JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 99, NO. A6, PAGES 11,429-11,439, JUNE 1, 1994

Coordinated stable auroral red arc observations: Relationship to
plasma convection

J. C. Foster and M. J. Buonsanto
Atmospheric Sciences Group, Massachusetts Institute of Technology Haystack Observatory, Westford

M. Mendillo and D. Nottingham
Astronomy Department, Boston University, Boston, Massachusetts

F. J. Rich and W. Denig
Geophysics Division, Phillips Laboratory, Hanscom Air Force Base, Massachusetts

Abstract. During the March 20-22, 1990, magnetic storm, Millstone Hill radar and DMSP satellite
observations detailed the conditions surrounding the occurrence of a SAR arc which was observed
continuously through an 8-hour interval from dusk till past midnight in the North American sector.
All-sky imaging with a 630.0-nm imager continually monitored the two-dimensional position and
magnitude of the SAR arc emission while radar scans and satellite overflights measured magneto-
spheric inputs and ionospheric response. The arc was colocated with a deep, narrow plasma trough
and a region of enhanced westward plasma convection of similar width situated immediately equa-
torward of the low-latitude extent of plasma sheet particle precipitation. A region of low-energy ion
precipitation was observed at the equatorward edge of the SAR arc during a period of spatial/tem-
poral coincident satellite/radar observations near the Millstone Hill longitude. The width of the SAR
arc and related phenomena was of the order of 2°, and the ~200-R emission was associated with an
electron temperature of ~3500°K and a 10x reduction of plasma density at an altitude of 450 km. The
best-fit model for the emission intensities of both the SAR arc and the background airglow suggests
that either the electron temperature at the center of the SAR arc was somewhat higher than observed
by the radar (~4000°K), or the neutral densities, [0,] and [O], were increased by factors of 2 and 4,
respectively, with respect to the MSIS values. The ionospheric trough and a colocated region of
enhanced sunward convection (500 - 1700 m s~') were observed in conjugate hemispheres through-
out the local time range 18 - 02 MLT. The convection feature seen in association with the SAR arc
had many of the characteristics of a subauroral ion drifts (SAID) event; we report here the first long-
duration observations of a colocated SAID/SAR arc event. A narrow ionospheric trough developed
during the interval when the SAID velocity was >1000 m s! and was accompanied by a weak (100
R) 630.0-nm emission. As the velocity fell to ~700 m s, the density in the trough recovered some-
what, and the arc intensity rose to ~300 R above background. This brighter period of the SAR arc
occurred within a fossil trough/SAID. We conclude that there is a close spatial and temporal associ-
ation among these three types of subauroral low-altitude phenomena — the SAR arc, the SAID event,
and the fossil (convection-related) trough — and that this is indicative of the interrelationship of the
magnetospheric processes and boundaries which are involved in their formation.

Introduction

Stable auroral red (SAR) arcs are observed optically equator-
ward of the region of plasma sheét induced emission (diffuse
aurora) and auroral precipitation signatures (discrete arcs). Typi-
cally, they are first seen in the dusk sector and can persist until
dawn, moving to lower magnetic latitudes near midnight. The
630.0-nm emission characteristic of this phenomenon has been sug-
gested to be related to the effects of a downward heat flux near the
plasmapause and the inner edge of the ring current particle popula-
tion [Hoch and Lemaire, 1975]. Low-energy particle precipitation
can also contribute to the emission level during disturbed condi-
tions. Kozyra et al. [1987] have found that Coulomb collisions
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between ring current heavy ions and thermal electrons can provide
the energy source for SAR arcs. Slater et al. [1987] observed pre-
cipitating fluxes of electrons of <10 eV associated with SAR arcs,
with no discernible enhancement at or above 20 eV. Mendillo et al.
[1987] presented the first simultaneous 630.0-nm images and inco-
herent scatter radar observations of a SAR arc. Depleted electron
density and elevated electron temperature (log Nem4.5 cm= and
Tea2000°K at 440 km altitude) were observed in association with
the faint (<100 R) postmidnight SAR arc. However, modeéling of
the emission from the observed ionospheric parameters failed to
yield the emission levels observed, suggesting that a small precipi-
tation-induced component may well occur.

In this paper we present radar, optical, and satellite observations
of the conditions surrounding the occurrence of a SAR arc which
was observed continueously through an 8-hour interval from dusk
till after midnight in the North American sector. The arc was colo-
cated with a deep, narrow plasma trough and a region of enhanced
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westward plasma convection of similar width situated immediately
equatorward of the low-latitude extent of plasma sheet particle pre-
cipitation. The associated region of westward (sunward)
convection had many of the characteristics of the subauroral ion
drifts (SAID) phenomenon and was clearly separate from the usual,
more poleward, region of auroral sunward convection, similar to
events reported in the study by Ye# et al. [1991]. Radar, optical, and
satellite observations in the vicinity of SAID during an intense geo-
magnetic storm also have been reported by Providakes et al. [1989].

Instrumentation

The Millstone Hill Observatory is located in eastern Massachu-
setts at 42.6°N latitude, 288.5°E longitude (55°A) and is well
situated to observe effects related to magnetosphere-ionosphere
coupling near the plasmapause, the inner edge of the ring current,
and the ionospheric trough. The Millstone Hill UHF incoherent
scatter radar is used to monitor ionospheric features and response
over the altitude range 150 km to 1000 km with a typical altitude/
spatial resolution of 50 km. Its fully steerable 46-m antenna pro-
vides wide-ranging spatial coverage, spanning 30° of latitude and 4
hours of local time at F region heights. The equatorward offset of
the north geomagnetic pole nearly along the Millstone Hill merid-
ian brings high-latitude and auroral phenomena into the
observatory’s near field of view during disturbed conditions and
particularly during magnetic storms.

A CEDAR all-sky optical imaging system, designed and oper-
ated by Boston University, is colocated with the radar at Millstone
Hill and routinely maps the 630.0-nm aurora and airglow over a
2000-km-radius region centered on the site. A low light level sen-
sitivity (~3200 Rayleigh seconds for a S/N = 5 at ~100 R signal)
and CCD digital readout provide a flexible capability for coordi-
nated multidiagnostic studies of the subauroral ionosphere
[Baumgardner and Karandanis, 1984; Mendillo et al., 1987,
1989b]. On the night of March 22, 1990, the imager provided red-
line emission maps every 3 min throughout the duration of the SAR
arc event.

The Defense Meteorological Satellite Program (DMSP) satel-
lites F8 and F9 are in sun-synchronous polar orbits at ~830 km
altitude and provide high-resolution in situ observations of vertical
and horizontal plasma drift and plasma density as well as precipi-
tating ion and electron parameters over the energy range 30 eV to
30 keV. The DMSP instruments have been described by Greenspan
et al. [1986] and Rich and Hairston [1994]. Twenty-channel parti-
cle spectra were obtained with 1-s temporal resolution (~8 km
spatial), drift meter velocities with 1/6 s (~1 km) resolution, and
density at 1/24 s (0.32 km). Because of the wide spatial coverage of
the Millstone Hill radar and the CEDAR imager, two or three con-
secutive orbits of the DMSP satellites provide overflights within or
near their field of view. During the course of this event, the F8 sat-
ellite provided latitudinal cuts across the SAR arc and the auroral
region between 17 MLT and 21 MLT while F9 provided coverage
between 20 MLT and 24 MLT.

Observations

The March 22, 1990, SAR arc event occurred during the
extended recovery phase of a large magnetic storm which had its
most significant intensification near 2330 UT on March 20. The Kp
index reached 7+ at the time of the major intensification and was 4+
through the SAR arc interval on March 22. Radar observations
spanned the entire storm, March 16-23, 1990, and an overview of
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the experiment and observations has been presented by Buonsanto
etal.[1992a].

Optical Characteristics

The Boston University imager detected a faint mid-latitude red
arc amid the twilight glow as observations began near 0000 UT on
March 22 and continuously monitored that feature as it slowly
descended in latitude until at least 0800 UT. Plate 1 presents the
630.0-nm image observed at 0340 UT (2240 MLT), the time of a
DMSP F9 overflight which will be discussed in detail below. The
image has been background corrected, with each pixel mapped into
geographic latitude and longitude coordinates using a 400-km
emission altitude. The SAR arc is magnetic latitude aligned and off-
set by 6° from the equatorward edge of the much stronger diffuse
aurora seen in the north,

Figure 1 presents a composite picture of the magnetospheric and
ionospheric features associated with this SAR arc. In Figure 1a are
presented in situ density measurements from the F9 satellite, during
its overflight along the —75° meridian, which showed a >5x
decrease in a 2°-wide trough colocated with the arc. The digital
630.0-nm image has been sampled along the —75° meridian at the
time of the satellite overflight, and these data are presented in Fig-
ure 1b. The red-line emission had a maximum intensity of 210 R
above background, was sharply peaked at 43.5°, and spanned 2° of
geodetic latitude. An increase to the instrument saturation level
(>400 R) was associated with the bright aurora to the north.

Relationship to Sunward Convection

High-resolution ion drift meter data, presented in Figure ld,
show upward velocities of 50 m s~! immediately equatorward of the
arc and downward drift of the same magnitude associated with the
arc itself. The horizontal (E-W) drift was dramatic, with the SAR
arc and density trough situated within a 3°-wide region of westward
(sunward) convection with a maximum velocity of 550 m s~! (in the
inertial reference frame, corrected for corotation) on the immediate
equatorward edge of the arc. Sunward convection was associated
with the arc throughout the event. At 0340 UT, the arc was located
immediately poleward of the region of most intense (0.8 V km™')
poleward gradient of the poleward directed electric field, where the
westward convection velocity increased by 400 m s over a dis-
tance of ~25 km. Taking the ionospheric current to be divergence
free, and for an assumed Pedersen conductance of 1 mho, an inward
directed (region 2) field-aligned current density of 0.8 pA mis cal-
culated for this region. We also note that a nonuniform velocity
field above Millstone Hill was suggested by Buonsanto et al.
[1992b] as the most likely cause of the large difference between
incoherent scatter and Fabry Perot interferometer-derived neutral
winds on the night of March 22, 1990. The present results confirm
the existence of this nonuniform velocity field.

Particle Signatures

Precipitating particle observations revealed no electron precipi-
tation at energies between 30 eV and 30 keV associated with the
SAR arc (data not shown). Slater et al. [1987] have reported an
enhancement of electron precipitation at energies of <10 eV, but no
increase at 20 eV or above, during DE 2 overflights of SAR arcs.
Such a soft electron flux would lie below the energy threshold of the
DMSP detectors. A region of low-energy ion precipitation (<800
eV) was observed immediately equatorward of the SAR arc (Figure
2c) and appears to mark the equatorward extent of the magneto-
spheric ion population. Electron and ion precipitating particle
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Plate 1. A 630.0-nm image of a magnetic-latitude-aligned SAR arc lying equatorward of the region of auroral
emission at the time of a DMSP P9 overflight on March 22, 1990.

SAR ARC MARCH 22, 1990 0340 UT spectrograms for the DMSP F9 overflight of the SAR arc at 0340
T UT on March 22, 1990, are presented in Plate 2. The ion drift meter
» o_. . L . velocities (in the noncorotating frame of reference) are shown at the

| bottom and can be used for reference to the SAR arc features shown
SRR in Figure 1. Ion drift meter data are shown in the lower panel, and

I a the isolated sunward convection feature just before 13200 UT s
identifies the location of the SAR arc, as detailed in the preceding
figure. Strong ion and electron precipitation and enhanced auroral
luminosity are seen associated with the more poleward region of
sunward convection, but all vestiges of an enhanced electron flux
(>20 eV) end at the poleward boundary of the convection feature
associated with the SAR arc. Discrete boundary plasma sheet (BPS)

50

1

log Ne

Rayleighs

50 200 400 40

|

log Flux

375 30

Figure 1. (a) The log N, (cm™?) at 880-km altitude observed during
a DMSP F9 overflight along the ~75° meridian. (b) The 630.0-nm
intensity at—75° longitude observed with the Millstone Hill imager.
(c) DMSP integral ion precipitating flux (particles cm™2 ™! sr~! eV-
1,20 - 800 eV. (d) Drift meter horizontal and vertical velocity. The
i SAR arc was centered at 43.5°, within a deep ionospheric trough
400 420 440 460 480 500 and immediately poleward of a region of low-energy ion

GEODETIC LATITUDE precipitation and the maximum of the westward plasma convection.
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Plate 2. Data obtained by DMSP FO on March 22,1990. (Top) Spectrogram of precipitating electron data; (middle) precipitating ion data;
(bottom) components of the thermal ion bulk flow perpendicular to the satellite path and in the horizontal plane (positive antisunward) and
vertical plane (positive upward). The separate region of sunward convection near 57° magnetic latitude marks the location of the SAR arc

(see Figure 1).

electron precipitation extends from the equatorward extent of the
auroral region of sunward convection (62°A) to the sunward/anti-
sunward velocity reversal near 69°A, where intense “inverted-V”’
electron precipitation is seen. Diffuse central plasma sheet (CPS)
precipitation extends from 62°A to 59°A, the poleward extent of the
sunward convection associated with the narrow trough and SAR
arc. The faint low-energy ion precipitation feature at the equator-
ward edge of the SAR arc is seen at 13200 UT s (56.4°A). The data
of Figure 1c were obtained by integrating the ion flux between 20
eV and 800 eV.

Ionospheric Characteristics

Incoherent scatter radar elevation scans revealed the latitude/
altitude structure of the ionospheric features associated with this
SAR arc. Figure 2 presents radar observations of the ionospheric
trough (Figure 2a) and electron temperature enhancement (Figure
2b) which accompanied the arc, as observed along the Milistone
Hill meridian (4° east of the DMSP meridian) at the time of the sat-
ellite overflight. The latitude profile of the red-line intensity is
repeated in Figure 2d to indicate the alignment of the temperature
and density features with the SAR arc. The radar scan data show a
density trough at all heights at the latitude of the arc and a corre-
sponding increase in electron temperature to >2500°K at the F
region peak height near 480 km. Figure2c superimposes the iono-

spheric convection velocity measurements (in the corotating frame)
made with the DMSP drift meter (solid line) and with the Millstone
Hill radar (discrete points) during an azimuth scan to the west of the
satellite meridian. Because of the longitudinal separation of the
velocity data sets, and the more poleward location of the trough/
velocity feature at the 265° meridian of the radar azimuth scan, the
Millstone Hill velocity data have been shifted equatorward by 1.5°
in order to be aligned with similar features near the 285° longitude
of the other data sets. The magnitude and spatial breadth of the sun-
ward convection region associated with the trough and SAR arc are
nearly identical in the satellite and radar observations, as is the sep-
aration from a second sunward convection region associated with
auroral latitude phenomena at higher latitude (50°). The close rela-
tionship among the location of the SAR arc, the trough, and the
isolated, more equatorward, region of westward convection, as seen
in Figure 2, persisted for the course of the event.

The radar scan data provided continuous coverage of the evolu-
tion of the ionospheric parameters in the vicinity of the SAR arc.
Figure 3 summarizes the latitude/time development of the west-
ward velocity and electron density and temperature at an altitude of
450 km, the peak of the SAR arc emission (see Figure 6 and related
discussion, below). Both the separate, equatorward region of west-
ward convection (Figure 3a) and the temperature enhancement
(Figure 3c) associated with the trough (Figure 3d) moved slowly to
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Figure 2. (a) and (b) Millstone Hill Radar elevation scan observations of the electron density trough and colocated electron temperature
enhancement. (c) DMSP F9 drift meter horizontal velocity (line) and radar convection velocity observations (points) showing a discrete
region of enhanced westward convection associated with the trough and SAR arc. (d) The 630.0-nm intensity defines the SAR arc centered

at43.5°.

lower latitude as the evening progressed. In order to maintain the
maximum spatial resolution of the radar convection velocity mea-
surements, the data displayed in Figure 3 are individual line-of-
sight velocity observations taken while the antenna scanned at low
elevation angle from NW to SW. The structure and evolution of the
equatorward convection feature, evident in Figure 3a, is similar to
that reported by Yeh et al. [1991]. Figure 3b displays the 630.0-nm
intensity sampled by the imager along the 285° meridian. The SAR

!

arc is seen to emerge from the background at sunset (0100 UT) and
to lie near 43° throughout the interval. Maximum SAR arc intensity
occurred during a 2-hour interval centered near 0500 UT.

Conjugate Signature

DMSP observations of a narrow trough in the southern hemi-
sphere, also associated with a region of sunward convection,
provide evidence for the conjugacy of the features reported above.
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Figure 3. Radar scan maps of (a) westward velocity and (c) 7, showing discrete, trough-related features descending in latitude through the
March 22, 1990, event. Also shown are (d) the location of the density trough and (b) the latitude extent of the SAR arc emission feature.
Two peaks in the westward convection velocity, separated by ~5° in latitude, were seen throughout most of the event. The SAR arc was

associated with the more equatorward of these convection features.

Thirteen satellite crossings of the trough/convection feature were
recorded in the two hemispheres by the DMSP F8 and DMSP F9
satellites. Unfortunately, we do not have optical data from the
southern hemisphere to confirm the conjugacy of the SAR arc itself,
We have shown, above, that the SAR arc was clearly associated

with a narrow, distinct, mid-latitude trough. Figure 4 presents the
northern and southern hemisphere positions of the equatorward and
poleward boundaries of the mid-latitude trough observed during
this event. Because of the large difference in the relationship
between geographic and magnetic latitude in the two hemispheres,
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Figure 4. Conjugate DMSP observations of the boundaries of the
narrow, equatorward trough (points), trough boundaries observed
with the Millstone Hill Radar (thin lines), and SAR arc center
position determined by the 630.0-nm imager (heavy line). The
narrow F region trough, which was associated with the SAR arc in
the northern hemisphere, was a magnetically conjugate
phenomenon.

the boundaries are plotted in magnetic latitude and local time coor-
dinates, and in these coordinates, the trough position in the two
hemispheres is seen to be very similar. The equatorward trough
boundaries observed by the DMSP satellite are indicated by circles,
while the poleward boundaries are shown by asterisks. The bound-
aries of the trough seen by the Millstone Hill radar (light lines) are
indicated on the northern hemisphere plot and agree closely with
the satellite observations. The heavy curve indicates the center of
the SAR arc emission observed at 15-min intervals by the red-line
imager at Millstone Hill. The fact that the width and location of the
trough are geomagnetically conjugate gives further evidence that
the trough, in this instance, is a convection-related feature.

Relationship of SAR Arc Emission to Ionospheric Parameters

The interrelationship of the ionospheric parameters observed in
the trough with the 630.0-nm emission intensity is shown in Figure
5. Ion velocity observed in either hemisphere by the DMSP satel-
lites is shown by the heavy curve in the top panel, while the radar
observations of the westward convection in the trough are indicated
by diamonds. At the beginning of the event, the velocity exceeded
1000 m s™! intermittently over a 3-hour period. Red-line emission
intensity was low while the velocity was high and then brightened
considerably between 0400 UT and 0600 UT. Electron density at
450 km fell rapidly as the trough developed during the interval of
strong convection. Density depletion and trough formation due to
the effects of enhanced recombination in the presence of ion con-
vection has been predicted theoretically by Schunk et al. [1976] and
observed from Millstorie Hill by Providakes et al. [1989] and Buon-
santo et al. [1992a]. The relationship of trough formation and SAID
has been discussed by Anderson et al. [1993]. In the case discussed
here, trough density increased by a factor of 2 after 0300 UT when
the velocity fell below 1000 m s~!. The higher velocities observed
early in the event could have contributed to trough formation, leav-
ing a longitudinally extended, conjugate fossil trough [Evans et al.,
1983] within which the SAR arc was located. The active processes
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responsible for the equatorward region of sunward convection con-
tinued, however, as evidenced by the velocities of 500 m/s to 800
m/s observed by the radar and the drift meter within the trough for
the remainder of the event.

Tonospheric electron temperature observed with the Millstone
Hill radar in the vicinity of the SAR arc emission is presented in the
lower panel of Figure 5. Radar coverage across the region of the
narrow SAR arc was not continuous. Discrete samples with the nar-
row-beam antenna were centered at 42.8° and 44.3° latitude (at 450
km altitude), leaving a gap in the coverage near 43.5°. Electron tem-
perature at 450 km altitude increased to 3500°K at the time of the
initial brightening of the arc after 0230 UT. The observed electron
temperature decreased through the interval 0300 UT to 0500 UT,
although the arc intensity increased to over 300 R above back-
ground during that time. However, the center of the arc moved
equatorward from 44° to 42.5° during that same interval, and it is
probable that the radar observations do not reflect the true temper-
ature associated with the arc emission at that time. A maximum
electron temperature of 4000°K was observed near 0600 UT when
the arc was intersected more closely by the radar beam. It is an
unfortunate coincidence that the SAR arc lay in the narrow gap of
the radar coverage at the time of its maximum intensity.

Modeling the SAR Arc Emission

A long-term (~4 years) study of SAR arc occurrence frequency,
morphology patterns, and case study modeling has recently been
completed (M. Mendilio et al., manuscript in preparation, 1994).
The event of March 22, 1990, while included in the statistics, was
not modeled in that earlier study. Our modeling of this event is
reported below. The details of the modeling approach will not be
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Figure 5. (Top) SAR arc intensity (thin line), DMSP F8 and F9
observations of the convection velocity magnitude within the
narrow trough in conjugate hemispheres (heavy line), and
Millstone convection velocity within the trough (diamonds). The
SAR arc emission was most intense after the velocity fell below
1000 m s~*. (Bottom) Minimum electron density (thin line) and T,
within trough (heavy line) at 450-km altitude observed by the
Millstone Hill radar. The narrow SAR arc lay between radar
observing positions near 0500 UT, the time of maximum arc
intensity, and the radar data may not represent the true density and
temperature associated with the arc at that time.
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repeated here, except to note that extreme care was used in all
aspects of the calibration and background subtraction due to the
preponderance of faint SAR arcs encountered, as typified by the
March 22 event. The SAR arc formulation of Rees and Roble
[1975] was adopted, with updated reaction rates and emission
parameters; the MSIS-86 [Hedin, 1987] model was used to calcu-
late the neutral concentration profiles needed for the calculation,
while Millstone radar results were used for N,(h), T,(h), and T{h).
Separate calculations were conducted for the SAR arc brightness
and for the background airglow generated by chemical recombina-
tion,

The SAR arc observed on March 22, 1990, lay just poleward of
the Millstone Hill Observatory throughout the evening sector, per-
mitting the radar to sample altitude profiles of the ionospheric
temperatures and density associated with the arc. The ionospheric
features were magnetic field aligned, and the narrow radar beam
penetrated the perturbed region at different altitudes in several local
radar beam positions. Composite profiles through the arc have been
constructed by sorting the local data between magnetic latitudes
55.5° and 56.5°. In addition, ionospheric conditions immediately
equatorward of the SAR arc were constructed to illustrate back-
ground airglow conditions. Modeling has been done for conditions
at 0340 UT, the time of the DMSP overflight. In addition, the radar-
generated profiles are most representative of conditions near the arc
at that time.
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In Figure 6a, the observed 630.0-nm emission intensities along
the meridian are shown with a o uncertainty indicated by the shad-
ing. The modeling results shown in Figure 6¢ are indicated by
symbols. The van Rhijn (slant ray path) effect from the background
airglow layer has been removed from the data, and thus the increase
in airglow intensity seen to the south reflects the electron density
latitude gradient shown in Figure 2a. Diffuse auroral emission fea-
tures north of the SAR arc are not shown. In Figure 6b, the ion and
electron temperature profiles observed with the radar both inside
and outside the arc are presented along with the MSIS-92 neutral
temperatures, while on the right side of Figure 6c¢ the corresponding
electron density profiles are given. As seen from Figures 6b and 6¢,
electron temperatures within the arc increased by at least a factor of
2 over those at adjacent latitudes at altitudes above 250 km, while
the electron density decreased by a factor of 10. The ion tempera-
ture was only weakly enhanced (from 1800°K to 2200°K) within
the arc at the time of the detailed local observations (0300 - 0600
UT). This increase is consistent with that expected due to ion/neu-
tral collisions for the 800-m/s sunward velocity observed [S:-
Maurice and Hanson, 1982]. The resultant model airglow and SAR
630.0-nm volume emission rate profiles are given at the left in Fig-
ure 6¢, with column-integrated emission results for airglow and the
SAR arc indicated by the symbols in Figure 6a.

Within the context of this paper, the background airglow simu-
lations south of the SAR arc are within acceptable range of the
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Figure 6. (a) Observed 630.0-nm emission intensities along the Millstone meridian along with a o uncertainty indicated by the shading.
Predictions of the modeling results (shown in Figure 8¢) are indicated by symbols for the latitude of the SAR arc and at three positions
equatorward of the arc. (b) Ion and electron temperature profiles observed with the radar both inside and outside the arc, along with MSIS
*92 neutral temperatures. Profile T, represents an 18% increase from the observed most probable SAR arc temperature profile. (c)
Corresponding electron density profiles (right side), and the model airglow and SAR 630.0-nm volume emission rate profiles (left side).
(d) Model results for changes in the MSIS neutral constituents or using the enhanced T, profile, both of which yield a good fit to both the

airglow and SAR arc emission levels.
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observations. Modeling for the position of the arc, using standard
assumptions, underestimates the SAR arc intensity, however. Air-
glow from the trough is computed to be ~20 R, and the SAR arc
model results add an additional 65 R. The shortfall of ~145 R sug-
gests that there could be either a precipitation component to SAR
arc generation via electrons (as suggested by Slater et al. [1987]) or
ions (as suggested by Mendillo et al. [1987]). The DMSP ion mea-
suremeats shown in Figure 1 support the notion of a small 630.0-
nm enhancement associated with an ion precipitation region. The
modeled emission intensity of the SAR arc is highly dependent on
the electron temperature profile used, and it is possible that the pro-
file observed by the radar and used by the model underestimates the
enhancement associated with the arc. Alternatively, the MSIS com-
position under Kp = 4+ conditions might be wrong in this case, or
photochemical cross sections could be in error.

In order to address the difference between the observed SAR arc
intensity and the model prediction when using our best estimate of
the ambient parameters, we have tried several variants of the ion
and neutral parameters and have rerun the model. Figure 6d illus-
trates modeling results done using variations in electron
temperature or MSIS parameters that yield a best fit to both the
background airglow and the SAR arc emission levels. An increase
in the electron temperature profile by 18% above the most probable
radar estimate (curve labeled 7,” in Figure 6¢) more closely repro-
duces the emission intensity observed in the arc. The maximum
temperatures observed by the radar at each altitude during the inter-
val of observations in the vicinity of the SAR arc are in good
agreement with the profile, 7,”, suggesting that these higher temper-
atures better characterize the arc. Changes in the MSIS neutral
composition also yield an increased arc emission intensity, and fac-
tor of 2 increases in [O,] and 4 in [O] result in a modeled arc
intensity in keeping with the observations, independent of the 18%
enhancement in 7, or the effects of particle precipitation. Such devi-
ations from the standard MSIS values are, perhaps, not
unreasonable under disturbed conditions. However, the results of
Buonsanto et al. [1992b] indicate that [O] may have been depleted
at this time, instead of enhanced. In the case reported here, the
actual need for a nonthermal mechanism for the “SAR arc defi-
ciency” is not as clearly demonstrated as occurred for the event of
November 14, 1984 [Mendillo et al., 1987]. The several possibili-
ties of the effects of precipitation, a further enhancement of 7,
beyond that actually observed, and uncertainties in cross section are
still open and could have contributed to the difference between
observed and modeled SAR arc emission intensity.

Discussion

Relationship to SAID

A distinctive feature of the event we have described is the close
association of the SAR arc with a persistent region of moderately
strong sunward plasma convection. The magnitude and location of
this convection qualify it to be considered a (SAID) event, as first
observed by Galperin et al. [1974). Previous studies have not found
a relationship between subauroral ion drifts and SAR arcs, although
both phenomena are known to occur near the same geophysical
location. A SAID event is defined as westward convection with
magnitude in excess of 500 m s, equatorward of the auroral pre-
cipitation, and often associated with an ionospheric trough [Spiro et
al., 1979]. Providakes et al. [1989] describe detailed observations
of SAID with the Millstone Hill radar, including the close associa-
tion of enhanced convection electric field (> 50 mV m™!) with a
deep, 1°-wide, ionospheric trough. SAID are associated with dis-
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turbed conditions, and specifically with substorm recovery
[Anderson et al., 1993], while SAR arcs are thought to be longer-
lived and associated with ring-current phenomena. Our long-dura-
tion observation of the characteristics of a SAID event is a unique
feature of the event we have described.

In the theoretical treatment of Southwood and Wolf [1978], a
northward electric field and rapid sunward convection at subauroral
latitudes are created by the penetration of disturbance-injected par-
tial ring current ions to a lower L shell than the plasma sheet
electrons. The strength of this electric field is inversely related to
the latitudinal separation of the particle boundaries. Yeh et al.
[1991] investigated the double-peaked westward convection fea-
ture characteristic of the March 22, 1990, event and found just such
a separation between the electron and ion equatorward boundaries
associated with the region of subauroral convection. Anderson et al.
[1991] found that all SATD events observed at MLT < 22 hours
occurred in the equatorward portion of such a double-peaked sun-
ward convection pattern. Our observation that the CPS electrons
extended equatorward to the poleward edge of the SAID convec-
tion and SAR arc on March 22, 1990, while an ion precipitation
feature was located at its equatorward edge, is also consistent with
a separation of the ion and electron equatorward penetration bound-
aries and with the mechanism proposed by Southwood and Wolf
[1978]. Anderson et al. [1993] suggest that the intense poleward
directed electric fields characteristic of SAID are a result of the low
Pedersen conductance in the region, and that frictional heating
driven by such fields acts to further reduce the conductance through
enhanced recombination [Schunk et al., 1976] and ion outflow [Yeh
and Foster, 1990] and thus to increase the electric field strength and
deepen the ionospheric trough even more.

Anderson et al. [1991] discuss evidence for the existence of fos-
sil SAID, regions of residual enhanced sunward convection related
to prior SAID intensifications. Evans et al. [1983] described similar
fossil ionospheric troughs, often seen from Millstone Hill following
a previous enhancement of the convection electric field which
could have resulted in the trough formation through the processes
of enhanced recombination or advection from the nightside. The
observations presented in this paper provide evidence for the close
spatial and temporal association of the SAR arc with SAID events
and the fossil (convection-related) ionospheric trough. The charac-
teristics of these three types of subauroral phenomena reflect
magnetospheric processes occurring on field lines threading the
plasmapause, the enhanced ring current, and the inner edge of the
plasma sheet. Their close association at low altitudes indicates the
interrelationship of the magnetospheric processes which produce
them.

The SAR arc/SAID relationship we have found has not been
reported in previous studies, and this may be the case because con-
ditions are not appropriate for SAR arc formation in association
with the more intense (v > 2 km s571) SAID events which occur when
the ion and electron penetration boundaries are closer together
[Southwood and Wolf, 1978]. Few prior studies, however, have had
the capability of investigating both the 630.0-nm emission and
plasma convection and thus of commenting on a SAID/SAR arc
association. It is possible that the relationship we have observed
between the SAR arc occurrence and location and the SAID is for-
tuitous and that each phenomenon is related to separate features and
conditions in the magnetosphere-ionosphere system which happen
to coincide during the March 22, 1990, event. A reexamination of
several previously published events, however, supports the SAR
arc/SAID relationship we report here.

The optical/radar study of Mendillo et al. [1987] clearly showed
the SAR arc/ftrough association, but did not report any associated
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enhancement in the convection velocity. Millstone Hill azimuth
scan data for that event (unpublished) show that the faint, morning-
sector SAR arc (04 MLT) was colocated with a 3°-wide residual
region of 250 m s~! westward convection, situated equatorward of
the 500 m s~! eastward (sunward) convection at auroral latitudes.
Providakes et al. [1989] investigated radar, optical, and satellite
observations of SAID during intense storm conditions. The SAID
event they discussed at 0300 UT on April 21, 1985, for which red-
line images were available, occurred just equatorward of the imager
field of view, and no associated 630.0-nm emission was reported,
although an imager frame at the end of their data coverage showed
a detached 630.0-nm feature some 6° equatorward of the regular
auroral enhancement and colocated with the deep trough and SAID
(>500 m s°!) convection. A companion paper by Mendillo et al.
[1989a] showed a detached 630.0-nm arc at L=2.7, some 2 hours
prior to the SAID event interval. A reexamination of the Millstone
Hill radar data taken at that time finds that this arc was centered in
a deep plasma trough and associated with westward convection
velocities of >700 m s™!. We conclude that these earlier Millstone
Hill observations also indicate that SAR arcs are associated with a
discrete region of rapid westward convection and a fossil trough/
SAID, thus supporting the findings of this study.

Signatures of Field-Aligned Currents

Rich et al. [1980] found net downward field-aligned currents of
up to 1 RA m~? across the region of SAID and associated a portion
of the topside density depletion in such regions with the outlow of
thermal electrons carrying this current. They note that as the topside
is depleted, the differential drift between electrons and ions that
supports the current must increase until threshold conditions for
plasma instability are exceeded. Such a mechanism was suggested
by Foster [1988] in order to explain the occurrence of strongly
enhanced ion acoustic waves and radar backscatter from the vicin-
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Figure 7. Backscatter radar spectra at four altitudes from the
position of the SAR arc which display an ion-acoustic enhancement
characteristic of a field-aligned current carried by upward
streaming thermal electrons [cf. Foster et al., 1988]. Spectra are
normalized so that the power level at the peak frequency reads full
scale. To the left are shown perturbed spectra near 600 km altitude
at the 43.5° latitude position of the SAR arc, while at the right are
unperturbed spectra near 42°.
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ity of the trough. Enhanced radar echoes of the type first reported
by Foster et al. [1988] were recorded during the March 22, 1990,
event from the position of the SAR arc and trough/convection fea-
ture and examples of the enhanced ion acoustic spectra observed
are presented in Figure 7. The average current density calculated
for the region in this event, 0.8 A m™2, is comparable to that
reported by Rich et al. [1980], and filamentary intensification of the
downward current and the ensuing plasma wave instability could
lead to the backscatter signature observed. This observation sug-
gests that the currents and mechanisms associated with SAID
contribute to the frequent occurrence of enhanced ion acoustic
spectra near the equatorward edge of the trough as reported by Fos-
ter et al. [1988].

The observations of Shepherd et al. [1980] during the massive
storm of August 1972, are of interest, since they locate an intense
SAR arc within a region of upward field-aligned current. The arc
intensity and the scanning photometer used permitted the separa-
tion of the 630.0-nm emission into two regions: a lower region
stimulated by the soft electron precipitation associated with the
FAC and an upper region, near 450 km, which they associate with
the more normal heat flux excitation. In situ Langmuir probe obser-
vations found a narrow (<1 km wide) topside ionospheric depletion
at the center latitude of the SAR arc emission. No such ionospheric
cavity was found at the time of the detailed DMSP F9 observations
shown in Figure la, but the existence of such a feature could be
related to rapid thermal electron vertical drift and enhanced plasma
processes, of the type leading to the backscatter enhancement
shown in Figure 7. Foster et al. [1988] suggested that such pro-
cesses are short-lived and sporadic on field lines near the trough.
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