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Abstract-The orientation of the Interplanetary Magnetic Field (&IF) during transient bursts of iono- 
spheric flow and aurora1 activity in the dayside aurora1 ionosphere is studied, using data from the EISCAT 
radar, meridian-scanning photometers, and an all-sky TV camera, in conjunction with simultaneous 
observations of the interplanetary medium by the IMP-8 satellite. It is found that the ionospheric flow and 
aurora1 burst events occur regularly (mean repetition period equal to 8.3 + 0.6 min) during an initial period 
of about 45 min when the IMF is continuously and strongly southward in GSM coordinates, consistent with 
previous observations of the occurrence of transient dayside aurora1 activity. However, in the subsequent 1.5 
h, the IMF was predominantly northward, and only made brief excursions to a southward orientation. 
During this period, the mean intervai between events increased to 19.2i 1.7 min. If it is assumed that 
changes in the North-South component of the IMF are aligned with the IMF vector in the ecliptic plane, 
the deiays can be estimated between such a change impinging upon IMP-8 and the response in the cleft 
ionosphere within the radar field-of-view. It is found that, to within the accuracy of this computed lag, 
each transient ionospheric event during the period of predominantly northward IMF can be associated 
with a brief, isolated southward excursion of the IMF, as observed by IMP-8 From this limited period of 
data, we therefore suggest that transient momentum exchange between the magnetosheath and the iono- 
sphere occurs quasi-periodically when the IMF is continuously southward. with a mean period which is 
strikingly similar to that for Flux Transfer Events (FTEs) at the magnetopause. During periods of otherwise 
northward IMF, individual momentum transfer events can be triggered by brief swings to southward IMF. 
Hence under the latter conditions the periodicity of the events can reflect a periodicity in the IMF, but 
that period will always be larger than the minimum value which occurs when the IMF is strongly and 
continuously southward. 

1. INTROD~~rON lines were connected to the Interplanetary Magnetic 

The discovery of characteristic magnetic field sig- 
natures near the dayside magnetopause, principally 
recognized by a bi-polar variation in the boundary- 
normal component, was made by Russell and Elphic 
(1978, 1979) using data from the ZSEE-I and -2 satel- 
lites. These authors interpreted the observations in 
terms of transient events of magnetic flux transfer 
during which previously closed geomagnetic field- 

Field (IMF) and hence termed them “Flux Transfer 
Events” (FTEs). Independently, Haerendel et al. 

(1978) recognized these events in plasma and mag- 
netic fteld data from the ffeos-2 spacecraft and called 
them “flux erosion events”. More recent work has 
shown that there is much structure associated with 
FTEs in terms of ion populations, streaming hot elec- 
trons, wave emissions and field boundary layers (e.g. 
Farrugia et al., 1988), providing tight constraints for 

-- any model of FTE formation and evolution. Russell 

*Also Visiting Honorary Lecturer, Imperial CoiIege, and Elphic introduced a model of FTEs which 
London SW7 2BZ, U.K. assumed that reconnection at the dayside magneto- 
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pause could be patchy in space and variable in time, 
such that an isolated reconnected flux tube, of roughly 
circular cross-section, was produced and then dragged 
over the magnetopause. More recently, several 
authors have questioned if the reconnection is necess- 
arily so spatially localized and suggested that the 
newly-reconnected field-lines may thread a region 
which is elongated in the direction perpendicular to 
its motion across the magnetopause. Lee and Fu 
(1985) and Lee et uf. (1988) suggested the existence of 
elongated multiple neutral lines at which reconnection 
occurs (necessarily in a time-varying manner). How- 
ever, it appears that such a situation could give rise, 
with equal frequency, to twisted Aux tubes which are 
connected at either end to the IMF, to the Earth at 
both ends, or are connected to the IMF at one end 
and to the Earth at the other. Southwood et ul. (1988) 
and Scholer (1988) have shown that the magnetic 
perturbations at the magnetopause could arise from 
variations in reconnection rate at a single long neutral 
line. These theories have the advantage of explaining 
the occurrence of continued streams of hot electrons 
on field-lines at the edge of the FTE because these 
map back to a neutral line where reconnection can 
continue after the formation of the FTE. In the South- 
wood et al. (1988) and Scholer (1988) models, the 
original concept of Russell and Elphic is maintained 
in that magnetospheric flux tubes are connected at 
one end to the IMF, giving the mixture of magneto- 
sheath and magnetospheric plasma which is observed 
in the central region of FTEs. 

The major difference between the predictions of 
these models of FTEs is the total magnetic flux trans- 
ferred from closed to open in each event, the Russell 
and Elphic model giving lower values than the others. 
(Note, however, that this is offset by the possibility 
that several events could occur simultaneously in the 
Russell and Elphic model.) An FTE model is required 
because as a newly opened flux tube moves over a 
satellite near the magnetopause, its dimension in the 
direction perpendicular to that motion cannot be 
determined. The choice of model therefore alters any 
estimate of the totai voltage applied across the 
magnetosphere, and hence across the ionospheric 
polar cap, by these events. As a result, their sig- 
nificance as a driving mechanism for ionospheric high- 
latitude convection is not yet wholly clear. Some infor- 
mation on the unknown dimension has been gained 
from the BEE-1 and -2 satellites when well separated 
at the magnetopause (e.g. Saunders et al., 1984); 
however, ground-based observations offer the best 
opportunity to quantify the potential by defining the 
extent and velocity of the ionospheric foot of the 
newly-opened flux tube. Predictions of the ionospheric 

flow and current signatures which would be expected 
for some of these models of magnetopause FTEs have 
been made by Southwood (1985, 1987) and Cowley 
(1986). 

The detection of FTE signatures in data from 
ground-based magnetometers (as modelled by 
McHenry and Clauer, 1987) has proven very difficult, 
although some possible events have been identified 
(Lanzerotti et al., 1987). However, Farrugia et al. 

(1989) have shown that the same signature at any one 
station can be produced by dynamic pressure changes 
in the solar wind. These authors also directly observed 
the related magnetopause motions caused by the solar 
wind changes. Hence such signatures need not be 
associated with reconnection at all. In addition, 
Sibeck et al. (1989) have recently shown that other 
magnetometer deflections which could be interpreted 
as FTE signatures are, at least sometimes, associated 
with dynamic pressure changes in the solar wind. 
Lockwood e/ al. (1989a) have pointed out that the 
simplifying assumptions in the model predictions may 
well be responsible for the lack of clear FTE signatures 
in ground-based magnetometer data, bearing in mind 
that a magnetometer integrates the current pattern 
over an extended region of radius up to about 300 
km. Chief among these reasons are: the fact that 
events do not move over a station with a constant 
velocity; that the precipitation associated with each 
event means that conductivity is far from uniform and 
highly time dependent; that events tend to occur in 
series and the effects of one event are superposed on 
those of the previous event; and that event lifetimes 
are shorter than, or comparable with, the time taken 
for an event to traverse the region to which a magneto- 
meter station is sensitive. 

Data from ground-based radars, however, provide 
a direct measure of electric field within a small scat- 
tering volume. Observations from VHF coherent 
radars are subject to some uncertainties when the 
electric field is large. Nevertheless, Goertz et al. (1985) 
found examples of STARE radar data showing trans- 
ient flows into the polar cap, associated with particle 
dropouts observed by the conjugate GEOS satellite. 
These authors showed both sets of signatures were 
consistent with FTE behaviour. Todd et al. (1986, 
1988) also observed large impulsive poleward flow 
bursts in the dayside aurora] zone and were able to 
show that the dipolar line-of-sight velocity variations 
within each range gate were all in very good agreement 
with the twin-vertical Southwood (1985, 1987) model 
of an ionospheric signature of an FTE. Kokubun et 
al. (1988) have shown that the events observed using 
the EISCAT radar are accompanied by impulsive 
spikes in local magnetometer records, similar to those 
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reported by Lanzerotti et al. (1987), but not in com- 
plete agreement with the simplified model predictions 
of McHenry and Clauer (1987). However, as with the 
magnetometer data, Sibeck et al. (1989) have shown 
that these radar signatures may well have been caused 
by a pulse of solar wind dynamic pressure. The Goertz 
et al. and Farrugia et al. papers relate ionospheric 
electric field variations to changes at the magneto- 
pause. 

However, as yet no simultaneous observations of 
an FTE (meaning here a direct measurement of a 
bipolar oscillation in the boundary normal field and 
all attendant particle and field signatures) and a co- 
incident ionospheric flow burst have been made, 
despite several attempts to find such a case (R. C. 
Elphic, private communication, 1988). This may be 
because the probability of both the radar field-of-view 
and the satellite being sufficiently close to an FTE at 
the same time is very low. In addition, the ionospheric 
signature of an FTE may not appear until after the 
magnetopause signature has disappeared if IMF B,. is 
small (Lockwood and Freeman, 1989 ; Lockwood and 

Cowley, 1988). In conclusion, although the FTE 
models of Russell and Elphic (1979), Lee and Fu 
(1985). Southwood et al. (1988) and Scholer (1988) 
all require that an FTE generate flow and current 
signatures in the ionosphere, there has been no clear 
and consistent evidence for such effects. The ability of 
dynamic pressure changes to mimic the predictions of 
certain models has added to the confusion concerning 
the identification of FTE effects in the ionosphere. 

Another ionospheric phenomenon which it has 
been suggested is related to FTEs is the formation 
of transient dayside aurora1 arcs and arc fragments, 
which has been termed “dayside aurora1 breakup” 
(Sandholt et al., 1985, 1989a; Sandholt, 1988). These 
events are observed at all local times in the dayside 
aurora1 oval by both meridian-scanning photometers 
and all-sky TV cameras (Sandholt et al., 1989b) and 
are also associated with impulsive spikes in local 
magnetometer records (Oguti et al., 1988). Recently, 
Lockwood et al. (1989a) showed that these optical 
events were indeed associated with impulsive flow bur- 
sts in the ionosphere, as observed by the EISCAT 
radar. Furthermore, Sandholt et al. (1989b) have 
shown that the arcs at all times move with a velocity 
approximately equal to the ion drift simultaneously 
observed by the radar. This gives two ways in which 
event potential can be deduced from these measure- 
ments. The first is using the observed velocity and 
extent of the optical arc, which can be done because 
the arc is now known to be moving with a velocity 
E x B/B ‘. Alternatively, the electric field observed by 
the radar can be integrated over the field-of-view. The 

results give potentials associated with these iono- 
spheric events of 30-60 kV-rather larger than the 
Russell and Elphic model would predict from the 
magnetopause measurements, but more consistent 
with predictions for the elongated neutral line models 
of Lee and Fu (1985), Scholer (1988) and Southwood 
et al. (1988). In addition, the above observed poten- 
tials are minima as they refer to the potential along 
the visible arc or applied across the EISCAT radar 
field-of-view, neither of which may define the full 
extent of the event. Using supporting information 
from a chain of magnetometers, the full potential 
associated with the largest of the events is estimated 
to be at least 80 kV (Lockwood et al., 1989a). 

The strongest evidence for the association of the 

dayside aurora1 events and magnetopause FTEs 
comes from their occurrence and repetition period 
(see review by Sandholt, 1988) and the fact that events 
(in the Northern Hemisphere) move westward during 
positive IMF B,. and eastward when it is negative, as 
expected for a reconnection phenomenon (Jorgensen 
et a/., 1972; Cowley, 1981). Furthermore, the events 
move West/East initially before moving poleward and 
this behaviour is also noted in the simultaneous radar 
data (Lockwood et al., 1989a; Sandholt et al., 1989b). 
This is as predicted for a newly-opened flux tube by 
Lockwood and Freeman (1989) and Saunders (1989) 
because magnetic tension effects associated with IMF 
B,, can commence in the ionosphere before the anti- 
solar pull of the solar wind becomes effective. 

Some of the known features of the occurrence of 
the dayside aurora1 breakup phenomenon are dis- 
played in Fig. 1, which surveys all the limited obser- 
vations published to date. Part (a) shows the number 
of full 30 min periods of clear-sky, 630 nm photometer 
observations from Ny Wlesund, Spitsbergen for which 
the persistant, background dayside aurora falls in the 
given 1” bins of geomagnetic latitude. Only data from 
days during which transient aurora1 arcs are observed 
are included. These data have been accrued over a 
number of winter observing seasons and examples 
of the transient events are presented in a variety of 
publications (Sandholt et crl., 1985 ; 1989a,b,c; Sand- 
holt, 1988 ; Sandholt and Egeland, 1988 ; Lockwood 
et al., 1989a). Part (b) of Fig. 1 presents the average 
number of dayside aurora1 breakup events per 30 min 
period as a function of the geomagnetic latitude of the 
background aurora. It can be seen that the transient 
events are most common when the background aurora 
is close to its southernmost position, but are absent 
when it is at its most northerly position. Note that the 
exclusion of days without any transient arcs excludes 
many observations at higher latitudes in part (a) of 
Fig. 1. A comprehensive survey of all available data 



1350 M. LOCKWOOD et al. 

FIG. 

(b) 
3 F 
2 

I 

lt- 
t 

o- 
70 

75 80 

:h 
75 80 

8 
-z .- 

10 $ 

12 : 
g 

15 8 

20 E 

30 z 

cc 

Magnetic latitude of poleward boundary 
of persistent aurora(deg ) 

1. STATISTICS OF OBSERVATIONS OF “DAYSIDE AURORAL 

BREAKUP” EVENTS. 

(a) Numbers of full, cloud-free, 30 min observation periods 

of the dayside aurora from Ny &esund, Spitsbergen, for 

which the persistent dayside aurora fell within the given 
1” bins of geomagnetic latitude. (b) The mean number of 
“dayside aurora1 breakup” transient events per 30 min period 
for the same bins of the geomagnetic latitude of the persistent 

background aurora. 

will be presented at a later date. The peak occurrence 
rate is 3.2 events per 30 min period, i.e. a recurrence 

period of 9.4 min. These limited data do indirectly 
suggest a dependence of transient events on IMF B,, 
with events being more common for the southerly 
aurora1 positions expected for southward IMF. How- 
ever, there is an indication of a cut-off in event occur- 
rence when the background aurora moves poleward 
of 79” (roughly corresponding to northward IMF). 

Like more steady forms of reconnection at the low- 
latitude magnetopause, FTEs are known to occur 
almost always during southward IMF, i.e. when Bz is 
negative (see reviews by Cowley, 1982, 1984). This 
was established by Rijnbeek et al. (1984) who 
employed data on FTEs from the ISEE satellites, both 
in the magnetosheath and just inside the magneto- 
sphere and sorted events according to the sheath field. 
A similar result was obtained by Berchem and Russell 
(1984), who only employed FTE data from the ZSEE 
satellites when in the magnetosheath and compared 
with the orientation of the undisturbed IMF. These 

studies indicate that negative IMF B, is very nearly a 
necessary and sufficient condition for the occurrence 
of FTEs at the magnetopause. Rijnbeek et al. showed 
that when B, < 0, FTEs occur with a mean recurrence 
period of 7 min but are absent when Bz > 0. Similar 
results were obtained with a slightly longer recurrence 
period by Berchem and Russell, the small differences 
probably being associated with a more restrictive 
definition of an FTE signature. Data from the 
AMPTE-UKS satellite give somewhat lower occur- 
rence frequencies, thought to be because this satellite 
surveyed the magnetopause at lower latitudes (South- 
wood et al., 1986). The occurrence of transients in the 
dayside aurora therefore has strong similarities to that 
of magnetopause FTEs. 

In this paper we employ the only available com- 
bined radar and optical data, i.e. from the period 
recently reported by Lockwood et al. (1989a), to 
investigate the occurrence of the transient auroral/ 
flow burst events (as studied in detail by Sandholt et 

al., 1989b) and their relationship to the B,-component 
of the interplanetary magnetic field. Results are then 
compared with the surveys of FTE occurrence dis- 
cussed above. 

2. OBSERVATIONS 

2.1. Ground-based radar, optical and magnetometer 

data 
Parts (a)-(d) of Fig. 2 show sequences of data from 

meridian-scanning photometers at Ny Alesund (NA), 
Spitsbergen, along with vector ion flow data observed 
by the EISCAT radar, as a function of Universal 
Time. Part (e) is an image from an all-sky TV camera, 
also at Ny Wlesund, projected onto a geographic 
latitude-longitude frame, using an assumed emission 
altitude of 130 km. These data were recorded be- 
tween 09:05 and 09:30 U.T. on 12 January 1988 
(M.L.T. z 12:00-12:30), and the image (e) is taken 
during a 2-s integration period ending at 09:20:55 
U.T. Together, these data illustrate the typical fea- 
tures of the transient burst events of aurora1 activity 
and ion flow. 

If we firstly consider the image [part (e) of the 

figureI, the locations of three magnetometers 
are marked: Ny Alesund (NA), Hornsund (H) and 
Bjrarnnya (B). Also shown (dot-and-dash line) is the 
meridian scanned every 18 s by photometers at Ny 
Alesund. The results of these scans are given in panels 
(a) and (b) for wavelengths of 630 and 557.7 nm, 
respectively (i.e. red and green line aurora1 emissions). 
The received intensity is shown as a function of zenith 
angle at Ny Alesund, and at the top of each panel 
the approximate locations of the three magnetometer 
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relative intensity min. _~ _~ 

FIG. 2. (f) THE SEQUENCE OF FALSE-COLOUR ALL-SKY TV CAMERA IMAGES (2 s INTEGRATIONS) BETWEEN 
09:19:40 U.T. AND 09:24:45 U.T. (THETHIRD IMAGE,FOR 09:20:55 U.T., IS ALSO REPRODUCED IN FIG.~(~) 

ON AREGULAR GRID). 

The circles are constant zenith angles, and the axes geographic North and West, at Ny bllesund. 
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stations (NA, H and B) are given : these are calculated 

assuming emission altitudes of 130 and 250 km for 
the green and red line, respectively. Further details of 
the photometer observations are given by Sandholt et 
al. (1985, 1989a,b,c). 

Also shown in part (e) of Fig. 2 is the set of flow 
vectors observed by the EISCAT radar at the time 
closest to that when the all-sky image was recorded 
(i.e. for 09:21: 15). The radar was operating in Com- 
mon Programme CP-4, which is virtually identical 
to the U.K.-POLAR programme described by van 
Eyken et al. (1984) and Willis et al. (I 986). This mode 
employs beamswinging between two azimuths 24’ 
apart, at low elevations to the north of the radar. The 
beamswinging cycle time is 5 min and vectors are 
obtained every 2.5 min by linearly interpolating the 
line-of-sight data from one azimuth between suc- 
cessive antenna dwells and then comparing with the 
observed value for the interim dwell at the other azi- 
muth. The vectors are ascribed to the points midway 
between the two azimuths, the locations of which can 
be seen in part (e) of Fig. 2. Panel (c) shows the vectors 
as a function of time and invariant latitude. Flows are 
seen to be large and westward in the northern half of 
the field-of-view, particularly during two periods 
when discrete aurora1 structures are observed by the 
photometers (09:08-09: 13 and 09: 1 g-09:27 U.T.). 
The westward flow corresponds to a northward elec- 
tric field and. in order to quantify the total westward 
flow within the radar field of view, this electric field 
component has been integrated over the first seven 
gates observed by the radar to give the potential (a) 
which is plotted in panel (d) as a function of time. 

If we consider the second (and larger) of the two 
events, we see that @ rises sharply between 09: 12 and 
09: 17 U.T., pcakingjust before the onset ofthe optical 
event, as seen in the red line scans (09:18 U.T.) and 
considerably before the onset of the event as seen in 
the green line scans (09:21:30 U.T.). The image (e) is 
taken between these two times. The TV camera is 
mainly sensitive to 557.7 nm (green line) emissions, 
and the peak luminosity is known from the sequence 
of 2-s images, given in Fig. 2f, to be moving westward 
at 3 km s- ’ at 09:20 U.T. (very similar to the ion flow 
velocity observed by the radar at the same time). It 
can be seen that the peak green line emissions are 
slightly to the north of the radar field-of-view and that 
the band of enhanced ion flow is within the region of 
persistent cleft/cusp luminosity (from the photom- 
eters this is known to be mainly red line emission). 
Note that the exact locations of red line emissions in 
part (e) will be incorrect because of the assumption 
of an emission altitude of 130 km, and that the spur 
of low-level luminosity seen to the southeast of 

time, t 
I 
I time, t =0 

I 

meridian scanned 

” 
eqdotorlol edge of \ 
pewstent cusp/cleft 
ouroro ‘\ 

I 

Geogrophlc Longitude 

FK. 3. SCHEMATIC OF THE MOTION OF THE PATCHES OF HIGH 
557.1 ,llllLUMINOSITYOVEKTHEPHOTOMETEKScAN. 

Time f = 0 is when the event first crosses the meridian 
scanned and f = T is the time when the event begins to move 
purely northward, with negligible westward (magnetic) flow, 

and fade (see Fig. 2f). 

Hornsund (H) is due to scattered sunlight. Figure 
3 shows schematically the evolution of the aurora1 
structure observed by the all-sky TV cameras during 
the period 09: 19909:25 U.T. The locations of peak 
luminosity are shown at various U.T. relative to time 
t = 0 when the event reaches the photometer meridian 
(dot-and-dash line). Note that Fig. 2e corresponds to 
negative t and the second of the sequence of locations 
shown in Fig. 3. The event initially moves rapidly 
westward, the shape and motion of the event then 
evolves until it is elongated in the EasttWcst direction 
and moving poleward. Finally the event fades as it 
moves into the polar cap and is no longer detectable 
in the photometer data by t = z (-5-15 min). All 
events observed on 12 January 1988 showed the basic 
behaviour described in Fig. 3. From the onset times 
of the event, as seen in the TV camera, photometer 
and radar data, and the speed of the westward motion, 
we estimate that the event originated somewhere less 
than 650 km to the east of the longitude of the obser- 
vations, i.e. between the centre of the afternoon 
M.L.T. sector and noon. 

Further details of the events shown in Fig. 2, includ- 

ing a study of the magnetometer data from all local 
stations, are given by Sandholt et al. (1989b). The 
association of the peaks in @ with the optical events 
has been demonstrated by Lockwood et al. (1989a) 
and is shown here in Fig. 4. The top panel shows 
the radar potential @ discussed above, for the entire 
period when combined radar-optical observations 
were possible (09:00-11:20 U.T.). Part (b) of Fig. 4 
shows the zenith angle of peak 630 nm emission, as 
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1o:oo 10: 30 

U.T. (hrs:min) 

FIG. 4. TRANSIENT EVENTS ON 12 JANUARY 1988. 
(a) Potential across the North-Soutll dimension of the &SCAT field of view, @, and (b) zenith angle {at 
Ny Alesund) of peak 630 nm emissions greater than 3 kR as a function of U.T. Events I and 2 are shown 

in more detail in Fig. 2. 

observed by the photometer at Spitsbergen. In order 
to separate the transient events from the background 
cusp/cleft emissions, only peak intensities greater than 
3 kR are shown. The dashed arrows indicate that each 
peak in the radar potential is close to the onset of a 
630 nm event, considering the 2.5~rain resolution of 
the radar data. In total, there were nine clear optical/ 
flow burst events in this period, and these are num- 
bered in Fig. 4. It should be noted that the flow bursts 
are SubstantialIy different in form from those reported 
by Todd et al. (1986, 1988) in that they are initially 
westward, have greater velocities (334 km s-‘) and 
longer durations (up to 10 min). 

Figure 5 provides further evidence that the optical 
amoral and radar flow-burst events are associated. 
The peak radar potential during the initial westward- 
moving phase of each event is plotted as a function of 
the lifetime, T, of the subsequent amoral event, as 
observed by the 630 nm meridian-scanning photo- 
meter. It can be seen that the longer-lived aurora1 
events are indeed associated with larger potentials. 
The implications of this correlation wifl be discussed 
in Section 4.3. 

It should be noted that the vector radar data are 
subject to errors introduced by the use of the beam- 
swinging technique. Care must be taken in their inter- 
pretation because changes are taking place over time 
scales comparable with the radar beam-switlging 
period. Etemadi et al. (1989) have modelled the effects 
of using this technique with step-function changes 
in real flow speed and have noted two effects. 
“Smoothing” causes the derived flow change to be 
spread over a period of time equal to the beam- 
swinging period (5 min for CP-4). while “mixing” 

causes a spurious component in the westward flow to 
be generated by real changes in the northward flow 
(and vice-versa). The nature of the spurious mixing 
effect depends on the phase of the real flow change 
with respect to the beam-swinging cycle, and hence we 
would expect a great variety in the behaviour of the 
derived vectors for each event, were mixing effects 
important. In Fig. 4. the peaks in @ all occur close to 
the time of onset of a 630 nm arc, as seen by the 
photometers, the only exception to this being event 5, 
for which it occurs 2.5 min later (i.e. one cf, data point). 
In this paper, we are more concerned with the timing 
of the event onsets, rather than the velocities and 

000 
Ophccl (63Onm)~vent lifetime, r(min) 

FIG. 5. POTENTIAL OBSEKVED BY EISCAT, 0, AS A FUNCTION OF 
THE EVENTLIFETIME,~,ORSERVEDBYTHE 630nm PHOTOMETER. 
The potential is across the North-South dimension of the 
field-of-view (corresponding to westward flow) and the 
optical lifetime is defined for emissions of intensity greater 

than 3 kR. 
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Hornsund Mognetometer 

12 January 1988 1234X 5 6 7 8 9 

7 8 9 10 11 12 
UTIhours) 

FE 6. MAGNET~CRAMS FROM H~RNXJND (H IN FIG. 2) FOR 
12 JANUARY 1988. 

The times l--9 refer to the event onsets shown in Fig. 4, 
lagged by 7 min. 

potential magnitude in each event. The work of Etem- 
adi et al. indicated that a response to a sudden change, 
as observed in derived vectors, could be shifted in time 
by up to half a beam-swing cycle (2.5 min), if mixing 
eflects were large (but on averaging sufficient events 
this shift goes to zero). We do not expect significant 
mixing effects here as the optical and magnetometer 
data show that the initial onset of flow is westward, 
for which only smoothing effects are produced (see 
Etemadi et al.). Thus we take the peak @ to be a good 
indicator of the time of the maximum flow in every 
event. The lack of variety of this time with respect to 
the onset of the 630 nm optical events strongly sup- 
ports this assumption (see Fig. 4). 

The sequence ofevents shown in Fig. 4 is also found 
in magnetometer data from Hornsund (H in Fig. 2, 
and the closest magnetometer to the aurora1 activity). 
These data are shown in Fig. 6. The numbered vertical 
lines correspond to the event numbers given in Fig. 4, 
but the times have been lagged by 7 min in Fig. 6 
because. as discussed above, the radar potential peaks 
at a time close to the onset of the 630 nm event whereas 
the 557.7 nm luminosity does not increase until some 7 
min later. The peak effect in the magnetometer record 
from Hornsund is a!most coincident with the arrival 
of the 557.7 nm luminosity at the photometer merid- 
ian, implying that the conductivity changes associated 
with the arc are an important factor in establishing 
the magnetometer signature. It can be seen that close 
to each vertical line in Fig. 6, there is a well-defined 
peak in the Z-component in nearly all cases (the 

association is least clear for events 1, 7 and 9). Sim- 
ultaneous deflections are often observed in the other 
components (D and H), however the sequence is more 
complex than that seen in Z. Because the difference in 
the times of peak electric field and aurora1 luminosity 
(and conductivity) is not the same for each event, we 
should expect this variety of magnetic field signatures. 
However, Fig. 6 is consistent with a quasi-periodic 
intensification of eastward current to the north of the 
station. In fact, these magnetometer data reveal an 
additional event, X. This event is not distinguished 
in Fig. 4 because the intensity of 630 nm emissions 
between events 4 and X does not fall below 3 kR. 
Careful inspection of Fig. 4 does reveal a small peak 
in Q, near 09:40 U.T. (7 min before the additional 
pulse X in the magnetometer data from Hornsund) 
following an equatorward step in the peak 630 nm 
emissions. We conclude that event X was in all likeli- 
hood an event of the same kind as l-9. In Section 3 
we shall consider the event repetition period, both 
excluding and including event X. 

Sandholt et al. (1989b) have presented the magneto- 
meter data from the other local stations (Ny Alesund, 
Bjornsya and Tromso) and have shown that the 
deflections are consistent with a series of travelhng 
twin-vertical flow patterns, as described by Lockwood 
et al. (1989a). Figure 7 shows the evolution of these 
events schematically for the Northern Hemisphere. 
The events discussed in this paper were all observed 
while the duskwards (BJ-component of the IMF was 
large and positive and all initially move rapidly west- 
ward from about 14:00 M.L.T. to near noon. Note 
that the events have a sunward component of velocity 
in this initial phase of motion, which Lockwood et al. 

(1989a) associate with the effect of magnetic tension 
on newly-reconnected flux tubes. This tension effect 
acts before any anti-solar motion is produced in the 
ionosphere by the magnetosheath flow (Lockwood 
and Freeman, 1989 ; Saunders, 1989). The newly- 
opened flux tube is shown as circular in Fig. 7 for 
simplicity and as it moves it creates a twin-vertical 
flow pattern, as predicted by Southwood (1985, 1987), 
Southwood et al. (1988) and Cowley (1986). The 
557.7 nm arcs and arc-fragments are found within the 
inferred region of upward field-aligned currents. This 
current is one of the oppositely-directed pair on the 
flanks of the newly-reconnected flux tube which trans- 
fer momentum down into the ionosphere. Hence pre- 
cipitating electrons could both produce the arc and 
be the current carriers for the momentum transfer. 
The BY > 0 events are observed to move westward 
through noon before “peeling off” the polar cap 
boundary and moving into the polar cap, as predicted 
by Saunders (1989). 
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FIG. 7. SCHEMATIC OF MOTION OF NEWLY RECONNECTED FLUX TUBES, CAUSING TWIN VORTICAL FLOW 

PATTERNS,CONSISTENTWITHTHERADAR, TV CAMERA,PHOTOMETERANDMAGNETOMETERDATA. 
Events are shown in the Northern Hemisphere for positive IMF BY. 

2.2. IMF and solar wind data 
During the period discussed in this paper, the Inter- 

planetary Magnetic Field (IMF) was monitored by 
the IMP-8 satellite, along with the solar wind density 
and flow velocity. The IMP-8 satellite was in a pos- 
ition outside the dawn flank of the magnetosphere, in 
the solar wind, as shown schematically in Fig. 8. The 
exact locations of the spacecraft in GSE coordinates 
are given in Table 1, for the times of the events as 
numbered in Fig. 4. In all cases the satellite Z- 
coordinate was close to 6&. In order to estimate the 
propagation delays for changes in the IMF observed 
by IMP-8 to reach the subsolar magnetopause, we 
require some knowledge of the solar wind flow. The 
available solar wind data for this day are plotted in 
Fig. 9. The period marked 0 is when the combined 
radar/optical observations were made. It can be seen 
that only two reliable solar wind data points are avail- 

X 

GSE 
Coordlnotes 

l3c.8. RELATIVELOCATIONSOFIMP-~SATELLITE,BOWSHOCK 

AND MAGNETOPAUSE. 

The figure is not to scale but shows the geometry used in 
calculation of delays. Note that, although shown here in 
ortho-garden hose orientation in order that the terms in 
equation (5) be derived with the correct senses, the IMF 
during the events studied had B,. > 0 and B, < 0 (see Table 1). 

able in this period, both near 09:OO U.T. The solar 
wind and IMF data both show that a weak bow shock 
passed over the spacecraft near 04:15 U.T. placing 
IMP-8 in the magnetosheath until 05:15 U.T., when 
the bow shock moved back across the spacecraft. 
From shortly after this time, the solar wind data are 
missing; however, the IMF data show the spacecraft 
to remain in the unshocked solar wind for the remain- 
der of the day, although the presence of upstream 
waves shows that the satellite remained close to the 

bow shock during the period 0. The data show that 
an increase in the solar wind speed and a decrease in 
the density took place during the data gap. For the 
purpose of predicting the magnetopause location, we 
have linearly interpolated the data across the data gap 
and the period when IMP-8 was in the sheath, as 
shown by the dashed lines in Fig. 9 : the few available 
data points are close to the interpolated values 
obtained in this way. 

For this satellite position on the flanks of, and just 
upstream from, the Earth’s bow shock, it is difficult 
to evaluate accurately the delay between a change in 
the IMF impinging upon the satellite and its effects 
reaching the ionosphere within the radar field-of-view. 

Such a delay will have four components : a lag T,, 
between the change reaching the satellite and the sub- 
solar bow shock ; a time Tbm during which the change 
propagates across the magnetosheath to the subsolar 
magnetopause ; a lag T,,,, for the effect of any variation 
in reconnection rate to reach the cleft ionosphere ; and 
finally a delay T,,, during which the effect propagates 
into the radar field-of-view. The total delay is thus 
(Lockwood and Cowley, 1988 ; Farrugia et al., 1989) : 

T,, = Ts, + Tbrn + Tm, + T,,. (1) 

Note that positive T,, is defined as the observed part of 
the ionosphere lagging behind the IMF at the satellite. 

In this paper, we take T,,,, to be a single AlfvCn wave 
travel time from the magnetopause to the ionosphere. 
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TABLE 1. SATELLITE LOCATIONS, OBSERVED IMF COMPONENTS (GSE co- 
ORDINATES), AND PREDICTED SATELLITE-TO-RADAR LAGS (T,,) FOR TIMES OF 

FLOW-BURSTEVENTSNUMBERED IN FIG.~ 

U.T.of 
Event peak @ TS, 

number (h : min) (Kx) A) (2) (3) (min) 

1 09:06 -4.7 - 34.2 - IO.8 8.3 -3 
2 09:16 -4.8 -34.1 - 12.5 11.8 -1 
3 09:23 -4.4 -33.7 -8.9 L5.2 3 
4 09:32 -4.4 -33.7 -8.4 15.9 4 

5 0953 -4.1 -34.1 -6.6 17.8 6 
6 IO:18 -3.9 -34.1 - 1.9 15.2 8 
7 IO:35 -3.6 -34.1 -4.0 13.0 6 
8 IO:51 -3.4 - 34.0 -8.3 16.0 4 
9 11:0X -3.2 - 34.0 - 10.0 9.5 0 

Freeman et al. (1990) compute this value for the L- 
shell of the centre of the CP-4 field of view at noon to 
be T,,,i = 2 min (kO.6 min) from the field-line res- 
onance studies by Samson and Rostoker (1972). 

In considering Tbm, let the speed of plasma flow in 
the undisturbed solar wind be Vs, and the average 
speed in crossing the subsolar magnetosheath be 

(V,,). If A’, and X, are the X coordinates of the 
subsolar bow shock and magnetopause, respectively, 

then 

Tbrn = (~,-~J(~,,). (2) 

Following the results of Spreiter and Stahara (1980) 
we take 

<v,i,> = v,JA (3) 

and from Fairfield (1971) we use the approximation 
for the subsolar stand-off distance of the bow shock : 

-- 

1357 

X, = 1.33X,. (4) 

To calculate the delay Tsb, we need to know the plane 
in which a discontinuity or gradient in B, lies in inter- 
planetary space. Following the results of Kelly et al. 
(1986), we here assume that such changes in B, are 
aligned with the field vector in the ecliptic plane. Using 
the construction shown in Fig. 8, and assuming the A’ 
and Y coordinates of IMP-8 (X,, YJ are such that 
) Y,/X,l >> 1 (so that the change in B, approximately 
impinges upon the bow-shock at Y = 0, X = X,), and 
that the B,- and B,-components of the IMF are con- 
stant between the satellite and the sub-solar bow 
shock, we derive 

Tsb = (x,-x,-(Y;B,lB,}/[(cos6 

+ (sin 6 * &/By)} - V,,]. (5) 

For the period of interest here it is a good approxi- 

600 

20?Li7-Fr ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 12 10 24 

UT (hrs) 

FIG.~.~OLARWIND SPEED AND DENSITYOBSERVEDBY IMP-SON 12 JANUARY 1988. 
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mation to take the angle 6 to be zero, and then the 
denominator in (5) reduces to V,,. From equations 
(l)-(S) we then have : 

+2.64X,]/~~~+7;,+12O(s). (6) 

Hence to predict the lag T,, we need the interpolated 
value of solar wind speed and a predicted location 
for the subsolar magnetopause. For an equilibrium 
position, the stand-off distance of the magnetopause 
is inversely proportional to RAM pressure : 

X, = G/[n,%, l’,‘,] ‘j6 (7) 

where nsW is the solar wind density and G is a scaling 

factor. 
In this paper we estimate the delay ?& by making 

use of two features in the radar vector data which can 
be associated with changes in the IMF seen by IMP-8 
(see Lockwood et ul., 1989b). The first is a northward 
turning of the IMF at 11:23 U.T., seen by EISCAT 
as a slowing of the flow commencing at 11: 15 U.T. 
(note 7,, is negative because B,v/B, z -2 before 
11:22:30): the second is a southward swing of the 
IMF and change in sense of B,, seen by IMP-S at 
Il:25, but not observed as an increase in flows at 
EISCAT until 11:30 U.T. [between these two events 
the estimate of T,, changed sense, mainly because of a 
change in the third term in the numerator of equation 
(5), I&/B, being -0.5 after 11:22:30]. Applying equa- 
tions (6) and (7) to these two events gives two sets of 
equations from which we can derive both G and T,,. 
The value obtained for G of 135R, (Earth radii) is 
very similar to that derived by Farrugia et al. (1989) 
from ISEE observations of a static magnetopause, 
under similar solar wind flow conditions and is close 
to the mean value derived from the results of Holzer 
and Slavin (1978). This places the subsolar magneto- 
pause at llR, at 09:OO U.T., consistent with the 
inferred proximity of IMP-8 to the bow shock. The 
delay r,, is 3.0 min. The origin of this delay for a 
southward turning of the IMF (observed using 
EISCAT with the AMPTE-UK’S’ satellite) has been 
discussed by Lockwood et al. (1986) and shown to be 
due to the expansion of a new, enhanced convection 
pattern from the ionospheric projection of the merg- 
ing neutral line to the radar field-of-view. These 
authors showed that the region of ion frictional heat- 
ing, caused by the enhanced convection, was indeed 
propagating over the radar at the required speed. In 
this paper, we assume that G and T,, both remain 
constant during the 2.5-h period studied. The value 
for T,, derived from the southward and northward 
turning should be valid at the end of this period. Study 

(a) UT=09:00 -09:45 

20t I-? 

01 I I , I 

CM UT= 09:45-io:30 

Cc) UT= 10~30 -11~20 
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FIG. 10. HIST~CRAMS OF OCCURRENCE OF IMF BZ FOR THREE 
PERIODS ON 12 JANUARY 1988. 

(a) OP:OO-09:45 U.T., (b) 09:45-lo:30 U.T. and (c) 10:30- 
1 I:20 U.T. 

of the optical events tells us that the same value is 
reasonable even early in the period ; for example, the 
all-sky images show that events 1 and 2 originate to the 
east of the TV cameras’ field-of-view, i.e. somewhere 
further than 500 km to the east of the radar field-of- 
view, At the observed initial westward velocity of 3 
km s-‘, the delay of T,, of 3.0 min would place the 
point of origin at 540 km to the east of the radar field- 
of-view [see Fig 2e and full sequence presented in part 
(f) of Fig. 21. In practice, we would expect T,, to 
decrease with U.T. as the radar rotates eastward and 
hence the value of 3.0 min could be an underestimate 
for the earlier events. This point will be raised again 
in Section 3. 

From equations (6) and (7), we can now estimate 
the lag r,., between an observation of the IMF at IMP- 
8 and each of the event times given in Table I. There 
are a large number of approximations in this cal- 
culation and the answer is expected to be accurate 
only to within about 2.5 min, roughly the same error 
as in the timing of the event itself (see previous 
section). The lags are given in Table 1 and show con- 
siderable variation. mainly caused by changes in the 
ratio &/B?, due to the large value of 1 Y,j. 

3. RESULTS 

Figure 10 gives the distribution of the northward 
(&)-component of the IMF in GSM coordinates, for 
three subperiods of the interval discussed in this 
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paper. Part (a) shows that the IMF was almost con- 
tinuously southward during 09:0~“09:4~, witk only 
four of the 15-s samples in this period giving a slightly 
northward lMF (all of which were smaller than 1 nT 
and occurred at the very end of the period). Table t 
shows that there are four clear ~~piica~/radar transient 
events during this period, giving three estin~ates of the 
repetition period. The mean of these is 8.7 min, with 
a standard error in the mean of 0.9 min. In addition, 
there is the possible event X, which was revealed by 
the ~ornsu~d iltagnetometer data but is also pro~bIy 
present in the radar and optical data. This event is 7.5 
mm after event 4, and its inclusion makes the mean 
8.3 min with a standard error of 0.6. 

During 09:4~-1~:30, the IMF was predonl~~a~tly 
northwards with only 23% of samples giving a south- 
ward orientation of the total field vector [see part (b) 
of Fig. lo]. During this period only two events were 
observed, separated by 25 min. 

The third subperiod [10:30-l 1:20 W.T., part (c) of 
Fig. IO] shows a more equal number of positive and 
negative B, values, in fact 62% of IMF samples are 
southward. Withes this period, three events are 
observed, separated by I6 and 17 min. 

Combining periods (b) and (c), we find a mean 
recurrence period of 19.2 min with a standard error 
in that mean of 1.7 mm. Hence, we find that the 
period ~9:0~-09:45, when the XMF was continuously 
southward, has a si~~i~ca~tly shorter repetition 
period, than the subsequent periods, when the IMF 
varied beiween southward and northward” 

In arder to investigate these periods in more d&r& 
Fig. 11 shows tke IMF B:- and B,V-components as a 
function of the U.T. at which they were observed by 
litlP-8, Also shown is &he variation of 11, observed by 
EISCAT, but plotted as a function of the U.T. of 
observation minus the computed lag Y,,.. The arrows 
show the peaks of tke clear events, as listed in Table 
1, and the event X. Xt is hard to identify a consistent 
trigger for the events in the IMF data. On the other 
hand, neither B, nor I$, are constant. Sandhoit EI al. 
~19~9b) note that events 1 and 2 differ co~~siderably 
in tkeir motion-.~vent 1 having a muck weaker initial 
westward moving phase, Allowing for the predicted 
iag r,,, these two events are seen to ~01~0~ periods of 
very similar N, but event 1 could have been re- 
connected during the brief period of smatl BY (roughly 
4 nT) around 09:07 U.T. This would explain its 
weaker westward motion compared with event 2 (for 
wkich the corresponding a,, is ro~lghiy 10 nT) and 
indeed with all subsequent events. Event 2 shows no 
clear trigger but event 3 could be associated with the 
rapid decrease in Bz after 09: 17 U.T. Iftkis association 
is real. event 3 could be said to be cons~stel~t with the 

Southwood et al. (1988)/Scholer (1988) concept of 
FTE generation by variations in reconnection rate, in 
this case ~ndnced by external ~uctuatio~s in IMF B2. 
However, event 4 also has no clear trigger of any kind, 
occurring withm a period of ~raduajly increasing, but 
still negative & The event X could be associated with 
a brief swing CO more negative Bz around 09:32 WT. 
Note that events 1-4 and X do not appear to be 
regularly spaced in Fig. I1 because of variations in 
T,,. However, Figs 4 and 6 and Table 1 show that 
separation of the events in the ionosphere is com- 
paratively constant. Xt seems highly unlikely that the 
variation in 7;, should act to cancel the variation in 
repetition period of irregular JMF triggers to give a 
nearly regular series of events in the ionosphere. We 
therefore think that these data imply a natural period 
of about 8 mm which is a ck~racteristic of the 
magnetospkeric system. 

Figure 12 shows the IMF ~=-co~lponent and the 
radar potential shifted by r,,, as in Fig. 11, for the 
subsequent periods [fb) and (c) in Fig. IO]: B,. is not 
shown as it rerna~~ed almost constant at about I.5 nT 
after 0920 U.T. Without the lags &ted in Table 1, 
events 5, 6 and 7 were all observed when the heid 
observed s~n~u~ta~ieously by ~~~-8 is positive. How- 
ever, Fig. 7 shows that with the computed lags 7:, 
introduced, each event coincides, or Follows shurtly 
after, a swing (often short-fived) to southward IMF. 
Remembcr~n~ the errors in the event timings and in 
the lag estimates, we camlot de~~itive~y associate each 
event with a period of southward IMF; however, we 
can say that each burst of soutkward IMF could have 
triggered an “isolated” transient flow burst and aur- 
oral event. It is noticeable that it is the earlier events, 
5 and 6, which do not exactly coincide with the south- 
ward swings This could, as discussed in the previous 
section, be due to the fact that 3 mm is an under- 
estimate of r,,. far these events, or because for these 
two events ]B,./B,,] is exceptionally large (see Table 
I), exposing a deficiency in our assumptions in the 
calcu~aiion of Tbh. 

Supportive evidence for the above conclusions is 
given in Fig. 13, which plots the potential, @, across 
the North-South extent of the radar dead-of-view 
(solid circles) as a f~~~c~ion of average B._ for a 2-min 
period around the associated rnin~~~urn in B_. A dear 
rel~t~onski~ can be seen, with larger ~tent~a~s pro- 
duced for events during more soutkward 1MF. The 
only event which does not follow this trend well is 
event 1. As discussed earlier, this event does not move 
strongly westward initially, as do the other eight 
events, but rather moves directly poleward into the 
polar cap. Also shown in Fig. 13 are the peak poten- 
tials associated with northward motions of the events 
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FIG. 11. IMF B,- AND By-COMPONENTSAND RADARPOTENTIAL,@,AS A FUNCTION OF U.T. ON 12 JANUARY 

1988. 
The radar values have been advanced by the estimated delay for IMF effect to reach the radar field-of- 

view, TSr (see Table 1) and events have been numbered as in Fig. 4. 
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FIG. 12. IMF B, AND RADAR POTENTIAL, CD, AS A FUNCTION OF U.T. ON 12 JANUARY 1988. 
As for Fig. 11, the radar values have been advanced by the estimated delay for IMF effect to reach the 

radar field-of-view, T,, (see Table 1) and events have been numbered as in Fig. 4. 

(i.e. measured across the East-West dimension of the the aurora1 luminosity as extending further in the 
radar field-of-view), Be (open circles). These also show East-West direction than the radar field-of-view. 
a slight trend to increase with more negative IMF These TV observations show that the potential associ- 
B,. However, it is known that these 0, values are ated with the poleward motion of the visible arc of 
underestimates because the all-sky TV images define event 1 is 35 kV. The total potential associated with 
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FIG. 13. PEAK RADAR POTENTIALS (LAGGED BY Tsr) AS A 
FUNCTIONOFMEAN IMF Br 

The potential across the North-South dimension of the radar 
field-of-view (corresponding to westward flow), @, is shown 
by solid circles, that across the East-West dimension (cor- 

responding to northward flow), Q., by open circles. 

this event must exceed this value because the event 
could be larger than the arc detected by the TV 
camera. 

4. DISCUSSION AND CONCLUSIONS 

We have studied the only available simultaneous 
radar/optical data of transient bursts of ionospheric 
ion flow in the cleft region, accompanied by the “day- 
side aurora1 breakup” transient aurora1 activity. 
From these limited data we find that the bursts occur 
quasi-periodically when the IMF is strongly and con- 
tinuously southward. However, during periods of 
intermittant southward IMF, the external field can 
trigger “isolated” events. In this section we will discuss 
these two types of IMF conditions separately in Sec- 
tions 4.1 and 4.2, before looking at the implications 
of the optical event lifetimes for the motion of newly 
opened flux tubes in Section 4.3. When reading all 
three of these subsections, it must be remembered 
that they are based on only a very short period of 
observation. It is vital that further observations be 
made to give the results the same statistical weight as 
the extensive surveys of magnetopause data. 

4.1. Observations during continuous southward IMF 
The mean period of the events when the IMF 

was continuously southward (09:0049:43 U.T.) is 
8.3 iO.6 min (including event X). This repetition per- 
iod is very similar to the mean period between FTEs 
at the magnetopause under the same IMF conditions 
[Rijnbeek et al. (1984) found a value of 7 min for 
FTEs]. This is also consistent with earlier studies of 

the transient dayside aurorae, without the radar data 
(see Fig. 1). 

We consider the evidence that the transient arcs are 
indeed the clearest ionospheric signature of FTEs to 
be overwhelming. Briefly summarizing that evidence 
(other than the repetition period and occurrence seem- 
ingly only during southward IMF), we note that 
events (as yet documented in detail for the Northern 
Hemisphere only) move westward when IMF BY is 
positive and eastward when it is negative (Sandholt et 
al., 1989a; Sandholt, 1988) and are accompanied by 
spikes in magnetometer records, the sense of which 
depend also on IMF BY (Oguti et al., 1988). The 
directions of these motions are as predicted for newly- 
opened flux tubes under magnetic tension due to the 
BY-component of the IMF (Jorgensen et al., 1972; 
Cowley, 1981). The events are seen to move initially 
rapidly West/East before turning poleward and mov- 
ing at more typical convection speeds (Lockwood et 
al., 1989a; Sandholt et al., 1989b), consistent with the 
motion of newly-reconnected flux tubes predicted by 
Lockwood and Freeman (1989) and Saunders (1989). 
This two-phase motion arises from the actions of mag- 
netic tension and anti-solar solar wind flow : the ten- 
sion induces ionospheric tlow an Alfvtn wave travel 
time after reconnection at the magnetopause, whereas 
the anti-solar flow does not begin to excite ionospheric 
flow until a few minutes later when the flux tube 
has straightened. The event lifetimes (2-15 min) are 
consistent with the periods during which momentum 
is transferred to the ionosphere following the for- 
mation of an open flux tube at the dayside magneto- 
sphere (Lockwood and Cowley, 1988 ; Lockwood and 
Freeman, 1989; Lockwood et al., 1989b). The iono- 
spheric flows around these events and the inferred and 
measured field-aligned currents have been shown to 
be consistent with those predicted for FTEs by South- 
wood (1985, 1987) and Southwood et al. (1988) and 
Cowley (1984, 1986) (Lockwood et al., 1989a; Sand- 
holt et al., 1989b,c; Sandholt and Egeland, 1988). 

In addition, the events show strong green-line emis- 
sions, hence we know that the precipitating particles 
are not merely solar wind particles that have entered 
the magnetosphere and are precipitated into the iono- 
sphere without further acceleration. It should be 
noted that these transient green-line arcs are observed 
throughout the dayside, with no midday gap, as 
observed for more stable arcs-hence they occur in 
both the “cusp” and “cleft” regions (Heikkila, 1985). 
We considered whether the origin of these heated 
particles could be the streaming hot electrons ob- 
served on the flanks of FTEs on the magnetopause 
(Scudder et al., 1984). However, such electrons only 
have energies of a few hundreds of electronvolts, 
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whereas kiloelectronvolt particles are required to 
explain the photometer observations (Sandholt et al., 
1989a). Hence it is thought that a transient and local- 
ized potential difference may be formed between the 
ionosphere and the magnetopause during these events 
associated with the upward field-aligned current 
(Sandholt et al., 1989b). Recently, Lockwood and 
Smith (1989) have interpreted a cusp ion injection 
event, observed at 900 km by DE-2, as an FTE and 
found that the observed perturbation electric and 
magnetic fields were also consistent with a Southwood 
(1987) FTE model and that precipitating electrons of 
energy - 100 eV were indeed present on the bound- 
aries of the putative newly-opened flux tube, as for 
the magnetopause observations. However, in this case 
DE-2 did not pass through or near the region of 
upward field-aligned current and hence did not see 
the particles responsible for the green-line transient 
arc. 

4.2. Obserrutions during intermittent southunrd IMF 
After 09:48 U.T., the IMF observed by IMP-8 was 

predominantly northward, with only brief periods of 
southward orientation. If the predicted lag, T,,, 
between the IMF impinging upon the satellite and its 
effects reaching the ionosphere within the radar field- 
of-view are not taken into account, many of the tran- 
sient flow/aurora1 events seem to occur during north- 
ward IMF. However, with the best possible estimates 
of this lag included, we can say that, to within the 
errors of the observations and the predicted lags, each 
event could have been triggered by a southward swing 
of the IMF. Indeed, the potential of the event (in its 
initial, westward-moving phase) is found to correlate 
well with the B, during the swing it is thought to be 
associated with. Under these conditions, the mean 
period between the events is significantly longer and 
is seemingly controlled by the variability of the IMF 
&-component. Notice this is a very different situation 
from that described in Section 4.1, where the period- 
icity seems to be due to some internal magnetospheric 
“clock”, and not to variations in the IMF. 

4.3. Motion of newly openedjux tubes 
Figure 2 shows that the optical event onsets at the 

meridian scanned by the photometers is earlier for the 
630 nm emissions than for 557.7 nm and that the radar 
potential increases before both of these times. This 
suggests that the softer particles responsible for the 
630 nm luminosity are precipitated over a larger 
region than those causing the 557.7 green-line emis- 
sions. Lockwood et al. (1989a) postulate that the 
green-line emissions mark the region of upward field- 
aligned current of the oppositely-directed pair 

required to transfer momentum to the ionosphere, a 
conclusion supported by the more detailed analysis 
presented by Sandholt et al. (1989b). The red-line 
emissions could be seen over a larger region if they 
were present throughout the newly opened flux tube, 
as expected for entry of solar wind particles by re- 
connection (see Lockwood and Smith, 1989). The 
flows are expected to respond first, as closed field-lines 
or “old” open field-lines are effectively pushed ahead 
of the event in the Southwood mode1 of FTE signa- 
tures (see Lockwood et al.. 1988 and Fig. 7). 

Lockwood et al. (1989a) and Sandholt et al. (1989b) 
have shown that the motion of the optical events (and 
the simultaneously-observed ion flows) are consistent 
with the predictions of Lockwood and Freeman 
(1989) and Saunders (1989). This is because the events 
initially move westward under magnetic tension (IMF 
BY was positive), before swinging round to more pole- 
ward flow as anti-solar motion begins to become 
effective and East-West magnetic tension decreases. 
Saunders (1989) has also shown how this motion nat- 
urally explains the cusp field-aligned currents and 
hence we believe the filamentary currents of one of 
the larger events could be thought of as a travelling 
intensification of the region one-cusp current system. 

Figure 3 considers how this pattern of motion 
effects the lifetime, z, of the optical events, as seen by a 
photometer scanning a single meridian (dashed line). 
From the all-sky TV images, we know that an event 
onset in the photometer data is caused by an aurora1 
structure moving westward, crossing the meridian at 
time t = 0. However, for these observations at least, 
the end of each event is not because it moves westward 
past the meridian, but rather because it fades as it 
moves northward. By time t = z, the events are mov- 
ing purely northward and the westward velocity has 
fallen to zero. The all-sky TV camera also tells us 
that the deceleration of the westward flow is roughly 
uniform for t > 0. For example, Table 2 gives the 
westward acceleration of the main patch of green-line 
luminosity, a, seen by the all-sky TV camera during 
event 2 [see Fig. 2(f) and Sandholt et al., 1989b]. The 
mean value after 09:21:30 (when the high-luminosity 
patch reached the photometers’ meridian) is (a) = 
-9.8 m sm2, with a standard error in that mean of 
only 0.12 m sC2. 

Hence we can apply the equation for constant accel- 
eration to the open field-line of the event, marked by 
the red-line emissions, and from the definition of r we 
have : 

0 = vw/,,+uz (8) 

where V,,,, is the westward flow speed at t = 0 and a 
is the acceleration. In Fig. 5, r was plotted as a func- 
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TABLE 2. ACCELERATION OF EVENT 2, AS OBSERVED BY THE ALL-SKY TV CAMERA AT 
NY ALEXJND 

U.T. 
(h : min : s) 

09:20: 17 
09:20:55 
09:21:31 
09:22:00 
09:22:37 
09:22:58 
09:23:40 

Distance from 
position at Acceleration, 

Time, t time t = 7 (s) 5-t a = -2s/(5-t)* 

(s) (km) (4 (m ss2) 

-14 340 203 -16.5 
-36 182 165 -13.4 

0 87 129 -10.4 
29 48 100 -9.6 
66 20 63 - 10.1 
87 8 42 -9.1 

129 = r 0 0 

tion of peak @, the radar potential near t = 0 associ- 
ated with the initial westward motion. We can relate 
this @ value with V,, by 

@ = I/,,&!, (9) 

where L is the length along the meridian scanned by 
the radar where the flows are enhanced [Sandholt et 
al. (1989b) note that the flows are enhanced in a 
“channel” co-located with the persistent cusp/cleft 
aurora] and B is the magnetic induction in the iono- 

sphere. Hence we have 

0 = -aBLz. (10) 

This equation predicts that the data points in Fig. 

5 should lie on a straight line if a is the same for every 
event. This agrees well with the data. Therefore this 
strengthens the association of the radar and optical 
data and supports the interpretation of the events 
given by Lockwood et al. (1989a) and Sandholt et al. 

(1989b). 
From the observed slope of Fig. 5, and using a 

typical value for L of 150 km (corresponding to three 
range gates, see Fig. 2), we deduce that a = -7.5 m 
S _ *. This is the deceleration caused by the decrease of 
the driving Bj, tension force, and is in general agree- 

ment with the mean value deduced above for t > 0 
during event 2. That all these events have the same 
deceleration is because B.” (and hence the tension for- 
ces) and the background ionospheric conductivity 
(and hence the frictional drag) are roughly constant 
throughout the period. 
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