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Abstract. Earthward injections of energetic ions and elec- board the IMAGE spacecraft. DMSP SSIES ion drift mea-
trons mark the onset of magnetospheric substorms. In the insurements confirmed the presence of AWFCs equatorward of
ner magnetosphere {14), the energetic ions drift westward the auroral oval. Systematic asymmetries in the interhemi-
and the electrons eastward, thereby enhancing the equatoriapheric signatures of the AWFCs probably arose because the
ring current. Wave-particle interactions can accelerate thesenagnetic flux tubes were distorted at L shells passing close
particles to radiation belt energies. The ions are injectedo the substorm dipolarisation region. Transient asymmetries
slightly closer to Earth in the pre-midnight sector, leading were attributed to the development of nearby field-aligned
to the formation of a radial polarisation field in the inner potential drops and currents.

magnetosphere. This maps to a poleward electric field jus

equatorward of the auroral oval in the ionosphere. The pole- 4 currents; lonosphere-magnetosphere  interactions) —

ward electric field is subsequently amplified by ionosphericMa netospheric bhysics (Storms and substorms
feedback, thereby producing auroral westward flow channels g pheric physics ( . )

(AWFCs). In terms of electric field strength, AWFCs are the
strongest manifestation of substorms in the ionosphere. Be- _

cause geomagnetic flux tubes are essentially equi-potentiald, Introduction

similar AWFC signatures should be observed simultaneously . .

in the Northern and Southern Hemispheres. Here we presergUrsty reconnection (Russell and Elphic, 1978; Haerendel et

magnetically conjugate SuperDARN radar observations ofdls 1_978) of solar and terrestrial magnetic fields is though_t
AWFC activity observed in the pre-midnight sector during to drive the flow of plasma across the open-closed magnetic

two substorm intervals including multiple onsets during the fi€ld-line boundary (OCB) in the high-latitude ionosphere
evening of 30 November 2002. The Northern Hemisphere(C°W|ey and Lockwood, 1992). Due to the incompressibility

observations were made with the Japanese radar located 9f the ionosphere, the flow bursts generate a characteristic
King Salmon, Alaska (57A), and the Southern Hemisphere circulation pattern which extends across the polar cap and
observations with the Tasman International Geospace Enviduroral oval. The convection reversal boundary (CRB) is ap-
ronment Radar (TIGER) located at Bruny Island, Tasmaniaproxmately aligned with the OCB_. Here we will refer to the
(=55°A). LANL geosynchronous satellite observations of flow reversal boundary (FRB) which represents an equator-
energetic ion and electron fluxes monitored the effects ofvard limit to the reconnection driven circulation, and marks
substorms in the inner magnetosphere-@). The radar- the transition to approximately corotational flows of the mid-
observed AWFC activity was coincident with activity ob- latitude ionosphere (Huang et al., 2001). Although reconnec-

served at geosynchronous orbit, as well as westward curreriion driven circulation can penetrate across the FRB, is there

surges in the ionosphere observed using ground-based maagme other fundamental driver of magnetospheric circulation

netometers. The location of AWFCs with respect to the auro-m""p':’in_g to_the auroral and sub-auroral ionosphere?
Polarisation Jets (PJs) (Galperin et al., 1973) are nar-

ral oval was inferred from FUV auroral images recorded on )
row channels €1 to 2 A) of intense westward plasma flow

Correspondence tayl. L. Parkinson (~1kmsto >4kms1) which occur just equatorward of,
(m.parkinson@Ilatrobe.edu.au) or overlapping, the equatorward edge of the auroral oval.

keywords. lonosphere (Auroral ionosphere; Electric fields
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Their peak occurrence is in the evening sector near 22 h magatively low X ,. Application of E=—vx B implies a rapid,
netic local time (MLT) (Karlsson et al., 1998). They are also westward flow of plasma within the plasma trough. lon-
known as sub-auroral ion drift events (SAIDs) (Spiro et al., neutral frictional heating is then thought to further reduce
1979) and sub-auroral electric fields (SAEFs) (Karlsson etthe plasma density, which also reduceg, which in turn
al., 1998). Important satellite (Smiddy et al., 1977; Rich leads to an amplification of the initial polarisation field
et al., 1980; Anderson et al., 1991, 1993, 2001) and radafJ,=X ,E). Thus a run-away effect may lead to an inten-
(Galperin et al., 1986; Providakes et al., 1989; Yeh et al.,sification of the magnetospheric field, resulting in some very
1991) observations have been reported. Substorm-associatéatge ionospheric westward drifts-4 kms1). Of course,
radar auroral surges (SARAS) (Freeman et al., 1992; Shanthis model assumes a steady magnetospheric current source
et al., 1998) and auroral westward flow channels (AWFCs)which is strictly not true given the finite lifetime of PJ/SAIDs
(Parkinson et al., 2003) are probably different aspects of thé~1 to 3 h).
same underlying phenomenon. In the preceding description of coupled feedback, we do
Recently, a more encompassing term, the “subauroral ponot mean to imply that PJ/SAIDs are driven by the magne-
larisation stream” (SAPS) (Foster and Burke, 2002), has beetosphere, or that polarisation fields in the magnetosphere are
proposed. This term is so useful because it helps to describdriven by the ionosphere. Rather, both act in unison. For
the weaker background westward flowslQ0 to 400 ms?) example, the presence of a pre-existing ionospheric trough
persisting beyond midnight, and during quieter conditions,might amplify a magnetospheric perturbation which would
which help to define the FRB. PJ/SAIDs can be thought of asotherwise stabilise. Conversely, an ionospheric perturbation
enhanced SAPS flows or as discrete events within the SAPSnight not develop without an initial magnetospheric pertur-
Perhaps PJ/SAIDs ultimately drive the SAPS and the equabation. The temporal history of all the substorm elements is
torward limit of the return sunward flow within the evening still an open question.
convection cell, as well as structure within that flow. More detailed modelling and theory, combined with more
A qualitative theory of PJ/SAID formation and evolution comprehensive observations, are required. For example, the
has emerged from observations (i.e. above) and theoreticareference for PJ/SAIDs to occur pre-midnight is thought
considerations (Southward, 1977, 1978; De Keyser et al.fo arise from the opposing effect of a relatively weak co-
1998; De Keyser, 1999; Galperin, 2002). Basically, dur-rotation field (De Keyser et al., 1998). It is also uncertain
ing magnetospheric storms and near to the onset of subkow the field-aligned current sheets at the equatorwgrd (
storms, an “injection front” of energetic ions and electrons downward) and poleward/( upward) edges of PJ/SAIDs are
forms in the magnetotail and migrates Earthward toward ringdriven and sustained. Richard Horne (Private Communica-
current/radiation belt L shells~4 to 5). Substorm physics tion) is working on a substorm model of wave-particle in-
and the associated Earthward injections are thought to resuteractions which may scatter a sufficient number of charge
from an explosion of magnetic reconnection ne@5 R, in carriers into the loss cone to account for the required current
the late growth phase (Baker et al., 1999), or an instability-densities <1 uA m—2).
triggered reconfiguration of the inner magnetosphere in the Parkinson et al. (2003) reported radar observations of a
current disruption model (Lui, 2001), or both. single AWFC. The characteristics of this event were simi-
Energetic ions and electrons within the injection front arelar to those of PJ/SAIDs, except it grew and decayed with
driven Earthward by an enhanced cross-tail electric field.the onset and recovery of a moderate substorm, respectively.
lons subsequently drift westward and electrons eastward unBurke et al. (2000) also reported a PJ/SAID during the ex-
der the influence of gradient and curvature drifts, therebypansion phase of a geomagnetic substorm. This contrasts
contributing to the familiar ring current. The trajectory of the with previous satellite observations reporting the exclusive
ions extend closer to Earth than the electrons pre-midnightccurrence of PJ/SAIDs during substorm recovery phase
(and vice versa post-midnight). This seeds the initial forma-(Anderson et al. 1993; Karlsson et al., 1998).
tion of a weak space-charge separation; thus radial polarisa- Observations reported by Parkinson et al. (2003) were
tion fields develop in the inner magnetosphere. also noteworthy because they showed the AWFC was the
The high-latitude ionosphere may play a crucial role in the primary signature of the substorm in terms of the strength
evolution of magnetospheric features. Because the Earth’sf ionospheric and magnetospheric electric fields. This con-
magnetic field lines are approximately equi-potentials, antrasts with ground-based magnetometer observations which
initial, weak radial polarisation field in the magnetosphererespond to ionospheric Hall currents at high latitudes. These
will map to a poleward directed electric field in the iono- observations have long shown the ionospheric substorm is
sphere of both hemispheres. Electric fields are thought tdocated further poleward in the highly conducting discrete
avoid regions of large height-integrated Pedersen conducauroral oval. Recent radar observations have also revealed
tivity (X,), but they are focussed into regions of Iaw, the suppression of substorm electric fields in the auroral oval
(e.g. Milan et al., 1999). This must occur because Pederse(Provan et al., 2004).
currents would otherwise lead to the accumulation of space We have introduced the basic picture of PJ/SAID forma-
charge at the boundaries between low and ttgh tion and evolution. We need to question every aspect of this
In the case of PJ/SAIDs, the poleward directed electricpicture with new, comprehensive observations. General con-
field maps to the main ionospheric trough, a region of rel-clusions about a phenomenon should not be made on the
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Fig. 1. Perturbations of the geomagnefic (solid curve),Y (dashed curve), and (dotted curve) components measured by the MQI
magnetometer during 06:00 to 18:00 UT on 30 November 2002. Annotations indicate approximate times of substorm onset (O), peak
expansion (P), and end of recovery phase (R). The abscissa has tick marks at 30-min intervals of UT.

basis of a limited number of events observed using the same 2. A fluxgate magnetometer is located on Macquarie Is.

technique. Itis not even clear whether PJ/SAIDs and AWFC
are the same phenomenon. For example, the AWFC reported
by Parkinson et al. (2003) started near, and might have been
a trigger for, substorm expansion. Other radar observations
may ultimately show that AWFCs can commence during the
growth or recovery phase, and even during geomagnetic quiet
conditions.

In this paper, we further investigate the behaviour of an
AWFC and SAPS observed concurrently by two magneti-
cally conjugate radars. The present observations will enable
us to further define the characteristics of AWFCs, as well
as test whether the different behaviour observed in opposite
hemispheres can be reconciled with the notion that geomag-
netic field lines are equi-potentials. We believe our AWFC
observations help to challenge and refine existing models of
substorms and PJ/SAIDs.

2 Instruments

In this study we report magnetically conjugate HF radar ob-
servations recorded during the night of 30 November 2002.
The interpretation of these observations will be supported by
measurements made by various instruments including:

1. The Advanced Composition Explorer (ACE) spacecraft
was located at geocentric solar magnetosphéficH,
Z) co-ordinates of (239.2, 26.5;11.8)Rg during the
study interval. We report ACE magnetometer (Smith et
al., 1998) observations of the interplanetary magnetic
field (IMF).

(MQI) (54.5° S, 158.9E; —65°A), and provides the
most direct indication of Hall current flow (Fig. 1) in
proximity to the radars (Fig. 4). Perturbations in geode-
tic co-ordinates were transformed to perturbations in the
geomagneticX (North), Y (East), andZ (down) di-
rections. These components were de-spiked and then
de-trended by subtracting a baseline defined by averag-
ing their values over day numbers 332 to 336 which in-
cluded 30 November and adjacent quiet intervals.

3. The Los Alamos National Laboratory (LANL) satel-

lites are in geosynchronous, equatorial orbits of ra-
dius 6.6Rg. The Synchronous Orbit Particle Analyz-
ers (SOPA) measure the spin-averaged differential flux
of energetic electrons in 16 energy channels between
50KeV and 26 MeV and protons in 15 energy chan-
nels between 50 KeV and50 MeV. Decreases in parti-
cle fluxes can occur because magnetic flux tubes stretch
during the growth phase of substorms. Subsequent dis-
persionless increases in particle flux signify the time
(UT) and location (MLT) of substorm particle injections
(Henderson et al., 1996).

4. The uniform design and operation of Super Dual Auro-

ral Radar Network (SuperDARN) radars has been de-
scribed by Greenwald et al. (1985, 1995). Standard pa-
rameters returned by the “FITACF” algorithm (Baker
et al., 1995) used to analyse echoes in real time in-
clude the backscatter power (dB), line-of-sight (LOS)
Doppler velocity (ms?), and Doppler spectral width
(ms1). The spectral widths are a measure of the life
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Fig. 2. (a) LANL SOPA spectra of spin-averaged differential electron fluxes measured at geosynchronous orbit during 06:00 to 20:00 UT,
30 November 2002. Each panel shows the results for a different satellite located at a different longitude. Continuous (dotted) vertical
lines indicate when a satellite was located at local midnight (noon). The differential fluxes are shown on a logarithmic scale, with separate
curves for each energy channel: 50-75KeV (top), 75-105KeV, 105-150 KeV, 150-225 KeV, 225-315KeV, and 315-500 KeV (bottom)
(b) The same except for the proton fluxes, with separate curves for each energy channel: 50-75KeV (top), 75-113KeV, 113-170KeV,
170-250KeV, and 250-400 KeV (bottom)

time of ionospheric irregularities, and space and time
variations in the LOS Doppler velocity occurring within
the sampling volume and integration time. As reviewed
by André et al. (2000), the spectral widths might be
enhanced by electric field variations in the Pc 1-2 fre-
quency range, micro-scale-10 m) plasma turbulence,
and non-uniform convection flows from smat{ km)

to large scales{1000 km).

A SuperDARN radar is operated by the Communi-
cations Research Laboratory, Japan, at King Salmon,
Alaska (58.7 N, 203.2 E; 57 A) (KGS hereafter). The
relatively low magnetic latitude and zonal looking field-
of-view (FOV) of KGS (Fig. 4a) favours detection of
large westward flows in AWFCs. During the study in-
terval, KGS performed one full scan every 2 min using
6 s integrations sequentially from beam 15 (east) to 0

(west). It mostly operated in the “fixed” frequency band
10.2 t0 10.9 MHz.

The Tasman International Geospace Environment Radar
(TIGER) (Dyson and Devlin, 2000) is located on Bruny
Is., Tasmania (434S, 147.2 E; 55 A). TIGER beam

15, the eastern-most beam, is very sensitive to the de-
tection of AWFCs (Parkinson et al., 2003) because it
becomes a magnetic zonal beam at furthest ranges.
TIGER performed one full scan every 1 min using 3
s integrations sequentially from beam 15 to 0. During
07:30 to 08:08 and 10:25 to 14:30 UT, it operated in
the frequency band 9.5 to 9.9 MHz. During 08:09 to
08:54 UT it operated in the band 17.8 to 17.9 MHz, and
during 08:55 to 10:24 UT, it operated in the band 14.5
to 14.9 MHz.



M. L. Parkinson: Interhemispheric asymmetries 1375

5. The Imager for Magnetopause to Aurora Global Explo-
ration (IMAGE) satellite is in a polar orbit with apogee
7.2Rg and perigee 1000 km. During the evening of 30
November, IMAGE made observations of the Northern
Hemisphere. The Wideband Imaging Camera (WIC)
(Mende et al., 2000) provides global far ultraviolet
(FUV) images of the aurora by detecting broadband
emissions from the Lyman-Birge-Hopefield Nransi- 07:15 yt
tions. In practice, WIC images provided an indication of
the energy flux of precipitating KeV electrons (Mende 18 MLT
et al., 2001), and thus also regions of enhanced iono-
spheric conductivity. WIC images were recorded once
every 2 min, the spin period of IMAGE, and they were
mapped to the same co-ordinates as the radar observa-
tions. Frey et al. (2001) discussed calibration of WIC
counts.

6. The Defence Meteorological Satellite Program (DMSP)
satellites are near polar orbiting, Sun synchronous satel-
lites. They have an altitude of 830 km and an orbital pe-
riod of 101 min. The SS J/4 detectors (Hardy et al.,

1984) measure _preC|p|tat|ng 'On_s and _eIeCtronS eVeryFig. 3. The universal time (UT) and magnetic local time (MLT) of
second from which spectra of differential energy flux jon fiux decreases (inner circle) and electron flux decreases (outer
(evenr? s7t srt eVl are calculated. The spec- circle) measured on board the LANL geosynchronous satellites dur-
tra span the energy range 30eV to 30 KeV. We madeing the evening of 30 November 2002. These timings are also listed
use of online energy spectrograms and nightside auroraih Table 1.

oval boundaries automatically identified using the logi-

cal criteria outlined by Newell et al. (1996).

ative, B, was mostly positive, an@, was mostly negative.

The Speplal Sensor-lons, Electrons, and SCIr,m"""t'onThere were no major discontinuities in the solar-wind dy-
(SSIES) instruments on board the DMSP satellites con-

. . . ) namic pressure.
sist of retarding potential analysers, drift meters, Lang-
measurements of various parameters including plasma
density and ion drift velocity transversé/\() to the MQI fluxgate magnetometer data are shown in Fig. 1. A pos-
satellite trajectory. Here we utilis&, measured at itive bay in the geomagneti& component commenced near
4-s resolution during favourable conjunctions with the 06:55 UT, the start of a substantial substorm. MQI was lo-
radars. cated near 18:41 MLT and so, as expected, a positive bay
Observations made by the different instruments were com—C orresponding to an enhanced eastward elect_rOJet was ob-
. . . . served. As MQI rotated further toward the east it eventually
pared using altitude adjusted corrected geomagnetic co- . : )
) . . came under the influence of the westward electrojet which
ordinates (AACGM) (Baker and Wing, 1989). Observations .
. . may have also expanded westward. MQI recorded negative
made with the two HF radars were mapped using the same

standard procedures (Yeoman et al., 1999). Small errorgnSEt-“ke (0) signatures at 07:50 and 08:23 UT, a peak ex-

(<0.5°A) in the registration of radar and DMSP observations pansion phase (P) ?t 08:39 UT, and_the n_ommal end of recov-

o . . ery phase (R) at 09:07 UT. The earliest signature of a second
were minimised by re-calculating the DMSP co-ordinates us- . . )
. . substorm was a small negative bay commencing at 10:27 UT.
ing the same AACGM algorithm. . . i

Subsequent expansion signatures commenced near 11:33 and
12:54 UT. Peak expansion phase was observed at 14:03 UT,
3 Observations and analysis and the nominal end of recovery phase was 16:58 UT.
These onset times are similar to, but slightly later, than

ACE spacecraft measurements of the IMF during 30 Novem-+those measured by the CANOPUS magnetometer array lo-
ber 2002 showed that, was approximately-5nT, though  cated further to the east in the Northern Hemisphere. Nega-
fluctuating betweer-8 and +6 nT. SimilarlyB, was approx-  tive bays in the geodeti&¥ component were consistent with
imately +5nT, though fluctuating betweer6 and +8nT. the first substorm having an onset near 06:55 UT, and a sub-
Again, B, was approximately-4 nT, though fluctuating be- sequent peak expansion-e¥700 nT near 08:20 UT. The sec-
tween—7 and +6 nT. A noteworthyB, southward transition ond substorm was also revealed by ongoing negative deflec-
occurred at 12:40 UT. In summary, despite numerous fluctions commencing near10:20 UT. The magnetometer data
tuations in all three IMF component8, was mostly neg- were complicated because they suggested the occurrence of
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using a transverse scale of 5000 ionstchper degree of magnetic latitudeX). (b) TIGER radar observations of the same, except for the
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by the IMAGE WIC experiment at 08:15:54 UT.
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m_ultmle onsets during two substorm |r_1tervals. A_S shown N Table 1. LANL SOPA measurements of energetic particle flux de-
Fig. 1, we shall refer to these two major, broad intervals as.;aases. 30 November 2002.

“Substorm A” and “Substorm B.”
The provisionalDy, index decreased from14nT at 7 UT Satellite UT MLT E/P
to —37nT at 15 UT.

1991-080 06:45 20:08 p*
3.2 LANL Geosynchronous satellite observations 1994-084  06:50 16:57 P
1990-095 06:53 04:46 E
1994-084 07:15 17:24 E
1994-084 10:20 20:32 E*
1991-080 10:22  23:50 P
1994-084 10:23  20:35 p*
1994-084 11:33  21:42 E*

Figure 2a shows all the LANL SOPA spectra of spin-

averaged differential electron fluxes made during 06:00 to
20:00 UT on 30 November 2002. Figure 2b shows the same
except for protons. To reduce clutter, particle fluxes are only

shown for the six lowest energy channels for electrons and 1994-084 12:09 22118 E
the five lowest energy channels for protons. Table 1 lists the 1994-084 13:01 2308 E
estimated times of energetic particle flux decreases most rel- 1994-084 14:10 00:13  P*
evant to our coincident radar observations, and Fig. 3 sum- 1994-084 14:15 00:18 E*
marises the timings for low energy ions (inner circle) and 1994-084 13:20 20:36 P*
electrons (outer circle). Note that (1) whilst most flux de- LANL-97A 13:20 20:36 E

creases and subsequent increases were probably indicative 1994-084  13:49 21:04  P*

of substorm-related particle injections, this is not necessarily LANL-97A 1358 21:112  E*

the case, and (2) the geosynchronous orbits of LANL satel-
lites map to magnetic latitude66.5 A, or 2 to 3 poleward  E: Electrons, P: Protons
of the AWFCs detected by the radars. *Most significant decreases
Satellite 1991-080 was located near dusk when it ob-
served a decrease in proton flux at 06:45 UT (Fig. 2b,
panel 5). Satellite 1990-095 (Fig. 2a, panel 6) was lo-ation belt including the effects of multiple particle injections.
cated near dawn when it measured a weak decrease in eleBY analysing the results plotted graphically in Fig. 2, they
tron flux at~06:53 UT. Satellite 1994-084 was located near ¢an be partly reconciled with the familiar eastward (west-
dusk when it measured a weak decrease in electron flux atard) drift of electrons (protons) in the outer ring current.
~07:15 UT, and proton flux at 06:50 UT . The broad peaksFor example, 1-MeV protons have an orbital period in the
in electron flux observed by all satellites betwee®8 and ~ order of~7 min at L=6, this period increasing by a full order
10 UT may represent a continuation of the injection com-for 100-KeV particles. The periods are slightly longer for
mencing just prior to 07 UT. This becomes apparent when€lectrons.
the fluxes in higher energy channels (not shown) are exam- Although the exact sequence of radiation belt events is
ined. difficult to decipher due to the multiple onsets and injec-
A more intense sequence of activity commenced aftertions, the LANL results are basically consistent with ground-
10 UT. Satellite 1994-084 (Fig. 2a, panel 4) was located frombased magnetograms which show the onset of a substan-
late evening to just past magnetic midnight when it recordedtial substorm shortly after06:45 UT (Substorm A), and at
considerable activity from 10 to 17 h UT. As Table 1 lists, ~10:20 UT (Substorm B).
substantial decreases in electron flux, followed by fairly sud-
den increases across many energy channels, were observ@® Full-scan radar observations and coincident satellite
at~10:20, 11:33, 12:09, 13:01, 14:15 UT, and at other times observations
beyond our radar observations. Table 1 lists the correspond-
ing magnetic local times (MLTSs) of these observations. The following full-scan observations are shown because of
Satellite LANL-97A (Fig. 2a, panel 3) was located3 h their good coincidence in space and time with the trajectory
earlier in the evening sector when substantial decreases iaf the DMSP F14 satellite, and because they were represen-
electron flux were observed at13:20, 13:58 UT, and more tative of other observations. Reproducing all the one- or
afterwards. Low energy proton measurements made by satetwo-minute resolution full-scan plots would be impractical.
lite 1994-084 (Fig. 2b, panel 4) suggest the entire interval 6Note that all data have been mapped to a “clock dial” con-
to 19 h UT was active. Substantial decreases in proton fluxsisting of MLT and magnetic latitude, and echoes identified
were observed at 10:23, 14:10 UT, and at various other timesas “ground scatter” by FITACF have been excluded.
Similarily, the satellite LANL-97A observed substantial de-  Figure 4a shows KGS radar observations of LOS Doppler
creases at-13:20, 13:49 UT, and more afterwards. Satellite velocity for the full-scan commencing at 08:15:59 UT. Fig-
1991-080 (panel 5) was located close to midnight when iture 4b shows TIGER observations of the same, except for
observed a decrease in proton flux-ét0:22 UT. the full-scan commencing at 08:15:00 UT. The full-scan
In summary, these complicated LANL energy spectra pro-observations were separated in this way because otherwise
vided important information about changes in the outer radi-the coloured pixels overlap and become illegible. Note the
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colour scale used for KGS velocities in Fig. 4a was shifted Figure 4b shows LOS velocities recorded by the TIGER
toward large negative values (i.e. receding toward the west)fadar in the Southern Hemisphere. TIGER recorded large
whereas the colour scale used for TIGER velocities wasapproaching LOS velocities-¢50 ms 1) on beam 15, and
shifted toward moderate positive values (i.e. approaching tolarge receding velocities<{—350ms 1) on beam 0, both
ward the east). These Doppler shifts are consistent with th@ear—64°A. Hence the AWFC was located at similar lat-
orientation of the radar FOVs with respect to an AWFC. itudes in the Southern and Northern Hemispheres. However,
The background contours show variations in WIC FUV the distribution of scatter and LOS velocities suggest that a
auroral counts in the Northern Hemisphere recorded on boardecond, weaker AWFC may have been located further pole-
the IMAGE satellite at 08:15:54 UT. These counts were ward near—67°A. Even further poleward, the LOS veloci-
mapped to the Southern Hemisphere (Fig. 4b) simply byties were equatorward on nearly all beams, probably due to
inverting their magnetic latitudes. These FUV emissionsthe LOS component of return sunward flows in a contracted
were recorded well past the earliest onset signatures of Sulafternoon convection cell.
storm A (06:55 and 07:50 UT); hence the extensive latitudi- SSIES measurements of transverse velodity,the most
nal width of the auroral oval. Comparing this image with the reliable velocity component, are superimposed in Fig. 4b us-
previous WIC image at 08:13:50 UT shows a rapid polewarding a transverse scale of 100m$A~1. The two largest
and westward surge toward dusk had just occurred. peakV,’s of 1210 m s near 63.8A and 1506 ms! near
DMSP SSIES measurements were made on board the F186.8 A were coincident in space and time with the main
satellite which traversed the Northern Hemisphere throughAWFC signatures recorded by TIGER. Likewise, a local
the western-most part of the KGS radar FOV during 08:14minimum in V, of 205ms! near 67.7A was coincident
to 08:18 UT. The footprint of the spacecraft wad h to the  with the most intense electron precipitation identified in both
west of the main patch of scatter detected by both KGS andMSP and IMAGE measurements. Radar scatter also tended
TIGER. Note that F14 measurements may have systematito be absent in these regions. The westward flows extend-
errors due to failure of the electronics used to negate theéng equatorward of the auroral oval were structured, suggest-
effects of spacecraft charging. Hence these offsets will beng the presence of bifurcated or multiple AWFCs imbedded
greatest for dayside measurements. Nevertheless, the F14 reithin the return sunward flows. DMSP measurements re-
sults were similar to those obtained by the F13 and F15 satelveal similar structured flow on a routine basis.
lites, and are consistent with the interpretation of the radar Figure 5a shows KGS observations of LOS Doppler ve-
observations. locity measured for a full-scan commencing much later dur-
Figure 4a includes SSIES measurements of ion densityng the evening at 11:03:59 UT. Figure 5b shows TIGER
at 4-s resolution superimposed along the satellite trajectorpbservations of the same. Again, the background contours
using a transverse scale of 5000 ionsénper degree of  show variations of WIC FUV counts, this time recorded at
magnetic latitude°(A). Although made further to the west 11:04:19 UT. The preceding time sequence of WIC images
and in the topside ionosphere, these measurements suggestealed the poleward extension of emission located near
the AWFC may have been centred near a localised trougl22:50 MLT was often far more intense earlier during Sub-
in ion density 0f~9200 cnt 2 located at 66.7A. This con-  storm B. The auroral oval was also thinner, and did not ex-
trasts with the peak ion density 6f50 000 cnm2 located at  tend as far poleward as shown in Fig. 4a. Overall, the inten-
70.7P A, near the poleward edge of the region of FUV emis- sity of emission was lower than in Fig. 4.
sion (background contours). A DMSP F14 satellite pass in the Southern Hemisphere,
DMSP F14 automatic nightside auroral oval boundarieswhen mapped to the Northern Hemisphere, was coincident
were in good agreement with the location of WIC FUV emis- with these observations. Again, the F14 automatic night-
sions. During this F14 satellite pass, the equatorward edgeside auroral oval boundaries agreed with the location of WIC
of the electron (ion) aurora were located at 66.6§64.5 A), FUV emissions. During this F14 satellite pass, the equa-
and the poleward edges of the electron (ion) aurora were lotorward edges of the electron (ion) aurora were located at
cated at 67.9A (71.1°A). Online spectrograms showed en- —62.9 A(—62.92A), and the corresponding poleward edges
hanced fluxes of 1 to 10 KeV electron precipitation in a nar-were located at-68.3 A (—68.6°A). Online spectrograms
row band centred near 67.8, close to the peak FUV emis- showed enhanced fluxes of 1 to 10 KeV electron precipita-
sion along the track. We conclude the AWFC straddled thetion commencing poleward 6£65.7 A, in agreement with
equatorward edge of the auroral oval. the largest FUV counts. The KGS observations (Fig. 5a) re-
The KGS radar recorded scatter with the LOS Doppler ve-vealed scatter with large LOS velocity 650 ms 1) con-
locity generally increasing on the western-most beams whictcentrated on beams 0 to 5. The magnitude of LOS velocities
look toward lower latitude, and more zonally (Fig. 4a). For increased toward beam 0, the most equatorward and zonal
example, LOS velocitiesc—760ms ! were observed on beam, and they also increased with group range. The speeds
beam 3 near 19:15 MLT and 88, consistent with the pres- had maximum valuesc—850ms* on beam 0 at the fur-
ence of an AWFC. The orientation of the scatter and veloci-thest ranges. The observed Doppler characteristics, namely
ties suggest the AWFC was tilted poleward toward the westan increase in westward drift toward the west, combined with
The WIC FUV data suggest the radar scatter and AWFCproximity of the scatter to midnight, imply observation of the
overlapped diffuse auroral emissions. spatial origin of the AWFC. The structure of FUV emissions
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Fig. 5. (a)KGS radar observations of the LOS Doppler velocity measured during the full scan commencing at 11:03:59 UT on 30 November
2002. DMSP F14 measurements of ion drift velocity transverse to the satellite trajectory have been superimposed using a scale’of 100m's
°A~1. They were mapped to the Northern Hemisphere simply by inverting the magnetic lati{lé8GER radar observations of the

same.
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in this region may also provide important clues about the for-primary gradient drift waves in the generation of 10-m scale
mation and evolution of the AWFC and substorm. irregularities.

The LOS velocity was often observed to increase in range
from the radar. However, the actual Doppler shifts imparted3.4 Beam-swinging results
to the backscattered radio waves is an integral of the Doppler
shifts encountered along the ray path (Bennet, 1968; Dysonlhe beam-swinging technique described by Ruohoniemi et
1975). The observed velocity profile can be inverted to inferal. (1989) assumes a uniform velocity component along mag-
the true velocity profile (Dyson et al., 2001). Although this is netic L shells. Freeman et al. (1991) modelled the technique
a second-order effect, it does imply the velocities at furthestand found it was reasonably accurate. In the absence of dual
ranges were significantly larger than observed, perhaps byadar observations, the beam-swinging technique was used
10% or more for the zonal looking beams. here as a tool to help visualise the basic flow patterns implied

F14 SSIES measurements of the transverse velogjty, Dy the observed Doppler shifts, but many of the small-scale
were superimposed in Fig. 5a. The F14 satellite was di-features should not be believed. The LOS velocities recorded
rectly conjugate to the ionospheric scatter recorded by KGSY radars in opposite hemispheres could be combined if it
near 11:04:02 UTV, was large and westward in this conju- Were not for uncertainties in the field-line mapping.
gate region, having two main peaks, 786Th at —62.0°A, The TIGER observations were ideal for a beam-swinging
and 990 ms! at —65.6A. However,V, was suppressed in analysis because the eastern- and western-most beams
the region of strongest FUV emission. A convection rever-looked at oblique angles to the zonal flows. However, no
sal boundary (CRB) signature was located near68° A, beam-swinging results are presented for KGS because the
aligned with the poleward edge of the auroral ovéj.also ~ Western-most beams (O to 4) looked along the axis of the
reversed in sign several times poleward of the FUV emis-AWFC and provided insufficient variation of Doppler shift
sions, suggesting the presence of strong plasma circulatiowith azimuth to work. Moreover, the eastern-most beams
in proximity to the onset region. Further into the polar cap, (12 to 15) recorded scatter from a separate high-latitude flow
the SSIES velocities were consistent with the expected antitegime which corrupted estimates of the two-dimensional
sunward flows. flow vectors for the AWFC.

TIGER observations (Fig. 5b) revealed substantial ap- Figure 6a shows the two-dimensional flow vectors esti-
proaching LOS velocities{270 ms1) on beam 15, and re- mated along TIGER beam 4, the magnetic meridian point-
ceding velocities€—210 ms1) on beam 0, overlapping the ing beam, during the interval, 07:30 to 11:00 UT. Figure 6b
equatorward limit of the FUV emissions. The largest LOS shows the same for the interval, 11:00 to 14:30 UT. The re-
velocities were probably slightly higher in latitude on beam sults are separated in this way to maintain legibility of in-
0 than beam 15, suggesting a poleward tilt of the AWFC.dividual vectors and flow patterns. The vectors have been
Again, the main peak SSIES, of 786ms?t at —62.0A calculated using 5-min resolution, and the flow speeds have
agreed with the location of the AWFC identified by TIGER. been colour-coded using increments of 100th sNote the
Poleward of the auroral oval, the TIGER LOS velocities wereisolated drifts>1km st scattered throughout the plot may
weak and receding=(—150 ms1) on the western beams, be erroneous.
and weaker and variable in sign on the eastern beams. The Figure 6a reveals the initial, large (red) westward drifts
latter implies the presence of strong circulation in the flow during Substorm A interval, 08:10 to 09:10 UT (20 MLT),
pattern, as did the reversals in SSIES. had a significant poleward component, as did the equator-

All data sets suggest the presence of AWFC-type strucward edge of the auroral oval (cf. Fig. 4a). The veloc-
ture overlapping the equatorward edge of the auroral ovalities tended to expand equatorward and increase in speed
The SSIES westward velocities observed during numerousluring this interval. The velocities ranged betwee600
DMSP passes on this evening were generally narrower andnd 1300 ms! within the AWFC, but these were probably
weaker near midnight (e.g. Fig. 5), and broader and strongeunder-estimated because the narrow AWFC was not aligned
near dusk (e.g. Fig. 4b), suggesting that AWFCs “spread out'with L shells, a requirement of the beam-swinging analysis.
and strengthen toward dusk. They also suggest large recedhe westward velocities found poleward of the AWFC rep-
ing velocities would sometimes be observed on imaginaryresent return sunward flows in the afternoon convection cell.
beams pointing even further equatorward. The speed of these flows were less than in the AWFC. There

Finally, the ionospheric scatter and spectral widths (notis also evidence for velocity enhancements (green to orange)
shown) observed by KGS and TIGER tended to be absent oexpanding equatorward to the latitude of the AWFC. Near
weaker at the ranges of peak FUV emission. Also, the ionoto 10:30 UT, shortly after the start of Substorm B, the flow
spheric scatter observed by TIGER tended to be absent cspeeds were suppressed (Provan et al., 2004).
weaker on the meridional beams at the latitude of the AWFC Figure 6b reveals the subsequent flows poleward of the
(e.g. Fig. 5b). As discussed by Parkinson et al. (2004a) AWFC were weak and erratic, but equatorward and east-
the former is consistent with the tendency for precipitation- ward flows gradually developed, and were well defined be-
enhanced Pedersen conductivity to suppress electric fieldyond~13:00 UT. The westward flows within the AWFC had
irregularity production (Vickrey and Kelley, 1982), and spec- a weak poleward component after 11:00 U32@ MLT), as
tral widths. The latter is consistent with the important role of did the equatorward edge of the auroral oval (Fig. 5b). They
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Fig. 6. (a)Two-dimensional flow vectors estimated along TIGER beam 4 using the beam-swinging technique at 5-min time resolution during
07:30 to 11:00 UT on 30 November 2002. The solid dots identify the time and latitude of the velocity estimate, and the lines point in the
direction of the flows. Flows directed toward the right were eastward, and toward the bottom, equatorward. The flow speeds are colour coded
from <50 ms™1 (black) to>850m s (red). Tick marks are at 5-min intervalgh) The same as Fig. 6a except for the interval 11:00 to

14:30 UT on 30 November 2002.

were also fairly laminar over4° A of latitude, but the beam- 3.5 HF radar observations: Time series representations
swinging technique may have broadened the latitudinal width_ . )
(Parkinson et al., 2003). The poleward edge of the west!19uré 7 presents a summary plot showing the conjugate HF
ward flows within the AWFC migrated equatorward between adar observations occurring during 07:30 to 14:30 UT on
12:35 and 13:40 UT~01 MLT). The AWFC may have per- 3Q November 2_002. The same sub_storm phase_s shown in
sisted at lower latitude in the dusk to midnight sector, butF9- 1 aré superimposed, since we aim to reconcile changes

was no longer observed by radars that had rotated into thil the character of the radar scatter with substorm activity.
morning sector. Part (a) is a range-time plot of the LOS Doppler velocity

(ms1) measured on KGS beam 2, whereas part (b) is the
same measured on TIGER beam 14. The colour scale used
for KGS velocities was shifted toward large negative values
(i.e. receding toward the west), whereas the colour scale used
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Fig. 7. (a)Range-time plot of the LOS Doppler velocity (Mm% measured on King Salmon (KGS) beam 2 during 07:30 to 14:30 UT on 30
November 2002(b) The same measured on TIGER beam 14. Thin vertical lines represent the same substorm phases shown in Fig. 1. Thin,
black, horizontal lines represent magnetic latitudes and abscissas have tick marks at 15-min intervals of UT. Nominal values of MLT above
MQI are also given.

for TIGER was shifted toward moderate positive values (i.e. The same arguments apply in the case of TIGER beam 14
approaching toward the east). The senses of these Doppl@bservations, but to a much lesser extent because this beam
shifts are consistent with the presence of a persistent AWFCwas more oblique to the ionospheric flows. Hence the width

Observations recorded on KGS beam 2 are shown becaud® 9roup range of scatter with large velocity was a better mea-
they had the most continuous ionospheric scatter helping t§ure of the width of the AWFC in magnetic latitude, and tem-
define the occurrence of the AWEC in the Northern Hemi- Poral variation of velocity within the flow channel must be
sphere. This beam also pointed just poleward of magnetiénferred by allowing for the oblique angle between the radar
west, and probably looked nearly directly along the AWFC beam and AWFC.

(cf. Fig. 4a). Similarly, observations recorded on TIGER Figure 7a shows the first hint of ionospheric scatter with
beam 14 are shown because it became a magnetic eastwaatge westward speed-800ms?! (blue and black) was
beam at furthest ranges, and it had the best scatter helping t®@corded on KGS beam 2 neaf8:13 UT. The largest flow
define the occurrence of the AWFC in the Southern Hemi-burst during the entire event with speedskm s~ occurred
sphere. during the subsequent interval8:13 to 09:15 UT. As will

By itself, the band of ionospheric scatter recorded on KGSPe shown, the peak westward speed wa500ms™ at
beam 2 suggests the presence of an AWFC. However, th@8:40 UT, near to the peak of expansion phase. This initial,
radar beam looked zonally, nearly along the length of theintense flow burst was nearly synchronised with the most in-
AWFC, so the width of the scatter in group range does notl€nse negative bay of Substorm A recorded by the MQI mag-
represent the width of the AWFC in latitude. Rather, it repre-netometer (cf. Fig. 1). It was also coincident with the most
sents the width of the group range interval over which propa-ntense part of Substorm A recorded by the Canadian mag-
gation conditions enabled detection of echoes from F-regioffl€tometer array.
irregularities. Hence, not withstanding the effects described Figure 7b shows that large approaching speeds
by Bennet (1968) and Dyson (1975), variations in the LOS>360ms™! (red) were observed by TIGER at low lat-
velocity with range better represent changes in velocity withitude (—-63° to —64°A) during the interval 08:09 to
longitude, whereas the time variation in LOS velocity at a 09:15 UT. Similar to the results for KGS beam 2, this
fixed range gives a reasonable estimate of time variations imnitial flow burst was synchronised with the most intense
velocity within the flow channel. negative bay of Substorm A, though it was detectetimin
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earlier. The AWFC suddenly appeared on TIGER beam 14to observe. Again, SSIES observations suggest that large
at 08:09 UT. This time corresponds to a change in the radawestward drifts did extend further equatorward. We conclude
operating frequency from-9.7 MHz to ~17.8 MHz, made the radars observed the most poleward portion of the AWFC
automatically by an algorithm designed to optimise the activity.

detection of ionospheric scatter (Hughes et al., 2002). The

large change in operating frequency implies the AWFC may3 6  Multi-beam time series representations

have existed prior to 08:09 UT, but the intervening plasma

density was too large to favour its detection at 9.7 MHz. A comparison of the results recorded on all 16 beams of both

Up to teln bands of scatter with large approaching speeqqars reveals more features relevant to the AWFC dynam-
>360ms " (red) were observed expanding equatorward,ics Figure 8a shows the maximum LOS speed found within
starting from~—71°A and lower I_atltude, durmg_ the inter-  1q |atitude range 61to 65 A for all 16 beams of the KGS
val 08:09 to 10:24 UT. WIC FUV images (e.g. Fig. 4b) SUg- 14qar part (b) shows the same except for TIGER. Again, the
gest the poleward boundary of the auroral oval, or the OCB.4|6r scale used for KGS velocities is shifted toward large

was located far poleward of their origin. Some of the ba”dsnegative values because of the large westward motions, es-

merged into the main band of scatter corresponding to thef)ecially on the more equatorward and zonal beams (0 to 4).
AWFC at~—64°A. They reveal a sequence of narrow chan- gjmilarly, the colour scale used for TIGER is shifted toward

nels of intense westward drift expanding equatorward W'th'nlarge positive values because of the same underlying zonal
the return sunward flow of the main dusk convection cell. SOmotion especially on the more equatorward and eastward

far, we have not been able to relate these equatorward €X%505ms (12 to 15). The LOS speeds reversed in sign on the
pansions to changes in particle flux observed by the LANLwestward-Iooking beams (O to 3).

spacecraft — they may represent substorm-related reconnec- Figure 8a shows a peak in the LOS speed expanding equa-

fuon, or the Earthward migration O.f polgrlsatmn fields n the torward, commencing on beam 14 near 07:50 UT, and reach-
inner magnetosphere on closed field lines. The detailed re-

. . L ing beam 1 at 08:22 UT. This equatorward expansion com-
lationship between these bands and auroral emissions nee : . . .
investigation Menced simultaneously with the negative bay onset-like (O)

The change in the character of TIGER scatter at 10:25 UTSlgnature pbserved by. the MQI magﬁetometer at 07:50. _UT'
lonospheric scatter with large receding Doppler velocities

was related to a change in the radar operating frequency from .
~14.7MHz to 9.7 MHz. Perhaps more irregularities were commenced as early as 07:58 UT on KGS beam 4, and the

; .~ band of scatter signifying the AWFC did not disappear until
suddenly_ detecteq .usmg9.7 MHz because of a _changg " 13:16 UT on KGS beam 0. These results extend the time in-
propagation conditions triggered by a change in precipita-

tion at~10:20 UT, the start of Substorm B (cf. Gauld et al., terval over which the AWFC activity was directly observed.

2002). From this time onwards, the scatter at latitudes pole- P€ak speeds observed by TIGER in the AWFC were not
ward of—66° A was dominated by echoes receding from the closely synchronised with the peak speeds observed by KGS.

radar (blue and black), whereas the scatter at lower latitude5CT €<@mple, the initial large flows observed by TIGER were

continued to be dominated by positive velocities (red). Thiscentred near 08:36 UT, but not until 08:40 UT in KGS ob-
is consistent with the observation of return sunward flows inS€rvations.  The decrease in TIGER speeds centred near

the morning convection cell at higher latitude, a flow rever- 10:28 UT may have been caused by particle-precipitation

sal boundary (FRB) located nea6° A, and a persistent enhanced Pedersen conductivity, but a similar feature was

AWEC at lower latitude. not observed by KGS. Enhanced speeds were centred near
Figure 7b shows a band of scatter with very low velocity 12:00 UT in KGS observations, but the TIGER speeds di-

~0ms! (blue) was observed at near group ranges duringmmiSh?d at this .time. Careful inspection of Fig. 7 reveals

08:09 to 08:50 UT, just equatorward of the band of scat-Other discrepancies.

ter revealing the initial flow burst (red). The two bands of

scatter had different elevation angles and were separated b3:7 Conjugacy of AWFCs

a sharp discontinuity. Combined, this suggests the nearer

scatter was from E-region irregularities and the further scat-Magnetic field lines are usually considered to be equipoten-

ter was from F-region irregularities. Large westward drifts tials, and thus, to first order, the AWFCs observed in oppo-

in the AWFC may have extended further equatorward tharsite hemispheres should be the same. If the results for the two

propagation conditions permitted the radar to observe (cf. theadars cannot be reconciled then anomalous field-aligned po-

SSIESV, observations, Fig. 4b). tential drops are needed to explain the different electric field
After 10:25 UT, there was an atrtificially sharp cut-off in observed at opposite ends of the same magnetic flux tube.

ionospheric scatter equatorward of group range0km or  Figure 9a shows peak speeds observed on KGS beam 2 (blue)

latitude—61° A. This is probably because radio waves trans-and TIGER beam 14 (red) within the magnetic latitude range

mitted at higher elevation angles were no longer orthogo-61° to 65° A which includes the AWFC. Figure 9b shows the

nal to the magnetic field lines. Especially after 13:10 UT, magnetic latitudes corresponding to the group ranges of peak

an AWFC may have persisted at lower latitudes, but furtherspeeds identified in 9a, where the conjugate TIGER latitudes

equatorward than propagation conditions permitted the radahave been inverted to the Northern Hemisphere.
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Fig. 8. (a) The maximum LOS speed found with the latitude range ®165° A for all 16 beams of the KGS radar. For the lowest beam
numbers (0 to 4), this latitude range tended to select peak speeds within the scatter associated with thgAWWeGame except for all

16 beams of the TIGER radar. Similarly, for the highest beam numbers (11 to 15), this latitude range tended to select peak speeds within the
scatter associated with the AWFC.

Chisham and Freeman (2003a,b) used median filtering t®AWFC. These LOS velocities can be re-interpreted as the
reliably identify the spectral width boundary (SWB), an im- peak westward speeds within the AWFC, but they must be
portant feature in the radar data. Median filtering in spacean under-estimate because beam 2 probably pointed slightly
and time is an effective way to suppress measurement noispoleward of the AWFC, and its beamwidth probably smeared
associated with inadequate signal-to-noise ratio (SNR), thever the fine-scale velocity structure. The probable angular
radar pulse set, and the FITACF algorithm. In Fig. 9, thedifference is only~10°; hence the speeds shown in Fig. 8
ranges of peak speeds were automatically identified using awere scaled up by the factor secCL0r a mere 1.5%. Even
algorithm requiring the detection of at least three ionospheridf the error in the direction were 20the velocities would
echoes with SNR-3 dB during each integration. A median only be 6.4% larger, still a relatively minor correction.
filter of dimension 3 was then applied prior to detecting the An examination of TIGER full-scan data for the present
maxima (bold dots). The continuous curves are the resultgvent suggests it was aligned with the equatorward edge of
obtained after applying another median filter of dimensionthe auroral oval which was tilted slightly equatorward of
3, but now in the time domain. Despite the scatter, the finalgeodetic west. TIGER beam 14 points 2F.86 the east of
curves represent real trends in the data. the geodetic pole; hence the LOS speeds were scaled up by

PJ/ISAIDs are thought to be coherent structures extendthe factor cosec (21.05 or 278%. However, even if the
ing over many hours of MLT, they are generally weaker andangular difference between the AWFC and beam 14 were
broader at dusk, and expand equatorward with MLT and con-one beamwidth+{4°) less, the scaling factor would decrease
verge in width with time (Anderson et al. 2001; Karlsson et to 236%. Clearly, the errors involved in scaling the TIGER
al., 1998). An examination of full-scan data for our conjugate speeds are large because of the way in which beam 14 tran-
event (Figs. 4 and 5) suggests an orientation slightly pole-sects the AWFC at oblique angles.
ward of magnetic west. However, it is very difficult deter-  The results presented in Fig. 9a show our best estimates of
mining the exact orientation of the AWFC without dual radar variations in conjugate AWFC speeds in the Northern (blue)
observations in the same hemisphere, thereby unaffected bynd Southern (red) Hemispheres. Both radars observed peak
uncertainties in the magnetic field line mapping. speeds 0f~1600ms?! and their is a surprising amount of

Considering Fig. 4a, KGS beam 2 must have pointedresemblance between many of the short-term fluctuations.
roughly in the same direction of the velocities within the Overall, the major variations in speed observed in the North-
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Fig. 9. (a) The maximum speeds identified within the latitude ranget6’65° A along KGS beam 2 (blue) and TIGER beam 14 (red). This
latitude range selects peak speeds within the scatter associated with the AWFCs (cf. Fig. 7). The speeds were scaled up to allow for difference
between the orientation of the radar beams and the AWFC (see tbXtJ.he bold dots show the AACGM latitude of the corresponding

group ranges of the results shown in (a). The continuous curves were obtained by applying a median filter of dimension 3 in the time domain.

ern and Southern Hemisphere were similar, lending supporturacy of the results should be judged in the context of the
to the notion that magnetic field lines are equipotentials.actual LOS measurements shown in Fig. 7.
Nevertheless, there were significant differences, and our re- During ~08:10 to 09:10 UT, the signature of the AWFC
sults suggest the peak speeds were slightly larger in the flomobserved by TIGER was consistertil° A further poleward
channel observed in the Southern Hemisphere. than observed by KGS. The latitudes gradually converged
The KGS beam 2 speeds declined toward a minimum ofuntil ~09:45 UT, whence the situation reversed. Between
~352ms? at 10:18 UT, whence they gradually increased ~09:50 to 12:34 UT, the signature of the AWFC observed
again, reaching a maximum of882ms?! at 12:08 UT, be- by KGS tended to be located slightly poleward of that ob-
fore declining again. The increase in speed commencing neaerved by TIGER. A poleward inflection in the location of
10:18 UT was near to the start of Substorm B, and the time othe AWFC was observed by TIGER centred on 12:40 UT
maximum speed, 12:08 UT, was near to the last of three elec{cf. Fig. 7b). There was no change in the radar operating
tron flux increases observed by LANL 1994-084-dt0:20,  frequency at this time. The latitude of peak speed expanded
11:33, and 12:09 UT (Table 1). However, more particle in- equatorward between 12:40 and 13:13 UT, and then “satu-
jections were subsequently observed, and the ground-basedted” at—61° A between 13:13 and 13:58 UT. The AWFC
magnetometers showed the westward electrojet continued thad expanded to the equatorward limit of where F-region
intensify. AWFC activity may have continued to expand scatter could be detected.
equatorward in the pre-midnight sector beyond 13:00 UT. Disagreements between the two hemispheres are partly
Figure 9b shows the magnetic latitudes corresponding teexplained by temporal variations in the orientations of the
the locations of peak speed within the AWFC in the North- AWFCs, latitudinal variations in their location (Fig. 9b), and
ern (blue) and Southern (red) Hemispheres. The results fomeasurement noise. There may have also been significant
KGS beam 2 and TIGER beam 14 nearly always agree withinvariations in the convolution between the beam and pulse
~1°A, but there were many fluctuations in the median fil- widths with fine-scale velocity structure within the AWFCs.
tered locations (continuous curves). However, many of theFor example, a different velocity would be observed depend-
fluctuations were erroneous. For example, the equatorwarithg on whether a narrow spike in the velocity profile was
jump in latitude at 10:32 UT is an artefact caused by changdocated in the centre or the periphery of a 45-km wide pulse.
ing propagation conditions and measurement noise. The addowever, these factors do not explain all of the differences.
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4 Discussion and conclusions their occurrence rate is very similar to the occurrence rate of
substorms (Parkinson et al., 2004b). AWFCs are often syn-
Previous satellite observations have reported a 30-min dechronised to negative bays in the geomagngticomponent
lay between substorm onset and the occurrence of PJ/SAlDgmeasured at MQI. All of our results suggest that AWFCs
(Anderson et al., 1993). Parkinson et al. (2003) analysed obare a fundamental aspect of substorms. In fact, in terms of
servations of an AWFC occurring on 27 February 2003, andelectric field enhancements, they are the dominant signature
found the event commenced near substorm onset, and rapidyf substorms. They might even be another trigger for sub-
decayed near the end of recovery phase. The AWFC andtorms.
substorm activity was more complex on 30 November 2002, Jayachandran et al. (2003) discussed two substorms, iden-
with LANL geosynchronous satellite and ground-based mag+ifying POLAR UVI onset, GOES dipolarisation, and LANL
netometer data suggesting multiple onsets during two exparticle injection times. The POLAR UVI onsets were in the
tended intervals of substorm activity. We referred to thesepre-midnight ionosphere whereas the GOES and LANL ob-
intervals as “Substorm A” and “Substorm B.” servations were at geosynchronous orbit. It is interesting that
There can be no doubt the AWFC activity reported herethe POLAR UVI onsets (ionospheric signatures) preceded
commenced before the recovery phase, and it probably comthe GOES dipolarisation and LANL particle injection times
menced at substorm onset. For example, a peak in the vgmagnetospheric signatures) by several minutes. The PO-
locity expanded equatorward, commencing on KGS beam 14 AR UVI onsets also occurred near the equatorward bound-
near 07:50 UT (Fig. 8a), an expansion onset signature of Subary of the ion auroral oval, exactly where AWFCs occur in
storm A. Large westward drift velocities probably occurred TIGER observations.
prior to their detection by TIGER at 08:09 UT. Echoes from  Jayachandran et al. (2003) also found that dayside and po-
an AWFC were probably not observed earlier simply becausédar cap convection velocities decreased at substorm onset,
propagation conditions did not favour the detection of irreg- and hypothesised this was a consequence of current continu-
ularities via 0.5-hop propagation at the chosen operating freity: given constant Chapman Ferraro and magnetosheath cur-
quency. We suspect that AWFC activity actually commencedrents, the Region 1 currents driving the polar cap convection
near the time of the first particle injections detected by themust diminish when the substorm current wedge intensifies.
LANL satellites shortly after-06:45 UT. As of yet, we have  We infer that a portion of the total electric potential differ-
found no direct evidence of AWFCs commencing during theence must shift from across the polar cap to across AWFCs
substorm growth phase. at substorm onset. Both of these results lend support to the
At face value, the peak velocities within the AWFC fundamental role of AWFCs in substorms.
(Fig. 9a) did not increase as the MQI negative bay deep- AWFCs are enhanced westward drifts observed at auro-
ened during Substorm B (Fig. 1). However, as previouslyral and sub-auroral latitudes, but what distinguishes them
explained, Figs. 7 and 9 suggest that beyond 13:13 UT, peakom the enhanced return sunward flows within the main
velocities within the AWFC had expanded equatorward of dusk convection cell? The answer is that AWFCs are the
the preferred range gate for the detection of F-region echoesubstorm-related structure within the return sunward flows
via 0.5-hop propagation. The KGS and TIGER radars haddriven by polarisation fields as opposed to magnetic recon-
rotated to past magnetic midnightQ2 MLT), near the east- nection, though reconnection may ultimately help to drive
ern limit of AWFC occurrence. A second, stronger AWFC their formation.
may have developed at lower latitude, and at an earlier local The equi-potentials representing the return sunward flows

time. A third radar located further to the westZ2 MLT) in high-latitude convection models are smooth because they
may have observed a more intense AWFC during Substornaverage over the AWFC structure that nearly always exists in
B. this region. A cursory examination of DMSP SSIES data

We conclude the AWFC activity probably commenced reveals profuse “spiky” velocity structure within the dusk
near substorm onset, and decayed near the end of recovesgector auroral oval and sub-auroral ionosphere. Our HF
phase. Although the lack of continuity of the radar echoesbackscatter radar observations reveal the coincident velocity
in longitude, latitude, and time, make it difficult to be ab- peaks are confined within narrow channels, well equatorward
solutely certain, other events we have examined support thisf the convection reversal boundary. Whilst many of the tran-
view. As mentioned, there is a possibility the peak velocitiessient flow bursts may be reconnection driven, the extended,
within the AWFC occurred at lower latitude and later times, persistent flow channels are an indication that polarisation
as the magnetospheric polarisation fields migrated closer tdields also play an important role.

Earth. This might explain why intense PJ/SAIDs have been In the present event, TIGER observed a succession of
observed at lower latitude during the recovery phase. Thavestward velocity enhancements expanding equatorward
KGS and TIGER radars are limited to observing AWFCs from near—71° A, equatorward of the expected ionospheric
poleward of~62°A. Clearly, more SuperDARN radars must footprint of the open-closed magnetic field line boundary
be deployed at lower latitudes than KGS and TIGER to de-(Fig. 4b). Some of these velocity enhancements reached the
termine whether AWFCs are the same as PJ/SAIDs. latitude of the main AWFC. They imply the Earthward mi-

We have compiled statistics on the occurrence of AWFCsgration of radial electric field enhancements from within the

observed by TIGER during the year 2000, and they suggesbpen-closed field line boundary towards the inner edge of the
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central plasma sheet. These velocity enhancements may be |ntersection of field lines with x—y plane
the signatures of magnetic reconnection. However, theories
of PJ/SAID formation (Anderson et al., 1993; De Keyser,
1999; Galperin 2002) imply the Earthward migration of po-
larisation fields in association with particle injection fronts
(cf. Fig. 2). More comprehensive observations combined 5 B i
with better modelling will help clarify the relationship be- r 1
tween episodic reconnection and the formation of persistent — I x
AWFCs. The proposed THEMIS mission will deploy a fleet =
of five spacecraft in the magnetotail, and may help to clarify =
this issue. O
Importantly, the present radar observations were of co- L |
incident AWFC activity imbedded within the SAPS within —5r .. 1
magnetically conjugate locations. The results summarised in | 65 soun+
Fig. 9 suggest the variations in flow speed and channel lo- Lo
cation exhibited the same basic trends on longer time scales. S —
However, the flow channel speeds were probably somewhat -5 0 5
larger in the Southern Hemisphere (Fig. 9a), and a detailed Xean (Re)
examination of individual scans confirms the presence of sys-

tematic differences in magnetic latitude (Fig. 9b). What geo'Fig. 10. Intersection of magnetic field lines with the GSK+Y

physical factors might help to explain the asymmetries SUM-|ane at 12:00 UT on 30 November 2002. The field-line tracing was

marised in Fig. 97 _ performed using the Tsyganenko 96 model with IBf=10nT and
The AACGM coordinate system does not include the ef- p.=—5nT. The results are shown for evening sector (pre-midnight)

fects of magnetospheric currents which change the Earth’snagnetic field lines with ionospheric magnetic latitudes-618° A
magnetic field in complicated ways depending on the IMFand+65°A.

history and substorm phase. Hence, in reality, a magnetic

field line tagged as 6%\ in the Northern Hemisphere, may

not necessarily map to the magnetic field line tagged aa 65 ing ~08:09 to 09:45 UT, and thereafter it wad® A further

in the Southern Hemisphere. The ever-changing effects opoleward in the Northern Hemisphei®, was more positive
magnetospheric currents will be minor at mid-latitudes, butwhen the AWFC was further poleward in the Southern Hemi-

they become very significant at auroral and polar cap lati-sphere, and thefi, became more negative when the AWFC
tudes. was further poleward in the Northern Hemisphere.

The Tsyganenko 96 model (Tsyganenko, 1995; Tsyga- The preceding result needs further testing, but it is consis-
nenko and Stern, 1996) was used to trace magnetic field linetent with the statistical results of Provan et al. (2004). They
from representative auroral latitudes to the GSM equatoriakcalculated average SuperDARN convection velocities in the
plane using IMFB,=10nT andB,=-5nT. B,=10nT will Northern Hemisphere versus substorm phase. The largest re-
exaggerate th&, positive effect applicable to the events on turn sunward flows were observed just after substorm onset
30 November 2002. Figure 10 shows the GSM equatorial lo-and equatorward of the convection reversal boundary when
cation of evening sector magnetic field lines with ionospheric By was negative. That is, AWFCs should be displaced fur-
latitudes+63° A and+65°A. The corresponding magnetic ther poleward in the Northern Hemisphere unigmnegative
flux tubes reside in the location where magnetotail stretchingconditions.
and subsequent dipolarisation events start to become impor- Our argument that magnetospheric currents distort the
tant. The AACGM latitudes near 84 are not exactly conju- magnetic field line mapping probably does not explain all
gate, with the discrepancy rapidly increasing betweeém63 of the differences between the two AWFCs. Weimer et al.
and 63A. The magnetic field lines in the Southern Hemi- (1985) analysed electric field variations measured by the Dy-
sphere map to greater radial distance in the equatorial planenamics Explorer (DE) 1 and 2 spacecraft located at altitudes
Hence a given potential drop across the flux tube in the equaabove 4500 km and below 900 km, respectively. Intervals
torial plane will map to a narrower latitude range, and thuswhen the two spacecraft were roughly conjugate were identi-
produce stronger electric fields, in the Southern Hemispherefied, and the electric fields were compared. When DE 1 and 2
This agrees with our observation of stronger drifts within the were on field lines outside the auroral oval, a Fourier analysis
AWFC observed in the Southern Hemisphere. of the variations showed the magnetic field lines were equi-

The B, component is well known to introduce asymme- potentials across all spatial scales from larg@@00 km) to
tries into the high-latitude dayside convection pattern (Cow-small (<100km). However, when the spacecraft were on
ley, 1981). The nightside convection pattern is also modifiedfield lines inside the auroral oval, the small-scale variations
by B,, andB, might also produce an asymmetry in the loca- observed by DE 1 in the magnetosphere were 1-2 orders
tions of conjugate AWFCs. Referring to Fig. 9b, the AWFC of magnitude stronger than those observed by DE 2 in the
was~1°A further poleward in the Southern Hemisphere dur- ionosphere. Their analysis showed that ionospheric Pedersen
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conductivity enhanced by particle-precipitation suppressed subauroral ion drifts and their relationship to substorm evolution,
the transmission of electric field turbulence from the mag- J. Geophys. Res., 98, 6069-6078, 1993.

netosphere to the ionosphere. Their analysis was also corfinderson, P. C., Carpenter, D. L., Tsuruda, K., Mukai, T., and Rich,
sistent with earlier theory invoking anomalous field-aligned F. J.: Multisatellite observations of rapid subauroral ion drifts, J.

resistivity, potential drops, and currents, as required for au- CGe0Phys. Res., 106, 29 585-29 599, 2001.
roral arcs. André, R., Pinnock, M., Villain, J.-P., and Hanuise, C.: On the fac-

. . . tors conditioning the Doppler spectral width determined from
Our conjugate AWFC observations can also be explained SuperDARN HF radars, Int. J. Geomag. Aeronomy, 2, 77-86,

by the results of Weimer et al. (1985). The basic electric field 500

variations at large spatial and temporal scales were in agre@saker, D. N., Pulkkinen, T. I., Bchner, J., and Klimas, A. J.: Sub-
ment (Fig. 9), excluding systematic differences due to distor- storms: A global instability of the magnetosphere-ionosphere
tion of the magnetic field mapping in proximity to the sub-  system, J. Geophys. Res., 104, 14 601-14 611, 1999.
storm dipolarisation region (Fig. 10). However, there were Baker, K. B. and Wing, S.: A new magnetic coordinate system for
numerous differences at shorter spatial and temporal scales. conjugate studies of high latitudes, J. Geophys. Res., 94, 9139—
These differences arose because the magnetic field lines were 9143, 1989.
not equi-potentials in proximity to regions of precipitation- Baker, K. B., Dudeney, J. R., and Greenwald, R. A., et. al.: HF
enhanced Pedersen conductivity, such as the equatorward radar signatures of the cusp and low-latitude boundary layer, J.
. . Geophys. Res., 100, 7671-7695, 1995.
edge of the auroral oval. Indeed, this may be the underlylngBennett 3 A- The ra . i
. . . s JOAL y theory of Doppler frequency shifts. Aus

reason.why ma_gneucall_y conjugate observations have rarely tralian Journal of Physics, 21, 259272, 1968.
shown impressive, detailed agreement. Burke, W. J., Rubin, A. G., Maynard, N. C., Gentile, L. C., Sultan, P.

Lastly, an important facet of the electrodynamics has thus j. Rich, F. J., Beaujargiie, O. de La, Huang, C. Y., and Wilson,
far been ignored, namely the dynamics and chemistry of the G. R.: lonospheric disturbances observed by DMSP at middle
neutral atmosphere. This is beyond the scope of the present to low latitudes during the magnetic storm of 4—6 June 1991, J.
HF radar study, but we might expect the frequent, daily oc- Geophys. Res., 105, 18 391-18 405, 2000.
currence of AWFC activity will drive a broad jet of westward Chisham, G. and Freeman, M. P.: A technique for accurately deter-
neutral wind in proximity to the main ionospheric trough. ~ Mining the cusp-region polar cap boundary using SuperDARN

The neutral wind may be enriched with molecular species,Chii;?agmgsgué‘ig?; AI\;I‘”'P G_ezshiﬁészﬁlg'alt;?bf?;ih dinal
thereby enhancing the recombination rate (Vlasov and Kel- transitions in the SuperDARN Doppler spectral width parameter

Iey, 2003). Th's,J,et wil penetrat_e to Ejreglorll alt'tUdpfS, during at different magnetic local times, Ann. Geophys., 22, 1187-1202,
disturbed conditions, and persist during quiet conditions. 2004
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