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Abstract. This paper further addresses the issue of night-Lockwood, 1992). In the dayside ionosphere, this relation-
side flow bursts which occur during intervals of northward ship is relatively simple, with an immediate response of the
but strongly B-influenced IMF. Recent discussions of such ionospheric plasma flow to changes in the IMF readily ob-
bursts concerned intervals during which the IMfF &mpo-  servable (e.g. Clauer et al., 1984; Etemadi et al., 1988; Todd
nent was negative. The present study concerns an interval @t al., 1988; Lockwood et al., 1989, 1993; Elphic et al., 1990;
By-positive IMF which occurred on 20 March 2002 (01:00- Pinnock et al., 1993, 1995; Moen et al., 1995; Provan et
12:00 UT). During the interval B increased steadily from al., 1998; Milan et al., 2000). Flows in the nightside iono-
~2 to 12nT, whilst the B component decreased steadily sphere, however, are more directly controlled by magneto-
from ~10 to OnT. There was thus-a6-h sub-interval dur-  spheric dynamics than by the instantaneous nature of the IMF
ing which the IMF clock angle remained betweerf 2thd (e.g. de la Beaujardre et al., 1994; Yeoman andihr, 1997;
60°, such that moderate dayside reconnection and open flupgenoorth and Pellinen, 1998; Grocott et al., 2002, 2003,
production was maintained. It is found that flow bursts of a2004). Although the dynamics of the magnetosphere itself
similar size and speed to those observed unden&ative  are largely influenced by the IMF (e.g. Dungey, 1961; Far-
(~1000m s, spanning 2-3 h of MLT in the midnight sec- rugia et al., 1993), the magnetotail actively modulates this
tor) also occur when Bis positive. However, the direction influence, adding an extra dimension to the complexity of
of east-west flow is reversed, indicating that they are drivennightside plasma flows. Substorms, for example, are known
by processes in the magnetosphere which are directly relatetb influence the nature of nightside convection in a number
to the orientation of the IMF. It is suggested that they areof ways (Yeoman andilthr, 1997; Opgenoorth and Pellinen,
caused by a reconfiguration of an asymmetric tail resultingl998; Grocott et al., 2002). Recent observations of flows
from prolonged dayside reconnection with a-Bominated  during geomagnetically “quiet” intervals (e.g. Huang et al.,
IMF. This is consistent with previous suggestions that they2001; Walker et al., 1998, 2002; Senior et al., 2002; Grocott
are associated with convective transport following reconnec-et al., 2003) have further demonstrated the diversity in night-
tion in the more distant tail. Analysis of ground magnetic side convection by revealing a multitude of different flow
data, auroral images and geosynchronous particle data alggthenomena associated with various conditions of the IMF.

show associated features, but indicate that the flow bursts are The particular phenomenon discussed in detail by Senior

not directly assoclated with substorms. et al. (2002) and Grocott et al. (2003) were bursts of fast
Key words. lonosphere (plasma convection; ionosphere-(~1000m s1) westward auroral zone flow in the nightside
magnetosphere interactions) — Magnetospheric Physic®onosphere (see, e.g. Fig. 1). These were observed during
(magnetotail) extended intervals of modest dayside driving associated with
a northward IMF which was dominated by a large negative
B,component. No substorm activity was observed in associ-
ation with the bursts, which were interpreted as being related
to episodic reconnection in the distant magnetotail associated

The relationship between the nature of the upstream intery‘”th .the closlln'g of open magneyc qu>'(. The present paper
planetary magnetic field (IMF) and the concurrent patterncont'n“es this investigation by discussing intervals of Super-

of high-latitude ionospheric plasma convection is reasonablyPARN radar observations of nightside flows during which

well understood (e.g. Reiff and Burch, 1985; Cowley and th€ IMF was again northward, but now with a significant pos-
itive B, component. The principal aims of this study were

Correspondence toA. Grocott to identify firstly, whether similar bursts occur under such
(ag27@ion.le.ac.uk) conditions and secondly, whether the direction and location

1 Introduction
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_ ‘ ‘ ‘ ‘ ‘ - modelled convection patt_ern. Information from the statisti-
cal model of Ruohoniemi and Greenwald (1996), parame-

0 100 200 300 400 500 600 700 800 900 1000 terised by concurrent IMF conditions, is used to stabilise the
solution where no data are available. A Heppner-Maynard

Velocity (ms”) boundary (Heppner and Maynard, 1987), determined from

the line-of-sight velocity data, is also used to constrain the
Fig. 1. Streamlines and vectors of the nightside ionospheric flow convection pattern at lower latitudes. The flow vectors which
derived from the SuperDARN velocity measurements shown onwill be shown superposed on the electric equipotentials are
geomagnetic grids, obtained from the “Map-Potential” algorithm, derived using the SuperDARN line-of-sight velocity mea-
showing two flow bursts during an interval of northward byt-B  * g;rements with the transverse velocity component provided
negative dominated IMF. The exact time interval of each map 'Sby the spherical harmonic fits.

indicated in the top left-hand corner, and to the left of each map the ) . .
total transpolar voltag®&pc, and the direction and magnitude (in The fields-of-view of those SuperDARN radars which

the Y-Z plane) of the lagged IMF are also indicated (adapted from SPanned the nightside ionosphere at 07:00 UT (the central
Grocott et al., 2003). time of the main interval studied) are shown in Fig. 2. These

are presented in Altitude Adjusted Corrected Geomagnetic

(AACGM) coordinates, a development of the PACE system
of a burst are determined by the IMF, Bomponent. Both ~ discussed by Baker and Wing (1989). Midnight magnetic
are found to be the case, with eastward bursts having similalocal time (MLT) is at the bottom and dusk is to the left.
speeds (and similar associated values of transpolar voltage)he locations and identifier codes of a set of magnetome-
being observed in the midnight sector auroral zone. Obserters used are also displayed on Fig. 2. Data have been in-
vations from a six hour interval on 20 March 2002 are dis- spected from magnetograms of these two arrays which move
cussed here in detail (some examples from other intervals arthrough the midnight sector during the study interval. These
also shown), along with a theory on the origin of the bursts. are the Canadian CANOPUS array (Grant et al., 1992) and

the Greenland magnetometer chain (Friis-Christensen et al.,

1985). Data from selected stations (denoted by the red-filled
2 Instrumentation circles) will be presented i&, D, andZ coordinates, where

H is local magnetic northD is local magnetic east, arid
The main instrumentation employed in this study is thatis vertically down. The locations and codes of this subset of
of the Super Dual Auroral Radar Network (SuperDARN) stations will also be indicated on the flow maps.
(Greenwald et al.,, 1995). Data from the nine HF radars [IMF conditions for each study interval were measured by
which comprise the Northern Hemisphere component of thehe MAG instrument (Smith et al., 1999) on board the ACE
network have been used to derive large-scale maps of thepacecraft (Stone et al., 1998). During the 20 March inter-
high-latitude convection using the “Map Potential” model val ACE was located upstream at GSM coordinates (X, Y,
(Ruohoniemi and Baker, 1998). The line-of-sight veloci- Z)=(222~14,—15) Rg (with negligible movement over the
ties are mapped onto a polar grid, and used to determinénterval). Solar wind data obtained by the SWEPAM instru-
a solution for the electrostatic potential which is expressedment (McComas et al., 1998) were also used to estimate the
in spherical harmonics up to sixth order. The equipoten-propagation delay of field changes from ACE to the dayside
tials of the solution represent the plasma streamlines of théonosphere using the algorithm of Khan and Cowley (1999).
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This was found to be A7 min for the 20 March interval and 10
has been used to lag the ACE IMF data displayed here. Simi- 8
lar delay times were found for the other intervals studied and 3
have been used to lag the relevant IMF data as appropriate.

X

2
15

3 Observations 10

3.1 Upstream interplanetary conditions 5

Figure 3 shows the lagged ACE interplanetary magnetic field 15}
data in GSM coordinates for the interval 01:00-12:00 UT
on 20 March 2002, during which the IMF had both positive .
Bz and By components. The clock angle increased steadily 5F
from less than 10(almost purely northward) at 01:00 UT, to r
~9(° (purely duskward) at 12:00 UT. This corresponds to a
decrease in B over the interval from~10nT at 01:00 UT, g
to ~zero by 12:00 UT, and an increase i B/hich became o 145 ‘
dominant as it climbed fromy2 nT at 01:00 UT te~12 nT by 13 ;

12:00 UT. By remained steady at around 6 nT and the mag- : ;

nitude of the IMF remained strong between 13 and 16 nT |
throughout the interval. The vertical dashed lines delimit the !

interval of SuperDARN data which has been studied (04:00- 1

10:00 UT), during which the clock angle was at intermediate 1

angles of 30 to 60° (such that, according to, for example, 02 04 6% 08 0% 1o
Sandholt et al. (1998a, b) a modest level of dayside reconnec- utT

tion should prevail). This is some 3 h after the IMF initially

acquired its B and B; positive orientation, however, such Fig. 3. Upstream interplanetary observations from the ACE space-
that the nightside flows should not have been influenced bygraft for 01:00-12:00 UT on 20 March 2002, lagged by 71 min to

any prior magnetospheric activity which might be associategaccount for the propagation delay to the ionosphere. The top three
with more typically “active” IMF conditions. panels show IMF data in GSM co-ordinates, and the bottom two

panels show the field magnitude and clock angle. The clock an-
gle is defined with respect to north, such thatddrresponds to a
transverse field purely in thez direction (northward);:90° to +y

As mentioned above, SuperDARN data for this interval have("eSPectively) and-180" to —z (southward).
been studied between 04:00 and 10:00 UT, corresponding to
the interval during which the IMF clock angle was between crescent-shaped dawn cell extending from pre-midnight to
30° and 60. This also corresponds to the interval during post-dawn. Owing to the intermediate nature of the IMF
which the coverage of SuperDARN data was sufficient toclock angle during this interval, one might expect to observe
reasonably dominate the fitting of the ionospheric electricboth Dungey-cycle and lobe convection cells (Crooker et al.,
potential in the Map Potential model and produce reliable1998; Sandholt et al., 1998a, b, 2001). However, this is not
convection maps. Figure 4 shows two such maps from earlyvell addressed by the data employed (due to lack of complete
on in the interval when the data spanned the dusk, dawn andoverage) and since the presence of lobe cells is not germane
nightside sectors sufficiently to produce reasonably completéo the subject of this study, they are not considered any fur-
pictures of the ionospheric flow. The bold numbers on thether. What is clearly evidenced by the data is the continued
maps indicate the ionospheric electric potentials (discusseéxcitation of Dungey-cycle twin-cell flow. The antisunward
in Sect. 2) which, for the Northern Hemisphere, are negativeflow has a westward component over the polar cap, opposite
at dusk (clockwise flow) and positive at dawn (anti-clockwise to that reported by Grocott et al. (2003) for negatiye Bnd
flow). The difference between the peaks of these positive ands exactly that expected for Dungey-cycle flow in the pres-
negative potentials thus gives a useful indication of the mag-ence of positive IMF B (Jgrgensen et al., 1972; Reiff and
nitude of the convection over the polar cap, referred to as théurch, 1985). The flow reversal boundary was observed at a
transpolar voltage. magnetic latitude of between 7@nd 75 throughout the in-
The two maps shown are at (a) 05:30 and (b) 06:30 UT,terval, although there was no trend apparent in any variation.
respectively, and show the calculated transpolar voltage, th&his implies a relatively constant size of polar cap and there-
APL statistical convection model used, and an icon repre-fore an approximate balance between dayside and nightside
senting the IMF strength and orientation in the Y-Z plane. reconnection over the interval. Modest velocities of a few
These two maps are representative of the overall nature o100 m s persisted throughout the interval, with an aver-
the flow during the interval, which is dominated by a large age transpolar voltage ef30 kV.
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3.2 SuperDARN observations of ionospheric flow
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Fig. 4. Flow maps illustrating the overall nature of ionospheric convection during the main interval discussed in this paper. Two maps are
shown, the exact time of each being indicated in the top left-hand corner. The total transpolar Vpltagad the direction and magnitude
(intheY-Z plane) of the lagged IMF are also indicated, as in Fig. 1.

Inspection of the flow maps for the entire interval reveals discussed here, which would therefore appear to be common
that convection did not persist at these average levels but, a® the prevailing interplanetary conditions.
was found by Grocott et al. (2003), was instead interspersed
with bursts of much faster flow(1000m s1) in the mid- 3.3 Ground magnetometer data

night sector, each lasting of the order of 10 min. These , )
bursts (eight of which are illustrated in Fig. 5, panels (a—A representative subset of the magnetometer data inspected

h)) recurred on a time scale of 30—60 min and (usually) in-for the 20 March interval is shown in Fig. 7, corresponding
volved an enhancement of the transpolar voltage by about© the magnetometers indicated in Fig. 5 and to the red-filled
5-10kV above the background level. The peak flows duringc'rdes in F|g._2. The vertical (_jeshed Ilnee |nd_|cate the times
each burst are shown on maps of the nightside ionosphergf the peaks in flow burst activity shown in Fig. 5. The top
which are otherwise presented in the same style as those i{'C races, from the DAW and FSM magnetometers, show
Fig. 4, except for the filled black circles which indicate the N€gligible perturbations throughout the interval. As is ev-
locations of key magnetometers, data from which are disident from Fig. 5, the;e stations were Iocated.con3|stently
cussed below. The geometry of each burst shown in Fig. 5 isequat_orward of the main flow enhancements which occurred.
essentially the same, involving flows which emanate from the! € first, and most significant signature, was-@4:15 UT,
polar cap in the pre-midnight sector and then reverse in sens&0résponding to the onset of the first flow burst (the peak
travelling eastwards back towards the dayside via midnight®f Which is shown in Fig. 5 at 04:38 UT). This signature
Whilst therefore similar to the bursts reported by Grocott et!S [argest in the RAN magnetometer data, which shows a
al. (2003), their direction is clearly opposite, apparently de-Substorm-like negative bay ot120nT. This was also the
termined by the sense of IMF,B This is further evidenced dlstnrbance with the largest spatial extent during the interval,
by Fig. 6, which shows four bursts from two additional in- N@ving been observed by CON and FCH. Many of the subse-
tervals of B;-positive, By -positive on 30 May 2001 (panels quent bursts were also accompanled by more localised mag-
(a—b)) and 23 September 2002 (panels (c—d)). These foupetic bay-type dlstu_rbanc_es of amplitude up to 80 n_T. SKT of
bursts (and indeed, bursts from a number of other intervaldh® Greenland chain, being the most eastern station shown,

studied) are similar in nature to those from the main interval®Nly Saw a perturbation for the first couple of hours of the
interval before moving out of the enhanced flow region after
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Fig. 5. Flow maps illustrating the flow “bursts” from the main interval are shown in the same format as Fig. 1. Eight maps are shown with
the exact time of each 2-min map again indicated in the top left-hand corner. Also indicated on the maps by the black circles are the locations
of the magnetometer stations colour-coded red in Fig. 1.
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Fig. 6. Flow maps illustrating the flow “bursts” from two additional intervals are shown in the same format as Fig. 1.

about 06:00 UT. The most eastern of the CANOPUS station®f the tail and conjugate ionosphere under these conditions.

(such as GIL, illustrated) also show a noticeable impulsiveThe data presented above clearly demonstrate that the night-

increase in Pi2 amplitude at around 04:15 UT. This enhancedide high-latitude ionospheric flows reported by Grocott et

Pi2-band activity then remained for the duration of the in- al. (2003) for northward IMF with B-negative also occur

terval. Other magnetometers in the chain also recorded thduring corresponding intervals withyBpositive. The data

Pi2 activity but without observing a significant perturbation also show that the direction of the flows is governed by the

in the unfiltered H-component. orientation of B, implying that the tail dynamics responsi-

It is worth noting that images from the SIE instrument on ble for driving them are also directly related to the nature of

board the IMAGE spacecraft (Mende et al., 2000a, b) (notthe IMF.

shown) indicate a modest brightening of the Northern Hemi-

sphere auroral oval during the main interval but offer no ev-4.1  Origin of the flow bursts

idence of substorm activity. LANL geosynchronous parti-

cle data (Belian et al., 1992) (also not shown) provide evi-A possible mechanism by which the flow bursts are produced

dence of a slight enhancement in energetic electron flux oveis illustrated schematically in Fig. 8, which shows a view

the whole interval, but not of impulsive injection signatures looking down on the northern polar ionosphere, with noon to

which would also be indicative of substorm activity. the top and dusk to the left. The open-closed field line bound-
ary is shown as a dashed line, with the-Bositive Dungey-
cycle twin convection vortices shown as the solid arrowed

4 Discussion curves, black for the Northern Hemisphere and grey for the
expected simultaneous flow in the Southern Hemisphere. As

It is clear, both from the observations discussed above anthe diagram is schematic, it may not reflect the details on the

from the results of the previous studies mentioned in the Indess-well observed dayside. Nonetheless, dayside reconnec-

troduction, that the nightside ionosphere and geomagnetition between terrestrial field lines and the positive IMF

tail during intervals of northward IMF are often anything but creates open flux tubes which are pulled towards dawn in the

quiescent. However, with such a wealth of phenomena reNorthern Hemisphere and dusk in the Southern Hemisphere.

ported and the relationships between many of them as yefs these flux tubes are dragged over the polar caps they pro-

unclarified, no overall picture has emerged of the behaviourduce an asymmetry in the tail in which the lobes are twisted
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Fig. 7. H-component magnetic field measurements from the red
colour-coded array of stations in Fig. 1, for 04:00-10:00 UT on 20
March 2002. The upper 6 curves show unfiltel@dcomponent
magnetic field measurements and the bottom curve shows filtered
(20—200s) data. The vertical dashed lines correspond to the times
of the bursts shown in Fig. 5. The station codes and locations in
magnetic longitude and latitude are also shown.

in association with the appearance of a perturbation field in
the tail which has the same sense as the IMF(Bairfield,
1979; Cowley, 1981; Nishida et al., 1998). A schematic rep-Fig. 8. Schematic of a possible mechanism by which the flow bursts
resentation of tail field lines is given by the numbered ar-are produced.showing a view looking down on the northern polar
rowed lines in Fig. 8. 1 (1) is a newly reconnected field |onosph_ere v_wth noon to the top and dusk to the_ left. _The open-
line from the Northern (Southern) Hemisphere. Owing to theclosed field line boundary is shown as a dashed line, with the B

By-asymmetry, the northern footprint of the field line is dis- positive Dungey-cycle twin convection vortices shown as the solid

| d iderabl d of th h f . (irrowed curves, black for the Northern Hemisphere and grey for the
placed considerably westward of the southern footprint, an imultaneous flow in the Southern Hemisphere. Tail field lines are

has a much longer path in the ionosphere back to the dayepresented by the numbered arrowed lines where 1 (1') is a newly-

side. As the field line untwists itself (through positions 2 and reconnected field line from the Northern (Southern) Hemisphere,
3) its Northern Hemisphere footprint moves faster to catch upand 2 and 3 are the same field line at later times.

with its southern counterpart, which results in a burst of flow

across the midnight sector of the nightside ionosphere (thick

black arrowed curve). An opposite tail lobe asymmetry andily explained, the most obvious being the existence of neg-
hence opposite direction of flow burst would therefore be ex-ative substorm-like bays in the ground magnetometer data.

pected for the opposite sense of IMF B This, along with the pronounced Pi2 signatures observed in
association with the bursts, as well as the slight enhance-
4.2 Comparison with B-negative ment in energetic electron flux observed at geosynchronous

orbit, might lead one to suspect that these phenomena are in
The schematic representation of flow bursts presented aboviact small-amplitude substorms. Only by comparing these
explains the fundamental difference between the bursts disbursts to those in the Bnegative scenario does it become
cussed in this paper and those reported by Grocott etlear that this is not the case. The-Begative bursts were
al. (2003), in that the direction of the flow is determined by accompanied by northward deflections in the ground mag-
the prevailing sense of IMFB However, there are other dif- netic field and Grocott et al. (2003) showed these to be in re-
ferences between the two phenomena which are not so eagions of low conductivity where the flow velocity was high.



1762 A. Grocott et al.: The influence of IMF By on nightside ionospheric flow

Indeed, it was also found in the present study (as discusseHotential” algorithm software. For the ground magnetometer data,
in Sect. 3.3, above) that only those magnetometers locatewe thank the Canadian Space Agency who constructed and maintain
inside the high speed flow region measured significant magthe CANOPUS instrument array, andrden Watermann and the
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