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A period of coordinated, multidiagnostic observations of the subauroral ionosphere conducted
in April 1985 resulted in a series of optical and plasma characterizations of three distinct phe-
nomena: arcs detached from the diffuse aurora, undulations in the equatorward edge of the
diffuse aurora, and isolated patches of emission in the F region trough. The optical features
were observed by the 6300-A imaging system in Boston University’s Mobile Ionospheric Obser-
vatory located at the Millstone Hill observatory; plasma observations were made by the Millstone
incoherent scatter radar, Air Force Geophysics Laboratory satellite radio beacon polarimeters,
and the Defense Meteorological Satellite Program (DMSP) energetic particle detectors. The
detached arc observations showed that strong F region enhancements occured in both 6300-A
emission and total plasma content, suggesting an electron precipitation source essentially similar
to the plasma sheet population that causes the diffuse aurora and the poleward wall of the F
region trough. The rippled features along the equatorward edge of the diffuse aurora were as-
sociated with strong electric fields and large radial ion temperature gradients, topics discussed
in detail in a companion paper. The isolated and long-lived patches of 6300-A emission have no
corresponding F region plasma enhancements, but are associated with enhanced radar returns
from the E region. Nearly simultaneous DMSP observations point to the importance of ion pre-
cipitation effects as a cause for these F region optical and F region plasma enhancements. The
entire set of observations (detached arc, ripples, and patches) show that ground-based imaging
and radio technigues can provide detailed spatial and temporal coverage of phenomena hitherto

observed by satellite only

1. INTRODUCTION
1.1. Background

Satellite-borne (1S1S) imaging systems at 3914 A and
5577 A have observed cases of arcs detached from the au-
roral oval [Anger et al., 1978]. Additional ISIS observations
have shown patches of emission at the same wavelengths,
also equatorward of the diffuse aurora | Moshupi et al., 1977].
Using photographs from a Defense Meteorological Satellite
Program (DMSP) satellite, Lui et al. [1982] have described a
series of large-scale undulations or ripples in the equatorward
edge of the diffuse aurora in observations recorded in the vis-
ible/IR band. The Dynamics Explorer imaging system has
recorded cases of mid-latitude stable auroral red (SAR) arcs
at 6300 A, in some cases showing a patchy structure along
the arc [Craven et al., 1982]. Further interpretations of the
ISIS data on detached arcs and patches have been made by
Wallis et al. [1979], while Kelley |1986] has discussed iono-
spheric instabilities resulting from intense sheared flow as a
possible cause for the ripples in the diffuse aurora. The SAR
arc observations from DE have been examined in comparison
to standard [Rees and Roble, 1975| models by Kozyra et al.
(1982].
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In the present study, we report on observations when all
three phenomena (patches, ripples, detached arcs) occurred
during a single period of very high geomagnetic activity
(April 20-22, 1985). The optical observations were made
at 6300 A from a mid-latitude site normally considered to
be subauroral. Simultaneous observations made by incoher-
ent scatter radar, satellite-borne in situ probes, and satel-
lite radio beacon techniques provided plasma parameters at
selected locations within the imager’s field of view. These
measurements represent the first coordinated observations
of such events from the ground and thus offer opportuni-
ties to examine the manifestations of strong magnetospheric
processes imposed upon the subauroral ionospheric F region
using a higher spatial and temporal coverage than is nor-
mally available from satellite based studies.

1.2. The April 1985 Clustered Diagnostics
Campaign

Boston University’s Mobile Ionospheric Observatory (MIO)
contains a monochromatic, low-light-level imaging system
that has been developed for a variety of geophysical and
astronomical applications [Baumgardner and Karandanus,
1982]. During the moon-down period in April 1985, the
MIO operated from a site near the Millstone Hill Incoher-
ent Scatter Radar Observatory as part of the ground-based
observing network established for the Active Magnetospheric
Particle Tracer Explorers (AMPTE) chemical release exper-
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Fig. 1. Map of the field of view (FOV) for imaging observations
from Millstone Hill (42.6°N, 71.5°W) using zenith angles <75°
and assuming a 6300-A mean emission height of 300 km. The
Millstone Hill radar operated using azimuth scans from 210° to
340° at an elevation of 20°. The altitudes of 100, 200, and 300 km
within this sector are indicated. lonospheric intersection points
are also shown for 300-km altitudes along ray paths to the GOES
satellite from stations at Goose Bay (Labrador) and Hamilton
(Massachusetts). These satellite radio beacon observations yield
total electron content data.

iments in the geomagnetic tail. During the period April 20-
22, a period of very high geomagnetic activity, no AMPTE
releases were performed, and thus the MIO imaging system
was operated in wide-angle mode during several periods to
study large-scale F region disturbances. Coordinated mea-
surements using the Millstone Hill radar and several satellites
were conducted by Providakes et al. [this issue] in a detailed
study of dynamical processes associated with the trough/
diffuse aurora region. In this paper we concentrate on the
optical features in considerably more detail.

When operating in “all-sky” mode, the imager’s field of
view (FOV) actually records emission down to zenith dis-
tances of only 75° due to trees and buildings near the hori-
zon. For observations at 6300 A, the projection of this FOV
to a mean emission height of 300-km is given in Figure 1.
The optical images spanning this region are “unwarped” and
mapped to the 300-km-plane and viewed from above in or-
der to facilitate comparisons with other observing techniques
(see Mendillo et al. [1987] for details of this approach).
The choice of 300 km as the height to portray the opti-
cal data represents an average altitude for the various ex-
citation emission processes that yield 6300-A photons. The
O(1 D) state can be produced by normal F region chemi-
cal recombination (airglow), from excitation by hot ambient
electrons (SAR arcs), or by several energetic particle precip-
itation mechanisms (diffuse aurora, auroral arcs). In each
case, excitations below 200 km experience severe quench-
ing (deactivation via collisions) during the 147-s lifetime of
the O( D) state. Thus, long-lived emissions at 6300 A are
rightly assigned to the F region. Heights of 250-350 km are
typical for diffuse aurora and airglow | Mendillo et al., 1987],
while 200 km is more appropriate for auroral arcs [Rees and
Roble, 1986|, and 400 km for SAR arcs |Rees and Roble,
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1975]. When two or more features are evident in the same
image, the assumption of a single emission height could lead
to minor differences between the positions assigned to optical
patterns and those of related plasma processes observed by
radar or satellites. Such correlation problems become severe
only at very low elevation angles, regions not treated in this
report.

Figure 2 contains a summary of the geomagnetic indices
that characterize the April 19-22, 1985, period. As can be
seen, the geomagnetic storm that began on April 19, 1985,
developed into one of the strongest disturbances of the re-
cent solar minimum period. With Kp = 7-8 and Dst =
120-150(7) at the peak of the main phase (early on April
21), auroral morphologies rarely seen at mid-latitudes ap-
peared throughout the MIO’s field of view. The intervals of
optical observations are indicated on the bottom of Figure 2,
and in Plate 1 we present samples of the three types of opti-
cal features that were recorded during these periods. These
observations were made using a 6300-A filter that has a 12
A wide full width at half power (FWHP) with integration
times of 30 s. In Plate 1a, a well-formed arc detached from
the diffuse aurora is observed at 2100 LT; in Plate 15 (2148
LT) the arc is no longer present, and the diffuse aurora dis-
plays large structured patterns; Plate 1 ¢ (taken 40 min later)
shows the diffuse aurora shifted to the north with undula-
tions still quite noticeable; Plate 1d shows examples of the
isolated patches of 6300-A emission that were observed from
2000 to 2300 LT on the following night.

In the section below, we describe in more detail the time
histories of the three optical features shown in Plate 1. In
section 3 we present simultaneous plasma measurements, and
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Fig. 2. Geomagnetic indices for the period April 19-22, 1985.
Periods of optical observations from Millstone Hill are indicated:
(A) a detached arc, (B) ripples in the diffuse aurora, and (C})
patches of emission.
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Plate 1. Examples of four structures in 6300-A images taken on April 21 and 22, 1985, from a site near the
Millstone Hill observatory. The dark triangular feature in each image is a building that obscures a portion of the
all-sky FOV in the northeast. The four panels exhibit (a) a detached arc, (b) large ripples in the diffuse aurora,
() small ripples in the diffuse aurora, and (d) patches of emission. Times are given in UT; for the Millstone Hill
meridian, LT = UT - 4:45. Geographic latitudes and longitudes are given together with geomagnetic L shells.
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in section 4 we discuss mechanisms responsible for the cou-
pled effects.

2. OPTICAL OBSERVATIONS

2.1. Detached Arc Charactleristics

The detached arc shown in Plate 1a occurs at L=2.7 dur-
ing the peak phase in geomagnetic activity (as defined by
Kp in Figure 2). The arc is brighter at earlier (westward)
points, with a > 200-km-latitude thickness at 75° W; there
is some evidence for small-scale structure (< 50 km) near
and within the arc. While the lack of emission east of the
observing meridian is unambiguous, the intensity falloff at
the western edge of the FOV may be due to lens vignetting
effects. There is evidence for a tenuous connection to the
diffuse aurora a few degrees poleward of the arc. The inten-
sities in the arc are comparable to those seen in the diffuse
aurora. Several of these features agree with those reported
by Anger et al. [1978] for the ISIS events: occurrence in local
time, L shell alignment, latitudinal width when the arc is dif-
fuse, and connection to the diffuse aurora. The ISIS events,
however, were at much higher L shells (typically L=6-7),
occurred during the recovery phases of storms, and were at-
tributed to E region altitudes due to the strong appearance
of the features in 5577 A and 3914 A. It should be noted in
this context that visible aurora was observed south of the
Millstone zenith during this period, but no images in 5577 A
were taken. As shown in Plate 1, the detached arc lasted for
less than an hour after the first image was acquired, another
consistency with the Anger et al. estimates for lifetimes.

To surmnmarize, the morphology of the detached arc of
April 21, 1985, appears to conform in every major way
with the only extensive analysis previously conducted for
detached arcs [Anger et al., 1977]. This event extends the
observational data base to mid-latitudes, using ground-based
6300-A observations arising from F region altitudes.

2.2. Characteristics of Ripples in the Diffuse
Aurora

In the detached arc image (Plate 1a), there is also a hint
of ripples along the equatorward edge of the difluse aurora.
During the next 50 min the diffuse aurora surged equator-
ward by nearly 1/2 L, and thus it is uncertain if the detached
arc faded or moved beyond the imager’s FOV. For the next
hour, the FOV was dominated by a remarkable series of rip-
pled structure in 6300-A emission. In Plate 15, a single large
undulation bends noticeably toward later local times (east-
ward); it has a crest-to-trough spatial amplitude of 150 km,
corresponding to 1/3 L value. With no other crest in the
FOV, the equivalent wavelength of the pattern exceeds 1000
km or more. In Plate 1¢, an image taken 41 min later, the
diffuse aurora is at approximately the same location, but now
the undulations have smaller crest-to-trough spatial ampli-
tudes (30-60 km) spanning 0.1-0.2 L; there is also evidence
for multiple cycles along the diffuse aurora boundary with
crests separated by 300 km.

The characteristics summarized above are consistent with
those found in the DMSP images described by Lu: et al.
[1982]. The ground-based and satellite observations are in
agreement for the undulation forms, spatial amplitudes and
wavelengths, occurrence patterns in local time, associated
magnetic activity levels, and overall duration. The 6300

MENDILLO ET AL.: GROUND-BASED IMAGING OF SUBAURORAL STRUCTURES IN 6300 A

EQUATORIAL EDGE OF DIFFUSE AURORA

6300A

e)
L)

22 (a)
__/.,f/y‘ (c)

C = o — (b)

1 .7 21 APRIL 1985

(a) 2:32 UT
— —(b) 2:38 UT
———1I(c) 2:44 UT
(d) 2:50 UT
weeee(e) 2:56 UT

402

70°West

Fig. 3. Evolution of large ripples on the equatorward edge of the
diffuse aurora with a 6-minute time resolution from 0232 to 02:56
UT on April 21, 1985. The isophote boundary plotted is for the
280-R level (approximately the boundary between the yellow and
orange coding in Plate 1).

A observations once again place the phenomena in the F
region, thus affording opportunities to investigate sources
using high-resolution ground-based optical and radio tech-
niques.

In the Lui et al. [1982] study, the DMSP images captured
rippled patterns over much larger regions than are accessible
to single-site ground-based systems. Time resolution was
limited, however, by the 90-min satellite orbit. The present
set of observations can be used to see if the undulations
propagate along the auroral boundary or change amplitudes
in place. Figure 3 (ompares ime histories for undulation
patterns early in the evening when long wavelengths and
large crest-to-trough amplitudes occurred. The impression
from these 6-min observations, as well as from other episodes
later in the evening, is that the features are essentially fixed
in location and vary only in amplitude as time progresses.

The April 1985 observations showing ripples in the diffuse
aurora prompted a search of other M1O data-taking periods
at Millstone Hill for indications of similar effects. In Plate
2, four images taken on April 27, 1984, display features not
seen during the April 1985 period. On this night, the 6300-
A images recorded mid-latitude airglow toward the southern
horizon, an east-west airglow depletion through the zenith
that results from the F region trough, a narrow, faint SAR
arc imbedded in the trough, and diffuse aurora to the north.
After 0700 UT (0214 LT), the diffuse aurora intensified, small
undulations appeared along the equatorward edge, and the
entire auroral pattern rotated away from L shell alignment.
The undulations in Plate 2 are comparable to the smallest
cases seen in Plate 1 and Figure 3. They occur during the
early morning hours, in contrast to all of the cases described
by Lui et al. [1982] and Kelley [1986] when only late after-
noon/evening cases were found.

Magnetic activity for this period is summarized in Figure
4. As seen from Figures 4a and 4b, the Kp and Dst indices
show that the images on April 27 were taken during the re-
covery phase of a large geomagnetic storm that lasted for
more than 3 days. In Figure 4¢, high time resolution auroral
electrojet indices for the April 27 period show typical sub-
storm surges that last for an hour or more (e.g., near 0300
and 0700 UT) The appearance of diffuse aurora and SAR
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Plate 2. 6300-A images taken on April 27, 1984, at a site near Millstone Hill. The dark wedge-shaped feature
is a building obscuring a full view to the southeast. (a) A faint SAR arc embedded in the F region trough
is visible crossing the zenith from east to west, with a somewhat brighter diffuse aurora to the north, (4) An
intensification and equatorward movement of the diffuse aurora with some structuring along the equatorward
edge, {c) Well-formed undulations along the diffuse aurora and a slight tilt to later local times (d) A strong
diffuse aurora, with reduced undulation, tilted significantly from quiet L shell alignment. In all frames, the SAR
arc remains weak, but visible, moving to lower latitudes as time progresses. The two bright spots toward the
southern edge of the FOV are emissions from Jupiter and Saturn.
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Fig. 4 Geomagnetic activity indices for April 25-27, 1984, with the times of optical observations given in Plate
2 noted. In (e) and (), three-hour Kp and hourly Dst data are used to characterize the overall geomagnetic
storm levels that occurred during the 3-day period. In (¢) high time resolution auroral electrojet indices are

shown for the period of optical data presented in Plate 2.

arc at L< 4 are consistent with these conditions. Notice,
however, that the dramatic shift of the diffuse aurora away
from L shell alignment occurred at the time of the very large
but temporally brief surge in the AE index. The strong con-
finement of the electrojet disturbance to the AL component
points to an impulsive westward current in the early morning
hours.

2.3. Characteristics of Patches

Plate 1d gives an example of the 6300-A patches of emis-
sion that occurred for several hours on the night of April
22, 1985. The sizes of the patches varied during the course
of the observing period but were always a few hundreds of
kilometers in diameter. The somewhat oval appearance and

alignment toward the observing site suggest that the fea-
tures were extended in altitude and thus did not present a
thin emission layer to the fish-eye lens system. In Plate 3, ex-
amples of patches are given during the course of the evening.
It is clear that they are long-lived, wax and wane in size and
brightness, occasionally merge or divide, and drift slowly to
the west (at 50-100 m/s) and to lower L shells. Figure 5
summarizes the time histories of the entire set of patch ob-
servations. As can be seen from the time code (with 15
min resolution), the patch locations at any given time are
very nearly L shell aligned, with movements to lower L val-
ues throughout the premidnight period. The slow westward
drift implies that the source region moves to later local times
at a speed nearly equal to the corotation speed. The patch
structures summarized in Figure 5 seem to disappear as they
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Fig. 4. (continued)

approach the edge of the imager’s FOV. As described earlier,
lens effects (vignetting) always reduce apparent brightness
levels far from the zenith, and thus we do not suggest that
the patches actually vanished when they approached the L
~ 3.2-3.4 region near 77°W. Indeed, simultaneous measure-
ments made by Battelle’s MASP (mobile automatic scan-
ning photometer) systems located in Michigan, Montana,
and Washington recorded patches of 5577-A emission (at-
tributed to the 150 to 200-km region) and patches of 6300-A
emission from the F region that resembled a structured SAR
arc during the 2040-0700 UT period (D. Slater, private com-
munication, 1987).

The patches of emission at 3914 A and 5577 A observed
by the ISIS satellite system [Moshupi et al., 1977] were at-
tributed to the 100-km-altitude range. They occurred some-
what later (2100 LT) and at lower latitudes (L=4-4.5) than
the detached arcs (1800 LT and L=6-7). In 6300-A emis-
sion, the patches were weak (< 200 R) and appeared as
slight enhancements in a broad region (~ 10° latitude) of
6300-A emission (~ 300 R) extending equatorward from the
boundary of the diffuse aurora. Simultaneous ISIS 2 Lang-
muir probe electron temperature and density data placed the
patches in the vicinity of the plasmapause. One of the mor-
phological differences between the April 1985 patches and
the ISIS data set is the displacement of the patches from the
diffuse aurora. Moshupi et al. [1977] found displacements
ranging from 0.5° to 7° geographic, with most cases within
a few degrees. For the April 1985 case, the diffuse aurora
was never observed to be within the 5°-7° geographic lati-
tude north of the patches’ location in the imager’s FOV.

3. PLASMA OBSERVATIONS

During the April 20-21, 1985, period, several ground-
based radio and satellite-borne in situ diagnostic systems
observed plasma parameters close to or within the imager’s
FOV depicted in Figure 1. These included DMSP and HI-
LAT electron and ion detectors, the Millstone Hill incoher-
ent scatter radar, and satellite radio beacon observations.
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In relating 6300-A emission and “simultaneous” plasma pat-
terns, it must be recalled that the ~ 147 s lifetime of the
O(' D) state introduces a small uncertainty in relating de-
tailed time histories of optical and plasma observations. This
could be serious if interest centered on small time scales
(< 60 s) and/or if narrow-beam photometer measurements
were made. Under such conditions, strong convection effects
could, for example, separate plasma and optical signatures.
For the present case, however, where all-sky images, 30-s in-
tegration times, and temporal patterns in the many minutes
to hours domain are examined, we treat correlations between
plasma and optical effects in the broad, morphological sense.

3.1. Detached Arc Event

The ionospheric storm that occurred in response to the
high level of geomagnetic activity during the April 21-22 pe-
riod has been described by Mendillo et al. [1987] using satel-
lite radie beacon observations at the I=4 (Goose Bay) and
L=2.7 (Hamilton) intersection points shown in Figure 1. As
shown in Figure 6, the total eleciron content (TEC) observa-
tions made at L=2.7 revealed the “classic pattern” of large
enhancements at dusk (2300-2400 UT), followed by a very
rapid transition to low, troughlike TEC values |Mendillo,
1971, 1973|. Severe cases of this pattern have been treated
in detail by Mendillo et al. [1974] with several events simi-
lar in intensity (Kp=8-9) to the April 1985 period. For such
cases, the steep d(TEC)/dt transition across the dusk merid-
ian has been interpreted as due to the observing ray path
moving from within the plasmasphere to beyond it. Sub-
sequent observational and modeling studies have confirmed
that enhanced magnetospheric convection imposed upon the
F region can result in the predusk buildup in mid-latitude
TEC and in its steep decline across a plasmapause contracted
to L < 3 in the postsunset period [Evans, 1973; Anderson,
1976; Tanaka and Hirao, 1973].

6300 A PATCHES 22 APRIL 1985
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Fig. 5. Time history of all patches of 6300-A emission recorded
on the night of April 22, 1985. The individual patches are labeled
for cross-reference to Plate 1 and Plate 3. Hourly symbols and
quarter-hour tick marks give patch center locations throughout
the observation period. Subsatellite trajectories of two DMSP
passes over the region are indicated. The energetic particle data
taken during these times are given in Figure 9.
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Plate 3. Examples of patches of 6300-A emission recorded during the premidnight hours of April 22, 1985,
from a site near the Millstone Hill observatory. The dark triangular feature is a building obscuring part of
the northeast FOV. In each panel, the patches are numbered for reference to Plate 1 and Figure 5. Note that
patches 2, 3, and 5 appear in Plate 1d at a time between those shown Plates 3a and 3b.
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Fig. 6. (Top) Total electron content (TEC) observations during
the period April 19-22, from the Hamilton-GOES ray path that
intersects the 6300-A image at L=2.7 (see Figure 1). The solid
curve gives 15-min TEC values showing a classic ionospheric storm
in comparison to monthly median conditions (dashed curve).
(Bottom) High-resolution TEC data for the time period encom-
passing the detached arc and undulations in the diffuse aurora
near L=2.7.

In the bottom panel of Figure 6, we present new high
time resolution TEC data for the L=2.7 site at 70° W that,
as shown in Plate 1a, coincides with the detached arc loca-
tion at 0145 UT. Note that in the period of rapid decline
of TEC that signals the end of the initial (positive) phase
of Fregion storm behavior, there are actually several rever-
sals (TEC enhancements) that are not captured in the low
resolution (15-min digitizations) given in the upper panel of
Figure 6. As the TEC ray path passes into the trough, bursts
of production occur that yield plasma enhancements of 2-4
x 10'2 el/cm?. These are substantial increases comparable
in magnitude to the TEC enhancements associated with the
diffuse aurora that form the poleward wall of the trough in
TEC. While cloud cover prevented optical observations after
0400 UT, the TEC nighttime increases seen after 0600 UT
are typical of F region enhancements associated with excur-
sions of the diffuse aurora to mid-latitudes. As discussed in
the following section, ion precipitation patterns may play a
key role in both phenomena.
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3.2. Pertod of Structured Diffuse Aurora

In a companion paper, Providakes et al. |this issue] have
presented a comprehensive study of the ionospheric trough
region observed during the full nighttime period of April 20
and the 0300-0400 UT period of April 21 using the Mill-
stone radar, MIO images, and simultaneous DMSP and HI-
LAT measurements. On the night of April 21, Providakes
et al. present DMSP particle data at 0300 UT (their Fig-
ure 5) that show ion and electron precipitation onsets near
L = 2.8-3.1, in agreement with the location of the diffuse
aurora boundary in Plate 1¢ even though the DMSP satel-
lite was over a location 3 hours earlier in local time. The
particle data showed separations of the major boundaries in
ion and electron fluxes, with the ion populations being ~0.6
L equatorward of the major electron precipitation. The sug-
gestion that ion precipitation effects play important roles
during auroral morphology excursions to mid-latitudes was
further portrayed in DMSP data for April 20 when major
ion populations were detected equatorward of the precipi-
tating electron fluxes. A distinct zone of ion fluxes occurred
0.7 L equatorward of the major ion and electron boundaries
(their Figure 12). The low-latitude jon boundary coincided
with the foot of the poleward wall of the trough. As will be
discussed in section 4, detached ion populations might also
contribute to the detached arc pattern and the patches in
6300-A emissions shown in Plate 1.

3.3. Patches of 6300-A Emission

The “red patches” observed on April 22, 1985, represent
perhaps the most interesting, and certainly the most elusive,
of the entire MIO data set taken at Millstone Hill. A com-
parison of Figures 1 and 5 shows that the entire set of events
fell between the satellite radio beacon monitoring points at
L = 4and L = 2.8. The TEC and scintillation activity at
these points showed very low plasma contents, with minor
small-scale irregularities [Mendillo et al. 1987]. As shown
in Figure 6, April 22 was the second night (negative phase)
of a severe ionospheric storm. The patches of emission thus
occurred over a narrow latitude region within an F region
electron density and TEC trough that spanned the entire
FOV (L = 2.5 to 4).

The Millstone radar operated on April 22 in the so-called
Cornell mode described by Providakes et al. [this issue], that
is, with the antenna fixed at 20° elevation and scanning over
the azimuth range 220°-340°. This observing scheme was
developed to optimize measurements of line-of-sight drifts
and trough density structures along the edge of the diffuse
aurora. A comparison of Figures 1 and 5 shows that in con-
fining the scans to westward directions, many of the patches
eluded radar diagnostics at or near 300 km. Nevertheless,
the radar did scan through at least one patch early in the
evening and beneath several others later in the evening. The
Millstone observations for April 22 were not treated by Provi-
dakes et al. because no diffuse aurora or trough poleward
wall features were within the radar or imager fields of view.
We will, therefore, describe them in some detail below.

Figure 7 contains a tracing of the 6300-A isophote con-
tours from Plates 3ea and 3d superimposed upon the Mill-
stone radar observing grid. In the left panel (0104 UT), as
the radar crosses the onset of optical emission at azimuths
255°-260°, the radar signatures from the low-altitude range
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Fig. 7. Two cases of coincident imaging and radar scans through a region of 6300-A patches. The “Cornell
mode” radar azimuth scan at 20° elevation is portrayed with individual altitude gates (“pixels”) indicated. The
6300-A images are shown via tracings of the iosphote contour levels, with three domains indicated: brightest
emission (solid shading), intermediate brightness (cross-hatched shading), and faintest level above background
(outermost contour line). The Millstone radar returns are portrayed in “log (power)” equivalent electron density
unite to indicate that neither temperature nor composition changes are taken into account in the analysis scheme
used to derive N, from the observed power returns. For the 0312 UT case (upper right), the altitude gate where
“anomalous echoes” were observed is indicated by zigzag hatching (see text for additional discussion).

gates A {150 km) and B (190 km) begin to show increased
power returns. At azimuths 300°-310°, the radar crosses
the bright patch 1 far to the west in Plate 1¢ and Fig-
ure 5. Altitude gates D (270 km) and E (310 km) show
only a gentle decrease in F region returns with no evidence
of plasma enhancements near the optical feature. At the
lower-altitude gates, however, the power returns continue to
increase, reaching maxima in the last azimuth points directly
beneath patch 2. There are small enhancements at 230 km,
larger ones at 190 km, and an order of magnitude effect at
150 km.

In the right panel of Figure 7, we present a second il-
lustration, this time with the single bright patch 7 shown in
Plate 3d. Over the low-azimuth (low-latitude) portion of the
scan (215°-270°), the ionospheric profiles are typical of the
trough region. As the radar scanned under the 6300-A patch
(azimuths 295°-303°), very large enhancements are seen in
the lower-altitude gates A (150 km) and B (190 km). The
densities above 200 km show decreases, as in the previous il-
lustrations, except for the returns from the highest-altitude
gate, E (310 km). The Millstone data for this particular
return are well off scale and would have, under normal Mill-
stone analysis rules, been discarded as a so-called “satellite

echo.” However, in a recent study of “anomalous echoes,”
Foster et al. [1988] argue that such cases are actually geo-
physical events and not coherent echoes from satellites or
space debris, as had been thought. The spectra of these re-
turns exhibit the characteristic features of field-aligned cur-
rents (FACs). We refer the reader to the Foster et al. study
for a more thorough summary of this effect. For our pur-
poses, we merely want to point out that the optical patches
seen near the equatorward edge of the trough are associated
with enhanced power returns from below 200 km, and that
no F region power enhancements are seen except for the oc-
casional “anomalous echoes” associated with FACs.

To document the altitude separation of the optical and
radar events even more clearly, we present in Figure 8 two
additional cases. In both panels, patch 7 is depicted at its
assumed 300-km emission point, and the Millstone altitude
gate with the largest power return is depicted with dots. For
the optical feature to be at the latitude /longitude coincident
with the radar signature, the optical features would have to
be mapped using an emission height greater than the 300
km employed here. If the optical features were assigned to
150-190 km, they would be mapped to sites closer to the
radar/MIO site and thus be even more separated from the
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Fig. 8. The radar/optical format described in Figure 7 is used to portray the time history of patch 7 prior to its
passage across the radar grid given in Figure 7. Al these earlier times, the 150-km-altitude gate showed power
enhancements in the “pixel” to the northwest of the 6300-A patch. The separation of the optical and radar
gignatures is consistent with a field-aligned process exciting emission at ~ 300 km and plasma enhancements at

~ 150 km (see text).

radar return points. Given that the inclination of geomag-
netic field lines near L = 3 is ~ 70°, a field-aligned process
that produces emission at ~ 300 km and density signatures
at 150 km would have a horizontal separation of ~ 60 km,
approximately in agreement with the features in Figure 8.
DMSP energetic particle data relevant to the patches are
presented in Figure 9. As shown in Figure 5, the DMSP
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Fig. 9(a). DMSP particle data for electron and ion fluxes and
average energies from the Fé satellite in an approximately dawn-
dusk orbit. The measurements at ~ 2315 UT on April 21, 1985,
correspond to ~ 1900 MLT, nearly 2 hours before gky conditions
were dark enough to initiate low-light-level imaging observations.
The subsatellite track is plotted in Figure 5. Note that the ion
precipitation feature at L = 3.5 corresponds to the location where
patches were observed (and specifically patch 4) at 0100 UT on
April 22.

F6 satellite at 1900 MLT crossed the observation region ap-
proximately 1 hour 45 min prior to the onset of optical mea-
surements. The ion and electron data in Figure 9a show a
clear set of boundaries beginning at L=4.5; if optical mea-
surements had been possible at this time, the diffuse au-
rora produced by these particles would have been beyond
the northern limit of the imager’s FOV. However, any op-
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Fig. 9(5). DMSP particle data for electron and ion fluxes and
average energies from the F7 satellite in an approximately noon-
midnight orbit. The measurements at ~ 0325 UT on April 22
correspond to ~ 2200 MLT. The subsatellite track is plotted in
Figure 5. Note that the absence of localized ion precipitation
features equatorward of the diffuse aurora is consistent with the
absence of patches at that time and place. The bright patch 7
does exist well to the west of the satellite track.
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tical signatures of the narrow zone of energetic ions at L =
3.5 would have been easily detected. It is intriguing to note
that once low-light-level images could be made (at 0100 UT),
patch 4 occurred in precisely the area of low-latitude ion pre-
cipitation seen 105 min earlier. The lack of diffuse aurora at
L < 4.5 in the ~ 0100 UT period (Plate 3a) is also consis-
tent with a stationary precipitation pattern as portrayed in
Figure 9a.

Figure 9 gives electron and ion data from the DMSP F7
satellite at 2200 MLT that passed close to patch 7 at 0320 UT
on April 22 (see Figure 5 and Plate 1¢). The boundaries at L
= 5.2-5.3 place the diffuse aurora beyond the imager’s FOV.
The absence of a clear low-latitude ion zone is consistent with
the lack of optical features beneath the entire subsatellite
track. The clear impression we get from Figures 5 and 9 is
that the patches are related to ion precipitation effects, with
the correlation being more with the ions’ energy (> 10 keV)
than with their flux levels.

4. DISCUSSION

4.1. Comparison With Previous Results

The 6300-A images of a detached arc, several patches
of emission, and ripples in the diffuse aurora offer the first
extensive set of ground-based observations of such effects.
They extend what had previously been satellite-only observ-
ing opportunities to high spatial/temporal measurements
that can be conducted in conjunction with other diagnos-
tic techniques (as in the companion paper by Providakes et
al. [this issue]).

The optical observations described in this paper have as
their main goal the specification of the Fregion signatures of
all three phenomena since the ISIS and DMSP imaging sys-
tems relate emissions to the 100-km-altitude region. Wallis
et al. [1979] showed from ISIS particle data that the de-
tached arcs were found at the feet of field lines having a
trapped population of electrons with energies 1-10 keV, as
well as the usual higher-energy radiation belt particles. They
suggested a model in which an injection event near midnight
placed particles on drift shells between the plasmapause and
the plasma sheet. With a contracted plasmapause, residual
plasma sheet electrons drifting about the Earth are precipi-
tated when scattering regions of enhanced cold plasma den-
sities are encountered in the dusk/evening sector. The de-
tached arc is thus the atmospheric image of a magnetospheric
cold plasma region. Wallis et al. [1979] noted that the ISIS
precipitating fluxes peaked near 6 keV (a level harder than
observed above the nearby diffuse aurora) and thus were con-
sistent with the observations of Anger et al. [1978] that the
arc intensities at 6300 A were much lower than observed at
3914 A. The image in Plate 1a shows the arc brightness to
be comparable to the diffuse aurora in 6300 A, indicating
that the precipitation into both regions had to include a soft
component as well. This is not necessarily inconsistent with
the Wallis et al. and Anger et al. findings since ground-
based imaging systems can record fainter 6300-A structures
than was possible with ISIS in 1972-1975. The fact that the
TEC enhancement seen within the arc (Figure 6} involves
a substantial amount of F region production demonstrates
that detached arcs can be an F region phenomenon as well.

Turning to patches, the April 1985 data show that it is
difficult to accept the model given by Wallis et al. in which
patches arise from the same mechanism as suggested for de-
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tached arcs. The plasma measurements given in section 2
show that there is a fundamental difference between detached
arcs and patches in that patches have no F region plasma en-
hancements associated with the optical emission. The DMSP
particle data presented in Figure 9 suggest that ions with
energies greater than 10 keV may play a more important
role than electrons in generating the 6300-A emission in the
patches. As discussed by Mendillo et al. [1987], modeling
of the November 13, 1983, SAR arc with simultaneously ob-
served N, and T, profiles from Millstone Hill failed to yield
the observed 6300-A brightness levels. This suggested that
a particle source may be needed to excite Omath (1 D) in
F region SAR arcs. As suggested many years ago by Rees
[1961], ions passing through the F region could leave T', and
N, unaffected while creating O(! D). Most of the ions’ en-
ergy would be deposited below 200 km, which, for the case of
patches, would produce the plasma enhancements observed
below patches (Figures 7 and 8). The patches may thus rep-
resent an elementary form of SAR arcs - resulting from ion
fluxes into the ionosphere that might also produce some of
the field-aligned current (FAC) signatures recently discov-
ered by Foster et al. [1988] from incoherent scatter returns
from the trough region.

Finally, the discussion of mechanisms for ripples in the
equatorward edge of the diffuse aurora has been presented
in detail in the paper by Providakes et al. [this issue]. The
optical and satellite radio beacon observations presented here
document several additional features of undulations in the F
region. Plates 1a and 2a show that the diffuse aurora has an
equatorward edge that is, to first order, L shell aligned over
the spatial domain accessible to a ground-based all-sky im-
ager. First-order variations in structure occur in the form of
undulations (Plates 15 and 1¢) and skewness across L shells
(Plates 2c and 2d). The F region plasma signatures of the
diffuse aurora (i.e., the trough’s poleward wall) would thus
be expected to show similar characteristic features, as dis-
cussed by Providakes et al. [this issue|.

4.2. Modeling of 6300-4 Airglow

As described in Rees and Roble [1986], there are sev-
eral production chains for 6300-A due to auroral (precipitat-
ing particle) processes. At mid-latitudes, additional sources
arjse from normal chemical loss processes (airglow) and ther-
mally excited SAR arcs. While it is beyond the scope of the
present paper to compute the total 6300 A sources from all
possible mechanisms, we have conducted simulation studies
of the airglow levels generated by the recombination of ob-
served F region profiles. Using the N,(h) profiles described
by Providakes et al. [this issue], reaction rates summarized
by Solomon et al. [1988], and the appropriate Mass Spec-
trometer and Incoherent Scatter (MSIS) neutral atmosphere
[Hedin, 1987], we have computed 6300-A airglow for the re-
gions spanning the trough on April 20 and 21, and for the
broad trough minimum region that contained the patches on
April 22. The results are presented in Figures 10 and 11 and
serve to define the “airglow trough” that results from the
well-known F region electron density trough.

On April 20 (Figure 10a), a night when clouds prevented
optical observations, the model results show airglow levels
that are fairly symmetrical across the trough region. The
trough center at L, = 3.5 was flanked by similar profiles at
L = 3.1 and 3.9 that yield ~ 55 R. At L = 2.7 (south of the
trough), the airglow level of ~ 95 R is actually higher than
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COORDINATED OPTICAL AND INCOHERENT SCATTER OBSERVATIONS
OF F-REGION TROUGH
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Fig. 10. Observed N, e(h) profiles and calculated airglow for trough region on (e) April 20, 1985, and (refit
b) April 21, 1985. In both cases, the N,(h) profiles were taken from Providakes et al. [this issue] using their
trough coordinate system. The profiles are aligned to show the trough center (L, = 3.5 on April 20 and L, =
2.5 on April 21), with profile shapes in £0.4 L value increments to the north and south.

the recombination airglow in the trough’s poleward wall at
L = 3.4 (~ 60 R). Of course, the precipitating particles that
produce ionization north of the trough also excite the diffuse
aurora, and thus we would expect the total 6300-A levels to
be higher in the regions north of the trough. For April 21
(Figure 103), the trough center at L, = 2.5 placed the equa-
torward edge beyond the Millstone viewing geometry. The
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strong poleward wall in F region densities produced airglow
levels at L = 3.3 and 3.7 that were 110 R to 220 R above the
6300-A emission in the trough. The observations near 300
km along the western edge of the FOV in Plate 1¢ show ~
80 Rat L =25, ~ 390 R at L = 3.3 and saturation (> 450
R} at L = 3.7. Thus, for 6L = + 0.8 from the trough, the
calculated 6300-A emission increase of 110 R falls well below
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Fig. 11. Observed N, ,(h) profiles and calculated airglow for (a) patch 2 conditions on April 22, 1985 and (b)

patch 7 conditions on April 22, 1985 (see text).
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the observed 310 R over the same domain, indicating that
the particle-induced (diffuse aurora) emission is nearly twice
the airglow level produced by the trough’s poleward wall.
This relationship between the equatorward edge of diffuse
aurora and the base of the trough’s poleward wall is central
to discussions in the companion paper by Providakes et al.
[this issue Figures 3 and 10] where optical and radar data
were compared directly.

For April 22, electron density profiles and their associated
6300-A airglow are presented in Figure 11a for patch 2 and
Figure 11b for patch 7. These patches are shown in Plates
3a and 3d, with the Millstone observing grid portrayed in
Figure 7. For patch 2, the control curve was obtained by
averaging the N.(h) profiles over azimuths 213°-222°, well
to the southwest of the emission features, but still within
the trough. The N(h) profiles at azimuths 327°-335° were
averaged to yield the curve through the 6300-A patch. For
patch 7, a similar set of control and patch Nc(h) profiles
were obtained (Figure 115). In both cases, the N.(h) pro-
files for the control curves are typical for the equatorward
side of the trough minimum (hmax ~ 350 km, Npax < 10°
el/cm®). The N,.(h) profiles for the patches have similar
shapes above 250 km (with Np, 4, lower in the poleward side
of the trough minimum). Below 200 km, however, there are
large enhancements in the incoherent scatter power returns.
Current analysis techniques at Millstone Hill do not handle
the complex mix of molecular ions that might occur from
precipitation effects into the E region. Yet, the spectra from
these profiles are not anomalous in the sense of the “false
satellite echoes” reported by Foster et al. [1988], and thus
assuming that O is still the dominant ion should not lead
to serious errors in the derived electron density (J. C. Foster,
private communication, 1988). In assuming that the power
returns below 200 km yield upper limits to the N, values,
the end result is that the derived 6300-A airglow is still only
t~ 35 R higher in a patch than outside it. The observa-
tions in Plate 3 show that the total 6300-A emission inside a
patch is typicallv 300 R brighter than the background in the
trough minimum Since the Millstone data for 7', above 300
km (where O% spectral analysis is reliable) do not show T,
enhancements t: pical of SAR arcs | Rees and Roble, 1975], we
can rule out both airglow and thermal emission mechanisms
as significant contributors to the observed signal. With no
F region density enhancements associated with patches, we
also eliminate plasma sheet precipitation typical of diffuse
aurora and trough poleward wall locations. This leaves the
ion fluxes shown in Figure 9 as a possible source for the patch
brightness levels.

Optical signatures of ion fluxes have not been widely dis-
cussed or modeled. The early work of Rees [1961] pointed to
mechanisms for generating 6300 A from proton fluxes. The
DE measurements of Peterson and Shelley [1984] and the
AE-C observations of Hoffman et el. [1985] showed various
ion populations above theta aurora and Sun-aligned arcs.
Since both of these polar cap features have 6300-A compo-
nents, there may be a significant role for ions as a source of
optical emissions in the F region. A more detailed examina-
tion of this issue will be the topic of a separate paper. For
the present purposes, we wish to establish that while both
ions and electrons contributed to the F region signatures of
detached arcs and the diffuse aurora, the isolated patches of
6300-A emission seen within the trough seem more related
to ion-induced eflects.
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