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Abstract. Numerical simulations of the iono-
sphere and protonosphere have been used to in-
vestigate diurnal and seasonal variations in
magnetospheric plasma density enhancements
capable of ducting VLF radio waves. During
winter and equinoxes, VLF ducts may extend down
to 300-km altitude at night but usually termi-
nate above 1800 km during the day. In sunmer,
ducts terminate above 1000-km altitude at all
local times. The daytime flow of thermal
plasma from the ionosphere into thé protono-
sphere limits the half-life of a VLF duct to
about 2 days.

Introduction

Very low frequency (VLF) wave propagation in
the magnetosphere is strongly influenced by the
presence of fleld-aligned electron density irre-
gularities or ducts. Figure 1 illustrates sche-
matically a ray path from a source in one hemi-
sphere to a receiver in the conjugate hemi-
sphere. The ray follows a snakelike path inside
a duct which extends through most of the magne-
tosphere. Electron density gradients associated
with the duct keep the ray direction and wave
normal angle confined within a small cone about
the field line. Rays may leave the duct and
propagate in an untrapped mode to the bottom of
the ionosphere. 1If the wave normals are nearly
perpendicular to the ionosphere, signals will
couple into the earth-ionosphere wave guide. By
contrast, ray paths of unducted waves gererally
deviate outward from the starting field line,
and their wave normal angle with respect to the
geomagnetic field becomes so large that penetra-
tion of the conjugate ionosphere is not possi-
ble [e.g., Helliwell, 1965]. Instead, these
unducted waves are magnetospherically reflected
where the local lower hybrid resonance (LHR)
frequency is equal to the wave frequency [Edgar,
1972, 1976]. Thus all ground-based observa-
tions of VLF waves that originate in or propa-
gate through the magnetosphere rely on the
presence of ducts.

Angerami [1970] made a detailed ray tracing
analysis of whistlers received on the Ogo 3
satellite to distinguish ducted whistlers from
unducted ones on the basis of their dispersion
characteristics. He deduced that the ducts
were ~500 km in diameter at the equator and had
density ehhancements of ~10-20% above the back-
ground. Edgar [1972] showed that the irregular
frequency-time behavior of magnetospherically re-
flected whistlers received on Ogo 3 could be
accurately reproduced by ray tracing calculations
in a magnetosphere that contains field-aligned
irregularities. Inan and Bell [1977] have sug-
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gested that the plasmapause may be used as a one-
sided duct. We consider only the behavior of
two-sided ducts in this paper.

Although there is strong theoretical and ex-
perimental evidence for the existence of ducts,
little is known about their origin or physical
properties. The coupling of wave energy into
and out of a duct may depend on how low the duct
extends downward in altitude and on electron den-
sity gradients near its endpoints [A. D. M.
Walker, 1972, 1976; Alexander, 1971; James,
19727 . It is difficult to measure these duct
parameters directly for comparisons with wave
observations. It is likely that progress in
this area will depend largely on accepted
theories of the ionosphere and protonosphere.
The aim of the present work is to predict cer-
tain aspects of duct behavior by using a coupled
ionosphere-protonosphere model.

Two fundamentally different mechanisms have
been suggested for the formation of VLF ducts.
In the first mechanism, the localized electric
field mixes tubes of plasma through E x B
drift. Such mixing, or tube interchange motion,
results in field-alighed density irregularities
unless the plasma content per tube with a uhit
magnetic flux is uniform in space. Park and
Helliwell [1971] showed that an electric field
of only 0.1 mV/m in the equatorial plasma could
form a whistler duct at L = 4 in about an hour.
Such localized electric fields could originate
in giant thunderclouds [Park and Helliwell,
1971; Park and Dejnakarintra, 1973] or in pola-
rization charges in the ionosphere arising from
uns yymetrical wind or conductivity patterns at
the ends of the geomagnetic field lines [Cole,
1971]. The second mechanism involves localized
enhancements in ionospheric plasma pressure
which tend to increase upward plasma flux into
the magnetosphere or, alternatively, decrease
the magnitude of downward flux. Localized iono-
spheric pressure enhancements could be the re-
sult of small-scale variations in neutral atmo-
sphere parameters or localized energetic particle
precipitation from the magnetosphere. This sec-
ond mechanism has not yet been studied quantita-
tively, but the results of the present work sug-
gest that it is unlikely to be important except
during long winter nights. The physical reason
for this will become clear in a later section.
However, we do not attempt in this paper to deal
with the formation of ducts. Instead, we take
assumed density enhancements in the protono-
sphere as a starting point and then examine their
spatial and temporal behavior as a function of
local time and season.

The next section describes the ilonosphere-
protonosphere model we have adopted for duct
simulation, followed by a discussion of the be-
havior of the ionosphere-protonosphere interface.
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Fig. 1. Schematic of the magnetospheric propa-
gation circuit for VLF waves. Changes in the
altitude of the duct endpoints may affect the

coupling between the earth-ionosphere wave guide

and the magnetospheric duct.

The last two sections describe the results of
duct simulation and the implications of these
results for VLF wave propagation in the magne-
tosphere.

The Ionosphere-Protonosphere Model

The theoretical jonosphere-protonosphere
model adopted for the present study is illu-
strated with a block diagram in Figure 2. Mag-
netic flux tubes extending from 100-km altitude
to the equator are divided into three sections,
and self-consistent plasma densities and temp-~
eratures are calculated for each section with
numerical techniques.

In the lowest section, between 100 and 502
km_r_ the ioni¢c species considered include NO ,
0, , and N as well as O . (The molecular
ions are inCluded for the sake of completeness
but make little difference in the results of
this study.) O  densities are described by
time-dependent continuity equations that include
the effects of production, loss, ambipolar dif-
fusion, and drift imposed by neutral air winds.
In the case of molecular ions, the transport
terms in the continuity equations are neglected.
Electron and ion temperatures are described by
a heat balance equation, including heating of
the ambient electron gas by photoelectrons,
heat transfer among the electron, ion, and neu-
tral gases, and conduction along geomagnetic
field lines. The neutral atmosphere model by
J. C. G. Walker [1965] is combined with the exo-
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spheric temperatures and neutral wind velocities
based on the work of Roble and Dickinson [1974]

and Roble et al. [1977]. Further details of the
model of the 100- to 500-km section can be found
in Antoniadis [1977].

The middle section, extending from 500- to
3000-km altituie, is assumed to be pop¥1ated by
a mixture of O, H, and electrons. O ions are
assumgd to be in diffusive equilibrium, while
the H density profile is described by a time-
dependent continuity equation that includes the
effec;s o£ the charge exchange reaction
O+H=20 + H, as well as+fie1d aligned diffu-
sion through the ambient O ions. Electron
temperatures in this section are calculated from
a heat equation assuming constant heat fiow +
throughout the entire altitude range. O and H
temperatures are assumed to be equal and are
calculated from electron and neutral temperatures
with expressions developed previously [e.g.
Banks and Kockarts, 1973; Chap. 23]. A detailed
description of the model between 500 and 3000 km
can be found in Park and Banks [1974, 1975].

The region between 3000-km altitude and the
geomagnetic equator is treated like a finite
reservoir of H and electrons. The plasma is
assumed to be in diffusive equilbrium at all
times, so that the density at any point along
the flux tube is simply proportional to the tube
plasma content. The temperature profiles for
this uppermost section are not calculated. In-
stead, this section is treated like a heat
reservoir of infinite capacity, capable of sup-
plying whatever heat flux is consistent with
the calculated temperature profiles at lower
altitudes.

Calculations of plasma densities and temp-
eratures below 3000 km require numerical solu-
tions of the above-mentioned equations subject
to the following boundary conditions. At the
3000-km boundary we assume an initial plasma
density as well as the plasma content in the
reservoir above that altitude. As time pro-
gresses, calculated fluxes into and out of the
reservoir give temporal variations of the
plasma content and therefore of the density at
3000 km. At 100 km we assume a state of chemi-
cal equilibrium, and at the 500-km boundary we
require that plasma densities and temperatures
be continuous. A detailed description of the
coupled ionosphere-protonosphere model can be
found in Bernhardt [1976].
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Block diagram of the protonospheric-ionospheric model.
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Fig. 3. Diyrnal behavior of the (a) 0 concentration plus molecular ion concentra-
tion, (b) H concentration, and (c) electron_Semperature during equinox with an ini-

tial protonospheric concentration of 3000 cm

Behavior of the Ionosphere-Protonosphere
Interface

In this section we examine some aspects of
the coupled ionosphere-protonosphere system
that are relevant to the study of ducts. Sample
calculations were made for 60° invariant lati-
tude (L = 4) and 49° geographic latitude at the
foot of the field line, a combination appropri-
ate for eastern North America. No electric
field was assumed to exist, so the plasma would
simply corotate with the earth. Time-dependent
solutions were obtained for complete diurnal
cycles during equinox, summer, and winter so
that diurnal and+se$sona1 variations in coupling
fluxes and the O -H transition height can be
examined.

The contour mapg of Figur$ 3 show calculgted
heavy (0, O, , N, , and NO ) and light (H )
ion concentration§ and electron temperatures at
equinox. The calculations were initiated with
steady state solutions at 1200 LT. After the
steady state solutions are formed, the plasma
and thermal continuities equations are solved
with the inclusion of the time-varying terms.
The transition from steady state solutions to
time~dependent solutions occurs in less than 30
min. The solution is carried out over a 24-
hour period. A relatively full protonosphere
was_assumed with an initial density of 3000
em ° at 3000 km and an initial tube content of
3 x 1013 el between 3000 km and the magnetic
equator [see Park, 1974]. The flux tube has a
l-cm“ cross-sectional area at 500-km altitude.
In Figure 3a, molecular ions are important only
during sunlight hours (0600-2000 LT) and below
200 km. The general behavior of the ionosphere
is in good agreement with observations [Tithe-
ridge, 1976] as well as the results of previous
theoretical calculations [Roble, 1975; Murphy
et al., 1976].

Figure 4 shows two fundamentally different
ion density profiles. Figure 4a jllustrates
a nighttime situation where the O layer is

intained,f by the cgarge exchange reaction of
H ions (H + 0> 0 + H) that diffuie down;
ward from the protonosphere. Both 0 and H
profiles are close to diffusive equilibrium

at 3000-km altitude.

distributions. By contrast, Figure 4b shows
dynamic daytime profiles that depart sharply
from diffusive equilibrium. Large upward fluxes
of H significantly deplete the H density and
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Fig. 5. Variation of 0+ and H+ ion concentra-
tions and plasma fluxes at 1400-km altitude
throughout the equinox day. A full protonos
sphere with an H concentration of 3000 cm
3000 km is used in the simulation.

at

raise the 0+ - H+ transition height. Such effects
have been discussed by a number of authors includ-

ing Park and Banks [1975] and Murphy et al. [1976].

An important point to be noted here is that they
can occur even when the protonosphere has rela-
tively high densities that are typical of the
plaspasphere. Figure 5 shows di¥rna1 variations
of O density, H density, and H flux at 1400-
km altitude. Dramatic composition changes and
flux reversals occur near sunrise and sunset.

If the same calculations described above are
repeated with lower initial protonospheric den-
sities, the results remain essentially unchanged
excegt for the fact that the daytime depletion
of H in the topside ionosphere and consequent

HEAVY ION CONCENTRATION

. equatorward [e.g., Antoniadis, 1976].
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raising of the transition height are more pro-
nounced. For example, gareduction in_ the 3000-
km density from 3000 cm ~ to 1000 cm ~ causes
the daytime transition height to increase from
1200 km to 2000 km. The daytime O layer, pro-
duced by photo-ionization, is not significantly
affected by density changes in the overlying
protonosphere (also see Park and Banks [1975]).
At night, both O and H densities are reduced
by a factor of approximately 3, and no signifi-
cant change in the tramsition height results.
Returning to Figure 3a, we note that iono-
spheric densities decrease rapidly after sunset
but become stabilized around 2200 LT and remain
essentially unchanged until sunrise near 0500
LT. The stable nighttime ionosphere is main-
tained by downward flux from the overlying pro-
tonosphere. This nighttime behavior changes
with the season as sunlight conditions and neu~
tral air wind patterns change. 1In the winter
the stable nighttime ionosphere persists for
longer periods, but its qualitative behavior
is similar to that near equinoxes. However,
the summer night ionosphere is significantly
different, as shown in Figure 6. The format
of Figure 6 is identical with that of Figure 3
except that the calculations were initiated at
1800 LT instead of 1200 LT. The summer iomno-
sphere decays much more slowly after sunset
owing both to slower rates of change in the
solar zenith angle and to earlier reversal in
the neutral wind direction from poleward to
This
equatorward shift in wind direction 1lifts the
ionosphere to higher altitudes where the loss
rates are smaller. Thus the summer night iono-
sphere does not reach low density levels where
it can be strongly influenced by downward fluxes
from the proton$sphere. Figure 7 shows diu;nal
variations of O density, H density, and H
flux at 1400 km in the same format as Figure 4.

Modeling of Enhancement Ducts
In this section we examine the spatial and

temporal behavior of ducts. We consider a
meridional plane with a horizontal plasma den-
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sphere with an H concentration of 3000 cm ~ at
3000 km is used in the simulation.

sity variation specified at 3000-km altitude as
an initial boundary condition. An enhancement

duct is described by

n, =3 x 103[1 + ¢ exp (-x2/202)] cm_3
3000 km

where n is electron concentration, x is

horizontal distance measured in km from the cen-
ter of the duct at 3000 km altitude, ¢ is the

ELECTRON C

deling of VLF Ducts

enhancement factor = 15%, and 0 is the duct
radius = 20 km. The duct is centered on an L =
4 field line, which intersects the earth's sur—
face at 49° geographic latitude (appropriate for
eastern North America).

The ionosphere-protonosphere model described
earlier was used to study how the duct extends
down to lower altitudes and how its behavior
depends on local time and season. Time—depen-
dent calculations were performed for a number
of neighboring field lines in order to see the
evolution of the duct shape in two dimensions.
Figure 8 shows the results of the duct simula-
tion for equinox with a sequence of meridional
Plane contour maps at four different local
times. The calculations were initiated at 1100
LT, but the results are presented only after
1200 LT after complete transition from a steady
state to a time-varying simulation. The dashed
lines represent the magnetic field line passing
through the center of the duct. It is apparent
that the duct termination altitude (arbitrarily
defined as the altitude where the enhancement
factor is reduced to one tenth of the value at
3000 km) is a strong function of local time and
ranges from ~300 km at midnight to “1800 km at
noon.

Figure 9 shows the enhancement factor at the
center of the duct as a function of altitude at
noon and midnight. The enhancement factor de-
creases sharply below 2500 km at noon, but at
midnight it remains constant down to ~1200 km and
then increases to a slight maximum near 400 km
before dropping to zero at ~200 km.

The diurnal variation of the duct termination
height can be understood in terms of the ioniza-
tion source for the ionosphere discussed in the
Previous section. During daylight hours, photo-
ionization produces a dense ionosphere sending
large fluxes of plasma into th$ overlying pro-
tonosphere. The ionospheric O densities are
not affected by small changes in protonospheric
densities, ani a d¥;t would effectively termi-
nate at the 0 - H transition height. At night,

ONCENTRATION

LOG,o (Number Density, cm™3)

5000 AL ThE 13 RS | [ peAT el T Tie 2% wes
2800 | A g | \ 1 L J
2600 |- \ i \ J \ J
] \ )
- 2400 ' 1} \ 1}
2200 ;\\‘J&L\\__—‘; _\__Jt\\‘_-_; | Y 4
2000 | \ s Y 4 | Y .
1600 :::::::::::::j :::::::::::::: S 3.sd|
2 1400 ?“‘~tm&______ b— . - \ ﬁ
3 1200 % — 1| \ |
0 -——"‘"‘—-h
. '—_4_50 \‘ 1 T Y
——n——] A

0 1 1 f i N 1
39 41 43 45 47 49 51 39 41 43 45 47 49 5l 39 41 43 45 47 49 51 39 41 43 45 47 49 S|
LATITUDE (°N)

Fig. 8. Variations in the equinox plasmasphere containing a 15% enhancement duct at
L = 4. The field line is indicated by the dashed line. Perturbations in the contour
lines indicate the presence of an enhanced tube of plasma.



Bernhardt and Park

3000, 300
12 HRS 24 HRS
~ 2000~ —~ 2000
E E
= =
s | g |
= 2
5 rt
< 1000 < 1000
| 1 0. | {
3 10 s 0o 5 10 15
ENHANCEMENT (%) ENHANCEMENT (%)
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when the ionosphere is maintained by a downward
flux from the protonosphere, the flux is directly
proportional to the protonospheric density, so
that small density variations in the protono-
sphere are reflected all the way down through the
ilonosphere. This 1s clearly illustrated in
Figure 10, where the duct termination height is
plotted as a function of local,time, Also
plotted in the figure is the O - H transition
height. When the ionosphere is under solar con-
trol, the duct terminates at the transition
height, but extends to lower altitudes as the
nighttime protonosphere becomes an important
source of lonization.

When the ionosphere is sunlit, upward plasma
flow is insensitive to the plasma density in
the overlying protonosphere (also pointed out by
Murphy et al. [1976]). For example, if the pro-
tonospheric density is increased by 15%, the up-
ward flux is decreased by only 2%. Thus the
filling flux is nearly uniform and tends to
smear out any spatial density gradients in the
protonosphere. The result 1s to shorten the
duct lifetime. By contrast, downward plasma
flux at night 1s proportional to the protono-
spheric density so that the duct enhancement
factor remains unaffected. Figure 11 shows a
plot of the duct enhancement factor at 3000-km
altitude as a function of time. The initial
condition was 15% enhancement at 1100 LT, but
the plot begins at 1200 LT to allow for a short
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Fig. 10. Variat¥0n+of the duct termination

height and the O -H transition height through-
out the equinox day. The two heights coincide
during the daytime.
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transition from steady state to time-dependent
solutions (see Figure 3). It can be seen in
Figure 11 that the duct enhancement factor de-
creases during daylight hours but remains approx-
imately constant at night. The half-life of the
duct due to this process is estimated to be 2.3
days.

The foregoing discussion applies to equinox
conditions. The behavior of the duct depends on
the season as the nature of protonosphere-iono-
sphere coupling changes with season. Figures 12
and 13 show the duct behavior in winter and sum-
mer, respectively, in the same format ag Figgre
9. The winter duct terminates at the O - H
transition height during the day but extends
close to the bottom of the ionosphere at night.
The winter behavior is similar to the equinox
behavior discussed above, except that the night
is longer in winter. In the summer, however,
the duct endpoint remains high at all local
times. This can be understood in terms of the
behavior of the summer night ionosphere, dis-
cussed in the previous section. In the summer
the ionosphere decays very slowly after sumset,
and the night is not lonig enough to allow the
densities to reach levels where the protono-
spheric flux plays an important role in their
maintenance. Thus the protonosphere never
exerts much influence over the underlying iono-
sphere throughout the night. Figure 14 shows a
plot of the duct termination altitude as a func-
tion of local time in the summer. The duct
never extends below 1000 km even at night, in
sharp contrast to the winter and equinox be-
havior.

Discussion and Concluding Remarks

We have used an ionosphere-protonosphere
model to study certain properties of VLF ducts.
In particular, we have found that the height of
the duct endpoint depends strongly on local time
and season. This is important for magnetospheric
VLF studies for several reasons. If a duct ter-
minates at a high altitude, much of the propaga-
tion path may lie in an unducted region result-
ing in spreading of waves in the topside iono-
sphere. When these waves are reflected (or re-
fracted) upward, they may couple into neighbor-
ing ducts and return to the conjugate hemisphere,
thus giving rise to mixed path propagation
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Fig. 11. Decay of the enhancement level at
3000 km during equinox. The enhancement level
drops steadily during the daytime. The half-
life of the duct is 2.3 days.
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Fig. 12. Variations in the winter plasmasphere containing a 157 enhancement duct at

L =4,

[Helliwell, 1965]. The waves that leave the
duct at high altitudes may deviate significantly
from the duct field line before emerging into
the earth-ionodphere wave guide. If ground-
based direction finders are used to locate the
duct, corrections must be made to the apparent
duct exit point. By contrast, a duct that ex-
tends down to the bottom of the ionosphere may
keep the waves trapped on a fixed field line.
Coupling of upgoing waves into a duct would
similarly depend on the height of the duct end-
point.

The efficiency of signal coupling between the
earth-ionosphere waveguide and magnetospheric
ducts is of importance to studies of VLF amplifi-
cation in the magnetosphere. Measurements indi-
cate as much as 30 dB amplification by wave-
particle interaction in the magnetosphere
[Helliwell and Katsufrakis, 1974]. The overall

efficiency of the 'magnetospheric amplifier' is
a function of the coupling into and out of the
ducts., These problems are being investigated by
using a combination of the duct simulation pro-
gram discussed here and a VLF ray tracing program.
In this paper we ignored the effects of elec-
tric fields on ducts. As was mentloned earlier,
it is likely that small-scale electric fields are
responsible for the formation of most ducts. If
these fields persist after the ducts are formed,
the resulting flux tube interchange motion would
continuously change the duct shape and size
[Park and Helliwell, 1971]. Enhanced wave acti-
vity inside a duct could conceivably modify the
electric field by modulating the E region conduc-
tivity through particle precipitation.
Another effect not considered in this paper
is the precipitation of low-energy particles that
are deposited in the F region. These particles
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may provide a significant source of ionization
for the nighttime F layer, but their effects on
ducts depend on the spatial distribution as well
as on the magnitude of precipitation flux. In
the case of uniform precipitation, ducts are not
expected to extend as low as the results of the
previous section indicated. This is because
corpuscular ionization makes the ionosphere less
dependent on thermal plasma flow from the pro-
tonosphere and therefore makes the nighttime
ionosphere behave more like a daytime ionosphere.
On the other hand, if enhanced wave activity in-
side a duct produced a local enhancement in pre-
cipitation flux through wave-particle inter-
actions, the resulting effects on ducts would be
quite different. First, the duet enhancement
factor would be increased at ionospheric heights
due to corpuscular ionization, and second, the
resulting increase in ionospheric pressure would
reduce the nighttime downward flux thus increas-
ing duct enhancement factor in the protonosphere.
The latter may be an important positive feedback
mechanism by which ducts can grow at night.
Particle precipitation is not expected to be im-~
portant during daytime when photo-ionization is
the dominant plasma production mechanism.
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