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Formation and eruption of Sun-aligned arcs at the
polar cap-auroral oval boundary

G. A. Berg,! M. C. Kelley,2 M. Mendillo,® R. Doe,* J. Vickrey,* C. Kletzing,?
F. Primdahl,® and K. D. Baker’

Abstract. This paper reports on results from a study of the poleward edge of
the auroral oval in the morning sector using a comprehensive blend of in situ and
ground-based measurements. Three rockets, equipped to measure electric and
magnetic fields, energetic particles, and plasma density flew into an auroral display
whose dynamical features were recorded with a digital image intensified all-sky
camera as well as with an incoherent scatter radar. In addition, a number of DMSP
satellite measurements bracketed the launch time. Evidence is presented here that
in a condition of declining magnetic activity Sun-aligned arcs are injected into
the polar cap at velocities ~7 km/s from locations of periodic brightening along
the morningside of the auroral oval. The multipoint in situ measurements allow
some separation of temporal and spatial effects and strongly suggest a poleward
contraction of the convection pattern of about 0.25° INVL in 70 s. The most
equatorward of the two brightest arcs studied erupted into a region which already
was characterized by strong sunward convection. The most poleward, however,
pushed into a region that had been convecting in an antisunward direction at
velocities exceeding 1 km/s less than 2 min earlier, and it is likely that sunward
convection subsequently pertained poleward of that arc as well. We believe
that these events mark the reconfiguration of the magnetosphere into a system

characterized by a smaller polar cap.

1. Introduction

The National Aeronautics and Space Administration,
in cooperation with the Air Force Geophysics Labora-
tory, the Danish Meteorological Institute (DMI), and
the National Science Foundation conducted the Coop-
erative Observations of Polar Electrodynamics II (Cope
IT) sounding rocket campaign at the DMI’s Sondre
Stromfjord Rocket Range during February and March
1987. It was a follow-up to the COPE I Campaign car-
ried out at the same site from January to March 1985.

The purpose of the project was to separate temporal
and spatial factors in the polar cap ionosphere during
times of polar cap aurora. Ideally, we would have had
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access in real time to measurements of the interplane-
tary magnetic field (IMF), but this was not practical.
Even requiring the existence of IMF data during the
launch would have severely constrained our launch op-
portunities. Instead, we decided to rely on the image-
intensified all-sky camera to reveal the state of the polar
cap. The criterion was that patchy aurora be visible in
the polar cap, and we envisioned that the most likely
state of the system under these conditions would be the
so-called I-type polar cap as defined by Heppner [1972).
As shall be seen below, we were fortunate indeed to
intercept a much more organized auroral display as it
evolved, providing observations of what we interpret to
be the birth of two Sun-aligned arcs.

Such auroral displays have been reported for many
years, and Akasofu [1985] reviews the associated physics
and geophysics. This sort of aurora is mostly closely as-
sociated with a northward component of the IMF and a
general quieting of worldwide magnetic activity. In the
most extreme case of a strongly northward IMF, Sun-
aligned discrete arcs are distributed throughout the po-
lar cap, and there is virtually no discernible auroral oval
[Lassen and Danielsen, 1978]. In the other extreme of
a strongly southward IMF the oval is well defined, and
the polar cap is devoid of aurora. As reviewed by Aka-
sofu, there is no fundamental difference between auro-
ral oval and polar cap arcs; both are associated with
upward field-aligned currents, have evidence for a par-
allel accelerating mechanism, and seem to be intimately
related to the convection pattern. In fact, in terms of
their importance for magnetospheric physics, one of the
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most crucial aspects is their relationship to the convec-
tion pattern and to questions about the region of open
and closed field lines. It is well known that there is
a distinct transition between the convection pattern in
these two states of the magnetosphere. In this study
we hope to show something about how this transition
occurs and what role the Sun-aligned arcs play in it.
Much of our information on the polar cap has come
from orbiting satellites and the Greenland chain of mag-
netometers and all-sky cameras. The former necessar-
ily results in snapshots of the optical, particle, and field
data as the spacecraft traverses the polar cap and gives
no information on how the structures evolve in time.
The latter is an enormous database and ill-suited to the
study of individual events. In our case we used both in
situ traversals of Sun-aligned arcs and all-sky images to

study the relationship between the convection pattern,
field-aligned currents, the auroral oval, and the evolu-
tion of Sun-aligned arcs in time during a quieting of the
magnetospheric system.

As part of this campaign, three rockets were launched
nearly simultaneously into the early-morning polar cap
on trajectories which led them toward the auroral oval
on March 31, 1987. These carried probes to measure
electric and magnetic fields, electron density and tem-
perature, and particle precipitation. From the ground
the Sondre Stromfjord incoherent scatter radar mea-
sured similar fundamental plasma parameters, while
an all-sky image-intensified digital camera imaged the
5577 A auroral emissions. Additionally, the DMSP
satellites F6 and F7, while not orbiting near Son-
dre Stromfjord, provided valuable data concerning the
large-scale dynamics of the polar cap and auroral oval;
and IMP-J satellite flying beyond the magnetopause,
measured the IMF and solar wind velocity. This com-
bination of in situ and ground-based measurements
represents the most complete array of instrumentation
brought to date to a study of polar electrodynamics.

Elements of the geometry of the experiment are
shown in Figure 1. The rockets flew from about 74°
to 70° invariant latitude, corresponding to L shells
between about 13 and 8. Two of the rockets, de-
noted Super 1 (38.010) and Super 2 (38.011), had three-
stage Taurus-Nike-Tomahawk motors, and they reached
apogees of 467 and 441 km, respectively. The other
rocket, denoted Main (36.014) had a two-stage Black
Brant IX motor and reached an apogee of 436 km.
Super 1 and Super 2 were launched 10 and 11 s af-
ter Main, respectively, which was launched at exactly
0447:00 UT. This corresponds to approximately 0310
magnetic local time (MLT). (The term “flight time”
used in this paper refers to seconds or minutes and sec-
onds after 0447 UT.)

The electric field instruments were of the double-
probe variety with spherical electrodes mounted on the
ends of insulating booms extending from the payload.
The booms were quite long on the Main payload, hav-
ing tip-to-tip electrode separations of 5.5 m. Because
of the smaller diameter of the Super payload, the tip-
to-tip distance was limited to 3 m. High input re-
sistance (> 10'2 ), low input capacitance (< 3 pF)
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Figure 1. Map of Greenland showing the footprints
(vehicle positions mapped along B down to 150 km) of
the payload trajectories. Dotted lines mark the geo-
graphic grid, and dashed lines indicate constant invari-
ant latitude circles. Solid circles mark the locations of
the Greenland Magnetometer Chain stations.

preamps were used, allowing frequency response from
dc to 5 MHz. The V xB field was subtracted using the
known magnetic field strength, the rocket trajectory,
and the vehicle attitude solution.

The Danish Space Research Institute provided a flux-
gate magnetometer, which was carried by a daughter
payload ejected from Main 68 s after launch. This was
done to provide a clean environment, with as little con-
tamination from payload currents as possible. The in-
teresting physics is not contained in the total B mea-
sured, but in the fluctuations on top of the background
geomagnetic field. Computing currents from these data
requires knowing the orientation of the magnetometer
with respect to the geomagnetic field at all times, and
although the daughter payload carried no separate atti-
tude system, a magnetometer provides its own attitude
solution if spin and coning rates are constant and the
initial conditions are known. Primdahl and Marklund
[1986] discusses the method used in this study for deter-
mining the magnetic fluctuations 6B perpendicular to
B. The daughter payload had constant spin and coning
rates of 2.29 and 0.32 Hz, respectively, indicating that
the data reduction technique described by Primdahl and
Marklund [1986] may be applied with confidence. Addi-
tionally, the de-magnetometer outputs quieted down to
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the “least significant” of the 14 bits, indicating virtually
no noise or interference.

Each of the payloads carried an electron and an ion
detector. On the Main payload, this was a “top-hat”
type electrostatic analyzer (ESA) which measured 16
pitch angles simultaneously and provided a full energy
sweep from 20 eV to 22 keV in 42 ms. On the two Super
payloads, a combination ESA-retarding potential ana-
lyzer was flown which detected particles at seven pitch
angles simultaneously and provided an energy sweep
from 40 eV to 2 keV every 0.2 s. The counts at each en-
ergy from all the detectors are linearly proportional to
differential energy flux at this energy with a calibration
that is expected to be accurate within 50%. An un-
derestimate of the differential energy flux is more likely
than an overestimate because the microchannel plate
counting efficiency has not been considered.

Supers 1 and 2 each carried a Utah State University
plasma frequency probe (PFP), which locks on to the
upper hybrid frequency fun, from which the absolute
plasma density can be deduced [Berg, 1989; Swenson,
1989; Jensen and Baker, 1992]. This instrument only
remains “locked on” to fun when the plasma frequency
is somewhat larger than the gyrofrequency, putting a
lower limit on the density which can be measured. Elec-
tron densities and line-of-sight velocities of the iono-
spheric plasma were measured by the Sondrestrom in-
coherent scatter radar (ISR).

The optical emissions from the E layer aurora,
filtered at 5577 A, were recorded using an image-
intensified digital all-sky camera provided by Boston
University. Each image is a running average of 32 indi-
vidual exposures which were each integrated for 667 ms.
Thus the period spanned by each image is approxi-
mately 20 s. The digital counts at each pixel were con-
verted to luminosity in kilorayleighs, where 1 R = 10°
photons cm~2 s~1, The conversion from counts to kR
is estimated to be accurate within 50%.

An overview of the rocket measurements on Main
are provided in Figure 2 where the electron differential
energy flux is plotted along with one electric field com-
ponent and the orthogonal magnetic field component.
As discussed in more detail elsewhere [Berg, 1993], the
coordinate system was chosen to correspond to the sym-
metry associated with auroral arc elongation in a pre-
ferred direction. The all-sky images, as well as the field
measurements, were used to define this arc coordinate
system. The energy flux peaks at an energy just under
1 keV which is consistent with the polar cap observa-
tions of Gussenhoven [1982] and Hardy et al. [1986].
The peak flux at 1 keV is comparable with theta au-
rora and somewhat higher than typical subvisual arcs
[Weber et al., 1989].

In a truly two-dimensional system of this type, 6 E,
and éB, would be perfectly anticorrelated if Xp were
constant. Perusal of Figure 2 shows that, although not
perfect, there is an evident anticorrelation. The initial
plasma flow detected on the rocket was antisunward but
reversed to sunward about 1° equatorward of the launch
site and remained that way the remainder of the flight.
A large inverted V was crossed by the main payload as
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were several smaller ones. These major events, as well
as the more frequent short bursts of precipitation, coin-
cided with characteristic changes in §E and §B [Bery,
1993).

We concentrate here on what we consider to be the
birth of two Sun-aligned arcs and the magnetospheric
conditions under which they occurred. Details concern-
ing the microscale features of the arcs will be published
separately.

2. Geophysical Conditions

2.1. IMF and Magnetic Activity Indices

Geomagnetic activity was low when the three rockets
Main, Super 1, and Super 2 were launched. For exam-
ple, the 3-hour K, index for March 30 and 31, 1987,
never exceeded 2—. The sum of the eight K, values for
March 31 was 8, making it the third most magnetically
quiet day of the month. Additionally, the rockets flew
near the beginning of a 3-hour period in which K, went
from 2— to 1, which suggests that the magnetic activity
may have been going from low to very low during the
flights.

The IMF data are also consistent with a quiet mag-
netosphere. Figure 3 presents the three components
of the 15-s-averaged IMF for March 30 and 31, 1987
measured by the IMP-J satellite flying well beyond the
magnetopause at 30 Rg. Allowing for a propagation
time of the IMF signal of at least 11 min from IMP-J to
the magnetopause, as calculated from the expression by
Lester et al. [1993], the sounding rockets were launched
at least 31 min prior to the end of a 2%-hour gap in
the IMF data at the magnetopause. The reason for the
data gaps is that no ground station was available to
track IMP-J during those periods. Typical data cover-
age is about 65%, so, although our luck was not perfect,
we actually had better than average coverage (J. King,
personal communication, 1991). Because of the data
gap, we can only infer the long-timescale character of
the IMF during the rocket flights. For timescales of the
order of an hour, Figure 3 suggests that B, was be-
tween 0 and —2 nT and hence not northward. Since
the topic of this paper is the formation of Sun-aligned
arcs, we comment that although most closely associated
with northward IMF, Sun-aligned arcs are observed in
the polar cap for B, as negative as —3 nT [Gussen-
hoven, 1982)]. For timescales less than an hour, Figure 3
tells us nothing about the sign of B; during the rocket
flights. The highly variable nature of the data indicates
that B; could very well have been positive. Such a
short-timescale northward excursion of the IMF would
be important if Sun-aligned arcs develop as quickly due
to changes in the IMF as is suggested by the observa-
tions of Robinson et al. [1987].

The fact that B, was positive decreases the likelihood
of observing aurora in the morning sector of the polar
cap, which is where our observations were made [Lassen
and Danielsen, 1978; Lassen, 1979; Ismail and Meng,
1982; Gussenhoven, 1982; Murphree et al., 1982]. How-
ever, with twice as many arcs occurring in the morning
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Figure 2. Electron precipitation and E-M fields observed by Main. The top panel shows the
differential energy flux for pitch angles ~ 0°. The center and bottom panels show E, and §By,
respectively, in the arc coordinate system where the z axis is perpendicular to the arc and the y

axis is parallel to it.

sector than in the evening sector, on average [Ismail
et al.,, 1977; Lassen and Danielsen, 1978; Gussen-
hoven, 1982; Rairden and Mende, 1989], this tendency
does not preclude our observing polar cap arcs. It is
important to note that a tilting of the plasma sheet due
to this IMF configuration would cause a poleward ex-
pansion of the evening edge of the oval, not the morning
edge, which would rule out a tilted plasma sheet as the
source for any arcs observed in the morning sector of
the polar cap.

In addition to the IMF, IMP-J measured the veloc-
ity of the solar wind Vsw, which also plays a factor in
the energy budget at the magnetopause. During the
data gap from 0230 to 0530 UT the hourly averaged
solar wind speed dropped from 360 to 337 km/s, for
an average decline of 7.67 km/s per hour. On a longer
timescale, between 0230 UT on March 30 and 2030 UT
on March 31, the solar wind speed declined an average
of 2.64 km/s per hour. Hence the rockets flew during a
period of general decline in Vgw with possibly a more
rapid decline occurring during the flights. This is also
consistent with a shrinking polar cap.

The most concrete evidence of a shrinking polar cap
in connection with the rocket flights comes from the ge-

omagnetic AE index, which is known to be well corre-
lated with IMF B, [Perreault and Akasofu, 1978]. Cor-
relations performed between AE' and particle precipita-
tion indicate that the amount of open magnetic flux in-
creases or decreases depending on whether AE increases
or decreases [Akasofu, 1985]. In addition, Gussenhoven
[1982] reported that Sun-aligned arcs are seen most fre-
quently for low values (< 1007) of AE. Figure 4 gives
the AU, AL, AE, and Ao indices for March 31, 1987,
and shows that AE was indeed decreasing, having a
value conducive to the formation of Sun-aligned arcs,
during the flight of the three rockets. If the observa-
tions of Ismail et al. [1977] are typical, namely that
magnetic activity is higher before Sun-aligned arcs ap-
pear than after, then the fact that AF was not only
small but also decreasing during the flights is of prime
importance.

2.2. Polar Cap Particle Precipitation

The electron precipitation measured by the DMSP
F6 and F7 satellites as they flew across the northern
polar cap and auroral zone are also consistent with a
shrinking polar cap and show evidence of Sun-aligned
arcs just before the rocket flights. First, the bound-
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Figure 3. Fifteen-second averages of the components
of the interplanetary magnetic field (IMF) as measured
by the IMP-J satellite on March 30 and 31, 1987. The
rockets in this study were flown during a data gap, cor-
responding to time intervals when the satellite was not
being tracked.

aries of different types of electron precipitation suggest
a small, and perhaps shrinking, polar cap. Newell et al.
[1991] have developed an artificial intelligence program
to analyze DMSP F7 electron data and deduce the mag-
netospheric source regions. Figure 5 presents a picto-
rial representation of the output of their program for
the northern hemisphere for March 30 and 31, 1987.
The different shaded regions were derived by connecting
with straight lines, where possible, the boundaries of the
deduced source regions from each polar pass, the time
between each being 100 min. For the F7 pass 22 min
prior to the rocket flights (see the data point just before
the straight line on the plot), the program deduced a
poleward excursion of the nightside BPS boundary, sug-
gestive of a smaller open field line region. The following
pass, 100 min later, suggests that the BPS precipitation
was receding equatorward.

An analysis of the particle data from individual
DMSP satellite passes indicates that the morning of
March 31, 1987, was a time of considerable precipita-
tion in the polar cap, particularly near the time of the
rocket flights. Figure 6 shows how the total electron
flux, rendered as a gray scale along appropriate satel-
lite tracks, varied for all the F6 and F7 passes within
about 2 hours of the rocket flights. It also gives the
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location of the passes with respect to the Feldstein and
Starkov [1967] statistical oval, the field of view of the
all-sky camera at Sondre Stromfjord, and the magnetic
footprints of the three rockets. Enhanced electron pre-
cipitation was observed poleward of the statistical oval
during each of the five satellite passes. However, polar
showers, defined by Hardy et al. [1986] to be structured
precipitation above 85° INVL, were only observed dur-
ing the F6 pass 43 min after the rocket launches. This
was after the IMP-J data gap, and, allowing 11 min for
the spacecraft-magnetopause time delay, IMF B, = 0,
verifying that a decisively positive B, is not a necessary
condition for polar showers. Figure 6 suggests that the
level of auroral activity in the polar cap increased sig-
nificantly between 21 min prior to launch and 43 min
after launch, which is near the end of the decline in the
AE index. By 80 min after launch the precipitation had
receded equatorward again, consistent with evolution of
the boundaries in Figure 5. These observations indicate
that polar showers and hence Sun-aligned arcs may be
more a signature of a declining level of geomagnetic ac-
tivity than simply a low-level geomagnetic activity.

2.3. All-Sky Camera Images

Having discussed the conditions prevailing through-
out the polar cap at the time of launch, we now turn
to observations of the ionosphere above Sondre Strom-
fjord, Greenland, made just before and during the
rocket flights. We begin with the all-sky camera im-
ages.

For the same horizontal displacement from an ob-
server on the ground, an object at a low altitude will
appear further from zenith than one at a high altitude,

March 31, 1987

300
nT

AE
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-300
0

T+0 ut

Figure 4. AU, AL, AE, and Ao magnetic indices
for March 31, 1987, deduced from the superposition of
twelve magnetograms. The arrow marks the time of
launch (7" + 0) for Main, Super 1, and Super 2.
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Figure 5. Source regions of particle precipitation in the northern hemisphere for March 30 and
31, 1987 deduced from DMSP F7 particle data by the neural network program of Newell et al.
[1991]. Each pattern corresponds to particle precipitation characteristic of a particular source
region. These are designated as VOID (no precipitation), PR (polar rain), LLBL (low-latitude
boundary layer), MA (mantle), BPS (boundary plasma sheet), CPS (central plasma sheet), PH
(photoelectrons), and CP_PH (CPS with photoelectrons).

such that the choice of a geographic grid depends highly
on the assumed emission height.

Figure 7 gives profiles of the 5577 A emission rates
deduced by using Main particle data at two times, one
near the beginning, and the other in the center, of the
inverted V shown in Figure 2, as inputs into the chem-
istry model used and discussed by Weber et al. [1989].
According to this model, precipitation in the center of
the inverted V produced peak 5577 A emissions near
150 km altitude, while precipitation near the edge pro-
duced peak emissions near 190 km. For a location
of enhanced emissions in the images, believed to have
been produced by this inverted-V precipitation, emis-
sions coming from these two altitudes would correspond
to geodetic latitudes and longitudes of (65.93°,-49.32°)
and (65.66°,-48.92°), respectively, a difference of 35 km.
An emission height of 170 km was chosen, based on the
assumption that the enhanced emissions were indeed
associated with the inverted V, so that the center of
the inverted V would coincide in space and time with
the center of the enhanced emissions. A transformation
from pixel location to latitude and longitude can now
be made, assuming that the 5577 A emissions originate
at an altitude of 170 km.

It should be evident from the above exercise that it is
not possible, from all-sky camera images, to accurately

determine the width of auroral forms away from zenith.
As Figure 7 clearly shows, auroral emissions do not all
come from the same altitude, and the variation of ap-
parent horizontal displacement with mapping altitude
also leads to ambiguity in the apparent width of the arc.
This may account entirely for the discrepancy between
the width of the “inverted V” (30 km) and the apparent
optical width of a Sun-aligned arc (90 km) observed at
6300 A by Weber et al. [1989], which they explained by
invoking the horizontal diffusion of O(! D) theorized by
Rees et al. [1967].

Since we are most interested in the arcs traversed by
the rockets, we will use the 170 km transformation in
all the images analyzed here. However, when used in
discussions of the location of the auroral oval, it may
well be that a lower height should have been used. This
means that the poleward edge of the oval should be dis-
placed closer to the camera (poleward). In Figure 8 we
present two all-sky images taken closest to the flights,
but before them. The 6300 A photo in Figure 8a was
taken 12 min before launch and, as was the case for im-
ages taken for the previous 2 hours, shows the auroral
oval but no evidence for Sun-aligned arcs. The 5577 A
image in Figure 8b was taken 1 min before launch and
shows regions of brightening along the oval as well as
localized regions of auroral light poleward of the oval.
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Figure 6. Gray scale representation of total electron
flux measured by DMSP F6 and F7, where black de-
notes large flux, superimposed on the statistical oval of
Feldstein and Starkov [1967) for magnetic index Q@ = 1
(see King [1971) for a definition of Q). The number at
the right of each satellite track is the time, in minutes,
of the satellite pass relative to the launch time of Main
(T + 0). The field of view of the all-sky camera depicts
the region of enhanced 5577 A emissions at 0451:19 UT
(T + 259 s) and the footprints of the three rocket tra-
jectories.

3. Evolution of Two Sun-Aligned Arcs

3.1. All-sky images during the flights

Figure 9a presents nine images captured by the all-
sky camera between 0450:06 (T'+186 s) UT and 0453:03
(T'+ 363 s) UT, and Figure 9b presents the subsequent
nine images. Prior to this and subsequent to the images
in Figure 8, the camera was using a lens with a narrow
field of view, which proved to be a tactical mistake, in
that high resolution overhead structures were less cen-
tral to the results ultimately obtained. The three dots
represent the positions of the three rockets projected
down the magnetic field line to 170 km.

These images indicate that two distinct auroral arcs
emerged from the oval and crossed the footprints of the
three rockets during flight. In this paper we will refer
to the arc towards zenith (also poleward) as arc 1 and
the other as arc 2. While arc 1 emerged after Main and
Super 2 had passed, arc 2 emerged prior to their arrival;
and, with good fortune, arc 2 was at its brightest during
Main’s traversal of it. It had dimmed considerably by
the time Super 2 arrived and had faded entirely by the
time Super 1 arrived. Although it looks like Super 1
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may have flown through arc 1, the particle data show
no evidence of this. Just how we knew these arcs would
emerge before the rockets were launched we leave to
the realm of metaphysical thought. In retrospect, the
existence of patchy aurora in the field of view, thought
by the researchers to be evidence for the I-type irregular
polar cap of Heppner [1972], may be a precursor for
the more organized flow field and auroral features we
actually traversed.

The visual characteristics of these arcs are consistent
with those discussed in the literature of Sun-aligned
arcs. First, they are approximately aligned with the
Sun-Earth line. Ignoring the westward curve of its tip,
arc 1 points about 18° east of true north, while arc 2
points about 35° east of true north. Using the au-
roral oval plotter of Whalen [1970], 1200 MLT is ori-
ented about 25° east of north at this location and time.
Additionally, where the arcs merge with auroral oval,
the oval brightens, a feature often associated with Sun-
aligned arcs [Frank et al., 1986; Gorney et al., 1986;
Murphree et al., 1987].

For a more detailed examination of both the tem-
poral and spatial structure of arc 2, Figure 10 shows
how the center of the arc varied in space and time
for the seven images recorded between 0450:30 and
0452:44 UT. Between 0450:30 and 0450:54 UT, the pe-
riod of rapid emergence from the oval, the tip of the
arc traveled approximately 100 km, which corresponds
to an average velocity of about 7 km/s. Additionally,
the arc fluctuated significantly along its long dimension,
appearing much like a flag flapping in the wind. Sun-
ward (to the left) of the point where Main crossed the
arc, the arc varied wildly in position between 0452:08
and 0452:44 UT, deviating transversely by as much as
30 km. Since these images are accumulated over 18 s,
this represents an uncertainty in transverse location of
the arc at any given time. Other than between 0451:43
and 0452:08 UT, curves 4 and 5, arc 2 appears to have
been relatively stationary, in the transverse direction,
at the point of crossing by Main (0451:55 +20). Dur-
ing that crucial period the arc apparently moved 11 km
downrange, for an average apparent speed of 450 m/s.

400 T T T T

350 |- moeneeeen Duse to 277s electrons for § mimues ~

wk |- Due to 302s clectrons for 16 seconds ]
\ — Due 03025 clectrons for 5 minutes

Altitude (km)

100 = 1 1 .1 L

5577 A Emission Rate (photons cm—3s1)

Figure 7. The 5577 A volume emission rate (photons
cm~3 571) versus altitude assuming a sustained electron
precipitation for the length of time indicated and as
characterized by the particle data observed by Main at
277 s and 302 s flight time. For reference, the integrated
intensity for the solid line is about 4 kR.
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Figure 8. All-sky images closest in time but before the flight are presented in the top two panels.
At the bottom, lines of constant latitude and longitude are plotted for the Boston University all-
sky camera, assuming that the 5577 A emissions came from 170 km. Also shown are the magnetic
footprints of Main, Super 1, and Super 2, and the Q = 1 statistical oval of Feldstein and Starkov

[1967).
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However, as in determining the width of the arc, this
displacement could be entirely due to an increase in
the average energy of the precipitating electrons, which
would then deposit their energy at a lower altitude. The
fact that the peak luminosity at the crossing went from
3.7 to 4.7 kR between the two images is consistent with
this explanation.

Although arc 2 was traversed by Main and Super 2,
arc 1 is perhaps even more interesting. The latest im-
ages in Figure 9 show that, in contrast with arc 2,
arc 1 persisted throughout the entire flight, fluctuating
in brightness with a timescale of a minute or two. Ad-
ditionally, the regions of greatest intensity travel along
the length of the arc, moving sometimes toward the oval
and other times toward the pole. While the arc shows
little transverse motion early on, after 0452:26 UT it
begins to drift dawnward at about 200 m/s and contin-
ues to do so for the remainder of the flight. Taking into

Figure 9. (a) Images from the Boston University all-
sky camera between 0450:06 and 0453:03 UT on March
31, 1987, advancing in time from left to right and top
to bottom. The black dots mark the footprints of the
three rockets (Super 1, Super 2, and Main from near
zenith outward), assuming an emission height 170 km,
at the time of each image. These images span flight
times T'+ 186 s to T+ 363 s.
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Figure 9. (b) Images from the Boston University all-
sky camera between 0453:15 and 0454:54 UT on March
31, 1987, covering flight times T+ 375 s to T+ 474 s.

account the rotation of the Earth, this is nearly 400 m/s
in the Sun’s reference frame. The optical data suggest
that arc 1 remained the most poleward of the new arcs.

3.2.

Narrowing our scope still further, we now concen-
trate on the electric field data measured by Main and
Super 2. They imply that the overall convection pattern
shifted poleward coincident with the emergence of the
Sun-aligned arcs, a behavior that is consistent with the
view that these arcs were associated with a shrinking
polar cap. Figure 1la shows the meridional (magnetic

Large-Scale Convection Patterns
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north) and zonal (magnetic west) components of the
electric field, in the Earth reference frame, deduced from
the double-probe electric field data of Main. The data
have been averaged to give approximately two samples
per second. Figure 11b shows the meridional and zonal
components of the electric field in the Earth reference
frame, deduced from the double-probe electric field data
of Super 2. One of the booms snapped on Super 2 due
to its unfortunately high spin rate, and a large coning
resulted. The field was thus deduced using data from
just one set of probes. It is thus possible that some of
the fluctuations in Figure 11b, which are not seen in
Figure 11a, particularly near the end of the flight, are
due to errors in the data reduction process.

There is a clear similarity in the general features of
the Main and Super 2 electric field data. The merid-
ional and zonal components from both rockets reveal
the same general trends, with Super 2 seeing the struc-
tures after Main, as would be expected due to the dif-
ference in their horizontal velocity. As will be discussed
below, however, Main observed the structures at a lower
invariant latitude than did Super 2. Where the Main
and Super 2 E signatures are different, the differences
make sense. Main observed larger fluctuations than
Super 2, which was probably due to its closer proximity
to the emerging arc 2 and the fact the arc had nearly
died away by the time Super 2 reached it. Super 2 did
see a larger southward electric field than Main, but this
can be explained as a change in the overall large-scale
convection pattern between the times that Main and
Super 1 reached that region.

Figure 12 shows how the Vg g (our notation for the
ExB velocity) deduced from the Main electric field data
varied along the rocket trajectory and its relation to ob-
served features in the all-sky camera image at T + 283
s, which was during the time that Main passed through
arc 2. Initially, convection was approximately antisun-
ward, but by the time Main encountered arc 2, the con-
vection velocity had rotated to sunward. Within the
arc, convection stagnated and then settled down into
steady sunward flow downrange of the arc.

Figure 13 shows a similar picture for the convection
velocities deduced from the Super 2 electric field data.
In this case the image chosen as the backdrop corre-

ARC 2 EVOLUTION

66 N

™. MAINfootprint

46 W

48 W

Figure 10. Curves of transverse maxima in 5577 A emissions along the length of the arc at (1)
0450:30, (2) 0450:54, (3) 0451:19, (4) 0451:43, (5) 0452:08, (6) 0452:26, and (7) 0452:44 UT.
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Figure 11. (a) Meridional and zonal electric fields ver-
sus flight time and invariant latitude in the Earth frame
deduced from the data from two sets of double probes
mounted perpendicularly on Main.
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Figure 11. (b) Meridional and zonal electric fields
versus flight time and invariant latitude in the Earth
frame deduced from the data from one set of double
probes on Super 2.

sponds to T + 375 s, when Super 2 flew through the
much weakened arc 2. The general convection pattern
is the same as for Main: antisunward, rotation to sun-
ward, reduction of magnitude in the arc, and finally,
steady sunward convection. This pattern, however, is
shifted farther poleward in Figure 13 than Figure 12.
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Consider, for example, the convection reversal observed
between arc 1 and arc 2. The convection velocity at
Main rotated for the last time past due north at T'+191
s and an invariant latitude of 72.97°, whereas the con-
vection velocity at Super 2 rotated for the last time past
north at T+ 262 s and an invariant latitude of 73.22°.
This is a poleward shift of 0.25° INVL in 71 s, corre-
sponding to an average poleward motion of 420 m/s.

Many consider the location of the large-scale con-
vection reversal to coincide with the boundary between
open and closed magnetic field lines [Akasofu, 1985, and
references therein)], and it is often used to define the po-
lar cap boundary. If our observed reversal is indeed the
large-scale convection reversal, this not only suggests
that the polar cap decreased in size but also that the
contraction occurred almost simultaneously with the
eruption of arc 2 from the oval. At T+ 191 s (19 s
prior to curve 1 in Figure 10), arc 2 had not yet or was
just beginning to emerge from the oval, and by 7"+ 262
(8 s after curve 3 in Figure 10), arc 2 had completed its
rapid extension and was extending more slowly. Is it
just a coincidence that Sun-aligned arcs formed during
a contraction of the polar cap? We think not.

One might argue that the rotation of E measured by
Main and Super 2 prior to passing through arc 2 was
a temporal signature of the arcs extending toward the
payloads rather than a strictly spatial structure corre-
sponding to a convection reversal. However, there is
little support for such a conclusion. Figure 14 shows
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Figure 12, ExB drift velocities along the footprint of
Main deduced from the double-probe electric field data.
The length of the line is proportional to the magnitude
of Vg,p and its angle represents the direction. The
temporal spacing between each velocity velocity vector
is 10 s. The heavy and light dashed lines denote the
boundaries of 2.61 and 1.83 kR luminosity at 5577 A,
respectively, at 0451:43 UT (T + 283 s) in Figure 9a.
An arrow marks the location of Main’s footprint at that
time.
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Figure 13. E x B drift velocities along the footprint
of Super 2 deduced from the double-probe electric field
data. The heavy and light dashed lines denote the
boundaries of 2.61 and 1.83 kR luminosity at 5577 &,
respectively, at 0453:15 UT (T + 375 s) in Figure 9b.
An arrow marks the location of the Super 2 footprint
at that time.

the same convection velocities as in Figure 12, super-
imposed upon the all-sky camera image at 7' + 186 s,
which was the time of the first postlaunch image. By
this time the convection velocity observed by Main had
already rotated nearly sunward, although it was fluc-
tuating somewhat. However, since arc 2 had not yet
begun to emerge from the oval, this rotation cannot
be attributed to its birth. The beginnings of arc 1 are
present in this image, so perhaps the rotation was due
to its initial emergence from the oval. A closer analysis,
however, makes that also questionable. Both payloads
observed a similar rotation, in which Vg g rotated
from west of north to past or near north and then wob-
bled back and forth before turning permanently east of
north and approximately sunward. However, the rota-
tion began about 40 s earlier at Main than at Super 2,
and, as noted above, permanent rotation past north oc-
curred 71 s earlier at Main than at Super 2. Super 2
had not yet begun to observe a rotation in Vg g at
the time of the first image. If the rotations were a
temporal variation due to an emerging arc, one would
expect both payloads to see at least some degree of ro-
tation at roughly the same time. Hence the rotations
are more a spatial variation than a temporal one, which
indicates that the convection reversal was there prior
to, but shifted poleward with, the appearance of the
Sun-aligned arcs.

It deserves mention that in addition to their inter-
nal consistency, the rocket data agree with the line-
of-sight velocities observed by the Sondre Stromfjord
Radar [Beryg, 1993]. For example, the line-of-sight drifts
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had a component directed toward the radar on the dusk
(uprange) side of arc 2 and a component directed away
from the radar on the dawn side of arc 2.

4. Conclusions

We have studied in some detail the auroral features
and convection patterns near the edge of the morning
sector auroral oval when the AF index was decreasing
from a low value to virtually zero. Two Sun-aligned
arcs were observed to emerge from the auroral oval and
to jet across the night sky at speeds well in excess of
the ionospheric ExB drifts detected in the region. The
more equatorward of these arcs (arc 2) was traversed by
both rockets and was characterized by a classic inverted
V precipitation pattern with a peak energy flux of 2 ergs
em~2 571, The electron energy at the peak of the “V”
was about 1 keV.

The rockets were launched inside the polar cap and
each initially detected antisunward convection for sev-
eral minutes. During this time the rockets moved about
1° equatorward (magnetically). The optics show clearly
that arc 2 erupted into a region shown by both rocket
measurements to be convecting sunward at a high ve-
locity before arc emergence. Super 2 observed the re-
versal from antisunward to sunward convection about
70 s later and 0.25° INVL further poleward in invari-
ant latitude than Main. This translates into an average
poleward motion of the convection reversal of 420 m/s.

Arc 1 erupted into a region where the plasma had
been convecting antisunward only 100 s earlier. It is
likely that in the final state, when arc 1 delineated the
poleward edge of the brightest aurora, sunward convec-
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Figure 14. ExB drift velocities along the footprint of
Main deduced from the double-probe electric field data.
The heavy and light dashed lines denote the boundaries
of 2.61 and 1.83 kR luminosity at 5577 A, respectively,
at 0450:06 UT (7T+186 s). An arrow marks the location
of Main’s footprint at that time.
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tion pertained at that location and poleward of it as
well. That this would give V - E < 0 inside arc 1 sup-
ports this view. This would suggest an even more rapid
poleward motion of the polar cap boundary than that
determined from the motion of the convection reversal
between arc 1 and arc 2.

The implication is that in a decaying magnetospheric
condition, the flow field adjusts to a lower energy state
and that this readjustment is accompanied by Sun-
aligned auroral arcs. The rocket-borne magnetic field
measurements, which are necessarily limited to detect-
ing current systems at scales < 100 km, showed 4-5
paired current sheets with roughly equal magnitude up-
ward and downward Birkeland currents. One of these
was at the instantaneous convection reversal boundary.
Two of these paired sheets are clearly colocated with in-
verted V’s detected by the particle detectors on board
and one clearly with a Sun-aligned optical arc.

Finally, we speculate on the origin of the arcs. Both
arc 1 and arc 2 erupted out of regions in the auroral
oval which were brighter than the surrounding regions.
If we identify areas of excess negative charge density
with the precipitating electrons (as is consistent with
the fact that the ionosphere is a net load on the mag-
netospheric generator and V - E < 0) and the adjacent
darker regions with excess positive charge density, then
the paired current sheets might correspond to sunward
advection and elongation of these regions from their ini-
tial location to their final position in the polar cap. The
initial pattern of bright spots may be due to a mesoscale
electrostatic instability, such as the Kelvin-Helmholtz,
operating on the prior convection reversal boundary.
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