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Abstract. A —190-nT negative bay in the geomagnekic  the main flow channel overlapped the equatorward bound-
component measured at Macquarie Islar@%° A) showed  ary of the diffuse auroral oval. During the2-h interval
that an ionospheric substorm occurred during 09:58 tofollowing the flow channel, an-3°A wide band of scatter
11:20UT on 27 February 2000. Signatures of an auroralwas observed drifting slowly toward the west, with speeds
westward flow channel (AWFC) were observed nearly si-gradually decaying te~50ms ! (3mvVm™1). The scatter
multaneously in the backscatter power, LOS Doppler ve-was observed extending past the Harang discontinuity, and
locity, and Doppler spectral width measured using the Tas-had Doppler signatures characteristic of the main ionospheric
man International Geospace Environment Radar (TIGER), drough, implicating the flow channel in the further depletion
Southern Hemisphere HF SuperDARN radar. Many of theof F-region plasma. The character of this scatter was in con-
characteristics of the AWFC were similar to those occur-trast with the character of the scatter drifting toward the east
ring during a polarisation jet (PJ), or subauroral ion drift at higher latitude.

(SAID) event, and suggest that it may have been a prey
cursor to a fully developed, intense westward flow channel
satisfying all of the criteria defining a PJ/SAID. A beam-
swinging analysis showed that the westward drifts (pole-
ward electric field) associated with the flow channel were
very structured in time and space, but the smoothed veloc-

ities grew to~800ms? (47 mvnY) during the 22-min 1 Introduction
substorm onset interval 09:56 to 10:18 UT. Maximum west-

ward drifts of>1.3kms? (>77mV 1) occurred duringa , _ ) -
~5-min velocity spike, peaking at 10:40 UT during the ex- ionospheric plasma are sometimes observed confined within

pansion phase. The drifts decayed rapidly~800m st narrow Igtitudinal channels<2°) just equaftorward of, or
(18 mV m2) during the 6-min recovery phase interval, 11:04 _overlapplng, the equatorward edge_ of the o!lffuse auroral oval
to 11:10 UT. Overall, the AWFC had a lifetime of 74 min, N the evening sector{22h magnetic local time; MLT) (e.g.
and was located neas65°A in the evening sector west of D€ Keyser, 1998). These events were originally called polar-
the Harang discontinuity. The large westward drifts were ISation jets (PJs) by their discoverers, Galperin et al. (1973),
confined to a geographic zonal channel of longitudinal ex-but have als_o become known as _subauroral ion drift events
tent>20° (>1.3 h magnetic local time), and latitudinal width (SAIDS) (Spiro et al., 1979), despite the fact that SAIDs of-
~2°A. Using a half-width of~100 km in latitude, the peak ten overlap the diffuse aurora_l ov_al. Most observations of
electric potential was- 7.7 kV. However, a transient velocity FJ/SAIDS have been made using instruments on board satel-
of >3.1kms! with potential>18.4kV was observed fur- lites (e.g. Smiddy et al., 1977; Rich et al., 1980; Anderson

ther poleward at the end of the recovery phase. Auroral ovaft al-, 1991, 1993; Karlsson et al., 1998), but a few ground-

boundaries determined using DMSP measurements suggeQ?SEd radar observations have also been reported (Galperin
et al., 1986; Providakes et al., 1989; Yeh et al., 1991).

Correspondence tayl. L. Parkinson In this paper we report observations of an auroral west-
(m.parkinson@latrobe.edu.au) ward flow channel (AWFC) observed &at22:00 MLT and

ey words. lonosphere (auroral ionosphere; electric fields
and currents; ionosphere-magnetospehere interactions) Mag-
netospheric physics (storms and substorms)

Transient <1 h), supersonicx1kms1) westward flows of
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magnetic latitude~—65°A on 27 February 2000. Signa- persists for~10-15 min, the frictional heating can lead to the
tures of the event appeared in the backscatter power (dB)¥ormation of deep depletions in ionospheric plasma concen-
line-of-sight (LOS) Doppler velocity (ms'), and Doppler tration. The frictional heating may also lead to the formation
spectral width (ms?!) measured using the Tasman Interna- of a stable auroral red arc (Foster et al., 1994).
tional Geospace Environment Radar (TIGER) (Dyson and Anderson et al. (1991) reported PJ/SAIDs collocated with
Devlin, 2000), a Southern Hemisphere member of the Supethe poleward edge of the main ionospheric trough, lead-
Dual Auroral Radar Network (SuperDARN) (Greenwald et ing to the formation of very deep depletions inside the pre-
al., 1985, 1995). The behaviour of the AWFC resembled theexisting trough, presumably formed by stagnation (e.g. Que-
behaviour of a relatively weak PJ/SAID, yet its growth and gan et al., 1982; Sojka and Schunk, 1989; Rodger et al.,
decay were synchronised with substorm onset and recovery,992). These are the “troughs within troughs” reported by
respectively. In this regard, the AWFC more closely resem-Galperin et al. (1986). Incoherent scatter radar observations
bled the substorm-associated radar auroral surges (SARAShow troughs are often narrow latitudinal features, only
observed using VHF radar in the afternoon sector (Freemanvide (Jones et al., 1997). PJ/SAIDs may also cause notice-
etal., 1992). able plasma depletions at plasmaspheric altitudes (Ober et
This study reports HF radar observations of a class of relaal., 1997). Clearly, there is an intimate relationship between
tively weak, subauroral westward flow channels that has apPJ/SAIDs, the formation of high-latitude troughs, the loca-
parently been excluded from previous satellite-based studiegion of the plasmapause, and the structure within the high-
The behaviour of AWFC, SARAS, and PJ/SAID needs to bealtitude plasma trough.
understood in the context of other poorly understood sub- Southwood (1977) gave a fluid description of the shield-
storm processes which have been investigated in numerousg of the low-latitude ionosphere from convection electric
other studies. For example, a study l3nghez et al. (1996) fields. During a geomagnetic storm, the dawn-to-dusk elec-
is especially relevant here because of its comprehensive syriric field causes an earthward drift of plasma in the mag-
thesis of HF radar, magnetometer, and Defence Meteoronetotail. If unimpeded, this would map to purely sunward
logical Satellite Program (DMSP) observations. Although flows migrating all the way down to the equatorial iono-
we cannot be certain that our 27 February event was nosphere. However, the earthward-drifting plasma clouds en-
driven by nightside reconnection, its persistent character andounter radial pressure gradients approaching the inner edge
probable mapping to a region of closed field lines suggest®f the ring current (near the plasmapause), whereupon east-
that it was more closely related to PJ/SAIDs. To this end,west gradients in plasma pressure grow. These gradients di-
we first review recent observations and theory pertaining tovert the plasma flow in the zonal direction, thereby shielding
PJ/SAIDs. the plasmasphere (mid-latitude ionosphere) from the cross-
tail electric field. In the co-rotating frame, these zonal drifts
are slowly toward the east post-midnight, but strongly toward
2 PJISAID review the west pre-midnight.
Southwood (1977) suggested the hot plasma pressure, its
Anderson et al. (1991) studied PJ/SAIDs using Atmosphericnumber density in the inner nightside magnetosphere, and the
Explorer C and Dynamics Explorer B spacecraft measureionospheric conductivity are the key parameters controlling
ments. They defined PJ/SAIDs as having westward drifts ofthe penetration of convection electric field to low latitude.
at least 1kms?, with velocities up to 4 km's! often occur-  This is because the magnetospheric convection will tend to
ring in the evening sector. However, weaker PJ/SAID-relatedavoid expending energy in plasma compression and Joule
drifts <1 km s~ must also occur, though with more structure heating (Cole, 1962) in magnetically connected regions of
(Karlsson et al., 1998). Anderson et al. (1993) observed flowlarge ionospheric conductivity (Axford, 1969). These ideas
channels with full-width half-maxima of 1° in latitude, and ~ suggest that PJ/SAIDs will inevitably manifest in the iono-
estimated life times in the range 30min to 3h, commenc-spheric region mapping to just outside the sharp pressure gra-
ing during the substorm recovery phase. They did not ob-dients located near the plasmapause, yet just equatorward of
serve any events within 30 min of substorm onset, but theirthe highly conducting auroral zone. PJ/SAIDs will persist
results were not definitive due to intermittent satellite sam-until there is no longer an equilibrium between the coupled
pling. Karlsson et al. (1998) provided a comprehensive acimagnetosphere-ionosphere forces generating the polarisation
count of PJ/SAID occurrence statistics compiled using Frejafield, and the shorting out of this field by field-aligned cur-
satellite data. rents closing via ionospheric Pedersen currents (and the as-
Anderson et al. (1991) also observed large enhancementsociated Joule heating).
in the ionospheric ion temperature, upward vertical drift, and Any PJ/SAID theory must explain the formation of an in-
associated depletions in low-altitude ion density. These ardense, spatially localised polarisation field directed poleward
the familiar consequences of ion-neutral friction foreseen byin the ionosphere, and radially in the inner magnetosphere.
Schunk et al. (1975), and modelled by Sellek et al. (1991)Invoking a magnetospheric driver, there must be a radial sep-
and Heelis et al. (1993). The'Gand q recombination rates aration of the ion and electron ring currents, with more ions
are elevated when the difference between the ion and neutrdbcated closer to Earth. Anderson et al. (1993) suggested
speeds is large. When the ion speed suddenly increases atisht PJ/SAID do not form at the time of substorm onset be-
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Fig. 1. Field of view (FOV) of the TIGER radar mapped to cylindrical geographic coordinates with AACGM latitublés —60°, —70°,

and—80° A superimposed. Beam 4, which points toward the CGM pole, and beam 15, which becomes a magnetic zonal beam at the furthest
ranges, are shown in bold. LOS Doppler velocities recorded during the full scan commencing at 12:34 UT on 27 February 2000 are also
shown. The colour key means that all velocities in the range<d49os < 180ms1 are coloured orange. Auroral oval boundaries given

by the Starkov (1994) model fot L = —150nT and Macquarie Island (MQI) located at 22:00 MLT have been superimposed: poleward
boundary of discrete aurora (dashed curve), the equatorward boundary of discrete aurora (solid curve), and the equatorward boundary o
diffuse aurora (dashed-dotted curve).

cause ion and electron precipitation share a common, dispethe electric field, etc. Hence, narrow, westward drifts may
sionless, equatorward boundary (Newell and Meng, 1987)rapidly grow to>4 km s1 at subauroral latitudes during sub-
Thereafter, the inner edges of the ion and electron plasmatorms.
sheets separate on a time scale~df0 min, with the hot De Keyser (1999) argued the space-charge layer associ-
ions moving further earthward than the hot electrons in theated with the Alfien layer is too thick to explain the narrow
evening sector as the Alén layer forms (Kivelson and Rus- latitudinal width of PJ/SAIDs. He proposed that an intense
sel, 1995). This leads to the formation of an initial radial radial electric field is generated by a thermoelectric effect,
polarisation field. Since the hot ions are injected near mid-namely a strong temperature gradient develops across the
night first, and then drift westward in the ring current, we interface between cold, plasma trough plasiffigectrons ~
might also expect the ionospheric signature of PJ/SAIDs t00.75 eV, Tprotons ~ 1.5€V) and hot, plasma sheet plasma
expand westward from the Harang discontinuity. (Telectrons™ 1 keV; Tprotons = 10 keV), the latter injected at
Anderson et al. (1993) also emphasised the importancesubstorm onset. Space-charge separation develops because
of ion-neutral frictional heating in the ionosphere, leading the various particles with different energies have different
to a reduction in plasma density and thus conductivity. Asgyroradii. The azimuthal flow shear between the partially co-
long as the magnetospheric driver supplies the same fieldrotating plasma near the plasmapause and the newly injected
aligned current closing via Pedersen current in the iono-plasma must also be considered: the hot plasma drifts west-
sphere(J, = X, E), a runaway effect develops: the electric ward pre-midnight and eastward post-midnight. Hence, the
field, E, increases, leading to a further decrease in heightflow-shear electric field reinforces the thermoelectric field in
integrated conductanc&,, leading to a further increase in the evening sector, but suppresses it in the morning sector.
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This explains the strong preference for PJ/SAIDs to occur inpotentially detects scatter from10° km? of the ionosphere
the evening sector. every 2min.

The semi-quantitative model of PJ/SAIDs recently pro- Figure 1 shows that TIGER beam 4 observation cells ex-
posed by Galperin (2002) considers the distribution functionstend from magnetic latitude-57°A to —88°A, which is
of ion and electron energies injected into the ring current~5°A equatorward of the high-latitude ionosphere imaged
region. Galperin (2002) argued that (1) the formation timeby most SuperDARN radars. Hence, TIGER's location is
of a PJ/SAID will be~5-10min, (2) the initial injection optimum for the study of substorm-related processes in the
will be near the tip of the Harang discontinuity, which will nightside ionosphere during quiet and moderate geomagnetic
be displaced by several hundred km, (3) the latitudinal pro-activity. Here we report routine HF radar observations of an
file of enhanced poleward electric field will be bell-shaped AWFC located at~—65°A, and commencing at 09:56 UT
with a width of ~100km ¢1°), (4) an electric potential (22:00 MLT) on the evening of 27 February 2000. The obser-
of ~10kV will map over the same distance, (5) the Ped- vations were made using the routine, 2-min full-scan sound-
ersen conductancg, will be ~0.1S (versus~10S in the  ing mode, as previously described.
auroral oval) and a height-integrated Pedersen current den- The line-of-sight (LOS) Doppler velocities (M%) (v_os)
sity ~10~2 Am~1 will flow across the PJ, (6) the lifetime of recorded during the 112-s interval commencing at 12:34 UT
the PJ/SAID will be~1-3 h, and (7) the PJ/SAID will extend on 27 February, 2000 have been superimposed in Fig. 1. Note
for at least 3 h in MLT. This recipe for a PJ/SAID agrees with the absence of near-range scatter on beams 4 to 8. As will
numerous satellite observations, but needs further testing. be discussed, the ionospheric irregularities drifted slowly

Spacecraft observations have provided important insighté <100 ms'*) toward the west equatorward 6f-66° A, and
into the spatial extent and timing of PJ/SAIDs relative to sub-Were probably associated with the main ionospheric trough.
storm processes. Satellites have obtained high-time resolUmmediately poleward, the irregularities drifted with moder-
tion measurements of PJ/SAID processes along single orbitte speed%100ms) toward the east, thereby delineating
traversing the events. However, due to the typical orbital pethe location of the flow reversal boundary (FRB) (Huang et
riod of ~90 min for satellites in the topside ionosphere, the al-, 2001). The AWFC preceded this observation and was
effective time resolution and spatial coverage is poor wherPart of the process forming the FRB near the equatorward
a satellite encounters the same event during a subsequent dtdge of the auroral oval.
bit. No doubt this problem will be addressed in future exper- We relate our TIGER observations to the timing of au-
iments deploying large clusters of “nano-satellites”. Mean-roral substorms inferred from magnetometer observations
while, ground-based HF backscatter radar observations offeade at nearby Macquarie Island (MQI) (54% 158.9 E;
an excellent opportunity to image PJ/SAID processes occur—65°A). Interpretation of the observations was supported
ring almost continuously in space and time. by coincident Wind and Interplanetary Monitoring Plat-

In this paper, we report comprehensive observations ofom 8 (IMP 8) solar wind measurements, Defence Meteo-
an AWFC made using a HF radar supported by coincidentological Satellite Progrr«tlm (DMSP) precipitation measure-
spacecraft measurements. By an AWFC we simply mean &"€nts, Los Alamos National Laboratory (LAN-L) geosyn-
PJ/SAID-like event with well above average westward drifts Chronous (6.& ) spacecraft measurements of energetic par-
overlapping or residing within the auroral oval and possibly ticle fluxes, ionosonde measurements made at MQI, and total
synchronised to substorm dynamics. We suggest that AWFcelectron content (TEC) measurements made at MQI and Ho-
SARAS, and PJ/SAIDs are governed by closely-related elecP@rt (42.9 S, 147.3 E; =54 A).

trodynamic processes occurring during substorms. , )
3.1 Solar wind observations

At 10:00 UT on 27 February 2000, the IMP 8 spacecraft was
3 Observations and interpretation located below the equatorial plane on the dusk flank of the

magnetosphere at geocentric solar magnetospheric (GSM)
TIGER (Dyson and Devlin, 2000) is a SuperDARN radar y, andz coordinates of-2.7, 36.5, and-18.8 Rg, respec-
(Greenwald et al., 1985, 1995) located on Bruny Islandtively. Figure 2 shows IMP 8 measurements (bold lines with
(43.£ S, 147.2 E geographic), Tasmania (Fig. 1). Under solid dots) of the interplanetary magnetic field (IMF) com-
routine operation, TIGER performs one sequential 16-beanponents in GSM coordinates (parts a—c), and simultaneous
scan from east (beam 15) to west (beam 0), integrating fomeasurements of the solar wind dynamic pressure (part d).
7 s on each beam. Hence, a full scan takes 112 s, but succe$here were substantial outages in measurements made with
sive scans are synchronised to the start of 2-min boundarieshe ageing IMP 8, so continuous Wind spacecraft measure-
The individual beams are separated by 3,26 the full scan  ments of the same parameters are included (faint curves). At
is 522 wide (though decreasing slightly with increasing fre- 10:00 UT, the Wind spacecraft was located much further up-
quency). The radar samples 75 different ranges separated kstream in the solar wind at GSM coordinates (173.9, 30.3,
45 km between 180 and 3555 km. In practise, the radar de17.4Rg). The Wind measurements were advanced in time
tects useful ionospheric scatter from a fraction of the fieldby 33.5min to allow for advection of the IMF conditions
of view (FOV) during a single scan. Nonetheless, the radarfrom Wind to IMP 8 at a representative solar wind speed of
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Fig. 2. IMP 8 spacecraft measurements (bold lines with solid dots) of the(@iB,, (b) By, and(c) B, components made atl-min time

resolution, andd) the solar wind dynamic pressure during 08:00 to 16:00 UT on 27 February 2000. The corresponding Wind spacecraft
measurements made-afl..5-min time resolution for the same period, except advanced by 33.5 min to allow for advection of the solar wind

to the location of IMP 8, are superimposed as faint curgeyPerturbations of the geomagnetfic(solid curve),Y (dashed curve), and

(dotted curve) components measured by the MQI magnetometer (data provided courtesy of the Australian Geological Survey Organisation).
The abscissas have tick marks at 30-min intervals of UT.

560kms™t. To reduce clutter in the plot, ACE spacecraft
measurements are not shown.

1. The IMF B, component was continuously fluctuating,
mostly in the range-1to —5nT.

The IMP 8 and Wind IMF measurements agreed in the ba-
sic trends occurring on time scaled.5 min, but there were
many differences occurring on shorter time scales. These
were partly caused by instrumental errors, evolution of the
solar wind, and by discontinuities and waves propagating
at much higher speed within the background flow. Clearly,
a spacecraft with reliable instruments deployed nearby the 3. B, was predominately negative in the range to
Earth’'s magnetosphere provides the best indication of geo-  —4.5nT, but with many northward excursions, too nu-
effective solar wind conditions. In summary: merous to warrant separate listing.

2. By, was predominately positive in the range 2 to 5nT,
but with significant negative excursions during 09:17 to
09:55UT, and especially 11:04 to 12:13 UT.
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4. Excluding continuous short-term fluctuations, the solar-the ionospheric Hall current flowed strongly westward, but
wind dynamic pressure was reasonably steady at aroundentred several hundred kilometres poleward of the station.
1.7nPa. However, significant changes in pressureReinterpreted as F-region drifts, this implies the plasma was
(~35%) occurred at 11:46 and 12:11 UT, and large pres-convecting strongly toward the east.

sure pulses*88%) occurred at 15:09 and 15:20 UT. Preliminary AE indices calculated during this event be-
_ haved similar to the MQI magnetometer deflections (Fig. 2e),
3.2 Ground-based magnetometer observations except that the amplitudes of th€E indices were much

greater, reaching 507 nT at 10:07 UT. No doubt this was
Macquarie Island (MQI) £65°A) is located just east of pecause the Northern Hemisphere magnetometer locations
TIGER beam 15, having the same magnetic latitude as rang@ere spread in longitude, thereby providing comprehensive
cell 26 (1350km) (Fig. 1). Figure 2e shows MQI magne- coverage of conjugate current flow. Finally, the provisional
tometer perturbations in the geomagnefi¢north),Y (east),  p,, index for 10:00UT on 27 February was oniylnT,

and Z (down) components. These measurements were deand k , was 3 during the three-hour interval commencing at
spiked and then detrended by subtracting a baseline definegly-oo UT.

by their average diurnal values. The two largest negative bays
in the X component exhibited the classic signatures of iono-3 3 Geosynchronous satellite observations
spheric substorms. We have labelled them “Substorm 1” and
“Substorm 2,” but lesser intensifications occurred, just afterThe LAN-L series of geosynchronous satellites mea-
both substorms. sure the spin-averaged differential fluxes (particles
Substorm 1 was not preceded by an obvious growth-phasem—2s-1sr1keV-1) of energetic electrons and pro-
signature (McPherron, 1970). Rather, its onset was markegons in the energy ranges 50keV to 26 MeV an80keV,
by an~60-nT impulsive increase in th€ component, start-  respectively. When dispersionless particle injections are
ing at 09:53 UT, and peaking at 09:58 UT (bold vertical line). observed they indicate the initial longitude of substorm onset
This feature was reminiscent of storm sudden commence¢(Henderson et al., 1996). LAN-L 1989-046 was located at
ment (ssc), a feature normally observed in dayside magne22:53 MLT when it observed the start of a dispersionless
tograms when magnetopause currents are enhanced by magarticle injection at 09:58 UT on 27 February 2000. This was
netospheric compression (Kelley, 1989). However, the bethe same time as the peak of an impulsive increase ikthe
haviour of the IMFB, component does not suggest unusu- component measured by the MQI magnetometer at the start
ally enhanced dayside reconnection; nor was there a signifiof Substorm 1 (Fig. 2e). The flux of geosynchronous protons
cant dynamic pressure pulse at this time. Hence, the featurehowed a distinct peak at 10:08 UT, and was greater than the
suggests a strong, short-lived current flowing toward the eastelectron flux which grew more gradually. We speculate this
opposite to the ring current. We will argue this feature was aindicates the greater earthward penetration of hot protons,
signature of an emerging AWFC. and the subsequent development of a radial polarisation field
Substorm 1 was possibly triggered By swinging north-  corresponding to an AWFC in the ionosphere.
ward after a preceding successionBfsouthward turnings LAN-L 1989-046 was located at 02:29 MLT when it ob-
(Fig. 2c). We expect a very short delay for the ionosphere toserved the start of step-like intensifications in electron fluxes
respond to IMF conditions measured at GSM- —2.7Rg.  at 13:38 and 13:59 UT. LAN-L 1994-084 was located at
There were several intensifications in tiecomponent dur-  20:35 MLT when it observed the start of impulsive increases
ing the onset and expansion phase, reaching a maximurnh energetic proton fluxes at 13:54 UT. When allowing for
deflection of —190nT relative to our pre-storm baseline. the relative MLTs of the spacecraft, these times can be rec-

The recovery phase commenced at 10:53 UT, and finishe@nciled with 13:36 UT, our estimate of the onset of Substorm
at 11:10UT. A lesser intensification te83 nT began near 2 using the MQI magnetometer data.

11:28 UT, and was possibly driven by a les®ersouthward
turning. 3.4 TIGER HF radar and DMSP observations
Substorm 2 had stronger Hall current flow than Substorm
1. The growth-phase signature in tte component be- Figure 3 shows range-time-intensity (RTI) plots of (a) the
gan at 12:43UT, if not earlier, possibly in responseBto  backscatter power (dB), (b) LOS Doppler velocity (nt}
trending weakly southward yet again. Expansion onset wasnd (c) Doppler spectral width (nT$) measured on TIGER
at 13:36 UT (bold vertical line), and the main phase sub-beam 15 during 09:00 to 14:00 UT on 27 February 2000.
sequently deepened t0218nT. The recovery phase com- The three parameters were calculated using the standard
menced at 14:27 UT, and finished at 15:37 UT. A final, lesser‘FITACF” algorithm (Baker et al., 1995) used to process all
intensification to—100 nT began at 14:55 UT. SuperDARN autocorrelation measurements. Each pixel rep-
Deflections in theY component were relatively small resents a parameter estimated using a 7-s integration time re-
throughout the study interval, in agreement with the es-peated once every two minutes, and sampled at 45-km steps
sentially zonal alignment of the familiar westward electro- in range. Any echoes FITACF identified as coming from
jet. The large negative deflections in the component, the sea were rejected in this study. The two thin, black
and weaker positive deflections in tilecomponent, imply  horizontal lines in all panels represent magnetic latitudes
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shifted towards large approaching values (i.e. strong azimuthal flows toward the west). The two thin, black, horizontal lines in all panels
correspond to magnetic latitudes 665° (MQI) and —70°A. The six diagonal line segments in all panels represent the location of the
discrete and diffuse auroral ovals identified along “nearby” transits (see text) of the DMSP F12, F13, F14, and F15 satellites, as labelled. The
abscissas have tick marks at 10-min intervals of UT, but nominal values of MLT above MQI are also given.

of —65°A (MQI) and —70° A, calculated using altitude ad- ing, Sun-synchronous satellites. They have an altitude of
justed corrected geomagnetic coordinates (AACGM) (Baker830 km and an orbital period of 101 min. The SS J/4 de-
and Wing, 1989). tectors (Hardy et al., 1984) measure precipitating ions and

Beam 15 is the most eastward and magnetic zonal-lookingielec[rons from which spectra of differential energy flux

21 1ay-1
beam of the TIGER radar, reaching a maximum poleward lat- ev CtT S nStt(:\r er:/ ; ) arrencalcgz)at?;j fvzgs e\c/:o_lr]ﬁ. Tr:e
itude of —71.8° A (range cell 68) before folding back towards spectra span Ihe energy range stev:to ev. The mag-

the equator beyond this range (Fig. 1). Magnetic Iatitudenetic coordinates of the satel_lite_ tracl_< are calculated using
increases steadily at the closest ranges, but at the furthe tsyganenkos (1990) magnetic field lines (see Tsyganenko

ranges it increases asymptotically towasd1.8°A. Beam and Stern, 1996, and references therein) passing through

15 also traverses a substantial range of magnetic Iongitudet.he satellite down to an ionospheric footprint at an altitude

The nominal MLTs quoted here are for MQI, located nearbyllt0 I:jm.t Tl?f glﬁerinlc fo||r(1mmagcrjle?;uocolz::udres of E)ajomltos lo-
the range cells where many of the interesting ionospheri cated at aftitudes o a are usually

echoes were observed. Beam 15 observations were chosf—g%r TIG.ER observation cells. I_n this paper_ we ”?a"e _u_se Pf
ightside auroral oval boundaries automatically identified in

for display because they provide the most detailed profile of! ) . o .
the subauroral ionosphere imaged by TIGER, while also be-ﬁMSlTl e?elrgylgggctra using the logical criteria outlined by
ing especially sensitive to zonal flows confined within narrow ewell etal. ( )-
channels. They are also the best observations for comparison

with MQI ground-based measurements. Table 1 is a summary of automatically identified bound-

aries specifying the latitudinal extent of the diffuse and dis-
The DMSP series of spacecraft are near polar orbit-crete auroral oval in the nightside ionosphere. The corre-
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Table 1. Nightside auroral oval boundaries superimposed in Figs. 3 and 4

DMSP uT Geographic Longitude  MLT (Hours) Magnetic Latitude Boundary

F13 091607 1459 19.8 -71.1 b5e
091723 1432 194 —-67.3 bli
F12 095704 1758 23.3 —68.3 b5e
095901 1718 22.6 —63.4 bli
F14 110504 1625 23.5 -71.2 b5e
110824 155.9 22.2 —62.1° b1i
F12 113944 148% 22.6 -71.6 b5e
114212 1441 21.8 —64.1° bli
F15 122509 1495 235 —72.3 b5e
122830 1438 235 —63.0° ble
F14 124752 13590 22.3 —73.° b5e
125029 130.2 21.6 —64.6° b1i

sponding locations of the auroral oval are superimposed agrew to >20dB (green), and eventually peaked~at0 dB
diagonal, black lines drawn in all panels of Fig. 3. The (red) near 13:35UT. The band of scatter also expanded in
boundaries were chosen using the most equatorward andidth to~3°A during 11:00 UT. The DMSP boundaries sug-
poleward ion or electron boundaries available, which tendedyest that this scatter overlapped the equatorward edge of the
to be “b1i”, the zero-energy ion boundary at the equatorwardauroral oval.

edge of the proton aurora, and "b5e”, the abrupt drop in elec-  rigyre 3b shows the auroral and polar cap scatter located
tron precipitation at the poleward edge. The individual dy- poleward of—66° A had mostly weak receding LOS Doppler
namic spectra are not shown for brevity, but it is important tovelocity, vLos (dark blue to black) after-09:56 UT. This
consult them to fully understand the unique particle dynam-meant that the true motion must have had a significant east-
ics involved during every transit of the auroral oval. ward component (recall beam 15 points towards the east).

Unfortunately, the satellite tracks were not always closelyConsulting a two-cell convection model of the high-latitude
aligned with the longitude of TIGER beam 15, nor the lon- ionosphere, such as the DMSP-based lonospheric Convec-
gitude of any other beam containing interesting scatter (i.etion Model (DICM) (Papitashvili and Rich, 2002), suggests
~140° to 155 geographic at-65°A). The first transits thatbeam 15 should have been nearly orthogonal to flows ex-
of the F12 and F14 spacecraft werd.8h and~0.8h to  iting the polar cap and veering toward the east at 10:00 UT.
the east of the TIGER full scan, respectively. The auroralHowever, the sign of the Doppler shift should have been very
oval boundaries were probably located 1-@rther pole-  sensitive to fluctuations in the flow direction of plasma ex-
ward in the TIGER FOV due to the familiar equatorward ex- iting the polar cap in proximity to the Harang discontinuity.
pansion of the oval toward midnight. The second transit of The observed Doppler shifts were basically consistent with
the F14 spacecraft wasl.0 h to the west, implying that the the expected convection velocities.
auroral oval boundaries were located® further equator- Figure 3b also shows that during 09:15 to 09:56 UT at
ward in the TIGER FOV. The remaining transits were more ~—69° A, there was a burst im_os toward the radar at
favourably located. Given the substorms occurring during~500m ! (red). This flow burst immediately preceded the
this evening, zonal perturbations in the auroral oval bound-positive deflection in the MQI geomagnetit component
aries were inevitably larger than the familiar statistical vari- (Fig. 2e), marking the onset of Substorm 1. The flow burst
ation with MLT. Nevertheless, the DMSP boundaries can bemay have been a DP 2 current signature occurring simultane-
compared with the TIGER observations, keeping in mind ously with the 8-nT southward turning &, (i.e. driven by
that the discrepancies due to zonal structure wele dayside reconnection). Alternatively, it may have been the

Figure 3a reveals that there was patchy scatter poleward gdignature of weak nightside reconnection preceding the §ub-
—66°A with a moderate signal-to-noise ratio (SNR), mostly Storm (e.0. see Watanabe et §1I., 1998). Did thg latter relieve
in the range 3 to<20dB (black to green). This scatter was the a(_:cumulanon of open flux in the magnetota!l, and he_lp to
associated with the auroral oval (thick diagonal lines) and®xPlain the absence of a clear growth-phase signature in the
polar cap ionosphere. The location of the latter is implied MQ! magnetometer observations?
because the poleward edge of the auroral oval is a reason- Figure 3b also shows that an AWFC occurred during 10:12
able proxy for the open-closed magnetic field line boundaryto 11:08 UT. The persistent band of scatterat64° A had
(OCB) (Vampola, 1971; Evans and Stone, 1972). Commenclarge approaching LOS Doppler velocities up to 500th s
ing at 10:12 UT, a persistent band of scatt&®° A wide ap-  (blue tored). Since beam 15 points more toward the pole than
peared at-—64° A. Initially, the SNR was moderate, mostly the east at these closer rangesps ~ 500ms? implies
<20dB (black to green), but at about 11:08 UT, the SNRtrue zonal flows>1kms. Close examination of Fig. 3b
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reveals the presence of thin, red regions, only one range cettough, especially during the pre-midnight hours (Rodger et
wide (45km), implying the formation of small-scale flow al., 1986; Dudeney and Rodger, 1988). Hence, we surmise
transients, probably1°A wide. The character of the pix- that the echoes were associated with ionospheric irregulari-
els fluctuates in range and time, suggesting the presence dies drifting slowly westward in the main ionospheric trough.
small-scale dynamics inaccessible using the existing radar So far we have concentrated on observations made using
gain, angular and temporal resolution. At11:08 UT there wasthe most eastward looking beam 15. They revealed a nar-
a step-like decrease inos to ~100m s (blue) approach-  row flow channel withu os approaching up to 500 nT$ at

ing the radar. Though perhaps a coincidence, the step-like-—64°A. However, the equivalent RTI plots for the western
decrease in_os was coincident with anothe®, southward  most beam 0 (and others not shown) revealed a narrow flow
turning. Figure 3a also shows a transition to larger power aichannel withv_os receding up to 450ms at ~—67°A.
11:08 UT. The lower velocities in the flow channel persisted The associated scatter also had moderate spectral widths (50—
until the end of the record. 150mst), but appeared at 09:56 UT, coincident with the

Figure 3c shows that during 09:00 to 11:40 UT, the spec-start of an impulsive increase in th&component measured
tral widths located in the polar cap ionosphere were generallyby the MQI magnetometer. Clearly, it seems reasonable to
large 200ms!; red), whereas the sparse scatter associsurmise these observations were of the same AWFC extend-
ated with the discrete and diffuse auroral ovals had moderating across the radar FOV, with observable irregularities ap-
spectral widths (50-150 nT$; blue and green). Neverthe- pearing 16-min earlier on beam 0 than beam 15 (09:56 UT
less, there was a reasonably sharp transition to large spectras. 10:12 UT).
widths at the poleward edge of the auroral oval (the OCB), It may seem surprising that the PJ/SAID was centred on
during this disturbed interval. Although some large spec-~—64°A on beam 15 (east), yet orR—67°A on beam 0
tral widths were observed equatorward of the OCB during(west). As Fig. 1 shows, magnetic L-shells in the TIGER
27 February, these data suggest the nightside spectral widthOV are inclined by 2 toward lower geographic latitude in
boundary was a proxy for the OCB (see Parkinson et al.the west. This meant that the AWFC was actually aligned
2002). to within ~1° of the geographical zonal direction. However,

Figure 3c also shows that during 10:12 to 11:08 UT, thewe attach no physical meaning to this because the AWFC
persistent band of scatter-at-64°A had moderate to large probably overlapped the equatorward boundary of the auro-
spectral widths (100-250m$; blue to red). As will be  ral oval, a feature statistically located at lower magnetic lat-
shown later, the initial 10-min interval of large spectral jtude toward the east in the pre-midnight sector. Hence, the
widths (>200ms™) may have been associated with a fa- geographic zonal alignment was a coincidence.
miliar burst of Pi2 wave activity occurring at substorm onset  |n summary, an analysis of RTI plots shows that an AWFC
(Saito, 1969). Anc et al. (1999, 2000) have argued that en- occurred during 09:56 to 11:08 UT. Scatter associated with
hanced spectral widths observed by SuperDARN radars cathe AWFC appeared on beam 0 at 09:56 UT, but not on
be explained by the Doppler spread driven by Pc1-2 hydroheam 15 until 10:12 UT. However, the dynamics of the event
dynamic wave activity. Perhaps broad-band ULF waves rewere very well defined on beam 15. The observations of
sponsible for the large spectral widths are largely confined toy o5 imply there was a narrow jet{2° A) of westward drift
the polar cap ionosphere during geomagnetically quiet condi~ 1 km s~ with longitudinal extent-20°. The AWFC must
tions, whereas related waves are excited on closed field linegave had an extent of at least 1.3 h in MLT. The DMSP ob-
during disturbed intervals. servations suggest the AWFC overlapped the equatorward

At 11:08 UT there was a step-like decrease in the specedge of the diffuse auroral oval, a feature normally aligned
tral widths to values<60 ms™* (dark blue and black) which  with the poleward wall of the main ionospheric trough in the
persisted until the end of the record. During this interval, evening sector. The end of the event was marked by a step-
there was vague evidence fo20 min quasi-periodic varia-  |ike increase in backscatter power, and a step-like decrease
tions in the spectral widths (and perhaps LOS Doppler velocin v og and spectral width. Unfortunately, other radars in
ities), barely discernible at the resolution of the radar meathe SuperDARN network were either not working, or they
surements. If real, these perturbations may have been sigecorded sparse scatter, or were too far away in MLT, to fur-
natures of long-period MHD field-line resonances propagat-ther characterise the event.
ing on closed field lines (Samson et al., 1996), or less likely,
weak polarisation electric fields carried by atmospheric grav-3.5 Standard beam-swinging analysis
ity waves generated by the AWFC.

Echoes with low spectral widths have been variously assofigure 4 shows two-dimensional flow vectors estimated
ciated with the main ionospheric trough (Ruohoniemi et al.,along TIGER beam 4, the magnetic meridian pointing beam,
1988), the diffuse auroral oval (Jayachandran et al., 2000using thev ps values measured on all radar beams, and
Uspensky et al., 2001), and the discrete and diffuse aurorathe beam-swinging technique described by Ruohoniemi et
oval (Parkinson et al., 2002). In this particular case, the bandl. (1989). The flow speeds have been colour-coded us-
of scatter with low spectral widths overlapped the equator-ing intervals of 50 ms?, and the results for Substorm 2 are
ward edge of the diffuse auroral oval. The latter correspondsiot shown because there was no evidence for an AWFC oc-
to the field-aligned poleward wall of the main ionospheric curring then. The beam-swinging technique assumes fairly
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Fig. 4. Two-dimensional flow vectors estimated along TIGER beam 4 using the beam-swinging technique at 2-min time resolution during
09:00 to 14:00UT on 27 February 2000. The solid dots correspond to the time and latitude of the velocity estimate, and the flows were in
the direction of the lines leaving the dots. Flows directed toward the right were eastward, and toward the bottom, equatorward. The flow
speeds were colour-coded fromi25ms 1 (black) to>525m s (red), and the linear scale for an eastward flow of 300tis shown at

top right. As in Fig. 3, the six bold diagonal line segments represent the location of the auroral oval identified along nearby transits of the
DMSP satellites. The fluctuating black curves represent the DMSP ion drift measurements made transverse to the satellite tracks (west to the
left). As in Fig. 1, Starkov’s (1994) model auroral oval boundaries have been superimposed.

laminar flows with uniform velocity along magnetic L-shells were familiar antisunward (but slightly duskward) flows oc-
(Freeman et al., 1991), and the distributionwpbs in the curring in the cross polar cap jet durirgy weakly nega-
full scans was usually consistent with this assumption. How-tive, but sometimes positive conditions. They may represent
ever, many of the velocity fluctuations are probably artifactsflow bursts directly driven by day- or night-side reconnec-
caused by an inability of the technique to reproduce small-tion, and were delayed until the substorm recovery phase
scale and short-lived features. Nevertheless, the major trend$ox et al., 1999). At lower latitudes, and other times, the
are representative of the actual flows. polar cap flows were very erratic, and probably poorly deter-

The same DMSP identifications of the auroral oval super-mined. However, they had a strong bias toward the equator,
imposed in Fig. 3 have been superimposed in Fig. 4 (diagand a very weak bias toward the west. A strong equatorward
onal black lines). DMSP ion drift measurements of the ve-flow burst to speeds of1km s occurred during 10:35 to
locity component transverse to the orbital trajectories havel0:55UT and between75°A and—81°A. This flow burst
also been superimposed, with speed proportional to the discommenced on open field lines during the expansion phase
tance from the orbital trajectories. Lastly, the auroral ovalOf Substorm 1 (Fig. 2e). Beyond 11:20UT, the flows in
boundaries (black) given by the Starkov (1994) model arethe auroral ionosphere<{-65° to —71°A) were still toward
also included for reference, namely the poleward boundaryhe equator, but they developed a strong eastward compo-
of discrete aurora (dashed curve), the equatorward boundaryent. This suggests that beam 4 passed through a radar ana-
of discrete aurora (solid curve), and the equatorward boundlog of the Harang discontinuity, a feature clearly seen near
ary of diffuse aurora (dashed-dotted curve). 11:45UT at~—68°A.

Figure 4 shows that during 11:15 to 13:25UT, the po- Figure 4 also reveals that the AWFC overlapped the au-
lar cap flows poleward of-77°A were persistently toward roral and subauroral ionosphere. During 09:56 to 11:08 UT,
the equator, having speeds-e800ms ! and more. These very large &1 km s 1) westward drifts centred or—65° A
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Fig. 5. Stack plot of flow speeds estimated along TIGER beam 4 using the beam-swinging technique at 2-min time resolution during 09:45
to 13:45UT on 27 February 2000. The flow speeds were calculated at intervals of just utder#&n8 the scale used was 1 kmlsper
1°A. The ascending scale at right shows speeds of 200, 400,..., 200m s

and to the west of the Harang discontinuity occurred con-narrow~1° westward flow burst with peak speed 3.1 kms
currently with Substorm 1. Another short-lived burst of was detected at 22:49 MLT and68°A. There was also a
westward flow occurred during 11:10 to 11:25UT betweenvertical upward velocity spike of 1km$ (i.e. ion heat-
—67°A and—71° A, possibly the same substorm signature ing). As previously described, the same event was measured
described by &nchez et al. (1996). The drifts beyond just to the east shortly afterward by TIGER, though with a
11:08 UT and equatorward of65°A were mostly in the  much lower speed. The DMSP spectra show this event was
range 50-300 m&, and predominately westward until the spatially coincident with a flux depletion region (FDR) in-
start of Substorm 2 toward the end of the record. side boundary plasma sheet precipitation, as described by
The DMSP ion-drift measurements (black) were in rea-S2nchez et al. (1996). Enhanced westward drifts occur on
sonable agreement with the zonal velocity components meacl0Sed field lines in FDRs (see Fig. 4 aiihez etal., 1996),
sured by TIGER, when allowing for the location of the satel- and convection reversals and arc intensifications at their pole-

lite trajectories relative to the radar FOV. DMSP ion-drift Ward edges. Lastly, enhanced westward drifts correspond to
measurements poleward ef75° A are not shown in Fig. 4 eastward electrojets, which can be mistaken for the recov-

because the trajectories rapidly traversed many degrees &Y Phase of substorms. Hence, the present event may only
longitude. The ion-drift measurements made during the firs2PP€ar to have occurred at the end of recovery phase of Sub-

pass of the F13 spacecraft were toward the west, consisterfor™m 1-

with normal return sunward flows in the dusk sector near lon-drift measurements made during the other three satel-
19:50 MLT. During the first pass of the F12 spacecraft atlite passes were basically consistent with the eastward auro-
09:58 UT, the auroral flows were predominately eastward, asal flows and slower westward subauroral flows observed by
might be expected east of the Harang discontinuity (recall theTIGER (i.e. the flow reversal boundary).

pass was to the east of the radar FOV). It is difficult to judge when variations of flow speed oc-
During the first pass of the F14 spacecraft at 11:06 UT, acurred during and after the AWFC using the results shown in
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Fig. 6a. Refined beam-swinging analysis (see text) using the LOS Doppler velocities recorded on beam 15 (east). Alternating symbols
were used for velocities calculated at different magnetic latitudes and are identified by the symbol superimposed on the left ordinate at the
corresponding latitude (e.g. open squares represent velocitied4an ). The scale used was 4 kmsper P A, and the ascending scale at

right shows speeds of 500, 1000,..., 4000Th.sThe time base is in minutes, commencing at 10:00 UT, and the abscissa has tick marks at
5-min intervals of UT.

Fig. 4. Hence, Fig. 5 is an expanded view of flow speeds ocof ~1.3kms! (77mVm 1) occurred at 10:40 UT, mark-
curring at subauroral latitudes only. The flow speeds wereing the maximum flow speeds estimated using this partic-
calculated at the maximum time resolution of 2min, cor- ular analysis. Using a nominal half-width 6f100 km for
responding to the time separating full scans. The speedthe flow channel (to be justified), this corresponds to a
are shown in stack plot form using a scale of 1 kmh per peak electric potentiat7.7 kV. At 11:04 UT, the flow speed
1°A. An ascending scale of vectors of length 200, 400,...,was ~800ms?, but rapidly declined to~200ms?! by
2000ms?t is shown at right. Usingp = E x B/BZ 11:10 UT, the nominal end of the AWFC. The region of high
these speeds correspond to electric fields of strenrdth9, speed was broader in latitude at the start of the AWFC, and
23.7,...,118.7mVm! inside the TIGER FOV. its location decreased in latitude by2° A towards its end.

At 09:56 UT, the nominal start of the AWFC, the flow At 11:18 UT, the flow speed again peaked~d kms!
speeds were probably no more thar250ms?®. The  during the other short-lived flow burst nea68A. At
speeds were larger at higher latitudes, rapidly increasing td.1:42 UT, the low-latitude flow speeds also peaked again,
~600ms?! by 10:12UT. The speeds continued to grow, but only to~400m s near—64°A. Perhaps this peak was
peaking to nearly 900 nT$ by 10:18 UT. A velocity spike  associated with the lesser auroral intensification-88 nT



M. L. Parkinson et al.: On the lifetime and extent of an auroral westward flow channel 905

0956 1040 1108 UT
—70"|"'|"""|"\

: :
- ’ff* *

b¢
o

v
5

‘68;— . maa@% K Tﬂ\sE/asﬂE
i w "“'-“H\'/)_\H‘/V'/\\/—\_,;

3
:

e
. 2
L EEE

o N S
i KKK x * 1~ K s
~ 560000 -0 PR 200 o SN
—-64 — AAAApABAABALA KEAL R
& GgeBgE——a DA/\ ma| o
\/—'-\ / — —/\ A\
Vv %
HH K HAHKHHK XW HK i
aad Po—00—
-62 [ I T T T
0 20 40 60

Universal Time (Minutes)

Fig. 6b. The same as Fig. 6a except for beam 0 (west).

beginning near 11:28 UT (Fig. 2e). Thereatfter, the subauro3.6 Refined beam-swinging analysis
ral flows steadily decayed, reaching val4es0 m st during
13:00 UT.

The standard beam-swinging analysis applied in the pre-
ceding section assumed uniform velocity along magnetic L-
Consulting the DICM model suggests that prior to shells (Ruohoniemietal., 1989). However, from an examina-

10:30 UT, there should have been westward flows up totion of beam 15 observations (Fig. 3), and equivalent obser-
400m st equatorward of-65°A. However, after passing vations for beam 0, we know that the AWFC was a very nar-
through the Harang discontinuity at 11:55 UT, the subauroralrow feature on beam 15{1°A), somewhat broader on beam
flows should have rotated toward the east. Clearly, the westd (~2°A), and aligned in the geographic zonal direction.
ward flows observed during the AWFC were much larger The DMSP ion drift measurements also suggest the standard
than typical convection speeds for this sector, and the subbeam-swinging analysis (Fig. 4) underestimated the magni-
sequent subauroral flows were in the opposite direction taude of the westward drifts, smearing them over a greater
those normally observed past the Harang discontinuity. Theange of magnetic latitude. Hence, we applied the follow-
persistence of the AWFC on closed magnetic field lines ising simpler beam-swinging analysis to further scrutinise the
inconsistent with nightside reconnection as a driver for theLOS Doppler shifts. The geographic westward dnift, in
event. the flow channel was calculated for every line-of-sight veloc-
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ity, v_os using the following equation: was initiated at the onset of the lesser intensification follow-
ing Substorm 1 (Fig. 2e). We speculate that the associated
Vwi,j = (VLOSi,j — —Veq)/ SING; — @), (1) current surge launched an atmospheric gravity wave which

) ) carried a meridional polarisation field.
wherei varies over all 16 beams, andover all ranges with

ionospheric scatterd; is the angle between the geographic 3.7 Other ground-based observations
meridian and the beam directian(e.g. 24.3 for beam 15),
¢ ~ 1°is a correction equal to the difference between theFigure 7a shows a range-time-intensity (RTI) plot of the
orientation of the flow channel and the geographic east-wesboppler spectral width (mg) measured on TIGER beam
direction, andv,, ~ 80mst is an estimate of the equator- 15 during 08:00 to 16:00 UT on 27 February 2000. A shorter
ward migration of the flow channel, as revealed in Fig. 4. Asinterval of this data was shown in Fig. 3c, but is shown again
6; — ¢ approachesOfor beams 7 and 8y,, becomes very for comparison with (b), the induction coil magnetogram
large and changes asymmetrically for even small errors irshowing ultra-low frequency (ULF) wave activity recorded
veq andg. Hence, reasonable estimatesvgf andg were  nearby at MQI, and (c) the various critical frequency pa-
obtained by suppressing the discontinuityvin centred on  rameters scaled from MQI routine ionograms recorded ev-
the imaginary beam half-way between beams 7 and 8, anéry 15 min. MQI (-65°A) has the same magnetic latitude as
pointing perpendicular to the flow channel. range cell 26 (1350 km) of beam 15, located 406 km away.
Figure 6a shows a stack plot of beam 15 results calculatedHowever, it is meaningful to compare observations made at
using Eq. (1). The main part of the AWFC was centred nearthese two locations, even though the detailed ionospheric
64.5A. It was~1°A wide, andv,, was often~1kms1. electrodynamics must be different.
However, during 10:00 to 10:22 UT at63° A, there is some Figure 7a shows there was a burst of large spectral widths
evidence for unusually large and temporally structured west{>200ms1) during 10:06 to 10:12UT at latitude-62°
ward flows, perhaps peakingte6 kmsat 10:14 UT. Note  to —64°A. This was followed by an interval of moderate
that we have excluded all points for which the relative error spectral widths (150-200 n8) at ~—64°A during 10:08
in v os was greater than 50%, and some of the unusuallyto 11:12 UT (the AWFC). The next major episode of auro-
large velocities persist when applying even more stringental scatter with large spectral widths {50 ms'1) suddenly
criteria. However, some of the large velocities are artifactscommenced at 13:36 UT, coincident with the onset of Sub-
caused by real, meridional ionospheric flow components perstorm 2 (c.f. Fig. 2e).
pendicular to the flow channel. These velocity components  An initial qualitative comparison suggests the variations in
greatly amplifyv,,, especially for smalp; — . Lastly, be-  spectral width at-—65° A (Fig. 7a) were roughly coincident
cause of the subsequent absence of backscatter at the equgith the variations in ULF wave activity recorded at MQI
torward edge, we cannot tell whether unusually large veloc{Fig. 7b). A dynamic power spectrogram of the MQI magne-
ities were present beyond10:30 UT. In light of this analy-  tometer response (not shown) confirms that there were two
sis, and the 3.1knTs velocity spike measured by the F14 major episodes of ULF wave activity coincident with Sub-
spacecraft, we speculate that there were larger, more strugtorms 1 and 2. When allowing for spatial integration across
tured flows than portrayed in Fig. 4. the large, effective FOV of the ground-based magnetometer
Figure 6b is the results of the same analysis applied to th¢~300 km) (Ponomarenko et al., 2001), and its spatial sepa-
same time and range windows, but for the western most beamation from beam 15, the agreement between the two kinds of
0. The main part of the AWFC was centred neaf £7 It data is reasonable. This suggests that the spectral width en-
was~2.5° wide, andv,, was often~1kmsL. Again, some  hancements were related to bursts of broad-band ULF wave
of the unusually large values of, may have been caused by activity, and not small-scale convective turbulence (i.e. if
real ionospheric flows perpendicular to the flow channel. Itsuch a distinction exists).
is interesting that the velocity spike at 10:40 UT in Fig. 4 was  DMSP spacecraft data confirm that the many kinds of ULF
caused by large Doppler shifts on the beams nearly bisectingvave activity shown in Fig. 7b occurred on closed field lines
the radar FOV. Combined, this suggests that there may havig the auroral oval. A detailed analysis of the different kinds
been a lot of structure associated with the AWFC that can-of wave activity is beyond the scope of this study. How-
not be resolved without using a high resolution, dual radarever, Figure 7b shows that there was a burst of Pi2 waves
system. (40-1505s) near the start of Substorm~09:50 UT, and Pil
Clearly, the signatures of the AWFC were narrower, and(1-40s) waves quickly developed (PiB evolving into PiC),
possibly more structured closer to the Harang discontinuitybecoming most intense during 10:45 to 11:05 UT. Pi3 (5-
(Fig. 6a), and became broader at earlier MLT (Fig. 6b). The40 min) (or Ps6) waves were present throughout the event
velocities were largest on the eastern-most beams, and wetgnd are clearly evident during the recovery phase up until
probably underestimated using the standard analysis, Fig. 412:32 UT (Fig. 7b). Concurrent signatures of Pi3 wave activ-
Lastly, beam 15 results for 11:30 to 12:05 UT obtained us-ity were also apparent in the radar measurements (Figs. 3
ing the same analysis (not shown) show a westward velocityand 7a). Figure 7b also shows that there was a burst of
enhancemnet to700 ms1, propagating equatorward from Pi2 waves near the start of Substorm 2, 13:33UT, and a
~66°A to 62 A at a similar velocity (c.f. Fig. 5). The event 2-h episode of intense Pil, Pi2, and Pi3 wave activity fol-
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Fig. 7. () RTI plot of Doppler spectral width (m‘sl) recorded every 2 min on TIGER beam 15 during 08:00 to 16:00 UT on 27 February
2000.(b) The time derivative of the geomagneficcomponent measured at 1-s intervals by an induction coil magnetometer located at MQI.

(c) The critical frequency parametefgin Es (continuous line) fmin F' (dash-dot-dash line); Es (open triangles), anfibF2 (open squares),

all scaled from routine ionograms recorded at 15-min intervals by an analogue ionosonde located at MQI. The abscissas have tick marks ai
10-min intervals of UT, and nominal values of MLT at MQI are shown at top.

lowed shortly thereafter, lasting until near the end of recov-(dash-dot-dash line), the top frequency of aurdaltraces,

ery phase;~15:33 UT. f:Es (open triangles), anfboF2 (open squares). The be-
haviour of these parameters revealed two major absorption
events, the first occurring during 10:30to 11:15 UT (i.e. Sub-
storm 1), and the second occurring during 13:30 to 15:15UT

The frequency parameters shown in Fig. 7c include a mea
sure of ionospheric absorptiofiminEs (continuous line), a
measure of ionospheric absorption and blankefing fmin F’
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(i.e. Substorm 2). The times of major absorption were de-far to the east to detect the gradual growth of the DP 2 east-
fined by increases in the parametfiin F' to at least beyond ward electrojet, yet too far to the west to detect the grad-
the parametefioF2. However, it is possible that the F-region ual growth of the DP 2 westward electrojet. However, con-
traces were lost because ion-neutral friction heating resultedider an alternative possibility. The growth phase signature
in the loss of F-region ionisation. of Substorm 1 may have been masked by the effects of the
The parametefoF2 was depressed during Substorm 1, AWFC. Near the start of Substorm 1, 09:53 to 10:02 UT,
perhaps due to an enhanced recombination rate associatéere was a positive deflection in tecomponent, consis-
with the AWFC located just equatorward of MQI. The ma- tent with an AWFC driving an eastward Hall current. lon-
jor absorption event during Substorm 1 was preceded byneutral friction must have rapidly elevated the F-region re-
an episode of aurordl's with £, Es, increasing to 5.6 MHz  combination rate, reducing the ionospheric electron density,
at 10:00 UT, near the substorm onset. At 10:45Es and thus ionospheric conductivity. Hence, beyond 09:58 UT,
reached a maximum value of 9.3 MHz, close to the peakthe effect of the eastward Hall current on the magnetome-
expansion phase and the largest, smoothed velocities in thier began to diminish, whereas the effects of the westward
AWFC. Absorption during Substorm 2 was even more in- electrojet rapidly increased. By 10:02 UT, the latter began to
tense, resulting in the loss of aurorBl traces as well as have a greater effect on the magnetometer than the eastward
F-region traces. We attribute these absorption events to erHall current driven by the AWFC.
ergetic particle precipitation intensifying in the auroral oval The MQIZ-component variations were opposite in sign to
located above MQI, just poleward of the AWFC. Note that the X-component variations during the intervals dominated
nearly continuous ionospheric scatter was recorded by théy eastward Hall and westward electrojet currents. They
obligue looking TIGER radar during these absorption eventsimply these currents were centred just poleward of MQI
An analysis of coincident vertical TEC measurements (notwhere the ionospheric conductivity was larger deeper into
shown) made using ground-based receivers located at MQthe auroral oval. The beam-swinging vectors may have been
and Hobart also suggest that the auroral oval was locategoorly determined just poleward of the AWFC, but Fig. 4
above, or nearby, MQI during the study period. Observationsshows there was evidence for strong eastward and equator-
made under a broad range of geomagnetic conditions suggegtard flows during 10:20 to 11:00UT betweer67.5° and
that the centre of the main ionospheric trough was probably-715°A. Moreover, ion-drift measurements made during
located~2-5 further equatorward during 27 February. This the first passes of the F12 and F14 spacecraft also showed
is consistent with alignment of the AWFC with the poleward strong eastward flows closer to midnight just poleward of the
edge of the trough, and overlapping the equatorward edge oAWFC. Combined with conductivity enhancements, these
the diffuse auroral oval. eastward flows are consistent with the familiak deflec-
tions observed at MQI.
Figure 3 showed TIGER observed signatures of an AWFC
4 Discussion and conclusions in the backscatter power, LOS Doppler velocity, and Doppler
spectral width, simultaneous with the MQI magnetometer
An AWFC resembling a PJ/SAID occurred simultaneously signatures of the current wedge forming during Substorm
with Substorm 1 on 27 February 2000. We summarise thel. Although scatter associated with the AWFC was not ob-
observed sequence of events, and provide plausible explangerved on the eastern-most beam 15 until 10:12 UT, it was
tions for their meaning as follows. observed earlier at 09:56 UT on the western-most beam 0.
Variations in the geomagneti component measured at On beam 15, the scatter wa2° A wide, centred on-64°A,
MQI (—65°A) showed manifestation of Substorm 1 occur- andv_os was up to 500 ms! towards the radar. On beam
ring in the evening sector{22:00—23:00 MLT) during 09:58 0, the scatter was centred er67° A, and v os was up to
to 11:10 UT. This substorm may have been triggered by a450ms ! away from the radar. The largest valuesvpbs
weakB; northward turning, following a succession of deeper were confined to a very narrow channel®° A wide. These
B, southward turnings to less tharmd nT. Surprisingly, the  observations implied very large westward driftsl(km s 1)
geomagneticX andY components at MQI showed no obvi- aligned parallel to the equatorward edge of the auroral oval.
ous growth-phase signatures; rather the onset of Substorm DMSP measurements of precipitating particles confirmed the
was preceded by &60-nT northward impulse in th& com-  narrow flow channel probably overlapped the equatorward
ponent, peaking at 09:58 UT. The impulse was coincidentedge of the diffuse auroral oval. MQI ionosonde and TEC
with the start of a dispersionless particle injection observedmeasurements also helped to validate this interpretation.
by the LAN-L 1989-046 geosynchronous spacecraft located Figure 3 showed that for-2h beyond the end of the
at 6.6Rg and 22:53 MLT. The geomagnetkX component AWFC, there was a channel of scatter with low spectral
subsequently swung deeply negative, indicative of substornwidths resembling the scatter normally associated with the
onset. Recovery phase commenced at 10:53 UT, and the subain ionospheric trough (Ruohoniemi et al., 1988). The
storm finished at 11:10 UT. irregularities were also slowly drifting toward the west at
Why was there no clear growth phase signature in the MQI~100ms? in a region located to the east of the Harang
geomagnetick component preceding the onset of Substormdiscontinuity, whereas statistical convection models indicate
1? At this time MQI was located at 21:00 MLT, perhaps too eastward flows dominate this region. It seems reasonable to
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speculate the AWFC contributed to the depletion of plasmain The AWFC reported here also had much in common with
the main ionospheric trough, with the associated electrodythe substorm-associated radar auroral surges (SARASS) ob-
namics persisting at MLTs east of the Harang discontinuity.served using a dual VHF radar (Freeman et al., 1992).
The subsequent, slower westward flows marked a subaurdSARASSs are E-region westward flow surges with peak drifts
ral regime found equatorward of the influence of magneto-of ~1km st and latitudinal widths of-2—3. The SARAS
spheric convection (i.e. the flow reversal boundary). Theshown in Fig. 4 of Freeman et al. (1992) is surprisingly sim-
main ionospheric trough and the plasmapause were probakar to the AWFC shown in our Fig. 4. SARAS occur in
bly located in proximity to this band of scatter {63°A on the afternoon sector, and when allowing for westward phase
beam 15). speeds of 1-4 knTg, the starts of SARAS are probably syn-
The analysis of full-scan results, Fig. 5, revealed that thechronised to substorm onset. Our AWFC was not directly
magnitude of flows in the AWFC must have grown during the driven by magnetic reconnection, but occurred in the pre-
22-min interval, 09:56 to 10:18 UT. There was an especiallymidnight sector, close to the initial hot particle injection near
sharp rising edge at 10:08 UT near the poleward extremity ofsubstorm onset. AWFC, SARAS, and PJ/SAIDs may be dif-
the AWFC, coincident with a peak in the flux of hot protons ferent manifestations of closely related (or the same) electro-
measured by the LAN-L 1989-046 spacecraft. Peak flowsdynamic process.
occurred at 10:40 UT, coincident with a step-like decrease Unlike previous measurements of PJ/SAIDs made using
in the flux of hot protons at 10:40 UT. However, the more polar orbiting spacecraft, the SuperDARN technique is ca-
refined analysis of Doppler shifts, Figs. 6a and b, revealedpable of observing the evolution of related events with good
there were poorly resolved, small-scale motions during theresolution in both space and time. Unfortunately, the AWFC
event, with evidence for speeds! kms™1 at substorm onset  reported here was not observed with other radars in the net-
near the equatorward edge of the AWFC. The AWFC mi-work, including the conjugate Northern Hemisphere radars.
grated toward lower latitude at80ms1, and there was This is due to instrument failures, the absence of suitable
a slight tendency for the width of the flow channel to con- backscatter, or the inappropriate MLT or latitude of the
verge in latitude with time. At the end of the recovery phase,radars. Thus, we cannot say anything about the conjugacy of
the flows decayed rapidly during the 6-min interval 11:04 the AWFC, nor impose further constraints on any magneto-
to 11:10 UT. The subsequent westward flows, probably asspheric source. For now, we can only surmise our structured
sociated with the main trough, trended toward lower valuesAWFC had a longitudinal extent20°, or at least 1.3h in
during the following two-hour interval. The life time of the MLT.
main part of the AWFC was 74 min (09:56 to 11:10 UT). The importance of the ionosphere in generating and reg-
Interestingly, the DMSP F14 spacecraft measured aulating the lives of PJ/SAIDs can be understood as follows.
3.1kms! westward flow burst at the end of the recovery First, note the F-region conductivity can be larger than the
phase, 11:06 UT. This flow burst was located well inside theE-region conductivity in the nightside ionosphere (Du and
discrete auroral oval, a region thought to map to closed fieldStening, 1999). Now consider three ionospheric regions, in-
lines. Hence, this event was probably not directly drivenfinite in the zonal direction, but with different Pedersen con-
by nightside reconnection, and may constitute a short-livedductivities, namely a nightside mid-latitude ionosphere with
AWFC. Its behaviour was similar to that of the large west- moderate conductivity, a main ionospheric trough with low
ward flows coincident with flux depletion regions (FDRs) oc- conductivity, and an auroral ionosphere with large conductiv-
curring in the boundary plasma sheeh8hez et al., 1996). ity. If the magnetosphere imposes the same poleward electric
The AWFC observed during 09:56 to 11:10 UT had muchfield across these three regions, there will be a divergence of
in common with the observed characteristics of PJ/SAIDs,Pedersen current across the two junctions. Positive charge
and the theoretical expectations of Anderson et al. (1993Wwill accumulate in the equatorward wall of the trough, and
and De Keyser (1999). For example, the AWFC was broadenegative charge in the poleward wall, un¥il - J, = 0.
in latitude toward earlier MLT, and had a slight tendency to Hence, the poleward electric field will intensify across the
converge with time (Anderson et al., 1993). The gradualtrough, and there will be a subsequent increase in westward
equatorward movement of the flow channek@80ms is drift. The associated increase in ion-neutral friction will fur-
consistent with the earthward migration of a hot ion plasmather reduce the Pedersen conductivity, and further increase
front toward the plasmapause, and the PJ/SAID took at leadhe polarisation field, etc. In a sense, the magnetosphere-
22 min to fully develop (De Keyser, 1999). However, un- ionosphere coupling acts like a PJ/SAID generator, draw-
like earlier satellite observations which show that PJ/SAIDsing energy from the magnetosphere via field-aligned cur-
do not occur until the recovery phase, our event commencedents. However, ionospheric feedback can only partly explain
at substorm onset and finished at the end of recovery phas@®J/SAIDs due to their concentration in the evening sector.
Does our AWFC only briefly satisfy the Anderson et al. def-  This electrodynamic behaviour is similar to that proposed
inition of a PJ/SAID (i.e. westward drifts 1kms™), be-  for drifting auroral arcs in which enhanced poleward elec-
cause the hot plasma front never reaches the plasmapausic fields are observed in plasma-depleted regions just equa-
prior to the end of the recovery phase? The event remainetbrward of the arc (Lewis et al., 1994). The divergence
relatively weak and structured, but it might have been theof Pedersen current across step-like changes in the iono-
precursor of a true PJ/SAID which never fully developed.  spheric conductivity is partly compensated for by the upward
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field-aligned current in the arc. There is also a downwardthe end of the AWFC. Prior to this transition, the beam 15
field-aligned current at the equatorward edge of the plasmapower had moderate SNR20 dB, the values of_os were
depleted region. The large westward drifts associated withup to 500 ms! away, and the spectral widths were moder-
FDRs (%inchez et al., 1996) may also be governed by similarate to large, 100-200 M. After the transition, the power
electrodynamics. Our AWFC occurred on a larger scale sizehad large SNR, 20—40 dB, the valuesphs were moderate,
and further equatorward than the normal location of FDRs~100m s, and the spectral widths decreased to trough-like
and discrete auroral arcs. However, its location overlappedralues,<60 ms 1. What caused this step-like change in the
the equatorward edge of the auroral oval, and discrete arcsharacter of the ionospheric scatter?

may have been located at its poleward edge. This electro- The velocity was much greater during the AWFC, im-
dynamic behaviour may be replicated on various scale sizeplying a larger growth rate for gradient drift wavég
throughout the auroral and subauroral ionosphere. v.Vn./n.), yet the backscatter power increased at the end of

Now consider the effects of solar illumination on the pro- the main part of the event. Perhaps the growth ratan-
posed PJ/SAID mechanism. The Sun was higher in the skgreased at the end of the AWFC because ion-neutral friction
further to the west where more direct photoionisation mustreduced the electron density, (the denominator), through-
have suppressed the conductivity gradients across the maiout the event. However, this is not satisfactory because ion-
ionospheric trough. Hence, the polarisation fields must haveneutral friction must have reduced the electron density early
been weaker. This might partly explain why the signaturesin the life time of the AWFC, and certainly not in a step-like
of the AWFC on 27 February were strongest on the easterrmanner at its end. Freeman et al. (1992) also did not iden-
most beam 0, and weakest on the western most beam 0.  tify a satisfactory explanation for10 dB weaker backscatter

Since the start of the AWFC was synchronised with the on-powers observed during SARAS.
set of Substorm 1, and finished at the recovery phase, it was Simulations by Andg et al. (1999, 2000) suggest that Su-
clearly a signature of Substorm 1. However, was it actuallyperDARN observations of large dayside spectral widths are
part of the process of triggering the substorm? For exampleassociated with enhanced Pcl-2 wave activity. Broad-band
Lui and Murphree (1998) recently proposed that cross-tailULF wave activity will impart a spread of velocities to the
current disruption occurs via the cross-field current instabil-ionospheric irregularities. Do the corresponding echoes sum
ity (CCI) when the current is driven to a critical value during incoherently during the integration time, thereby reducing
an appropriate half-cycle of a MHD field-line resonant wave.the SNR? Here we speculate that the reduced backscatter
This occurs at the inner edge of the plasma sheet, near wheigower during our AWFC was caused by an active generator
AWFCs occur. Note that the magnetometer data, Fig. 2epf ULF wave activity increasing the incoherent averaging.
suggest that the AWFC commenced before substorm onset.The spectral widths decreased in a step-like manner at the

Are the large radial electric fields associated with AWFCs end of the AWFC because the ULF wave activity switched
sufficient to trigger current disruption, or the onset of a mag-off.
netospheric substorm, via the CCI? This would require the These ideas require further quantitative analysis. For ex-
associated polarisation field to initially form in the current ample, we might expect the backscatter power to decrease
disruption region just tailward of the ring current, and then with increasing spectral width for a fixed value wfos (ir-
migrate earthward (as observed). Perhaps some vortical maegularity growth rate). Conversely, for a fixed spectral width
tion occurs at the beginning of AWFCs since the associatedincoherent averaging), the backscatter power will increase
flow shears mapping to the equatorial plane of the magnetowith increasingv os (irregularity growth rate). Note that
sphere drive the Kelvin-Helmholtz instability. This explana- Fig. 3 shows an example of the backscatter power increas-
tion is analogous to that given by Samson et al. (1996). ing with v_os in the trough-like scatter at 11:48 UT.

The decametre-scale irregularities observed by Super- An initial analysis of MQI magnetograms recorded during
DARN radars are thought to be “secondary” waves generatedur AWFC confirms that large spectral widths were coinci-
under conditions established by the “primary” gradient-drift dent with bursts of broad-band ULF wave activity. Many dif-
instability which acts on larger scale gradients (Hanuise efferent kinds of ULF waves were actually observed, the analy-
al., 1993; Jaychandran et al., 2000). The growth rate, sis of which is beyond the scope of this paper. However, they
for gradient-drift waves is proportional aVn,./n., where  may provide important clues about the behaviour of magne-
v = E x B/B?is the ion drift velocity (Kelley et al., 1982). tospheric drivers and field-aligned currents coupling to the
Hence, gradient drift irregularities will grow most rapidly ionosphere. The AWFC linkage with the auroral electro-
when the plasma drifts in the same direction as the plasmget, the westward travelling surge, and associated NS Sun-
density gradient, and a radar beam must be parallel or antialigned arcs need further investigation. In particular, stream-
parallel to this direction to detect the strongest perturbationsers or NS Sun-aligned arcs which peel off the auroral oval
in electron density. Assuming that the velocity term domi- and extend to the latitude of the main ionospheric trough will
nated the growth of primary gradient drift waves in the main be investigated further using other AWFC events detected
ionospheric trough, this explains why the greatest backscatwith TIGER. It is interesting to note that reported propaga-
ter power was observed on the most zonal beams (see Fig. 1fion speeds of NS Sun-aligned arcs (Solovyev et al., 1999)

A step-like transition in backscatter power, LOS Doppler and Ps6 pulsations (Saito, 1978) are both comparable to the
velocity, and Doppler spectral width occurred at 11:08 UT, westward drift speeds measured during our AWFC.
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The distinction between prompt and longer-lasting pene-means that significant subauroral processes are presently not
tration of electric fields to mid-latitudes was discussed byaccessible to the SuperDARN radars, including TIGER.

Fejer et al. (1993, 1997), Parkinson et al. (2001a), and More case studies need to be analysed because every event
many others. The strongest prompt penetration fields are rawill be observed with varying coverage in the radar FOV, and
dial (poleward) electric fields driving westward drifts in the with more or less favourable satellite conjunctions. More-
evening sector (Wand and Evans, 1981). These fields degver, the underlying physical processes may vary from event
crease in amplitude with deCfeaSing latitude (Heelis and COtO event. There also needs to be more work re|ating jono-
ley, 1992). Impulsive penetration fields have been observedpheric observations of substorms to geosynchronous and
at mid-latitudes (Parklnson etal., 2001b) Hitherto, no Obsermagnetota" dynamics measured using spacecraft including
vations have shown they manifest in narrow channels. More{ AN-L, GEOTAIL, and CLUSTER II. Models of PJ/SAID

over, the occurrence of prompt penetration fields is slightlyformation and decay will also need to be reconciled with
broader in MLT than PJ/SAIDs, which are thought to concen-complex observations like those presented here.

trate in the 18:00-03:00 MLT sector. However, prompt pene-

tration fields must also be associated with a weaker radial po- _ )
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