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1 INTRODUCTION

This project's mission is to study the underlying mechanisms that control the chain
of coupling between the solar wind, magnetosphere and ionosphere. In the first year
of this project, a study was initiated to determine the global response of the high-
latitude ionosphere to forcing by magnetospheric substorms. An assimilative model
[Richmond and Kamide, 1988] was used with ground-based radar, magnetometer, and
satellite measurements to differentiate substorm surge convection signatures from the
ambient pre-substorm convection pattern. This study concluded that the perturbed

-convection pattern can be characterized by a small-scale two-cell "expansion" struc-
ture superimposed on a global-scale two-cell pattern [Kamide et al., 1994]. The char-
acterization of these intermediary potential patterns is an essential first step toward
the creation of fully time-dependent polar convection models.

Subsequent work on this project has focused on identifying ground-based techniques
to determine the location of the open-closed field line boundary. Accurate determi-
nation of this boundary is required for studies of substorm evolution, for comparisons
of polar cap to auroral zone ion composition profiles [Kelly, 1979], for precise calcula-
tion of the reconnection electric field [de la Beaujardie're et al., 1991], and for studies
of global polar cap inflation and deflation [Siscoe and Haung, 1985]. A summary
description of the results from this new research follows.

2 IDENTIFICATION OF THE POLAR CAP BOUNDARY

The nightside polar cap/auroral zone boundary, the surface that defines the tran-
sition from open to closed geomagnetic field lines, can also be characterized by a
transition in plasma regimes and field-aligned current (FAC) signatures. Low and
high altitude satellite data have shown that polar rain electrons in the open field line
"lobe" region are typically cold (-. 100 eV) and isotropic [Winningham and Heikkila,
1974]; and they have shown that electrons in the closed field plasma sheet bound-
ary layer (PSBL) region are typically hot and structured [Winningham et al., 1975].
PSBL electron energy distributions also exhibit significantly more spectral structure
than the typically Maxwellian energy distributions found in the lobe [Newell et al.,
1992]. Likewise, low altitude satellites have shown that FACs at lobe latitudes are of-
ten small and unstructured while PSBL FACs are much larger and highly structured
[Sugiura et al., 1984 and references within]. Figure 1 summarizes the juxtaposition
of these topological, plasma, and current boundaries.

Satellite diagnostics have played a dominant role in deducing geomagnetic topology
from plasma and electrodynamic signatures. Orbiting energetic particle detectors
can unambiguously determine the energy distribution function, characteristic energy,
integrated energy flux, and spatial structure associated with precipitating ions and
electrons, and orbiting magnetometers can directly measure the structure of field-
aligned current over the entire polar cap.
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Recurring satellite signatures for the nightside PSBL/lobe boundary include an
absence of polar rain precipitation [Meng and Kroehl, 1977], a transition in number
flux of energetic (> 1 keV) electrons [Frank and Craven, 1988], velocity dispersed
ion structures [Zelenyi et al., 1990], and "region 0" downward currents [Burke et
al., 1994]. Notable success has been achieved in automatically classifying dayside
plasma regimes with the DMSP particle energy spectrograms with the aid of neural
networks [Newell et al., 1991]. On the nightside, Robinson et al. [1992] have shown
how satellite images at two UV wavelengths can be used to derive the mean energy
of the precipitating electrons, a key discriminator for the PSBL/lobe boundary.

The central drawback to reliance on such satellite signatures is their limited tempo-
ral span and low duty cycle over the polar cap. Unlike the high-altitude DE-1 satellite,
which measured the evolution of the polar cap over approximately 4 h periods, most
energetic particle detectors are flown at lower altitudes (< 1000 kin) with approxi-
mately 15 min of coverage over the polar cap. Such snapshots are especially difficult
to interpret during periods when the polar cap boundary is in rapid motion. Satellite
orbital mechanics dictate that the period between these short samples be as long as
90 min. Such long periods between samples can complicate coordination with ground-
based diagnostics for studies of stochastic geophysical events such as substorms and
transient polar cap arcs. For dynamic periods, the task of satellite/ground-based
coordination becomes a variant of the human problem of "being at the right place at
the right time."

High latitude ground-based diagnostics, on the other hand, can be thought of as
executing 24 h period orbits under the polar ionosphere with the ability to sample at
extremely high time resolution and with the ability to cover a wide range of latitudes
and local times. For example, incoherent scatter (IS) radars can probe the ionospheric
F region over a latitude range of 50 in approximately 3 min and allsky imagers can
measure high-altitude emissions over a latitude range of 100 on a time scale as short
as 20 s. Typical spatial resolutions at F region altitudes are approximately 0.10 of
latitude for IS radar scan data and 0.020 of latitude for 6300 A allsky images. Allsky
imaging data, in particular, can describe the morphology of the distant polar cap
boundary (at the southern edge of the image) prior to its eventual transit into the IS
radar field of view. Such measurements of the polar cap boundary "time history" help
guide the interpretation of IS radar measurements of large N, gradients associated
with the moving boundary.

In addition to ground-based adsky imagers and IS radars, imaging riometers and
magnetometer chains can provide useful context measurements for IS radar and allsky
imaging observations of the polar cap boundary. For example, the imaging riometer
for ionospheric studies (IRIS) system provides a sky map of energetic electron impact
over a 20 field of view [Hargreaves et al., 1991]. Although the threshold energy for
these D region absorption events is too high to precisely detect the PSBP/lobe bound-
ary (>20 keV), IRIS sky maps yield excellent latitudinal resolution and morphology
for the hard precipitation events embedded within the PSBL proper. In contrast to
the local nature of IRIS measurements, a magnetometer chain, such as the Danish
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Meteorological Institute (DMI) array on the western coast of Greenland, provides
an indication for the location and variability of auroral currents over nearly 200 of
latitude [McHenry et al., 1990]. Magnetometer chain data can therefore provide clues
to the global evolution of current systems with approximately 10 of latitudinal res-
olution, a resolution unfortunately too coarse for precise location of the polar cap
boundary.

An array of ground-based meridional scanning photometers can also be used to
infer the location of the polar cap boundary [Blanchard et al., 1995]. These authors
choose to look for a step function gradient in 6300 A emission with an amplitude at
least 75% above that measured in the polar cap region. This method is well suited for
real time boundary location but is judged to be too imprecise (±0.90) to accurately
locate the edge of the polar cap.

The study herein addresses the question of: to what extent can ground-based IS
radar and monochromatic imagers be used to define plasma and FAC signatures asso-
ciated with the nightside open-closed field line boundary. Detection of the boundary
will be based on transitions in electron characteristic energy from typical PSBL to
lobe values, and will be based on the observation of characteristic FAC signatures
(see Section 3.1). This study will also examine the validity of specific radar/imaging
techniques for use when the polar cap boundary is in rapid motion. A short review of
relevant radar and imaging techniques used to discern this boundary and case study
periods follow. The overall goal of this work is to bound the confidence associated
with a single (or combinations of several) ground-based technique(s) in the absence
of space-based diagnostics.

3 GROUND-BASED SIGNATURES FOR THE POLAR CAP BOUNDARY

3.1 RADAR SIGNATURES

IS radars have been traditionally used to search for auroral plasma regimes on the
nightside by one of two methods: (1) by deriving the likely energy distribution of
incident electrons from the shape of the low-altitude electron density profile [Vondrak
and Baron, 1976; Gattinger et al., 1991], and (2) by searching for E region plasma
density above some ad hoc threshold level [de la Beaujardiere et al., 1991]. Both
methods confine the IS radar beam to the plane of the magnetic meridian in order to
describe the latitude of the boundary. A third method, isolating convection reversals
in the ion flow pattern [de la Beaujardiere et al., 1987], has been shown unreliable
on the nightside and will be ignored in the present discussion. Methods (1) and
(2) seek to measure an ionospheric proxy for the characteristic energy and energy
flux of the precipitating electron population. Two additional IS radar techniques
described herein look for signatures associated with region 0 FAGs: (3) detection of
auroral ionospheric cavities (AICs) [Doe et al., 1993], and (4) detection of electron
temperature (Te) enhancements in the F region [Kagan et al., 1995].
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The specific shape of E region electron density profiles can be used to reconstruct the
energy distribution for the precipitating electrons by matching the radar derived ion-
ization rate profile with a synthesized ionization profile derived from a superposition
of monoenergetic electron beams [ Vondrak and Baron, 1977]. This technique, referred
to by its program name UNTANGLE, assumes that direct molecular recombination
dominates plasma loss in the E region so that the ionization rate is proportional
to the square of plasma density. The UNTANGLE method uses a modeled energy
deposition profile to determine which monoenergetic beam will create significant ion-
ization at a reference altitude, and then adjusts the number flux of the particular
electron beam to match the radar-derived ionization rate. This process constructs
a curve of differential number flux versus energy as the ionization profile is sampled
over a range of altitudes from 80 to 200 km. The characteristic energy determined
from this distribution can be used to infer the transition from PSBL to lobe plasma
regimes. This method has been successfully used with elevation scan data to describe
the latitudinal variation of electron energy across an auroral boundary arc (Figure
11, Vondrak and Baron [1977]).

An alternate method for determining characteristic energy and energy flux from
N, profile shape involves the creation of a library of synthesized ionization profiles
based on assumed Maxwellian and Gaussian distributions for the precipitating elec-
tron population [Gattinger et al., 1991; Strickland et al., 1994]. This technique has
the advantage of estimating contributions to total ionization from soft electrons with
energies much less than 1 keV, and for differentiating diffuse polar cap profiles from
structured auroral zone profiles. This method usually requires the IS radar to dwell at
an angle looking up the local field line in order to ensure the recovery of high fidelity
N, profiles. Thus, one must wait for the boundary to move to magnetic zenith in
order to determine its precise location. This procedure and the UNTANGLE pro-
cedure converge to similar derived energy distributions for moderately energetic (>
500 eV) auroral profiles, and both methods are corroborated by comparison with
dual-wavelength photometric techniques [Valiance Jones et al., 1987; Gattinger et
al., 1991].

During periods of rapid expansion of the polar cap boundary, the IS radar can
also search for N, values in excess of an ad hoc threshold value, at an arbituary
reference altitude (method 2 above). This technique is equivalent to searching for
the PSBL/lobe boundary by isolating a single monoenergetic component of the total
distribution. In the separatrix studies of de la Beaujardiere et al. [1991] and de la4 -3

Beaujardiere et al. [1994], an assumed Ne threshold of 3 X 104 electrons cm at
125 km and 150 km was used, respectively. These thresholds can be cast in terms
of a field-aligned electron beam using an effective plasma recombination coefficient
given by Vickrey et al. [1982] and the model ionization rate formulation of Rees
[1989]. For the earlier study, the equivalent beam has an energy of 2 keV with an

7 -2 -1
integrated number flux of approximately 1 X 10 electrons cm s , and for the latter
study the equivalent beam has an energy of 800 eV with an integrated number flux
of approximately 3 x 107 electrons cm s . While the choice of threshold Ne and
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detection altitude had little effect on the conclusions reached in these specific studies,
a more diffuse PSBL boundary region, corresponding to electrons with characteristic
energy of less than 800 eV, would have been mistaken as a lobe region.

In addition to plasma signatures at the edge the nightside polar cap, evidence
for unique FAG signatures has accumulated in recent years. Early suborbital rocket
measurements of current sheets associated with auroral arcs suggested that downward
FAGs (carried by low energy electrons) are commonly found at the poleward edge of
a system auroral arcs [Cloutier et al., 1970; Bryant et al., 1973; Arnoldy, 1974]. Later
coordinated radar/satellite experiments have shown that a diverging electric field,
which is the expected electrodynamic signature for a downward FAG, was observed
at the boundary of the nightside auroral oval (as determined by AE-C satellite data)
[de la Beaujardiere and Heelis, 1984]. More recent radar/optical studies of boundary
arcs, in regions presumably subject to enhanced reconnection, have postulated the
closure of a magnetospherically imposed current pair [ Weber et al., 1991; Gallagher
et al., 1993]. In these two studies the downward component of the current system was
located in the polar cap, poleward of the boundary arc. Burke et al. [1994] used low
altitude DE-2 satellite data to conclude that such downward currents were coincident
with the instantaneous PSBL/lobe boundary, and Fujii et al. [1994] used coordinated
DE-1 and DE-2 data to conclude that this downward current is a persistent feature
even during disturbed substorm periods.

In the absence of satellite magnetometer measurements, IS radar elevation scans
can be used to identify downward FAGs by detecting latitudinally narrow (, 40 kin),
field-aligned depletions of the polar F region, so-called auroral ionospheric cavities
[Doe et al., 1993]. These AICs are thought to be the imprint of a magnetospherically
imposed downward current filament that closes at the edge of an auroral arc. Satellite
magnetometer measurements have confirmed that AICs form in regions of downward
current, and coordinated IS radar/optical case studies have shown that AICs typically
form in the same region in which region 0 nightside currents form: the poleward edge
of the most poleward auroral zone arc. Plate 2 of Doe et al. [1993] illustrates an AIC
located at the edge of bright ground-based and satellite imagery. For this example,
Robinson et al. [1992] calculate an electron characteristic energy of 2.3 keV in the
core of this boundary (presumably PSBL) arc and [Doe et al., 1993] show that the

AIC is collocated with a region of 1 /Am downward current.

A related contextual signature of the FAGs closing at the edge of the polar cap
is a region of enhanced F-layer electron temperature detected poleward of the most
poleward auroral zone arc. Such electron heating is unlikely to be due to precipitating
electron impact as the Te enhancement region is located several tens of kilometers
poleward of the arc-related field line and is located in an area of ambient polar cap
airglow emission [Kagan et al., 1995]. These authors present a theory and supportive
experimental evidence to show that electrons in the F layer are heated by collisional
Alfven waves that are in turn closely associated with the arc/cavity system of FAGs.
Because the efficiency of such Alfven wave electron heating is proportional to the
inverse square of plasma density, the presence of tenuous plasma in the polar cap F
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layer or the presence of an AIC can increase the visibility of the heated region. Figure
2 illustrates a polar cap boundary scan with an arc/cavity pair and an associated F
region T, enhancement.

IS radar signatures of the polar cap boundary described thus far assume that a
complimentary ground-based diagnostic, such as an allsky imager, has been used to
verify the poleward transit of a system of auroral arcs into the radar field of view,
and to verify the absence of significant arc signatures poleward of the boundary. In
the following section we will examine how such allsky imagery can also corroborate
radar estimates for the energetics of the precipitating electrons.

3.2 ALLSKY IMAGING SIGNATURES

Since the first International Geophysical Year (IGY, 1957-1958), broadband allsky
auroral cameras have been used throughout the polar region to describe the two-
dimensional horizontal context for various radiowave diagnostics of the high-latitude
ionosphere. Such allsky images provided an indication for the orientation and mor-
phology of auroral features over a range of latitudes from 5 to 100 depending on the
centroid height assumed for the ensemble of individual emission lines. Measurements
for the energy associated with aurora, on the other hand, were made by filtered pho-
tometers and spectrographs by looking up the local field line or scanning along the
magnetic meridian.

Such photometer data from a series of NASA airborne optical campaigns in Alaska
and the Canadian arctic allowed researchers to characterize magnetospheric source
regions over a large range of latitudes and local times, based upon spectroscopic
ratios as indicators of the mean energy of the precipitating electrons [Eather and
Mende, 1972]. Data from this experimental campaign were also used by Rees and

Lummerzheim [1989] to suggest that the spectral ratios of N 2(2PG) to N+(1NG)

(3371 A/4278 A) and of O('D) to N+(1NG) (6300 A/4278 A) could both be used to
predict electron characteristic energy. If one assumes that a Maxwellian population
has been accelerated through a parallel potential, as would be expected in the PSBL
region, then Christensen et al. [1987] argue that calibrated 6300 A and 4278 A data
will yield characteristic energy, energy flux, and an estimate for upward field-aligned
current. On the basis of coordinated radar/optical experiments, Vallance Jones et
al. [1987] found good agreement between the characteristic energies derived from the
UNTANGLE radar method and characteristic energies derived from the 6300 A /4278
A emission ratio.

Rapid advances in film emulsions, image intensifiers, and narrowband filters con-
verged in the late 1970s to produce the first generation of monochromatic cameras
capable of providing images for distinct emission species [Mende and Eather, 1976].
The advent of charge coupled device (CCD) technology allowed these alisky cam-
eras to acquire and process images in a fully digital environment [Baumgardner and
Karandanis, 1984]. Such digital processing enables accurate and repeatable correction

7
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for CCD dark current noise, focal plane spatial inhomogeneities, field lens distortion,
and off-band background contamination [Oznovich et al., 1994].

This new class of auroral imager, or "imaging photometer," yields images that
can be ascribed to a specific centroid emission altitude associated with a specific
impact process [Weber et al., 1991]. For example, the prompt 4278 A emission line
from N+(1NG) can be ascribed to a height of 125 ±15 kin, and the forbidden 6300

A emission line from 0('D) can be ascribed to a height of 225±25 km (depending
on the radar-derived Ne profile). Such emission centroiding allows the allsky images
to be projected onto down-looking geographic and geomagnetic grids [Weber et aL.,
1991; Oznovich et aL., 1994; Doe et al., 1994].

The current study will use calibrated and geomagnetically mapped 4278 A and
6300 A images in order to form "red-to-blue ratio" images that will be subsequently
rendered as images for the characteristic energy of polar cap boundary. The angular
extent of these images will be limited to ±300 around zenith in order to avoid mapping
distortions at the edge of the field of view. Figure 3 shows the process flow required
to form the image of characteristic energy. This ratiometric analysis will be presented
for a dynamic boundary arc and a stable boundary arc in Sections 4.1 and 4.3,
respectively.

4 POLAR BOUNDARY CASE STUDY EVENTS

4.1 JANUARY 13, 1994

The first case study examines a dynamic and extremely energetic boundary arc
observed subsequent to and following a substorm onset. This experiment coordinat-
ed measurements from the Sondrestrom IS radar facility in Greenland (lat. 66.990
N, long. 50.950 W) with a collocated allsky imager, an IRIS, and with the DMI
magnetometer array.

Figure 4 shows a summary plot of 6300 A allsky images during this event. For 1
h prior to the sudden auroral brightening at 0057:45 UT, the allsky imager recorded
relatively dim (- 200 Rayleighs) 6300 A airglow over most of the optical field of view.
Enhancements of this polar cap airglow were observed drifting in an antisunward
direction in images from 0049:26 to 0054:58 UT; such patchike enhancements are
most likely a signature for interplanetary magnetic field (IMF) B% south conditions
in the polar cap [ Weber et aL., 1986]. The apparent poleward velocity of the substorm
surge can be calculated by projecting the allsky image into a geomagnetic reference
frame [Baker and Wing, 1989] at an assumed emission altitude of 225 km and by
locating the position of the 400 Rayleigh isophote in successive 6300 A images.
The resultant velocity of 560 m s-1 can be compared to a velocity estimate for the
substorm-associated auroral electrojet derived from DMI magnetometer chain data.
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Figure 5 is a plot of north, east, and downward (H, D, and Z) components of
the geomagnetic field from the western Greenland array. This plot shows a strong
negative bay in the magnetometer H-component recorded at the Narssarssuaq (NAQ)
station at approximately 0050 UT, corresponding to the intensification of an auroral
electrojet current. This current system propagates poleward from Frederikshab (FHB,
lat. 620 N) to Upernavik (UPN, lat. 72.80 N) in the subsequent 33 min period. This
motion corresponds to an average velocity of 600 m s-1 and compares well with the
560 m s-1 velocity estimate derived from 6300 A images. The arrival of the electrojet
current over Sondrestrom also coincided well with observation of significant (> 2 dB)
IRIS absorption. Thus the substorm current system, energetic electron impact, and
associated optical emission are essentially collocated.

Figure 6 summarizes the evolution of Ne density structures during this period with
a series of four elevation scans in the plane of the magnetic meridian. Prior imaging
evidence for the existence of polar cap patches is now corroborated by observation
of enhanced F region density structures in the first scan (0047:02 to 0051:41 UT).
Line-of-sight velocities measured during the first three scans (not shown) indicate a
bulk equatorward drift of 400 m s-1 . Poleward propagation of the aforementioned
substorm current system within such a region of bulk equatorward drift satisfies the
Atkinson [1986] observational criteria for a region undergoing enhanced reconnection.

The boundary arc in the last panel of Figure 6 was analyzed with the UNTANGLE
procedure to determine the probable energy distribution of the associated precipi-
tating population. The results of this analysis show that the Ne profiles measured
through the central core of the arc, located 20 km south of radar zenith, would result
from an electron population with a characteristic energy of 8 keV. The UNTANGLE
analysis shows that the characteristic energy drops well below 1 keV at radar zenith.
The precise location of the boundary arc can be determined at the point where the
southward moving radar encountered the northward moving arc (fourth panel, Figure
6). The invariant latitude associated with the sharp arc gradient, as determined by
the Polar Anglo-American Conjugate Experiment model [Baker and Wing, 1989], is
determined to be 74.30. Had the radar been scanning in the direction of arc transit,
the precise location of the arc would have been impossible to determine.

Pairs of 6300 A and 4278 A images recorded during this period can be used to
estimate the characteristic energy of this boundary arc using the ratiometric analysis
described in Section 3.2. Such optical analysis yields a characteristic energy of 5 keV
for the boundary arc and 200 eV for the zone poleward of the arc. The location
of the boundary at the time when the IS radar beam illuminated the arc (0105:18
UT) can be determined by measuring the location for the 400 Rayleigh isophote in
the 6300 A image at 0104:46 UT, and advancing the boundary poleward by an
increment corresponding to the product of the 560 m s- 1 boundary velocity and 32 s
time difference. The estimate for the location of the boundary using this method is
74.160, in good agreement with the 74.30 estimate determined from the radar scan.
We conclude that this boundary arc, which shows evidence for a region subject to
enhanced reconnection, marks the instantaneous boundary of the polar cap.
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4.2 JANUARY 11, 1994

The second case study examines an extremely stable auroral boundary for elec-
trodynamic signatures of the PBSL/lobe boundary: AICs and enhanced F layer Te
regions poleward of an system of auroral zone arcs. Figure 7 shows a 15 min time
history of 6300 A allsky images corresponding to the transit of dense E region ar-
c over the Sondrestrom radar. For this experiment the imager was used primarily
as a context diagnostic and was therefore run at maximum duty cycle and without
acquiring associated 4278 A images. Thus, the ratiometric technique described in
.Section 3.2 could not be used for this period. For the 1 h period prior to the transit of
this arc, significant auroral emission was observed only to the far south of the radar
(> 700 zenith distance) and the radar measured occasional patchlike Ne structures
embedded in a relatively unstructured polar cap F layer.

Figure 8 shows a time series of six partial elevation scans gathered over a 12 min
period when the arc first came into view. The local field line associated with the
most dense leading edge portion of the approaching arc has been superimposed for
reference. For each scan, the radar slewed from zenith to 450 elevation in the southern
half plane of the magnetic meridian. This scan mode was designed to minimize the
time required to move the radar to a fixed position looking straight up the local field
line. While such a scan mode is advantageous for acquisition of high fidelity Ne profiles
when the arc approaches magnetic zenith (,-'800 elevation), the mode truncated the
bottom of the E layer arc for all but the last scan at 0310:47 UT. Such truncated
profiles invalidate the UNTANGLE analysis for all but the last scan of the series at
0310:47 UT. Electron characteristic energy in the core of the arc during this scan is
determined to be approximately 5 keV. Throughout this scan the radar was slewing
southward during a time when the arc was moving slowly northward, and thus the
polar cap boundary can be accurately located at 73.30 invariant latitude.

Close inspection of the radar N, data reveals a field-aligned, relatively low density
F region just poleward of the arc in every scan. These regions are depleted approx-
imately 25% with respect to the average polar cap F region density of 105 electrons
cm 3 , are latitudinally narrow ('-s 30 km), and follow the motion of the arc boundary
through this case study period. Such features satisfy the definition for auroral iono-
spheric cavities [Doe et al., 1993] and indicate the likely presence of a downward FAG
poleward of the arc system. In addition to this FAG signature, the final four panels
of Figure 8 show regions of Te elevated some 20000 K above ambient values. These
heated regions are located poleward of the field line that threads the arc and are likely
signatures of Alfven wave heating of the polar cap F region of the type described by
Kagan et aL [1995]. We contend that these additional radar signatures indicate the
presence of a region 0 FAG and associated Alfven wave at the PSBL/lobe boundary.
These boundary signatures can be used to locate the polar cap boundary over the
entire 12 min period of radar samples.
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4.3 FEBRUARY 10, 1991

The third polar cap boundary case study examines a very stable boundary with
IS radar data and two collocated alisky imagers. This period was geomagnetically
quiet (Kp = 2) and the local Sondrestrom magnetometer indicated that a stationary
auroral electrojet was present. This morningside boundary arc has been previously
studied to detect ion velocity shears associated with the closure of FAGs, to search
for evidence of reconnection [Gallagher et al., 1993], and to determine the horizontal
convection pattern during periods of AIC formation [Doe et al., 1994].

Figure 9 summarizes an 11 min period when the boundary arc remained at Son-
drestrom's zenith with a series of paired allsky images at 6300 A and 4278 A. These
data were recorded by the Air Force Phillips Laboratory allsky imaging photometer
system. Two-wavelength images from the Boston University allsky imager were also
acquired within 30 s of the times shown in Figure 9. Typical examples of data from
the Boston University imaging system are shown in Plate 1 and Figure 4 of Doe et al.
[1994]. Prior to 0340:14 UT, 6300 A emission was located equatorward of zenith and
occasional patchlike airglow enhancements were observed to drift equatorward from
the northern half of the field of view.

IS radar data for this case study are summarized in Figure 10. The first and fourth
panels show scans through the zenith and in the plane of the magnetic meridian
(south is to the left). The second scan at 0343:08 UT is a scan through a plane that
has been tilted to the west of the meridional plane by 300 in a manner described
by Weber et al. [1991]. The third scan is similarly tilted to the east. These wing
scans provide an indication that the boundary is longitudinally uniform over a 120
km range (at F region altitudes).

Line-of-sight ion velocity data (not shown) indicated that an equatorward bulk drift
of approximately 300 m s- 1 was observed during this period. This bulk drift agrees
well with the relative motion of the large F region ionization patches observed in
all four panels, and corroborate allsky indications of 6300 A airglow enhancements.
Although IMF data are not available during this period, the observation of such polar
cap patches is an indication of IMF B_ south conditions. Gallagher et al. [1993] derive
a drift velocity of 350 m s- 1 and note that the relative motion between the stationary
arc and bulk convective drift is an indication of enhanced reconnection.

Figure 11 shows photometrically processed and geomagnetically mapped images
for this boundary event. These images have been averaged over the scan time of the
radar and have been limited to a 30 cone around zenith. At this point a red-to-blue
ratio image can be formed by array division and this ratio image can be subsequently
rendered as a map of characteristic energy using the formulation described by Chris-
tensen et al., [1987]. Figure 12 shows the resultant image formed by this ratiometric
analysis. A line plot of the characteristic energy along the central meridian (shown
below the image in Figure 12) locates the poleward edge of the boundary arc at 74.50
invariant latitude, a location in excellent agreement with equatorward edge of the
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radar measured AIC (74.40 invariant latitude). Unfortunately, the 10w energies asso-

ciated with this arc preclude comparative assessment with the UNTANGLE method.

5 CONCLUSIONS

We have reviewed both IS radar and allsky imaging techniques for locating the polar
cap boundary. The success of these methods hinges on the ability to differentiate the
characteristic energy associated with PSBL and lobe regimes and on the ability to
infer the presence of downward field-aligned currents. The confidence associated with
IS radar determinations of this boundary must be weighted by the availability of
contextual allsky imagery. For example, IS radar measurements of the characteristic
energy across an arc boundary can only be related to the instantaneous polar cap
edge by examining allsky images for the lack of significant emission poleward of the
arc boundary. The time history of the polar cap boundary outside of the 50 F region
radar field of view also helps guide the interpretation of radar scan data. Likewise, the
radar data allow allsky images to be ascribed to an appropriate altitude for subsequent
geomagnetic mapping.

The January 13, 1994, sudden substorm onset shows that both optical and radar
methods can converge to a similar description for the energetics and location of the
polar cap boundary. Although the UNTANGLE procedure locates the boundary
arc at the point of radar beam intersection, the rapid motion of the substorm surge
precludes an accurate radar estimate for the latitudinal dependence of electron energy
across the polar cap boundary. The ability of the optical ratiometric technique to
describe this boundary is only limited by the need for clear and moonless conditions.
The February 10, 1991, case study shows how the optical technique can be used to
render images for the spatial energy distribution across the entire boundary at energies
below that required for UNTANGLE analysis. Finally, the January 11, 1994, case
study shows how radar-derived signatures for FACs at the polar cap boundary can
be used when the data set is inappropriate for UNTANGLE or ratiometric analysis.
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