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Properties of large electric fields in the plasma sheet at 4-7 Rg
measured with Polar
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C. A. Kletzing,® J. Scudder,® and C. T. Russell*

Abstract. Measurements from the Polar satellite provide evidence for large electric field
structures in the plasma sheet at geocentric distances of 4-7 Rg. These structures had
amplitudes perpendicular to the ambient magnetic field that can exceed 100 mV m~! (6
s averaged). Two years (from May 1, 1996, to April 30, 1998) of electric field data (Ez
component, approximately along GSE z) were surveyed. The distribution in invariant
latitude (ILAT) and magnetic local time (MLT) of large perpendicular electric field events
(defined as >20 mV m~! for a 6-s average) delineates the statistical auroral oval with
the majority of events occurring in the nightside centered around midnight and a smaller
concentration around 1500 MLT. The magnitude-versus-altitude distribution of the electric
fields between 4 and 7 Rg in the nightside could be explained by models which assume
either shear Alfvén waves propagating into regions of larger background magnetic fields
or electrostatic structures being mapped quasi-statically along equipotential magnetic field
lines. In addition, this survey yielded 24 very large amplitude events with |E, | >100
mVm!(6s averaged), all of which occurred in the nightside. In the spacecraft frame, the
electric field structures occurred on timescales ranging from 10 to 60 s. About 85% of these
events occurred in the vicinity of the outer boundary of the plasma sheet; the rest occurred
in the central plasma sheet. The polarity of the electric fields was dominantly perpendicular
to the nominal plasma sheet boundary. For a large fraction of events (<50%) the ratios of
electric and magnetic fields in the period range from 10 to 60 s were consistent with Alfvén
waves. Large Poynting flux (up to 2.5 ergs cm~2s~!) dominantly directed downward along
the background magnetic field was associated with 21 events. All 24 events occurred
during geomagnetic disturbances such as magnetic substorms. A conjugate study with
ground stations for 14 events (out of the 24 events) showed that these structures occurred
during times of rapid changes in the H component (or X component) of magnetometer
data. For most events this time corresponded to the expansion phase; two events occurred
during a quick recovery of the negative H bay signature. Thus there is evidence that
large electromagnetic energy transfer processes in the plasma sheet occur during the most
dynamic phase of geomagnetic disturbances. From the statistical analysis it was found that
Polar observed events larger than 100 mV m~! (50 mV m™!) in the plasma sheet between
2100 and 0300 MLT with a 2-4% (15%) probability per crossing. These probabilities will
be compared to the probability of substorm occurrence during Polar plasma sheet crossings.

1. Introduction

The interest in large electric fields (perpendicular to the
ambient magnetic field) on auroral field lines has existed
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since their first observation by Mozer et al. [1977]. It has
been an ongoing issue in auroral physics to discover the ori-
gin of these fields, and to establish their role in auroral phe-
nomena. Statistical studies of electric fields in and above the
auroral zone made with data from S3-3 [Mozer et al., 1977,
Bennett et al., 1983; Redsun et al., 1985], ISEE 1 [Mozer,
1981; Cattell et al., 1982; Levin et al., 1983], DE 1 [Gurnett
et al., 1984; Weimer and Gurnett, 1993], Viking [Lindgvist
and Marklund, 1990], and Freja [Karlsson and Marklund,
1996] have established that these fields are common from
the ionosphere up to at least 23 R geocentric distance. Re-
cent Geotail studies [Cattell et al., 1994; Streed et al., 2000]
have shown that they can occur out to 100 Rg.

An important result from some of these studies [Bennett
et al., 1983; Redsun et al., 1985; Karlsson and Marklund,
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1996] has been that the large perpendicular electric fields
observed at altitudes between 1400 and 8000 km delineate
the statistical auroral oval. This was evidence that the per-
pendicular electric fields in this altitude range were related,
and led to the question of whether auroral electric fields
measured at different altitudes result from mapping along
equipotential magnetic field lines of electrostatic structures
created, presumably, in the auroral acceleration region to
altitudes of observation. Mozer [1981] and Levin et al.
[1983] investigated this issue, and for geocentric distances
greater than 4 R their results were consistent with the sim-
ple model in which the electric fields map quasi-statically
to high altitude. The decrease in magnitude of the electric
field values with altitude was explained through geometrical
spreading of equipotential magnetic field lines. Deviations
from this model at lower altitudes were interpreted as evi-
dence for field-aligned potential drops [Mozer et al., 1977;
Mozer, 1981; Weimer and Gurnett, 1993]. Other theoretical
studies [e.g., Hasegawa, 1976; Goertz, 1984; Mallinckrodt
and Carlson, 1978] and observational case studies [e.g., Du-
binin et al., 1990; Lotko and Streltsov, 1997; Wygant et al.,
2000] have suggested that some of the electric field struc-
tures seen in the auroral zone and above could be caused by
Alfvén waves, which are electromagnetic structures.

A region of great importance to auroral substorm physics
is the plasma sheet boundary layer (PSBL). It is located be-
tween the tail lobes and the central plasma sheet (CPS), con-
necting the auroral acceleration region with the distant tail,
where reconnection processes have been invoked [Baker et
al., 1996, and references therein]. The determination of the
structure of the PSBL has been an important issue in magne-
tospheric physics, because the PSBL is intrinsically linked
to auroral phenomena. With respect to the electric field the
structure of the boundary in the magnetotail has been ex-
plored by the ISEE satellites [Cattell et al., 1982; Peder-
sen et al., 1985; Parks et al., 1984] at 7-23 R geocentric
distance and by Geotail [Cartell et al., 1994; Streed et al.,
2000] up to 100 Rg. A recent Polar study by Wygant et
al. [2000], who examined large perpendicular electric fields
(> 100 mV m~!) and associated magnetic field fluctuations
in the PSBL at geocentric distances of 4-6 Rg during two
plasma sheet passes, showed that the fields were consis-
tent with Alfvén waves carrying large Poynting fluxes (1-2
ergs cm~2s™!, in situ) along the magnetic field toward the
ionosphere, and that the fields were magnetically conjugate
to intense auroral structures.

In this paper we will present the first statistical study of
electric fields in the high-altitude Northern Hemisphere cov-
ering the period from May 1, 1996, to April 30, 1998, using
data from the Polar satellite. We examined low-resolution
spin-averaged data (<1/6 Hz). Only the component per-
pendicular to the ambient magnetic field was considered.
The dependence of the electric field on magnetic local time
(MLT), invariant latitude (ILAT), and geocentric distance
was investigated. This study complements previous statis-
tical studies by making use of Polar’s unique orbit and at-
tempts to shed further light on the spatial distribution, oc-
currence frequency, and mapping characteristics of perpen-
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dicular electric fields on auroral field lines. Polar is placed
in an 18-hour polar orbit (80° inclination), with perigee and
apogee of 2.2 and 8.5 Rg, respectively. Hence it offer’
the opportunity to examine the plasma sheet and its pole-
ward boundary at geocentric distances of 4-7 Rg, a region
which is intermediate between the auroral acceleration re-
gion (~1-3 Rg) and the more distant portions of the mag-
netotail. A study of this region is relevant for processes in
the auroral acceleration region and in the magnetotail. In
addition to the large database statistical study, a case study
of the largest perpendicular electric fields (defined as >100
mV m~?!) measured by Polar was done. Twenty-four of such
events were found during the 2-year time period of the sta-
tistical study. In ~85% of the cases the satellite encountered
the largest of the electric fields in a localized region near the
lobe-PSBL interface; the remaining events were found fur-
ther into the plasma sheet. As examples of large-amplitude
events, we present three Polar passes which showed very
large perpendicular electric fields in the PSBL at geocen-
tric distances of 4.5-6 Rg. Inspection of the E-to-B ratios
of the perturbation fields give evidence that a large fraction
(<50%) of the largest events (|E, | >100 mV m™1) are of
Alfvénic nature. The majority of events (21 events) were as-
sociated with strong earthward Poynting flux. Furthermore,
a temporal comparison of 14 of the largest Polar events with
ground magnetometer records is presented. The ground data
allowed us to place the spacecraft data into the context of
the overall substorm system. One important conclusion from

this comparison is that these events were associated with ge-
omagnetic disturbances such as substorms occurring in close

temporal proximity to substorm onset or intensification.

2. Instrumentation

In this study we used Polar spacecraft data from the Uni-
versity of California (UC) Berkeley Electric Field Instru-
ment [Harvey et al., 1995], the University of Californaia
at Los Angeles (UCLA) Fluxgate Magnetometer [Russell et
al., 1995], and the University of lowa Hydra Plasma Instru-
ment [Scudder et al., 1995]. The electric field is determined
from a measurement of the electric potential difference be-
tween pairs of current-biased spherical sensors. These sen-
sors are deployed at the ends of three orthogonal pairs of
booms with tip-to-tip separations of 100 and 130 m (in the
spin plane) and 13.8 m (along the spin axis). The three-
axis electric field vector is sampled at 20 samples per sec-
ond (sometimes at 40 samples per second). For the statistical
analysis, only data from the sensors in the spin plane, which
is approximately aligned with the local meridional plane,
were used. For other parts the full three-dimensional elec-
tric field vector was used. The magnetic field vector is sam-
pled at ~8.3 samples per second by the three-dimensional
fluxgate magnetometer. The particle detector provides mea-
surements of electron and ion energy flux at 1.2- and 12-s
time resolutions, of which the latter is used in this study, in
the energy range from 12 eV to 18 keV.

In addition to Polar data, we utilized magnetometer data
from ground stations to determine substorm phases. The
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Figure 1. Projection of electric field events with perpendic-

ular amplitude larger than 20 mV m™! occurring between
0900 and 1500 MLT and between 2100 and 0300 MLT onto
the noon-midnight plane (Northern Hemisphere).

ground magnetometer data were taken from four magne-
tometer arrays: the Canadian Auroral Network for the Open
Unified Study (CANOPUS), the Magnetometer Array for
Cusp and Cleft Studies (MACCS), the 210 degree Meridian
Chain (210MM) [Yumoto et al., 1996], and the International
Monitor for Auroral Geomagnetic Effects IMAGE).

3. Data Analysis

The electric field data used for this study were obtained
from key parameter data and high-resolution data (20 and
40 samples per second). The electric field in the key param-
eter database is computed once per spin period (6 s) apply-
ing sine wave spin fits to the electric fields measured in the
spacecraft spin plane. For the statistical part of this study,
we used the Ez component which points north (approxi-
mately along GSE z), and at geocentric distances of 4-7 Rg
on Polar’s orbit it is approximately perpendicular to the am-
bient magnetic field and the nominal plasma sheet boundary.
Since Ez is not always exactly perpendicular to the ambient
magnetic field, the value of the full perpendicular compo-
nent is slightly underestimated. A database was constructed
from the key parameter database by determining the largest
electric field in each 30-s interval. This database was used
to generate distribution plots for the electric field as func-
tions of ILAT, MLT, and geocentric distance. Only data ob-
tained at locations with ILAT between 50° and 90° (North-
ern Hemisphere) were included. During the period from
May 1, 1996, to April 30, 1998, the Polar spacecraft com-
pleted ~940 orbits and twice as many auroral zone crossing
in the northern hemisphere, resulting in about 1.7 million
event entries in our database. Note that for different parts of
this study, subsets of the database were used, which will be
indicated when appropriate.

A typical pass of Polar across the northern hemisphere
shows large perpendicular electric fields (>20 mV m~1)
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in the plasma sheet and in the cusp. This is illustrated in
Figure 1, which shows a projection onto the noon-midnight
plane of electric field events with amplitudes larger than 20
mV m~?! occurring between 0900 and 1500 MLT, and 2100
and 0300 MLT as a function of radial distance and magnetic
latitude. The bulk of the data in the nightside occurred on
auroral field lines between 65° and 75° and between 4 and 7
REg geocentric distance. Dayside electric field observations
occurred at higher latitude and larger geocentric distances.
The altitude range varies because of Polar’s elliptical orbit.
For most parts of this study, we characterized electric fields
on auroral field lines in the nightside (more detail is given in
section 4).

The electric fields inside the plasma sheet and the cusp
are highly variable. An example of a plasma sheet cross-
ing observed by Polar on August 29, 1997, during an out-
bound pass from the equatorial plane to the tail lobe is given
in Plate 1. Plates la and 1b show the two components of
the electric field measured in the spin plane of the satellite.
The E'x component of the electric field is approximately in
the ecliptic plane, with positive values in the direction away
from the Sun. The Ez component points northward and per-
pendicular to the ecliptic plane (approximately along GSE
z). Plate lc shows the east-west perturbation from the am-
bient magnetic field. This component lies approximately in
the plane of the nominal plasma sheet. Plate 1d shows the
electron density determined from the Hydra particle detec-
tor. Plates le and 1f show the energy spectra of ions and
electrons. The intensity is color-coded with red representing
the highest intensity and blue representing the weakest.

During the pass on August 29, 1997, the satellite encoun-
tered the inner edge of the plasma sheet at ~ 0950 UT, in-
dicated by the gradual, dispersive-like increase of ion and
electron energy up to plasma sheet values. The crossing of
the entire plasma sheet lasted for ~40 min, during which
Polar encountered two field-aligned current sheets of oppo-
site direction and one “bipolar” electric field structure (~40
mV m~?! at 1020 UT). At ~1033 UT, Polar most probably
crossed the lobe-PSBL interface, entering a low-energy elec-
tron region, known as polar rain [Winningham and Heikkila,
1974]. Polar rain is an indicator for open field lines and ex-
tends across the polar cap. At ~1037 UT the satellite reen-
tered the plasma sheet, inferred from the abrupt increase in
the ion and electron fluxes to plasma sheet values. This in-
terpretation as opposed to a spatially structured plasma sheet
is further supported by Polar measurements of the other
two magnetic field components (meridional components, not
shown) and the GOES-9 satellite (not shown), indicating a
dipolarization around 1037 UT and 1032 UT, respectively.
This dipolarization caused an expansion of the outer edge
of the plasma sheet, which swept by the satellite. Polar re-
mained in the plasma sheet until around 1200 UT, when it
again entered the lobe region, indicated by low-energy elec-
trons and no visible ions in the Hydra measurements (sim-
ilar to the first leaving of the plasma sheet at ~1033 UT).
It is interesting to note that the first and second crossings
of the lobe-PSBL interface occurred at very different val-
ues of ILAT, namely, ~67° and ~75°, respectively. This re-
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Plate 1. Plasma sheet crossing on August 29, 1997, showing large-amplitude electric fields. (a,b) Two
electric field components in the spin plane of the satellite (E'x is approximately in the ecliptic plane, with
positive values in the direction away from the Sun; Ez points northward and perpendicular to the ecliptic
plane, approximately along GSE z), (c) the magnetic field perturbation from the ambient field (pointing
east-west), (d) the electron density, and (e,f) energy-time spectrograms of ions and electrons. The satellite
left the plasma sheet for the first time at ~1033 UT, shortly after which it reentered the plasma sheet at

~1037 UT.
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Plate 2. Distribution of electric field events as a function of ILAT and MLT for values with (a) |Ez| >20
mVm~!, (b) |[Ez| >50mV m™, and (¢) |[Ez| >100 mV m~!. The box outlined in Plate 2a indicates the
region that is used for other parts of the statistical analysis. (d) The data coverage by the Polar satellite.
The color scale indicates the time spent per unit area.
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Flate 3. Comparison of three mapping schemes. The red
{green, blwe) curves are calewlaed from St (1 [:ql_:il-
tion (2], equation {33, The reference values (interception of
curvesh were chosen 1o be the same for all schemes (see lext
for description)

PSBL crossing 10/28/1996
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Plate 4. Two PSBL crossings which showed large-amplitude perpendicular electric fields. (a-e) From
top to bottom, one electric field component (approximately along GSE z; 6 s averaged), the west-east
component of the magnetic field (model subtracted; 6 sec averaged), the Poynting flux associated with
electric and magnetic field perturbations (see text for description), and energy-time spectrograms of ions
and electrons. (f-j) Same as in Plates 4a-4e but for October 29, 1996.
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flects the well-known thinning and expansion of the plasma
sheet [e.g., Baumjohann et al., 1992]. This interpretation
also agrees well with ground observations for this event (pre-
sented in section 5.4), indicating substorm expansion and re-
covery phases during the time of the plasma sheet crossing.

The second entry of the plasma sheet at 1037 UT coin-
cided with a density jump of the electrons from 0.1 to 0.4
cm ™3, and a downward current sheet as indicated by the shift
in the dc level of By (Plate 1¢). The current sheet was car-
ried over Polar owing to the rapid dipolarization. It most
likely is the same current sheet that was encountered before
Polar left the plasma sheet at ~1033 UT. Because of the rela-
tive motion of the boundary and the satellite, the slope of By
is in the opposite direction. After plasma sheet entry, Polar
encountered a localized region of large electric field fluctua-
tions, lasting for a period of ~5 min in the spacecraft frame.
Within this region, high-resolution measurements provide
evidence for spiky electric fields with amplitudes ranging up
to 300 mV m~! and durations of 1/10-1 s (not shown). These
rapid time variations were superimposed on the slower vary-
ing signal with amplitudes of up to 120 mV m™?! (6-s aver-
age). The electric field structure also coincided with strong
magnetic field fluctuations. For the remaining crossing of
the plasma sheet (until ~1200 UT), Polar recorded much
smaller electric fields (<30 mV m™1!).

Furthermore, a computer search was conducted that re-
corded all events for which the Ez component of the electric
field exceeded an amplitude of 100 mV m~!. The plasma
regions for these events were determined by inspection of
particle data (Hydra). For 14 out of the 24 events, we iden-
tified ground stations close to Polar’s magnetic footpoint at
the event times. The ground data were used to establish a
temporal relationship between Polar’s large electric field ob-
servations and substorm onset/intensification. Only the un-
filtered H (or X) component, depending on which magne-
tometer chain was used, is presented, because it is this com-
ponent which responds strongest to the substorm electrojet.
This component is routinely used as an indicator of sub-
storm onset/intensification. The X component points to ge-
ographic north whereas the H component points to geomag-
netic north. The sampling rate of the ground data was dif-
ferent for different magnetometer chains, ranging between
one sample per second and one sample per minute. K p and
AFE indices (preliminary; no AF index values were available
for 1996) were also consulted to put these large-amplitude
events into a global geomagnetic activity context.

4. Statistical Results
4.1. Location of Events

Plate 2 presents distributions of electric field events ver-
sus ILAT and MLT obtained from the database described in
section 3. Plate 2a (Plates 2b and 2¢) shows the distribution
of events whose perpendicular electric field component (E7)
as measured by Polar exceeds 20mV m~! (50 mV m~?, 100
mV m™1). A dipole field was assumed for the mapping onto
ILAT. Note that the data were not normalized to account for a
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possible undersampling of certain regions in the longitudinal
(MLT) direction. This was not necessary because Polar’s or-
bit precesses once a year, and since the study covers exactly
2 years, each MLT was roughly visited 4 times. The uniform
data coverage along MLT is shown in Plate 2d. The region
with ILAT>50° is divided into many small “’squares.” The
time spent by Polar in each square was divided by the size
of the square to remove biases caused by small differences
in square size. The color code thus represents the data cov-
erage in units of time/(unit area) with red representing more
hours and blue representing less. The actual time spent is not
important here, but rather the uniformity in the longitudinal
direction.

Almost all electric field events were located within the sta-
tistical auroral oval, which is centered several degrees anti-
sunward of 90° with a few events occurring inside the sta-
tistical polar cap. The distribution along the auroral oval
is not uniform. The dayside events were less intense than
the nightside events, which can be seen by comparing the
panels with higher electric field thresholds. Events with
|Ez| >20 mV m™! (Plate 2a) are symmetrically distributed
around the noon-midnight meridian on the nightside. On the
dayside one can identify a small concentration around 1500
MLT, which coincides with the so-called hot spot [Evans,
1985; Newell et al., 1996]. Events larger than 50 mV m™!
(Plate 2b) occurred mostly on the nightside, with a few more
events in the morning sector and covering a wider range of
ILAT. Events larger than 100 mV m~?! (Plate 2c) occurred
only in the nightside, similarly distributed as the events
larger than 50 mV m~1. The total number of such events,
however, is statistically not significant to conclude that the
morningside has a higher probability for the largest events.
There are two 2-hour wide regions on the dawnside (~0500
MLT) and duskside (~1900 MLT) which show significantly
lower event rates than the surrounding regions. An investi-
gation of the data coverage (Plate 2d) shows minimal varia-
tions in the longitudinal direction which cannot account for
the two regions of low-event rate.

4.2. Altitude Dependence

For the rest of the statistical analysis we only consider
events in the region defined by 65°<ILAT<75° and 2100
<MLT<0300 (box outlined in Plate 2a) in order to char-
acterize perpendicular electric fields on auroral field lines in
the nightside. We chose this region because it encompasses a
relatively uniform distribution of events including the largest
events. Also, the cutoffs at 65° and 75° ILAT correspond ap-
proximately to the range of PSBL locations during times of
different geomagnetic activities (compare August 29, 1997,
event in Plate 1). This database contains 87,444 events (as
defined in section 3).

Figure 2 shows a scatterplot of electric field events ver-
sus geocentric distance. Considering only the largest events
(with |Ez| >100 mV m™'), one can conclude that the
magnitude decreases with increasing altitude. However, the
small number of events larger than 100 mV m™? is sta-
tistically not significant. Therefore we considered contour
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Figure 2. Distribution of in situ electric field events plot-
ted versus geocentric distance. The events are those that lie
between 65°>ILAT>75° and 2100<MLT <0300 (box out-
lined in Plate 2a).

curves, which is described in the next paragraph, to ana-
lyze the magnitude-versus-distance distribution. The main
interest in the magnitude-versus-distance distribution has
been in establishing a mapping relationship for perpendic-
ular electric fields at different altitudes. In the literature,
two approaches have been taken to investigate the mapping
relationship. They are both derived from the assumption
of quasi-static electric fields and equipotential field lines
(called static model hereinafter). The first relation is based
on a dipole magnetic field geometry [Mozer, 1976). The
electric field maps to different altitudes according to

1
AL —3r \? To %
E=FEy| —— —
0 (4L—3r0> (r) ’
where L is the L value of the magnetic field line, and E
and Ey are the mapped electric fields along the magnetic
field line at altitudes r and r,, respectively. Ey and ry are

reference values. When leaving the dipole region, it is better
to use the relation

ey

Ex VB, 2

where B is the local magnetic field strength. We have ap-
plied both relationships to the Polar data. In addition, we
tested the database under the assumption that the observed
electric fields are the perturbation fields of shear Alfvén
waves. This has never been done with a large amount of
data at altitudes of 4-7 Rg. If one assumes that the power
flow, (A/ o) E x 8 B, carried by the shear Alfvén wave with
electric (6 F') and magnetic (6 B) perturbation fields along a
flux tube with cross section, A, is conserved (see section
6 for exceptions), one can derive, using also the Alfvén
speed, v4 = 6E/§B, and conservation of magnetic flux
(BA = const along the flux tube),
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Note that if there are parallel potential drops present, none
of the three relationships hold. However, other studies [e.g.,
Reiff et al., 1993] have established, using particle energies
and hence not relying on mapping along magnetic field lines,
that most field-aligned potential drops occur below 15,000
km (3.35 Rg geocentric distance), which is below the alti-
tude range considered in the study presented here.

In order to make a more statistically significant test of the
three models, we generated contour curves from the scatter-
plot (Figure 2). A 1% contour curve, for example, shows
the value of the electric field such that 1% of the events
within a certain altitude range (here we chose 0.5 Rg) have
a value larger than the plotted value. Contour curves elimi-
nate the weakness of scatterplots, which is a reliance on only
the largest values for a given altitude. Figure 3a shows four
contour curves (0.5, 1, 5, and 20%) each of which was cal-
culated from the same original database. For each curve the
magnitude of the electric field decreases with increasing al-
titude. Also, as expected, the error bars are smaller for the
larger percentage contour curves. The lower (upper) value
of the error bars shows the electric field value of the event,
which is obtained after sorting all events in a certain altitude
range according to magnitude and selecting the event which
precedes (follows) the plotted event by /i events (n; is the
total number of events in this altitude range).

In comparison, Figure 3b shows four curves calculated
from the model equation (1). Each curve shows the theo-
retical variations of the magnitude of an electric field, which
maps quasi-statically along magnetic field lines in a dipole
field to different altitudes. The electric field value (Ejy in (1))
used as reference for each curve was the first data point to the
left of the corresponding contour curve in Figure 3a. The er-
ror bars in the model curves result from the uncertainty in
L value. Since the plasma sheet location fluctuates with ge-
omagnetic activity, we can only estimate that the L value
lies between 65° and 75° ILAT. A comparison of the curves
in Figures 3a and 3b clearly shows that within the range of
statistical uncertainties, the data and model are consistent.

In addition to (1), Plate 3 shows model calculations using
the other two equations, (2) and (3). We selected again the
first data point to the left for each curve of Figure 3a as the
reference electric fields, and we calculated the theoretical
electric field values for higher altitudes. Each color repre-
sents a different mapping scheme defined by (1), (2), and
(3). Equation (2) requires the knowledge of the local total
magnetic field strength. Using the magnetic field data in the
key parameter database, the mean value of the total magnetic
field values (calculated from the three-dimensional magnetic
field vector at times of all recorded electric field events in a
given altitude bin) was computed and used in (2) to calculate
the electric field value. The error bars of the green curves are
the standard deviations of the electric field values calculated
from the standard deviation of the magnetic field applied to
the usual error propagation formula. Equation (3) requires
knowledge of the local Alfvén speed. For 41 events (half
of which had |Ez| >50 mV m™!; the other half was <50
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Figure 3. Comparison of Polar data and model calculations regarding the altitude dependence of electric
fields. (a) Four contour curves (0.5, 1, 5, and 10%) calculated from the data shown in Figure 2. (b)
Calculation of quasi-statically mapped electric fields in a dipole magnetic field using equation (1). The
first data points to the left of each contour curve in panel (a) were used as reference values (see text for

further description).

mV m~1), we calculated the Alfvén speed from density data
(Hydra), assuming 100% H™, and magnetic field data. As
can be seen in Figure 4, the Alfvén speed varied up to a
factor of 2 at the same altitude. To calculate the theoretical
electric field values at different altitudes, we applied a linear
function for v 4, indicated by the solid line, in (3). For the
blue curves, the variations in the Alfvén speed, v4, were in-
cluded in the error calculations. Although the three mapping
schemes show deviations, within the range of the statistical

POLAR DATA

40F7 77T

Alfven speed (1000km/s)

Geocentric Distance (RE)

Figure 4. The local Alfvén speed, v4, in the plasma sheet,
associated with 41 randomly selected events of the electric
field database, calculated from in-situ measurements of the
field and plasma parameters.

uncertainties, they are indistinguishable. This shows that the
consistency with the static model (as already shown by other
researchers) does not rule out consistency with the Alfvén
wave model in a statistical sense.

4.3. Occurrence Frequency

We next examine the question of how often large-ampli-
tude electric fields occur. Again, we only consider the region
outlined by the box in Plate 2a. Figure 5 shows the proba-
bility distribution of electric field events within the defined
region as a function of magnitude. The reader is reminded
that the amplitude of an event is determined by the largest of
five electric field measurements in a 30-s bin. The electric
fields are grouped into bins of 10-mV m™* width. Because
of the large differences in probability for different electric
field magnitudes, the probability distribution is displayed in
two panels. The scale on the left of each panel shows prob-
abilities calculated by dividing the number of events in each
electric field bin by the total number of events. The probabil-
ities for |Ez| <10 mV m~* and 10 mV m™! < |Ez| <20
mV m~! are 0.936 and 0.047, respectively. They are not
shown in Figure 5 which starts at |Ez| >20 mV m~*. The
general trend is that the probability decreases monotonically
with increasing electric field magnitude. Used as a proba-
bility model, the probabilities in Figure 5 (left scale) allow
the drawing of statistical conclusions. It might, for example,
be useful to know how probable it is that Polar encounters
at least one electric field structure with a certain amplitude
during one entire plasma sheet crossing. These probabilities
were calculated (using the probability model) and are shown
on the right of each panel in Figure 5. Note that this scale is
not linear. For example, the probability that Polar encoun-
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Figure 5. Probabilities of electric field events as a func-
tion of the electric field value. The events are those that lie
between 65° <ILAT<75° and 2100<MLT <0300 (box out-
lined in Plate 2a). The electric field data were grouped into
bins of 10 mV m~! width. The left scale shows the proba-
bility of an event occurrence within the defined region. The
right scale shows the probability of observing at least one
event within a certain 10 mV m~! bin per Polar plasma sheet
crossing (see text for further description).

tered at least one event with perpendicular electric field am-
plitude between 40 and 50 mV m ™! during one entire plasma
sheet crossing was ~14%=+4%. The calculated uncertainties
in the probabilities (right scale) result from the fact that Po-
lar’s crossing time of the entire plasma sheet varied between
30 and 60 min for different crossings (determined from vi-
sual inspections of ~40 crossings).

In section 5, it is shown that events with |Ez| >100"
mV m~! are substorm-related. Therefore it is also interest-
ing to know how often these very large fields occur. Plate 2¢
shows that 24 events were recorded over a period of 2 years.
An alternative way of quantifying their occurrence frequency
is by using the probability model of Figure 5. One can
show that the probability of observing an electric field larger
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than 100 mV m~! within the outlined region (Plate 2a) is
~2% per plasma sheet crossing. Similarly, one can show
that the probability of observing an electric field larger than
50 mV m~! is ~15% per plasma sheet crossing. Instead
of using the probability model, a simple calculation using
the number of Polar orbits crossing the defined region dur-
ing 2 years (~475 orbits) and the number of electric field
events (>100 mV m™?!) yields a probability of 4%, which is
comparable to 2%. These probabilities will be compared to
the probability of substorm occurrence during Polar plasma
sheet crossings in section 6.

5. Substorm-Related Electric Fields

A computer search of the entire database yielded 27 events
that showed perpendicular electric fields of more than 100
mV m~!. All of these events were located in the nightside
plasma sheet between 2100 and 0500 MLT (Plate 2c). A vi-
sual inspection of field and particle data showed that they
occurred during 24 plasma sheet crossings. During three
plasma sheet crossings, two (instead of one) large electric
field pulses (>100 mV m™!) separated by 1-3 min were
recorded. In the remainder of this paper we refer to these
pairs as single events, thus yielding a total of 24 events.

A region of electric field fluctuations (>5 mV m™1) sur-
rounding the most intense structures was usually observed,
that lasted for ~5-30 min in the spacecraft frame. The region
of most intense fluctuations (>50 mV m™?!) lasted for ~1-5
min. Individual electric field pulses occurred on timescales
of 10-60 s. Most of the 24 events revealed electric fields
larger than 300 mV m™1 in the high-resolution electric field
data. The geomagnetic activity during these events ranged
from quiet to highly active, with the K p index and the AE
index (preliminary; no data available for 1996) taking on val-
ues between O+ and 5+ and between ~40 and ~1100 nT, re-
spectively. Although the AF index was <100 nT for two
events (it was >150 nT for the remaining events), an in-
spection of magnetograms from individual ground stations
near Polar’s magnetically conjugate footpoint during these
two events indicated geomagnetic activity as well. This will
be shown in more detail in section 5.4. Hence we can con-
clude that geomagnetic disturbances such as substorms were
present during all 24 events.

5.1. Plasma Regimes

In ~85% of the events the large electric field structure was
found at or near the poleward boundary of the plasma sheet
(i.e., the PSBL). The other events occurred deeper inside the
plasma sheet. For some events, Polar may have encountered
the lobe-PSBL interface more than once, which led to un-
certainties as to whether the event occurred inside the PSBL
or CPS. The different plasma regimes were identified by ex-
amining the particle data from the Hydra instrument. The
lobe-PSBL interface can be identified by a flux increase (in
the direction of decreasing ILAT) of ions and electrons ac-
companied by a density increase of ions and electrons. The
width of the region over which the fluxes increased varied
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considerably in the spacecraft frame. For some plasma sheet
crossings, one of which is presented in section 5.5 (Plates
4a-4e), the flux increase occurred abruptly, less than 2 min
in the spacecraft frame. In these cases the large-amplitude
electric fields were located immediately adjacent to the lobe-
PSBL interface on the higher-density side. For other plasma
sheet crossings, particle fluxes gradually increased with de-
creasing ILAT (up to 30 min in the spacecraft frame). In
those cases the largest electric field fluctuations were located
further into the PSBL. Similar particle flux signatures have
been reported for low-altitude satellites [e.g., Lyons, 1991].

Another often used distinction between PSBL and CPS
is whether the particle flux is structured or unstructured, re-
spectively. On the basis of this criterion, we identified some
events as occurring inside the CPS. Four events also coin-
cided with a very localized reduction (dropout) of the elec-
tron flux (an example is presented in section 5.5, Plates 4f-
4j). In a few cases we interpreted a particle flux dropout as
a crossing of the lobe-PSBL boundary into the lobe region,
followed by a reentering of the PSBL due to an expanding
plasma sheet. Plate 1 shows an example where we believe
that this scenario is correct. The dropout lasted longer, and
the electron energy reached values that are typical for tail
lobe electrons. Alternatively, a large dropout could be due
to a spatially structured plasma sheet rather than a temporal
variation caused by the motion of the PSBL. On the basis of
24 events, the outer boundary location ranged from 65° to
78° ILAT, which supports the idea that multiple encounters
of the lobe-PSBL interface during one pass are probable.

5.2. Polarization

The large-database statistical study presented in section
4 was based only on the Ez component. This component
is approximately perpendicular to the nominal plasma sheet
boundary at the altitude range investigated here. The east-
west component was not included. A knowledge of the east-
west component, however, is important for investigating the
origin of the very large electric fields. Hence we used (for
this analysis only) electric field data in a magnetic-field-
aligned coordinate system, in order to determine the dom-
inant direction of the perpendicular component of the large
electric field structures. The two components are Ey FAC
(east-west) and Ez FAC (approximately the same as Ez).
The results of this analysis are shown in Figure 6, which
shows the ratios of Ey_FAC over Ez_FAC, binned by their
percentage values. The value, used for Ey FAC, was the
largest value observed within 2 min surrounding the largest
value in Ez_FAC. For the majority of events (18 events) the
amplitude of the east-west component was less than 40% of
that of the north-south component.

5.3. Association With Field-Aligned Currents

The large electric fields occurred in regions of large-scale
field-aligned currents (~1° ILAT) inferred from magnetic
field measurements. Preliminary results show that seven
events were associated with upward currents, four in the
evening sector and three in the morning sector of magnetic
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Figure 6. Comparison of the magnitudes of the two perpen-
dicular electric field components (east-west and north-south)
for the 24 largest electric field events found during 2 years
of Polar operation.

local time. Events associated with downward currents were
only found in the morning sector (four events). Note that
these results include only events for which an identification
of the current was straightforward. The current signatures
for the remaining events were more complicated, and an
association with a particular direction of current flow was
ambiguous. A forthcoming study will show these results in
greater detail.

5.4. Conjugate Study With Ground Stations

For a subset of 14 events, ground magnetometer data were
examined in order to determine the temporal relationship of
these events to different substorm phases. The ground sta-
tions were selected on the basis of being in the general prox-
imity of Polar’s magnetically conjugate footpoint. For some
events, which occurred at 0200-0300 MLT, and for which
no conjugate ground stations (or data) were available, we
instead consulted ground stations that were close to local
midnight. The substorm on August 29, 1997 (see next para-
graph), shows that substorm ground signatures can extend
over many hours local time; thus the latter selection crite-
rion seems to be a reasonable alternative.

In general, the substorm onset time coincides with the be-
ginning of a sharp negative turning of the H (or X) com-
ponent detected at individual ground stations. This is the
begin of the expansion phase. This phase is followed by the
recovery phase identified as a gradual retreat of the H (or
X) component to its original values. Often, however, the re-
covery phase is superimposed by additional intensifications.
The ground data for the 14 events presented here fit roughly
into this scheme.

We first present two Polar events which took place on Au-
gust29, 1997, and April 21, 1997, together with ground data.
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Figure 7. The geographic locations of the Canadian Auroral Network For the Open Unified Study

(CANOPUS) stations.
1000 to 1100 UT.

Additional Polar data for the August 29, 1997, event were al-
ready presented in Plate 1. Toivanen et al. [2000] have also
investigated this event with regard to substorm onset signa-
tures in the plasma sheet. Polar’s magnetic footpoint tra-
versed the CANOPUS array, which is shown for the period
from 1000 to 1100 UT on August 29, 1997, in Figure 7, to-
gether with the geographic location of the ground stations.
Figure 8 shows the X component of the CANOPUS stations
for which data were available. A strong substorm bay sig-
nature can clearly be seen in all ground stations (with the
exception of Contwoyto Lake (CONT)), starting at ~1035
UT. This agrees with the onset time determined from the
AE index. The magnetogram of Dawson (DAWS) shows
the strongest negative turning of the X component (-1000
nT), indicating that the substorm electrojet was closest to
Dawson. Dawson was also the closest station to local mid-
night, where most substorms show the strongest magnetic
bay signature. As argued in section 3, Polar was most likely
in the lobe at onset time. After a rapid expansion of the
plasma sheet, Polar reentered the plasma sheet at ~1037 UT,
after which it encountered strong electric field fluctuations.
The focus of this section is to establish a temporal relation-
ship of Polar’s large electric field observations and substorm
phases. Figure 9a shows an expanded view of Polar’s elec-
tric field (Ez component) from 1000 to 1200 UT on August
29, 1997, together with the magnetic field observations (X
component) from Fort McMurray, which we identified as the
closest station to Polar’s magnetic footpoint. As can be seen,

the large electric field fluctuations, lasting for ~5 min in the”

spacecraft frame, coincided with the expansion phase.
Figure 9b shows the temporal correlation between ground
observations and in situ data for another event that took
place on April 21, 1997, while Polar’s magnetic footpoint
traversed the 210 Magnetic Meridian chain on an inbound
pass. This substorm showed a 500-nT deflection of the H

The solid line indicates Polar’s magnetic footpoint on August 29, 1997, from

X (400 nT/div) August 29, 1997
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Figure 8. X component of CANOPUS stations. All stations
recorded a strong substorm signature (with the exception of
CONT), starting at ~1035 UT. The magnetogram at Dawson
(DAWS) shows the sharpest negative turning of the X com-
ponent (~1000 nT), indicating that the substorm electrojet
was closest to it.
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Figure 9. (a) The perpendicular electric field measured by Polar in comparison to the X component
measured by the Fort McMurray magnetometer for August 29, 1997. (b) The perpendicular electric field
measured by Polar in comparison to the H component measured by the Tixie magnetometer for April, 21,

1997.

component at Tixie. Again, Polar encountered very large
perpendicular electric fields at times of strongest H bay de-
flection. According to Tixie, the onset occurred at ~1235
UT, seen in the sharp negative deflection of H. An earlier
deflection of H, at ~1233 UT, was observed at Kotel’nyy
(not shown). This onset time agrees with the onset time de-
termined from the AE index.

The good temporal correlation between Polar observa-
tions of large perpendicular electric fields and rapid changes
in ground magnetic fields as determined from ground sta-
tions is further supported in Figure 10, showing the temporal

relationship of large perpendicular electric fields measured
by Polar and ground magnetometer data for 12 additional
substorms. The unfiltered H (or X) component, depend-
ing on the magnetometer chain, is presented. The ground
stations used and their locations are given in Table 1. The
vertical lines indicate the occurrence times of the large elec-
tric fields recorded by Polar. The positions of the satellite
at those times are shown in Table 2. In all cases the electric
fields occurred during times of rapid changes in H (or X), in
close temporal proximity to geomagnetic disturbances such
as substorm onsets/intensifications. In two events the large

Table 1. Ground Magnetometer Stations used in Figures 9 and 10

Station Name Magnetometer Array GLAT, deg GLON, deg
Gillam CANOPUS 56.38 265.36
Dawson CANOPUS 64.05 220.89
Iqaluit MACCS 63.8 291.5
Pangnirtung MACCS 66.1 294.2
Tixie 210 MM 65.7 197.1
Kotel'nyy 210 MM 69.9 201.0
Hopen Island IMAGE 74.02 110.48
Bear Island IMAGE 71.33 108.73
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Figure 10. Temporal comparison of large electric field events measured by Polar and ground magnetome-
ter data. Depending on the magnetometer chain, either the unfiltered H or X component is shown. The
vertical lines indicate times when Polar observed electric field fluctuations larger than 100 mV m~!. Each
panel shows a different substorm/plasma sheet crossing.

Table 2. Polar Ephemeris Data for the Events in Figures 9 and 10

Date Geocentric Distance MLT L Value
May 23, 1996 5.8 2202 9.0
Sept. 15, 1996 5.1 0235 8.6
Sept. 23, 1996 5.0 0230 16.0
Nov. 15, 1996 6.5 2304 17.8
Feb. 11, 1997 5.5 0325 10.0
April 2, 1997 5.1 0005 8.0
April 3, 1997 6.5 - 0052 12.2,
April21, 1997 ~ 5.5 2249 7.8
May 1, 1997 5.2 2320 7.8
May 9, 1997 4.8 2157 9.0
Aug. 3, 1997 4.8 0414 6.0
Aug. 29, 1997 4.6 0242 6.5
Feb. 18, 1998 4.3 0325 8.5
Feb. 25, 1998 4.7 0154 8.5
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electric field structure was coincident with a rapid recovery
of the H component. Twelve events (including the events
in Figure 9) were associated with an expansion (or intensifi-
cation) phase. An accurate evaluation of whether the event
occurred during the downward or upward swing of the H
component was complicated for some events because of dif-
ferences in the ground data from different ground stations
that were close to each other.

In the beginning of section 5 it was pointed out that two
events occurred during very small values of Kp and AE.
One of these events (February 25, 1998) is shown in Fig-
ure 10 (last panel). Despite the small activity indices, the
event coincided with a negative turning of the H signal at
Kotel’nyy station, indicating a disturbed magnetosphere.

5.5. Electromagnetic Signatures

In section 4 it was statistically shown using mapping rela-
tionships that high-altitude perpendicular electric fields ob-
served in the nightside plasma sheet were consistent with
both the Alfvén wave model and the static model. Alter-
natively, the nature of perpendicular electric fields can be
investigated on the basis of individual events. The FE-to-
B ratio and phase shifts between £ and B are two signa-
tures that are most suited for such an analysis [e.g., Lysak,
1998]. In this section we present results regarding the ori-
gin of the substorm-related electric fields using F-to-B ra-
tios and phase relationships of the electric and magnetic per-
turbation fields. We incorporate results from previous case
studies which have investigated in greater detail subsets of
the large electric field events (>100 mV m~!) found in this
study.

Plate 4 shows two PSBL crossings by Polar during one
inbound (April 21, 1997) and one outbound (October 29,
1996) pass. The data for both days are shown in the same
format. Plates 4a and 4f show the Ez component of the
electric field which points northward and approximately per-
pendicular to the nominal plasma sheet boundary (approxi-
mately along GSE z). Plates 4b and 4g show the west-east
perturbation from the ambient magnetic field (note that in
Plate 1 the east-west direction is shown). This component
lies approximately in the plane of the nominal plasma sheet.
Plates 4c and 4h show the Poynting flux calculated from the
three components of the perturbation electric field and the
three components of the perturbation magnetic field. These
perturbation fields were calculated by detrending each com-
ponent of the fields. The detrending was done by subtracting
a 3-min running average from the original data. The calcu-
lated Poynting flux vector was then projected onto the av-
erage magnetic field direction. The average magnetic field
direction was calculated from the measured magnetic field
vector averaged over 3 min. Plates 4d, 4e, 41, and 4j show
the energy spectra of ions and electrons.

The April 21, 1997, lobe-PSBL crossing is character-
ized by the sharp flux increase of ions and electrons at
1236 UT seen in Plates 4d and 4e. Immediately following
the entry, Polar encountered large electric and magnetic field
perturbations. The magnetic field perturbation was super-
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imposed on field-aligned currents. The perturbation fields
near the lobe-PSBL interface were very similar in wave-
form with peak amplitudes of -130 mV m~! and -14 nT.
The field-aligned Poynting flux associated with these fluctu-
ations (Plate 4c) was directed downward toward the nearest
ionosphere. It was largest near the lobe-PSBL interface (~1
ergs cm~2s~1). The ratio of the peak electric and magnetic
field of the perturbation signals is ~9300 km s™*. This is
comparable to the local Alfvén speed of ~11,000 km s~!
determined from in situ plasma parameters. The correlated
electric and magnetic field perturbations are thus consistent
with the propagation of Alfvén waves along the magnetic
field. Results of a study by A. Keiling et al. (unpublished
manuscript, 2000), investigating the spectral composition of
the electric and magnetic wave fields of a subset of events
(including the April 21, 1997 event), indicate the presence of
smaller-amplitude Alfvén waves with a local standing wave
structure in both the tail lobe and the PSBL in the Pi2 fre-
quency range. The standing wave structure can be caused
by downward traveling Alfvén waves that reflect off at al-

titudes below the satellite. Poynting flux calculations allow
determining the direction of net energy flow. The event on

April 21, 1997, clearly shows (Plate 4c) that the earthward
component dominates over the reflected one. An example of
standing Alfvén waves in the tail lobe can be seen at 1233
UT on April 21, 1997 (Plates 4a and 4b).

The event on October 29, 1996 (Plates 4f-4j), occurred
further into the PSBL while Polar was on an outbound pass.
Polar entered the PSBL before 0030 UT and entered the
tail lobe at ~0100 UT (not shown). The largest electric
field pulse (~190 mV m~!) occurred at ~0037 UT. Shortly
thereafter, a smaller electric field pulse (~70 mV m™1!) at
~0038:30 UT was encountered. Both pulses were associ-
ated with current sheets of opposite direction. The electron
particle flux was reduced between the two pulses; possibly
also the ion flux which can only be seen vaguely owing to
the limited energy range of the instrument. Immediately
preceding the largest electric field pulse is a region of en-
hanced electron flux. In contrast to the event on April 21,
1997, the electric and magnetic field signals for the event
on October 29, 1996, do not show similar waveforms on the
scale of 10-60 s. A calculation of the Poynting flux, for the
same period range as used for April 21, 1997, also yields
large field-aligned Poynting flux (>0.5 ergs cm™2s™1) di-
rected downward (Plate 4h). The magnetic perturbation of
the field-aligned currents largely contributes to this Poynt-
ing flux. We emphasize that Poynting flux calculations are
strongly dependent on the model subtraction and on the pe-
riod range chosen for filtering. A separation of a possible
Alfvénic contribution requires additional filtering [see, e.g.,
Lotko and Streltsov, 1997]. The identification of the origin
of the electric fields for this event is not as unambiguous as
in the case of April 21, 1997, and will be further addressed
in a forthcoming study.

An inspection of the E-to-B ratio of seven other substorm-
related fields, which showed correlated electric and mag-
netic field signals (including the events in the work of Wygant
et al. [2000] and Keiling et al. [2000]), yields that the ratios
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are consistent with wave phase velocities between 8600 and
18,000 km s~*, which is similar to the local Alfvén speed
of 12,000-21,000 km s~ determined from plasma measure-
ments. This is evidence on the basis of individual cases, that
at Jeast one type of substorm-related electric fields was asso-
ciated with Alfvén waves. Other events show less correlated
signals (e.g., October 29, 1996). Some of these events re-
semble the DE 1 electric field event investigated by Lotko
and Streltsov [1997] (see section 6.3 for further details). In
the next section we will comment on the Poynting flux cal-
culation of all 24 events.

5.6. Poynting Flux

In the work of Keiling et al. [2000], Poynting flux calcula-
tions were presented for a subset of the 24 events. Their se-
lection criterion was that the events showed well-correlated
electric and magnetic field signals, and thus an identifica-
tion of the Alfvénic nature was unambiguous. These events
showed large field-aligned Poynting flux, four of which with
a clearly dominating earthward component with magnitudes
up to 2 ergs cm~2s~1. One event (August 29, 1997) showed
both large downward and upward Poynting flux. Keiling et
al. [2000] filtered the data on an individual basis, allowing
only the Alfvénic component to contribute to the parallel
Poynting flux. In the study presented here we calculated the
Poynting flux for all 24 events (in the same way as was done
for the previous two events) to estimate the amplitude and
direction of the local electromagnetic energy flux regard-
less of their origin. Thus electromagnetic energy carried by
Alfvén waves and field-aligned currents could contribute to
the Poynting flux values.

For 21 events the largest parallel Poynting flux compo-
nent throughout the entire electric field structure associated
with each event, which could last up to 5 min, was down-
ward toward the northern ionosphere. Events reported by
Wygant et al. [2000] and Keiling et al. [2000] are included
in this statistics. The peak values ranged between 0.3 and
2.5 ergs cm™2s71. When mapped to ionospheric altitudes
(~100km) along converging magnetic field lines, the Poynt-
ing flux would reach magnitudes up to 300 ergs cm~2s~ 1.
This is large enough to power very intense auroras. In sec-
tion 5.4 we showed that the 24 events were associated with
geomagnetic disturbances such as substorms. Therefore, the
Poynting flux calculations show that large electromagnetic
energy flow in the plasma sheet, mostly in the PSBL, is as-
sociated with strong geomagnetic disturbances.

6. Discussion

We described results of a statistical survey of perpendic-
ular electric fields recorded during 2 years of Polar oper-

ation, consisting of ~940 orbits and ~1880 auroral zone’

crossings at high altitude in the Northern Hemisphere. The
results demonstrate that very large amplitude electric fields
perpendicular to the ambient magnetic field occur at geo-
centric distances of 4-7 Rg. Wygant et al. [2000] already
reported two of the very large electric field events (>100
mV m~1) which came from the same database as used in the
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study presented here. ISEE 1 and 2 are the only other satel-
lites that have traversed the altitude range that was studied
in this paper (4-7 Rg geocentric distance in the nightside).
There are, however, significant differences to Polar’s orbit
and instrumentation that make this study relevant. ISEE 1
and 2 were placed in an equatorial orbit. The electric field
instrument only contained probes in the equatorial plane and
could not measure the component of the electric field per-
pendicular to the ecliptic and approximately normal to the
plasma sheet. In the Polar data set this component was the
largest component. In an attempt to characterize perpendicu-
lar electric fields in the magnetotail at further distances (>23
Rg), Geotail studies have also been limited by the fact that
the onboard electric field instrument only measures the com-
ponents in the spin plane, which approximately coincides
with the equatorial plane.

6.1. Location of Events

For an understanding of the magnetosphere as a whole, it
is important to establish links between different regions in
the magnetosphere. In this study it was found that almost
all large perpendicular electric fields between 4 and 7 Rg
(geocentric distance) occurred on field lines that were mag-
netically conjugate to the auroral acceleration region. This
provides evidence that the electric fields are directly or indi-
rectly related to auroral dynamics. This result allows a direct
comparison to previous studies, which presented global dis-
tributions of perpendicular electric fields for lower altitudes.
Karlsson and Marklund [1996], using Freja data, observed
the majority of large perpendicular electric field events in
the midnight and early morning sectors of the auroral oval
in the altitude range from 1400 to 1770 km. Bennett et al.
[1983] and Redsun et al. [1985], using S3-3 data, showed
that the largest perpendicular electric field events up to 8000
km altitude tended to occur between 1600 and 2200 MLT.
The Polar results reported here show a concentration of the
larger electric fields (>50 mV m~1) around midnight with a
few more events in the morning sector. This differs from the
S3-3 study, but is similar to the Freja study. However, we
point out that the difference between eveningside and morn-
ingside in the Polar data set is not statistically significant to
confirm a statistical trend.

An additional feature in the Polar distribution is a small
concentration of electric fields (<50 mV m™!) around 1500
MLT, which coincides with the hot spot. The hot spot is a
region of increased electron energy flux [Evans, 1985] or in-
creased probability of observing electron acceleration events
[Newell et al., 1996] inferred from low-altitude satellites.
This correspondence further shows the link between elec-
tric fields at high-altitude and low-altitude acceleration pro-
cesses. . -

A peculiar result, for which we have no definite explana-
tion, is the low event rate at dawn (~0500 MLT) and dusk
(~1900 MLT). One possibility could be that these regions
show the dividing lines between dayside and nightside au-
rora, which are two different phenomena. The nightside au-
rora is believed to be magnetically connected to the PSBL
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whereas the dayside aurora is connected to the cusp. Hence
it seems naturally that there is not a smooth transition be-
tween the two regions. If so, it is peculiar, however, that
this feature does not appear to some degree in lower-altitude
distributions.

6.2. Altitude Dependence

It has been an ongoing issue in auroral physics to discover
the origin of large perpendicular electric fields observed on
auroral field lines. Two views exist which are physically
very different. In one model, the electric fields are inter-
preted as electrostatic structures, called electrostatic shocks
by some researchers. The observed electric and magnetic
field fluctuations are caused by the motion of the space-
craft through a system of static field-aligned current struc-
tures imbedded in the ionosphere [Smiddy et al., 1980]. The
fluctuations are hence entirely caused by the Doppler shift.
In the other model, the observed electric fields are the per-
turbation field of Alfvén waves, which are electromagnetic
structures. To help decide this issue, one approach has been
to use statistical methods to determine the relationship of
electric field magnitudes at different geocentric distances.
The assumption of a static model in the form of (2) has
been applied to distances far out into the distant magneto-
tail. Mozer [1981], Levin et al. [1983], and Streed et al.
[2000] concluded that the perpendicular electric field magni-
tudes are not inconsistent with equation (2) out to 7, 23, and
100 R, respectively. There is, however, growing evidence
in the form of case studies that, at least, some auroral elec-
tric fields are Alfvénic [e.g., Dubinin et al., 1990; Lotko and
Streltsov, 1997; Wygant et al., 2000; Keiling et al., 2000].
Polar data are suitable to investigate the nature of the elec-
tric fields both in a statistical analysis, through investigation
of possible mapping relationships, and in case studies. The
additional use of a statistical study is to make an assessment
of many events instead of only a few selected events, which
may represent a small class of events. Ideally, one would
like to simultaneously measure electric fields along one field
line and compare values at different altitudes. Until a multi-
satellite mission is in place, we rely on statistical analyses to
investigate the mapping relationship.

In the first part of the study presented here we compared
Polar data to the static model in the form of (1) and (2), and
within the range of statistical uncertainties, we confirmed
the static model. However, we also showed that the data
are consistent with the model in which the observed elec-
tric fields are the perturbation fields of shear Alfvén waves,
which could be excited on auroral field lines in the distant
tail. While propagating toward the ionosphere, the conver-
gent magnetic field focuses the Alfvén wave, and the pertur-
bation electric field magnitude increases. In this case the
electric fields do not map quasi-statically along magnetic
field lines, and the mapping characteristic of the electric
fields was shown to be proportional to v/v4 B, where v4
is the parallel phase velocity of an Alfvén wave and B is
the ambient magnetic field strength. The assumption made
is that the power flow, (A/uo)dE x 6B, is constant along
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the flux tube. At low altitude, i.e., in the inertial regime of
Alfvén waves, this will be violated owing to dissipation pro-
cesses (e.g., particle acceleration) and wave dispersion (ki-
netic Alfvén waves, finite k) [Lotko and Streltsov, 1997].
The importance of our result is that it removes one objection
against the Alfvén wave model, and that it statistically shows
that Alfvén waves could be a very common occurrence on
auroral field lines, forming the majority of large-amplitude
perpendicular electric fields (>20 mV m™!). Earlier statisti-
cal studies covering the same region did not attempt to show
whether their data were also consistent with Alfvén waves.

Polar data can be consistent with both the static model and
the shear Alfvén wave model, because the average Alfvén
speed between 4 and 7 Rg varies by only a factor of 2 to
3. This variation is not large enough to separate the models
given the statistical uncertainties. This is also true for dis-
tances further than 7 Rg. Hence, if (3) were applied to ISEE
1 data [e.g., Mozer, 1981; Levin et al., 1983], the results
would be inconclusive as well. The theoretical Alfvén speed
profile from the ionosphere to the equatorial plane along a
magnetic field line [e.g., Streltsov and Lotko, 1997, Figure 1]
shows that the largest change in v 4 (a factor of 40-50) occurs
around 1 and 3 R geocentric distance. This region, how-
ever, overlaps with the auroral acceleration region in which
field-aligned potential drops occur. Hence, one would not
expect the simple relation (3) to hold in this region.

Furthermore, note that both the static model and the shear
Alfvén wave model applied in this study contain the implicit
assumption that electric fields on the same magnetic field
line are related. Therefore the consistency of Polar data with
both models, together with the distribution in ILAT and MLT
of electric field events (Plate 2), is strong evidence that per-
pendicular electric fields on auroral field lines at various alti-
tudes are indeed related to one another. Polar’s high-altitude
observations are thus related to the large-amplitude perpen-
dicular electric fields, routinely observed in the auroral ac-
celeration region, which are believed to be responsible for
discrete auroral arcs [e.g., Torbert and Mozer, 1978; Kletz-
ing et al., 1983; Lyons, 1991].

6.3. Substorm-Related Electric Fields

In a further attempt to characterize auroral perpendicu-
lar electric fields, we investigated the largest electric fields
(|Ez| >100 mV m~1) found during the 2-year time period
of the statistical study with regard to polarization, plasma
regime, association with field-aligned currents, electromag-
netic signature, Poynting flux, and geomagnetic activity. In
24 crossings out of ~940 orbits, 24 electric fields of perpen-
dicular magnitude greater than 100 mV m™?! (6 s averaged)
were found.

The electric field structures of the events were polarized
dominantly north-south when mapped down to the iono-
sphere. Observations of large perpendicular electric fields
at low altitudes, made with the Freja satellite, also showed
dominantly north-south polarization [Marklund et al., 1995],
giving further evidence (in addition to location and altitude
dependence) that the large events presented here are related
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to low-altitude events. Bearing in mind the difficulties of
identifying the plasma regime associated with some of the
large electric fields, we concluded that ~85% of the events
occurred at or near the poleward edge of the PSBL. The re-
maining events occurred deeper inside the CPS. An ISEE
1 study covering the range from 7 to 23 Rg found similar
results with the exception that the authors associated all of
their events with the PSBL [Cattell et al., 1982].

Our study shows that very large, dominantly north-south
polarized fields in the magnetotail were directly correlated
with the rapid changes in the H (or X') component of ground
magnetometer records indicating the occurrence of geomag-
netic disturbances such as substorms. Although other stud-
ies [Nishida et al., 1983; Aggson et al., 1983; Cattell and
Mozer, 1984; Pedersen et al., 1985; Smits et al., 1986; May-
nard et al., 1996] have identified large perpendicular elec-
tric fields during times of substorms, these observations dif-
fer from our observations in location and polarization of the
electric fields. It was reported that they occurred close to
the equatorial plane within 20 Rg and were polarized in
the dawn-dusk direction. These fields were attributed to ei-
ther enhanced convection or dipolarization, none of which is
a likely generation mechanism for the fields reported here.
For one substorm event observed by ISEE 1 and 2, Kelly et
al. [1984] reasoned that plasma flow in the azimuthal (west-
east) direction, embedded in a current sheet, could account
for the observed large, north-south polarized electric fields.
For a large fraction of events (<50%) presented here, the
E-to-B ratio of the two perturbation fields was consistent
with Alfvén waves. Some of the events did not show a good
correlation between the electric and magnetic fields, at least
for the 10-60 period fluctuations considered here. In these
cases the intense electric fields often occurred at the edge
of a field-aligned current sheet, which resembles more an
electrostatic structure. Some of these events resemble the
DE 1 electric field event investigated by Lotko and Streltsov
[1997]. The authors argued that in a specified frequency
range, the event exhibits the waveform and phase structure
of a dispersive field line resonance.

Poynting flux calculations have demonstrated that the ma-

jority of events (21 events) were associated with strong Poynt-

ing fluxes up to 2.5 ergs cm 2571, directed downward along
the background magnetic field into the ionosphere. If this
Poynting flux reached the ionosphere, its magnitude would
exceed 300 ergs cm™2s™1 owing to converging magnetic
field lines. This would be sufficient to power the most in-

tense auroras.

6.4. Occurrence Frequency

Having shown that the largest perpendicular electric fields
(>100 mV m™!) investigated in this study occurred dur-
ing the expansion/intensification phase, it is important to in-
vestigate whether every substorm is accompanied by large
electric fields like the ones shown in this study. This is-
sue can be addressed in a probabilistic manner. Since sub-
storms occur ~4 or 5 times a day, those fields should oc-
cur a significant fraction of time. During a period of 2

KEILING ET AL.: PROPERTIES OF LARGE ELECTRIC FIELDS

years, only a total of 24 events were observed. Although
this is a small number, it must be realized that Polar spends
most of its time outside the plasma sheet. Alternatively, it
was shown that the substorm-related electric fields (>100
mV m™!) occurred with a probability of 2-4% per plasma
sheet crossing in the nightside. Considering that a Polar
plasma sheet crossing takes ~30-60 min and large electric
fields occur closer to the poleward edge of the plasma sheet,
2-4% represents a significant fraction of time. If we allow for
substorm-related electric fields less than 100 mV m~! (for
which we also have evidence), the probability of encounter-
ing these fields will increase. For example, we showed that
events with electric fields larger than 50 mV m~! occurred
with a 15% probability. On the other hand, the probability
that an expansion phase occurs while Polar is in the plasma
sheet varies between 8 and 20%. This rough calculation is
based on the Polar plasma sheet crossing time of 30-60 min
and the assumption that 4-5 substorms occur per day, with
the expansion/intensification phase being treated as a sin-
gle event. Hence the occurrence frequency of electric fields
larger than 50 mV m™1! is comparable to the substorm occur-
rence frequency, which suggests that north-south polarized,
large electric fields might be generally correlated with the
substorm expansion/intensification phase. Naturally, this is
only a rough comparison. The argumentation given here is
only suggestive and requires further investigation.

In a study by Karlsson and Marklund [1996], it was shown
that large perpendicular electric fields at low altitude do not
depend on the level of geomagnetic activity inferred from
the Kp index. This is, however, not necessarily incon-
sistent with the above comparison, because smaller-scale
geomagnetic disturbances such as, for example, pseudo-
breakups [Koskinen et al., 1993] can also manifest them-
selves in ground data but are not necessarily detected with
the coarse Kp index. In fact, we found that in spite of
very small Kp values during the occurrence of some intense
electric fields, geomagnetic disturbances were nevertheless
recorded at individual ground stations.

7. Conclusions

The survey of 2 years of Polar high-altitude perpendicu-
lar electric field data resulted in the following conclusions
(only the Ez component was investigated for this part of the
study):

1. Large electric fields perpendicular to both the magnetic
field and the plane of the nominal plasma sheet at 4-7 Rg
can exceed 100 mV m~1.

2. Almost all electric field events (>20 mV m~1) were
found within the statistical location of the auroral oval with a
few events occurring inside the statistical location of the po-
lar cap. The distribution along the auroral oval was not uni-
form. The largest electric fields occurred more often around
local midnight. The dayside events were less intense than
the nightside events. On the dayside a small concentration of
electric fields existed at ~1500 MLT, which coincides with
the so-called hot spot. There were two 2-hour wide regions
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on the dawnside (~0500 MLT) and duskside (~1900 MLT)
which showed significantly lower event rates than the sur-
rounding regions.

3. The magnitude-versus-altitude distribution is consistent
with both a static model and a shear Alfvén wave model. We
regard this as new support for the Alfvén wave model, which
means that Alfvén waves (being a common feature on auro-
ral field lines) could, in principle, account for the majority
of electric field observations for small and large amplitudes.

4. The occurrence frequency of electric field events de-
creased monotonically with increasing magnitude.

The second part of this study focused on individual events
selected from the statistical database. The selection criterion
was that the amplitude of the Ez component exceeded 100
mV m~!. Over the entire period of 2 years, 24 events were
found. The important results regarding the largest electric
fields are summarized as follows:

1. About 85% of the events occurred in the vicinity of the
outer boundary of the plasma sheet; the remaining events
occurred further into the plasma sheet (CPS).

2. The location of the outer boundary of the plasma sheet
ranged from 65° to 78° ILAT for the plasma sheet crossings
associated with the 24 events.

3. The events occurred in regions of large-scale field-
aligned currents.

4. The polarity of the electric fields was dominantly in the
north-south direction, perpendicular to the nominal plasma
sheet boundary.

5. The events occurred with a 2-4% probability per Polar
plasma sheet crossing.

6. For a large fraction (<50%) the ratio of electric and
magnetic fields yielded wave phase velocities of 8600-18,000
km s~!, which was.in the range of the local Alfvén velocity
of 12,000 to 21,000 km s~ 1.

7. A majority of the events (21 events) was associated
with large field-aligned Poynting flux (~1 ergs cm~2s~1) di-
rected downward into the Northern Hemisphere ionosphere.

8. For 14 events it was shown that they occurred during
times of rapid changes in the A (or X') component of ground
magnetometer data in close temporal proximity to geomag-
netic disturbances such as substorm onset/intensification.
For the remaining events it was found that they also occurred
during active times determined from the AF index.

From these results it is evident that large perpendicular
electric fields (>20 mV m~?!) observed on auroral field lines
are related, although, on the basis of the statistical part of this
study, we can not conclusively decide of what origin they
are. However, beside the often quoted electrostatic model to
explain the bulk of auroral electric fields, it was statistically
shown, for the first time at altitudes between 4 and 7 Rg,
that the Alfvén wave model cannot be ruled out as a possible
generation mechanism. Despite the ambiguity of the sta-
tistical study, we can conclude, on the basis of the E-to-B
ratio and the phasing relationship of the electric and mag-
netic perturbation fields for individual events, that a large
fraction of the largest events (>100 mV m™1!) are the per-
turbation fields of Alfvén waves. The other events require
further investigation. Poynting flux calculations for the 24
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events indicate that there is a clear dominance of downward
field-aligned Poynting flux. This result is in agreement with
Wygant et al. [2000], Keiling et al. [2000], and Toivanen
et al. [2000]. We also demonstrated that the largest events
(>100 mV m™1!) occurred during the expansion (or intensi-
fication) phase, and thus there is further evidence that elec-
tromagnetic energy transfer processes occur during the most
dynamic phase of geomagnetic disturbances.
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