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[1] Measurements from the Polar electric field instrument
are used to study large electric fields and the ambient
plasma density as a function of altitude (1.8-6.0 Rj
geocentric). Results from the premidnight sector (1800—
2400 MLT) along auroral field lines show roughly a
fourfold increase in the occurrence of small scale size, large
amplitude electric fields (>100 mV m™') at altitudes from
1.9 to 2.5 Ry for dark compared to sunlit ionospheric
conditions. Density values inferred from spacecraft
potential measurements show these electric fields to be
correlated with low plasma densities (0.2 to 3.0 cm ™). An
increase in the average plasma density from 10 to 60 cm >
is also observed for sunlit compared to dark conditions for
the same altitude range. In addition, the distribution of
density measurements from 1.9 to 2.2 Ry also show
evidence for an increase in cold ionospheric plasma (from
~30 to 60 cm ) for sunlit compared to dark ionospheric
conditions. INDEX TERMS: 2704 Magnetospheric Physics:
Auroral phenomena (2407); 2736 Magnetospheric Physics:
Magnetosphere/ionosphere interactions; 2712 Magnetospheric
Physics: Electric fields (2411). Citation: Johnson, M. T., J. R.
Wygant, C. A. Cattell, and F. S. Mozer, Seasonal variations along
auroral field lines: Measurements from the Polar spacecraft,
Geophys. Res. Lett., 30(6), 1344, doi:10.1029/2002GL015866,
2003.

1. Introduction

[2] Auroral displays are produced by electron beams
which are accelerated along terrestrial magnetic field lines
that map to the auroral oval. The mechanisms in the
acceleration region (from ~1 to 3.5 Ry altitude) must
produce a potential drop of a few keV even though the
plasma is highly conductive. As noted by Ergun et al.
[2000] a self-consistent model of how this potential is
supported or how it is distributed in altitude has not yet
been established [see Borovsky, 1993]. In general, the
density structure in the auroral zone affects both the gen-
eration of electric fields and the generation and propagation
of plasma waves. Therefore, knowledge of the density
structure is important in determining the validity of an
acceleration model because there may be a variety of
feedback mechanisms between the acceleration of particles
by electric fields and the local plasma density. This article
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presents data from the Polar satellite which shows the
correlation between the distribution of large electric fields
and the magnitude of the plasma density in the acceleration
region. Information such as this will provide additional
insight into the causal effect between the generation of the
potential drop and the ambient plasma density.

[3] Previous observations of the plasma density which
include auroral latitudes [e.g., Persoon et al., 1983;
Hilgers, 1992] show density profiles without regard to
possible seasonal variations. Observations from the Polar
spacecraft have shown seasonal variations in a variety of
auroral phenomena. The intensity of auroral UV images
[Liou et al., 1997], the occurrence probability of upgoing
ion beams [Collin et al., 1998], and the average plasma
density at ~1 Ry [Johnson et al., 2001] all show seasonal
variations. It has long been known that electric fields exist
in regions of auroral particle acceleration [e.g., Mozer et al.,
1980]. Together, these observations indicate that there
should be a consistent seasonal variation in the altitude
profile of auroral electric fields, and the processes that
generate them.

[4] Recent observations by Mozer and Hull [2001] sug-
gest that the existence of upward field aligned currents is a
necessary but not a sufficient condition for the generation of
auroral parallel potential drops. They show evidence that, in
addition to field aligned currents, a low plasma density at
high altitudes (4—6 Ry geocentric) above the auroral accel-
eration region commonly occurs and could be necessary for
the generation of the electric fields. These previous results
indicate that the ambient plasma density at altitudes above 1
Ry in the auroral acceleration region may play an important
roll in the generation of auroral electric fields. In this study
the seasonal variation in the average plasma density and the
occurrence of large electric fields as a function of altitude is
examined.

2. Data

[s] The Polar spacecraft was launched in 1996 into a
polar orbit with perigee at 1.8 Ry and apogee at 9 Rg
(geocentric) over the Northern Hemisphere. The orbit has a
period of ~18 hours with the apogee moving equatorward
at ~18° latitude per year. Precession of the orbital plane
covers all local times in 6 months. The large spatial cover-
age of the Polar data set is obtained by using several years
of data (1996 to 2001) and allows a statistical study of the
altitude dependence for the processes in the auroral accel-
eration region. Data from the Polar electric field instrument
(EFI) [Harvey et al., 1995] are used to measure large
electric fields. The measurements used here are in the spin
plane of the spacecraft which is approximately aligned with
the local meridional plane. The EFI also provides measure-
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Figure 1. The distribution of the electron density inferred
from the Polar spacecraft potential as a function of altitude
for (a) sunlit and (b) dark ionospheric conditions.

ments of spacecraft floating potential which can be used to
infer the ambient plasma density.

[6] The spacecraft floating potential depends strongly on
the electron number density and can be used as a density
indicator over a wide range of electron plasma densities
(less than 0.01 to over 100.0 cm ). Because the floating
potential is determined by the balance of currents flowing to
and from the spacecraft surface, it is also sensitive to
temperature variations. A theoretical study by Escoubet et
al. [1997] determined that solutions for densities inferred
over large temperature (1 to 1000 eV) and density ranges
(1 to 100 cm™ ") will be within a factor of two from their
mean. In this study, effects of high plasma temperature may
lead to overestimates of the electron density under specific
conditions. Observations from the FAST satellite at ~4000
km altitude have shown that, in the region of upflowing ion
beams and accelerated downgoing electrons, the plasma
density is low (<0.1 cm ) and is completely due to the
absence of cold particles [McFadden et al., 1999b].
Although the high temperature (~1 keV) could result in
an overestimation of the electron number density in these
regions of low density, the inferred density values described
below are consistent with the FAST results.

[7] The data used for this study are obtained from the
EFI key parameter files. In these files, large electric fields
from the instantaneous electric field measurements (40
samples per second) are represented by the maximum peak
to peak electric field excursion of the electric field in one
spin cycle. The value used is the magnitude of the differ-
ence between the highest positive and the lowest negative
electric field spikes for one spin period (~6 seconds). The
instantaneous measurements for the resulting electric field
spikes have been examined individually in order to remove
those generated by noise owing to telemetry glitches and
preamplifier oscillations. The spin averaged spacecraft
floating potential is converted to inferred electron density
values using the relationship derived by Scudder et al.
[2000].

[8] The data are then reduced to a 30 s resolution by
averaging over 30 s intervals for the inferred density values
and selecting the largest electric fields observed in 30 s (~5
spin periods) for electric fields. Data are then sorted by
whether the ionosphere at the footpoint of the field line for
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each measurement was sunlit or dark and binned as a
function of geocentric altitude. The premidnight sector
(1800 to 2400 MLT) for 68° to 73° invariant latitude (ILAT)
is selected for this study because this is the region of large
seasonal variations in auroral UV emissions [Liou et al.,
1997], ion beams [Collin et al., 1998], and density [Johnson
et al., 2001].

3. Results

[o] Figure 1 shows a scatter plot of the density measure-
ments as a function of geocentric altitude (perigee to 6.0 Ry)
under sunlit and dark ionospheric conditions. Although
there is a large scatter, the number of low density measure-
ments increases at low altitudes (<3.0 Rg) for a dark
compared to a sunlit ionosphere. Under dark conditions
(Figure 1b), the lowest values are frequently less than 0.1
cm ° and the main band of density measurements is from
0.5 to 100 cm . Under sunlit conditions (Figure la) the
density rarely drops below 0.1 cm > and generally ranges
from 10 to 100 cm .

[10] Figure 2 shows the results of binning the data shown
in Figure 1 as a function of altitude using 0.125 Rg bins.
Each bin contains ~1000 data points (Figure 2e¢) corre-
sponding to 500 minutes (over 8 hours) of data per bin.
There is a large increase (~ a factor of 4) in the average
density (Figure 2a) at altitudes less than 2.5 Ry for sunlit
versus dark ionospheric conditions. The lack of low den-
sities when the ionosphere is sunlit can also be seen in the
median (Figure 2b) which increases by almost a factor of 12
for illuminated compared to dark conditions. The percent of
low density measurements less than 0.1 cm > (Figure 2c)
and the average of the bottom 10% of the data points in each
bin (Figure 2d) show low density measurements to occur
during dark conditions for altitudes up to 3.5 Rg. Above this
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Figure 2. Inferred electron density sorted into 0.125 Rp

bins as a function of altitude. Data are separated into sunlit
(dashed) and dark (solid) ionospheric conditions. (a) The
average density value. (b) The median. (c) The fraction of
density measurements less than 0.1 cm~3. (d) The average
value of the bottom 10% of measurements. (¢) The number
of 30 second data points.
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Figure 3. Measurements of electric field spikes sorted into
0.125 R bins as a function of altitude. Data are separated
into sunlit (dashed) and dark (solid) ionospheric conditions.
(a) The minimum of top 10% of data points. (b) The fraction
of data greater than 100 mV m~'. (¢) The number of 30
second data points.

altitude there is no significant difference between the lowest
data values for the dark and sunlit cases.

[11] The density distributions in Figure 2 can be com-
pared with the distribution of large electric fields shown in
Figure 3. The electric field measurements are not mapped to
a reference altitude assuming equipotential magnetic field
lines because magnetic field-aligned electric fields exist for
altitude below 3.5 Rz [e.g., Mozer and Hull, 2001]. The
percent of the total number of electric field measurements
greater than 100 mV m~' in each bin (Figure 3b) is
increased for altitudes between 1.9 and 2.5 Ry under dark
versus sunlit ionospheric conditions. The minimum value of
the top 10% of spikes is has a maximum ~150 mV m™'
during dark ionospheric conditions and only ~25 mV m™'
for sunlit conditions. The distribution of electric field spikes
is very altitude dependent for dark ionospheric conditions
whereas for sunlit conditions it is almost flat. It should be
noted that for dark ionospheric conditions the maximum
number of spikes greater than 100 mV m~ ' has a similar
altitude range as that of low average density. For sunlit
ionospheric conditions, the same correlation is seen where
there is a decrease in large electric fields present in the
altitude range where there is an increase in the average
density.

[12] The above statistical analysis does not separate the
low densities in the location of beams from regions where
auroral acceleration in absent. To help separate these two
cases, the distribution of density measurements and the
occurrence of electric fields are binned as a function of
density. Figure 4 shows the density and electric field
distribution for altitudes which show the largest variation
(from 1.9 to 2.2 Rg). The density variations in Figure 1 are
clearly seen in Figures 4b and 4d. For illuminated con-
ditions the density distribution (Figure 4b) has a maximum
at 60 cm > with few density measurements less than 5
cm . This is compared to the distribution for dark iono-
spheric conditions (Figure 4d) where there is a maximum
occurrence at around 30 cm > on the high density edge and
remains high until falling off at ~0.2 cm . The maximum
occurrence frequency of electric field spikes (Figure 4e) is
for densities from around 0.3 to 3.0 cm > during dark
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ionospheric conditions. There are almost no electric field
spikes during sunlit ionospheric conditions.

4. Discussion

[13] This study has shown that large electric field spikes
are most frequently observed from 1.8 (perigee) and 2.5 Rg
altitude during dark ionospheric conditions and are almost
absent for sunlit conditions. In the same altitude range, the
average plasma density is also strongly dependent on the
illumination of the ionosphere and has much lower (~ a
factor of 4) densities for darkness. At higher altitudes
(above 2.5 Rp), the figures show no clear dependence of
the electric field occurrence and the average plasma density
on ionospheric illumination. There is, however, and increase
in the occurrence of low density measurements for altitudes
below 3.5 Rz under dark ionospheric conditions (Figure 2c).

[14] Density depletions have long been observed in
regions of ion beams, large electric fields, and accelerated
auroral electrons [e.g., Mozer et al., 1980]. Our observations
of large electric fields and regions of decreased average
density are consistent with these earlier observations. As
expected, the low density measurements in Figure 2 are in
agreement with the seasonal variations in average densities
and indications of small scale, low density regions (~1 Rg
altitude) observed by [Johnson et al., 2001]. In addition, the
low densities correlate with an increase in the occurrence of
up flowing ion beams [Collin et al., 1998] and an increase
in the intensity of auroral UV emissions [Liou et al., 1997].
The observations of low densities and large electric fields
during dark ionospheric conditions (Figures 2 and 3) are
consistent with the location of large electric fields observed
using measurements from the Polar [Mozer and Hull, 2001]
and, at the low end of our measurements, the FAST
[McFadden et al., 1999a] satellites. They also support
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Figure 4. The distribution of the inferred density and the
occurrence of electric field spikes for 1.9 to 2.2 Rg
geocentric altitude. (a—d) The location in altitude and
binned distribution of the density values for sunlit and dark
conditions. (¢) The fraction of electric field measurements
greater than 100 mV m~"' for sunlit (dashed) and dark
(solid) conditions.
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earlier observations which show large amplitude electric
fields to exist at altitudes above 5000 km [e.g., Weimer et
al., 1985].

[15] Results presented here indicate that large electric
fields at these altitudes occur predominantly at low density
values (0.3 to 3.0 cm ) during dark ionospheric conditions.
These density measurements match those reported by
McFadden et al. [1999b] who find evidence that all cold
ionospheric plasma (<30 eV) is absent from auroral cavities
having plasma densities from ~0.2 to 2.0 cm °. The
remaining plasma in these depletions is hot (~1 keV)
compared to the cold ionospheric plasma. Our measure-
ments indicate that the effect of the plasma temperature on
the inferred densities is not visible to the accuracy of this
study. Together with the results herein, this shows evidence
for a clear increase in the presence of low density measure-
ments and electric fields for dark ionospheric conditions for
altitudes from 1.9 to 2.5 Rp.

[16] The results presented here also indicate that for
illuminated conditions (at ~2 Ry geocentric) there is an
increase in the density of cold ionospheric plasma which
corresponds to a decrease in the occurrence of large electric
fields (Figure 4e). The location of the highest measurements
in the density distribution (Figures 4b and 4d) increases by a
factor of ~2 for sunlit compared to dark conditions (with
the plateau reached at ~60 cm > and 30 cm™>, respec-
tively). This density variation may be due to the change in
the ambient background density and is related to the
mechanisms responsible for auroral acceleration. Freja data
at lower altitudes (1400—1770 km) [Karisson and Mar-
klund, 1996] shows large electric field events (>200 mV
m ') to have the greatest occurrence for high ionospheric
conductivities inferred from the solar zenith angle. The
results presented here show a similar variation but show a
correlation between density variations at higher altitudes
(>1 Rg) and the occurrence of electric fields.

[17] Two possible interpretations of the observed electric
fields are electrostatic structures [e.g., Mozer et al., 1980] or
electric fields resulting from Alfvén waves [Song and
Lysak, 2001]. The ambient plasma density from which the
electric fields form is important in both of these interpreta-
tions because it affects both the ability of the plasma to
conduct currents [Ergun et al., 2000] and the altitude of the
maximum drift velocity of electrons [e.g., Lysak and Hud-
son, 1979]. Density measurements presented herein are
useful in determining the importance of these models
because the mapping of recent electric field measurements
from Polar (4—7 Rg geocentric) are consistent with both
Alfvén wave and electrostatic structures [Keiling et al.,
2001].

[18] In summary, the results presented herein show large
seasonal variations in the altitude profile of the occurrence
of auroral electric fields and density cavities. In particular,
they show that decreases in plasma density are strongly
correlated with the existence of large electric fields. There is
also evidence that there is an associated variation in the
plasma densities outside density cavities at these altitudes.
Density profiles in the auroral acceleration region show
large altitude variations in the average density and occur-
rence of electric field spikes at altitudes less than 2.5 Ry
geocentric. These observations are consistent with the
existence of large electric field at the bottom of the auroral
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acceleration region. In addition, the results presented here
show a clear seasonal variation the existence of the electric
fields and density depletions correlated to variations in the
illumination of the ionosphere. Large electric fields and
plasma depletions occur mainly during dark ionospheric
conditions. The density values correlated with large electric
fields agree with measurements that indicate the lack of cold
plasma in regions of field aligned acceleration.

[19] Acknowledgments. The authors would like to thank R. L.
Lysak, A. Keiling, and D. Rowland for their thoughts and discussion. This
research is supported by NASA grant NAGS5-3182.

References

Borovsky, J. E., Auroral arc thicknesses as predicted by various theories,
J. Geophys. Res., 98, 6101-6138, 1993.

Collin, H. L., W. K. Peterson, O. W. Lennartsson, and J. F. Drake, The
seasonal variation of auroral ion beams, Geophys. Res. Lett., 25, 4071—
4074, 1998.

Ergun, R. E., C. W. Carlson, F. S. Mozer, and R. J. Strangeway, Parallel
electric fields in discrete arcs, Geophys. Res. Lett., 27, 4053—4056, 2000.

Escoubet, C. P., A. Pedersen, R. Schmidt, and P. A. Lindqvist, Density in
the magnetosphere inferred from ISEE 1 spacecraft potential, J. Geophys.
Res., 102, 17,595-17,609, 1997.

Harvey, P, et al., The electric field instrument on the Polar satellite, Space.
Sci. Rev., 71, 583-596, 1995.

Hilgers, A., The auroral radiating plasma cavities, Geophys. Res. Lett., 19,
237-240, 1992.

Johnson, M. T., J. R. Wygant, C. Cattell, F. S. Mozer, M. Temerin, and
J. Scudder, Observations of the seasonal dependence of the thermal
plasma density in the Southern Hemisphere auroral zone and polar cap
at 1 Rg, J. Geophys. Res., 106, 19,023—19,033, 2001.

Karlsson, T., and G. T. Marklund, A statistical study of intense low-altitude
electric fields observed by Freja, Geophys. Res. Lett., 23, 1005—1008,
1996.

Keiling, A., J. R. Wygant, C. Cattell, M. Johnson, M. Temerin, F. S. Mozer,
C. A. Kletzing, J. Scudder, and C. T. Russell, Properties of large electric
fields in the plasma sheet at 4—7 Ry measured with Polar, J. Geophys.
Res., 106, 5779—-5798, 2001.

Liou, K., P. T. Newell, C.-I. Meng, and M. Brittnacher, Synoptic auroral
distribution: A survey using Polar ultraviolet imagery, J. Geophys. Res.,
102, 27,197-27,205, 1997.

Lysak, R. L., and M. K. Hudson, Coherent anomalous resistivity in the
region of electrostatic shocks, Geophys. Res. Lett., 6, 661663, 1979.
McFadden, J. P.,, C. W. Carlson, and R. E. Ergun, Microstructure of the
auroral acceleration region as observed by FAST, J. Geophys. Res., 104,

14,453 14,480, 1999a.

McFadden, J. P., C. W. Carlson, R. E. Ergun, and D. M. Klumpar, Ion and
electron characteristics in auroral density cavities associated with ion
beams: No evidence for cold ionospheric plasma, J. Geophys. Res.,
104, 14,671-14,682, 1999b.

Mozer, F. S., and A. Hull, Origin and geometry of upward parallel electric
fields in the auroral acceleration region, J. Geophys. Res., 106, 5763—
5778, 2001.

Mozer, F. S., C. A. Cattell, M. K. Hudson, R. L. Lysak, M. Temerin, and
R. B. Torbert, Satellite measurements and theories of low altitude auroral
particle acceleration, Space. Sci. Rev., 27, 155-213, 1980.

Persoon, A. M., D. A. Gurnett, and S. D. Shawhan, Polar cap electron
densities from DE 1 plasma wave observations, J. Geophys. Res., 88,
10,123-10,136, 1983.

Scudder, J. D., X. Cao, and F. S. Mozer, Photoemission current-spacecraft
voltage relation: Key to routine, quantitative low-energy plasma measure-
ments, J. Geophys. Res., 105, 21,281-21,294, 2000.

Song, Y., and R. L. Lysak, The physics in the auroral dynamo regions and
auroral particle acceleration, Phys. Chem. Earth, 26, 33—42, 2001.

Weimer, D. R., C. K. Goertz, D. A. Gurnett, N. C. Maynard, and J. L.
Burch, Auroral zone electric fields from DE 1 and 2 at magnetic con-
junctions, J. Geophys. Res., 90, 7479—7494, 1985.

C. A. Cattell, M. T. Johnson, and J. R. Wygant, School of Physics and
Astronomy, University of Minnesota, 116 Church St. SE, Minneapolis,
MN 55455, USA. (johnson@fields.space.umn.edu)

F. S. Mozer, Space Science Laboratory, University of California,
Berkeley, CA 94720, USA.



