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Polar Cap Electron Densities From DE 1 Plasma Wave Observations

ANN M. PERSOON, DONALD A. GURNETT, AND STANLEY D. SHAWHAN

Department of Physics and Astronomy, The University of lowa

Electric field spectrum measurements from the plasma wave instrument on the Dynamics Explorer 1
spacecraft are used to study the local electron density at high altitudes in the northern polar cap region.
The electron density is determined from the upper cutoff of whistler mode radiation at the electron
plasma frequency. Median density values over the polar cap at L greater than 10 are found to vary from
352+ 85 cm™3 at 2.1 R, to 0.99 + 0.51 cm ™3 at 4.66 p,. The steady state radial outflow model is
examined for consistency with the observed density profile. A power law fit to the radial variation of the
electron density yields an exponent of — 3.85 + 0.32, which for the radial outflow model implies a flow
velocity increasing nearly linearly with increasing radial distance. Comparison of the observed electron
densities with theoretical polar wind densities yields consistent results up to 2.8 R;. A comparison of the
observed electron densities with low-altitude density profiles from the Alouette II and ISIS 1 spacecraft
illustrate transitions in the slope of the profile at 1.16 R, and between 1.55 and 2.0 R,. The changes in the
density profile suggest that changes occur in the basic radial transport processes at these altitudes.

1. INTRODUCTION

In this report the electron density profile as a function of
radial distance is determined by using electric field spectrum
measurements from the plasma wave instrument on the Dy-
namics Explorer 1 spacecraft. The region of interest in this
study is the earth’s northern polar cap region where geomag-
netic field lines open into the magnetotail and a steady out-
ward plasma flow occurs. The polar cap region is defined to
be the region of the magnetosphere poleward of the auroral
field lines. For purpose of this study, the northern polar cap
region was taken to be that region of the magnetosphere with
L shell values greater than 10, corresponding to invariant lati-
tudes greater than 71.6° (A = cos™ ! (1/L)"/?).

Electron density measurements in the lower polar iono-
sphere have been made by a variety of direct and indirect
techniques [ Thrane, 1972]. Density data for high geomagnetic
latitudes have been obtained by ground-based methods such
as partial reflection, incoherent scatter radar, wave interac-
tion, and ionosonde measurements [Knight, 1972]. Rocket
measurements, including in situ probe measurements and
measurements based on wave propagation effects, began in
the late 1940’s and were used to construct vertical electron
density profiles to altitudes above the F, peak [Knight, 1972].
However, few rocket launching sites were located north of 60°
geographic latitude in Alaska, Canada, and Scandinavia and
the major interest in electron density profiles was in the low
and middle latitudes [ Maeda, 1969, 1971].

Satellites in eccentric and circular polar orbits, with orbit
inclination angles exceeding 75° and apogees varying from a
few hundred kilometers to several thousand kilometers, were
able to obtain electron density measurements with more ex-
tensive spatial coverage of the northern polar cap region. Sat-
ellite density measurements were obtained by a variety of
techniques which included in situ probe measurements and
measurements based on wave propagation effects. The latter
method was employed by the topside sounder satellites. Ex-
plorer 20 and four topside sounder satellites of the Allouette-
ISIS series were launched in the decade following 1961 [Cal-
vert and Van Zandt, 1966; Florida 1969 ; Jackson and Warren,
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1969]. Electron density measurements obtained from the top-
side sounder data were used to construct electron density pro-
files up to 3500 km.

In situ probe measurements at high polar latitudes were
obtained by a succession of American and European satellites
launched in the late 1960’s and early 1970’s. Explorer 31 was
launched in 1965 along with the topside sounder satellite
Alouette II in order to provide simultaneous measurements of
ionospheric plasma density by direct measurement probes and
the topside sounder technique [Donley et al., 1969]. The
ESRO spacecraft, also in eccentric polar orbits with apogees
exceeding 1100 km, provided direct electron density measure-
ments for high-latitude density profiles [Raitt, 1971]. Satel-
lites in circular polar orbits, including Explorer 22 [Brace et
al., 1970; Miller and Brace, 1969 ; Reddy et al., 1969] and the
Ariel spacecraft [Sayers et al., 1969, Tulunay, 1972] were able
to obtain information on latitudinal and diurnal variations in
the electron density profile, as well as variations in the elec-
tron density with disturbances in the earth’s magnetic field.
Collectively, these polar orbiting satellites provided in situ
electron density measurements up to 3000 km at high polar
latitudes.

In 1974 and 1976, two spacecraft, Hawkeye I and S3-3,
were launched into higher altitude orbits over the polar cap.
The S3-3 satellite, with an apogee of 8000 km, carried instru-
mentation to measure electron densities both by the in situ
probe technique and indirectly by the measurement of the
upper hybrid resonance frequency [ Mozer et al., 1979]. How-
ever, although the data are available, no electron density
measurements in the polar cap region have yet been publish-
ed. The Hawkeye I spacecraft, with a polar apogee of 20.5 R,
obtained electric and magnetic field measurments at large
radial distances from 8 R to 20 Rj in the polar cap region
[Gurnett and Frank, 1978]. Although density measurements at
these altitudes could be derived from the Hawkeye electric
field measurements [Calvert, 1981], to date no such results
have been published.

The Dynamics Explorer 1 spacecraft, launched on August
3, 1981, is in an eccentric polar orbit with perigee and apogee
geocentric radial distances of 1.09 Ry and 4.66 R, respec-
tively. Because of the eccentricity and the latitudinal precess-
ion of the orbit, this spacecraft provides electric and magnetic
field measurements over a region of the polar magnetosphere
not previously studied. Figure 1 illustrates the orientation of
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Fig. 1. The change in the orientation of the DE 1 orbit from

September 1981 to February 1982. All density data presented in this
study for the S-month interval, indicated by the crossing shading, are
from high-latitude passes over the polar cap region.

the DE 1 orbit in September 1981 and the precession of the
apogee over the S-month period involved in this study, from
September 1981 to February 1982. The latitudinal precession
of the DE 1 apogee is 108° per year. This precession is respon-
sible both for the variations in the altitude of the spacecraft in
the polar cap region and for the variations in the length of
time the spacecraft spends in this region. During the 5-month
period covered in this study, the geocentric radial distance of
DE 1 in the northern polar cap region varied from 2.0 R to
4.66 Rp, or 6378 km to 23,343 km above the earth’s surface.
This altitude range is far below the high altitudes surveyed by
the Hawkeye spacecraft and above the low altitudes investi-
gated by the topside sounder satellites and the polar orbiting
satellites making in situ density measurements in the polar
cap.

DE 1 electron density measurements have been obtained by
an analysis of whistler mode wave propagation using electric
field spectrum measurements from the plasma wave instru-
ment. The plasma wave instrument (PWI) on Dynamics Ex-
plorer 1 has been described in detail in a previous report [see
Shawhan et al., 19817]. The instrument is designed to measure
ac electric fields over a frequency range of 1 Hz to 2 MHz and
an amplitude range of 0.03 yV m~! to 100 mV m~'. Ac
magnetic fields and quasi-static electric fields are also mea-
sured. The antenna system used to detect electric fields con-
sists of a pair of electric antennas mounted orthogonally to
each other. One of these antennas is 9 m long and is oriented
parallel to the spin axis, and the other is 200 m long and is
oriented perpendicular to the spin axis. Signals from these
sensors are processed by two of the PWI receiver systems, the
step frequency correlator (SFC) and the low frequency corre-
lator (LFC). The step frequency correlator consists of a corre-
lator and two identical step frequency receivers (SFR) with
four frequency bands, each containing 32 frequency steps. The
SFC scans a frequency range of 100 Hz to 400 kHz once every
32 s. The low frequency correlator consists of a correlator and
two identical spectrum analyzers, each with eight filters. The
LFC scans a frequency range of 1.78 Hz to 100 Hz once every
32 s. The resulting electric field amplitude measurements are
displayed in frequency-time spectrogram form. Each spec-
trogram covers a 2-hour time interval and spans a frequency
range of 1.78 Hz to 400 kHz.
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2. METHOD OF ANALYSIS

Electric field spectrograms obtained from the electric field
amplitude measurements of the PWI illustrate features of the
various modes of plasma waves observed by DE 1 for fre-
quencies in the vicinity of the electron gyrofrequency and the
electron plasma frequency. Four plasma wave modes are pre-
dicted by cold plasma theory in this frequency range [Stix,
1962]. Of these modes, the whistler mode, the Z mode, and
the R-X mode have been associated with electromagnetic
plasma wave emissions found in the auroral zone and polar
cap region [Gurnett et al., 1983]. Broadband electromagnetic
emissions propagating below the electron gyrofrequency in the
auroral zone (where f, < f)) are called auroral hiss. These
emissions are believed to be propagating in the whistler mode
[Gurnett et al., 1983] because this is the only electromagnetic
plasma wave mode propagating in this frequency range. Auro-
ral hiss is generated by low-energy (100 eV to 10 keV) elec-
trons moving upward along auroral field lines from a region
of electron acceleration between 1.7 Rg and 1.9 R [Lin et al.,
1983]. Intense, high-frequency emissions called auroral kilo-
metric radiation (AKR) have also been identified on the PWI
electric field spectrograms. This radiation is generated along
auroral field lines between 2 R and 4 Ry [Gurnett, 1974;
Gallagher and Gurnett, 19797 and escapes from the earth’s
magnetosphere. Recent polarization measurements of AKR by
Shawhan and Gurnett [1982] have determined that the domi-
nant component of AKR is right-hand polarized and the radi-
ation propagates in the free space R-X mode. Broadband Z
mode radiation has been identified in the auroral zone by
Calvert [1981] and Gurnett et al. [1983].

A typical example of an electric field spectrogram illustrat-
ing these various wave modes is shown in Figure 2. The trajec-
tory of the spacecraft in a magnetic meridian plane is shown
in the lower left corner of the spectrogram. In this case, the
spacecraft is approaching the nightside auroral region from a
radial distance of 4.2 Ry and 79° magnetic latitude and en-
tering the auroral zone at 54° magnetic latitude and a radial
distance of 2.8 R;. The intense emissions in the high-frequency
range are auroral kilometric radiation. The apparent lower
frequency cutoff of auroral kilometric radiation is an instru-
mentation effect; the low-frequency cutoff of the step fre-
quency receivers’ fourth frequency band is located at 58 kHz.
The emissions in the 15-60 kHz range are Z mode radiation,
electromagnetic emissions with a characteristic upper fre-
quency cutoff located at the upper hybrid resonance frequency
[Gurnett et al., 1983]. In this spectrogram, the Z mode radi-
ation exhibits a sharply defined upper frequency cutoff at the
electron gyrofrequency on the poleward side of the auroral
zone. In this region of low electron densities, the electron
plasma frequency is much lower than the local electron gy-
rofrequency. Under these circumstances, the upper hybrid res-
onance frequency is approximately equal to the local electron
gyrofrequency and the latter becomes the upper frequency
cutoff for the Z mode.

The intense emissions below 20 kHz which spread out from
the auroral region toward the pole are auroral hiss emissions.
Auroral hiss is commonly observed between 10 Hz and 100
kHz. Figure 2 illustrates the funnel-shaped lower frequency
cutoff of auroral hiss emissions in the auroral zone, a feature
that is frequently but not always observed at the altitude of
the DE 1 orbit [Gurnett et al., 1983]. Auroral hiss is not
confined to the auroral zone but spreads out over a wide
range of latitudes both poleward and equatorward of the au-
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Fig. 2. A representative spectrogram of electric field amplitude measurements illustrating the various plasma wave

emissions found in the polar cap region near the electron gyrofrequency and plasma frequency.

roral zone. Auroral hiss emissions are also found in the day-
side polar cusp and sometimes exhibit a latitudinal asymmetry
in the direction of the pole (see Figure 3), resulting in a nearly
continuous band of emissions over the polar cap region (see
Figures 4 and 5).

Since auroral hiss is a whistler mode emission, this radiation
has a characteristic upper frequency cutoff at either the elec-
tron gyrofrequency or the electron plasma frequency, which-
ever is smaller [Stix, 1962; Chen, 1974]. In the polar cap
region, the electron plasma frequency is generally much
smaller than the electron gyrofrequency. The electron plasma
frequency then gives the upper frequency cutoff for the whis-
tler mode. In Figure 2, the plasma frequency cutoff is well
defined and varies smoothly from 16 to 19 kHz. It dis-
tinguishes the auroral hiss emissions below from the Z mode
radiation above.

Spectrograms, such as the one in Figure 2, are constructed
from the digitized data output of the step frequency receivers.
To trace the plasma frequency cutoff, the digitized data are
displayed on a video monitor in spectrogram form. A manu-
ally controlled cursor is then used to trace the plasma fre-
quency cutoff’ on the spectrogram, and a frequency value is
recorded for each sweep of the step frequency receiver (every
32 s). In addition, orbit parameters of the spacecraft, such as
magnetic latitude and radial distance, are recorded for each
32-s time interval.

For spectrograms in which the upper frequency cutoff is not
clearly defined, contrast enhancement techniques are em-
ployed to accent the plasma frequency cutoff and minimize

background noisc and Z mode radiation. A 16-point sliding
grey scale provides the capability of enhancing the intensity of
segments of the frequency range by raising the minimum in-
tensity levels above the maximum intensity of the background
noise and lowering the maximum intensity levels displayed on
the monitor screen. The remaining narrower intensity range is
spanned by 16 shades from white (lowest intensity) to black
(highest intensity). Such contrast enhancement techniques are
necessary, since an accurate determination of the electron
number density depends on the measurement of a well-defined
plasma frequency cutoff.

The combined use of contrast enhancement techniques and
tracing the frequency cutoff with a cursor permits the determi-
nation of the frequency cutoff to a high degree of accuracy.
The top three SFR frequency bands (900 Hz to 400 kHz) are
divided into 96 frequency steps. The cursor can locate the
frequency cutoff within one frequency step. At 10 kHz, a typi-
cal frequency cutoff value, the frequency cutoff can be deter-
mined within +600 Hz, corresponding to an uncertainty in
the calculated number density of +12%. This uncertainty is
negligible compared to the observed spread in density values
due to diurnal and latitudinal variations, as well as anticipated
large-scale variations due to magnetic activity and solar ef-
fects.

An additional source of error comes from the identification
of the cutoff frequency with the electron plasma frequency.
Hot plasma effects such as cyclotron damping and Landau
damping can cause the whistler mode wave to cut off at fre-
quencies below the electron plasma frequency. These effects,
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Fig. 3. An electric field spectrogram of a polar cusp crossing in early October. Irregularities 1n the density profile are
indicated by sudden increases in f, at 0752 UT and at 0845-0850 UT as the satellite nears the pole.

however, are expected to be small. Because of the small wave
normal angle of the whistler mode at resonance and the subse-
quently high index of refraction required for Landau damping,
this effect will only be significant in a narrow band of fre-
quencies just below the plasma frequency. Only particles with
resonant frequencies in this band will interact with the wave.
For frequencies in the range of f, + 0.2 kHz, the Landau
damping effect would imply an error in the calculated number
density of approximately 4% at f, = 10 kHz. Cyclotron damp-
ing will have a significant effect on the cutoff frequency only in
a region near the electron gyrofrequency. A statistical com-
parison of the electron gyrofrequency and the observed cutoff
frequency on the electric field spectrograms indicates that the
cutoff frequency was equal to or greater than 0.9 f, for only
2% of all data points in this study (see section 4). Conse-
quently, if errors occur due to cyclotron damping they occur
in less than 2% of all the density data points. The cyclotron
damping effect is negligible below 3.5 R and is expected to be
smaller than the Landau damping effect at all radial distances.

The method of determining the electron number density
from the plasma frequency cutoff has certain inherent limi-
tations. The plasma frequency can be determined with the
aforementioned accuracy only for those spectrograms where
auroral hiss is present and where the cutoff is reasonably well-
defined. Of the more than 750 electric field spectrograms
examined in this study, only 40% have auroral hiss with well-
defined upper frequency cutoffs for a significant fraction of the
2-hour time interval of the spectrogram. The quality of the
upper frequency cutoff on these spectrograms varies with the
intensity of the whistler mode radiation as well as with the

intensity of the background noise and the other plasma wave
modes (particularly the Z mode) propagating near the upper
frequency cutoff. The quality of the frequency cutoff tends to
improve toward the lower polar latitudes. Few well-defined
frequency cutoffs could be found for magnetic latitudes above
85“. The intensity of auroral hiss emissions propagating into
the polar cap from lower auroral latitudes diminishes with
increasing latitude, thereby making it difficult to find suitable
events at high latitudes over the polar cap. Frequently, at high
latitudes, auroral hiss emissions could not be distinguished
from the background noise.

3. REPRESENTATIVE ELECTRIC FIELD SPECTROGRAMS

To provide a feeling for the type of data used and the
difficulties encountered, five representative passes have been
selected for discussion. These passes were selected to illustrate
a range of conditions, varying from very smooth, well-defined
electron density profiles to highly irregular profiles with large
variations on a short time scale.

3.1. Day 278, 1981

The spectrogram for this pass is shown in Figure 3. The
electron density profile is smooth and well-defined up until
0840 UT as the satellite nears the pole. The spectrogram is
from early October 1981, when the satellite’s apogee had pre-
cessed about 15" to the dayside of the pole. The panel in the
lower left hand corner of the spectrogram indicates the satel-
lite's trajectory. DE 1 is emerging from the dayside polar cusp
at 4.3 R, with a magnetic latitude of 59° and approaching the
pole at 4.6 R, and 78° magnetic latitude at 0858 UT, where
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there is a data gap. Intense AKR is again evident above 100
kHz and Z mode radiation, less intense than it was in Figure
2, is found between 10 kHz and 20 kHz at 0755 UT. The
auroral hiss emissions are latitudinally asymmetric, spreading
out over the polar cap region in the direction of the pole.
However, the funnel-shaped lower frequency cutoff of the au-
roral hiss in the auroral zone is not evident in this spec-
trogram. Below 78" magnetic latitude, the electron plasma fre-
quency is smoothly varying, decreasing with increasing radial
distance. Exceptions are the sharp spike in the plasma fre-
quency cutoff at 0752 UT and several spikes after 0845 UT,
indicating a sudden increase in the electron number density by
more than a factor of 2. After about 0840 UT, the auroral hiss
becomes weak and the upper cutoff becomes irregular and
difficult to identify.

3.2. Day 047, 1952

The two spectrograms in Figures 4 and 5 were chosen to
illustrate one continuous pass of DE 1 over the polar cap.
This pass occurred in mid-February of 1982 when the space-
craft apogee had precessed into the nightside auroral zone. In
Figure 4, the spacecraft is in and emerging from the nightside
auroral zone as illustrated by the panel in the bottom left-
hand corner of the spectrogram. It passes through apogee at
approximately 0350 UT and emerges from the auroral zone
shortly after 0405 UT, with a range in magnetic latitude of 34°
to 69°. An abrupt drop in the plasma density is evident in the
auroral zone from about 0400 to 0405 UT. This density deple-
tion is believed to correspond to the auroral plasma cavity
discussed by Calvert [1981]. In the polar cap region, the
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plasma frequency cutofl of the whistler mode radiation is
sharply defined and constant at approximately 10 kHz. The Z
mode radiation above the auroral hiss is less intense and again
exhibits a sharp upper frequency cutofl at the electron gy-
rofrequency.

The spectrogram in Figure 5 is a continuation of the 2-hour
spectrogram in Figure 4. The spacecraft is in the northern
polar cap region for most of this time interval, passing over
the pole at approximately 0600 UT. The vertical white lines
on the spectrogram indicate short data gaps. The radial dis-
tance of the spacecraft for this spectrogram varies from 4.4 R,
at a magnetic latitude of 62° on the nightside of the pole to 1.8
R at a magnetic latitude of 44" on the dayside of the pole.
The spacecraft enters the polar cusp at approximately 0640
UT, as indicated by the onset of broadband auroral hiss emis-
sions at that time. The plasma frequency cutoff in Figure 5 is
again sharply defined and is generally constant at about 16
kHz before the spacecraft crosses the pole. However, there is
an abrupt 12% decrease in magnitude at a magnetic latitude
of 84" on the dayside of the pole (at 0604 UT) and a steady
increase in the plasma frequency after 0625 UT with decreas-
ing radial distance. Generally, though, the plasma frequency in
Figures 4 and 5 exhibits few variations on a short time scale,
and the resulting electron density profile for this orbital pass is
smoothly varying.

3.3 Day 046, 1982

However, the plasma frequency is not smoothly varying for
the orbital pass which immediately precedes the pass illus-
trated in Figures 4 and 5. In Figure 6 the spacecraft is in the
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Fig. 4. A nightside crossing of the auroral field lines in mid-February illustrating a depletion in electron densities at
/m = 50" [Calvert, 19817 and a smooth density profile inside the polar cap region.
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A continuation of the same polar pass illustrated in Figure 4. The density profile is smoothly varying over the

entire polar cap region.

same region of the polar magnetosphere as it is in Figures 4
and 5 but 6 hours earlier. As indicated in the panel in the
lower right hand corner, DE 1 is emerging from the nightside
auroral zone into the northern polar cap region. In this 2-hour
interval, the radial distance of the spacecraft varies from 4.4
R, at a magnetic latitude of 47 on the nightside of the pole to
1.8 R at a magnetic latitude of 51" on the dayside of the pole.

We believe that the radiation seen below 40 kHz at high
magnetic latitudes in Figure 6 is electromagnetic. The radi-
ation propagates at frequencies below the electron plasma fre-
quency in a region of the polar magnetosphere where f, « f,.
Whistler mode radiation is the only electromagnetic plasma
wave mode that can propagate in this frequency range. This
whistler mode radiation, however, is not the usual type of
auroral hiss associated with the auroral zone, since it is be-
lieved to be generated at high magnetic latitudes poleward of
the auroral field lines. This radiation may be associated with
the polar cap aurora or other auroralike processes observed
over the polar cap [Frank et al., 1982].

Since the radiation is whistler mode radiation, the upper
frequency cutoff visible in Figure 6 is the electron plasma
frequency. Unlike the plasma frequency cutofl in Figures 4
and S, the plasma frequency cutofl in Figure 6 is highly vari-
able on time scales of 8 min to less than 1 min, indicating
variations in the electron number density of an order of mag-
nitude or more on spatial scales of 50-1400 km.

3.4. Day 039, 1982

The variability in the character of the electron density pro-
file between successive passes of the spacecraft is again illus-
trated in Figures 7 and 8. The spectrograms in these figures

are from successive passes of the spacecraft, emerging from the
nightside auroral zone in early February 1982. In Figure 7, the
spacecraft exits the auroral zone at 0400 UT at a radial dis-
tance of 4.6 Rp and a magnetic latitude of approximately 45°
and passes through apogee in the polar cap region about 10
min later. In this spectrogram, the electron plasma frequency
varies smoothly between 9 kHz and 13 kHz with few abrupt
changes on a short time scale, indicating changes in the elec-
tron number density by a factor of 2 or less.

On the following pass (Figure 8), the spacecraft emerges
from the nightside auroral zone at 1140 UT (approximately
7.5 hours later) at a radial distance of 4.5 R; and a magnetic
latitude of 50 . The radial distance of the spacecraft in the
polar cap region for this pass varies from 4.5 R, at a magnetic
of 50" to 3 R, at a magnetic latitude of 78" on the nightside of
the pole, very similar to the preceding pass. However, unlike
the preceding pass, the electron plasma frequency cutoff is not
smoothly varying. There is a general tendency for the plasma
frequency to increase in magnitude with decreasing radial dis-
tance as the spacecraft near the pole, as it did in Figure 7. But
more striking are the large variations in the magnitude of the
plasma frequency on time scales of 5 min or less, indicating
variations in the electron number density up to 1 order of
magnitude on spatial scales of less than 700 km. The electron
density profile for this pass is not as smoothly varying as it
was in Figure 7.

4. THE ELECTRON DENSITY PROFILE

To obtain the electron density profile in the northern polar
cap region, the electron plasma frequency was numerically
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Fig. 6. A spectrogram illusirating the time variability of the density profile. This pass preceded the pass illustrated in
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very short spatial scales.

determined from the analysis of nearly one hundred 2-hour
spectrograms over the polar cap, selected from the 5-month
time interval from September 1981 to February 1982. This
interval was characterized by relatively high magnetic activity
(kp ~ 3). The electron number density was calculated from the
plasma frequency by using the relation n, = (f,/9), where n, is
in cm™? and f, is in kHz. Figure 9 is a semilog plot of the
calculated electron number density as a function of radial dis-
tance. This plot shows that a wide scatter exists in the electron
density for a given radial distance. This scatter is not unex-
pected, since the examination of individual passes shows large
variations from orbit to orbit as well as substantial variations
on individual passes. The scatter plot also combines data over
a wide range of magnetic latitudes, so that some of the scatter
could be due to variations of the latitudinal position of the
spacecraft within the polar cap. Despite the wide spread in the
electron density values at a given radial distance the electron
density is clearly seen to decrease with increasing radial dis-
tance, as would be expected.

The sharply defined upper density cutoff evident in Figure 9
from about 3.5 to 4.6 R corresponds to the electron gy-
rofrequency. This upper cutoff occurs because the electron
number densities can be determined from the whistler mode
cutoff frequency only when the electron plasma frequency is
lower than the electron gyrofrequency. When the electron
plasma frequency exceeds the gyrofrequency, the electron den-
sity calculated from the cutoff frequency (now the electron
gyrofrequency) merely represents a lower limit on the actual

electron density. A statistical tabulation of the data points for
which the cutoff frequency was greater than 90% of the elec-
tron gyrofrequency indicated that the electron gyrofrequency
contaminated the calculation of electron densities in less than
1% of the cases below 3.5 R, increasing to about 3.6% of the
cases for radial distances above 4.25 Rg. A total of approxi-
mately 2% of all density values are affected.

To further explore the relationship between electron density
and radial distance and to determine the spread in number
density values for a given altitude, the radial range was divid-
ed into radial increments of 0.25 R; and the median value of
the electron number density was computed for each radial
increment. All cutoff frequencies were used in calculating the
median values, even when the cutoff is determined by the
gyrofrequency. Median values were chosen, rather than
average values, to eliminate the effect of plasma frequencies
greater than the gyrofrequency. Since the medians, are in all
cases, well below the gyrofrequency, median values are not
affected by the gyrofrequency cutoff. Figure 10 is a log-log
plot of the median electron number density as a function of
radial distance. The error bars indicate quartiles, which show
the spread in 25% of the data on either side of the median
values. The median number densities range from 35.2 + 8.5
cm”3 at 2.1 Rg to 0.99 + 0.51 cm ™2 at 4.66 R;. Variations up
to a factor of 4 occur from these median values. As can be
seen from Figure 10, a straight line provides a good fit
through the median points, thereby suggesting a power law
relationship between the electron density and the radial dis-
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Fig. 7. Another nightside crossing of the auroral field lines in early February. Changes in the cutoff frequency for this
pass indicate small variations in the number density by a factor of 2 or less.

tance. The slope of the best fit line through the points indi-
cates a power law exponent of — 3.85 + 0.32.

5. COMPARISON OF THE DENSITY PROFILES
WiTH THEORETICAL MODELS

In the high-density, low-latitude region of the earth’s mag-
netosphere, plasma is confined on closed magnetic field lines
and exists in a state of near-diffusive equilibrium [Dessler and
Michel, 1966 Dungey, 1961]. In this region, diffusive equilibri-
um solutions can be obtained assuming a Maxwellian velocity
distribution and a collision-dominated plasma [Bauer, 1969].
However, at high geomagnetic latitudes the magnetic field
lines are open to interplanetary space. In this region the
boundary plasma pressure is very low, and an outward flow of
ionospheric ions results [ Banks and Holzer, 1968, 1969bh]. The
outward flux of predominantly light ions has been called the
polar wind [Axford, 1968]. Because the plasma escapes freely
from the magnetosphere the electron density drops to very
low values at all polar latitudes. At low polar altitudes, con-
vection processes in the F region also contribute to a substan-
tial depletion of ionospheric plasma. Evidence of significant
plasma depletions at low altitudes in the polar region has been
given by Hagyg [1967] and T'imleck and Nelms [1969].

The existence of an upward. field-aligned flux of protons.
predicted by the polar wind theory. was confirmed by Ex-
plorer 31 and ISIS 2. The ion mass spectrometers on these
satellites detected an upward proton flux in the low plasma

density region of the polar cap above 1000 km [Hoffman,
1969: Hoffman and Dodson, 1980]. At the higher altitudes of
the DE 1 orbit. the retarding ion mass spectrometer and the
energetic ion composition spectrometer have both detected a
similar flux of lighter ions (H' and He") in the polar cap
region [Chappell et al., 1982a: Shelley et al., 1982]. A signifi-
cant flux of N* ions [Chappell et al., 1982b] has also been
detected. and recent measurements have discovered a peak in
the flux of the O ion [Shelley et al., 1982] which appears to
be associated with periods of increased magnetic activity
(kp > 5) (J. H. Waite, personal communication, 1983).

The escape of ions from the polar cap region is constrained
by the continuity equation which, for a specific ion species,
can be written

(fn ity +V-mU) =g, — I (1)

where n; is the ion number density, U, is the ion flow velocity,
q; is the ion production rate, and [, is the ion loss rate. The
form of the continuity equation can be greatly simplified by
adopting threc assumptions pertaining to the high-altitude
polar magnetosphere: steady state conditions, negligible ion
loss and production. and a negligible divergence in the per-
pendicular ion flux. The assumption of negligible ion loss and
production is justified by the low ncutral particle densities
encountered in the polar magnetosphere at radial distances
greater than 2 R,. The assumption of a negligible divergence
of the perpendicular ion flux is reasonable, as a first-order
approximation. at high polar altitudes where the radial
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magnitude on spatial scales of less than 700 km.

plasma outflow is dominant. Although steady state conditions
do not exist at all times in the polar magnetosphere, steady
state is a justifiable first-order approximation when the den-
sity measurements are time-averaged over several months, as
we have done. With these approximations, the continuity
equation for a simple radial outflow model requires that

n;u; A = const (2)

where u; is the ion flow velocity paralle]l to the magnetic field
and A is the cross-sectional area of the flux tube at a given
radial distance. The cross-sectional area of the flux tube can
be shown to be proportional to the cube of the radial distance
by the conservation of magnetic flux and the dipole approxi-
mation for the magnetic field intensity in the polar cap region
(Boc R™3). Thus the continuity equation for the steady state
radial outflow of ions along magnetic field lines, neglecting ion
loss and production and the perpendicular ion flux, predicts
that

mocu;, 'R73 3

where A oc R? has been substituted for the cross-sectional area
of the flux tube in the continuity equation.

The condition of electrical neutrallty in the polar cap region
requires that

= Z Z;n; )

where Z; is the charge state of the individual ion species. Since
one singly charged ion species is expected to dominate at large
radial distances (H* in the model developed by Banks and
Holzer), the electron density is controlled by that species. As-
suming therefore that n, = n,, it follows that

n,ocu 'R73 )

where u is the plasma flow velocity along the magnetic field
line. A constant plasma flow velocity would place an upper
limit on the exponent of a power law distribution of — 3.

In practice, one expects the steady state flow velocity to
increase with increasing radial distance because of the pressure
gradient between the ionosphere and the magnetotail. This
increase in the flow velocity with increasing radial distance
can be seen in the calculations of Banks and Holzer [1969a, b]
and of Schunk and Watkins [1981, 1982]. Thus the exponent
greater than 3 in Figure 10 is consistent with the expected
relationships of radial distance with flow velocity and cross-
sectional area in the polar cap region. It is reasonable to
expect that n,oc R™?, where y > 3, if a valid power law re-
lationship exists between electron number density and radial
distance. Our best data fit in Figure 10, n, oc R™3:85%£0:32,
indicates that the plasma flow velocity increase as R°-35%0-32
(i.e., approximately linearly with radial distance).

An outward flux of light ions and electrons is expected to
occur in the polar cap region [Axford, 1968; Banks and
Holzer, 1968]. However, the newly discovered dominance of
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Fig. 9. A scatter plot of electron density as a function of radial
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variations in the electron density. The sharp upper cutoff evident from
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the oxygen ion for some DE 1 polar passes was unexpected
[Shelley et al., 1982]. The classic polar wind theory predicted
a large flux of lighter ions along open magnetic field lines at
high latitudes and a negligible loss of heavy ions. Calculations
showed that the loss of light ions from the topside polar iono-
sphere would result in a dominance of O ions up to an
altitude of 4000 km to 7500 km. Above this altitude a substan-
tial, though rapidly diminishing, upward O™ flux would exist
to support the dominant H* flux through charge-exchange
reactions.

In their theoretical study of multicomponent plasma trans-
port at high geomagnetic latitudes, Banks and Holzer [1969b]
derived a set of solutions to the standard hydrodynamic trans-
port equations for various neutral atmosphere models and a
range of isotropic, equal electron and ion temperatures. At an
altitude of 7000 km (2.18 Ry), their predicted electron densities
ranged from approximately 80 cm ™3 to nearly 1000 cm™>.
These densities exceed our observed densities at 2.25 Ry by a
factor of 5-50.

Banks and Holzer [1969b] also derived a set of predicted
ion densities for different neutral atmosphere temperatures
and a range of equal electron and ion temperatures. Predicted
O™ densities were found to vary from 10 cm™3 to 200 cm ™3
and H* densities from 90 cm ™3 to 120 cm ™2 at 7000 km. The
altitude of the transition from dominant O at low altitudes
to dominant H* at higher altitudes was found to vary be-
tween 4000 km and 7500 km, depending on the initial con-
centration of hydrogen in the neutral atmosphere model.

When electron and ion temperatures were allowed to vary
individually and anisotropic temperature distributions were
included in the analysis of high-latitude plasma transport, the
predicted ion density profiles were altered and the transition
to a dominance of the H* ion was discovered to occur at even
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lower altitudes. In 1982, Schunk and Watkins [1982] devel-
oped a set of steady state solutions for the high-latitude
plasma flow in the altitude range of 1500-12,000 km. Their
solutions were derived from the 13-moment system of trans-
port equations for a range of lower boundary conditions
which included the H* drift velocity, electron and H* temper-
atures and temperature gradients, and ion number densities at
1500 km.

Schunk and Watkins [1982] published ion density predic-
tions both for supersonic (M > 1) and subsonic (M < 1) H*
outflows where the Mach number M refers to the ratio of ion
flow velocity to the thermal velocity. The 13-moment trans-
port equations predict a significant electron temperature ani-
sotropy (T,, > T,) for the supersonic H* outflow and an
isotropic electron temperature distribution at this altitude
range for a subsonic flow. Both sets of ion density predictions
are presented in Figure 11 for two lower boundary electron
temperature gradients (V7T,=0.1°K km™', VT,=1K
km™!). As the boundary electron temperature gradient in-
creases, the solutions for the supersonic H* outflow show a
decrease in the hydrogen ion density and a slight increase in
the oxygen ion density. As required by charge neutrality the
sum of the two highest ion densities (H* and O™) predicted
by these steady state solutions to the plasma transport equa-
tions for supersonic H* outflow is within + 25% of the
median electron density values observed by DE 1 above 2.5
R;. Predicted ion densities for subsonic H™* outflow, on the
other hand, are much higher at 2 Ry than our data would
suggest and the ion density profile drops off with increasing
radial distance much more slowly than our measurements in-
dicate.

Recent measurements by the DE 1 high altitude plasma
instrument have established the existence of a low energy,
field-aligned, supersonic ion flux in the polar cap and a conic
component of the ion flux due to the perpendicular heating of
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Fig. 10. A log-log plot of median number densities as a function
of radial distance. The best line fit through these points indicates a
power law distribution for electron densities in the polar cap: n, oc
R—3.85‘
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Fig. 11. Predicted ion densities below 2.8 R, based on solutions
to the 13-moment transport equations [Schunk and Watkins, 1982].
The subsonic outflow solutions correspond to higher H™ and O™
densities. These predicted densities exceed the DE | measured den-
sities at 2 R, by more than an order of magnitude. Supersonic out-
flow solutions correspond to lower H* and O* densities. An increase
in the boundary electron temperature gradient (from 0.1°K km ™' to
1°K km ™ ') corresponds to a slight increase in the predicted O™ den-
sities and a larger decrease in the predicted H™ densities. Both sets of
predicted ion densities for the supersonic outflow solutions are within
25% of the median density values observed by DE 1.

the field-aligned component [Gurgiolo and Burch, 1982]. The
low-energy, field-aligned ions constitute the classical polar
wind as described by Axford, [1968]. These measurements
suggest that the subsonic H* outflow solutions illustrated in
Figure 11 are not appropriate in the polar magnetosphere at
the altitude of the DE 1 orbit.

Below 2.5 Rg the slightly lower theoretical ion densities
based on the polar wind model, illustrated in Figure 11 for
supersonic H* outflows, are not unexpected, since they are
derived from the steady state solutions to the plasma trans-
port equations. The existence of steady state conditions along
polar magnetic field lines is related to the convection of
plasma across the polar magnetosphere and to the speed of
the magnetic convective cycle [ Banks and Holzer, 1969b]. Re-
gions of recently disconnected field lines, where the time delay
has not been sufficient to achieve a steady state, can be ex-
pected to have higher number densities than regions deep in
the polar cap. Thus the number density can be expected to
vary with magnetic latitude across the polar cap. A rapid
convective speed, which shortens the time interval between the
merging and reconnection of magnetic field lines, may be suf-
ficiently great to prevent the plasma from achieving a steady
state flow in the polar magnetosphere. Under these circum-
stances, observed number densities across the polar cap will be
generally higher than the number densities predicted by the
steady state solutions. Variations in the number density due to
changes in the magnetic latitude or disturbances in the mag-
netic field on small time scales have been minimized in this
study by averaging densities over all polar magnetic latitudes

10,133

for L shell values greater than 10 at any given radial distance.
The resulting density profile is expected to be higher than the
predicted steady state densities.

6. COMPARISON OF THE HIGH-ALTITUDE DENSITY
PROFILE WITH TOPSIDE SOUNDER MEASUREMENTS

Figure 12 is a log-log plot of the electron number density as
a function of radial distance from 1.05 R; to 4.7 Rg. The
electron densities for geocentric distances of 1.05 Rg to 1.47 Ry
are median density values calculated from a random sampling
of more than 350 high-latitude (A > 80°) density profiles
derived from the Alouette IT and ISIS 1 topside sounder data.
Error bars indicate the spread in electron density values for
this random sampling of Alouette II profiles (1966—-1967) and
ISIS 1 profiles (1969). The large density variations are due to
latitudinal variations in temperature and ionic composition
[Nelms and Lockwood, 1967] as well as convective plasma
motion in the F region and variations in solar activity and
magnetic field conditions.

An abrupt change in the nature of the Alouette/ISIS density
profile occurs at approximately 1000 km (1.16 Rg). This trans-
ition indicates a change in the basic processes of ion transport
in the lower ionosphere. Below 1000 km, conditions of near
diffusive equilibrium combined with an outward flux of
plasma at subsonic transport speeds are expected to exist
[Bauer, 1969]. A vertical diffusive equilibrium distribution is a
good approximation to the Alouette/ISIS density profiles
below 1000 km. However, the applicability of the model is
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Fig. 12. A log-log plot comparing low-altitude median electron
densities obtained from the topside sounder data of Alouette II and
ISIS 1 and high-altitude median electron densities obtained from the
PWIon DE I.
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limited in the polar cap region by the existence of geomagnetic
field lines that open into regions of low plasma pressure in the
magnetotail [ Bauer, 1969]. Such boundary conditions result in
an outward plasma flow along the field lines at initially sub-
sonic transport speeds below 1000 km [Banks and Holzer,
1969b]. In their steady state solutions of the continuity, mo-
mentum and energy hydrodynamic equations for a range of
H* outflow velocities, Raitt et al. [1975] determined that
energy losses due to convective plasma motion are significant
in determining density distributions between 700 km and 1000
km.

Above 1000 km, a weakening of the charge exchange reac-
tion between molecules and ions and a decrease in ion-ion
friction due to rapidly decreasing densities results in an
upward plasma flow along magnetic field lines [Banks and
Holzer, 1969b]. This outward flow, even for low-energy, field-
aligned ions, has been found to be supersonic [Gurgiolo and
Burch, 1982]. The transition to supersonic transport speeds is
theoretically expected to occur between 1000 km and 1500 km
[Raitt et al., 1975]. However, the assumption of a collisionless
plasma, valid at the altitude of the DE 1 orbit, is not valid
below 3000 km due to the substantially higher densities in this
region. Ton transport processes, consequently, are found to
depend in a complicated way on gradients in the plasma pa-
rameters and Coulomb collision frequencies [Schunk and Wat-
kins, 1981, 1982; Raitt et al., 1975].

In the data gap which occurs between the Alouette/ISIS
orbits and the DE 1 orbit (see Figure 12), another transition
must occur in order to explain the change in the slope of the
density profiles at low and high altitudes. The observed
change in the density profile between 1.55 R and 2.0 Rg is
attributed to the transition from a collision-dominated regime
below to a collisionless regime above. In addition to changes
in the basic plasma transport processes, transitions in the den-
sity profile may also be attributed to changes in the ionic
composition and ion acceleration processes in the polar mag-
netosphere.

The topside sounder data used to derive the median density
values observed in Figure 12 are biased toward regions of
higher densities (>300 cm™3) by the standard methods of
deriving electron densities from topside ionograms [ Nelms and
Lockwood, 1967]. Electron density values for these profiles
were calculated indirectly from the extraordinary wave reflec-
tion frequency and the gyrofrequency and upper hybrid reso-
nance frequency [Hagg, 1967; Alouette II Ionospheric Data
from Communications Research Centre in Ottawa, 1966,
1967] for ionograms on which all traces were distinctly visible.
This indirect method of deriving density values was employed
because the ordinary wave reflection trace at the plasma reso-
nance f, was not always observed, especially in low-density
regions at high latitudes and altitudes where the plasma fre-
quency occasionally fell below the low-frequency limit of the
satellite’s topside sounder.

In regions of very low electron densities and subsequently
low plasma frequencies where f, « f,, the upper hybrid reso-
nance frequency approaches the electron gyrofrequency and
the indirect determination of electron density described above
could be not used. Interference between the electron gy-
rofrequency and the upper hybrid resonance results in a differ-
ence or modulation frequency that can be determined from
the ionograms and used to calculate electron densities below
100 cm ™3 [Hagg, 1967]. The use of a modulation frequency
technique to determine low-density values resulted in the dis-

PERSOON ET AL.: POLAR CAP ELECTRON DENSITIES

covery of very low electron densities (<100 cm™?) for all
polar latitudes (4,, >60°) at radial distances of 1.24-1.47 Ry
for selected ionograms on which the extraordinary wave re-
flection trace was not distinctly visible [ Nelms and Lockwood,
1967; Hagg, 1967]. The inclusion of these very low densities
on Figure 12 would lower the Alouette/ISIS density curve by
an order of magnitude above 1.2 Rg. This would reduce the
discrepancy between the low-altitude density studies and the
observed DE 1 density values, since the whistler mode fre-
quency cutoff method of determining electron densities is valid
for low densities (see Figure 10). A more complete analysis of
available topside ionograms would be necessary in order to
determine an accurate slope of the electron density profile
between 1.24 R and 1.47 R;.

7. DISCUSSION AND SUMMARY

Electron densities at 2.0-4.66 R; have been derived from
the plasma frequency cutoff of the whistler mode radiation in
the polar cap by using electric field spectrum measurements
from the plasma wave instrument on the DE 1 spacecraft. A
log-log plot of the median density values as a function of
radial distance indicates a power law distribution of electron
densities, varying as R™3-85%%32 This power law distribution
is consistent with a steady state, radial outflow of ionospheric
ions and electrons along polar magnetic field lines. It implies a
nearly linear increase in plasma flow velocity with increasing
radial distance at radial distances above 2 Ry.

A comparison of observed electron densities with theoretical
ion and electron densities based on the classic polar wind
model for supersonic ion flow velocities yields consistent re-
sults at 2.5-2.8 R;. The theoretical polar wind densities below
2.5 Ry are slightly lower than the observed median densities.
This result is not unexpected, since conditions of steady state
plasma flow are not expected to exist across the polar cap at
all latitudes and at all times.

A comparison of observed electron densities with low-
altitude density profiles from the Alouette/ISIS topside soun-
der data indicates several evolutions in the radial dependence
of electron distributions in the polar cap. A state of near diffu-
sive equilibrium combined with an outward flux of plasma at
subsonic transport speeds below 1000 km changes to a
collision-dominated outward flux of plasma with a transition
to supersonic velocities above 1000 km. This transition is
clearly evident in the low-altitude density profile at approxi-
mately 1.16 Ry (see Figure 12). A second transition is also
indicated in the density data gap between 1.55 R and 2.0 Rg
to account for the changing nature of the density profiles at
high and low altitudes in the polar cap. This second transition
in the density profile is believed to be due to a change from a
collision-dominated radial outflow distribution model below
1.5 Rg to a collisionless power law distribution above 2.0 Rg.
Other factors affecting the change in the radial dependence of
the electron number density include changes in the ionic com-
position of the plasma as well as changes in the plasma flow
velocity and plasma temperature.

Large variations seen in low-altitude electron densities in
earlier studies persist at the higher altitudes of the DE 1 orbit.
The spread in the density data is the result of averaging over
all polar magnetic latitudes and nearly 80 polar passes for the
5-month time interval of this study. Such a survey would con-
ceal all density irregularities on a short time scale and would
even suppress irregularities of large spatial dimensions which
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are not consistent across the polar cap at a constant radial
distance. Such irregularities in the density profile at low alti-
tudes were discovered by the early topside sounder satellites.
Alouette I, in a polar orbit at a constant radial distance of
1.16 R, provided evidence of latitudinal, diurnal, and seasonal
variations in the electron density profile at high geomagnetic
latitudes [Nelms, 1966; Thomas et al., 1966]. Superimposed on
the monotonic decrease in number density with increasing
latitude were prominent péaks and troughs in the density dis-
tribution on spatial scales of several hundred kilometers
[Thomas et al., 1966]. In addition, many small-scale irregu-
larities in space and time contributed to the spread in the
density data. Some large-scale irregularities persisted over
continuous polar passes in narrow bands of invariant latitude
[Sato and Colin, 1969; Chan and Colin, 1969]. In general,
polar cap density distributions were found to be very irregular
and to sensitively depend on magnetic activity, seasonal vari-
ations, and local time.

Similar irregularities in the density profile are expected to
persist at DE 1 altitudes. The previously cited examples of
density profile variability between successive polar passes (see
Figures 4-8) are evidence of large density fluctuations in time
periods of less than 8 hours. Such a large transformation in
the density profile for the same region of the polar mag-
netosphere is probably due to abrupt changes in the magnetic
field activity. Sufficient data to examine seasonal variations in
the density profile at DE 1 altitudes are not yet available.
Statistically significant density data for seasonal comparisons
at the same radial distances in the polar magnetosphere
cannot be obtained until the DE 1 orbit has precessed around
to the northern polar cap region in the spring of 1985. But
sufficient density data already exist to investigate latitudinal
density variations in the polar cap region and to compare
these results with low-altitude studies of latitudinal density
variations in order to determine the radial extent of persistent
maxima and minima in the electron density distributions. A
further comparison of magnetic activity and the density profile
as a function of time is planned in order to determine the
magnitude of the effect of magnetic convection on the electron
density distribution at high geomagnetic latitudes and high
altitudes.
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