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Some Features of Plasma Distribution in the
Plasmasphere Deduced From Antarctic Whistlers
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Whistlers recorded in Antarctica were used to study the plasma distribution in the
plasmasphere between L = 2 and 6. Certain features of the plasma distribution can be
understood in terms of rapid (~1 day or less) depletion of the plasmasphere during geo-
magnetic disturbances, followed by slow refilling from the underlying ionosphere. At a given
L value, the filling proceeds steadily until the plasmasphere reaches a well-defined density
level where an equilibrium with the underlying ionosphere prevails. The time required to
reach this equilibrium is related to plasmaspheric tube volume and varies from ~1 day at
L = 25 to ~8 days at L = 4. Because of these long recovery times the plasmasphere
usyally consists of two distinet regions: an ‘inner’ plasmasphere, which is in equilibrium
with the underlying ionosphere over a 24-hr period, and an ‘outer’ plasmasphere, which is still
recovering from the previous disturbance. The monthly median date for June 1965 show
that the transition from inner to outer plasmasphere occurred at L == 4.5. In November
and December 1964 the transition occurred at L == 40, and the density levels were higher
than they were in June by factors of 1.5-3. The latter result confirms the existence of large
annual electron density variations in the plasmasphere, first discovered by the whistler

JANUARY 1, 1974

technique more than a deeade ago.

In recent years we have become increasingly aware of
the dynamic nature of the plasmasphere (see, e.g., recent
review papers by Carpenter and Park [1973] and by
Chappell [1972]). Its outer boundary, the plasmapause,
expands and contracls several earth radii in response to
geomagnetic activity. Plasma densities within the plasma-
sphere exhibit complex spatial and temporal variations
under the combined influence of geomagnetic activity and
the conditions in the underlying ionosphere. An important
pattern underlying this complex behavior of the plasma-
sphere is a cycle of rapid (~1 day or less) depletion during
a magnetic disturbance and subsequent slow recovery, which
may take many days.

During a magnetic disturbance we see reductions in the
average plasmapause radius as well as in plasma densities
inside the plasmapause. The latter is believed to be caused
by the draining of flux tubes through the underlying iono-
sphere [Park, 1973]. Most dramatic depletions of the
plasmasphere occur during peripds of intense substorm
activity such as the main phase of a magnetic storm, but
moderate substorms involving Kp = 4 or less also produce
significant effects. '

Subsequent recoVery of the plasmasphere takes place by
filling from the underlying ionosphere. The recovery time
depends strongly on invariant latitude. At low latitudes,
where tube volumes are small, plasma flow from the iono-
sphere may fill the plasmasphere to an equilibrium level
in a day or so. The time required for filling increases rapidly
to ~10 days near A = 60°. This is longer than the average
spacing between magnetic disturbances, so that the outér
plasmasphere seldom, if ever, recovers fully from the pre-
vious disturbanee. This means that the plasmasphere con-
dists of two distinct parts: an ‘inner’ plasmasphere, which
is, in 4 diurnal average sense, in equilibrium with the under-
lying ionosphere, and an ‘outer’ plasmasphere, which is still
in a state of recovery. This is illustrated with an example
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of a poststorm recovery in the next section. In later sections
we will see that the long-term average behavior of the
plasmasphere also reflects the existence of these two distinct
regions.

AN ExaMPLE oF STORM RECOVERY

Figure 1 shows plots of geomagnetic indices for the period
June 14-26, 1965. A magnetic storm started with a sudden
commencement near 1200 UT on June 15, reached peak
activity late on June 16, and then began to fade rapidly.
The main phasé of the storm was over by June 17. There
then followed an unusually long period of extreme quiet
until it was interrupted by moderate substorm activity on
June 25. During the main phase of the magnetic storm the
plasmapause moved inward to L == 2.4 on June 16 [Car-
penter et al., 1971]. The depleted region beyond this con-
tracted plasmapause started to refill late on June 17. Be-
cause'of the unusually quiet magnetic conditions, the period
between June 18 and 25 provided a unique opportunity to
observe the recovery of the plasmasphere without complica-
tions arising from perturbing substorm activity. Observa-
tions during the same period in the range L == 3.5-5 have
been reported earlier [Park, 1970]. In this paper, observa-
tions are extended to cover wider L ranges, and the results
show important features not revealed by the earlier study.

The observations of the plasmasphere were made using
Antaretic whiistlers, which al!éw'continuous monitoring of
equatorial electron concentration #., and electron tube
content Ny in the range L ~ 2-6. Here N is defined as the
total number of electrons in a tube of magnetic flux having
l-em® cross-sectional area at 1000-km altitude and extending
to the magnetic equator. Methods of calculating ., and N¢
from whistlers have been described elsewhere [Park, 1972;
Bernard, 1973]. The plasma density model adopted in this
paper assumes a diffusive equilibrium along field lines at
1600°K and an ionic composition of 90% O*, 8% H*, and
29 He* at 1000-km altitude. Expected errors in N due to
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Fig. 1. Plots of auroral electrojet index, 3-hr Kp, and Dst

for the period June 14-26, 1965.

an assumed field line distribution of plasma are ~109% or
less [Park, 1972].

The results are summarized in Figure 2, in which N, is
plotted against L for each night from June 18 to 25. Most
of the data points in the figure were obtained from whistlers
recorded at Eights, Antarctica (77°W, geographic; 64°S,
geomagnetic), within a few hours of local midnight. Whis-
tlers recorded at Argentine Islands, Antarctica (74°W, geo-
graphic; 54°S, geomagnetic), provided a few data points
near L = 2. This figure shows only net changes in N, from
night to night. The actual temporal behavior includes
diurnal oscillations due to daytime filling and nighttime
draining [Park, 1970].

At L & 4, Ny increases steadily at the rate of ~5 x 10
el/em® d throughout the period of observation. This net
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increase is the result of a daytime filling flux of ~3 X 10°
el/em” s and a nighttime draining flux of ~1.5 X 10° el/cm® s
[Park, 1970]. Apparently the filling was still incomplete on
June 25, and the tube content probably would have in-
creased further if the magnetic conditions had remained
quiet. This filling process, however, was interrupted when
moderate substorm activity on June 25 (see Figure 1)
caused a rapid depletion of the plasmasphere. This deple-
tion event has been described in an earlier paper [Park,
1973]. Below L ~ 4, Ny increases at a rate similar to that
for L > 4, but it reaches a well-defined saturation level
where the plasmasphere is in equilibrium with the under-
lying ionosphere over a 24-hr period. This saturation level
increases with increasing L value, primarily owing to in-
creasing tube volume.

Smooth curves have been drawn through the data points
in Figure 2, and the results are shown in Figure 3a. The
demarcation between the inner and the outer plasmasphere
moved from L ~ 2.5 on June 19 to L ~ 4 on June 25.
The outer plasmasphere continued to fill at a fairly uniform
rate except on June 2] when a much larger net increase
was observed. This was a day with a slightly higher level
of geomagnetic activity than the other days (see Figure 1).
It is not clear, however, if there is any causal relationship
between the two. If we recall that the refilling started
on June 17, then the recovery time of the plasmasphere
may be said to vary from ~1 day at L = 2.5 to ~8 days
at L = 4. Figure 3b shows equatorial electron concentration
profiles corresponding to the tube content profiles shown in
Figure 3a.

We have just seen an example of how the plasmasphere
recovers under exceptionally quiet geomagnetic conditions.
Under ordinary circumstances, such orderly recovery is fre-
quently interrupted by substorms, which have a tendency
to produce irregular structures by mixing tubes with differ-
ent content [Park and Carpenter, 1970; Carpenter and
Park, 1973] or by localized draining through the ionosphere
[Park, 1973].
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Fig. 2. Plots of electron tube content versus dipole L showing the recovery behavior of the plasmasphere
following a magnetic storm. The data were taken within a few hours of local midnight at whistler receiving stations.
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CoMrarisoN WiTH THE IoNOSPHERIC BEHAVIOR

We will now compare the results of the previous section
with the recovery behavior of the ionosphere. Figure 4
shows the storm effect on the F, layer critical frequency
foF; over Winnipeg, Ottawa, Washington, and Mexico City
during the period June 15-20, 1965. These stations are
located near the meridian of whistler observations and range
from ~30° to 60° in geomagnetic latitude. The solid curves
show the monthly median behavior at each station. The data
shown in Figure 4 are typical of ionospheric storms at these
stations during local summer. On the first day of the storm
(also on the second day in some cases) there is a sharp
increase in f,F, above the monthly median level, followed
by a depression in the daytime f,F. values for several days.

Two important differences are evident between the iono-
sphere and the plasmasphere in the recovery behavior. First,
the ionosphere appears to have completely recovered by
June 19, whereas the plasmasphere still has many more
days of filling before the recovery is complete. (In the
topside ionosphere, where a mixture of O* and H* exists, the
recovery time may be intermediate between the recovery
times of the F, layer peak and the equatorial plasmasphere,)
Second, the recovery time of the ionosphere shows no lati-
tude dependence, in sharp contrast with the behavior of the
plasmasphere. These facts are interpreted as evidence that
the depression in f,F; is not caused directly by upward fluxes
of ionization into the plasmasphere. The depression is prob-
ably associated with heating and composition changes of
the neutral atmosphere [e.g., Obayashi and Matuura, 1972].
This does not imply, however, that the ionosphere and the
plasmasphere are decoupled during storms. On the contrary,
there is evidence for enhanced coupling between the two
regions during the main phase of a magnetic storm [Park,
1973; Obayashi, 1972]. The present results show only that
the poststorm recovery of the two regions proceeds at
different rates, governed by different physical processes in
each region.
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Fig. 3. (¢) Tube content profiles obtained by drawing

smooth curves through the data points in Figure 2. The
numbers indicate universal time days in June 1965. (b)
Equatorial electron concentration profiles corresponding to
tube content profiles in Figure 3a.

These results also suggest that the normal daytime iono-
sphere can supply the observed upward fluxes of the order
of 10° el/em® s without suffering significant depression in
O* concentration near the F, layer peak. This is consistent
with Alouette 2 satellite observations of the topside iono-
sphere by Banks and Doupnik [1973]. This is also con-
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Fig. 4. Hourly values of the F; layer critical frequency over Winnipeg (WI), Ottawa (OT), Washington (WA),
and Mexico City (MX) from June 15 through June 20, 1965. The horizontal scale is universal time. The local
standard time is 5 hr behind universal time at Ottawa and Washington and 6 hr behind at Winnipeg and Mexico
City. The solid curves show the monthly median behavior at each station.
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Fig. 5. (a) Monthly median values of nighttime electron

tube content in June 1965 plotted against L. The bars indi-
cate the upper- and lower-quartile values. (b) Equatorial
electron concentrations corresponding to the tube content
data in Figure 5a.

sistent with the diurnal behavior of the ionospherie trough
region. The plasmapause near the equatorial plane exhibits
sharp radial gradients in electron concentration at all local
times. On the nightside this gradient extends along field
lines and frequently appears as a sharp latitudinal gradient
at ionospheric heights. The corresponding feature is nor-
mally absent on the dayside ionosphere; this indicates that
the O* concentration in the sunlit ionosphere is not strongly
influenced by the H* concentration at much higher altitudes
[e.g., Taylor and Walsh, 1972].

AVERAGE BEHAVIOR OF THE PLASMASPHERE

In this section we describe the ‘average’ electron concen-
tration profile in the plasmasphere for the month of June
1965. Whistlers recorded at Eights within a few hours of lo-
cal midnight were used to construct nightly profiles of equa-
torial concentration and tube content in the range L ~
2-6. Smooth curves were drawn through the data points
of each night, as in Figures 2 and 3. Figure 5 shows the
monthly median values of tube content and equatorial elec-
tron concentration at intervals of 0.25L. The bars represent
upper- and lower-quartile values. Thus the length of the
bar represents the range of values within which 509 of
the nightly profiles fall. A comparison between Figures 5a
and 3a reveals several similarities. The Ny values show
larger excursions with increasing L value. Both the median
and the upper-quartile values increase with increasing L
at first but then level off at L ~ 4.5. Interpreted in the
context of Figure 3, this means that, in a long-term average
sense, the transition from inner to outer plasmasphere
occurred near L = 4.5 in June 1965,

PrasmaspERIC DENSITIES

ANNUAL VARIATIONS

From the foregoing discussion, it is expected that the
saturation level of plasmaspheric densities and the location
marking the transition between inner and outer plasma-
sphere would depend on the magnitude of upward fluxes
from the ionosphere and the frequency with which geomag-
netic disturbances deplete the plasmasphere. These in turn
would depend on the season and sunspot cycle. A detailed
survey of seasonal, annual, and solar cycle variations in
the plasmasphere is underway. Here we will show an ex-
ample of annual variations only.

Figure 6 comparcs median values of Nr and #,., for
November and December 1964 with those for June 1965.
The June data are reproduced from Figure 5, and the
November—-December data represent the median behavior
obtained from nightly profiles in a manner similar to that
used in Figure 5. All the whistlers used in Figure 6 were
recorded at Eights. The November and December densities
are 1.5-3 times larger than the June values, the ratio in-
creasing with decreasing L value. We can see in Figure 6a
that, on the average, the demarcation between inner and
outer plasmasphere during the November-December period
is at L ~ 4, approximately 0.5L less in comparison with the
June period.

Annual density variations in the plasmasphere have been
well known since the early days of whistler research
[Helliwell, 1961; Carpenter, 1962; Corcuff, 1962], but they
still remain unexplained. The problem is compounded by the
tilt of the earth’s magnetic axis, which may make annual
variations longitude dependent. The data presented here
come from a longitude sector where the magnetic equator
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Fig. 6. (a) Plots of median nighttime tube content values

for June 1965 and for November and December 1964, showing
large annual variations. (b) Plots of equatorial electron
concentrations corresponding to the tube content data in
Figure 6a.
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has the maximum southerly displacement with respect to
the geographic equator. At these longitudes, the ionospheric
ends of a flux tube corotating with the earth are exposed to
sunlight each day for a longer period in December than
they are in June. Another complication arises from the fact
that at these longitudes the mid-latitude ionosphere in the
southern hemisphere has a peculiar diurnal behavior in local
summer. Tonospheric densities there show a midnight maxi-
mum and a noon minimum [e.g., Chan and Colin, 1969].
These two factors may have contributed to the annual
variation shown in Figure 6. However, earlier work based
on whistlers from stations widely separated in longitude
suggests that the annual variation is global in scale and that
it is in phase everywhere. More data are needed, particularly
from the eastern hemisphere, in order to clearly identify any
longitudinal effects in the annual variation.

Acknowledgments. 1 wish to thank M. G. Morgan for the
loan of whistler tapes from Argentine Islands and D. Wiggin
for helping with data processing. The ionospheric data were
made available through World Data Center A. This research
was supported in part by the National Science Foundation,
Atmospheric Sciences Section, under grants GA-28042 and
GA-32590X, and in part by the National Science Foundation,
Office of Polar Programs.

* * *

The Editor thanks C. R. Chappell and M. J. Rycroft for
their assistance in evaluating this paper.

REFERENCES

Banke, P. M., and J. R. Doupnik, Thermal proton flow in the
plasmasphere: The morning sector, Planet. Space Sci., in
press, 1973.

Bernard, L. C., A new nose extension method for whistlers,
J. Atmos. Terr. Phys., 35, 871, 1973.

Carpenter, D. L., Electron density variations in the magneto-
sphere deduced from whistler data, J. Geophys. Res., 67,
3345, 1962.

Carpenter, D. L., and C. G. Park, On what ionospheric workers
should know about the plasmapause-plasmasphere, Rev. Geo-
phys. Space Phys., 11, 133, 1973.

Carpenter, D. L., C. G. Parks, J. F. Arens, and D. J. Williams,
Position of the plasmapause during a stormtime increase in
trapped energetic (E > 280 keV) electrons, J. Geophys. Res.,
76, 4669, 1971.

Chan, K. L., and L. Colin, Global electron density distribu-
tions from topside soundings, Proc. IEEE, 57, 990, 1969.
Chappell, C. R., Recent satellite measurements of the mor-
phology and dynamics of the plasmasphere, Rev. Geophys.

Space Phys., 10, 951, 1972.

Corcuff, Y., La dispersion des siflements radioélectriques au
cours des orages magnétiques; ses variations nocturnes, an-
nuelles et semi-annuelles en périodes calmes, Ann. Geo-
phys., 18, 334, 1962.

Helliwell, R. A., Exospheric electron density variations de-
duced from whistlers, Ann. Geophys., 17, 76, 1961.

Obayashi, T., World-wide electron density changes and as-
sociated thermospheric winds during an ionospheric storm,
Planet. Space Sct., 20, 511, 1972,

Obsayashi, T., and N. Matuura, Theoretical model of F region
storms, in Solar Terrestrial Physics/1970, edited by E. R.
Dyer, D. Reidel, Dordrecht, Netherlands, 1972.

Park, C. G., Whistler observations of the interchange of
ionization between the ionosphere and the protonosphere,
J. Geophys. Res., 76, 4249, 1970.

Park, C. G., Methods of determining electron concentrations
in the magnetosphere from nose whistlers, Tech. Rep. 3454~
1, Radiosei. Lab., Stanford Univ., Stanford, Calif., January
1972,

Park, C. G., Whistler observations of the depletion of the
plasmasphere during a magnetospheric substorm, J. Geophys.
Res., 78, 672, 1973.

Park, C. G., and D. L. Carpenter, Whistler evidence of large-
scale electron density irregularities in the plasmasphere, J.
Geophys. Res., 75, 3825, 1970.

Taylor, H. A., Jr., and W. J. Walsh, The light jon trough,
the main trough, and the plasmapause, J. Geophys. Res., 77,
6716, 1972.

(Received July 11, 1973 ;
accepted October 17, 1973.)



