
which were then scaled at intervals of 0.25L. The
circles in the figure represent monthly median val-
ues, and ‘the vertical bars represent the upper and
lower quartile values. The average behavior of the
plasmasphere strongly reflects the slow L-dependent
recovery process depicted in Figure 2.16.

Figures 2.18z and 2.18b show scatter plots of
electron tube content and equatorial electron den-
sity, respectively, as functions of L value, deduced
from selected high-quality whistlers recorded at Si-
ple -during the month of June 1973. Over 3000
whistlers were used. Three important features can
be identified in the figure: (1) well-defined upper
limits of both tube content and equatorial density;
(2) general clustering of data points somewhat below
the upper limits; and (3) presence of some data
points at relatively low levels, well separated from
the majority. The low content and density points
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Fig. 2.17.  Monthly median values of (a} tube content and
() equatorial density deduced from whistlers recorded at Eights,

Antarctica, during June 1965, The bars indicate upper and lower |

quartiles [from Park, 1974].

come from whistlers propagating outside the plas-
mapause. The first two features mentioned are con-
sistent with the concept of a saturation level that is
rarely reached in the outer plasmasphere. .

Large-scale irregularities. Figures 2.19 and 2.20
show two types of large-scale density irregularitics
frequently observed in the plasmasphere. In Figure
2.19 the irregularity takes the form of a pronounced

{al).

Ny 1210*3e1/em®-tube)

(b}

Meq (el /em®)

o

2 3 4 5 8 7L

Fig. 2.18. Scatter plots of (a) electron tube content and (&)
equatorial electron density versus L. Each plot has over 3000
data points obtained from whistlers recorded at Siple, Antarctica,

during the month of June 1973.
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Fig. 2.19. Equatorial electron density versus equatorial ra-

dius deduced from Eights whistiers [from Park and Curpenter,
1970]. : . S



PARK AND CARPENTER: VLF RADIO WAVES IN THE MAGNETOSPHERE ) ' 89

“density peak near L = 4. Figure 2.20 was inter-
preted by Park and Carpenter [1970] in terms of
three density regimes separated in longitude by
sharp boundaries within the Eights whistler receiver
viewing range of +15°, Sharp longitudinal variations
were also observed outside the plasmapause by
Sagredo and Bullough [1973], who applied .the

goniometer technique to whistlers received at Halley.

Bay. Such structures may be produced by brief
substorm activity that affects localized regions of
the magnetosphere. Subsequent convection activity
tends to further complicate the picture by mixing

flux tubes with different plasrna content [Park and

Carpenter, 1970].
Annual  variations. Figure 2.21 compares
monthly median values of Ny and n,, for June 1965

(reproduced from Figure 2.17) with the median’

values for November and December 1964. All the
whistlers used in Figure 2.21 were recorded at
Eights Station. The November and December dens-
ities are 1.5-3 times larger than the June values,
the ratio increasing with decreasing L values. An-
nual density variations in the plasmasphere have
been known since the early days of whistler research
[Helliwell, 1961; Smith, 1961b; Carpenter, 1962,
Corcuff, 1962], but they still remain unexp ained.
A recent discussion of this problem can be found in
a paper by Park [1974]. :

Solar cycle variations. Figure 2.22 shows the
median values of n,, for the month of June in 1959,
1965, and 1973. June 1959 was near sunspot maxi-
mum (annual mean sunspot number R = 159),
whereas both June 1965 (R = 15) and June 1973
(R = 38) were near sunspot minimum. The whistler
data for 1959, 1965, and 1973 came from Byrd,
Eights, and Siple stations, respectively. All three
stations are within 1 hour in geomagnetic local
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Fig. 2.20. Equatorial electron density versus equatorial ra-
dius. The three density levels are interpreted in terms of longitu-
dinal varjations within the v:ewmg range of Eights Stanon [from
Park and Carpenter, 1070]

time. Evidently, plasmaspheric densities do not de-
pend strongly on sunspot cycle beyond L = 3.
Diurnal variations. It is clear from the foregoing
discussion that diurnal variations in plasmaspheric
density should be small in comparison with day-to-
day variations due to storms and substorms. If we
take a daytime upward flux of 3 X 108 el cm~2 s
at L = 4, the total gain in plasmaspheric tube
content over a 12-hour period would be 1.3 x 101,
roughly 30% of the average ‘tube content, Sys-
tematic variations of this magnitude are difficult to
isolate in the data, illustrated in Figure 2.23. Whis-
tlers recorded at Siple during June 1973 were di-
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Fig. 2.21. Annual variations in (&) electron tube content

and {b) equatorial electron density. The data poins are median
values obtained from whistlers recorded at Fights, Antarctica
[from Park, 1974].
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Fig. 2.22. Comparisons between equatorial electron densi-

ties near sunspot maximum (1959) and sunspot minimum (1965
and 1973). The data poinis are monthly median values based on
whistlers recorded at Byrd (BY), Eights (EI}. and Siple {(SI).
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Fig. 2.23. Diurnal variations in equatorial eléctron density
for 3 = L = 4.5. The data are based on whistlers recorded at
Siple, Antarctica, during the month of June 1973, Dots represent
the mean values, and vertical bars represent the magnitude of
one standard deviation.

vided into eight 3-hour bins, and the average equa-
torial densities deduced from them have been plot-
ted for 3= L =< 4.5, The vertical bars represent the
magnitude of one standard deviation at L = 3 and
4. It is apparent that diurnal variations are not
prominent- features of electron density within the
plasmasphere. However, diurnal variations in terms
of percentage should be much larger outside the
plasmapause, where densities are lower by factors
of 10-100. :

3. VLF EMISSIONS

Energetic electrons in the 100-eV to 100-keV
range give rise to a great variety of VLF noises or
emissions in the magnetosphere. These have ac-
quired such names as ‘chorus,’ ‘hiss,” and ‘periodic
emissions.” Under certain conditions, such as prop-
agation within a whistler duct, emissions can pene-
trate the ionosphere and be observed on the ground.
A monograph by Helliwell [1965] contains an exten-
sive collection of spectrograms illustrating various
types of emissions recorded at ground stations. Since
it is not possible to review all of these emission
types here, we will discuss only a few highlights of
recent research.

VLF emissions may be divided into two broad
categories according to their spectral characteristics.
The first category covers discrete frequency emis-
sions such as chorus, ‘while the second category
includes broadband emissions such as auroral hiss.
This distinction helps to émphasize the differences
" between the quasi-coherent wave trains of discrete
emissions and the incoherent noiselike waves in
broadband events. The forces experienced by ener-
getic electrons encountering these waves must be
correspondingly different; and different mechanisms

and regions of generation are usually attributed to
the two emission types. :

3.1.

Discrete emissions are believed to be generated
near the equatorial plane in the magnetosphere by
trapped energetic electrons through a cyclotron res-
onance instability. Although the fundamental im-

Discrete Emissions

- portance of these emissions in magnetosphere-iono-

sphere dynamics was recognized long ago, quantita-
tive studies of their generation process have been
complicated by the transient and highly nonlinear
nature of the emission process. These difficulties
and the general desire to understand the microscopic
aspects of wave-particle and wave-wave interactions
helped to motivate the establishment of controlled -
wave injection experiments at Siple Station. The
results of these experiments and their contributions
to our understanding are discussed in chapter 57

~ Emissions may be generated. spontaneously or’
stimulated by other whistler mode waves entering
the generation region. The threshold -of instability
for stimulated emissions is apparently much lower
than that for spontaneous emissions; a weak signal
entering the magnetosphere from below can initiate
and control the emission activity in an otherwise
quiescent situation. Important sources of such input
signals are lightning, VLF transmitters, and electri-
cal power transmission lines.

Figure 3.1 shows two examples of whistler-trig-
gered emissions. In the upper panel, emissions start
at the upper cutoff frequency of several triggering
whistler components. This frequency is approxi-
mately one half of the minimum electron gyrofre-
quency. along the whistler path (see section 2.1).
Triggering at the upper whistler cutoff frequency is
a frequently observed feature of whistler data. A
preference for half-gyrofrequency triggering was
also demonstrated in studies of emission activity
triggered by VLE transmitters [Carpenter, 1968;
Carpenter et al., 1969]. The lower panel in Figure
3.1 illustrates the less common case in which an
emission is triggered by the low- frequency end of a
whistler. _

It is well known that VLF transmitter signals
propagating in the whistler mode also trigger strong
emissions. Under favorable conditions an Omega
navigational transmitter radiating only 100 W can
trigger emissions as strong as any naturally occurring
emissions [Kimura, 1968]. Emission activity stimu-
lated by transmitter signals depends on a number of -
factors including pulse length, frequency, and ra-
diated power as well as conditions in the ionosphere B
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and magnetosphere. These factors are being investi-
gated by using a flexible experimental transmitter at
Siple. '

It was discovered recently that radiation from the
power distribution system in Canada leaks into the
magnetosphere with sufficient intensity to stimulate
emissions and to interact strongly with other whistler
mode waves, as in the case of VLF transmitter
signals [Helliwell et al., 1975]. (Also see the discus-
sion in section 5 of chapter 5.) Presumably, the
same phenomena also occur in other major indus-
trial areas of the world. Power line induced emis-
sions are particularly strong immediately following
~ geomagnetic disturbances and are sometimes the
strongest VLF waves emerging from the middle
magnetosphere in the 1- to 10-kHz frequency range
[Park, 1976b]. These waves scatter the pitch angles
of trapped energetic electrons and cause some of
the electrons to precipitate into the lower atmo-
sphere. Thus power line radiation appears to play
an important role in the decay of energetic electrons
injected during geomagnetic storms and substorms.

Figuré 3.2 shows two examples- of power line
induced emissions recorded at Eights Station during
the recovery phase of a magnetic storm. In the
upper panel, broad line radiation is strongly modu-
lated in intensity at the two-hop whistler delay

kHz SI I8 APRIL 197
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period. The bottom panel shows another example
in which emissions starting at different frequencies
merge to form continuous rising-tone structures.
Strong intensity modulation at the two-hop delay
period is also evident here.

Amplitude measurements of triggered emissions -
show that the triggering input signal may be about
30 dB below the output signal [Stiles and Felliwell,
1975]. Furthermore, controlled transmitter experi-
ments have shown that weak transmitter signals,’
barely detectable on conventional spectrograms, can
control the behavior of other much stronger signals
by cutting them off, enhancing their intensity, or
changing their frequency [Helliwell dnd Katsufrakis,
1974]. This suggests the possibility that many (or
all) discrete emissions that appear to be generated
spontaneously are in fact controlled by-weak power
line radiation continuously leaking into the magne-
tosphere. ‘ o -

Emissions can be suppressed as well as initiated
by other whistler mode waves. For example, Ho
[1973] found that whistlers sometimes suppress pe-

- riodic and quasi-periodic (QF) emissions propagat-

ing in the same whistler ducts. Figure 3.3 shows a
case of QP emissions suppressed by a train of
whistler echoes. Ho also found that whistlers can
modify the fine structure of QP emissions or tempo-
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Two different types of emissions triggered by whistlers. In the upper panel, emissions are triggered at the

upper cutoff frequency or near one half of the minimum electron gyrofrequency along the whistler paths. The lower
panel shows an emission triggered by the low-frequency tail of a whistler. : i
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rarily lengthen the QP period. Another example of
emission suppression by whistlers is shown in Figure

3.4. The line emissions, spaced 120 Hz apart, are

believed to be stimulated by power line radiation.
Whistler echo trains starting at 20 and 30 s suppress
the power line induced line emissions between ~4.5
and 5.5 kHz. Variable frequency emissions above
~5.5 kHz are also suppressed by the whistler train
starting at 20 s. Details of the suppression mecha-
nism are not well understood, but presumably it
involves interference by whistlers in the electron

CE1 JUNE 18, 1965

1965

S
_ . 40 sec
Fig. 3.2. Two examples of magnetospheric emissions recorded at Eights, Antarctica, They are believed to have been
stimulated by radiation from electrical power transmission lines in eastern Canada [from Park, 1976a].

phase-bunching process that is required to sustain.
the emission generation. ' '

3.2. -Auroral Hiss -

Energetic electrons precipitating in the . auroral
zone produce strong VLF radiation known as au-
roral hiss. Close association between VLF hiss and
visible aurora was reported as early as 1933 [Burton
and Boardman, 1933] and was a topic of great
interest during the early antarctic expeditions, as is
discussed in chapter 9. More recently, Morozumi

EI OCT 6, 1965

i
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Fig. 3.3.  An example of quasi-periedic emissions being suppressed by whistlers.
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Fig. 3.4. An cxampie of power line induced magnetospheric emissions being suppressed by twa whistler echo trains
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and Helliwell [1966] made detailed studies of hiss
activity at Byrd Station during successive phases of

magnetospheric substorms, and Oguri [1975] used a

sophisticated auroral television system with a sound-

track at Syowa Base to correlate hiss bursts with

various types of aureral forms.

Auroral hiss generally appears as broadband noise
extending from a few kilohertz up to ~100 kHz.
This noiselike radiation is clearly distinguished from
the coherent discrete frequency emissions discussed
in section 3.1. The two types of emissions are
believed to involve fundamentally different wave-
particle interaction mechanisms, as will be discussed
later. :

Attention has been focused on spec1al types of
auroral hiss that show fine structure in amplitude
and spectral characteristics, since they offer better
opportunities for correlation with particle, optical,
and other measurements which may lead to a better
understanding of the generation process. One ex-

ample is hiss bursts of ~0.1- to 1-s duration that -

Oguii [1975] found to be closely associated with
rapid motions and intensity variations of visible
aurora. _ ‘

Another special type of hiss is the ‘hissler,” so
called because it tends to occur at times and loca-
tions common to auroral hiss while also exhibiting a
whistlerlike falling tone form on spectrographic rec-
ords {Ungstrup and Carpenter, 1974). A distinctive
feature of the hissler is its quasi-periodicity. Hisslers
often appear in minute-long sequences with spacing
between individual bursts of the order of 2 s at a
given frequency.

93

Figure 3.5 shows frequency (0-10 kHz) versus
time records of hisslers recorded at Byrd (upper
panel) and Vostok (lower panel). A 10-s interval is
marked below each of the panels. On the upper
record the sloping noise elements initially appear
against an intense background of broadband noise,
and there is a gradual change in the lower cutoff
frequency of the elements with time. On the lower
record the activity is more complex, exhibiting much
fine structure and an apparent increase with time in -
the lower cutoff frequency of some of the noise
elements. In the upper record a typical separation
between elements is 2 s; in the lower record it is
about 3 s.

From observations at several antarctic stations
such as Byrd, Vostok, and Plateau and from polar
satellite records it was tentatively concluded that
localized centers of hissler activity are regularly
present above the jonosphere. These centers may-
be active for periods of several hours at a time. :

Siren [1972, 1975] identified another form of
hissler, which he called the ‘fast hissler.” The fast

hissler is a relatively rare phenomenon and is distin-

guished from other hisslers by its small dispersion.

It tends to occur in isolated bursts during the

breakup phase of auroral substorms. Siren suggested
the possibility that fast hisslers are generated by
electrons accelerated in electrostatic double layers
in the topside ionosphere [e.g., Block, 1972].
Auroral hiss has also been studied extensively by
using a number of polar-orbiting satellites [Gurnen,
1966; Jorgensen, 1968, Barrington e al., 1971;
Gurnett and Frank, 1972; Laaspere and Hoffman,

O MAY 68
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1
1055:30 UT
VLF spectra ittustrating hisslers observed at Byrd (A = 70°) and Vostok (A ~ 86°).

Fig. 3.5.
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Fig. 3.6. A 30-s segment 6f simultanecus recordings of (top) the X ray count rate for E > 30 keV, (middie) the ihtegrated VLF amplitude

from 0.6 to 5 kHz, and {bottom) the VLF spectrum from 0 to 5 kHz recorded at Siple, Antarctica, on January 2, 1971. The dashed line in

the top panel refers to the cosmic ray background level of 175 counts/s [from Rosenberg et al., 1971].
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1976]. Satellite records frequently show distinct
“saucer- or V-shaped structures in the frequency-
time plane - that are believed to be the result of
satellite motion with respect to spatially localized
generation regions [Smith, 1969; James, 1976].

In addition to VLF hiss that propagates in the
whistler mode, satellite-borne receivers have also
detected strong radiation at frequencies much above
the electron gyrofrequency and originating from the
auroral’ zone during active periods. {Recall that
whistler mode propagation is possible only below
the electron gyrofrequency.) This type of radiation
has been called “high-pass noise’ [Dunckel et al.,
1970} or ‘terrestrial kilometric radiation’ [Gurnert,
1974].

A number of authors have discussed the genera- -
tion of VLF auroral hiss by the incoherent Cerenkov
mechanism [Jorgensen, 1968; Lim ahd__Laasperé,
1972; Taylor and Shawhan,; 1974; Maggs, 1976]. It
is generally agreed that this mechanism alone cannot
explain the observed wave intensity; some degree
of coherence and amplification appear to be neces-
sary. Unlike discrete emissions, which interact with
particles through transverse (or cyclotron) reso-
nance, hiss amplification is believed to involve lon-
gitudinal resonance between the electron velocity
component along the geomagnetic field and the
wave electric field in the same direction (see chapter.
5, section 3).

3.3. Wave-]ndﬁced Farticle Precipitation

The previous sections freated the wave aspects of
wave-particle interactions. The corresponding parti--
cle effects are. alsc important, one of them being
. pitch angle scattering and consequent precipitation
into the lower ionosphere. Particle precipitation in
turn causes a variety of ionospheric effects including
enhanced ionization, heating, optical emissions, and
bremsstrahlung X rays.

Figure 3.6 shows an example of cIear association
between VLF emissions and X ray bursts. The X
ray data were obtained from a balloon flying at 30-
km altitude over Siple, while the VLF recording
was made on the ground at Siple. Detailed analysis
showed that the VLF emissions were triggered by
whistlers propagating outside the plasmapause and
that their correlation with X ray bursts was consis-
tent with the precipitation of ~30-keV electrons .
through a cyclotron resonance interaction [Rosern-
berg er al., 1971]. The results of this coordinated
experiment are discussed in greater detail in chapter
3, section 5. . '

Another wave-induced partticle precipitation ef-
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Fig. 3.7. (Top) VLF spectra, (mlddle) mtegrated VLF amplltude from 2 r.o 6 kHz and (bottom) NSS pu]se transmlssu)ns
observed at Eights, Antarctica [from Helliwell et a[ 1973]. :

fect is illustrated in Figure 3.7. A whistler received
at Eights (upper and middle panels) coincides with
a sudden increase in the amplitude of VLF signals
propagating from the transmitter NSS at Annapolis,
Maryland, to Eights. The causal chain linking the
two cvents can be explained with the aid of Figure
3.8. A lightning discharge in the northern hemi-
sphere excites a whistler traveling along a magneto-
spheric path to the receiver (R) at Eights. During
its passage through the wave-particle. interaction
region near the equator the whistler interacts with
counterstreaming energetic electrons and causes
some of them to precipitate into the lower iono-
sphere in the northern hemisphere. Some of the
perturbed particles are backscattered and are precip-
itated in the southern hemisphere. The patches of
enhanced ionization thus created at ~90-km altitude
(assuming nighttime conditions) cause perturbations
in signals propagating in the earth-ionosphere wave

guide. The amplitude perturbations can be negative °

as well as positive. The recovery time of a perturba-
tion is of the -order of 30 s and is related to the
electron loss rates in the lower ionosphere.

These results are in agreement with other evi-
dence that most of the ionization in the nighttime D
region ionosphere can be attributed to particle pre-
cipitation from the magnetosphere [Potemra and
Zrmuda, 1970]. Wave-induced precipitation offers
the possibility of conducting controlled modification
experiments in the lower ionosphere le.g., Bell,
1976] ' :

4. FUTURE DIRECTIONS

The whistler method has proved to be a powerful
means of probing the magnetosphere; the method
has provided much of our presently available infor-
mation on plasmasphere-plasmapause dynamics.
What we have learned from whistlers also serves to
define important unanswered questions clearly and
to identify improvements in experimental and theo-
retical methods that are needed for future progress.
For example, we now have only a fragmentary
picture of the global plasma flow pattern during
geomagnetic disturbances. A closely related ques-
tion is how the plasmapause shrinks during disturbed
periods and what happens to the large amounts of
plasma. that disappear from the plasmasphere. It is

Fig. 3.8. A schematic illustration of how a whistler might
produce perturbations in the subionospheric propagation of VILF
transmitter signals by precipitating energetic electrons.
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clear that in order to answer these questions we
need simultaneous observations at muItlpIe stations
spaced in longitude,

The present whistler technique provides informa-
tion about plasma drift only in the meridional direc-
tion. This is a serious limitation, particularly near
dawn and dusk, where longitudinal drifts are ex-
pected to be large. Partly to extend tracking capabil-
ities, direction-finding techniques have recently
been developed that should permit measurement of
both components of drift by tracking the motions of
tonospheric exit points of whistler ducts in both the
east-west and the north-south directions. A coordi-
nated multinational program of broadband VLF
recording and direction finding is scheduled to be
carried out as a part of antarctic contributions to
the International Magnetospheric Study during
1977-1979.

The successful transmitter operation at Siple sug-
gests that transmitted signals with appropriate fre-
quency modulation can provide a valuable comple-
ment to natural whistlers in the area of thermal

“plasma’ diagnostics. The travel time of transmitter

signals measured as a function of frequency provides
essentially the same information afforded by natural
whistlers for the purpose of measuring thermal
plasma parameters. Although a transmitter has ob-
vious limitations in power and in duration of opera-
tion, it offers the important advantage of controlled
sampling rates. Under favorable conditions, phase
measurements of constant-frequency transmitter sig-
nals [McNeil, 1967; Thomson, 1975] can be com-
bined with the conventional whistler technique to
improve measurement precision greatly.

Wave amplification and emission generation in

_the magnetosphere are intimately connected with

the energetic particle distributton. A major thrust
in future VLF research should be aimed at under-
standing wave-particle interactions in -sufficient
quantitative detail to permit the use of wave ampli-
tude information for energetic particle diagnostics.
This will require further phenomenological studies
of naturally occurring emissions and wave amplifi-
cation as well as controlled wave-particle interaction
experiments and theoretical modeling. _
All ground-based observations of magnetospheric
wave phenomena depend on the éxistence of ducts
that guide the waves through the ionosphere. How-
ever, little is known of the details of the ducting

»process. Comparisons between ground and satellite

data show that wave activity in the unducted mode
has little resemblance to that in the ducted mode
[e.g., Smith und Angerami, 1968]. On the other

hand, there is clear evidence that significant
amounts of wave energy leak out of ducts, thus
contributing to unducted activity [e.g., Angerami,
1970]. Lt is important to learn how the total wave
energy in the magnetosphere is divided between
ducted and unducted modes and how the energy is
transferred from one mode to the other.

It was pointed out earlier that particle precipita-
tion from the magnetosphere is a major source of
ionization in the nighttime lower ionosphere. The
role of VLF waves, both natural and man-made, in
D and E region dynamics must be evaluated quanti-
tatively. This requires simultaneous observations of
VLF waves and accompanying ionospheric pertur-
bations by using HF sounders, X ray and optical
emission detectors, riometers, etc.
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