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MIDDAY AURORAL BREAKUP EVENTS AND RELATED ENERGY AND
MOMENTUM TRANSFER FROM THE MAGNETOSHEATH

P. E. Sandholt,t

M. Lockwood,?2 T. Oguti,® S. W. H. Cowley,4 K. S.

1
C. Freeman,?

B. Lybekk.!' A. Egeland.! and D. M. Willis?

Abstract. Combined observations by
meridian-scanning photometers, all-sky
auroral TV camera and the EISCAT radar
permitted a detailed analysis of the
temporal and spatial development of the
midday auroral breakup phenomencn and the
related ionospheric ion flow pattern
within the 71°¢-75° invariant latitude
radar field of view. The radar data
revealed dominating northward and west-
ward ion drifts, of magnitudes close to
the corresponding velocities of the
discrete, transient auroral forms, during
the two different events reported here,
characterized by IMF |By/Bz| < 1 and > 2,
respectively (IMF Bz between -8 and -3 nT
and By > 0). The spatial scales of the
discrete optical events were =~ 50 km in
latitude by ~ 500 km in longitude, and
their lifetimes were 1less than 10 min.
Electric potential enhancements with peak
values in the 30-50 kV range are inferred
along the discrete arc in the IMF IBY/BZI
< 1 case from the optical data and across
the latitudinal extent of the radar field
of view in the |BY/Bz| > 2 case. Joule
heat dissipation rates in the maximum
phase of the discrete structures of -~ 100
ergs cm~2 s-! (0.1 W m2) are estimated
from the photometer intensities and the
ion drift data. These observations combi-
ned with the additional characteristics

of the events, documented here and in
several recent studies (i.e., their
quasi-periodic nature, their motion

pattern relative to the persistent cusp
or cleft auroral arc, the strong rela-
tionship with the interplanetary magnetic
field and the associated ion drift/E
field events and ground magnetic signa-
tures), are considered to be strong evi-
dence in favour of a transient, inter-
mittent reconnection process at the
dayside magnetopause and associated
energy and momentum transfer to the iono-
sphere in the polar cusp and cleft re-
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gions. The filamentary spatial structure

and the spectral characteristics of the
optical signature indicate associated
localized 1-kV potential drops between

the magnetopause and the ionosphere
during the most intense auroral events.
The duration of the events compares well
with the predicted characteristic times
of momentum transfer to the ionosphere
associated with the flux transfer event-
related current tubes. Tt is suggested
that, after this 2-10 min interval, the
sheath particles can no longer reach the
ionosphere down the open flux tube, due
to the subsequent super-Alfvénic flow
along the magnetopause, conductivities
are lower and much 1less momentum is
extracted from the solar wind by the
ionosphere. The recurrence time (3-15
min) and the local time distribution (~
0900-1500 MLT) of the dayside auroral
breakup events, combined with the above
information, indicate the important roles
of transient magnetopause reconnection
and the polar cusp and cleft regions in
the transfer of momentum and energy
between the solar wind and the magneto-
sphere.

1. Introduction

of theoretical and expe-
solar wind-

The progress
rimental studies related to

magnetosphere coupling at the dayside
magnetopause during recent years has
stimulated an increased interest in

ground-based observations of the dayside,
high-latitude ionosphere [e.g., Cowley,
1986]. One crucial question is to what
extent the polar cusp and cleft regions
contribute to the overall mass, momentum
and energy transfer between the shocked
solar wind (magnetosheath) and the iono-
sphere [e.g., Baumjohann and Paschmann,
1987]. Furthermore, the basic physics of
the energy/momentum transfer processes at
the dayside magnetopause is a matter of
great controversy at present [e.g., Lun-—
din, 1987].

It is expected that ground-based
remote sensing techniques, with their
ability to continuously monitor the

temporal and spatial variations of the
ionospheric signatures, will have a great
impact on this problem. Among the most
relevant parameters to observe are the
optical aurora, the ionospheric ion
drift/E field and the associated magnetic
field perturbations. Thus, simultaneous,
coordinated observations of these para-
meters are expected to be a most impor-
tant project in the coming years.
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Distinct responses to change in the
solar wind electric field have been
documented by observing these parameters
separately or in combination [e.g., Rish-
beth et al., 1985; Lockwood et al., 1986;
Etemadi et al., 1988; Lockwood and Cow-
ley, 1989; Todd et al., 1988b; Sandholt
et al., 1985, 1986a,b; Clauer et al.,
1984; Friis-Christensen, 1986], indica-
ting a direct relationship between the
solar wind - magnetosphere interaction
process at the magnetopause and the polar
cusp/cleft ionosphere. A minimum iono-
spheric response time of a few minutes in
the early post noon sector was reported
by Etemadi et al. [1988], Todd et al.
[1988b], and Lockwood and Cowley [1988].
In this study we £focus on certain tran-
sient, intermittent ionospheric events
near the dayside polar cap boundary and
discuss the possible relationship with
magnetopause flux transfer events and
associated energy and momentum transfer
to the cusp/cleft ionosphere, based on
coordinated observations of the three
parameters mentioned above.

The optical signatures and the related
ground magnetic impulses, named midday
auroral breakup events by Sandholt et al.
[1989a], have been reported in a series
of papers [Sandholt et al., 1985; Oguti

et al., 1988; Kokubun et al., 1988;
Ssandholt and Egeland, 1988; Sandholt,
1987, 1988; Sandholt et al., 1989a].

These transient events form on the equa-
torward edge of the background, stable
cusp or cleft aurora, propagate poleward
and fade within their lifetime of 2-10
min. They are observed as arcs or arc
fragments in both 630-nm and 557.7-nm
auroral emissions. Ion drift events
related to the optical phenomenon have
been reported by Lockwood et al. [1989b],
Sandholt and Egeland [1988], and Sandholt

et al. [1989b]. Some characteristics of
these events are: (1) occurrence in the
0900-1500 ‘MLT interval, (2) occurrence

exclusively during interplanetary
magnetic field (IMF) Bz < 0, (3) 20 =5o
poleward motion (velocity < 1.5 km s-!)
of the discrete auroral structure across
the persistent cusp or cleft aurora,
after a localized breakup near the cusp/-
cleft equatorward boundary, (4) longitu-
dinal motion (velocity ~ 2-5 km s-!) re-

almost

lated to IMF By, i.e., westward or east-
ward corresponding to positive or nega-
tive By, respectively, in the northern
hemisphere, (5) latitudinal width of arcs
of ©~ 50-100 km, (6) longitudinal extent
of arcs of 500-1000 km, (7) lifetime ~
2-10 min, (8) quasi-periodic occurrence

with recurrence time 3-15 min, (9) en-
hanced westward ion drift/northward E
field (IMF By > 0, northern hemisphere),
i.e., Vw - 2-5 km/s or Ex ~ 100-300 mV/m,
(10) precipitating electron flux with
average energies -~ 0.3-2 keV, and (11) 0-
200 nT H component magnetic deflections
in the form of single, monopolar or bi-
polar pulses. The deflection amplitude is

determined by the ionospheric Hall con-
ductance, electric field and latitudinal
extent of the Hall current filament
associated with the discrete auroral arc
(from the Biot-Savart law).
The events described above
distinguished from another category of
dayside impulsive events with similar
spatial and temporal scales which have
been reported in several recent studies
[e.g., Friis-Christensen et al., 1988,
Glassmeier et al., 1989; Potemra et al.,
1989; Sibeck et al., 1989%a,b; McHenry et
al., 1989]. Farrugia et al. [1989] show
this second class of phenomena to be
closely associated with solar wind dyna-
mic pressure variations and consequent
magnetopause motions. The typical infer-
red ionospheric signatures, i.e., a twin
vortex convection pattern with related
field-aligned current filaments separated

should be

by ° 1000 km in the east-west direction
[cE. Friis-Christensen et al., 1988],
occur on closed field 1lines near the

polar cap boundary, predominantly on the
dayside, and are propagating tailward at
speeds 5 km/s. Poleward motions are not
typical. In contrast to this, the dayside

breakup events occur frequently at noon
{within 0900-1500 MLT; with no midday
gap), they are observed during intervals

of extremely steady solar wind flow, the
pattern of motion is strongly influenced
by the IMF orientation, and they are
invariably moving poleward (northwest,
north or northeast, depending on IMF By).
Thus, when By is positive, northwestward
motion is typical, also in the postnoon

sector, i.e., sunward motions can occur
in that case. These differences do not
necessarily mean that the two phenomena

are always unrelated, however [cf., D. G.
Sibeck and J. T. Gosling, Solar wind
dynamic pressure variations and possible
ground signatures of flux transfer even-
ts, submitted to Journal of Geophysical
Research, 1989].

Lockwood et al. [1989] found that the
quasi-periodic auroral breakup events in
the early postnoon sector were associated
with bursts of enhanced ion flow, as
observed at a similar longitude by EIS-

CAT, and that the transient arcs and arc
fragments marked the flow reversal boun-—
dary between westward (IMF By > 0) flow

to the south (collocated with the persi-
stent cleft or cusp aurora) and eastward
flow to the north. This was shown to be

consistent with Southwood's model of the
flux transfer event (FTE)}-related iono-
spheric flow pattern [Southwood, 1985;1987].

In this study, we examine the detailed

temporal and spatial evolution of the
auroral structures in relation to EISCAT
jon drift observations, using all-sky TV

data in combination with the photometer
data. In addition, the associated geomag-
netic signatures are obtained from a
four-point meridian chain of magnetometer
stations 1located in the invariant lati-
tude range 67°-76°.
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The four different data sets are
presented in section 2. These observa-
tions are then discussed in section 3.1,
with emphasis on certain characteristic
aspects of auroral electrodynamics in the
cusp ionosphere. The relationships be-
tween the observed cusp auroral dynamics
and localized, sporadic reconnection at
the dayside magnetopause and magneto-
sphere-ionosphere coupling are elaborated
in section 3.2, and related to recently
published models. The earlier search for
ionospheric signatures of flux transfer
events and the main findings of the
present work are summarized in section 4.
The ground magnetic perturbations asso-
ciated with one of the midday auroral
breakup events discussed in the paper are
calculated in the appendix, using the
optical intensities in combination with
the ion drift data.

2. Observations

Figure 1 shows the meridian scanned
every 18 s by the photometers at Ny Ale-
sund, Spitzbergen [e.g., Sandholt et al.,
1985, 1986a], in relation to the two
azimuths employed by the EISCAT program
CP-4 (identical to the POLAR experiment
described by van Eyken et al. [1984] and

Willis et al. [1986], except that line-
of-sight velocities, vies, are recorded
-10° ‘0:
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Fig. 1. The relative orientations of the
southern half of the scan covered by the
photometers at Ny Alesund (dashed line),
and the two azimuths employed by the
EISCAT CP-4 experiment. The open circles
are the points for each range gate,
midway between the two azimuths, to which
the vector data are ascribed. Also shown
are the locations of magnetometers at Ny
Alesund (NA), Hornsund (H), Bjerneya (B),
and Tromse (T). The locations of 630.0 nm
emissions, for an assumed altitude of 250
km, are shown for various zenith angles
(positive northward) at Ny Alesund.

every 10 s). The positions marked on the
photometer scan (dashed line) are for the
given zenith angle at Ny Alesund (NA)
(positive to the north), for an assumed
630-nm emission altitude of 250 km. The
solid circles and crosses mark the cen-
ters of the radar scattering volumes for
azimuths 1 and 2, respectively (332° and
356° east of geographic north at Tromse,
T). Vectors derived from the beamswinging
technique are ascribed to the points
marked by open circles, midway between
the azimuths on the same L shell. Solid
squares mark the location of magnetome-
ters at Ny Alesund (NA), Hornsund (H),
Bjorneya (B), and Tromsg¢ (T). All posi-
tions and scans are mapped into an inva-
riant latitude - MLT frame at 1000 UT on
January 12, 1988. The radar beam swings
between these two azimuths with a 5 min
cycle. The Jjoint radar-optical observa-
tions described here were made on Janua-
ry 12, 1988, between 0900 and 0930 UT.
This period is at the start of a longer
period (2.5 hours) during which nine
dayside breakup events, with associated
ion flow bursts, are observed [Lockwood
et al., 1989]. In this study the multi-
channel meridian photometer data are
combined with all-sky TV camera images,
in order to map the two-dimensional au-
roral distribution with high temporal
resolution for two of these events.

2.1. Photometer and Radar Observations

Figure 2 shows meridian photometer
scans at 630.0- and 557.7-nm wavelengths
for the interval 0906-0930 UT (Figures 2a
and 2b) and ion drift data (Figures 2c¢ to
2i). This interval corresponds to roughly
1145-1215 MLT for the vector radar data
and to about 1215-1245 MLT for the opti-
cal events between Hornsund and Ny Ale-
sund (Figure 1).

The photometer

data for this 25-min

period show a red-dominated, persistent
cusp or cleft arc, together with two
major transient optical events at 0909-

0912 UT and 0920-0928 UT. A clear pole-
ward motion of the two transient structu-
res 1is observed. Assuming a red line
emission peak altitude of 250 km, north-
ward velocities of 1.2 and 0.7 km s-! are
derived for the intervals 0909:33-0911:43
and 0921:35-0924:10 UT, respectively. The
green line emission is strongly and tran-
siently enhanced during these intervals,
with a peak intensity ~ 15 kR at 0922 UT.
Before and after the transient events the
green line intensities observed within
the persistent arc are generally less
than 1 kR. This low background is typical
for a 1limited region around loc¢al noon,
characterized by a minimum of discrete
auroral forms, often referred to as the
midday gap [e.g., Cogger et al., 1977];
note, however, that there 1is no gap in
the occurrence of discrete transient
arcs, of the kind shown in Figure 2 [cf.
also Sandholt et al., 1989a].
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Fig. 2. Photometer and EISCAT observations on January 12, 1988. The

panels show the intensity of (a)
a function of zenith angle (zero
sund) and universal time.
the potential, @,
field of view, and
away from radar) observed
crosses for

in gates

630.0-nm and (b) 557.7-nm emissions as
corresponding to
(c) The observed ionospheric flow vectors,
observed across the north-south extent of the EISCAT

(e)-(1i) the 10-s line-of-sight velocities

overhead at Ny Ale-

(d)

{(positive

1-5; circles being for azimuth 1,

azimuth 2. The locations of the equatorward boundary of the

persistent cusplike emission, as well as the transient arcs at 0909-0912

and 0920-0927 UT,
from the optical data,

In Figure 2c, 2.5-min resolution vec-
tors derived in the way described by
Willis et al. [1986] are shown for the

first 7-9 gates (for which the signal-to-
noise ratio was sufficient). The latitude
of the equatorward boundary of the per-
sistent red-~dominated cleft/cusp aurora
is marked in this panel by the dot- and
dash line. In addition, the dashed lines
give the locations of the transient
optical structures as a function of time,
determined by the photometer traces and
the TV images shown in Figure 3. The
events of enhanced westward ion drift are
seen to be in a band of latitudes collo-
cated with the cusp 1like emission. The
vectors show a rotation of flow toward
north for the northernmost gates {7 and
8) in the 0909-0912 UT period, when the
optical arc was intensifying and moving
poleward, followed by a swing to enhanced

are marked in Figure 2c.
assuming emission
(lower border) for the red and the green lines,

These estimates are obtained
altitudes of 250 and 130 km
respectively.

the onset of the
0920 UT.
when interpreting

westward flow preceding
second optical event at

Care must be taken
the vector data because flow changes are
taking place over time scales comparable
with the radar beam-swinging period. Ete-
madi et al. ([1989] have considered the
effects of the use of this technique with
step function changes in real flow speed,
and note two effects. "Smoothing" causes
the observed flow increase to be spread
over a 5-min period about the change,
while "mixing" causes a spurious north-
ward component to be introduced by real
changes in westward flow (and vice ver-
sa). If the flow is purely westward, only
the smoothing effect needs to be consi-

dered because the effect of "mixing" on
the northward flow component is very
small for the CP-4 beam geometry. The

nature of the spurious "mixing" effects
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Fig. 3a. All-sky picture sequence of discrete auroral forms within 0919:40-0924:45 UT in
zenith angle—geographical azimuth coordinates.

depends on the phase of the flow onset
relative to the beam—swinging cycle, and
hence we would expect different effects
for each event 1if "mixing" was a major
factor. The 1lack of such variety in
Figure 3 of Lockwood et al. [1989] con-
firms that ‘"smoothing" is the dominant
effect. In practice, we may regard the
data as three-point running means of 2.5-
min resolution observations.

For each set of vectors at a given UT,
the potential (¢frn across the north-south
dimension of the radar field of view is
computed by integrating the observed
northward electric field over the first
seven radar gates. Figure 2d shows the
variation of (rn, which, like the vectors
from which it 1is derived, is smoothed
over a 7.5-min period. Figures 2e to 2i
of Figure 2 show the 10-s resolution
line-of-sight velocities observed along
the two azimuths by the EISCAT radar
(circles are for azimuth 1 and crosses
for azimuth 2} in gates 1-5 (cf. Figure
1).

The 1line-of-sight velocities, Vvies,
observed by the radar show that the onset
of the first event 1is marked by two

period ~ 80 s.
to the south of
optical feature and
the channel of flow, which is enhanced
during the event onset (see the vector
data, Figure 2c). Gates 1-5 are presented
because only they had sufficient signal-
to-noise ratio to give reliable vVies
values (see analysis of errors by Bromage
[1984]). Such pulsations are also pre-
sent, although less c¢learly defined,
after 0915 UT, at the onset of the second
event. The Vvies indicate that the largest
northward flows in the first event may
decay rapidly (0907:30-0910:00 UT at
azimuth 1 and 0910:00-0912:30 at azimuth
2). The onset of enhanced westward flow
in the second event is difficult to
detect because of the superposed pulsa-
tions. However, the rise in vies for
azimuth 1 commencing near 0912:30 and the
decrease for azimuth 2 commencing near
0915:00 could both be interpreted as such
an onset. For gate 5, the two azimuths
are 315 km apart, and hence we would,
with this interpretation of the Vvies
data, predict a westward propagation of
the flow onset of 2 km s-1. This is close

cycles of pulsations of
These observations are
both the transient
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AURORAL EMISSION

SCANNING 12JAN.1988

PHOTOMETERS

091940-092445UT

1

GEOGR.NORTH

!
HSD

Fig. 3b. Auroral intensity

25 1

GEOGR.EAST

contours in geographical coordinates for the

picture sequence shown in Figure 3a, obtained from digital TV images and
assuming the lower border of the discrete aurora at 130 km altitude. The

optical observation site at Ny Alesund

(NYA) with the photometer scan-

ning plane and the magnetometer stations at Hornsund (HSD) are marked in

the figure.

to the westward ion velocity observed in
the vector data for this range gate
following the onset.

2.2. All-Sky TV Observations

Figure 3a shows a representative TV
image sequence of the transient optical
event initiated near 0920 UT. We notice a
localized structure (arc fragment) appe-
aring near the horizon in the east at
0920:17 UT (second frame). The location
of the western edge of this structure is
estimated to be 200 km to the south and

~ 300 km to the east of Ny Alesund, in
geomagnetic coordinates, at 0920:17 UT.
During the next minute the luminosity

expanded toward the northwest and reached
the photometer scanning plane at

0921:35 UT (cf. also Figure 2), with the
peak 557.7-nm intensity at 28° south of
zenith. Both the moving transient and the

cusp/cleft aurora further south are
characterized by 1long field-aligned rays
with sharp lower borders. The 0922:00 UT
picture is seen to be most pronounced in
this respect. By 0924:45 UT (last frame)
the transient form reached its maximum
east-west elongation, in the phase of
fading intensity. The location was then
slightly south of zenith.

Figure 3b shows the same sequence in
the form of auroral intensity contours in
geographical coordinates. The plot 1is
obtained from digitized TV images and is
based on an assumed emission altitude of
130 km. This means that the contours are
relevant for the 1low-altitude, discrete
auroral component only. From this plot we
derived a westward propagation velocity
of 3.1 km s-! for the lower border of the
leading edge of the transient structure,
between 0920:55 (frame 3) and 0922:00 UT
(frame 5). After this time the velocity
decreased significantly.



Sandholt et al.: Midday Auroral Breakup 1045

2.3. The Optical Events: Occurrence
Frequency and Spatial Distribution

The two events presented in this pa-
per (cf. Figure 2) are two of a series of
nine similar events that occurred between
0900 and 1130 UT on January 12, 1988
[Lockwood et al., 1989, Figure 3]. The
average recurrence time within the inter-
val is then 15 min. After 1000 UT, IMF
Bz was changing between negative and
positive values, which contributed to a
reduced occurrence frequency within the
interval. Prior to 1000 UT, when IMF B:
was consistently southward, the recur-
rence period was 7 min.

During conditions similar to those for
0900-1000 UT (IMF B: < 0, By > 0) on
November 24, 1987, 15 events were recor-
ded from the photometer profiles within
0615-0830 UT (0945-1200 MLT), correspond-
ing to an average recurrence time of 9
min [cf. sSandholt et al., 1989a]. The
quasi-periodic nature of the optical
events 1is an important property which
suggests a link with flux transfer events
at the magnetopause. Rijnbeek et al.
[1984] found that the mean repeat period
of FTEs was 8 min for stable southward
IMF. In most of the optical cases, cha-
racterized by 1lower auroral intensities
than those analyzed here, clear ground
magnetic signatures are not observed by
visual inspection of the standard magne-
tograms obtained by flux gate instru-
ments.

The 1local time distribution of the
optical events, and the time history of
one individual event (cf. also Figure 3),
are schematically illustrated in Figure
4. This occurrence pattern 1is based on
observations from one single ground
station as it rotates with the Earth from
prenoon to postnoon hours (i.e., it is
not a snapshot). The initial phase
(breakup) is usually outside the field of
view of the meridian-scanning photometers
and is therefore not detected by that
technique. All-sky TV observations pro-
vide the necessary complementary informa-
tion, summarized by Figure 4b. The TV
observations are mainly sensitive to the
green line (557.7 nm) emissions and show
that the luminosity tends to elongate in
the east-west dimension during the rapid
westward motion of the event (phase I-
see Figure 7). The second poleward moving
phase (II) 1is when the optical intensi-
ties fade.

2.4. Meridian Chain Magnetometer Data

Figure 5a shows H component magneto-
grams from Ny Alesund (NA), Hornsund (H),
Bjerneya (B), and Tromse¢ (T), located as
indicated in Figure 1. The 0800-0900 UT
(1130-1230 MLT) period was very quiet in
terms of magnetic and auroral activities.
A smooth negative (H component) bay is
seen at Ny Alesund from -~ 0910 UT onward,
while the corresponding deflection at

(a)
12
[}
- t
MLT <15hrs ' 09
AN ' /
\ /
\ | ’
\ 7
/
IMF B;<O
By >0
polar cap Northern Hemisphera
EEJ Persistent Cleft Auroro
=g Motion of transient arcs and arc fragments

(b} MLTF1ZMs

05ty -ty £10mn

Fig. 4. Schematical illustration of (a)
the local time distribution of the dis-
crete optical events (solid curved ar-
rows) as well as (b) the detailed time
history of one individual event (0920-
0927 UT on January 12, 1988). The auroral
form appeared at time ti near the boun-
dary of the field of view of the TV
camera. Figure 4a is based on observation
from one single ground station as it
moves with the Earth from prenoon to
postnoon hours (not snapshot). The real
recurrence time for these events is much
shorter than indicated in the sketch.

positive. Maximum amplitudes
" 100 nT are observed at both stations.
The Troms¢ trace shows a negative H
component, but weaker than at Ny Alesund.
Pogitive H component deflections are
observed at Hornsund. These magnetograms
indicate a rotational convection reversal
near the meridian of the magnetometer
chain, when taking into account all three
components (Figures b5b and 5c). Several
short-lived pulses are superposed on this
rather smooth DP2/DPY-like deflection.
From the Ny Alesund (Figures 5a and 5b)
and Hornsund (Figure 5c¢) traces we notice
in particular the perturbations around
0910 and 0923 UT (marked by the two ar-
rows), which corresponds to the transient
optical events reported above (Figure 2).
Positive H deflections occurred at both
stations. Peak values were ~ 40 (0912 UT)
and 30 nT (0923 UT) at Ny Alesund and 35
and 75 nT at Hornsund, after subtracting
the background perturbation. In the 0912
UT case, A Z - 0 at Ny Alesund and 30 nT
at Hornsund, indicating the discrete
aurora near 2zenith at Ny Alesund to be
the source of the deflection. At 0922-

Bjsrneya is
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Fig. 5a. Horizontal component magnetograms

from Ny Alesund, Hornsund,

Bjorneya and Tromse (cf. Figure 1 for locations) with arrows marking two
major optical/radar events discussed in the text.

0923 UT, aZ is negative at Ny Alesund
(- 45 nT) and positive at Hornsund (75
nT), consistent with a Hall current
filament associated with the discrete

aurora located between the two stations
{(cf. Figure 3b). Further analysis of the
magnetic deflection during the 0920 UT

event is given in the appendix.
2.5. IMF Data

Fifteen-second-averaged IMP 8 IMF data
(cf. Figure 6) reveal a stable total
field intensity (15-18 nT) during the
0600 to 1135 UT interval on January 12,
1988. IMF B: (GSM coordinates) was inva-
riably negative between 0805 and 0950 UT.
Both the Bz and By components were in-
creasing between 0900 and 0930 UT, from
- 8 to - 3 nT and from 11 to 16 nT, re-
spectively. Bx values between - 7 and-
12 nT were observed. The total field was
approximately constant, between 17 and 18
nT, during this interval. We notice two
shorter intervals of significant IMF
reorientations, superposed on the gene-
ral, slow trend during this period, at
0906-0908 and 0916-0919 UT, characterized
by IMF |Bv/Bz| < 1 (aBv - 7 nT) and 3

(aBz ° 5 nT), respectively. The IMF was
observed at a satellite location of Xsw =
- 4.5 RE, Ysu = - 33 Re, Z2su = 8 Re, for
which the satellite to ionosphere lag is
estimated to be less than 5 min.

3. Discussion

3.1. Coordination of the Optical,
Geomagnetic, Ion Drift and IMF Observations

The main characteristics of the opti-
cal and geomagnetic aspects of the 0909-
0912 and 0920-0925 UT events {(within the
1230-1300 MLT interval) on January 12,
1988, are their small-scale, transient,
quasi-period nature and their location
near the polar cap boundary. The first,
short-lived structure moved nearly due
north, whereas the second showed a strong
westward component. In both cases the
auroral structure had a velocity very
similar to the vector ion drift obtained
in the radar gates <c¢losest to it. Their
spiky magnetic signatures are superposed
on a more large-scale, smooth trend,
i.e., DP2/DPY mode deflections associated
with the dayside region 1 current and
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Fig. 5b. Z, D, and H component magnetograms from Ny Alesund.

cusp system. The discrete spatial struc- did show pairs of small-scale upward and
tures as well as the spectral properties downward directed currents, superposed on
of the optical emission (cf. appendix) a larger-scale region 1 current colloca-
strongly indicate the existence of asso- ted within the cusp electron precipita-
ciated filamentary field-aligned cur- tion [cf. Sandholt and Egeland, 1988;

rents, in addition to the more large-
scale region 1 cusp currents, associated

with the persistent cusp auroral arc. In
this section, we combine these data to HORNSUND 12 JAN.1988
understand the field-aligned current T T— T T

structures and the momentum they wmay
transfer to the ionosphere during these
transient events {(Southwood, 1989). A
peak value of -~ 1 keV for the precipita-
ting electron flux average energy is
derived from the photometric intensities
within the discrete structure at 0921:50
UT (cf. appendix). The spatial scale of
the optical arc observed by the TV (pre-
dominantly at 557.7 nm) during 0922-
0923 UT is 500 km (east-west) times 50 km
(north-south). Electron energy fluxes ~
1-10 ergs cm-2 s-! and average energies
0.5-1 keV within this region are indi-
cative of significant upward directed :

field-aligned current [cf. Sandholt et o :
al., 1989b]. The details of the inferred ] ] ] 1
filamentary current structure are not

known in this case since no direct mea- 7 8 9 10 1" 12UT
surements of field-aligned currents are

available. However, measurements from the Fig. 5¢. 2, D, and H component magne-
HILAT satellite during a similar event tograms from Hornsund. Arrows mark two
(in terms of local time, electric field, major optical/radar events discussed in

optical emissions, and IMF orientation) the text.
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Fig. 6. IMP 8 1IMF data: from top to bottom, total field (Bt), and IMF

orientation expressed in GSE azimuth (¢) and latitude (@) angles.

Sandholt et al., 1989b]. The oppositely
directed field-aligned current filaments
were connected by a northward ionospheric
Pedersen current in that case. Current
amplitudes -~ 10 1LA/m?2 were inferred for
these filaments from the HILAT magnetome-
ter data. Electron precipitation energy
fluxes 5-10 ergs cm-2 s-! and northward
electric fields ~ 200 mV m~! were obser-
ved within the structures. The optical
intensities in this HILAT case were ~ 1
and 5 kR at 557.7 nm and 630.0 nm, res-
pectively, which are comparable with the
intensities measured in the late phase of
the second of the two events studied here
(0923:00 UT); however, in the maximum
phase (~ 0921:50 UT), higher intensities
and somewhat different optical spectral
composition were observed, indicating a
harder electron distribution. Another
difference between the HILAT case and the
present events should be noticed. The
former structures are totally confined
within the latitudinal range of the cusp
persistent arc and the coincident dayside
region 1 current system. They do not move
north of the cusp poleward boundary, as
the present structures do. As discussed
later, we infer that a larger transient
potential difference between the magne-
topause and the ionosphere forms during
the events studied in the present paper.

The Ny Alesund and Hornsund magneto-
grams for the 0920-0925 UT event show
positive aH and opposite polarities of
the Z component of the deflection, super-
posed on the smooth background perturba-
tion, indicating an eastward Hall current
filament consistent with westward ion
fiow observed by EISCAT between the two
stations. The peak current amplitude was
probably located within the discrete
auroral arc fragment observed 50-100 km
south of Ny Alesund. The height-integra-
ted Hall conductance within the arc, in
the photometer scanning plane, changed
from 3 mhos at 0921:50 UT to 0.5 mho at
0923:00 UT, as determined from the photo-
meter intensities. Fair agreement was
found between the calculated and observed
magnetic deflection at Ny Alesund (cf.
appendix). In this calculation we used }u
= 1 mho as an average value within the
70-s interval, Ex = 150 mV/m, obtained
from radar gates 6-8, to model the effect
of the 2zone of enhanced Hall current
covering the latitudinal range from 50 to
250 km south of Ny Alesund, comprising
both the isolated discrete arc and the
intensified cusp emission further south
(cf. Figure 2).

During the 0910-0912 UT (~ 1230 MLT)
event, corresponding to IMF |Bv/Bz| <1
(Bz - - 8 nT), the discrete optical
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aurora occurred as a thin sheet elongated
in the east-west direction. This form
moved poleward at a speed of 1.2 km s-1,
comparable with the ion drifts measured
at the radar gates closest to the struc-
ture (peak vVios for gates 4 and 5 were
1.1 and 1.3 km s-t, away from the radar).

Also notice the short duration of this
event, i.e., fading away after 2.5 min.
This is in good agreement with the pre-

dicted ionospheric signatures of FTEs at
local noon (see Lockwood and Cowley
[1989] and section 3.2 below).

A 1latitudinal 2zone of enhanced west-
ward ion flow was observed to be colloca-
ted with the persistent cusp aurora in
the interval 0918-0925 UT, when the IMF

was characterized by |Bv/Bz | between 2
and 3. A significant increase of the
westward flow velocity occurred between

radar gate 4, near the cusp equatorward
boundary, and gate 7, during 0917-0930 UT
(cf. Figure 2). The corresponding north-

ward E field gradient, ~ 100 mV m-!
across a latitudinal distance 50 to 200
km is consistent with downward directed

field-aligned current in that region,
according to the current continuity
equation. Under the actual conductivity
conditions, 1i.e., moderate gradients in

the region of the persistent cusp arc,
this equation 1is given by the following
approximation:

j|| - XP dEx/dx (1)

where X denotes distance in the northward

direction. A field-aligned current ampli-
tude ~ 1 LA/m2 is derived for the present
case, corresponding to an estimated

2 mhos within the persistent cusp arc and
the E field gradient given above. Accord-
ing to this 1interpretation, a downward
field-aligned current with large temporal
variation, related to the E field gradi-
ent in Figure 2, 1is collocated with the
persistent cusp auroral arc. The location
and direction of this current are con-
sistent with a recent statistical study
of the region 1 current pattern near noon
[¢f. Erlandson et al., 1988]. Downward
region 1 current is expected at cusp/
cleft latitudes at 1300 MLT, during
strongly positive IMF By conditions.

The drift velocity of the discrete
auroral structure/current filament to the
north of the persistent cusp arc was
found to be comparable with the ion drift
velocities measured in radar gates 6-8
during the 0921-0923 UT interval. The
observed 3-km s-! westward drift is in
the same direction as the westward (main
component) jepxB force related to the
northward ionospheric Pedersen current
{(jr) within the auroral/current filament.
This force balances the frictional force
associated with ion-neutral collisions.
The energy transfer to the ionosphere in

the form of Joule heat dissipation is
given by
- o o 2
U =3jxBv ~j-.E = TE (2)
J E P X P X
where ve = (ExB)/B2.

By inserting the maximum Yr value (- 5
mhos), obtained at 0921:50 UT (cf. Table
1 and appendix), and Bx = 150 mV/m, we
obtain for the corresponding Joule heat
dissipation rate Uy 7 0.1 W m 2 (100 ergs
cm-2 s-1). Taking the area to be 50 km by
500 km, it alone is hence associated with
a total power of ~ 10° W, a factor of 10
larger than that due to particle precipi-
tation (¢f. appendix).

The northward electric field within
the east-west elongated arc, during
quasi-steady state conditions, is given

by [Marklund, 1984]

<

E
Lp H™ W E I

E = — E +— E + —— (3
A
Lp

X A Y A
zP

where superscripts A and E denote quanti-
ties measured within and outside the arc,
respectively. Equation (3) is Dbased on
current continuity at the equatorward
boundary of an elongated slab of enhanced
conductivity associated with the auroral
arc.

In general the last term in (3) is the
major one in the cusp, i.e., most cusp
arcs are Birkeland current arcs, accord-
ing to the terminology introduced by

TABLE 1. Discrete Aurora and Ionospheric Conductances

Time, UT I(630.0),kR I1(427.8) ,kR Electron Electron e YE

(Zenith Energy. Energy Flux, (mhos)

Angle) kev ergs cm-2 g-t

0921:50 6.8 1.6 0.5 8 6.6 3.0
(27°82) {28°52)

0923:00 4.5 0.5 0.2 2.5 1.7 0.4
(18°SZ) (23°SZ)
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Marklund [1984]. Polarization electric
fields usually play a minor role in this
region, as is evident from the character
of the ground magnetic field deflections.
In the discrete arc discussed here
(0921-0923 UT) the first term in (3)
could be a significant fraction of the
Birkeland current term, due to the rela-
tively large background values of jr and
Ex. During the transient magnetometer
deflections, observed in association with
the discrete, transient cusp auroral
structures, some contribution may even be
due to the second term in (3), but this

term is 1invariably minor for the large
IMF |By/Bz| cusp cases, characterized by
Ev < Ex.

A crucial gquestion concerning the
relationship between the ion flow obser-
vations and the optical events is the
closure of the net downward current
inferred at cusp latitudes south of the
discrete arcs. The observed relationship
between the temporal changes in the ion
flow pattern and the optical events
indicates a direct connection between the
two phenomena [Lockwood et al., 1989,
Figure 3]. Figure 7 schematically illu-
strates the relationship between the ion
flows, auroral structures, and the infer-
red filamentary field-aligned currents
discussed above. Figure 7b is a schematic
of an event, which initially moves west-
ward (phase I), before moving poleward
(phase II), from which we predict varia-
tions 1in potentials across the radar
field of view, R, ($t+n and 0te correspon-
ding to westward and northward flow,
respectively) of the type shown in Figure
7a, relative to the passage of the dis-
crete auroral structure through the
photometer scan, P. Most of the optical
events observed between 0900 and 1130 UT
were indeed preceded by enhancements in
the cross cusp/cleft potential drop, or
at least that part of it within the radar
field of view, dtan (cf. the 0920 UT event
in Figure 2) as predicted in Figure 7a.
Such enhancements are therefore consis-
tent with the onset of localized field-
aligned electric £fields and the auroral
brightenings, as indicated in Figure 7c.

The peak of the longitudinal potential
drop inferred between the two radar
azimuths (dre) wusually lags the (¢
({north~south potential) peak, as shown in
Figure 7a, based on the observations
reported by Lockwood et al. [1989]. This
pattern is consistent with a dominating
westward drift component in the early
phase of the event, with subsequently
increasing northward drift component in
the fading phase, corresponding to an
increased tilt of the flow pattern (cf.
Figure 7b). The 0920-0925 UT case (pH >
0, aAD < 0) is explained by a strong and
long—-lived phase I, followed by a weaker
phase II. The negative Z deflection at
0920-0925 refers to a current filament to
the south of Ny Alesund.

It is interesting to note that Figure
7b predicts that the onset of an event

tal — ]~
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R Radar field of view

—— Photometer scan
---+ Motion of event center

(c) %74 Discrete aurora
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] \
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- discrete
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i
persistent /= \dnscrete aurora and
cusp/cleft arc current filament

Fig. 7. (a) Sketch of typical time deve-
lopment of latitudinal (¢rn) and longitu-
dinal (¢re) potential drops across the
radar field of view as well as scanning
photometer trace of the simultaneous dis-
crete aurora. ti1 and t2 mark auroral
breakup and subsequent photometer inten-
sification, respectively. (b) Two simpli-
fied snapshots of ion flow pattern and
relationship with discrete auroral arc in
two phases during a typical event (com-
pare Figure 7c¢). Radar field of view and
photometer scanning plane are marked in
the figure. (c¢) Meridian cross section of
the cusp/cleft region with downward
field-aligned current (IMF By > 0) in the
persistent arc and filamentary current
system coupled with the discrete, tran-
sient aurora further north.

for Bv > |Bz (strong phase I) slightly
to the south of the radar (as shown)
would give initially weak northward flow
at R, prior to the strong westward flow.
However, this will be superposed on the
flow caused by phase II of the preceding
event, which is also northward. If,
however, the event center were initially
immediately north of the radar, the onset
of phase I would give weak southward

flow. This would detract from the north-
ward flow caused by phase II of the
previous event. Therefore radar and
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magnetometer signatures of these events
are complicated by the fact that they do
not tend to occur in isolation but rather

in a sequence and only a few minutes
apart.
3.2. Relationship With Coupling Between

the Solar Wind and Magnetosphere and the
Associated Momentum Transfer

The two model categories of solar
wind-magnetosphere coupling at the day-
side magnetopause with most relevance to
the present work are the so-called boun-
dary layer dynamo model and the merging/-
reconnection models. As pointed out by

Cowley [1986] and Lundin [1987] neither
of these descriptions scems to exclude
the other.

The boundary
existence of an
[¢c£. Lemaire,

layer model assumes the

injected dynamo plasma
1977; Schindler, 1979],
generating an electric field which is
considered to be responsible for, e.g.,
acceleration of auroral particles and for
powering the dayside region 1 current
system, with the associated energy dis-

sipation in the dayside auroral oval
ionosphere [Lundin, 1984; Meng and Lun-
din, 1986; Lundin, 1987]. Baumjohann and
Paschmann [1987] noted that any such

interaction has aspects of both reconnec-
tion and viscouslike interactions, but is
by its nature a nonsteady process.

Several investigations indicate that
viscouslike interactions at the magneto-
pause boundary layer cannot explain the
large cross polar cap potentials observed
during negative IMF Bz intervals (e.g.,
Wygant et al. [1983], Mozer ({1984], and
reviews by Cowley [1982, 1984], and Baum-
johann and Paschmann [1987]).

According to the quasi-steady state
reconnection concept (e.g., reviews by
Axford [1984], Sonnerup et al. [1981],
Cowley [1982, 1984], and Paschmann et al.
[1986]), when applied to the dayside mag-
netopause, the convective flow and asso-
ciated dayside region 1 current system
are driven by the solar wind electric
field applied to an extended X-type
neutral line at the magnetopause [cf.
Stern, 1983; Saunders, 1989].

Southwood [1987] considered the possi-
bility that patchy or sporadic reconnec-
tion (cf. review by Galeev et al.

[1986]), as evidenced by FTEs, at times
could be the dominant mode of momentum
transfer. This suggestion is strengthened
by Galeev et al. [1986], who considered a
localized spontaneous process to be much
more general and typical for the magneto-
pause than quasi-stationary reconnection
[cf. also Schindler, 1979]. According to
the model of Southwood [1985, 1987],
based on the Russell and Elphic [1979]
concept, FTE-related isolated current
tubes generate a twin vortex ionospheric
flow pattern convecting through the
dissipative ionosphere. The jxB force
associated with the Pedersen current in
the central part of the tube, fed by

field-aligned currents along the tube
flanks, balances the frictional force due
to ion-neutral collisions. The typical
ionospheric scale size of the FTE-related
tube should be a few hundred kilometers,
based on a simple flux mapping from the
magnetopause and flux conservation.

Alternative FTE concepts have been
presented by Southwood et al. [1988] and
Scholer [1988], arguing that enhancement
and subsequent reduction in the reconnec-
tion rate could give rise to elongated
shells of connected field lines which are
consistent with the observed magnetopause
FTE signatures. In these models there is
nothing to determine the longitudinal
scale size at the magnetopause. A similar
longitudinal elongation at ionospheric
heights is expected. An elongated FTE-
related plasma configuration is also
discussed by Lee and Fu [1985] and Lee et
al. [1988], related to their multiple X
line reconnection model.

Another FTE model with ionospheric
predictions of relevance to the present
observations has been reported by Kan
[1988]. FTEs are proposed to be initiated
by a three-dimensional tearing of the
magnetopause current sheet, with the
intermittent nature determined externally

by IMF fluctuations and internally re-
gulated by the ionospheric 1line-tying
effect. Among the inferred ionospheric

signatures are intense, multiple, elon-
gated field-aligned current sheets and
associated auroral arcs fanning out from
the cusp region along enhanced convection
channels, resulting 1in spiky electric
field latitude profiles. The convection
channel predicted by this model is 4if-~
ferent from the Southwood model since no
convection reversal is introduced. Kan
[1988] notes that the current intensity
of the paired FTE field-aligned currents
need not be equal. Quite to the contrary,
a net field-aligned current is expected
in order to account for the twisted field
lines [Wright, 1987] indicated by the
magnetopause observations [Saunders et
al., 1984). Related to this, we note that
the HILAT case presented by Sandholt and
Egeland [1988] indicates small or zero
net field-aligned current associated with
transient and quasi-periodic cusp struc-
tures similar to those discussed here.

Moses et al. [1988] reported on DE 2
ion flow observations and model calcula-
tions of electric field concentrations
along portions of the dayside polar cap
boundary, c¢ollocated with cusp particle
precipitation, which they call multiple
"throats". They note that the transient,
discrete auroral structures reported by
Sandholt et al. [1986a] may well corre-
spond to these electric field concentra-
tions; both signatures are considered
possibly FTE-related.

We consider the characteristics of the
dayside auroral breakup events, reported
here and elsewhere (cf. introduction)
(i.e., the spatial and temporal scales,
the quasi-periodic nature, the pattern of



1052 Sandheolt et al.: Midday Auroral Breakup

motion relative to the persistent cusp or
cleft auroral arc, the strong relation-
ship with the IMF orientation, the asso-
ciated ion flow/E field events as well as
the magnetic signatures), to be strong
evidence in favor of a transient, inter-

mittent reconnection process at the
dayside magnetopause that constitutes a
plasma field entity along which energy

and momentum 1is transferred from the
magnetosheath to the ionosphere in the
polar cusp and cleft regions. From the
present observed cases we note in parti-
cular the following points:

1. The motion pattern and the life-

time of the events seem to be determined
by the IMF |By/Bz| ratio, i.e., the
optical/radar events show due poleward

motion, during IMF |Bv/Bz| < 1 intervals,
and are more short-lived than those with
dominating longitudinal motion, occurring
during IMF |Bv/Bz| > 1 periods. This
pattern agrees well with model predic-
tions of rthe period of time during which
newly opened flux tubes related to trans-
ient reconnection will impart momentum to
the ionosphere, depending on their direc-
tion of motion. Flux tubes that move
poleward into the polar cap do seem to
wrap themselves sooner over the front of
the lobe and hence impart momentum for a
shorter time than those moving along the
polar cap boundary [cf. Southwood, 1987;
Lockwood and Cowley, 1989; Lockwood et
al., The excitation of ionospheric con-
vection, submitted to Journal of Geophy-

sical Research, 1988 (hereinafter Lock-
wood et al., submitted manuscript,
1988)]. However, study of a larger number
of events 1is needed in order to be con-
clusive on this point.
2. The discrete
seems to persist for as
predicted momentum transfer (2-10 min)
and indicates the existence of ~ 1-kV
potential drops between the magnetopause
and the ionosphere, located near the flow
reversal associated with the polar cap
boundary. It is also interesting to
notice that the red 1line emission also
fades away when the momentum transfer
stops. This could well be because the
flow at the magnetopause turns super-
Alfvénic, implying that the sheath par-
ticles can no longer reach the ionosphere
down the open flux tube [Reiff et al.,
1977]. The geometrical limitation on the
particle access to the ionosphere applies
directly only to ions since the electron

auroral luminosity
long as the

thermal velocities are far above the
tailward convection speed. However, as
charge quasi-neutrality is generally

obeyed in the c¢usp [Burch, 1985}, the
region of intense electron flux entry is
normally limited to the ion entry region
[cf. Newell and Meng, 1987]. This obser-
vation strongly supports the notion that
the cleft/cusp particles generate the
conductivity which enables the ionosphere
to extract momentum from the magneto-
sheath flow via field-aligned currents

along newly connected flux tubes [P. H.
Reiff, private communication, 1988]. That
momentum is only coupled into the iono-
sphere in this relatively narrow region
has recently been deduced by Lockwood et
al., submitted manuscript, 1988 and Lock-
wood and Cowley [1989] from the rapid
response of convection to changes in the
IMF, observed using EISCAT and AMPTE.

3. Fast westward motion was observed
in the early phase of the 0920-0925 UT
{(® 1300 MLT) event, after the initial
breakup near the cusp equatorward bounda-

ry. This fits well with the predicted
field tension force for positive IMF By.
After a few minutes the westward motion

decreased (cf. Figure 3}, followed by
mainly poleward drift in the fading phase
of the arc, consistent with rhe effect of

antisunward wmagnetosheath flow becoming
increasingly important, as predicted by
Saunders [1989].

4. The longitudinal elongation of

i.e., 500 km east-
50 km north-scuth, is in good
agreement with the sheet geometry in
Kan's model or in nodels of the effects
of variations in reconnection rate
[Southwood et al., 1988; Scholer, 1928]
or of multiple X lines [Lee and Fu, 1685;
Lee et al., 1988]. 1In the isoclated flux
tube model by Southwood [1987] the opti-
cal signature 1is expected to be coinci-
dent with the upward field-aligned cur-
rent at the poleward boundary of the
central ion flow region. This reans thac
the discrete optical structure could
represent a rather small fraction of the
total latitudinal extent of the event, as
is indicated by the simultaneous radar
observations presented here and by Lock-
wood et al. [1989] (cf. also point 8).

5. Enhancements in the latitudinal
potential drop across the radar field of
view with peak values 40-50 kV during
IMF |By+/Bz| > 1 intervals, coincident
with the occurrence of the filamentary
auroral field-aligned current structures,
could be associated with temporal and
spatial variations in the wmore large-
scale region 1 current-cusp current
system or more directly related to the
discrete aurcora, i.e., by constituting
different elements of the FTE-related
flux tubes proposed by Southwood [1987].
During cases characterized by IMF |Bv/Bz |
< 1 and poleward auroral and ion veloci-
ties  1-1.5 km/s, potential drops =~ 25-
35 kV are inferred along the elongated
arcs. Assuming the auroral arcs are
associated with FTE flux tubes and that
the luminosity marks their longitudinal
scale, these potentials should be closely
related to the FTE potentials.

6. The magnetic signatures of the
0910 and 0920 UT events reported here
show monopolar H component deflections
related to Hall current filaments located
near the discrete arcs. This observation
could seem to be in favor of the sheet
current model by Kan [1988]. However, a

the optical events,
west times
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more large-scale twin vortex convection
pattern with less distinct magnetic
signatures is usually involved. Bipolar H
component deflections, indicating convec-
tion reversals, and the additional signa-
tures consistent with the Southwood
[1987] flow pattern [cf. also McHenry and
Clauer, 1987], are observed when the
movement of the structure relative to the
station is favorable, as in the December
10, 1983, case shown in Figures Al and A2
[cE. also Oguti et al., 1988]. We note
that it is not surprising that the magne-
tic deflections do not look exactly like
the predictions of McHenry and Clauer
[1987]. The reasons are revealed by these
combined radar-photometer-TV camera data,
namely: events cause major changes in
conductivity distributions which are also
far from uniform; events have a two-phase
motion, and not a uniform motion over the
magnetometer; and events are sufficiently
closely spaced that their effects are
superposed (i.e., their repetition period
can be less than the period for which
they impart momentum to the ionosphere).
7. The recurrence time (3-15 min) and
the local time distribution (~ 0900-1500
MLT) of the dayside auroral breakup
events [cf. Sandholt et al., 1989a],
combined with the above information on
the related ion drift events, indicate
the important contribution of the polar
cusp and cleft regions in the overall
momentum and energy transfer between the

solar wind and the magnetosphere. For
example, Lockwood et al. [1989] deduced
that the event at 1050 UT is associated

with a potential of at least 80 kV. Here
we have deduced that the optical struc-
ture alone 1is associated with a power of
over 10° W, deposited as Joule heating.
In addition to dayside transient recon-
nection, other mechanisms c¢ould play an
important role at the tail flanks, con-
tributing to the total energy and momen-
tum transfer to the magnetosphere (T.
Oguti, Questions on the dayside reconnec-
tion in connection with maganetospheric
convection and open-closed boundary,
submitted to Journal of Geomagnetism and
Geoelectricity, 1988].

8. Allowing for propagation delays
between the IMP 8 satellite and the
ionosphere, it 1is possible that the 0910

and 0920 UT events could have been ini-
tiated by changes of the orientation of
an IMF of constant amplitude, the IMP 8
satellite having observed temporary
southeastward and northward excursions
(Bz still negative), respectively. These

observations could be consistent with the
idea that FTEs are associated with chan-
ges in the reconnection rate, caused by
IMF fluctuations, as proposed by Kan
[1988], Southwood et al. [1988] and
Scholer [1988]. However, we note that
studies of FTEs at the magnetopause have
nearly always failed to find such IMF
triggers and hence the variations in
reconnection rate and the recurrence

period have been thought to arise from an

internal "magnetospheric <c¢lock", rather
than from structure in the IMF. If any-
thing, the observations presented here

imply that the internal c¢lock may "lock
on" to IMF changes if they are almost
separated by the natural internal recur-
rence period of 8 min [Rijnbeek et al.,
1984].

4. Summary

Despite the considerable effort that
has been made in the search for ionosphe-
ric signatures of flux transfer events in
recent years, definitive experimental
evidence has been difficult to obtain,
although ion drift events [cf. Goertz et
al., 1985; Todd et al., 1986, 1988a],
optical observations [Sandholt et al.,
1985, 1986a; Sandholt, 1987]) and geo-
magnetic perturbations [Lanzerotti et
al., 1986] have all been interpreted in
terms of FTEs. Simultaneous direct magne-—
topause and ground-based observations of
the phenomenon have not yet been documen-
ted, although inferences have been made
by Goertz et al. and Lockwood et al.
(submitted manuscript, 1988). The search
for ground magnetic signatures [cf.
McHenry and Clauer, 1987] has been parti-

cularly embarrassing, 1in part due to
difficulties in separating effects of
solar wind dynamic pressure pulses and

FTE signatures [cf. Friis-Christensen et
al., 1988; Farrugia et al., 1989], in
part due to the small spatial (in latitu-
de) and temporal scales of the central
Hall current filament, associated with
the discrete auroral precipitation and
the complex evolution and structure of
these events. The rather confusing situa-
tion resulting from such problems has, in
view of the high occurrence rate of the
magnetopause phenomenon, led to a wide-

spread scepticism concerning the exi-
stence of FTE signatures in ground-based
data. We note that such signatures must

exist; however, only when the evolution,
motion and conductivity distribution and
variation during the events are under-
stood, can they be identified with cer-
tainty.

The observations reported here and by
Lockwood et al. [1989] i.e., coordinated
optical, ion drift and geomagnetic data,
are considered to be strong evidence of
transient reconnection at the dayside
magnetopause, commonly referred to as
FTEs. Furthermore, the observed relation-
ship between the optical signature,
called dayside auroral breakup events,
and the ion drift observations is found
to be consistent with a convecting twin-
vortex flow/current pattern in the iono-

sphere, similar to that proposed by
Southwood [1985, 1987]. The geomagnetic
signatures are also in accord with this
interpretation.

A significant feature of the reported
events is their initial sunward motion as
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they travel westward towards noon around
the afternoon sector. This 1is readily
explained in terms of an FTE signature by
magnetic tension and the prevailling
positive By component of the IMF. How-
ever, an alternative possibility is that
a dynamic pressure change, aligned with
the IMF vector (in this case in garden
hose orientation as Bx is negative),
impinges on the afternoon sector magneto-
pause, generating boundary disturbances
which propagate both east (toward the
tail) and west (toward noon). It has been
predicted theoretically that these can
generate field-aligned currents and hence
ionospheric flow signatures only if there
is a density gradient across the low
latitude boundary 1layer [Elphic, 1988;
Southwood and Kivelson, 1989; Lee, 1989].
Recently, Farrugia et al. [1989] and
Sibeck et al. [1989b] have provided
experimental evidence for such ionosphe-
ric effects. This mechanism, 1like the
Southwood FTE model, is expected to give
rise to vortical flow patterns in the
ionosphere [Elphic, 1988] and hence also
offers an explanation of the twin-vorti-
cal flow pattern deduced from the radar
and magnetometer data. However, as poin-
ted out by Friis-Christensen et al.
[1988], there 1is an important difference
between these travelling vortices (model-
led by Elphic [1988] in terms of dynamic
pressure changes) and the Southwood FTE
model, in that the flow at the event
centre cannot be the same as the motion
of the event itself: the former will have
a considerable component orthogonal to
the boundary, while the event propagates
largely along the boundary. The FTE
signature, however, must have a velocity
within the newly opened flux tube (aver-
aged to remove the effects of twisting
within the tube) which is identical to
the event velocity. In the events descri-
bed here the plasma flow velocity at the
event centre (observed by EISCAT and the
magnetometers) 1is always the same, to
within experimental error, as the velo-
city of the event as a whole (determined
from the T.V. images as well as the radar
and magnetometer data). This argues
strongly in favour of interpretation in
terms of the FTE model. However, the
detailed field-aligned current configura-
tion during the events is not known at
present. Different configurations occur,
associated with different IMF orienta-
tions. The configuration shown in Figure
7 of this paper is one possibility.
Related to this, we note that the details
of the E field structure associated with
the discrete auroral forms will be a
major objective during forthcoming cam-
paigns, based on observations with upgra-
ded radar technique.

Using the Southwood FTE model inter-
pretation, magnetic flux transfer rates
[cf. Lockwood et al., 1989] and associa-
ted induced electric potentials have been
derived from the optical and ion drift
data.

The 3-10 min period of the optical
signature during the individual events
appears to mark the time of momentum
transfer to the «cusp/cleft ionosphere.
The optical observations, i.e., spectral
composition and spatial structure, indi-
cate the onset of field-aligned potential
drops ~ 1 kV between the magnetopause and
the ionosphere during the events.

The present results may indicate that,
in general, the ionospheric signature of
the transient magnetopause reconnection
process is most easily identified in the
optical data, due to the significant
emission intensities relative to the
background cusp/cleft emission, the
specific motion pattern, the temporal
scale and the good temporal and spatial
resolution of the optical instruments.
The present events would hardly be iden-
tified from the magnetometer data alone,
due to the small amplitudes in comparison
with the background disturbance 1level in
most cases, and the unsatisfactory sta-
tion network. A dense (< 100 km) network
of stations 1is necessary in order to
analyze the magnetic signatures properly,
as pointed out by McHenry and Clauer
[1987].

The most characteristic features of
the interplanetary magnetic field during
the 2-hour period (1230-1430 MLT) series
of events observed on January 12, 1988,
are the large By component, the stable
amplitude and the changing orientation
(IMP 8) during the few minutes preceding
some of the more pronounced events. B:
changed from large negative values (0900-

0930 UT) to fluctuations around =zero
later in the period. During the first
part of the interval the recurrence

period is about 7 min, and this may indi-
cate some role during the period of
consistently southward IMF, and of the
IMF By component in triggering the mag-
netopause instability 1leading to topolo-
gical connection of interplanetary and
geomagnetic field 1lines [cf. Galeev et
al., 1986 and references therein]. Other
external influences on the magnetopause
reconnection process, such as solar wind
dynamic pressure variations, seem to be
involved at times, but not always. In the

absence of external modulations of the
recurrence rate, we <c«Lpect events to
regularly repeat due to an internal

magnetospheric period of 8 min in any
case. The 0930-1100 UT period shows that
events can be triggered individually with
longer recurrence times (here 20 min)
by brief southward excursions of the IMF.

Appendix: Relationship Between the
Optical and Geomagnetic Signatures

Auroral intensities derived from
photometer recording along the magnetic
meridian are used to derive the charac-
teristic energy and the energy flux of
the precipitating electrons, assuming a
Maxwellian energy distribution [cf. Rees
and Luckey, 1974; Rees and Roble, 1986].
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This technique requires a stable aurora
in the magnetic zenith. In such cases
ionospheric conductances can be estimated
from the optical spectral information. In

the first step we derive the electron
energy flux (€) and the characteristic
energy (o = Eave/2) of the -electron

function. The follo-
and Roble [1986]

energy distribution
wing formulas from Rees
are used:

4m 1(630.0nm) [R] = 4200 "%¢(ergs em™2571) (Ala)

4w 1(427.8nm) [R] = 213" ¢ (ergs em™2 s71) (Alb)

4m 1(630.0nm)

ETOT M) 90007t
47 1 (427.8nm) @

(Alc)

where o is given in keV. Relations (ala)-
{(Alc) apply to the range 0.1 < « < 2.0.
When using (Alb)-(Alc) in deriving elec-
tron precipitation parameters related to
the dayside aurora one mnust, however,
take into account the possible contribut-
ion to the 427.8 nm emission from resona-
nce scattered sunlight. In the present

work we checked the possible contaminat-
ion from scattered sunlight by calculat-
ing the electron spectral parameter c«

line ratio and
[Rees and Luckey,

using the red to
comparing with
1974].

The height-integrated conductivities
v¢p and ¥ are then derived by the follow-
ing formulas from Robinson et al. [1987]:

green
(Alc)

40 Eqye(keV)
16 + E?

ave

Yp(mhos) = e(ergsem™2s71) (A2a)

2y (mhos) = 0.45 E2% S p(mhos)

ave (A2b)

Assuming a belt current with infinite
length and finite width in the ionosphere
and that the ground magnetic field per-
turbation is due to the Hall component of
the ionospheric currents (equivalent to
an assumption that the conductivity
heterogeneity is not significant, or the
current is infinitely long; [cf. Fukushi-
ma, 1969; Friis-Christensen, 1986]1), the
horizontal (Bs) and vertical (B:) compon-
ents of the deflection vector on the
ground can be expressed as (Biot-Savart's
law)

Hogr [*2 h
ABy ~ / _n A3
H 2 Jzy Tn En h? + z2 dz (A3a)
. Hog2 [*2 T
ABym B [ Sy By gt da (A3b)

where h represents the current altitude,
and the integration by dX is carried out
across the current belt.

For the ground reflection factors we
use g1 =gz =1 (a current sheet lying
above a perfectly conducting Earth corre-
sponds to g1 = 2, gz = 0). Assuming a
uniform current belt, (A3a) and (A3b) can
be written as follows:

ABy (nT) ~ 200 (tan™ % - tan-"—,:)z,,(mhos) En(Vm™) (Ada)

~ 200 In T 5 o hos) By (V™
ABz(nT) =~ —200 i a(mhos) Exy (Vm™) (A4b)
The above indicated procedure will

then be applied to the 0920-0925 UT
auroral event. The westward moving auro-
ral structure (Figures 3a and 3b) reached

the photometer scanning plane around
0921:35 UT and caused the photometer
intensities at 0921:50 UT as given in
table 1. The corresponding electron

parameters (0« and €) and the resulting
ionospheric conductances are also noted
in the table. During the next minute the
photometer intensities were slowly de-
creasing and the intensity peaks moving
toward the magnetic zenith (~ - 10° south
of zenith). 1In the calculations here we
have not corrected for the effect of the
auroras being 1located slightly off the
magnetic zenith. From table 1 we notice a
decrease of ya from 3.0 to 0.4 mho within
the 70-s interval considered.

In the next step we insert typical
values for Hall conductance, northward
electric field ({Ex) and 1latitudinal

extent of the resulting Hall current belt

for the 0922-0923 UT interval. For g we
use 1 mho as an average value. The radar
measured Ex ~ 150 mV/m (3 km s-! westward

drift) in gates 6, 7, and 8 (cf. Figures

1 and 2) at 0923:10 UT. A decrease of Ex
from ° 150 to 50 mV m! (3 to 1 km s-!
westward 1ion flow) was observed from

gates 6 to 4. Thus, a Hall current belt
characterized by the average values ¥y =
1 mho, Ex = 150 mV m-! and latitudinal
extent of 200 km (from 250 km to 50 km
south of Ny Alesund) is derived from the
optical and radar measurements. Inserting
these values in (Ad4a) and (A4b) we obtain

ABa = 20 nT and ABz = - 50 nT. The obser-
ved peak values at this time are pAH = 30
nT and AZ = - 45 nT, i.e., deviation from

the background perturbation (cf. Figure
5b) . The negative D component is consi-
stent with a tilted current/flow pattern
with respect to geographic east-west, as
indicated schematically in Figure 7b.

The relationship between the optical
and magnetic events is illustrated by the
additional case reported in Figures Al
and A2. Figure A1 shows scanning photome-
ter traces for a 25-min period near local
noon (- 0830 UT) on December. 10, 1983,
elucidating a characteristic behavior of
the optical events. These photometer
records were obtained at Longyearbyen,
115 km to the south of Ny Alesund (nearly
along the magnetic meridian). The zenith
angle position corresponding to 630.0-nm
emission at 250 km altitude above Ny
Alesund (magnetometer site, c¢f. Figure
A2) is marked on the horizontal axis of
the photometer stack plot. Notice the
initial equatorward excursion of discrete
emission maximizing at 0818 UT, well
equatorward of the preexisting cusp arc
(close to the 1latitude of Hornsund),
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Fig. Al.
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North-south meridian-scanning photometer profiles of the red

at 630.0 nm (left panel) and the blue band (N:z) at 427.8 nm
(right panel) obtained from Longyearbyen, Svalbard. Arrows in the left
panel mark
event. The zenith angle position of
indicated on the horizontal axis in the left panel [from

followed by a poleward motion and subse-
quent decay

latitude

of

around 0823 UT, close to the

Ny Alesund. The average
velocity of poleward motion during this

the spans 1in zenith angle and time of a transient auroral

250-km altitude aurora above Ny

5-min interval was 1.1 km s-1., The asso-
ciated magnetic deflection at Ny Alesund
maximized at 0818 UT, with pH ~ 50 nT and
negative aAD and aZ, consistent with an



Sandholt et al.: Midday Auroral Breakup

NY ALESUND
(75.4gmlat)
-
+
+ Isom
H
—
g $ ISOnT
Z
o7 08 09 10
uT

Fig. a2. H, D, and 2 component magne-
tograms from Ny Alesund for December 10,
1983. The duration of the photometer
event shown 1in Figure Al is marked by
horizontal bars in each panel.

eastward Hall current filament located to
the south of the magnetometer station.

At this time the Hornsund magnetograms
show a similar H component peak as in Ny
Alesund, but with AZ nearly zero, indi-
cating a Hall current filament overhead,
associated with the discrete aurora. A
smaller initial negative H deflection
maximized (in amplitude) at Hornsund at
0814 UT (cf. also the Ny Alesund trace in
Figure A2), indicative of a poleward
moving vortex pattern during the event.

The equatorward excursion of the
discrete emission relative to the pre-
existing cusp arc equatorward boundary in
the early phase of the event (0814-0818
UT) 1is 1in accordance with FTE model
predictions of an initial equatorward
bulge on the polar cap boundary [cf.
Cowley, 1986, Figure 1l3a]l.

An alternative interpretation is that
the initial phase with equatorward auro-
ral expansion is produced by a solar wind
dynamic pressure pulse, although no indi-
cation is seen in the ISEE 2 magneto-
sheath magnetic field data. ISEE 2 obser-
vations of the external magnetic field,
within the magnetosheath, show the fol-

lowing values during the time of the
observations reported above: Bz = - 30
nT, By = 21 T, Bx ~ 0 nT, Br = 39 nT
[cE. also Sandholt et al., 1986a, Figure

laj.
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