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Abstract. We present SuperDARN radar observations of thesidered to be excited principally by two essentially indepen-
ionospheric flow during a well-observed high-latitude sub- dent processes. The first is reconnection at the magnetopause
storm which occurred during steady northward IMF condi- between the Earth’s field and the interplanetary field in the
tions on 2 December 1999. These data clearly demonstratmagnetosheath, which results in the transfer of newly-formed
the excitation of large-scale flow associated with the sub-open flux tubes from the dayside into the tail lobes. This pro-
storm expansion phase, with enhanced equatorward flows be&ess causes a departure of the system from equilibrium, and
ing observed in the pre-midnight local time sector of the ex-excites flow which carries the system towards a new equi-
pansion phase auroral bulge and westward electrojet, and etibrium configuration with the changed (increased) amount
hanced return sunward flows being present at local times owf open flux. In the ionosphere, the flow is of twin-vortex
either side, extending into the dayside sector. The flow patform, with antisunward flow over the polar cap and return
tern excited was thus of twin-vortex form, with foci located sunward flow at lower latitudes. The flow is expected to be
at either end of the substorm auroral bulge, as imaged by thetrongest on the dayside, with the foci of the twin-vortex flow
Polar VIS UV imager. Estimated total transpolar voltageslocated at either end of the dayside merging gap, and is as-
were~40KkV prior to expansion phase onset, grew&0 kV sociated with an expansion in size of the open polar cap and
over a~15 min interval during the expansion phase, and thensurrounding auroral zone.

decayed te-35kV over~10 min during recovery. The exci-  The second process is the reconnection of open tail lobe
tation of the large-scale flow pattern resulted in the develop-lux across the tail current sheet, which results in the destruc-
ment of magnetic disturbances which extended well outsid&ion of open lobe flux, and the contraction of newly-formed
of the region directly disturbed by the substorm, dependingclosed flux tubes towards the Earth. This process similarly
upon the change in the flow and the local ionospheric conperturbs the system from equilibrium, and also excites flow
ductivity. It is estimated that the nightside reconnection ratewhich is of twin-vortex form in the ionosphere. Now, how-
averaged over the 24-min interval of the substorm wéS—  ever, the flow will be strongest on the nightside, with the foci
75kV, compared with continuing dayside reconnection ratesof the twin-vortex flow located at either end of the nightside
of ~30-45kV. The net closure of open flux during the sub- merging gap, and is associated with a contraction of the open
storm was thus~0.4-0.6<108 Wb, representing-15-20%  polar cap and surrounding auroral zone. This two-component
of the open flux present at onset, and corresponding to afiow picture, while first being presented in the above form by
overall contraction of the open-closed field line boundary by Cowley and Lockwood (1992), is related to earlier ideas on

~1° latitude. boundary motions and flows presented by Siscoe and Huang
Key words. lonosphere (auroral ionosphere; ionosphere-(1985) and Freeman and Southwood (1988). Further discus-
magnetosphere interactions; plasma convection) sion may be found in the more recent papers by Cowley and
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The excitation of flow in the dayside ionosphere during
intervals of southward interplanetary magnetic field (IMF)
and consequent magnetopause reconnection is now a well-
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data as pulsed ionospheric flows (Lockwood et al., 1989.al., 1998; Machida et al., 1999). Both initial dipolarization
1993; Elphic et al., 1990; Pinnock et al., 1993, 1995; Moenand the convection that results from tail reconnection con-
et al., 1995; Provan et al., 1998; Neudegg et al., 1999, 2000tribute to substorm-associated Dungey-cycle flux transportin
Milan et al., 2000; Wild et al., 2001). As a consequence,the tail. This being so, we would expect that significant large-
there is now little uncertainty about the central role of magne-scale twin-vortex flows should be excited during substorms,
topause reconnection in magnetospheric dynamics and flowvith the reconnection-associated transport presumably dom-
excitation. inating on longer expansion phase time scales (few tens
The same cannot be said, however, of the correspondef minutes), corresponding in essence to the reconnection-
ing relationship between tail reconnection and flow, which associated flows observed on the dayside cited above.
has recently been discussed in more detail by Cowley et al. Observational evidence for such flow excitation, however,
(1998) and Lu et al. (2001). Two distinct phenomena havehas at best been ambiguous. In a recent study of Sondre-
been linked to tail reconnection. The first of these relatesstrom radar data, Blanchard et al. (1997) (following earlier
to azimuthally-localized impulsive events in which auroras work by de la Beaujaréire et al., 1991 and Blanchard et
are first intensified at the poleward boundary of the night-al., 1996) measured the local reconnection rate by examin-
side auroral zone, and then expand equatorward, reaching fag the ionospheric flow across the open-closed field line
near the equatorward boundary of the oval emissions afteboundary, the position of the latter being estimated from
~5min (Henderson et al., 1998). These events, termed poleonospheric features observed by the radar and 630 nm au-
ward boundary intensifications (PBIs) by Lyons et al. (1999),roral emission. They found that an increase in the recon-
have been found to occur in all phases of the substorm cynection rate occurs near midnight, shortly after expansion
cle, including during long intervals of magnetic quiet, though phase onset, expanding to encompass a wider local time sec-
they appear to be more frequent during substorm expantor after~20 min. However, the initial reconnection rate in-
sion phases. They are associated with azimuthally-localized¢rease was manifest mainly in a poleward motion of the in-
bursty bulk flows (BBFs) in the near-Earth plasma sheetferred open-closed field line boundary. Flows were found to
(Baumjohann et al., 1990; Angelopoulos et al., 1992; Yeo-become elevated only after an interval-e80 min. Some-
man et al., 1998; Lyons et al., 1999) and the excitation ofwhat correspondingly, Weimer (1999) has presented a sta-
equatorward flow in the ionosphere (Sergeev et al., 1990; ddistical survey of low-altitude electric field data from the
la Beaujardire et al., 1994; Yeoman anihr, 1997; Watan- DE-2 spacecraft, separated according to the IMF direction
abe et al., 1998), together with relatively weak structuredand into substorm and non-substorm intervals. The flow pat-
magnetic disturbances in the high-latitude ionosphere, Pi2erns for a given IMF orientation show a more pronounced
signals, and particle injections at geosynchronous orbit (HsitHarang asymmetry on the nightside during substorm inter-
and McPherron, 1996; Henderson et al., 1998; Lyons et al.yals than during non-substorm intervals, but the total trans-
1999; Sergeev et al., 1999, 2000). As discussed, for examplgolar voltage values showed little overall difference. On the
by Cowley (1998), and Cowley et al. (1998), these featuresother hand, Opgenoorth and Pellinen (1998), following ear-
are strongly suggestive of the occurrence of localized impuldier work by Grafe et al. (1987), have presented evidence for
sive reconnection in the tail leading to plasma injection andflow enhancements in the dusk auroral zone immediately fol-
flow excitation. During quiet times, at least, the reconnectionlowing expansion phase onset in the midnight sector, leading
site is presumed to be that lying in the more distant magneto an immediate increase in the global directly driven cur-
totail beyond~100 Re. rent system. They suggest, however, that diversion of the
While PBI/BBF events thus probably represent the con-twin-vortex flow around the low-flow high-conductivity au-
sequences of localized impulsive reconnection in the tail,roral bulge formed during the expansion phase (e.g. Kirk-
which can occur under a wide variety of conditions, it haswood et al., 1988; Morelli et al., 1995; Yeoman et al., 2000;
long been supposed that major episodes of tail reconnedkhan et al., 2001) may play a role. Fox et al. (1999) have
tion and open flux destruction take place during magneto-also reported observations of a surge of transpolar flow into
spheric substorms (Hones, 1979; Baker et al., 1996). Conthe midnight sector associated with a substorm intensifica-
troversy still surrounds the sequence of events which oction, which they suggest was due to a burst of reconnection
cur during the few-minute phase which initiates substormin the tail. Most recently, Grocott et al. (2000) have pre-
expansion, with some observations suggesting that tail resented an analysis of SuperDARN radar flow data obtained
connection is initiated by near-Earth current sheet disrup-during an isolated substorm, and have found evidence for the
tion followed by tailward-propagating inward collapse of the excitation of twin-vortex flow cells centered in the nightside
field lines (e.g. Lui, 1991, 1996; Frank and Sigwarth, 2000;ionosphere, which enhance the transpolar voltage 2y kV
Friedrich et al., 2001). Nevertheless, recent results from theeompared with pre-onset values.
Geotail spacecraft do show that reconnection typically be- Given these somewhat varied conclusions, taken together
gins in the dusk sector plasma sheet at down-tail distancewith rather clear theoretical expectations, further study of
of ~20-30 R, a few minutes before the onset of expansion the important issue of large-scale ionospheric flow excita-
signatures on the ground, and then expands to encompasstian during substorms is clearly warranted. The international
significant fraction of the dusk and midnight sector tail (Na- SuperDARN HF radar network employed by Grocott et al.
gai et al., 1998; Nagai and Machida, 1998; Petrukovich et(2000), which is now able to image the ionospheric flow over
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alarge fraction of the polar regions with good time resolution2 Instrumentation
(Greenwald et al., 1995; Shepherd and Ruochoniemi, 2000) is
clearly the most suitable tool to undertake this task. Never-In this section we provide brief details of the instrumenta-
theless, the intervention of several factors introduces signiftion employed in this study, which principally concerns the
icant difficulties into this undertaking. The first is that sub- interval 00:20—01:40 UT on 2 December 1999.
storm intervals are usually associated with periods of large
and variable negative IMMB,, which will result in large 2.1 SuperDARN radar data
variations of the ionospheric flow through modulated mag-
netopause reconnection. These variations may be expectethe central focus of our study is the measurement of iono-
to be at least as large as those associated with nightside repheric convection velocities provided by the Super Dual Au-
connection and substorms, such that the flow variations asroral Radar Network (SuperDARN). SuperDARN is an in-
sociated with the substorms may be obscured. Second, sulternational array of HF coherent radars spanning the auro-
storms are generally initiated in the ionosphere on field linesral regions of both the Northern and Southern Hemispheres
mapping to~65°. This latitude is close to the equatorward (Greenwald et al., 1995). At the time of the interval de-
edge of the SuperDARN field of view (in normal scan mode), scribed here, the Northern Hemisphere network consisted of
so that the substorm-effected region may only be partiallysix radars, whose fields of view covered approximately 12 h
imaged. Third, it is very often the case that SuperDARN of magnetic local time (MLT). This is illustrated in Fig. 1a,
radar backscatter drops out during intervals of magnetic diswhere we show a view looking onto the northern magnetic
turbance due to precipitation-induced D-region radio absorp{ole. With increasing MLT we show the fields of view of
tion (Milan et al., 1996; Yeoman andihr, 1997). In this the Saskatoon (T), Kapuskasing (K), Goose Bay (G), Iceland
case the evolution of the flow during the substorm cannot béMest (W), Iceland East (E), and Finland (F) radars. These
properly followed after the onset of the expansion phase. are shown on a geomagnetic grid at 01:00 UT (a central time
during the study, corresponding to maximum magnetic/flow
disturbance during the substorm), extending from the pole
In this paper we study the flows which occurred during anto 60 latitude, with noon at the top and dusk to the left.
isolated substorm on 2 December 1999 under somewhat forfhe coordinates are Altitude Adjusted Corrected Geomag-
tuitous circumstances, such that the above difficulties werenetic (AACGM) coordinates, a development of the PACE
largely circumvented. First, the substorm occurred duringsystem discussed by Baker and Wing (1989). The fields-
an interval of very steady northward IMF (and large nega-of-view of the three radars whose data will be displayed in
tive B,), such that the flows driven from the dayside may detail are shaded blue, with data being displayed from the
be expected to have been steady in character and modekeam directions marked by the red lines.
in magnitude. Second, due to these overall relatively quiet All six radars were operating in a standard mode during the
conditions, the substorm occurred at higher latitudes tharstudy interval, in which each radar scans through 16 beams of
usual, with the electrojet centered near(®, and was thus azimuthal separation 3.24with a total scan time of 2 min.
located well within the region of usual SuperDARN cover- Each beam is divided into 75 range gates of length 45 km,
age. Furthermore, the substorm occurred in the pre-midnigh&ind so in each full scan the radar cover§ B2azimuth and
sector centrally within the region viewed by the six North- over 3000 km in range. Large-scale maps of the high-latitude
ern Hemisphere radars operating at that time, so that theonvection have been derived from this data using the Map-
flows both within the substorm-disturbed region, and in the Potential model developed by Ruohoniemi and Baker (1998).
regions both to its east and west, were well monitored duringn this model, the line-of-sight velocities are mapped onto a
the disturbance. Third, backscatter was observed throughoyiolar grid, and used to determine a solution for the electro-
the interval essentially across the full range of local timesstatic potential, which is expressed in spherical harmonics.
covered by the radars (though still dropping out within part The equipotentials of the solution then represent the plasma
of the substorm bulge region itself), so that good estimatestreamlines of the modelled convection pattern. Informa-
could be made of the overall voltage associated with thetion from the statistical model of Ruohoniemi and Greenwald
flow. This was probably due to the high-latitude nature of the (1996), parameterized by concurrent IMF conditions, is used
substorm, such that the enhanced D-region lay poleward ofo stabilize the solution where no measurements are avail-
where the HF radar beams traversed that layer of the ionoable. In this paper, spherical harmonic fits using terms up
sphere. These observations demonstrate unequivocally ao sixth order are employed to fit the radar data, as deemed
excitation of twin-vortex flow associated with the substorm appropriate from the good overall coverage of the data.
expansion phase, with enhanced equatorward flows occur-
ring in the local time sector of the bulge, and enhanced re2.2 Ground magnetometer data
turn sunward flows being present at earlier and later local
times. We find that the transpolar voltage increased in thdn Fig. 1b we show the locations of the ground magnetic sta-
expansion phase from40 kV, during the pre-onset interval tions employed, on the same magnetic grid at 01:00 UT as
to peak at~80KkV after~15min, and then died away over in Fig. la. Measurements are provided by magnetometers
~10 min during the recovery phase+®5kV. from six Northern Hemisphere arrays which span the same
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Fig. 1. (a) Fields-of-view of the
six Northern Hemisphere SuperDARN
radars at 01:00 UT, plotted on a geo-
magnetic grid from the pole to 60
with 12 MLT at the top and dusk to the
left. Fields-of-view coloured blue are
those of the three radars for which de-
tailed line-of-sight measurements will
be discussed, using the beams indi-
cated in red.(b) Shows ground-based
magnetometer locations and geostation-
ary spacecraft footprints at 01:00 UT on
the same grid. Coloured magnetome-
ter locations are those for which time-
series plots will be shown. Green dots
indicate stations whose data has been
band-pass filtered to provide informa-
tion on Pi2 signals. Red dots indicate
stations which form a longitude chain
at ~70°=75°, which define the local
time extent of the principal magnetic
disturbance. Blue dots indicate sta-
tions of the Greenland west coast lati-
tude chain (additional to GHB and NAQ
which are coloured red and green as
just indicated), which define the latitu-
dinal extent of the main magnetic dis-
turbance. The black oval represents the
ionospheric footprint of geostationary
orbit (specifically that of the GOES-8
spacecraft). On it are plotted the loca-
tions of the GOES-8, LANL-97A, and
1994-084 spacecraft.

12 h of MLT as the SuperDARN radars. These are the Cana- The identifier codes of specific magnetometer stations
dian CANOPUS array (Grant et al., 1992), the Geologicalwhich are of particular interest are also indicated in the fig-
Survey of Canada array, the MACCS array (Hughes and Enure. Data from those at lower latitudes, colour-coded green
gebretson, 1997), the Greenland Magnetometer Chain (Friisfi.e. PBQ, NAQ, and FAR), have been band-pass filtered (20—
Christensen et al., 1985), the Scandinavian IMAGE array200 s) to provide information on Pi2 signals. Those at lati-
(Lahr et al., 1998), and the SAMNET array (Yeoman et al., tudes~70°—75 , colour-coded red (i.e. CHX, IQA, GHB,
1990). Time-series data from all six chains will be presentedAMK, SCO, and BJN), define the local time extent of the

in H, D, Z coordinates, wherél is local magnetic northD

is local magnetic east, ariflis vertically down.

principal magnetic disturbances during the substorm, span-

ning ~8 h of MLT from post-dusk, through midnight, to pre-
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dawn. In addition, we will show data from the Greenland 3 Observations

west coast latitudinal chain STF, SKT, GHB, FHB, and NAQ,

of which GHB and NAQ are colour-coded red and green asln this section we discuss the ground and space observations
just indicated, while the remainder are colour-coded blue.made during the substorm. We begin with an overview of
This chain spans the substorm electrojet betweé6° and the interplanetary and geomagnetic conditions during an ex-

~74° magnetic latitude. panded interval surrounding the substorm, and subsequently
look in more detail at the magnetic, flow, and auroral data
2.3 Geostationary spacecraft data during the substorm itself.

The coloured triangles in Fig. 1b show the ionospheric foot-3 4 Upstream interplanetary conditions
prints at 01:00 UT of three geostationary spacecraft, whose

data are employed in this study to verify the occurrence OfFigure 2a presents data from the ACE spacecraft, lagged by
normal substorm phenomena. These have been mapped o) i as described, during the 10-h interval from 19:00 UT
geostationary orbit using the T-89 model 15 = 2 (Tsyga- 5 1 pecember to 05:00UT on 2 December 1999. The
nenko, 1989). This is thi, value prevailing during the in-  \ertical dashed lines on this and subsequent figures indi-
terval 00:00-03:00 UT. The blue triangle shows the footprint c4te the onset time of the substorm expansion at 00:44 UT,
of GOES-8, located (at01:00 UT) in the pre-midnight SeC- 4 the beginning of the recovery phase at 01:06 UT. De-
tor just to the west (and equatorward of) the main substormyjis of the determination of these times will be discussed in
disturbed region. The black solid line shows the mapped orggct 33 The top two panels show the solar wind proton
bit of this spacecraft. Magnetometer data from GOES-8 will ., ,ber density,) and speed\(,) from ACE/SWEPAM

pe used 'to chara}cterize thg nightside geostationary magn?t[‘for which data were available only up to 03:30 UT lagged
field during the interval (Singer et al., 1996). The red tri- {ime) puring this interval the density varied between 5 and
angles show the positions of Los Alamos National Labora-5q cnr3 and the velocity between 330 and 380 km/s. How-
tory spacecraft LANL-97A and 1994-084. The SOPA in- gyer it is apparent that during the substorm interval both
struments carried by each spacecraft provide high-resolutiog, density and velocity were relatively steady-at2 crm3
energetic particle measurements (Belian et al., 1992). Herg,q. 350 km/s, respectively. The bottom three panels illus-
we will use these data to examine the injection of energetiG,ate the three components of the IMF in GSM coordinates
ions and electrons into geostationary orbit during the sub+om ACE/MAG. Throughout most of the intervaB, re-
storm. mained small and negative, typically 0 t&5 nT, while B,
was large and negative, arourd 0 nT. B, was also negative
until ~20:50 UT (lagged time), thereafter remaining close to
Images of the aurora were provided during the interval byZ€ro until~00:10 UT. Between-00:10 UT and~02:15 UT,

the VIS imager on the Polar spacecraft (Frank et al., 1995)5: was consistently northward, and remained at a constant
This instrument viewed the whole of the northern polar iono- _+5 nT during the gubstorm expansion phase.«@fZ:lS ut )
sphere during the course of the substorm, and provided imit underwent a brief southward excursion, before returning

ages approximately every 5min. These consist of 32.5 s inh0rthward for the remainder of the interval.

tegrations of UV photons at a wavelength of 130.4 nm.

2.4 Polar auroral images

3.2 Ground magnetic data overview
2.5 Upstream interplanetary parameters

Figure 2b presentd component measurements from the six
Interplanetary conditions were monitored by the ACE space-ground magnetometers which comprise th£2®° longitu-
craft (Stone et al., 1998), located upstream of the Earth atinal array coloured red in Fig. 1b. The vertical arrows in-
GSM coordinates X, Y, Z) = (+221 +21, —25)Rg. The  dicate magnetic local midnight for each of the stations (mid-
variation of the spacecraft position over the interval was notnight for CHX occurs at-05:26 UT, just beyond the interval
significant. Solar wind and IMF data were obtained by thedisplayed). The horizontal dotted lines are baselines for the
SWEPAM and MAG instruments, respectively (McComas et magnetic disturbance observed at each station, the choice of
al., 1998; Smith et al., 1999). The propagation delay of fieldwhich will be discussed in Sect. 3.6. An initial magnetic
changes from ACE to the dayside ionosphere has been estilisturbance starts just after 19:00 UT, coinciding with the in-
mated using the method of Khan and Cowley (1999). Theterval of negative IMRB, mentioned above. However, these
estimate includes the propagation time in the solar wind up-perturbations start to decay simultaneously with the north-
stream of the bow shock, the frozen-in transit time across theavard turning of the IMF at~20:50 UT, with all traces re-
subsolar magnetosheath, and the Atfic propagation time turning to near baseline by00:00 UT. Then, at-00:44 UT
along open field lines from the subsolar magnetopause to théfirst dashed line) a sharp negative bay onset begins in the
ionosphere. With solar wind densitiesl2 cnm3 and speeds  midnight sector, with small negative precursory activity start-
~350km/s, we find a propagation delay offf8@min, and ing at~00:35UT. A peak disturbance ef275nT was ob-
this time has been used to lag the ACE interplanetary dataerved at AMK at 00:55UT. UV imagery to be shown be-
displayed here. low demonstrate that the main auroral disturbance spanned
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< (MAG) Fig. 2. (a) Upstream interplanetary
« observations from the ACE spacecratft,
lagged by 74 min to account for the
(b) E propagation delay to the ionosphgre.
Mag Lat: 74.66 N The top two panels show solar wind
§ Maglon-1060E density and velocity data, while the
- 1 10a bottom three panels show IMF data
= 1 Maglat 73.21N in GSM coordinates, for 19:00UT on
= Mag Lon: 14.91 E 1 December to 05:00 UT on 2 Decem-
z E oHB ber 1999. The times of substorm ex-
N 1 Mag Lat 70.74 N pansion phase onset and recovery on-
% Mag Lon: 38.56 E set are marked with vertical dashed
by E lines. (b) Shows H-component mag-
T 1 AMK . .
Mag Lat 69.41 N netic field measurements from the az-
Mag Lon: 54.80 E imuthal magnetometer array shown by
] the red dots in Fig. 1b. The separation
E Scﬁag Lat 7165 N between magnetometer baselines (hor-
Mag Lon: 73.58 E izontal dotted lines) is 300 nT. These
300nT E baselines have been taken as the field
1 e Lot 71,28 N measured at each station at 04:00 UT, as
Mag Lon: 108.80 E discussed in the text. Vertical arrows in-
dicate the time of magnetic local mid-

the interval from~20:00 to~01:00 MLT, thus encompass-

night. Magnetic midnight for station
CHX occurs at~05:26 UT, just beyond
the interval displayed.

3.3 Greenland west magnetic data

ing stations IQA, GHB, and AMK (located at 21:16, 22:50,

and 23:55MLT at 01:00UT). Figure 2b demonstrates that ) ) )
magnetic perturbations were also observed outside this rel/e NOW examine data from the substorm-disturbed region
gion, with weak negative disturbances peaking-&0nT itself. In _Flg. 3 we present magnetic measurements from
being observed at CHX at19:30 MLT, variable fields of the meridional array of west coast Greenland magnetome-

~75nT amplitude at SCO at01:10 MLT, and positive per- ters (the blue array in Fig. 1b). _These were Iocqted near
turbations peaking at 125 nT at BINa®3:30 MLT. Thus, as 23:90 MLT, and. thus centrally within the substorm-disturbed
previously emphasized by Opgenoorth and Pellinen (1998)€90n at the time of substorm onset. We show data for
magnetic disturbances occur during the expansion phase ov&? 80-min inteérval spanning the substorm, from 00:20 to
a broad range of MLT (greater than 8h in this case), and01:4_0 UT on 2 December. The_ vertical dashed lines show
are not confined to the range of local times occupied by theN€ imes of onset of the expansion and recovery phases as in

auroral bulge. These disturbances will be related below tg '9: 2. Panel () shows thé/ component at stations NAQ

changes in the flow pattern that occur during the substormi© STF, spanning magnetic latitudes fron66 to ~73°.

An equally rapid bay recovery began-a61:06 UT (second The largest negative disturbance occurred at GHB&t°,

vertical dashed line). The main interval of disturbance was'€aching~ —225nT at 00:55 UT. Consistently smaller val-
concluded by~01:20 UT, with more gradual variations to- ues were observed both poleward and equatorward, while

wards baseline values occurring after that. only positive perturbations were observed at NAQ-&6°.
These data thus suggest that the centre of the westward elec-
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Fig. 3. H, D, andZ-component magnetic field measurements from the meridional Greenland west coast magnetometer array (see Fig. 1b),
for 00:20-01:40 UT on 2 December 1999. The separation between magnetometer baselines (horizontal dotted lines as in Fig. 2b) is 250 nT.
Vertical dashed lines are as in Fig. 2.

trojet was located near GHB at71°. The onset times of latitude magnetometer stations (green in Fig. 1b) which have
the expansion and recovery phases, 00:44 UT and 01:06 UTheen band-pass filtered between 20-200 s to exhibit signals
respectively, have thus been based on the onset and decay iofthe Pi2 band. Station NAQ, which is directly equatorward
the negative bay at GHB. Although the expansion onset timeof the main substorm-disturbed region, detects a large ampli-
is similar at all stations within the electrojet region, GHB is tude Pi2 starting at 00:44 UT, confirming our determination
the last station to observe the start of the recovery phase. Thef the onset time of substorm expansion. To the east and
location of the center of the disturbance is confirmed by thewest, FAR and PBQ both see Pi2s of a smaller amplitude
Z component data displayed in panel (iii), which show near-shortly afterwards, indicating the large-scale response to the
zero perturbations throughout the interval at station GHB,substorm disturbance.

with negative perturbations at FHB and NAQ in the equator-

ward region, and positive perturbations at SKT and STF in The lower panels of Fig. 4 show data from geostationary
the poleward region. The negatie perturbations peak at spacecraft. Panels four and five show energetic electron data
station FHB, while the positive perturbations peak at STFfrom LANL-97A and 1994-084, respectively. Both observe
(and fall to smaller values at GDH at76° and UMQ at  relatively weak dispersed injection signatures 10—20 min af-
~77°, data not shown). These data thus suggest a westwari®r substorm onset, consistent with their dawn sector location
electrojet spanning-68°-73, centered near71°. TheD  (see Fig. 1b) (Reeves et al., 1991). No significant ion injec-
component data are shown in panel (ii). Relatively strongtions were observed. The bottom three panels show GOES-8
negative perturbations observed at STF in the poleward remagnetic field data in GSM coordinates. At the time of the
gion decline with latitude at SKT and GHB, and reverse to Substorm, GOES-8 was located-a20:00 MLT, ~1h MLT
positive at FHB and NAQ. These data suggest the presenct® the west of the disturbed region, as indicated in Fig. 1b.
of additional currents which are directed poleward at GHB,The dashed curves show model magnetic field values derived

SKT, and SFT, and equatorward at FHB and NAQ. from the T-89K, = 2 model (Tsyganenko, 1989). BoBy
and B, components follow the model field closely, whikz
3.4 Other substorm indicators displays a clear increase in magnitude starting at 01:05 UT,

which subsequently increases during the recovery phase to
Figure 4 provides a plot of other parameters which give in-values well in excess of the model. This is likely due to the
formation on the nature and timing of the disturbance. Thereturn of magnetic flux from the tail to the inner magneto-
first three panels show component data from the lower- sphere as a consequence of the substorm.
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Fig. 4. The upper three panels show filtered (20—200%) Fig. 5. SuperDARN line-of-sight velocity measurements from the
component magnetic field measurements from the low-latituderadar beams indicated in Fig. 1a are shown for the interval 00:20—

magnetometer array (green dots in Fig. 1b) for the interval 00:20-01:40 UT on 2 December 1999. In the top panel th&omponent

01:40UT on 2 December 1999. Panels three and four simi-magnetic field measured by the GHB magnetometer is also shown

larly show geostationary electron fluxes in two energy channelsfor purposes of comparison. The vertical dashed lines are as in

(50-75keV and 75-105keV) from the SOPA instruments on theFig. 2.

LANL-97A and 1994—-084 spacecraft, while the bottom three panels

show geostationary magnetic field measurements from the GOES-8

spacecraft in GSM coordinates. The dashed curves on the GOES-8, . . . . .

plots show the T-89 model magnetic field for Kp=2. The vertical f)f'v'ew' We mentioned in the IntrOdl_JCt'on that E,l re_ductlon

dashed lines are as in Fig. 2. in backscatter coverage due to D-region absorption is a com-
mon feature of the expansion phase. Fortunately, however,
the equatorward region of backscatter remained, and reveals

3.5 SuperDARN measurements of convection velocities @ remarkable change in the flow which developed in concert

with the substorm bay at GHB. Within4 min (two radar

We now consider the SuperDARN data, and begin in Fig. 5cycles) of the onset, the flow below73> changed to be-
by showing line-of-sight velocity data from selected radar c0me strongly equatorward (deep blue and purple) with line-
beams, the directions of which are indicated by the red linef-Sight speeds in excess #1000 m/s. These flows contin-
in Fig. 1a. In the top panel we also show tHecomponent  ued during the expansion phase until 01:06 UT, when, in con-
data at GHB, as an indicator of simultaneous magnetic activiunction with the start of the recovery phase, the backscat-
ity. The vertical dashed lines are as in previous figures. ~ ter coverage became significantly reduced along the whole

As illustrated in Fig. 1a, the Goose Bay radar observed thd?®@m. When partial coverage was resumed;@t:12 UT,
pre-midnight substorm sector during the interval of the dis-the line-of-sight flows were much reduced, and a flow rever-
turbance. Data from beam 1, shown in the second panel ofal boundary was again present within the field-of-view after
Fig. 5, clearly indicate a change in both direction and mag—”01:20 uT.
nitude of the flow shortly after expansion phase onset. Be- Related effects can be seen in the data from Goose Bay
fore onset, the radar observed flows 6100 m/s towards beam 8, shown in the third panel of Fig. 5. Here the line-
the radar (green) above72°, reversing to~500m/s away of-sight flow is equatorward along almost the whole beam
from the radar (orange) below that latitude. This is indicative prior to the beginning of the expansion phase. At onset, the
of the pre-midnight flow reversal boundary lying within the backscatter coverage is again reduced in the poleward region.
field-of-view during this time. At the onset of the expansion In the equatorward region, the line-of-sight flow intensified
phase, the poleward region of backscatter abruptly disapever the initial~6 min as the bay developed at GHB, and
peared, indicative of enhanced precipitation within the field-reached~1000 m/s after~00:54 UT. In this case, however,
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Fig. 6. Streamlines and vectors of the ionospheric flow derived from the six-radar SuperDARN velocity measurements are shown on a
geomagnetic grid, obtained from the Map-Potential algorithm (see Sect. 2.1). The intervals displaigda@ré2—00:46 UT(b) 00:48—

01:02UT andc) 01:04-01:18 UT on 2 December 1999. on 2 December 1999. Four maps are shown in each panel (a—c), corresponding to
every other 2-min radar experiment cycle. Indicated at the bottom of each map is the total transpolargltgtet-hand corner), and

the direction and magnitude (in the— Z plane) of the IMF (right-hand corner). In the top right-hand corner we indicate the flow model
employed to stabilize the potential solution in regions where no data are available, obtained from the statistical study of Ruohoniemi and
Greenwald (1996).

recovery saw an expansion in the region of backscatter, suchtrengthening over10 min as the substorm developed. It
that the changes in flow can be followed more fully. The flow then declined again over10 min after the onset of recov-
remained equatorward along most of the beam, and showedry. Thus, flow effects are also observed in the dusk sector
a rapid reduction to smaller values in approximate concertutside the immediate vicinity of the substorm-disturbed re-
with the decline in the bay amplitude. gion, which we infer to be associated with an enhancement
of the twin-cell pattern. It is also notable that no drop-out

Turning to the data from Kapuskasing beam 8, located in; Nhe
the dusk sector (Fig. 1a) and shown in panel four, it can bdn backscatter was observed in this sector, but was rather en

seen that prior to onset, the line-of-sight flow belows° hanced in this case. Similar comments apply to the dawn

is poleward, away from the radar, becoming weaker and diS€Ctor data from Finland beam 8 (see Fig. 1a), shown in

rected towards the radar at higher latitudes. Referring tdn€ Pottom panel. Here flows are initially weak. However,
the expanded coverage available during the expansion phase

Fig. 1a, it seems evident that these flows relate to the sun
shows the development of a strong poleward flow away from

ward and poleward flows of the normal twin-cell pattern in . _ : :
the dusk sector below 75, and to the flow-reversal bound- the radar above-75° after~00:54 UT, which declined over
~10 min during recovery. We will show below that this flow

ary and polar cap at higher latitudes. After expansion on- X
set a similar pattern remained, but with the flow graduallywas also connected to the return flow of a twin-vortex pattern
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Fig. 6. Streamlines and vectors of the ionospheric flow derived from the six-radar SuperDARN velocity measurements are shown on a
geomagnetic grid, obtained from the Map-Potential algorithm (see Sect. 2.1). The intervals displaigdaré2—00:46 UT(b) 00:48—

01:02 UT and(c) 01:04-01:18 UT on 2 December 1999. on 2 December 1999. Four maps are shown in each panel (a—c), corresponding to
every other 2-min radar experiment cycle. Indicated at the bottom of each map is the total transpolariigltgeft-hand corner), and

the direction and magnitude (in the— Z plane) of the IMF (right-hand corner). In the top right-hand corner we indicate the flow model
employed to stabilize the potential solution in regions where no data are available, obtained from the statistical study of Ruohoniemi and
Greenwald (1996).

that is generated and enhanced during the substorm expaponent (see Fig. 2a and the icon at the bottom right-hand cor-
sion. ner of the flow maps). A reasonably steady and well-defined
twin-vortex flow was present during the interval, with a de-

e e e IENSDO ulagc of ~301 e i he bot
prese . map 9 P Qom left-hand corner of each plot). Since backscatter was
algorithm discussed in Sect. 2.1. Each map corresponds t

: . . resent nearly continuously between the extrema in the volt-
one 2-min radar experiment cycle time, and alternate map

: i i . age values (as can be seen from the coverage of the plotted
are shown over the interval 00:32-01:18UT spanning thevectors), these voltages probably represent good estimates

substorm. These are grouped into three sets of four MaPSt the true values. Asymmetries in the flow pattern are ev-

eiau;h, \éVh'Ch C(r)][jrerspo\r;drto t::]ie prre—gnstﬁt mtgirva}I, th?hexparé-dem during the interval, most probably associated with the
slon pnase, and recovery. Figure oa ) us disp a_ys €co negative IMFB, conditions prevailing. Examination of the
vection patterns observed between 00:32 and 00:46 UT, cor- ’ i
responding to the time leading up to and spanning the Sub\_Nhole data set after00:10 UT shows that the polar flow was
storm expansion phase onset at 00:44 UT. During this inter—Stronger at dawn than at dusk within the more central polar

. : X . cap, the flow then generally swinging dawnward as the auro-
val, and forlsomevZOmm prior tq it, the IMF had been di- ral zone is approached on the nightside, and then duskward
rected consistently northward, with a larger negalyeom-
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Fig. 6. Streamlines and vectors of the ionospheric flow derived from the six-radar SuperDARN velocity measurements are shown on a
geomagnetic grid, obtained from the Map-Potential algorithm (see Sect. 2.1). The intervals displaigdaré2—00:46 UT(b) 00:48—

01:02 UT and(c) 01:04-01:18 UT on 2 December 1999. on 2 December 1999. Four maps are shown in each panel (a—c), corresponding to
every other 2-min radar experiment cycle. Indicated at the bottom of each map is the total transpolar¥gltgest-hand corner), and

the direction and magnitude (in the— Z plane) of the IMF (right-hand corner). In the top right-hand corner we indicate the flow model
employed to stabilize the potential solution in regions where no data are available, obtained from the statistical study of Ruohoniemi and
Greenwald (1996).

within the nightside auroral zone, to form a crescent-shapeaquatorward flow in the pre-midnight sector, as noted above
nightside flow cell (the dusk cell) spanning the midnight sec-in the Goose Bay data. The longitudinal width appears to
tor. During the interval shown in Fig. 6a, however, the flow be~1.5h MLT, from~21:00 to~22:30 MLT, as determined
in the post-midnight tip of the crescent appears to have brofrom the available radar coverage. A smaller enhancement
ken into a separate clockwise vortex (centered af° lati- of equatorward flow also occurred in the post-midnight sec-
tude and~03:00 MLT), possibly caused by inhomogeneous tor, together with a distinct zone of avoidance of the flow
reconnection rates in the pre-onset tail. The last map instreamlines (i.e. a region of relative stagnation) in the im-
Fig. 6a spans the 2-min interval immediately following the mediate pre-midnight sector, centered ne&@(. We will
onset of expansion at 00:44 UT. It shows little change com-show below that this zone corresponds to the brightest region
pared with the previous three maps, or indeed those of thef auroral enhancement during the substorm. Towards dawn
previous~20 min. and dusk, growing return flows are also seen, associated with
Figure 6b shows the situation between 00:48 andthe line-of-sight velocity enhancements observed by the Ka-
01:02 UT, corresponding to the expansion phase of the subPUskasing and Finland radars noted above. Overall it is seen
storm. Here we see the immediate presence of a band of fa§fat a twin-vortex flow system is excited in the nightside
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ionosphere during the expansion phase, with foci lying atThis is the baseline used in all plots of unfiltered magnetic
~20:00 MLT in the pre-midnight sector and-a01:00 MLT data displayed in this paper.

in the post-midnight sector, at a latitude-e¥3°. The overall Figure 7a begins by showing two UV images correspond-
transpolar voltage associated with the flow grew from 37 kVing to the interval before expansion phase onset, centered
at onset to peak at 80 kV at 01:00 UT. The excited flows ex-at 00:33:16 and 00:37:47 UT. The UV auroras form an es-
tend into the dawn-dusk and dayside sector, where the flovgsentially continuous band circling the pole, reaching®®
reversal boundary also appears to undergo a small simultaen the nightside aneé-80° on the dayside, and being wider
neous latitudinal contraction. On the dusk meridian, for ex-and reaching to higher latitudes at dawn compared with dusk.
ample, where the boundary is relatively well-defined, a pole-The latter asymmetry is likely to be associated with the neg-
ward displacement of1° is evident in Fig. 6b. This motion ative IMF B, conditions prevailing. Peak emission intensi-
will be investigated further in Sect. 3.7. ties are~5kR, near to midnight. Comparison with the flow

Figure 6¢ shows the transition to the recovery phase, bevectors shows that in the region of SuperDARN radar cov-
tween 01:04 and 01:18 UT. In the first map, 01:04-01:06 UT,erage, the auroras lie in a region of westward flow located
the equatorward flows in the pre-midnight sector had alreadyequatorward of the flow reversal boundary. Due to the (IMF
decreased significantly, withpc correspondingly reducing B, -related) asymmetry in the flow pattern, this statement ap-
to 57 kV. Over the next-10 min, the flows continued to di- plies continuously from the afternoon sectort5:00 MLT,
minish rapidly, and while remaining essentially similar to through dusk and midnight, to the post-midnight sector at
those occurring before the substorm, the flows became more-04:00 MLT. Throughout this sector, the poleward boundary
structured and variable. of the auroras lies-1°—2° equatorward of the flow reversal

boundary, the latter being a reasonable initial proxy for the
3.6 VIS UV Earth camera auroral images and magnetic dis-open-closed field line boundary. It is also notable that while

turbance vectors substantial equatorward-directed flow is clearly present on

the nightside during the pre-onset interval, the locations of
In this section we now examine how the flows describedneither the flow reversal boundary nor the auroras change
above relate to the substorm aurora, and to the magnetisignificantly. If we take the pre-midnight sector, for example,
disturbance, in so far as the latter can be determined fromhe equatorward flow at70° latitude (near the flow reversal
the ground station coverage. Figure 7 shows auroral imageand auroral boundaries) is typicaby300 m/s. At this speed,
obtained by the VIS Earth camera, on which SuperDARNthe boundaries would move equatorward-b%° of latitude
flow vectors and Map-Potential streamlines have been supeiin the~30 min prior to substorm onset if they moved with the
posed (black), together with pseudo-flow vectors obtainedflow (i.e. if the boundaries were adiaroic). This clearly is not
from ground magnetic observations (red). Each UV imagethe case. Examination of the data from the beginning of the
corresponds to a 32.5-s integration, and we show each of thday shows that the boundaries move less thanhduring this
images obtained, at intervals of5 min, spanning the sub- interval. Consequently, we conclude that the plasma flows
storm. The SuperDARN map corresponds to the 2-min in-through essentially steady-state nightside boundaries during
terval into which the center time of the UV image falls. The this period. We thus infer that essentially steady nightside
magnetic data have been averaged over the same 2-min intefreconnection was in progress at a rate-@0 kV during the
vals as the SuperDARN scans, and thus correspond similarlpre-onset period, presumably driven by continuous dayside
to the UV image. reconnection with thé,-dominated IMF. This situation con-

In deriving the magnetic vectors, we have assumed thatrasts with the usual growth phase scenario in which the polar
the perturbations are due to overhead Hall currents, and haveap and auroral zone expand prior to expansion phase onset,
thus rotated them anti-clockwise through® 9@ point inthe  as a consequence of unbalanced magnetopause reconnection
direction of the inferred flow. If this assumption is valid, the (McPherron, 1970). Examination of the pseudo-flow mag-
vectors should be aligned with the radar vectors, with thenetic vectors in Fig. 7a shows that they are quite small, but
ratio of their lengths being determined by the local height- nevertheless often in reasonable agreement with the direc-
integrated Hall conductivity. For the scales chosen in thetion of the SuperDARN flows (though counter-examples are
figure, the two vectors would have equal length for a height-also evident). Comparison of the lengths of the vectors in the
integrated conductivity of+1.6 mho (no correction having auroral region suggests Hall conductivities~af—2 mho.
been made for ground induction effects). In order to obtain Figure 7b similarly displays two images which span the
useful results, baseline values have to be chosen carefullpnset of the expansion phase at 00:44 UT, these being cen-
for each magnetometer station. Examination of the recordsered at 00:43:41 and 00:48:12 UT, respectively. Compar-
indicates that after the substorm, the magnetosphere returnedg these with Fig. 7a shows that the aurora has brightened
to a quiet state during an extended interval of northward IMFin the midnight sector te~15kR and then te~25 kR, and
(see Fig. 2a). Those stations for which a quiet-time baselindas also expanded poleward &3° to form a well-defined
is routinely determined (e.g. the Greenland chain) were allsubstorm bulge in the local time sector betwee0:00 and
found to have returned close to that baseline~f4:00 UT. ~01:00 MLT. The bulge thus sat directly between the foci
Consequently, for simplicity and consistency we have choserof the developing nightside twin-vortex flow pattern, though
the baseline for all stations as the field measured at 04:00 UTthe development of the latter in the morning sector was some-
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what obscured by the continuing clockwise vortex. The rapidstation GHB) in the weak-flow region at the poleward border
poleward motion of the auroras, taking place in concert withof the auroral emission. The relative lengths of the magnetic
strong and increasing equatorward flow, argues for the ocand flow vectors in this region indicate Hall conductivities of
currence of rapid tail reconnection during this interval. An- ~10-20 mho. It can also be seen from the magnetic vectors
other feature of note is the zone of flow avoidance mentionedhat the westward electrojet spanned0°—73 at this time
above, which developed in the flow pattern~a00:48 UT, (stations GHB to STF on the Greenland west coast chain, see
and was centered neat70° in the immediate pre-midnight Fig. 3a), and thus spanned, and extended poleward of, the
sector. This zone clearly relates to the blob of brightest auropoleward border of the UV emission. Significant magnetic
ral emission which lay between65° and~70° in this sector.  effects were also observed at station IQA lying just pole-
We infer that the flow was diverted around this region due toward of the emission at+21:00 MLT (see Figs. 1b and 2b).
the high electrical conductivity resulting from the precipita- No magnetic vectors are shown directly within the blob of
tion. Similar effects have been found in previous studies bystrongest UV emission. The only station lying directly within
Kirkwood et al. (1988), Morelli et al. (1995), Yeoman et al. this region was Greenland east station AMK (see Fig. 1b),
(2000), and Khan et al. (2001). Looking now at the magneticwhich observed the largest negatiZeperturbation globally
observations, and identifying the west coast Greenland staduring the substorm, as previously shown in Fig. 2b. Unfor-
tions which lie within the meridian of the substorm bulge (seetunately, however, the total horizontal disturbance at AMK
Fig. 1b), it can be seen that the peak disturbance occurred (aannot be shown because thecomponent is unavailable
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Fig. 7b

Fig. 7. Maps of the UV auroral lu-
minosity projected onto a geomagnetic
grid are shown spanning the same in-
terval as in Fig. 6. SuperDARN Map-
Potential streamlines and flow vectors
are superposed. Magnetic data, shown
in red, are horizontal magnetic pertur-
bation vectors which have been rotated
anti-clockwise through 90to point in
the direction of theE x B drift, as-
suming they are due wholly to over-
head Hall currents. Also indicated on
the maps is the derived total transpolar
voltage and the direction and magnitude
(intheY — Z plane) of the IMF, as in
Fig. 6. The time indicated on each plot
corresponds to the center time of the
32.5sintegration interval of the UV im-
age. The superposed SuperDARN and
2-min averaged magnetic vectors corre-
spond to the interval shown in brackets,
which encompasses the center time of
the UV image.

Figure 7d shows images, centered at 01:04:32 and

01:09:02 UT, which span the start of the substorm recovery

Figure 7c shows auroral images centered at 00:54:06 anfhase at~01:06 UT. During this interval the peak auroral
00:58:37 UT, which span the interval of maximum observedintensities within the bulge had diminished significantly to

magnetic disturbance at00:55UT. Here we see that the 5kR, similar to values occurring before onset. However,
substorm auroral bulge had also reached its maximal exteny comparison of the spatial distribution of the aurora with
with the westward electrojet continuing to span and extendiat shown in Fig. 7a shows that a small general poleward
poleward of its poleward boundary. Unfortunately there aregjsplacement of the poleward border of the aurora had oc-
now no radar flow vectors within the electrojet region that ¢yrreg, by~1°—2°, even on the dayside. This displacement
can be compared with the magnetic vectors, and from whichyjrrors the~1° poleward motion of the flow reversal bound-
ConductiVity eStimateS can be ma.de. The ﬂOW eXCited durin%ry at dusk noted above. The magnetic disturbance produced
the substorm is well-established, wittpc ~70kV. Within  py the westward electrojet at the poleward border was still
the bulge, the zone of avoidance near midnight is still evi-|arge, but diminishing, while the magnetic disturbance in the
dent. Outside the bulge, the enhanced return flows are seefpwn sector had grown to become comparable in intensity.

to extend via dusk and dawn into the dayside HemisphereThe transpolar voltage associated with the flow also dimin-
Associated magnetic disturbances of modest amplitude arghed over this interval to pre-onset values.

thus produced in the surrounding regions where the conduc-

tivity is sufficient to produce a measurable effect. Figure 7e finally shows two recovery phase images, cen-
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* Fig. 7. Maps of the UV auroral lu-
(-74 min) minosity projected onto a geomagnetic
grid are shown spanning the same in-
terval as in Fig. 6. SuperDARN Map-
02Dec 1999 00:58:37 UT (0058 - 0100 UT) Potential streamlines and flow vectors
12mLT are superposed. Magnetic data, shown
& e in red, are horizontal magnetic pertur-
bation vectors which have been rotated
anti-clockwise through 90to point in
the direction of theE x B drift, as-
20 suming they are due wholly to over-
head Hall currents. Also indicated on
the maps is the derived total transpolar
voltage and the direction and magnitude
(in theY — Z plane) of the IMF, as in
Fig. 6. The time indicated on each plot
5 corresponds to the center time of the
32.5ss integration interval of the UV im-
p £y B 0 age. The superposed SuperDARN and
LTI Py 2-min averaged magnetic vectors corre-
00mLT w spond to the interval shown in brackets,
which encompasses the center time of
(74 min) Fig. 7c the UV image.
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tered at 01:14:57 and 01:19:27 UT. Here the intensity of theest steady convection velocities in the ionosphere, resulting
bulge had diminished still further, as had the currents andrrom reconnection with th@,-dominated IMF. In fact, under
flows. Nonetheless, equatorward flow persisted across théhese conditions, the Ruohoniemi and Greenwald (1996) sta-
poleward boundary of the auroras in the pre-midnight sectortistical model predicts a transpolar voltage of 33kV. Flows
suggestive of continuing reconnection in the pre-midnightassociated with transpolar voltages up~+80kV, as ob-

tail. The transpolar voltage values were typicalg5kYV, served, cannot reasonably be accounted for on this basis.

a little less than those occurring before the substorm. In addition, there are no indications in the dayside auroral
_ data of major magnetopause dynamics during the interval.
3.7 Summary of observations The fourth and fifth panel summarises the ground magnetic

) ) . data, emphasising that the disturbance studied has the typ-
Figure 8 presents a summary of our main observations, fromcg| characteristics of an isolated substorm of modest dura-

which we draw the simple, yet unequivocal conclusion thatiign and amplitude. Overall, the bay lasted fe25 min, had
twin-vortex flow was excited in the nightside high-latitude 4 peak amplitude 0f-250nT in theH component, and was
ionosphere by an isolated substorm. The top three panelgreceded by a well-defined Pi2 signal. Weak energetic parti-
remind us of the nature of the IMF (lagged by 74 min) dur- ¢je injections and field strength increases were also observed
ing the substorm, wittB, small and negative, large and 5t geostationary orbit, as shown above. The sixth panel in

negative, ands, intermediate in strength and positive. Such rig g shows the total transpolar voltage. It seems obvious
interplanetary conditions would be expected to result in mod-
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(-74 min) minosity projected onto a geomagnetic
grid are shown spanning the same in-
terval as in Fig. 6. SuperDARN Map-
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Potential streamlines and flow vectors
12MLT are superposed. Magnetic data, shown
S in red, are horizontal magnetic pertur-
i ; bation vectors which have been rotated
el R AR g anti-clockwise through 90to point in
: the direction of theE x B drift, as-
20 suming they are due wholly to over-
head Hall currents. Also indicated on
the maps is the derived total transpolar
voltage and the direction and magnitude
(in theY — Z plane) of the IMF, as in
Fig. 6. The time indicated on each plot
5 corresponds to the center time of the
32.5 s integration interval of the UV im-
0 age. The superposed SuperDARN and
2-min averaged magnetic vectors corre-
w spond to the interval shown in brackets,
which encompasses the center time of
(74min) Fig. 7d the UV image.
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that the excitation of flow relates directly to the interval of later MLT.

substorm expansion, both in terms of the times of increase . )

and decay. Finally, the seventh panel shows the latitude of A féw further comments are in order concemning e
the flow reversal boundary on the dusk meridian, where it iseStimates shown in Fig. 8 (and in Figs. 6 and 7). The first
well-defined, determined from the minimum in the voltage of concerns the sensitivity of the results to the statistical flow
the Map-Potential fit. Since the solution for the potential is model employed to stabilize the spherical harmonic solu-
obtained on a discrete latitudinal grid of fesolution, these UONS Inregions where radar data are sparse, as mentioned in
data are rather marginal for the present purpose. However, a3€Ct- 2.1. This question has been examined quantitatively by
indicated above, they suggest that a small poleward displacd®-deriving the voltage estimates using different fixed Ruo-
ment of the boundary took place during the substorm. Ay-honiemi and Greenwald (1996) models appropriate to vari-
eraged over the-20-min intervals before and after the sub- 2US IMF conditions. The voltages derived typically vary by
storm, indicated by the horizontal dashed lines, the boundarnly @ féw kV from those shown in Fig. 8, such that it is clear
moved from~77° before to~78 after, i.e. a displacement hat our results depend principally on the radar data, and not
of ~1°. The poleward motion of the flow reversal bound- upon the statistical mode_l. This may be expected from the
ary is also evident in the line-of-sight data from beam 8 of fact that our radar data, in general, adequately span the re-
the Kapuskasing radar shown in Fig. 5, panel four althoughgion between the foci of the flow cells, as mentioned above.

the latitude of the boundary is somewhat lower due to theT € importance of continuity of radar data coverage to the
voltage estimates is emphasized by the results of a second
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Fig. 7. Maps of the UV auroral lu-
(-74 min) minosity projected onto a geomagnetic
grid are shown spanning the same in-
terval as in Fig. 6. SuperDARN Map-
02Dec 1999 01:19:27UT  (0118- 0120 UT) Potential streamlines and flow vectors
12mLT are superposed. Magnetic data, shown
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head Hall currents. Also indicated on
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voltage and the direction and magnitude
(intheY — Z plane) of the IMF, as in
Fig. 6. The time indicated on each plot
5 corresponds to the center time of the

32.5 s integration interval of the UV im-
0 age. The superposed SuperDARN and
2-min averaged magnetic vectors corre-
w spond to the interval shown in brackets,
which encompasses the center time of
74 min) Fig. 7e the UV image.
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investigation, in which the radar data that show the equatorand Cowley et al. (1992, 1998), we presume that it was due
ward surge in the substorm sector (specifically, the Gooserincipally to an interval of enhanced reconnection and net
Bay data) have been removed prior to employing the Map-open flux closure in the tail. Here we will make estimates of
Potential algorithm. In this case the voltage determinationghe reconnection rates involved, and of the net flux closure,
before and after the substorm are at similar levels to thosen this basis.

displayed in Fig. 8. However, during the substorm itself, the ] ] . .

voltage peak seen in Fig. 8 is missing entirely. Good con- Ve pointed out above that in the period prior to expan-
tinuity of radar data coverage across the substorm-disturbedion onset the steady nature of the flow and precipitation
region is thus essential for adequate estimation of the voltboundaries indicates that this was an interval of quasi-steady

ages associated with the flow and their variation during theP@lanced dayside and nightside reconnection. In this case,
substorm. the mean reconnection rates are approximately equal to the

polar cap voltage, so that averaging the SuperDARN volt-

age data over the 20-min interval prior to expansion onset
4 Discussion at 00:44 UT vyields estimates of the pre-onset reconnection

rates (dayside and tail) of 484 kV (mean and standard de-
We now discuss the physical origins of the flow excitation, viation). In the interval after the substorm, specifically over
and, following the discussion in the Introduction and that the period 01:08-01:28 UT, we similarly find that the aver-
of Siscoe and Huang (1985), Cowley and Lockwood (1992),age polar cap voltage was 335kV. These values indicate
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Fig. 8. Summary plot of the princi-
pal observed substorm features. The
top three panels show the IMF mea-
surements by the ACE spacecraft in
GSM coordinates, lagged by 74 min
as in Fig. 2a, shown for the interval
00:20-01:40 UT on 2 December 1999.
The fourth panel similarly shows the
H-component of the magnetic field
Inaa measured by the GHB magnetometer,
while the fifth panel shows theH-
component magnetic field band-pass
filtered between 20 and 200 s measured
by the NAQ magnetometer. The sixth
panel shows the total transpolar voltage
Vpc derived from SuperDARN radar
data using the Map-Potential algorithm,
while the seventh panel shows an esti-
mate of the latitude of the flow rever-
sal boundary on the dusk meridian, ob-
tained from the minimum in the electro-

1GHB
Mag Lat: 70.74 N
Mag Lon: 38.56 E

Mag Lat: 66.49 N
Mag Lon: 43.93 E

- r I i ) ) .
& T7E eseteseee AR °* static potential. The horizontal dashed
7600 ° e o0 o . .
75 E ° | | oo lines show the location averaged over
74 "20 : '40' '00 L '20 — '40 20-min intervals before and after the
00 00 01 01 01 substorm. The vertical dashed lines are
ut as in Fig. 2.

that the system was being driven by quasi-steady dayside rggoleward displacement of1° (Figs. 5-8), near the limit of
connection at a mean rate between 30 and 45 kV before ancesolution of the SuperDARN data. It is also evident that
after the substorm, and that this was matched by tail recona poleward contraction of1°-2° took place in the pole-
nection at similar mean rates during these periods. Duringvard boundary of the UV auroras at most local times (Fig. 7),
the substorm, however, we suggest that the tail reconnechough the relationship to the motion of the open-closed field
tion rate was temporarily elevated above such values, whildine boundary remains somewhat uncertain. Thus, while ev-
it seems most reasonable to suppose that dayside reconnddence for contraction exists, its value (of the orderdf)

tion continued at similar rates of 30—-45kV. In support of the is imprecisely defined by the data we have at our disposal.
latter assumption, we note that the interplanetary conditionsThe analysis presented below is tailored to accommodate the
which are primarily deterministic of the dayside reconnec-imprecision in this parameter.

tion rate, did not change significantly over the interval (e.g.

Fig. 8), nor is there any evidence of major dayside dynamics The phy;ica} scenario on which the calculation is bas.ed.is
in the auroral data (Fig. 7). If this is correct, we then expect'”usnat(ad in Figs. 9 and 10, where we show only the princi-

net destruction of open flux to have taken place during thep.al features, and not the details specific to the interval con-

substorm, associated with a contraction of the open-closetﬁIdeer here, such as the IMf; related asymmetries in the

field line boundary. Evidence for such contraction, though ow, or the details of the flow suppression effects. In order

incomplete, is indeed present in our data. Specifically, Weto set the theoretical scene, we first consider the system re-

have previously noted that the flow reversal boundary in thes?ong € Itr? t?]i?shgig—“rvaGmd fhuésiisot;ﬁgr:ggﬁgnfcélr?l]c,ssh:ﬁeﬂ
dusk sector, where it is most sharply defined, underwent 9. 9. diag op .
ine boundary is shown by the heavy solid line, while the
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Fig. 9. Schematic of the flow which is excited by a single short-
lived pulse of nightside reconnection. The instantaneous open-
closed field line boundary is shown by the heavy solid line, while
the plasma streamlines are shown by the lighter arrowed lines. The
implied boundary motion is illustrated by the large arrows, and the
equilibrium boundary position is indicated by the dashed circle.

plasma streamlines are shown by the lighter arrowed lines.
We have assumed for simplicity that the initial equilibrium
open-closed field line boundary is circular in shape, and that
a pulse of tail reconnection has caused a poleward displace-
ment of the boundary in the nightside sector. The flux tubes
immediately equatorward of the bulge have thus been newly
reconnected in the tail, and have been added to the closed
flux tube region in the nightside magnetosphere. This per_Fig. 10.. Sketch showing idgalized boundary motions and plasma
turbs the system from equilibrium, and excites flow which _streamlmes{a) before, (b) during, and(c) after the sub;torm stud-
transports flux from the nightside, around the Earth and to—Ied here, such that (a) and (c) correspond to quasi-steady states,

ds the davside thus f . fthe D | while (b) corresponds to an interval in which the tail reconnection
wards the dayside, thus forming part of the Dungey cyc € rate is enhanced and exceeds the dayside rate. The heavy lines show

In the ionosphere, this transport is manifest as a twin-vortexne position of the open-closed field line boundary, which is shown
flow, which is such that the open-closed field line boundary issolid in the adiarioc portions and dot-dashed in the region of the

carried equatorward in the region of the nightside bulge, anchightside merging gap. The large arrows in (b) show the motion
poleward elsewhere. These motions thus return the boundaryf the boundary after the enhancement of tail reconnection rate has
towards an equilibrium circular shape with a reduced amountaken place, while the dotted line in (b) and (c) shows the initial po-
of open flux present, shown by the dashed circular line, aftesition of this boundary for ease of comparison. The lighter arrowed
which the flow dies away. In effect, the action of the flow is to lines show the plasma streamlines.

distribute the newly closed flux in the system, approximately

uniformly around the open-closed field line boundary.

The more general situation is illustrated in Fig. 10, wherealigned with the boundary in the adiaroic regions outside.
we show the effect of a more extended interval of enhancedrigure 10b corresponds to the expansion phase of the sub-
tail reconnection that takes place in the presence of steadgtorm, in which tail reconnection closes open flux at an en-
dayside reconnection, such as we have inferred here. Fighanced rate (larger than the dayside reconnection rate), such
ure 10a shows the situation in the interval of quasi-steadythat the open-closed field line boundary now moves poleward
flows that occurred before substorm expansion onset. Thas shown, beginning in the sector of the merging gap. The
heavy line represents the open-closed field line boundarygotted line shows the previous location of the boundary for
with the dot-dashed portion being the merging gap mappingease of comparison. As above, the implied departure of the
to the nightside reconnection region. The lighter arrowedsystem from equilibrium excites Dungey-cycle convection in
lines represent the plasma streamlines, which thus cross ththe magnetosphere and twin-vortex flow in the ionosphere,
boundary only in the region of the merging gap, while being which is such as to transport closed flux tubes away from
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the merging gap region of closure sunward to other localreconnection line (i.e. the merging gap), taken as positive for
times. The open-closed field line boundary thus contractssquatorward motion, so that we have
everywhere, as indicated by the large arrows. We note that JA
in this situation, the foci of the twin-vortex flow cells will &, (r) ~ —Vpe + B —== . )
lie approximately at the ends of the nightside merging gap, dt
as shown (and hence, at the ends of the substorm bulge, dstegrating these quantities over an event of duratipand
observed), separating the equatorward flow of plasma acrosgenoting averages by angle brackets, we then have
the nightside merging gap from the poleward flow in the adi- AA
aroic boundary region outside. In this case, therefore, wher¢g, ) ~ — (Vpc) + Bi——% | 4)
the nightside reconnection rate exceeds the dayside rate, the T
polar cap voltage determined from SuperDARN radar datawvhere AA,,, is the total area swept out by the nightside
will correspond essentially to the voltage across the nightsidenerging gap during the event (positive for equatorward dis-
merging gap. Figure 10c shows the situation after the tailplacements). This equation thus determines the averaged
reconnection rate has declined once more and steady flowsightside reconnection rate during an interval in terms of the
have been resumed. This occurs when the flux redistributiomean polar cap voltage during the event and the displace-
process is complete, such that (in the Cowley and Lockwoodmnent of the open-closed field line boundary in the region of
(1992) paradigm) the net closed flux is distributed approxi-the merging gap. The dayside reconnection rate is then given
mately uniformly round the boundary, leaving the shape ofby the relation
the contracted boundary approximately unchanged.

In order to analyze this situation, specifically for the case(q';d) + <q> ) B; A_A (5)
of interest here, where the nightside reconnection rate ex- T
ceeds the dayside rate, we write the amount of open fluxvhereA A is the change in total area of the polar cap during
present in the system ab(z) , associated with a polar cap the interval. Thus, introducing Eq. (4) into Eq. (5) yields
areaA(t), where®d(t) ~ B;A(t), andB; is the polar mag-
netic field strength (taken to be constant for simplicity and(d;d) = (Vpc) + Biw . (6)
equal to 60000 nT). The dayside and nightside reconnection T
rates are then written aB;(r) and @, (r), where by defini-  We now write AA,g ~ fmgAA such that the area swept
tion <I>,1 (1) is positive (associated with increasing open flux), out by the nightside merging gap is some fractjgn of the
andd, (1) is negative (associated with decreasing open flux).total change in area of the polar cap. From Egs. (4) and (6)

The nightside reconnection rate can then be written as we then finally have
i ()~ — (Vpe) + fing B2 (72)
b, (1) = —B; / (va(®) = vB(D)ds , (1) e e T
51 and
wherev, () is the plasma velocity normal to the boundary , ; AA

(taken as positive when directed equatorwarg)y) is the
boundary velocity (defined only in the normal direction and

i tak " hen di g 9 dand Clearly, if AA,,, =~ 0 for a particular interval, then the mag-
again t?‘ en as positive when |.recte- equatqrwar )dan nitudes of the mean dayside and nightside reconnection rates
is the line element along the nightside merging gap of the

' i are equal to each other, and also equal to the mean polar cap
open-closed field line boundary, from the dusk end of theVOltaQE(VpC> as already noted above. On the other hand
line (s1) to the dawn endsg). The integrand in Eq. (1) simply i ’

. . . jif the polar cap area contracts during the interval such that
represents the transport of magnetic flux across the nightsid

; . , ) . A < 0, then the magnitude of the nightside reconnection
merging gap in the latter’s rest frame, per unit length of line. rate will be greater thatVpc), while that of the dayside re-
It is readily shown that the integral of the first term in Eq. (1)

connection rate will be less thatVpc). An inconsistency

IS occurs if the magnitude of the second term in Eq. (7b) ex-
52 ceeds the first, implying th@ﬂ)d) is negative, contrary to the
B; / va()ds = V(sa,t) — V(s1, t) = Vpc(t) , (2) assumption. However, for the event analyzed here a more
stringent condition oﬁbd) can be considered, since we have

B argued above that the dayside reconnection rate probably re-

whereV (s1, t) and V (s2, t) are the electric potentials at ei- mained in the range 30-45kV during the substorm. We will,
ther end of the nightside merging gappc(z) is the to-  therefore, impose this as a condition.

tal transpolar voltage (as obtained from SuperDARN data), Here we will use Egs. (7a) and (7b) to estimate the re-
and the approximation holds when the nightside reconneceonnection rates during the substorm expansion phase. If we
tion rate is larger than the dayside reconnection rate, as noteeixamine these equations it is clear that some of the parame-
above. The integral of the second term in Eq. (1) is just theters on the right-hand sides are determined by the data better
rate at which flux is swept out by the motion of the nightside than others. In particular, the mean polar cap voltdge-)
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during the intervals is reasonably well determined from the
SuperDARN data, accepting the above interpretation of this 1.0
guantity. On the other hand, the net area swept out by the [
open-closed field line bounda,A, and the fractiory,,, of
that associated with the nightside merging gap are not so well I
determined. With regard tg,,., values can be estimatedon 0.6 |
the assumption that the effect of the flow is to redistribute the &
newly closed flux uniformly around the open-closed field line - 0.4F
boundary, as in the Cowley and Lockwood (1992) paradigm. [
In this casef,,¢ will also represent the fraction of the length 0.2
of the open-closed field line boundary that is occupied by the T
nightside merging gap, and this can be estimated from the 0.0 I
flow patterns during the expansion phase. We have shown )
above that the maximum and minimum in the electric poten- 0.0 0.5 1.0 1.5 2.0
tial will lie at either end of the nightside merging gap when AAg
the tail reconnection rate exceeds the dayside rate, as occurs
here. Identification of the location of the foci of the flow Fig. 11. Reconnection rate contours determined from Eq. (7) plot-
cells thus provides an indication of the magnetic local timeted on thef;,g — AA g plane, wherefy,, is shown on the vertical
extent of the merging gap, from whigh),, can be estimated. axis, and the displacement of the magnetic latitude of the dusk flow
Examination of the flow maps during the expansion phase ireversal boundarp A g during the substorm is shown on the hor-
Figs. 6 and 7 suggest,, ~ 0.3, and we employ a likely izonFaI axis. The _solid lines show contou_rs of the nightsi_de recon-
range f,; = 0.2 — 0.4. With regard to the change in polar nection rate obtameql from Eq. (7&_1), while the _dashed lines show

. contours of the dayside reconnection rate obtained from Eq. (7b).
cap arga, V.Ve have been able t(.) make only one apprOXImar'?he dark-shaded area in the bottom right corner represents an area
determination of the poleward displacement of the boundaryof inconsistent results in which the dayside reconnection rate be-

by ~ 1° latitude in the dusk sector where a clearly-defined ;o mes negative. The horizontal dotted lines mark the likely range of

flow reversal is evident. Our approach has been, thereforefmg values for the substorm, with the exterior region being shaded.

to look carefully at the sensitivity of the results to these less-also shaded is the region of unlikely dayside reconnection rates ly-

well determined parameters. ing outside the range 30-45kV. The unshaded area corresponds to
In effect, what we have done is to plot contour maps of the region of solutions that conforms to both these constraints.

(®,) and (®,) determined from Eg. (7) on thg,, — AA

plane, and to delineate regions of consistency, both with the

rather roughly-obtained limits on these latter parameters, and , ) )

on<d>d) as discussed above. However, rather tharnuseali- data. Using this value we have then plotted reconnection rate

rectly, we have used instead the latitude displacement of th§ONtOUrs on thefiue — AA s plane, whergd,) and(®,) are
boundary in the dusk local time sector. From this displace—Shown by the solid and dashed lines, respectively. Parameter

ment the areag A have been calculated by extrapolation of /8§ IS ;h(l)wn c:jn tr}ehve;tmell(l ﬂaX|s, and tr}%ds%lzcem.ent n
the initial and final boundary positions to other local times. mhagnetlc ar?tuhe_o t el us| ?:W revehrse|1 oundany s Is
Specifically, we have assumed for simplicity (and in accor-S"OWn on the horizontal axis. From the latter parameter we

dance with the Cowley-Lockwood paradigm) that the initial have calculated the change In area of the PO_"'?“ cap accord-
and final boundaries are circles drawn about a common cen"'9 F(_) the above algorlt_hm, starting from an initial _boundary
ter. The position of the appropriate center has been judge®°S!tion atAz = 77 (Fig. 8), so thaih A becomes increas-
from the shape of the flow patterns and auroral boundaries',ngly_ negative as we move from left to right across the plot.
and has been chosen on this basis to be displaced from thiye find that a 1 poleward displacement of the boundar_y cor-
magnetic pole by 4of magnetic latitude along the 22 MLT reosponds to a flux closure 8 AA ~ —0.5x 10° Wb, while
meridian. The displacement of the center towards the night—2 corresponds t-0.9 x 10°. At the left-hand edge_z Of the
side accommodates the usual day-night asymmetry in the pd2/0t We haveAA = 0 (andAA = 0), so that at this limit
sition of the boundary, while the displacement towards duskE0s- (7a) and (7b) g'\f(@d> = — (@) = (Vrc), as discussed
is suggested by the corresponding dawn-dusk asymmetry iRPOVe. We also haje,) = — {Vec) along the bottom edge
the auroral boundary and is associated with the prevailingf the plot, wheref,,; = 0, and(®4) = (Vr¢) along the top
sense of IMFB, (negative). Examination of the flow and €dge of the plot, wherg,,, = 1. Away from these respec-
auroral patterns overall indicates that this is a very reasontive boundarieg®,) becomes increasingly negative fis
able choice, and that no substantial improvement would reand AA g both increase, whiléd,) drops to smaller values
sult from attempting to use some more complex boundaryas f,,, decreases and A p increases. Eventuall@d) be-
shape. comes negative in the dark-shaded area in the bottom right
Results are shown in Fig. 11, averaged over the interval otorner of the plot, this representing an area of inconsistent
enhanced convection, i.e. over 00:44-01:08 UT (Fig. 8). Forresults (as discussed above) wk(an— fmg)AA becomes
this interval we find(Vp¢) ~ 59 kV from the SuperDARN  too negative.
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We now consider the likely ranges of the controlling pa- Pellinen (1998), based principally on magnetic data from the
rameters, and the consequent likely range of values of thelusk sector, that a prompt response in the global convection
reconnection rates. First, we indicated above that the likelysystem often occurs at expansion phase onset. Opgenoorth
range of f,,, was between~0.2 and 0.4. This range is and Pellinen suggested that the response could be produced
marked by the horizontal dotted lines, and the exterior re-by a suppression of the flow in the region of dipolarized flux
gion is shown shaded. Second, according to our above arin the nightside magnetosphere, mapping essentially to the
guments, we can reasonably expect the dayside reconnecti@ubstorm bulge, resulting in a deflection of the surrounding
rate to have lain in the range30 to ~45kV during the in-  flow around this region. Such deflection would give rise to
terval. The regions outside these limits are also shaded. la flow enhancement on either side of the bulge, but this ef-
can be seen that these two conditions delimit an area on th&ect alone would result in no change in the overall transpolar
plot which spans a range &fA p between~0.5° and~1.5°. voltage. For the localized substorm studied here, however,
This result is, therefore, completely consistent with the Su-we have found that the principal effect was the excitation of
perDARN dusk boundary data, which indicate a polewardnew voltage during the expansion phase, in which the total
contraction by~1°, near the limit of resolution of the data. transpolar voltage increased by a factor of two.

These latter observations do not, therefore, impose any fur- (c) Flow suppression within and deflection around the
ther constraints in this case. The implication of the results indipolarized region (the blob of brightest auroral emission)
Fig. 11 is thus that the mean nightside reconnection rate dureccurred during the expansion phase, as observed in previ-
ing the substorm, averaged over the 24-min interval 00:44-ous studies by Morelli et al. (1995), Yeoman et al. (2000),
01:08 UT, was~70KkV, lying in the range-65-75kV. There-  and Khan et al. (2001). However, in the present case, the
fore, we further estimate that the total magnetic flux closed inregion effected was relatively small and localized near mid-
the tail during the substorm was0.9— 1.1 x 168Wb, com-  night, such that this represented a distinct but secondary ef-
pared with~ 0.4 — 0.6 x 108 Wb, which was opened on the fect. The main flow effect in this particular substorm was
dayside over the same interval. The net flux closed during thehus the overall enhancement mentioned above.
substorm was thus alse 0.4 — 0.6 x 10° Wb, correspond- (d) The nightside reconnection rate averaged over the
ing to a~1° contraction of the boundary overall. We also ~24-min substorm interval of enhanced flows is estimated
estimate the total amount of open flux present prior to subto have been~65-75kV, compared with continuing day-
storm onset to have been3 x 10° Wb, this representing an  side reconnection rates of30-45kV. The net destruction
entirely typical value under general conditions, and for pre-of open flux during the substorm is thus estimated to have
substorm intervals in particular (Newell et al., 2001). Thus, been~ 0.4— 0.6 x 10° Wb, which corresponds te 15-20%
the net flux closed during the substorm represeritS—20%  of the open flux present at onset. The corresponding overall
of the total open flux present prior to onset. contraction of the open-closed field line boundary during the
substorm was thus 1° latitude, close to the resolution limit
of the SuperDARN data.
5 Summary The explanation we have forwarded for the flow effect ob-
served here, in terms of the contribution of tail reconnection
The main points which we wish to emphasise are as follows g field dipolarization to Dungey cycle convection, should

(a) lonospheric flow was excited in concert with the onsethold for substorms in general. We may, therefore, expect
and decay of the expansion phase of an isolated high-latitudghat such flow excitation should be a common feature of sub-
substorm of modest amplitude and duration. The flow wasstorm intervals. Factors which might mitigate against a clear
of twin-vortex form with foci on the nightside at either end jdentification of the effect in general cases include (a) vari-
of the substorm auroral bulge. The transpolar voltage asations in the direction and strength of the IMF during the
sociated with the flow increased from40KkV prior to on-  sybstorm, which produce additional modulations of the flow
set, to peak at-80kV after 15min, which was-5min af-  driven by magnetopause reconnection; (b) large-scale flow
ter the peak in the magnetic disturbance. The flow then dereconfigurations on the nightside due to flow suppression and
clined back down te~35kV over~10min in the recovery  deflection effects over larger areas of the substorm bulge;
phase. During this interval the IMF remained steady, with(c) dropout of radar backscatter from the crucial substorm-
By ~ —9nT, andB; ~ +5nT. The flow enhancement (and gjsturbed region due to ionospheric absorption; and (d) in-
substorm) is inferred to have resulted from a burst of recon-adequate imaging of the flow pattern within the collective
nection in the pre-midnight plasma sheet. field of view of the radar array, which is limited both in local

(b) The return flows of the enhanced flow pattern extendedime and in latitude. The identification of the flow enhance-
widely on either side of the region directly effected by the ment effect in the present data set clearly resulted from a
substorm, over the polar cap, and into the dayside sectokather fortunate combination of geophysical and operational
The changed and enhanced flow pattern, combined with precircumstances. A future agenda is set, however, to search for
vailing ionospheric conductivities, produced magnetic dis-related features in other substorms.
turbances of modest amplitude over a large area surrounding
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