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Abstract. We present SuperDARN radar observations of 1  Introduction

the nightside high-latitude ionospheric flow during two 6-

hour intervals of quasi-steady northward interplanetary mag-The dynamics of the Earth’s coupled magnetosphere-
netic field (IMF). During both intervals (01:30-07:30 UT on ionosphere system is largely influenced by the orientation
2 December and 21:00-03:00 UT on 14/15 December 1999)f the interplanetary magnetic field (IMF). More precisely,
the solar wind and IMF remained relatively steady with it depends primarily on the strength and orientation of the
positive andB, negative, such that the IMF clock angle transverse GSMy andz components of the field, whose
was~—50° to —60°. Throughout both intervals the radar direction is given by the “clock angle’q, with respect to
data clearly indicate the presence of a highly distoBgel north. Thus, a O clock angle corresponds to a transverse
dominated twin cell flow pattern, indicative of an open mag- field purely in the+z direction (northward);:90° to +y (re-
netosphere, which is confirmed by DMSP and auroral dataspectively), andt180 to —z (southward). When the inter-
Estimates of the changes in open flux present during each inplanetary field points south, i.e. whé#>90°, the dynam-
terval indicate approximately balanced dayside and nightsidécs of the system is dominated by Dungey-cycle flow and
reconnection at rates o#30—35KkV over the full 6h. How- the substorm cycle (Dungey, 1961; Hones, 1979; Farrugia
ever, strong bursts of flow with speeds of ovet000 ms* et al., 1993; Baker et al., 1996). Reconnection at the low-
are observed near magnetic midnight on time scalesldt, latitude magnetopause between the geomagnetic field and
which are associated with increases in the transpolar voltagehe IMF results in the formation of open flux tubes, which
These are indicative of the net closure of open flux by recon-are transported anti-sunward by the solar wind and stored in
nection in the tail. During one large flow burst, the night- the lobes of the geomagnetic tail. This process is dominant
side reconnection rate is estimated to have be#rd times  during the growth phase of substorms, and is associated with
the dayside rate, i.ev45-60 kV compared with-30—40kV.  twin-vortex flow in the polar ionosphere, which is strongest
Magnetic bays, which would indicate the formation of a sub- on the dayside and is related to a concurrent expansion in
storm current wedge, are not observed in association withthe area of open flux in the polar cap (Siscoe and Huang,
these bursts. In addition, no low-latitude Pi2s or geostation-1985; Cowley and Lockwood, 1992). Rapid excitation of
ary particle injections were observed, although some localpolar convection during intervals of southward IMF is now
small amplitude Pi2-band (5-50 mHz) activity does accom-a well-established phenomenon (e.g. Etemadi et al., 1988;
pany the bursts. Coincident measurements of the flow andRuohoniemi et al., 1993; Ridley et al., 1998; Khan and Cow-
of the low amplitude magnetic perturbations reveal nightsideley, 1999), and even the sub-structure of individual magne-
ionospheric conductances of no more than a few mho, intopause reconnection events (“flux transfer events”) is well-
dicative of little associated precipitation. Therefore, we sug-resolved in dayside flow and auroral data (e.g. Lockwood et
gest that the flow bursts are the ionospheric manifestation oél., 1989; Elphic et al., 1990; Pinnock et al., 1993; Provan
bursty reconnection events occurring in the more distant geoet al., 1998; Neudegg et al., 1999; Milan et al., 2000). Sub-
magnetic tail. The main implication of these findings is that, sequently, reconnection of lobe flux tubes in the tail current
under the circumstances examined here, the convection cycleheet results in open flux closure and field line contraction
is not equivalent to the usual substorm cycle that occurs fotback towards the Earth, thus completing the Dungey cycle.
southward IMF. It has long been supposed that the tail process dominates

Key words. lonosphere (plasma convection: ionosphere-during the expansion and recovery phases of substorms. Re-

magnetosphere interactions) — Magnetospheric Physicge”t results from the Geotail spacecraft indeed show that tail
(magnetotail) reconnection typically begins in the dusk sector plasma sheet

at down-tail distances of20-30R g within a few minutes of
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and subsequently expands into the dusk and midnight seaorthward. These flow bursts were initiated near the night-
tors (Nagai et al., 1998; Petrukovich et al., 1998; Machida etside open-closed field line boundary, had amplitudes up to
al., 1999). This process should also excite twin-vortex flowseveral 100m<s!, and recur at~1h intervals, lasting on
in the polar ionosphere (additional to that driven simultane-each occasion for a few tens of minutes. Simultaneous au-
ously by magnetopause processes), but with the flow noworal data show that each flow pulse was accompanied by an
being strongest on the nightside and related to a concurrerdctivation of the poleward-most arc system, in which a new
contraction in the area of the open flux in the polar cap. Ev-east-west aligned arc formed poleward of the existing bound-
idence for flow excitation during substorm expansions hasary, and subsequently moved equatorward, together with ex-
recently been presented by Opgenoorth and Pellinen (1998}ting precipitation structures. This behaviour strongly sug-
and Grocott et al. (2002), though matters are generally comgests an origin in bursts of reconnection in the “quiet-time”
plicated by additional flow suppression and polarisation ef-tail. Poleward boundary auroral intensifications (PBIs) and
fects associated with the strong conductivity gradients in thearc “bifurcations” have subsequently been shown to occur
substorm-disturbed nightside ionosphere (e.g. Kirkwood ettommonly under a wide variety of conditions, both during
al., 1988; Morelli et al., 1995; Weimer, 1999; Gjerloev and “quiet” times, and in the growth, expansion and recovery
Hoffman, 2001; Khan et al., 2001). phases of substorms (Lyons et al., 1999), often leading to
When the interplanetary field points north, it is well es- the ejection of one or more north-south aligned auroral forms
tablished that Dungey-cycle flow and substorm activity are(called “auroral streamers”) towards lower latitudes (Hender-
reduced (e.g. Fairfield and Cabhill, 1966; Reiff et al., 1981),son et al., 1998). These longitudinally-restricted “stream-
though observations in the dayside ionosphere suggest thatrs” have themselves been associated with the occurrence
open flux tube production does not switch off entirely until of narrow “bursty-bulk flow” (BBF) channels of earthward-
the clock angle falls below30°—40° (e.g. Sandholt et al., directed flow in the plasma sheet (Baumjohann, 1990; An-
1998a, b). At the same time, high-latitude reconnection be-gelopoulos et al., 1992), Pi2-band (5-50 mHz) activity, and
tween lobe field lines and the IMF begins, exciting additional longitudinally-localised injections of energetic particles at
flow cells, particularly on the dayside (e.g. Dungey, 1963;geostationary orbit (Sergeev et al., 1999). The relation-
Russell, 1972; Reiff and Burch, 1985; Bristow et al., 1998; ship between the “streamer” structures and the large-scale
Sandholt et al., 1999, 2000, 2001). On the nightside undefonospheric flow has yet to be investigated in detail. How-
these conditions a variety of phenomena have recently beeaver, Senior et al. (2002) have recently reported the occur-
reported, whose physical connections have yet to be estalrence of large-scale bursty flows in the “quiet time” nightside
lished. Huang et al. (2001) reported observations of quasiionosphere during an interval of “intermediate” clock angles
sinusoidal nightside flow oscillations in SuperDARN radar >45°. These flows have a recurrence time~df h, with sub-
data during an extended interval of modest northward IMFstructure on tens of minutes time scales, similar to the bursts
and small (typically<45°) clock angle. The flows had am- reported by de la Beaujakehe et al. (1994), and take the form
plitudes~500m s and a period of-1h, and were asso- of surges of westward “return” flow in the dusk convection
ciated with the formation of large-scale clockwise flow vor- cell, several degrees wide in latitude, and extending in local
tices in the post-midnight sector which subsequently propatime from post-midnight towards dusk.
gated toward dawn. The authors associate these flows with From the above discussion it will be clear that the night-
global oscillations of an essentially closed tail. Walker et al. side ionosphere and geomagnetic tail for northward IMF is
(1998, 2002), on the other hand, have reported the occurrencaften anything but “quiet”, and is instead characterized by a
of latitudinally-restricted £1° north-south) bursts of high- wealth of flow and precipitation phenomena having a variety
speed £2kms1) westward flow in the pre-midnight sec- of characteristics. However, the relationships between many
tor under similar interplanetary conditions (weak IMF with of these phenomena have not yet been clarified, and no over-
small clock angle). These flow bursts had-a2 min recur-  all picture has yet emerged of the behaviour of the tail and
rence time (four main cycles were observed), and appear teonjugate ionosphere under these conditions. In this paper
have occurred at the equatorward edge of the dusk conveave aim to contribute to this issue through the study of Su-
tion cell. Walker et al. interpret the bursts as being due toperDARN radar observations of nightside flows and related
sporadic energy release and field dipolarisation in the geoparameters during two extended intervals in which the IMF
magnetic tail associated with a viscously-driven twin-vortex clock angle remained relatively steady at intermediate val-
flow system. It was noted by Sutcliffe (1998) that Pi2 and uesé ~—50° to —60°. Thus, IMF B, was positive, but the
weak (few tens of nT) midnight-sector bay activity occurred largest transverse field component was IMF, which was
during these events. consistently negative. These intervals (on 2 and 14/15 De-
In yet another apparent class of nightside phenomenagember 1999) were sufficiently extendeddh each) that we
bursty flow events having larger spatial scales and longemay reasonably expect the magnetosphere to have reached a
time scales have been reported. De la Beawjaediet state entirely characteristic of those conditions, rather than,
al. (1994) report the occurrence of bursts of equatorwardfor example, being significantly influenced by prior intervals
directed flow in nightside Sondrestrom radar data, whichof differently-directed IMF. For these northward, but “inter-
took place during a “quiet-time” interval in which the trans- mediate” orientations of the IMF, we may thus expect on the
verse components of the IMF were small and directed mainlybasis of the above discussion that open flux production at
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the magnetopause persisted at modest rates, and indeed wiew in each map are of the Saskatoon (T), Kapuskasing (K),
show below that IMFB,-distorted twin-cell flow persisted Goose Bay (G), Iceland West (W), Iceland East (E), and Fin-
throughout both intervals, with transpolar voltages typically land (F) radars. These are shown on geomagnetic grids ex-
in the range~20-40 kV. We might also anticipate the excita- tending from the pole to 80magnetic latitude, with noon at
tion of “lobe” convection cells on the dayside. However, be- the top and dusk to the left. The coordinates are Altitude Ad-
cause we have chosen to study intervals with good radar covjusted Corrected Geomagnetic (AACGM) coordinates, a de-
erage of the nightside hours, coverage of the dayside flows igelopment of the PACE system discussed by Baker and Wing
not extensive in these data. Thus, the presence or absence @989). The fields of view of those radars from which line-of-
lobes cells is not well determined by these data and does natight data will be displayed below are shaded blue. These are
form a major topic of discussion. the Saskatoon, Kapuskasing, Goose Bay, and Iceland West
With regard to nightside phenomena, however, a signifi-radars for the first interval, and the Goose Bay, Iceland West,
cant question exists concerning the magnetospheric respondeeland East and Finland radars for the second. Data will be
to modest but steady dayside driving under these conditiongdisplayed from the beam directions marked by the red lines.
During the growth phase of substorms with the IMF directed It should be noted, however, that the fields of view of the
southward, the transpolar voltage (and implied open flux in-radars changed significantly with respect to MLT over each
put to the tail) is typically twice the above values (i-e60—  interval, and encompassed the whole nightside ionosphere
80kV), and generally~30-40 min elapses before reconnec- at ~02:00 UT. Continuous observations of the whole night-
tion and plasmoid formation is excited in the near-Earth tail Side over an interval which extends on either side of this time
at substorm expansion phase onset. We may then ask whethare, therefore, not possible, a limitation which is reflected in
substorms occur with reduced frequency or with reduced amthe analysis of the flow data below. Data from the South-
plitude under conditions of reduced but continuous driving. ern Hemisphere network (which consisted of the four radars
In fact, we show in this paper that no classic substorm fea-Tiger (R), Halley (H), Syowa (J), and Syowa East (N)) are
tures were observed at all during these long intervals. In-also discussed below, although no detailed analysis is per-
stead, large-scale bursts of flow were observed in the nightformed due to limited coverage. Their fields of view are,
side ionosphere, having recurrence time scalesbh and  therefore, not shown here.
lasting a few tens of minutes. These properties suggest a con-
nection with the flow phenomena previously described by de
la Beaujardiére et al. (1994) and Senior et al. (2002), and
thus also, possibly, with BBF/PBIs. In this paper we exam- During both study intervals, all ten radars were operat-
ine these flow observations in some detail, and discuss th&ég in a standard mode in which each radar scans through
implications for the balance between open flux production atl6 beams of azimuthal separation 3.2%ith a total scan
the magnetopause and closure in the tail during northwardime of 2min. Each beam is divided into 75 range gates of
IMF intervals of intermediate clock angle. length 45km, and so in each full scan the radars cover 52
in azimuth and over 3000km in range. Large-scale maps
of the high-latitude convection have been derived from this
2 Instrumentation data using the “Map Potential” model developed by Ruo-
honiemi and Baker (1998). The line-of-sight velocities are
In this section we provide brief details of the instrumentation mapped onto a polar grid, and used to determine a solution
employed in this study, which concerns the intervals 01:30-for the electrostatic potential which is expressed in spheri-
07:30UT on 2 December and 21:00—03:00 UT on 14/15 De-cal harmonics. The equipotentials of the solution represent

cember 1999. the plasma streamlines of the modelled convection pattern.
Information from the statistical model of Ruohoniemi and
2.1 SuperDARN radar data Greenwald (1996), parameterised by concurrent IMF con-

ditions, is used to stabilize the solution where no data are
The measurements of ionospheric convection velocities proavailable. Here, spherical harmonic fits, which use terms up
vided by the Super Dual Auroral Radar Network (Super-to sixth order, are employed to fit the Northern Hemisphere
DARN) represent the central focus of our study. SuperDARNdata, with the functions being expressed about a pole that has
is an international array of HF coherent radars spanning théeen shifted by 2towards the nightside. A lower-latitude
auroral regions of both the Northern and Southern Hemi-convection limit of 67 relative to this pole has also been
spheres (Greenwald et al., 1995). At the time of the inter-imposed, as deemed appropriate for the contracted nature of
vals described here, the Northern Hemisphere network (usethe flow pattern during these two intervals (see Ruohoniemi
primarily in this study) consisted of six radars, whose fieldsand Baker (1998) for a detailed discussion of the Map Poten-
of view extended-12 h of magnetic local time (MLT). This tial algorithm). The flow vectors which will be shown super-
is illustrated in Fig. 1a, which shows the fields of view of posed on the electric equipotentials patterns are derived using
the six radars at the centre times of each of the two interthe SuperDARN line-of-sight velocity measurements and the
vals, i.e. 04:30UT on 2 December, and 00:00 UT on 14/15transverse velocity component from the spherical harmonic
December. With increasing magnetic local time, the fields offit.
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Fig. 1. (a)Fields of view of the six Northern Hemisphere SuperDARN radars at 04:30 (left) and 00:00 UT (right), the centre times of the two
intervals considered in this paper. These are plotted on a geomagnetic grid from the pSleadt602 MLT at the top and dusk to the left.

Fields of view coloured blue are those of the four radars for which detailed line-of-sight measurements will be discussed, using the beams
indicated in red.(b) Shows ground-based magnetometer locations and the LANL spacecraft footprint at the same times on the same grid.
Red dots indicate stations whose data has been band-pass filtered to provide information on Pi2 signals. Blue dots indicate three station:
which span the local time extent of the radar fields of view. Yellow dots indicate stations which span individual events which are studied in
detail. The black oval represents the ionospheric footprint of geostationary orbit.

2.2 Ground magnetometer data tifier codes are also shown for reference. Data from those
at lower latitudes and colour-coded red (i.e. PBQ, NAQ, and

Figure 1b shows the locations of the ground magnetic stal/AR) have been band-pass filtered (20-200ss), to provide in-

. - . . . formation on substorm-related Pi2 signals. Those at latitudes
tions employed, ||jd|cgted in the figure by thg black c!rclgs onN700_750 and colour-coded blue (i.e. CON, IQA, and BIN)
the same magnetic grids and at the same times as in Fig. 1a. . . . : ]

. .are distributed in longitude over the local time extent of the
Data have been inspected from all the magnetograms of six

Northern Hemisphere arrays which span the same 12 h oﬁ.aqar array, to givg an indication .Of the overall magnetic ac-
MLT as the SuperDARN radars. These are the Canadian'vIty during each interval. We will also show dgta from a
CANOPUS array (Grant et al., 1992), the Geological Syr-Number of sub-arrays, colour-coded yellow, which span in-
vey of Canada array, the MACCS array (Hughes and Er]_d|V|_duaI features a’F much hlgher spatial resolution, thus en-
gebretson, 1997), the Greenland magnetometer chain (Friisqbllng amore detailed analysis.
Christensen et al., 1985), the Scandinavian IMAGE array

(Lithr et al., 1998), and the SAMNET array (Yeoman et al., 2.3 LANL geostationary spacecraft data

1990). Data from selected stations will be presented D,

Z coordinates, wherél is local magnetic northD is local The occurrence of energetic ion and electron injections at
magnetic east, and is vertically down. These stations are geostationary orbit has been examined using data from the

indicated in Fig. 1b by the coloured circles, and their iden- SOPA instruments carried by Los Alamos National Labo-
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ratory (LANL) spacecraft (Belian et al., 1992). Data from _ 40 £ — T . T
three operating spacecraft, 1994-084, 1989-046, and LANL-? L 30F

97A have been examined. During both intervals, LANL-97A < 20F o vﬁ"f 2 At

was located in the post-midnight sector, as appropriate fors 1° #W |

monitoring electron injections. This data is, therefore, pre-=380F

, E
sented here, being representative of the entire data set. The 6" s, Aum. JLM
red coloured triangle on each map in Fig. 1b shows the iono- ngo iw w\r . M - M Mﬂ
spheric footprint of LANL-97A, mapped from geostationary 10 § — v.:‘vqf ¥ ; —
orbit using the T-89 model (Tsyganenko, 1989). The black~ 5 § 3
solid line shows the footprint of a complete orbit. < RN AW M

2.4  Polar auroral images

Images of the aurora were provided by the VIS instrument ;
on the Polar spacecraft (Frank et al., 1995) during the inter-
val on 2 December. This instrument viewed the whole of the _
northern polar ionosphere from the beginning of the interval’s o E...
at 01:30 UT up to~03:00 UT, and provided images approx- = -5
imately every 5min. These consist of 32.5s integrations of
UV photons at a wavelength of 130.4 nm. No images were»—
available for the interval on 14/15 December.

=

2.5 DMSP auroral particle data

01
Measurements of ion and electron fluxes by the SSJ/4 |n-v s
strument on board the DMSP F12, F13, and F14 spacecraft 180
(Hardy et al., 1984) have been employed to examine the pat- 2" 00% 04% 08% 12
terns of polar particle precipitation and their relationship to
the plasma flow. The instrument points toward zenith at allgig 5 ypstream interplanetary observations from the ACE space-
times, and provides 1s resolution spectra of ion and electroRyaft for 19:30 UT on 1 Dec to 13:30 UT on 2 Dec 1999, lagged

fluxes between 30 eV and 30 keV. by 76 min to account for the propagation delay to the ionosphere.
) The top two panels show solar wind density and velocity data (the
2.6 Upstream interplanetary parameters dashed line represents data from Geotail, which was used where

data was missing from ACE). The middle three panels show IMF
Interplanetary conditions during each interval were moni-data in GSM coordinates, and the bottom two panels show the field
tored by the ACE spacecraft (Stone et al., 1998), locatednagnitude and clock angle. The clock angle is defined with respect
at GSM coordinatesX,Y, Z) = (222,21-25)Rg during to north, such that®Qcorresponds to a transverse field purely in the
the 2 December interval an& (Y, Z) = (226,36 —15)Rg +z direction (northward);£90° to +y (respectively) and=180° to
during the 14/15 December interval. The variation of the —z (Southward).
spacecraft position over each interval was not significant.
Solar wind and IMF data were obtained by the SWEPAM
and MAG instruments, respectively (McComas et al., 1998;CPI instrument (Frank et al., 1994) to give an indication of
Smith et al., 1999). The propagation delay of field changes:, andv, during this period. A negligible propagation delay
from ACE to the dayside ionosphere has been estimated usxisted between Geotail and the ionosphere, due to Geotail's
ing the algorithm of Khan and Cowley (1999). This esti- location at ,Y, Z) ~ (15,—20, 2)Rg, consistent with fea-
mate includes the propagation time in the solar wind up-tures observed in both the ACE and Geotail data sets from
stream of the bow shock, the frozen-in transit time acrossbefore and after the ACE/SWEPAM data dropout.
the subsolar magnetosheath, and the @&iiic propagation
time along open field lines from the subsolar magnetopause
to the cusp ionosphere. With solar wind proton humber den-
sitiesn, ~15cni 3 and speeds, ~330kms™?, we finda 3 Observations overview: Interval 1 (01:30-07:30UT
propagation delay of 263 min for the 2 December interval. 2 December 1999)
For 14/15 Decemben,, was~5 cni2 andv, ~380km st
giving a propagation delay of &% min. These times have In this section we discuss the ground and space observations
been used to lag the ACE solar wind and IMF data displayednade during the first of the two 6-hour intervals examined
here. It should be noted that during the 2 December intervalhere, on 2 December 1999. We begin with an overview of
no data were available from ACE/SWEPAM fron03:30to  the interplanetary data, and subsequently look in more detail
~06:30 UT. Therefore, we have used data from the Geotailat the magnetic, flow, particle, and auroral data.
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3.1 Upstream interplanetary conditions interest, whileB, was large and negative, alt} predomi-
nantly positive (and had been near zero or positive for more
than 3 h previously). These values translate to a field strength

In Fig. 2 we present data from the ACE spacecraft, lagged byyhich was nearly constant at10+1nT, and a clock angle

76 min via the method described above, for the 18-h intervalwhich, for the most part402:30-06:30 UT), remained near
from 19:30 UT on 1 December to 13:30UT on 2 Decemberw_eon_ The mean value over the main interval waS9°,

1999. This is an expanded interval describing the upstreamith a standard deviation of £7

interplanetary conditions for 6 h on either side of the interval

of specific interest, which is delimited by the vertical dashed3.2 SuperDARN flow data overview

lines. The top two panels show the solar wind proton num-

ber density £,) and speedy,) from ACE/SWEPAM. Data  In Fig. 3 we present line-of-sight SuperDARN velocity data
were unavailable for the-3-h period,~03:30-06:30 UT, as  for the 6-h interval, from the five radar beams shown by the
indicated above, so data from the Geotail CPI instrumentred lines in the left-hand map in Fig. 1a. These beams have
has been used to fill the gap (indicated on Fig. 2 by thebeen chosen for their good backscatter returns, as well as
dashed lines). Before the data gap, the density remained refer their wide coverage of the nightside ionosphere. Imme-
atively constant at-10 cn 23 and the velocity between 330— diately evident is the continuous flow observed over the en-
380km s L. The Geotail data indicates a decrease in velocitytire interval, with speeds o£500-1000 mst. These flows

of ~30 km s approximately coincident with the SWEPAM are directed away from the radar at Saskatoon (beam 0) and
data dropout. The middle three panels show the GSM comKapuskasing (beam 5), indicative of sunward “return” flow
ponents of the IMF from ACE/MAG, with the magnitude and in the dusk convection cell, towards the radar at Kapuskas-
clock angle of the field shown in the bottom two panels. IMF ing (beam 15) and Goose Bay (beam 6), indicative of anti-
B, was near zero or positive throughout the main interval of sunward flow over the polar cap into the auroral zone, and
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Fig. 4a. Streamlines and vectors of the ionospheric flow derived from the SuperDARN velocity measurements shown on geomagnetic grids,
obtained from the “Map-Potential’ algorithm (see Sect. 2.1). Four maps are shown from the first 6-h interval studied (ag¢tbdamix

Northern Hemisphere radars afig) the four Southern Hemisphere radars. Maps are shown at 02:00, 04:00, 06:00, and 07:00 UT for the
Northern Hemisphere, and 02:04, 03:00, 04:08, and 05:00 UT for the Southern Hemisphere. At the bottom of each map the total transpolar
voltage Vpc (left-hand corner), and the direction and magnitude (in¥he Z plane) of the lagged IMF (right-hand corner) are indicated

(Fig. 4 continues).

strong but variable (directed mainly east-west) at Icelandthough these flow data span 5h of UT, the IMF conditions
West (beam 8). There is also evidence of strong variabil-remained very similar. Correspondingly, although the de-
ity or pulsing in the flow, which is particularly marked, for tails vary from plot to plot, the overall flow pattern also re-
example, at Goose Bay (beam 6). The vertical dashed linemained similar. It can be seen that the convection was consis-
indicate six such “pulsed” features in the flow, the details tently dominated by a large crescent-shaped “dusk” flow cell,
and timing of which will be discussed below. It is imme- which spanned the local time interval roughly from noon (the
diately evident that this is an interval of dynamic and often details being inaccessible due to the lack of post-noon day-
high speed nightside flow. side data), via dusk into the post-midnight hours. A clear

In order to investigate the nature of the flow further, we “dawn” flow cell is present only in the map at 04:00 UT,
have derived a sequence of convection maps from all thevhere it is confined essentially to the dayside MLT quad-
available SuperDARN data (in both hemispheres), using thdant between dawn and noon. In general, the dawn sec-
Map Potential model. In Fig. 4a we present four representaior flows are highly structured and variable, and appear to
tive examples of the Northern Hemisphere flow pattern, im-be essentially absent, for example, at 06:00 UT. The sense
aged at 02:00, 04:00, 06:00 and 07:00 UT, which employ 2-0f the dawn-dusk flow asymmetry is exactly that expected
min resolution data from the six radars indicated in Fig. 1a.for Dungey-cycle flow driven in the presence of strong and
The diagram in the bottom right-hand corner of each plot in-consistent negative IMB, (Jgrgensen et al., 1972; Cowley,
dicates the direction and strength of the concurrent (lagged}981; Reiff and Burch, 1985; Heppner and Maynard, 1987;
IMF projected onto the— plane, emphasising again that al- Weimer, 1995; Ruohoniemi and Greenwald, 1996). In par-
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ticular, the predominant sense of anti-clockwise vortical flow noon at the top and dusk to the left. Although the data are re-
within the polar cap, giving faster antisunward flows at dusk stricted, they are nevertheless compatible with a flow asym-
than at dawn, is that expected to be produced by the east-westetry which is opposite to that which occurs in the north.
field tension effect on open field lines, which pulls newly- In particular, the data suggest the continuous presence of
reconnected field lines within the dayside cusp eastward intstrong antisunward and westward flows in the post-midnight
the dusk sector. Despite the northward direction of the IMF,and dawn sector polar cap, in a region where the Northern
there is little evidence in these maps for the concurrent presHemisphere flows are more sporadic but generally directed
ence of high-latitude “lobe” convection cells. However, as eastwards.

mentioned above, the lack of data coverage in the post-noon

dayside quadrant makes this statement less than definitive. ~AS & further check on the nature and origin of the flow
patterns, we have also examined all available DMSP patrticle

If the Northern Hemisphere convection is due principally data and VIS auroral imagery during the interval, in order
to IMF B,-asymmetric Dungey-cycle flow, we would expect to determine the nature of the concurrent particle precipita-
to observe similar flows in the Southern Hemisphere, buttion patterns (though, as noted above, VIS images are avail-
with an oppositely-directed asymmetry between dawn andable only until~03:00 UT). On the basis of the above in-
dusk. Examination of the Southern Hemisphere data showserpretation, we would expect the central region of the con-
that the coverage is much more restricted than in the northyection patterns where the flow is directed antisunward but
and backscatter is essentially absent aft86:00 UT. There-  with an anti-clockwise vortical twist (in the Northern Hemi-
fore, in Fig. 4b we show four selected maps from earlier insphere) to correspond to open field lines with cusp/mantle
the interval, at 02:04, 03:00, 04:08, and 05:00 UT, chosen(on the dayside) or polar rain (on the nightside) precipita-
to optimise the coverage. In order to aid comparison, theseion, while the surrounding region at lower latitudes should
maps are drawn as though viewed from the north, i.e. withcorrespond to closed field lines with trapped BPS/CPS pre-
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Fig. 5. (a) A map of the UV auroral intensity at 01:51:07 UT (the centre time of the 32.5 s integration interval of the UV image) projected
onto a geomagnetic grid. Superposed on this image are SuperDARN “Map-Potential” streamlines and flow vectors, and the orbital track of
the DMSP F12 spacecraft from 01:45-02:04 UT, colour-coded to the different regions of particle precipitation (the red triangle indicates the
footprint of the spacecraft at the time of the UV image). Also indicated on the map is the derived total transpolar voltage and the direction and
magnitude (in th& — Z plane) of the lagged IMF, as in Fig. 4. The superposed SuperDARN vectors correspond to the two-minute interval
which encompasses the centre time of the UV imdbg Standard precipitating particle spectrograms from the SSJ/4 instrument on board

the DMSP F12 spacecraft for the overpass shown in (a). Electron (top panel) and ion (bottom panel) data are presented for 01:45-02:04 UT.
Also indicated at the bottom of the figure is the magnetic latitude (MLAT) and magnetic local time (MLT) at corresponding universal times
(UT).

cipitation (e.g. Newell et al., 1991, 1996). We find that all sity of the UV emission is indicated in the bar on the right-
the DMSP and VIS data are compatible with these expectahand side of the figure. The VIS data show a central region
tions. An example is shown in Fig. 5, taken from early in the of almost no emission, which agrees well in location with
interval, when VIS images were available, together with a si-the region of antisunward and anti-clockwise vortical flow in
multaneous DMSP (F12 satellite) overpass. Figure 5a showthe convection map. We take this central region to be the re-
the Northern Hemisphere SuperDARN flow vectors and Mapgion of open magnetic flux. Surrounding this, a near-circular
Potential flow streamlines for the two-minute scan 01:50—continuous ring of emission is observed, due to precipitat-
01:52 UT, in the same format as Fig. 4. This is superimposedng ~keV electrons, which generally closely coincides with
on a simultaneous VIS image of the UV auroras, obtainedthe region of clockwise flow in the extended crescent-shaped
over a 32.5s integration centred on 01:51:07 UT. The inten-‘dusk” convection cell. We take this region to correspond, to
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provide significant support for our interpretation of the ob-
served flows as asymmetrical Dungey-cycle convection pat-
terns driven by dayside and nightside reconnection. In par-
ticular, the cusp/mantle precipitation observed by DMSP on
the pass displayed here in itself constitutes direct evidence of
ongoing dayside reconnection.

The data in Figs. 3-5 are thus indicative of the essentially
continuous presence of flow driven by open flux tube produc-
tion at the magnetopause and destruction in the tail during
the interval. It is then important to emphasise that the ap-
proximately constant size of the flow patterns seen in Fig. 4
implies an approximate balance in the dayside and nightside
reconnection rates over the interval as a whole. It can be
seen, for example, that the flow reversal boundary and im-
plied open-closed field line boundary near midnight stays
within a few degrees of-75° through the entire interval.
Judging from the position of this boundary at various local
times, the amount of open flux present in the system is typ-
ically ~4x10° Wb (see later for more detailed estimates).
The mean transpolar voltage for the entire interval was 35 kV,
corresponding, of course, to a magnetic flux throughput in
the flow system o~35kWbs1. If this flow was associ-
ated with essentially unbalanced dayside reconnection and
open flux production, the amount of open flux that would

. ~ be created over the 6 h interval (across a small merging gap)
Fig. 6. The upper three panels show H-component magnetic fieldyould be~8-10° Wb, thus essentially tripling the amount of
measurements from the blue colour-coded array in Flg. 1b, forOpen flux present in the system. Clearly this does not hap-
gé:()SO—g?:S?nUTnor;]thDez 1?9?' I sz::eIs ‘:’r_fns:fwfrf”;?r?hd (Izo_pen. Similarly, if the flow was associated with essentially

s) H-compone agnetic ied measurements 1o € '9%\nbalanced nightside reconnection at this rate, the polar cap

latitude magnetometer array (red dots in Fig. 1b) for the same inter-

val. The bottom panel shows geostationary electron fluxes in tWOWOUId contract to zero size #¥3h. Clearly this also does

energy channels (50-75keV and 75-105 keV) from the SOPA in-"0t happen. (In addition, we would not expect the IM{~B
strument on the LANLO7A spacecraft. The vertical dashed lines@ssociated flow asymmetry to persist in this case.) Rather,
correspond to those in Fig. 3. if we set a rough limit for the change in open flux over the

interval of say~1-108 Wb, corresponding to a change in the
overall boundary position 0f2°, the implied difference in

) L . the dayside and nightside reconnection rates averaged over
a first approximation, to the region of trapped hot plasma ONihe 6h of the interval is<5 KV, small compared with the
closed flux tubes. overall voltages deduced from the flow-eB5kV. The flow

Figure 5a also shows the track of the DMSP F12 spacemaps thus imply approximate balance between dayside and
craft as it passed over the polar regions during the intervahightside reconnection rates, averaged over the whole inter-
01:45-02:04 UT. The spacecraft position at the centre timeval, to within 10—-15%. However, as we will show below, this
of the VIS image (and also very nearly the centre time ofdoes not imply that detailed balance occurs throughout, as
the SuperDARN scan) is indicated by the red triangle. Thethe pulsed nature of the nightside flows noted above already
track is colour-coded by the nature of the precipitation ob-suggests.
served, i.e. CPS, BPS, cusp, and mantle. The data on which
these classifications are based are shown in standard spe83 Overview of substorm indicators
trogram format in Fig. 5b. It can be seen that the regions
designated as CPS/BPS lie within the region of UV auroralGiven the implied existence of nightside reconnection at an
emission, and sunward or clockwise vortical flow. The re- appreciable averaged rate during this interval, it is of in-
gion of “mantle” precipitation corresponds to the central re- terest to enquire whether this process is expressed in terms
gion of weak emission, and antisunward and anti-clockwiseof substorm expansions, as is characteristic of intervals of
flow in the post-noon sector, while the “cusp” precipitation, southward-directed IMF. Data relevant to this issue are sum-
taken to be indicative of newly-opened dayside field lines,marized in Fig. 6. The top three panels presdEntompo-
extends across the poleward boundary of the UV emissioment magnetograms from the azimuthal magnetometer array
near noon, in the region where the Map Potential streamlinesit ~71°—-73 latitude (colour-coded blue in Fig. 1b), which
turn poleward and eastward. Overall, these data (and thosere examine for the presence of magnetic signatures, indica-
obtained in other VIS images and on other DMSP passes)ive of the formation of substorm electrojets. These stations
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are at a higher latitude than those at which substorm expan-
sion onsets usually occur during or directly after intervals of
southward IMF {-65°), but they are relevant in the present .
context in view of the contracted nature of the flow patterns =
displayed in Figs. 4 and 5. We also confirm that they are rep-
resentative of all the data from all the networks surveyed in
this study. These data show that the geomagnetic field was ;5q0f

“quiet” during the whole interval, with no indications of im- =
pulsive substorm activity. Field variations were continuously g 1000
present on time scales of several tens of minutes, but the am-=>
plitudes were typically only a few tens of nT. There is some
evidence of a relationship between these variations and those..
in the flow, marked by the vertical dashed lines, as in Fig. 3, =
and this will be discussed later. :
The lack of impulsive substorm-like activity is emphasized
in the next three panels of Fig. 6, which show representa-
tive magnetic field data from lower-latitude stations (colour-
coded red in Fig. 1b), which have been filtered between 20— « ' o
200, corresponding to the Pi2 band. None of these dataZ ~ *°F 1 W 1 : |
(including those from stations not shown here) indicate any & 75 " H'ﬁ.'.b'.'flfwr\..ﬁdﬂ...-rﬂ.\'m*:
impulsive substorm-like Pi2 features, though the data from o m | '
NAQ does indicate some continuous activity of amplitude -
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~1nT during the first~2 h of the interval. However, there 82 5-1:'-' " i ! ! . i i :
does not appear to be any detailed correspondence betwee@' 02 E.-" - e 4. e wm - :.i
this low-level activity and the times of the flow features dis- = 00f ! oS3 Swa (P '.'.;L”_.;.' Ly
cussed above. Finally, the bottom panel of the figure shows = ;é SR 17 - :--'-"..-_ o i -y L1
representative data from the geostationary energetic particle 18E! . - ) I' ) L T
monitors, specifically two channels of energetic electron data 02% 03% 04% 05% 06% 07%
from spacecraft LANL97A, located in the dawn sector (see uT

Fig. 1b). Small periodic flux variations are evident over the

intervaL but no injection Signa’[ures are present, or any ObFIg 7. Flow measurgment time series obtaingd from the Super-
vious relationship to the flow features, as is indeed the cas@ARN radar observations and the “Map-Potential” algorithm. The

in the data from all the LANL spacecraft. Thus, if particle top panel shows the total transpolar voltaggc. The second
injections from the tail did occur, they did not reach geosta_panel shows the peak nightside ionospheric flow speed (the hori-

fi bit. O I theref . findi zontal dotted line is the average over the interval), and the third, the
lonary orbit. Overall, therefore, we summarize our indings ., 4, sqth (dotted line) and westward (solid line) components of

by stating that no indications of substorm bays, Pi2s, or g€0te peak flow. The bottom two panels show the location of this peak
stationary orbit particle injections were observed during thefiow in magnetic latitude (fourth panel) and MLT (bottom panel).
interval. The tail reconnection which occurred was, there-The vertical dashed lines indicate six peaks in the flow speed, cor-
fore, not manifest as classic near-Earth substorm expansiongesponding to those in Figs. 3 and 6.

Nevertheless, impulsive activity was indeed observed in the

nightside flow, as noted above, and in the next section we

turn to examine its behaviour in more detail. lie typically between~25 and~50KkV, and exhibit intervals
of relatively steady values close to the mean of 35kV, inter-
3.4 Nightside flow bursts spersed at roughly 1-h intervals with enhancements lasting

~10-15 min during which the voltage increases up to peaks
We now examine more closely the variability of the night- of ~40-50 kV.
side flow, whose presence is already indicated in the data pre- Inspection of the flow maps shows that these enhance-
sented in Figs. 3 and 4. In Fig. 7 we extract parameters froomments are manifest as localized bursts of fast flows, gener-
the Map Potential plots which provide measures of the vari-ally located in the westward “dusk” cell flow spanning the
ability of the flow. The top panel shows the total transpolar midnight sector. The second panel of Fig. 7 then shows a
voltage in the flow maps, representing a measure of the totatomplementary measure of the flow variations, namely the
flux transport in the flow system. The level of confidence in peak nightside flow speed, occurring in each 2-min Map Po-
this parameter in general depends on the coverage of the paential plot specifically in these westward “return” flows. In
larionosphere by the radar data. Examination shows that durerder to provide a representative value, we have averaged
ing this interval the data generally do span the extrema in thehe vector velocities in bins which are 220 km square, cor-
voltage values (see, e.g. Fig. 4), so that we may have reasomesponding to 2latitude and typically~7° longitude, repre-
able confidence overall. It can be seen that the voltage valuesenting four “pixels” of the Map Potential algorithm. Again,
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Fig. 8a. Flow maps illustrating the flow “bursts” indicated by the vertical dashed lines in Fig. 7, shown in the same format as Fig. 4. Eight
selected maps are shown for each of the two burst intefap02:36—03:20 UT an¢b) 05:02—-05:30 UT. The exact time of each 2-min map is
indicated in the top left-hand corner. Maps corresponding to the centre times of each of the other four bursts are(shoWsdrindicated

on the maps by the black triangles are the locations of the magnetometer stations colour-coded yellow in Fig. 1b (Fig. 8 continues).

the bursty nature of the flow is evident. Typical values of ception of the burst peaking at 07:16 UT, the peak flows all
~500-800ms?! are interspersed with-10-15 min bursts,  occur in the westward component. Concurrent changes in the
reaching up te~1500 m s1. The averaged value of the peak north-south component are also observed, however, with en-
flow speed over the interval, 891 m’% is indicated by the hancements in the equatorward component often occurring in
horizontal dotted line in this panel, emphasizing the peaks irthe vicinity of the peak in the westward flow. The lower two
the flow. The most prominent and long-lived of these peakspanels of the figure also show the magnetic latitude and MLT
are marked by the vertical dashed lines, these being the san@ the location of the peak flow speed. It can be seen that
lines as those shown previously in Figs. 3 and 6. Comparisorthe latitude of the peak flow is generally located in the range
with the data in the upper panel of Fig. 7 shows that most of73*-75°, and shows little trend during the interval, consistent
the peaks in the speed also correspond to a peak in the trang4th our previous discussion concerning the lack of overall
polar voltage. This indicates that an overall enhancementhange in the size of the flow system. Similarly, the local
in the flux transport took place in association with the flow time of the peak flow speed is scattere®-3 h on either side
bursts, and not just a reconfiguration in the flow pattern. of midnight, and also shows no overall preference or trend.
The third panel of Fig. 7 shows the vector components of
the flow associated with the peak speed shown in the secon8.4.1 Flow burst geometry
panel. The solid line shows the westward flow component
(perforce positive, since the peak flow speed displayed corHaving investigated the overall nature of the nightside flow
responds specifically to the westward flow of the “dusk” re- data, we now examine in more detail the nature of the flow
turn cell), while the dashed line shows the north-south flowvariations which occur in two of the flow bursts, those cen-
(positive equatorward). These data show that, with the extred near (and indicated by the vertical lines at) 03:00 and
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Fig. 8a. ... continued.

05:18 UT. Figure 8a shows eight selected 2-min flow mapshave been connected with the enhancements observed closer
which span the first of these intervals, between 02:36 ando midnight. The flow magnitude fell rapidly after 03:12 UT,
03:20UT. The black triangles in these plots show the po-however, such that the transpolar voltage reduced to values
sitions of key ground magnetometer sites whose data willof ~35kV by 03:20 UT, similar to that occurring before the
be examined below. The first map, for the 2-min interval burst.

starting at 02:36 UT, is illustrative of the nature of the flow Figure 8b shows in the same format the development of a
over the previous-20-min interval. It shows a well-formed second flow burst during the interval from 05:02 to 05:30 UT.
IMF B, -asymmetric flow pattern of modest intensity, in ac- The first map, starting at 05:02 UT, shows a weak flow pat-
cordance with the overview presented above, with a well-tern with a transpolar voltage of 31 kV, which is dominated
developed crescent-shaped “dusk” flow cell stretching frompy clockwise vortical “dusk” cell convection. The “return”
noon via dusk to the post-midnight hours, together with aflows in the pre-midnight sector were relatively strong, how-
weaker rounder “dawn” flow cell which is centred in the pre- ever, as had been the case for the previe@® min. These
noon sector. The transpolar voltage is estimated to have beeffiows persisted untit-05:06 UT, when an enhancement be-
35kV. Over the next-15min, the dusk cell flow then grew  gan in the pre-midnight sector, which developed over the next
in magnitude, with fast equatorward flows near midnight, ~15min into a predominantly azimuthal flow feature span-
and fast westward “return” flows in the pre-midnight sec- ning some 6 h of MLT about the midnight meridian (within
tor, which eventually extended to the edge of the radar fieldthe fields of view of the radars), and containing flows which
of view at~19 MLT. The transpolar voltage reached 44kV peaked at-1500ms®. Peak estimated transpolar voltages
at 02:52 UT, and remained at around that value for the nexbf ~40kV occurred at~05:20 UT, the flows then subse-
~20 min. Rapid equatorward and westward flows were alsoquently declining to reach transpolar voltages~e80 kV
observed in the dawn sector after this time, which, bearingonce more after05:30 UT.

in mind the asymmetric nature of the flow pattern, could also  gyerall, the geometry of these two flow burst events are
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Fig. 8b. ... continues.

seen to be similar to each other, both involving a strong en-connection in the geomagnetic tail. If so, we might expect
hancement in the nightside westward dusk cell “return” flow. them to be associated with overall poleward contractions in
However, in the second case the region of rapid equatorwarthe open-closed field line boundary and in the flow pattern.
flow out of the polar cap appears to have shifted from neait is evident from the flow maps shown in Fig. 8 that only in
midnight into the post-midnight sector, such that the regioncertain cases do the flow data consistently define a sharp flow
of enhanced westward flow also moved eastward to span theeversal boundary whose motion can be reasonably clearly
midnight sector. In Fig. 8¢ we show a gallery of flow maps followed over the duration of the burst, and then only over
taken from the centres of each of the remaining bursts that limited local time interval in the pre-midnight sector. It is
occurred during the interval, at the times indicated by theprimarily for this reason that we make the following analysis
vertical dashed lines in Fig. 7. Within the limits of the radar of just the first of the two bursts discussed above. In Fig. 9 we
data coverage, each of them displays an enhancement in thehow data for the interval 02:30 to 03:30 UT. The top panel
westward dusk cell “return” flows in the pre-midnight-to- shows the transpolar voltage obtained from the Map Poten-
midnight sector, with enhanced equatorward flows out of thetial plots, showing the enhancement in the overall flux trans-
polar cap in the midnight-to-post-midnight sector. The burstport during the burst, while the dashed vertical lines delimit
centred at 01:44 UT also shows the presence of rapid equahe centra~30-min interval of enhanced flows. The lower
torward flows in the dawn sector, with westward flows ex- panel shows the latitude of the peak potential in the Map Po-
tending into the pre-midnight sector, which may be a relatedtential plots in the pre-midnight sector, corresponding to the

phenomenon. east-west flow reversal, specifically for 21 MLT (as dictated
by the coverage of radar data). These values are quantized in
3.4.2 Bursts as nightside reconnection events units of I by the Map Potential algorithm. Again, the cen-

tral ~30 min of enhanced flows are delimited by the vertical

The geometry of the flow surges revealed by the above analgashed lines. The 2-3 points immediately after the burst,
ysis suggests that they are formed by bursts of enhanced re-
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Fig. 8b. ... continued.

which suggest a sudden drop in the latitude of the boundaryude fluctuations do occur in the nightside magnetometer data
appear to be associated with an additional, smaller scale flowuring the interval, and we now investigate the relationship
feature near midnight and are, therefore, unlikely to be repreof these variations with those in the flow data. In Fig. 10
sentative of the location of the boundary elsewhere. Despitave present magnetometer data for each of the two bursts,
this, and the evident scatter and the quantization, these dafasom the high-spatial resolution array (yellow dots) shown in
do suggest the occurrence of a small poleward contractiorrig. 1b. This array is also indicated by the black triangles
of the boundary across the event, b§°-2°, from ~76° to on each of the flow maps in Fig. 8. For each burst we show
~78. Extrapolated around the boundary of the polar cap,the perturbation field superposed with the flow data from the
such a displacement implies a net closure of open flux 0f220 km square bin corresponding to the location of the mag-
~1+108 Wb, due to enhanced tail reconnection exceedingnetometer (such that the location of the bin corotates with
the concurrent dayside reconnection rate during the burst inthe station). If the horizontal perturbations are due to over-
terval. The implied difference in rates is by several tens ofhead Hall currents, then they should correlate with the flow
kV averaged over the duration of the burst. In Sect. 5 belowvariations according td H « Xy Vw andAD « Xy Vy,

we perform a more detailed analysis and attempt to quantifywhereH and D are the northward and eastward components
the dayside and nightside reconnection rates during the burgif the magnetic perturbation, respectively (as befolgy,

interval within the limitations of the available data. andVy are the westward and northward components of the
o flow, andZ y is the height-integrated ionospheric Hall con-
3.4.3 Burst magnetic signatures ductivity. Such simple relationships will not always hold,

articularly in high spatially structured circumstances, due
Although the above data suggest that the observed flow burs the integrating nature of ground-based magnetic observa-
are due to intervals of enhanced reconnection in the tail, W&ions. However they should be approximately valid here

have a_Iready d.emonstrated above that they are not asS0Gnhere the spatial scale for variations in the flow is several
ated with classic substorm features. However, small ampli-
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Fig. 9. The total transpolar voltage
Vpc, derived from SuperDARN radar
data using the “Map-Potential” algo-
rithm (top panel) and an estimate of
the latitude of the nightside flow rever-
sal boundary 4 g) obtained from the
minimum in the electrostatic potential
(determined at 21 MLT) (bottom panel).
Data is shown from 02:36-03:36 UT for
the 02 Dec interval. The vertical dashed
lines delimit the~30-min duration of
each burst.
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Fig. 10. The H-, D- and Z-components of the ground magnetic field measured by the stations colour-coded yellow in Fig. 1b, and indicated
in Fig. 8 by the black triangleqga) The perturbation field (solid lines) for the interval 02:30-03:30 UT on 2 Dec 1999, superposed with the
east-west (in (i)) and north-south (in (ii)) SuperDARN flow components (dashed lines) corresponding to the locations of the magnetometers.
(b) The same magnetic data, band-pass filtered (20-200 s) to highlight Pi2-band aecthdfyshow similar data from 04:40-05:40 UT. The

scales to the left of each plot indicate the range between the baselines (horizontal dotted lines) and the vertical dashed lines are as in Fig. 9
(Fig. 10 continues).

100 km as can be seen in Fig. 8. It was noted above that lowactivity which might be related to the bursts.

amplitude Pi2-band (5-50 mHz) activity was present during Figure 10a presents the magnetic and flow data for the
the intervals. Therefore, we also show the filtered data fromfirst burst. In this figure, and in Figs. 10b—d, the vertical

the same Stations, to ascertain whether there is any |Ocalizegashed lines Correspond to those in F|g 9, de||m|t|ng the
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Fig. 10. ... continued.

~30-min burst duration. Panel (i) contains tHecomponent  which contains théd-component magnetic field data and the
magnetic field data (solid line), and the overhead westwardsimilarly-corresponding northward component of the flow
component of the flow (dashed line), as discussed abovedashed line), there is also some correlation between the two.
Although the two curves do not agree everywhere, certainFor example, the enhanced equatorward flows seen at the lo-
features are present in both data sets. For example, an ewgation of IQA are accompanied by a coincident negative bay
hancement in the flow at the location of BLC is accompa-in the field. If we take values of-1000 m stfor the flow

nied by an increase in the local-component. In panel (i), speed, and magnetic perturbations~80 nT, then the im-
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plied value ofZy is just a few mho. Although as indicated 12
above, it can in general be dangerous to relate local fields ¥ ‘8
and flow in this way; we can confirm that only low-amplitude < $E
magnetic effects were observed over the whole array of sta- = 2 ,
tions examined here. This, together with the general lack - 440 me\_.‘
of consistent correspondence between the field perturbationsg 400 g
and the flow, suggests that the auroral precipitation during = 360
these events within the region of enhanced flow was very
low, certainly by comparison with substorm intervals. Fi-
nally, panel (iii) contains the&Z-component magnetic field
data which show similar fluctuations to the other two com-
ponents and a large negative deflection-@3:10 UT. This
feature can also be identified in tl&- and D-components,

but has no clear signature in the flow data.

In Fig. 10b we show the same magnetometer data band-
pass filtered between 20-200s, as discussed above. Statiog
RAN measured the largest amplitude activity in tHe and e
D-components, but this does not appear to be related to the
time of the burst. At CHX, IQA, and BLC, however, there
is some evidence of enhanced activity during the burst, al-
though this is of a more continuous nature, unlike the impul-
sive Pi2-signatures typical of substorms.

Figures 10c and d present data in the same format for the
second burst. The magnetometer and flow data in Fig. 10c g
show similar trends to those for the first burst, although there ~ -180F 16'00 20'00 0(;00
now appears to be a rather clearer correlation between the uT
two data sets in this case. This is particularly evident in the
H-component magnetometer and east-west flow data. Agairfig. 11. Upstream interplanetary observations as in Fig. 2 for
the amplitudes of the correlated perturbations are such that5:00 UT on 14 Dec to 09:00 UT on 15 Dec 1999, lagged by 68 min
the values ofSy implied by these data are no more than to account for the propagation delay to the ionosphere. The top
a few mho, suggesting that, as in the previous example, ndéwo panels show solar wind Qensity and ve!ocity data, the middle
strong conductivity changes are present and hence, no stroﬁg/ree panels show IMF data in GSM coordinates, and the bottom
precipitation. Figure 10d shows the filtered (20-200s) mag-t 0 panels show the field magnitude and clock angle.
netometer data for this burst. The general picture is much the

same as for the first burst, with some small amplitude activityfor which there was a well-defined flow reversal boundary in
observed at certain stations. In particular, there appears to bt‘?‘]e flow data, appeared to coincide with-a°~2° contrac-

gl\f'v;”'dzﬂgﬁg onset Ct)f (Ijow.'t?]”t]ﬁ l'tUdetaCIt't\./'ty ot;s{ﬁrvgd a: tion of the boundary. Thus, these data indicate that the bursts
an associated wi € central ime ot the burst, 5o associated with intervals of enhanced tail reconnection,

at~05:18 UT. during which the tail reconnection rate temporarily exceeds
the dayside reconnection rate.
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3.5 Interval 1 summary

We now summarize our main findings. During this interval, 4 gpservations overview: Interval 2 (21:00UT 14
in which an IMF clock angle of~—60° was maintained for December — 03:00 UT 15 December 1999)

~6 h, dayside reconnection continued to drive Dungey-cycle

flow in the magnetosphere-ionosphere system. It is foundp, this section we now discuss the ground and space obser-

that, over the entire interval, the size of the convection patations made during the second of our 6-hour intervals, on
tern remained relatively constant, implying that tail recon- 14/15 December 1999.

nection was also ongoing, at an average rate approximately

equal to that on the dayside. However, the usual substorm.1 Upstream interplanetary conditions

cycle did not occur, evidenced by the lack of magnetic bay

signatures at high latitudes, Pi2 signals, and geostationary oin Fig. 11 we present the ACE interplanetary data in the same
bit energetic particle injections. Instead]000ms ! bursts  format as Fig. 2, lagged by 68 min, for the 18-hour inter-
of flow were observed in the nightside ionosphere, lastingval from 15:00 UT on 14 December to 09:00 UT on 15 De-
a few tens of minutes and recurring every hour or so, ac-cember 1999. The steady nature of the solar wind during
companied by weak magnetic signatures and low amplitudghe main region of interest is evidenced in the proton num-
Pi2-band (5-50 mHz) activity. One burst studied in detail, ber density £,) and speedy,) data. The density remained
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relatively constant at-5cm 2 and the velocity between and Iceland East (beam 12), indicative of westward “return”
370-420kms!. The IMF was also steady throughout the flows in an azimuthally extended dusk convection cell, and
main interval. B, was near zero or negativ, was large  away from the radar at Iceland West (beam 3), indicative of
and negative, an®, was predominantly positive (and had sunward “return” flow in the same cell. At Finland (beam 4)
been for the previous 6h). This translates to a total fieldfor the early part of the interval and Iceland West (beam 8) for
strength of~8+2nT, and a clock angle with a mean value the later part, the flows are both towards the radar in the more
of —51° and a standard deviation of 15However, it may  poleward ranges and away from the radar in the near ranges,
be noted that a small change in the field occurred near théndicative of equatorward flow out of the polar cap with a
middle of the interval £00:30 UT), such that the field mag- flow reversal in the auroral zone. Again, there is also evi-
nitude and clock angle were modestly increased in the latedence of strong variability in the flow, which is particularly

period compared with the earlier. marked, for example, in the Iceland West data. However, this
variability is of a less regular nature than that observed during
4.2 SuperDARN flow data overview the previous interval (see Fig. 3). The vertical dashed lines

indicate episodes of high flow variability, which will be dis-
Presented in Fig. 12 are line-of-sight SuperDARN velocity cussed further in Sect. 4.3 below. To a first approximation,
data from the five radar beams, shown by the red lines, in théowever, this is a similar interval to that discussed above,
right-hand map in Fig. 1a. In common with the previous in- with dynamic and often high speed flows, driven during an
terval, continuous flow was observed over the entire 6 hoursinterval of northward and,-dominated IMF.
with speeds 0f~500-1000 ms!. These flows are predom-
inantly directed towards the radar at Goose Bay (beam 13) Inspection of data relevant to the identification of sub-
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storms (not shown here) also suggests that this is a similar
interval to that described above. TH#f-component mag-
netometer data again shows only small field variations of a

few tens of nT amplitude, indicative of a “quiet” geomag- =

netic field, similar to that on 2 December shown in Fig. 6.

The lack of substorm activity is emphasized in the filtered :
data, none of which indicates any impulsive substorm-like 1‘2‘885_
Pi2 features. Representative data from the LANL97A SOPA = 1000F

instrument (located in the dawn sector, as shown in Fig. 1b) ¢
also indicate no injection signatures or indeed any significant >
variations in the particle fluxes. Overall, therefore, this inter-

val appears to be as devoid of substorm activity as the first. _

Nevertheless, as mentioned above, impulsive nightside activ- 1000

800
600
400

1500 F
000k

500

ity was again observed in the flow, which we now go onto = 3
examine. z 0 ' g
< -500F . i I
4.3 Nightside flow bursts 85F ! : : 3
ey I L I I3
= sofl! | ! i |
In Fig. 13 we present flow parameters extracted fromthe Map = £ |||| ' 'R i
Potential plots as before. The voltage values, again shown in & 701'. .lm.l' ""‘r’f ,l' f'H|H|.|r' .l'mﬁ“.",l*ﬂﬂlﬂf_'
the top panel, lie typically betweer20 and~40kV. The 65 _' d " I Jf.ﬁ'll .' I : : H
average over the interval was 29kV. This is somewhat less 06:_ | — —1 3
than the average during the first interval, possibly due tothe _ ,F : .. : : \ : : T
slightly reduced IMF magnitude and clock angle. Neverthe- £ o2F 4 | o a A P ‘E
less, the values do exhibit a similar variability. The plot of = ‘2’3 o "'".."*.;aj.,""-.'..',":' A PRETURA P ST
the peak nightside flow speed, however, appears to be di-=  55E3, " * <= P AL
vided into two distinct parts. The first half of the interval (up 18F, . .. L L T
to ~00:30 UT) appears relatively quiet, with typical values 21%° 22% 23% 00 01 02 03
ut

of the peak flow arouné-600-800 ms? (close to the aver-
aged value of the flow speed over the full 6 h of 7321H)s
Only one apparent “burst” occurred,aP2:40 UT. Then, af-
ter ~00:30 UT, the peak flows resemble more those duringg
the first interval, with regular burst-like features evident in
the data, reaching speeds up~44200ms?. This change
in flow characteristic could be associated with the modest

concurrent change in IMF conditions which was noted in north-south component (dashed line). The latitude of the
Sect. 4.1. Those bursts wh|ch can t_)e distinguished fronbeakﬂow is generally located in the range-683 (a few de-

these data (and from a close inspection of the flow mapsgrees lower than observed for the 2 December interval) and
have been marked by the vertical dashed lines, correspondioes not show significant trends over the interval. This is
ing to those in Fig. 12. Comparison with the data in the upperagain consistent with our previous discussion concerning the
panel of Fig. 13 shows that the peaks which have been idenpcy of overall change in the size of the flow pattern. There
tified in the flow speed also generally correspond to peaks ing some scatter in the local time of the peak flow speed, al-
the transpolar voltage. This is consistent with our conclusionthough around the times of the bursts, specifically in the sec-

about the bursts during the first interval, in that an overallyg palf of the interval, the flows did tend to peak consis-
enhancement in the flux transport took place in associatioRently within 1-2 h of midnight.

with the flow bursts. However, it is also evident that substan-

tial enhancements in the transpolar voltage occurred attimeg 3.1 Flow burst geometry

when no flow speed excitation is apparent in the nightside

data. This generally occurred early in the interval, when theAs indicated above, the variability of the flows observed here

radar coverage included a significant portion of the daysidediffers somewhat from that observed during the first inter-

ionosphere, and, as can be inferred from the flow maps, theal, particularly in the initial period. Although the back-

voltage enhancements were then significantly influenced byround flow pattern is similar, being driven under the in-

the dayside driven component of the flow. fluence of large negative IMBy, the tail does not seem to
The vector components of the peak flow also show a sim+espond with quite the same impulsive regularity as before.

ilar trend to the corresponding data from the first interval. In Fig. 14a we present four representative examples of the

The bursts tend to peak in the westward direction (indicatedNorthern Hemisphere flow pattern, from 21:30 UT on 14 De-

by the solid line), with relatively little enhancement in the cember to 00:30 UT on 15 December, representative of the

Fig. 13. Flow measurement time series, obtained from the Su-
erDARN radar observations and “Map-Potential” algorithm for
1:00-03:00 UT on 14/15 Dec 1999. The format is the same as
Fig. 7.
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Fig. 14a.SuperDARN flow maps in a similar format to those shown in Fig. 4. Four maps are shown from the 6-h inte(@pitfer‘quiet”

half of the interval for which maps are shown on the half hour for 21:30—00:30 UTgrttle 02:10 UT burst from the second half of the
interval, spanning 01:54-02:18 UT. The exact time of each 2-min map is indicated in the top left-hand corner. Also indicated on the maps
(in b) by the black triangles are the locations of the magnetometer stations colour-coded yellow in Fig. 1b. (Fig. 14 continues).

“quiet” half of the interval, as described above. Although of all available DMSP particle data for the interval provides
the details vary from plot to plot, the overall flow patterns similar corroboration of the open nature of the polar cap. A
remain similar to each other, and to that observed during theaumber of Southern Hemisphere overpasses by the F13 and
previous interval (see Fig. 4a). Due to the earlier UT of this F14 spacecraft, in particular, provided good evidence of a
interval, however, there is much better coverage of data irband of CPS/BPS precipitation aff5° (observed at 21, 05,
the post-noon sector, which shows the existence of daysidand 09 MLT), with lower energy polar cap precipitation pole-
anti-sunward flows in the throat of the convection cells, in- wards of this.

dicative of dayside reconnection. There is also some evi- Although this interval is, therefore, not identical to the
dence early on in the interval for the concurrent presence ofirst, it is important to point out that some bursts are still
high-latitude “lobe” convection cells. Later in the interval, gbhserved, particularly in the second half. The centre times
in the map at 00:30 UT, for example, a “dawn” flow cell is of five enhancements in the flow are indicated in Fig. 13 by
also apparent, confined essentially to the same dayside MLihe vertical dashed lines at 22:40, 00:52, 01:30, 02:10, and
quadrant between dawn and noon as in the previous inter92:40 UT. As mentioned above, the first half of the interval
val. In general, however, the lack of data in the dawn hourssees only one distinctive burst (the start of which can be seen
makes it difficult to draw conclusions about the nature of thein the 22:30 UT map of Fig. 14a). In this instance, the burst
flows in that sector. The extended nature of the dusk flow celkakes the form of enhanced sunward return flows in the dusk
does, nevertheless, imply the existence of the expected dawigonvection cell. During the second half of the interval, when
dusk flow asymmetry, which is corroborated by the Southernthe flow variability was enhanced, the bursts begin to take the
Hemisphere data (not shown). These data again show mucfdrm of azimuthal flows in the midnight sector, more like the
more restricted coverage than in the north, but are consispursts observed during the first interval. However, they are
tent with the opposite asymmetry in the flow. Examination noticeably less discrete than before, with the flows varying
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Fig. 14b.

more randomly in magnitude. conditions. This implies again that there must be a consis-
The burst centred at02:10 UT is perhaps the best exam- tent nightside reconnection-driven element to the flow which
ple, and exhibits similar characteristics to the bursts shown iris balancing the observed dayside driving, but which is not
Fig. 8. Therefore, in Fig. 14b we show four flow maps which manifest as typical substorm phenomena.
span this burst between 01:54 and 02:18 UT. The black trian-
gles again show the positions of key ground magnetomete#.3.2 Burst magnetic signatures
sites whose data will be examined below. The first map, start-
ing at 01:54 UT, is illustrative of the nature of the flow over In Fig. 15 we present magnetometer data for+@2:10 UT
the ~20-min period since the end of the previous burst. Itpburst from the high-spatial resolution array shown in the
shows an IMFB,-asymmetric flow pattern, with evidence of 00:00UT map in Fig. 1b. Figure 15a presents unfiltered
some enhancement of the westward flow near midnight, an@nagnetic data along with the corresponding flow compo-
a relatively low transpolar voltage of 24 kV. Over the next nents, in the same format as in Fig. 10. Panel (i) contains
~20min, the westward flow in the midnight sector grew in the H-component magnetic field data (solid line), and the
magnitude, peaking at 02:10 UT, with a corresponding peakoverhead westward component of the flow (dashed line). As
in transpolar voltage of 38 kV. In the third map, showing this found for the bursts during the first interval, there is no con-
central time of the burst, the flow enhancement consists prisistent correlation between the two data sets. Certain fea-
marily of westward flows spanning magnetic midnight, sim- tures are present in both, for example, an enhancement in
ilar to a number of the bursts observed during the first inter-the flow at the location of SKT is accompanied by an in-
val. Over the following~10 min the flows subsided, with the crease in the localf-component. In thed-component and
transpolar voltage falling to 24 kV by 02:18 UT. the corresponding northward flow (dashed line), shown in
The main conclusion we wish to draw is that, as in the panel (ii), there is a similar correlation. Again, however, val-
first interval, continuous quasi-steady Dungey-cycle flow ues of~1000ms? for the flow speed, and magnetic per-
was driven during this 6-h interval of steady interplanetary turbations of at most-50 nT (at these or any of the stations
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Fig. 15. The H-, D- and Z-components of the ground magnetic field for the interval 01:40-02:40 UT on 14/15 Dec 1999, measured by the
stations colour-coded yellow in Fig. 1b, and indicated in Fig. 14b by the black triangles. Also shown are the east-west (in (i)) and north-south
(in (ii)) SuperDARN flow components corresponding to the locations of the magnetometéby.tthe magnetic field data has been band-

pass filtered (20—-200 s) to highlight Pi2-band activity. The scales to the left of each plot indicate the range between the baselines (horizontal
dotted lines) and the vertical dashed lines delimit-t/89 min burst duration.

examined here), imply a Hall conductance of a few mho orpass filtered between 20-200s. Station RAN measured the
less, indicative of a low level of auroral precipitation during largest amplitude activity in thé/- and D-components, but
these events within the region of enhanced flow. this does not appear to be related to the time of the burst.

. In none of th ions show discernable variability in
In Fig. 15b we show the same magnetometer data band- deed, none of the stations show discernable variability
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the Pi2 band over the hour of the plot.
4.4 Interval 2 summary

The second of our twe-6-h intervals occurred under similar
interplanetary conditions to the first. The IMF clock angle re-
mained relatively constant at—50°, somewhat smaller than
for the first interval, and the field intensity remained between
6 and 8 nT, also somewhat smaller than before. Dayside re
connection again continued to drive Dungey-cycle flow, al-
though it was observed to be weaker than during the first
interval, possibly due to the reduced clock angle and field
strength. As before, it was found that the size of the con-
vection pattern remained relatively constant over the entire
interval, thus implying that tail reconnection was again on-
going at an average rate approximately equal to that at the

dayside. The lack of substorm phenomena was again evifig. 16. Schematic of the flow situation appropriate to the burst in-
denced in the magnetic and geostationary orbit energetic patervals examined here, in which dayside and nightside reconnection
ticle data, while a detailed investigation of the flow data re- are both continuously present, but with the rate of flux closure on
vealed that similar nightside flow bursts occurred. However,the nightside exceeding the rate of open flux creation at the day-
only one clear burst was observed during the first half of theside, such that overall the polar cap contracts. The segments of the
interval, with more frequent “bursty” activity occurring dur- qpen-closed fi_eld line boundary mapping to the reconnt_ection sit_es
ing the second half. This change in the nature of the flow co--€- the “merging gaps”) are shown by the dot-dashed lines, while
e . . . . . . the adiaroic segments of the boundary (which are not so connected
incided with a small change in the IMF conditions, in which

the field itud lightly i d and the clock and which thus move with the flow) are shown by the heavy solid
€ nield magnitude was slightly Increased an € ClOCK aNjines. The lighter arrowed lines again show the plasma streamlines,

gle slightly reduced. Nevertheless, the basic nature of the,q the large arrows show the implied boundary motion.
bursts appears to be similar to those observed during the first

interval.

The action of the flow is to transport closed flux from the

merging gap region of closure sunward to other local times,
5 Reconnection rates during burst intervals such as (in effect) to distribute the newly-closed flux around

the boundary. In the Cowley-Lockwood paradigm the flux
The analysis of the principal nightside flow bursts describedis distributed uniformly round the boundary, such that it con-
above shows that the transpolar voltage is enhanced duringfacts with its shape unchanged. A key feature of the diagram
the bursts, and also suggests (somewhat less strongly) thatisithat the foci of the plasma flow cells under these circum-
modest poleward displacement takes place in the nightsidstances will be located near the ends of the nightside merging
open-closed field line boundary (see Fig. 9). These featuregap (see also, e.g. Siscoe and Huang, 1985). At these points
indicate that the bursts are associated with enhancements the plasma flow across the boundary will reverse from be-
the nightside reconnection rate. In this section we analyséng directed equatorward in the sector of the merging gap, to
these data further, and attempt to quantify the reconnectiofbeing poleward in the contracting adiaroic sector on either
rates within the limitations of the information available. The side. Thus, we expect in this case that the total transpolar
theoretical framework of our discussion is the Cowley andvoltage (as estimated from the SuperDARN radar data) will
Lockwood (1992) paradigm of reconnection-associated flowcorrespond to the ionospheric voltage across the nightside
excitation, leading to the reconnection-rate formulas derivedmerging gap. By the same argument, when dayside recon-
previously by Grocott et al. (2002). nection dominates, the transpolar voltage will correspond in-

The physical situation which applies here is shown instead to the ionospheric voltage across the dayside merging

Fig. 16 (where for simplicity thé,-associated asymmetry is gap. These conclusions would not follow if, for example,
not represented), in which we assume that dayside and nighsignificant voltages are also present associated with “lobe”
side reconnection are both continuously present, but that theonvection cells. However, as indicated above, we have not
rate of flux closure on the nightside exceeds that on the dayfound evidence for a substantial contribution from such flows
side, such that overall, the polar cap contracts. In this di-cells in the data examined here.
agram the segments of the open-closed field line boundary Under these conditions, Grocott et al. (2002) have shown
mapping to the reconnection sites (i.e. the “merging gaps”)that the nightside and dayside reconnection rates averaged
are shown by the dot-dashed lines, while the adiaroic segever some intervar, (®,) and (dy), respectively, can be
ments of the boundary (which are not so connected andestimated from
which thus move with the flow) are shown by the heavy solid CAA
lines. The lighter arrowed lines show the plasma streamlines(®x) ~ —(Vec) + fng—

and (1a)
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B; AA . o . . .
. (1b) the electric potential lie at either end of the nightside merg-
ing gap, under the nightside “burst” conditions investigated
Here the reconnection rates are represented in terms of thigere. Identification of the location of the foci of the flow cells
rates of change of the amount of open fl@ax such that by  provides, therefore, an indication of the magnetic local time
definition, (®,,) is negative while{d,) is positive. In these extent of the merging gap, from whigfy,, can be estimated.
equations(Vpc) is the averaged polar cap voltage, as ob- However, with regard to the change in polar cap area, we
tained from the SuperDARN data (assumed equal to the volthave been able to make only an approximate determination
age across the nightside merging gap, as indicated abovedf the poleward displacement of the boundary, quantized in
B; is the polar magnetic field strength (taken to be constantl® latitude steps, in one nightside local time sector, where a
for simplicity and equal to 60000 nTM A is the change in  clearly defined flow reversal is evident. As in the study by
the area of open flux over the interval (negative for a con-Grocott et al. (2002), our approach has been, therefore, to
traction), andf,,, is the fraction of that area associated with look at the sensitivity of the results to these less-well deter-
the motion of the nightside merging gap. If the contraction mined parameters.
is uniform, as assumed in the Cowley-Lockwood paradigm, What we have done (in effect) is to plot a contour map of
then f,,, is also equal to the fraction of the total length of (d,) and(dy) on the f,,, — AA plane, and to delineate re-
the open-closed field line boundary occupied by the night-gions of consistency both with the rather roughly obtained
side merging gap. limits on these latter parameters, and(dry), as discussed
Examining Eq. (1) we can see thatAfA ~ O for a par- above. However, rather than uset directly, we have used
ticular interval (as is true overall for the intervals consideredinstead the latitude displacement of the boundary in the local
here), then the magnitudes of the mean dayside and nightime sector in which this has been determined via the analy-
side reconnection rates are both equal to the mean polar cagis presented above (in Fig. 9). From this displacement the
voltage(Vpc). On the other hand, if the polar cap area con- areasA A have been calculated by extrapolation of the initial
tracts during the interval, such thatA < 0, then the mag- and final boundary positions to other local times. Specif-
nitude of the nightside reconnection rate will be greater thanically, we have assumed for simplicity (and in accordance
(Vpc), while that of the dayside reconnection rate will be with the Cowley-Lockwood paradigm) that the initial and
less than Vpc). An inconsistency occurs if the magnitude of final boundaries are circles drawn about a common centre.
the second term in Eq. (1b) exceeds the first, implying thatThe chosen centre is displaced from the magnetic pole by
(d4) is negative, contrary to assumption. If this is found 2° of magnetic latitude towards the nightside, this also being
to be the case, the implication is that the closed flux is notthe chosen “centre” of the spherical harmonic analysis of the
distributed uniformly around the boundary by the flow as as-SuperDARN data. Examination of the flow patterns overall
sumed. However, for the events analysed here, a more stririndicates that this is a very reasonable choice, and that no
gent condition on(®,) may be considered, since we have substantial improvement would result from attempting to use
argued in the present case that, over the interval as a wholsome more complicated boundary shape.
the dayside and nightside reconnection rates must be in ap- Our results for the burst occurring during 02:46—03:15UT
proximate balance. Thus, in the absence of an unlikely anti-on 2 December are shown in Fig. 17, based on the data shown
correlation between the dayside and nightside reconnectioim Fig. 9. Here reconnection rate contours are plotted on the
rates, the value ofd,) during the nightside burst events fmg — AAp plane, wheref,, is shown on the vertical axis,
should not generally differ greatly from the polar cap volt- and the displacement of the magnetic latitude of the flow re-
age averaged over the whole interval. For the first 6-h interversal boundanA A g during the event is shown on the hor-
val considered here (on 2 December), the transpolar voltagezontal axis. From the latter parameter we have then cal-
averaged over the whole interval determined from the Supereulated the change in area of the polar cap according to the
DARN data was~35 kV, while for the second (on 14/15 De- above algorithm, starting from an initial boundary position at
cember) it was-28kV (see Figs. 7 and 13). Ap =76 in this case (Fig. 9), so that A becomes increas-
We now use Egs. (1a) and (1b) to estimate the reconnecingly negative as we move from left to right across the plot.
tion rates during the first burst interval. As discussed inFor this event we find that a°lpoleward displacement of
Sect. 3.4.2, this is the only burst of the three studied in detaithe boundary in the 21:00 MLT sector corresponds to a flux
here in which the radar data clearly define the flow reversaklosure ofB; AA ~ —0.6x10® Wb, while 2 corresponds to
boundary. If we examine these equations, itis clear that some-1.1x 108 Wb and 3 to —1.5x10®Wb. Using a value of
of the parameters on the right-hand sides are determined bthe averaged transpolar voltage(dbc) = 42 kV for the in-
the data better than others. In particular, the mean polar cagerval, determined from the data shown in Fig. 9, we have
voltage(Vpc) during the burst is reasonably well determined then plotted contours afd,) and ($,), shown by the solid
from the SuperDARN data, while the net area swept out byand dashed lines, respectively. At the left-hand edge of the
the open-closed field line boundafyA and the fractiony,,, plot we haveAA = 0 (andAA = 0), so that at this limit
of that associated with the nightside merging gap are not s&qgs. (1a) and (1b) gived;) = —(®,) = (Vpc), as discussed
well determined. With regard tfj,,,, values can be estimated above. We also haveb,) = —(Vpc) along the bottom edge
by inspection of the flow patterns during the burst interval. of the plot, wheref,,; = 0, and(d,) = (Vpc) along the top
We have argued above that the maximum and minimum iredge of the plot, wherg,,, = 1. Away from these respec-

(Dg) = (V) + (1= fing)
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Fig. 17. Reconnection rate contours plotted on ifyg, — AA g plane, where the fraction of the open-closed field line boundary occupied

by the nightside merging gag,., is shown on the vertical axis, and the poleward displacement of the magnetic latitude of the nightside
flow reversal boundanA A g during the event is shown on the horizontal axis. The dark-shaded area in the bottom right corner of each
plot represents an area of inconsistent results where the dayside reconnection rate becomes negative. The horizontal dotted lines mark tt
likely range of f,,,; for the event (obtained from the SuperDARN maps), with the exterior region shown shaded. Also shaded is the region
of unreasonable dayside reconnection rates as discussed in the text. The remaining unshaded area corresponds to the region of solutions tt
conforms to all of these constraints. These results are plotted for the 03:00 UT burst on 2 Dec.

tive boundaries(®,) becomes increasingly negative 4s; therefore, it appears that the flow continues to be dominated
and A A g both increase, whiléd;) drops to smaller values by Dungey-cycle flow, as it is during intervals of southward-
as fi,g decreases and A p increases. Eventuallyd,) be- directed IMF, and the “return” flow from the tail is often
comes negative in the dark-shaded area in the bottom righbursty and sporadic. However, our data also show that these
corner of the plot, this representing an area of inconsistenbursts are not accompanied by phenomena characteristic of
results (as discussed above) wher-(f,, AA becomestoo substorms, such as enhanced auroral zone conductivities,
negative. magnetic bays, Pi2s, or geostationary energetic particle in-
We now consider the likely ranges of the controlling pa- jections. It seems !ikely that the impuIsivg phenomena con-
rameters, and the consequent likely range of values of the recerned, V_Vh"e possibly b_emg related physically to su.bstorm.s,
connection rates. First, examination of the flow maps during?Vére taking place considerably further down the tail than is
the interval indicates that the nightside merging line is rela-tYPical of more strongly-driven intervals.
tively extended, withf,,, lying in the range~0.35 to 0.65,
corresponding to 0.15 on either side of the average value fo

the duration of the burst. This range is marked by the hori-ES Summary and conclusions

zontal dotted lines, with the exterior region shown as shadedye have discussed the ionospheric flow and magnetic distur-
Second, according to the above argument, we can reasofiance which occurred during two 6-h near-steady intervals
ably expect the dayside reconnection rate to have fallen iyt northward, buts,-dominated IMF. During the first inter-
the range~30 to ~40kV, corresponding to 5kV on either 4 on 2 December 1999, the average IMF clock angle was
side of the total transpolar voltage, averaged over the whole_ _ g and the field strength was10 nT. During the second
6-h interval of observations. The region outside these limitSjyiarval. on 14/15 December 1999. the average IMF clock
is also shaded. The remaining unshaded area then represenalﬁg|e V\’/as~—50° and the field stréngth was7 nT. Both

the solutions which are compatible with both of these con-gets of conditions gave rise to similar continuous flows in the

straints. The location of this area first suggests an overalbo|ar ionosphere, with a highly asymmetric twin-vortex pat-

poleward boundary displacement betwee.5* and~1°, o peing observed, consistent with directly driven Dungey-
reasonably consistent with thel® displacement inferred in - ¢ycje convection. This flow was slightly weaker during the

Fig. 9. It also suggests nightside reconnection rates4f-  gocond interval compared with the first (the mean transpolar
60 kV, which thus exceed concurrent dayside rates by 10‘\/oltage was 29 kV compared to 35kV), possibly due to the
20kV. reduced IMF clock angle and field strength. On shorter time

The implication of these results is that during the burstscales, however, the flow exhibited intervals of strong vari-
interval examined here, the nightside reconnection rate exability in the nightside ionosphere, which differed slightly in
ceeded the dayside reconnection rate by 50%. Under comature between the two intervals. During the 2 December in-
ditions of weak northward-directed, bBt-dominated IMF,  terval,~1000 m s bursts of flow were observed in the mid-
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night sector, lasting a few tens of minutes and recurring everymagnetometer data, we thank the Finnish Meteorological Institute
hour or so. They were accompanied by weak magnetic sigand its co-institutes who maintain the IMAGE magnetometer ar-

natures £10nT) and low amplitude Pi2-band (5-50 mHz) ray, the Canadian Space Agency who constructed and maintain
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ciated. During the 14/15 December interval, the bursts werdNatural Resources Canada) for use of data from its magnetome-
tFr array, Boston University and Augsburg College who run the

observed to be less regular, with only one discernable ever}vI . .
occurring during the first half of the interval. During the sec- ACCS magnetometer array (supported by the National Science
) Foundation), Jurgen Watermann and the Danish Meteorological In-
ond h‘_alfj the bursts become more frequent, but appea_r to b?titute for the Greenland data, and lan Mann and David Milling for
less distinct from one another than those observed during thg,e SAMNET data. SAMNET is a PPARC National Facility de-
first interval. ployed and operated by the University of York. The DMSP particle
Over the entire 6 h of each interval, it was observed thatdetectors were designed by Dave Hardy of AFRL, and data were
the size of the convection pattern remained relatively con-obtained from JHU/APL. We thank Dave Hardy, Fred Rich, and
stant. This implies that tail reconnection was ongoing, at anPatrick Newell for its use. We would also like to thank Geoff Reeves
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netopause. However, the nightside flow observations then inNorman Ness and Charles Smith for provision of ACE magnetome-
dicate that this reconnection typically was not steady, but un-teoru‘?:t"i'r En"’l‘("'f‘j):V't;(éogzs(:?rtﬁéoé':':tgi?fdp‘agz SA\‘/(\gEvPvggﬂsdu&:)tgoi?:d
derwent sporadic enhancements, giving rise to the flow bursguring this study by a PPARC Quota Studentship, and SWHC
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