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SuperDARN observations of ionospheric convection
during magnetospheric substorms

A. Grocott and T. K. Yeoman

Abstract: The coupled nature of the magnetosphere-ionospherensyatikes measurements of ionospheric convection,
such as those provided by the SuperDARN HF radars, extreosslful in diagnosing magnetospheric dynamics.

Flux Transfer Events (FTEs) at the dayside magnetopausextomple, are well-resolved in ionospheric flow data as
Pulsed lonospheric Flows (PIFs). Similarly, Bursty Bullowt (BBFs) associated with the earthward transport of flux

in the tail have a discernable flow signature in the nightéid@sphere. The large-scale convection associated with
magnetospheric substorms is also readily identifiable mosphere flow data. During the growth phase, for example,
the expansion of the polar cap due to enhanced open flux giodus evidenced in the equatorward motion of radar
backscatter. On the nightside, fast equatorward flows etimanfiom the polar cap after substorm onset, followed by a
poleward contraction of the flow reversal boundary, prowddience for tail reconnection and the closure of open flux.
The complex electrodynamics associated with substormsever, ensures immense variety in the nature of the flow
signatures which are observed. Some studies, for examgle, feported a reduction in the nightside flows at the time of
substorm onset, possibly resulting from enhancements rioraluconductivity associated with substorm energetidiglar
precipitation which imposes a limit on the size of the lodalktic field. Enhanced electric field phenomena such as
Substorm-Associated Radar Auroral Surges (SARAS) and raukestward Flow Channels (AWFC) provide additional
constraints on the global substorm picture. This paperigesvan overview of these and other important convection
signatures associated with substorms and briefly discussfitore developments of SuperDARN can further enhance our
understanding of substorm physics.
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1. Introduction of the flow. HF radars, however, make direct measurements of
the ionospheric convection and are therefore able to observ
the electric field during all phases of a substorm. This paper
presents a review of HF radar studies which have contributed
to our current understanding of substorm physics.

Magnetospheric substorms are a major contributing faotor t
large-scale magnetosphere-ionosphere dynamics andiggve r
to some of the most significant auroral and magnetospheric di
turbances that occur in the terrestrial system. As a coresexgu
they have been extensively studied over the past 40 years and
many aspects of their large-scale behaviour are now very we
understood. Early studies of substorm current systemdiiden b. SuperDARN
fied two distinct patterns of ionospheric currents [5]. Thstfi
of these, referred to as DP-2 (disturbance polar of the $bcor|n
type), corresponds to the twin-vortex current pattern adriv
by magnetospheric convection, and the resulting eastwatd a

The Super Dual Auroral Radar Network (SuperDARN) is an
ternational array of HF coherent radars spanning theraliro
regions of both the northern and southern hemispheres [16].
westward convection electrojets in the dawn and dusk alJrorA.t the present time, the northern hemls_phere network con-
%sts of ten radars and the southern hemisphere network con-

zones. This current system is associated with a substonwtigro ists of seven. In standard operating mode, SuperDARN scans

. . . . |
phase in which energy extracted from the solar wind is store : : ;
in the magnetosphere [33]. During this interval an enhance?jroljgh 16 beams of azimuthal separation 3,2sfoducing

mentin magnetospheric and ionospheric convection, being d he full fields-of-view shown in Fig. 1 (the grey field-of-we
gnetosp 10SP DI s that of the first mid-latitude StormDARN radar, discussed
en by reconnection at the dayside magnetopause, causes an

. X . B%Iow). Each radar dwells for 3 or 7 seconds on each beam,
crease in the size of the polar cap and a growth in the conve

tion electrojets. The second pattern, DP-1, correspontissto %Iong which line-of-sight measurements of the convecten v

. N . |ocity are obtained, with a full scan therefore taking eitthe
ionospheric portion of the substorm current Wedgg and takegr 2 minutes. Large-scale maps of the high-latitude comwect
the form of an enhanced westward current in the midnight sec: '

tor auroral zone called the substorm electrojet [1]. Thisent can be derived from these measurements using the ‘Map Po-

system is governed by enhancements in conductivity rathetifntial, model [42]. In this model the line-of-sight veltess
than in the electric field [27] and as such it is not repredesmta re mapped onto a polar grid and used to determine a solution

for the electrostatic potential which is expressed in sighér
harmonics. The equipotentials of the solution then reprtese

Received 15 May 2006. the plasma streamlines of the modelled convection patiern.
A. Grocott and T. K. Yeoman. Department of Physics and Astro- formation from a .s'gatlstlt_:al model [41], .parameterlse.d by-c

nomy, University of Leicester, University Road, current IMF conditions, is used to stabilise the solutiorereh

Leicester, LE1 7RH, U.K. no measurements are available.

Int. Conf. Substorms-8 : 81-86 (2006) (© 2006 ICS-8 Canada



82 Int. Conf. Substorms-8, 2006

200 T T T T
100 |- 1
" MN\M
nmT O ]
AL
-200 |- i
-300 1 L L lI 700
_ _ _ _ 82— T B + 500
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polar cap, which consequently expands equatorward. Shown vostorm Snse

in Fig. 2 is a latitude-time-velocity plot of SuperDARN data rig 5 Line-of-sight SuperDARN radar data illustrating the

grey-scaled to velocity either towards (positive) or amagd-  equatorward motion of backscatter during the substorm trow
ative) from the radar’s location (from [28]). The verticalé  hase from [28]

indicates the time of substorm onset, prior to which the rada

scatter can be seen to have moved to lower latitudes as thg supstorm cycles are shown (onsets marked with the vertica
polar cap expanded. Observations such as these are comm@gshed lines) where there are continuous data over much of th
during substorm growth phases, and fairly straightforwtard jnterval [47]. Between 2130 and 2200 UT there was evidence
interpret. As can be seen, how_ever, afte_r substorm onset thg 4n ongoing growth phase, with scatter continuing to edpan
nature of the scatter changes - in places it actually dis&BSpe equatorward. After this time, between 2200 and 2230 UT, a
-and in general interpretation of the data b_ecomes_ a lot morgagy poleward motion of the scatter is evident, implyinga-c
complicated, and to a certain degree, more interesting. traction of the polar cap, presumably due to the removal of
open flux by tail reconnection.
4. Expansion Phase Observations .
4.1. Large-scale Convection

Although there is still much to be learned about the complex The ability to combine observations from a large number of
nature of substorm electrodynamics, the basic flow feaases radars makes SuperDARN ideally suited to investigatinggar
sociated with the expansion phase were revealed by one of thgale convection. Following earlier work on boundary msio
earliest studies using HF radars [35]. These featureslaee il and flows [40, 44, 13] it was supposed that significant large-
trated in the example of Fig. 3, which shows the local convecscale twin-vortex flows should be excited during substorms,
tion pattern derived from SuperDARN data during the evolu-corresponding in essence to the DP-2 current systems asso-
tion of a substorm [48]. The top panel shows the pre-onset cortiated with dayside-driven convection cited above [6]. €bs
ditions, which consist of a nominal twin-cell convectiortpa vations have been reported of surges of transpolar flow into
tern. Then, just after onset (2nd panel) a suppression dittve  the midnight sector associated with a substorm intensificat
becomes evident at the location of the substorm bulge, witivhich it was suggested were due to bursts of reconnection in
faster flows being diverted around the sides. About 10 méutethe tail [12]. Analyses of SuperDARN flow data obtained dur-
into the expansion phase (3rd panel) the twin-vortex pater  ing isolated substorms have also been presented, that found
appears as the falling conductivity ‘frees up’ flux which &@n  evidence for the excitation of twin-vortex flow cells certia
convected away. the nightside ionosphere, which enhance the transpoltagel

As was mentioned earlier, in addition to the suppression oby ~40 kV compared with pre-onset values [17, 18]. This is il-
flow, there is sometimes a loss of data altogether during th@strated in Fig. 5, which shows maps of the northern hemi-
substorm expansion phase. This was investigated by a nurgphere high-latitude convection before (top panel) andraft
ber of studies and was found to be due to absorption of thghottom panel) the onset of a substorm. The excitation of flow
HF radio signal by the enhanced electron densities in the prge.g. longer vectors on the bottom map) and enhanced voltage
cipitation region [34]. Whilst observing the expansion gha are clearly evident. Following this work, a statisticaldstuof
using HF radars can therefore prove problematic, therefare osubstorm flows was conducted which also revealed enhance-
ten large areas of radar scatter still presentin the vicofithe ~ ments across the polar cap and in the low-latitude return flow
substorm disturbed region which can reveal much about thmgion during the expansion phase [39]. A systematic irserea
electrodynamics. In the example presented in Fig. 4, a numbén the transpolar voltage from40 kV 2 minutes before on-
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ence of substorm driven flows is observed by SuperDARN on
the nightside, then the level of global convection will iede
appear to be reduced. Recent studies of the dayside camvecti
response to substorms, which occurred during steady IMF con
ditions such that changes in the level of solar wind drivemco
vection are not apparent, have indeed revealed enhancement
in the convection, beginning about 10-15 minutes afterithe t
of substorm onset observed by ground magnetometers [25].
Finally, recent work has discussed the possibility of twe di
tinct flow systems in the substorm convection pattern [29, 26
The first is a post-midnight anticlockwise convection verte
(POACV) at higher latitudes and the second is an azimuthally
extended clockwise vortex at lower latitudes. These are ex-
plained in terms of a combination of the nightside reconnec-
tion driven twin-vortex flows and those resulting from figle
slippage processes associated with dipolarisation [30].

4.2. Mesoscale Convection Features

Whilst it is thus becoming clear that large-scale electric
fields play a significant role in the electrodynamics of thie-su
storm expansion phase, it is also apparent that mesosaale ph
nomena are integral to the substorm process. For example,
azimuthally-localised impulsive events have been obskrve
in which auroras are first intensified at the poleward bound-
ary of the nightside auroral zone, and then expand equator-

Fig. 3. SuperDARN convection maps showing the development of

substorm flows, from [48]
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Fig. 4. SuperDARN line-of-sight velocity data showing the
development of the ionospheric flows during a number of

substorm cycles, from [47]

set to~75 kV 12 minutes after was also found, and this was
attributed to the removal of open flux from the polar cap by
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nightside reconnection.
Other studies of the ionospheric response to substorms have
suggested that convection enhancements occur simultslyeou
across the ionosphere, with an imposed electric field affgct
the global current systems. For example, measurements of th
electric field response some9&f longitude away from the on-
set region have revealed enhancements coincident witht onse
[36]. In contrast to this, observations of a global redutiio
ionospheric convection at the time of substorm onset hace al
been reported [32]. This reduction occurred in concert &ith
northward turning of the IMF, however, which is something
often found to precede a substorm onset and will itself caus
a reduction in the solar wind driven flows. If no direct evid-

®pc = 80 KV

\FY

(-74 min)

Fig. 5. SuperDARN convection maps showing the pre-onset flows
gop) and expansion phase flows (bottom) during an isolated
Substorm, from [18]
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Fig. 6. SuperDARN line-of-sight radar data and IMAGE FUV
auroral data of the ionospheric signature of a Bursty Bulbwi|
from [20]

ward, reaching to near the equatorward boundary of the oval Jo00 ms”
emissions after5 min [23]. These events, termed ‘poleward
boundary intensifications’ (PBIs) [31], have been foundde o
cur in all phases of the substorm cycle, including duringylon
intervals of magnetic quiet, though they appear to be mere fr
quent during substorm expansion phases. They are assbciate
with azimuthally-localised ‘bursty bulk flows’ (BBFs) in ¢h
near-Earth plasma sheet [3, 4] and the excitation of flowén th
ionosphere [9, 46, 20, 21]. These features are stronglyesigg
ive of the occurrence of localised impulsive reconnectiothe
tail [7, 8]. Pseudobreakups, occurring during substormvgjto
phase, have also been associated with BBFs [20] and have been
shown to accompany significant enhancements in the nightsid m 310 4.10 5(!0 SJO 7(|)o 8(!0 QOHOO
flux closure rate [24]. Velocity (ms’)

The ionospheric counterpart of a BBF which occurred dur-
ing a pseudobreakup in the course of a substorm growth phaseig. 7. SuperDARN convection maps with superimposed IMAGE
about 10 min after a southward turning of the IMF anBl0-  FUV auroral data showing the ionospheric signature of actiele
60 min before a major expansion phase onset, was recentbf Bursty Bulk Flows.
studied in some detail [20]. This was the first study showing
both the ionospheric flow pattern and the auroral activaagn tion, which has been previously related to tail reconneatio-
sociated with the simultaneous observation of a flow burst irder the continued influence of IMF By [19, 22]. In the bottom
the magnetosphere. lonospheric observations during tiwe flopanel, the flows associated with a BBF that occurred during a
event observed by the CUTLASS radars (the eastern most pamall (~100 nT) substorm are shown and appear to take the
of SuperDARN) and the FUV auroral imager on the IMAGE form of enhanced return flow in the dawn convection cell. Ob-
spacecraft are shown in Fig. 6. A small, negative excursion i servations such as these require further investigatior ibve
the X component of the magnetic field with an amplitude ofto fully understand the role of BBFs in magnetospheric flux
10 nT and some Pi2 activity, were observed at ground stationsansport.
close to the footprint of Cluster during the BBF (not shown). Another series of substorm related phenomena believed to
Clear signatures associated with the BBF are observed in thgdrive magnetospheric circulation are the polarisatios (Bts)
ionospheric flow obtained by CUTLASS, as well as in the au{15], or sub-auroral ion drifts (SAIDs) [45]. PJ/SAIDs aest
roral precipitation pattern in the IMAGE UV data. (1 - 4 km s ') narrow (1 - 2) channels of westward plasma

An extended study of the ionospheric signatures of BBFglow which occur just equatorward of the equatorward edge of
and their relationship to the substorm cycle is currentiypdpe the auroral ovalin the evening sector. Related phenomema id
undertaken (e.g. [21]) and some examples are shown in Fig. Tified in radar data include substorm-associated radarraluro
The top example shows the signature of a BBF observed duringurges (SARAS) [14, 43] and auroral westward flow channels
the recovery phase of a substorm. As can be seen in the figuf@&WFCs) [37, 38]. AWFCs, however, have been observed to
this BBF occurred in association with a poleward boundary in appear any time between substorm onset and recovery [38]
tensification and was accompanied by an enhancement in tiwehereas PJ/SAIDs identified in satellite data appear dugng
auroral zone flows. The middle panel shows the flow signatureovery [2]. The term ‘sub-auroral polarisation stream’ &)
of a BBF which occurred during an interval of northward IMF. is used to encompass all of these phenomena [10], which in-
Here, the flow pattern developed into an azimuthal configuraeludes broader (3 -5, weaker (100 - 400 m3'), background

1000 ms’

(©2006 ICS-8 Canada
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Fig. 8. An illustration of the effect on the SuperDARN 6.

convection patterns of including data from the mid-latéugdar
on Wallops Island. The shaded areas indicate gridded radar
measurements (courtesy, Jo Baker). 7

flows which persist beyond midnight into the predawn sec-
tor. These sub-auroral electric fields play critical rolesner-
gising and transporting ring current ions as well as corirgct

thermal plasma in the inner magnetosphere and mid- to low-g

latitude ionosphere [11].

5. StormDARN

Finally, it is worth briefly mentioning the future of Su- g,

perDARN, called StormDARN, which consists of a series of
mid-latitude radars, ultimately extending SuperDARN aeve
age down to about £0north. One such radar is already in op-

eration (shown in grey on Fig. 1) on Wallops Island. Data from1g.

this radar have been used to produce the illustration shown
in Fig. 8, which reveals the effect on the convection pattern
of adding in lower-latitude data. It is clear that duringieet
times, when substorms generally occur, these new raddrs wil
be essential if we are to fully observe the substorm distlirbe
region.

6. Summary

There s little doubt that HF radar observations, such asgtho
provided by SuperDARN discussed above, have revealed much

about substorms and substorm-related phenomena. Whilit is st.3.

yet to be achieved, however, is an overall synthesis of thiese
servations which is essential if we are to fully understdral t

role of substorms in coupled magnetospheric-ionosphgric d 14.

namics. Clearly, the multi-instrument, multi-scale agmioaf-
forded to us by current Cluster-SuperDARN studies and by the

advent of Themis, KuaFu, and StormDARN, is our passport tas.

a more complete understanding of substorm physics.

Acknowledgements: A. Grocott's attendance at this confer-
ence was supported by a Royal Society Conference Grant.

16.

References

1. Akasofu, S.-I., Chapman, S., and Meng, C.-1.: The polecteb-
jet, J. Atmos. Terr. Phys., 27, 1275-1305, 1965.

2. Anderson, P.C., Hanson, W.B., Heelis, R.A., Craven, BBker,
D.N., and Frank, L.A.: A proposed production model of rapid

. Cowley,

11.

12.

85

subauroral ion drifts and their relationship to substorwlgion,

J. Geophys. Res., 98, 6069-6078, 1993.

Angelopoulos, V., Baumjohann, W., Kennel, C.F., Corionit
F.V., Kivelson, M.G., Pellat, R., Walker, R.J., Lihr, Hnd
Paschmann, G.: Bursty bulk flows in the central plasma sheet,
J. Geophys. Res., 97, 4027-4039, 1992.

Baumjohann, W., Paschmann, G., and Luhr, H.: Charatitesi

of high-speed flows in the plasma shegtGeophys. Res., 95,
3801-3809, 1990.

Clauer, C.R., and Kamide, Y.: DP-1 and DP-2 current system
for the March 22, 1979 substorms,Geophys. Res., 90, 1343—
1354, 1985.

Cowley, S.W.H., and Lockwood, M.: Excitation and decay of
solar wind-driven flows in the magnetosphere-ionospheee sy
tem, Ann. Geophysicae, 10, 103-115, 1992.

S.W.H., Excitation of flow in the Earth's
magnetosphere-ionosphere system: observations by irethe
scatter radar, ifPolar Cap Boundary Phenomena edited by A.
Egeland, J. Moen, and M. Lockwood, Kluwer Academic Publ.,
Dordrecht, p. 127, 1998.

Cowley, S.W.H., Khan, H., and Stockton-Chalk, A.: Plasioa

in the coupled magnetosphere-ionosphere system and dts rel
tionship to the substorm cycle, iBubstorms-4 edited by S.
Kokobun and Y. Kamide, Terra Sci. Publ. Co., Tokyo, p. 623—
628, 1998.

de la Beaujardiere, O., Lyons, L.R., Ruohoniemi, J.MiisF
Christensen, E., Danielsen, C., Rich, F.J., and Newell,: P.T
Quiet-time intensifications along the poleward boundarsirne
midnight,J. Geophys. Res., 99, 287—-298, 1994.

Foster, J.C. and Burke, W.J.: SAPS, A new categorizdton
subauroral electric fieldd2OS, Transactions, American Geo-
physical Union, 83(36), 393-394, 2002.

Foster, J.C. and Vo, H.B.: Average characteristics anidity
dependence of the subauroral polarisation strehr@eophys.
Res., 107, 1475, d0i:10.1029/2002JA009409, 2002.

Fox, N.J., Cowley, S.W.H., Davda, V.N., Enno, G., Friis-
Christensen, E., Greenwald, R.A., Hairston, M.R., Kivalso
M.G., Lester, M., Lockwood, M., Liuhr, H., Milling, D.K.,
Murphree, J.S., Pinnock, M., and Reeves, G.D.: A multipoint
study of a substorm occurring on 7 December 1992 and its the-
oretical implicationsAnn. Geophysicae, 17, 1369-1384, 1999.
Freeman, M.P., and Southwood, D.J.: The effect of magnet
spheric erosion on mid- and high-latitude ionospheric flows
Planet. Space ci., 36, 509-522, 1988.

Freeman, M.P., Southwood, D.J., Lester, M., Yeoman,, Bikd
Reeves, G.D.: Substorm-associated radar auroral sukgeso-
phys. Res., 97, 12173-12185, 1992.

Galperin, Y.l., Ponomarev, V.N., and Zosimova, A.G.ret
measurements of ion drift velocity in the upper ionosphene d
ing a magnetic storm, 2. Results of measurements during the
November 3, 1967, magnetic stor@psmic Res (Russian), 11,
283-292, 1973.

Greenwald, R.A., Baker, K.B., Dudeney, J.R., Pinnock, M
Jones, T.B., Thomas, E.C., Villain, J.-P., Cerisier, J.S&nior,

C., Hanuise, C., Hunsucker, R.D., Sofko, G., Koehler, J.,
Nielsen, E., Pellinen, R., Walker, A.D.M., Sato, N., and
Yamagishi, H.: DARN/SuperDARN: A global view of the dy-
namics of high-latitude convectio8pace Sci. Rev., 71, 761-796,
1995.

(©2006 ICS-8 Canada



86

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Grocott, A., Cowley, S.W.H., and Davies, J.A.: Compati®f
ionospheric electric currents and plasma convection iestieb-
served during substorms, Rroc. Fifth Internat. Conf. on Sub-
storms, ESA SP-443, ESA, Noordwijk, The Netherlands, pp.
295-298, 2000.

Grocott, A., Cowley, S.W.H., Sigwarth, J.B., Watermadit-.,
and Yeoman, T.K.: Excitation of twin-vortex flow in the night
side high-latitude ionosphere during an isolated substémn.
Geophysicae, 20, 1577-1601, 2002.

Grocott, A., Cowley, S.W.H., and Sigwarth, J.B.: lorwsfic
flows and magnetic disturbance during extended intervals of
northward but BY-dominated IMFAnn. Geophysicae, 21, 509—
538, 2003.

Grocott, A., Yeoman, T.K., Nakamura, R., Cowley, S.W.H.
Reme, H., and Klecker, B.: Multi-instrument observatiofithe
ionospheric counterpart to a bursty bulk flow in the neartcar
plasma sheeinn. Geophysicae, 22, 1061-1075, 2004.

Grocott, A., Yeoman, T.K., Cowley, S.W.H., Reme, H.:IMu
instrument observations of bursty bulk flows and their iono-
spheric counterpart, ifProc. Seventh Internat. Conf. on Sub-
storms, UDK-52-854, FMI, Helsinki, Finland, 103-106, 2004.
Grocott, A., Yeoman, T.K., Milan, S.E., and Cowley, S:\V.
Interhemispheric observations of the ionospheric sigeanf
tail reconnection during IMF-northward non-substorm s,
Ann. Geophysicae, 23, 1763-1770, 2005.

Henderson, M.G., Reeves, G.D., and Murphree, J.S.: éat@n
south aligned auroral structures an ionospheric mantfentaf
bursty bulk flows?Geophys. Res. Lett., 25, 3737-3740, 1998.

Hubert, B., Milan, S.E., Grocott, A., Blockx, C., Cowley 39.

S.W.H., and Gérard, J.-C.: Dayside and nightside recdiamec
rates inferred from IMAGE-FUV and SuperDARN dafaGeo-

phys. Res., 111, doi:10.1029/2005JA011140, 2006. 40.
Jayachandran, P.T., MacDougall, J.W., Donovan, E.F.,
Ruohoniema, J.M., Liou, K., Moorcroft, D.R., and St.

Maurice, J.—P.: Substorm associated changes in the highl.

latitude ionospheric convectionGeophys. Res. Lett.,, 30,
doi:10.1029/2003GL017497, 2003.

Kamide, Y., Richmond, A.D., Emery, B.A., Hutchins, C/Ahn,
B.H., de la Beaujardiére, O., Foster, J.C., Heelis, R.Aqekl,
H.W., Rich, F.J., and Slavin, J.A.: Ground-based studiésrad-
spheric convection associated with substorm expandidbeo-
phys. Res., 99, 19451-19466, 1994.

Lester, M.: HF coherent scatter radar observationsnafSpheric
convection during magnetospheric substorAa;, Polar Upper
Atmos. Res., 14, 179-201, 2000.

Lewis, R.V., Freeman, M.P., Roger, A.S., Reeves, G.Bd, a

Milling, D.K.: The electric field response to the growth and e  45.

pansion phase onset of a small isolated substérm, Geophys-
icae, 15, 289-299, 1997.

Liang, J., Sofko, G.J., and Frey, H.U.: Postmidnightveation
dynamics during substorm expansion phakezeophys. Res.,
111, doi:10.1029/2005JA011483, 2006.

Lui, A.T.Y., and Kamide, Y.: A fresh perspective of thdostorm
current system and its dynam@gophys. Res. Lett., 30, 1958,
doi:10.1029/2003GL017835, 2003.

Lyons,
Yamamoto, T., Mukai, T., Nishida, A., and Kokubun, S.: As-
sociation between Geotail plasma flows and auroral poleward
boundary intensifications observed by CANOPUS photometers
J. Geophys. Res., 104, 4485—-4500, 1999.

32.

33.

34.

35.

36.

37.

38.

42.

43.

44.

46.

47.

L.R., Nagai, T., Blanchard, G.T., Samson, J.C.48.

Int. Conf. Substorms-8, 2006

Lyons, L.R., Ruohoniemi, J.M., and Lu, G.: Substornmaiged
changes in large-scale convection during the Novembef85,1
Geospace Environment Modelling evehtGeophys. Res., 106,
397-405, 2001.

McPherron, R.L.: Growth phase of magnetospheric stisto

J. Geophys. Res., 75, 5592-5599, 1970.

Milan, S.E., Davies, J.A., and Lester, M.: Coherent Hfara
backscatter characteristics associated with auroraldodenti-
fied by incoherent radar techniques: a comparison of CUTLASS
and EISCAT observationd, Geophys. Res., 104, 22 591-22 604,
1999.

Morelli, J.P., Bunting, R.J., Cowley, S.W.H., Farrygia.J.,
Freeman, M.P., Friis-Christensen, E., Jones, G.O.L. dreht.,
Lewis, R.V,, Luhr, H., Orr, D., Pinnock, M., Reeves, G.D.ilW
liams, P.J.S., and Yeoman, T.K.: Radar observations ofraluro
zone flows during a multiple-onset substornn. Geophysicae,

13, 1144-1163, 1995.

Opgenoorth, H.J., and Pellinen, R.J.: The reactionefjtbbal
convection electrojets to the onset and expansion of the sub
storm current wedge, iBubstorms-4 edited by S. Kokobun and

Y. Kamide, Terra Sci. Publ. Co., Tokyo, pp. 663—668, 1998.
Parkinson, M.L., Pinnock, M., Dyson, P.L., Ye, H., Deyli.C.,
and Hairston, M.R.: On the lifetime and extent of an auroral
westward flow channel observed during a magnetospheric sub-
storm,Ann. Geophys., 21, 893-913, 2003.

Parkinson, M.L., Dyson, P.L., and Pinnock, M.: On theurec
rence of auroral westward flow channels and substorm phase,
Adv. Space Res., doi:10.1016/j.asr.2005.08.028, 2005.

Provan, G., Lester, M., Mende, S.B., Milan, S.E.: Stiati
study of high-latitude plasma flow during magnetospheris- su
storms Ann. Geophysicae, 22, 3607—3624, 2004.

Russell, C.T.: The configuration of the magnetospher€riit-

ical Problems of Magnetospheric Physics, edited by R. Dyer, pp.
1-16, Nat. Acad. of Sci., Washington, D.C., 1972.

Ruohoniemi, J.M., and Greenwald, R.A.: Statisticatgrat of
high-latitude convection obtained from Goose Bay HF radar o
servations,). Geophys. Res., 101, 21743-21763, 1996.
Ruohoniemi, J.M., and Baker, K.B.: Large-scale imagig
high-latitude convection with Super Dual Auroral Radar Net
work HF radar observations]. Geophys. Res., 103, 20797—
20811, 1998.

Shand, B.A., Lester, M., Yeoman, T.K.: Substorm assedia
radar auroral surges: a statistical study and possiblergtoe
model,Ann. Geophysicae, 16, 441-449, 1998.

Siscoe, G.L., and Huang, T.S.: Polar cap inflation anchtiefi,

J. Geophys. Res., 90, 543-547, 1985.

Spiro, R.W., Heelis, R.A., and Hanson, W.B.: Rapid sotal

ion drifts observed by Atmospheric Explorer Geophys. Res.
Lett., 6, 660—663, 1979.

Yeoman, T.K., and Luhr, H.: CUTLASS/IMAGE observaisasf
high-latitude convection features during substor#n. Geo-
physicae, 15, 692-702, 1997.

Yeoman, T.K., and Pinnock, M.: The high latitude coniect
response to an interval of substorm activiiyin. Geophysicae,

14, 518-532, 1996.

Yeoman, T.K., Davies, J.A., Wade, N.M., Provan, G., arildih/
S.E.: Combined CUTLASS, EISCAT and ESR observations of
ionospheric plasma flows at the onset of an isolated substorm
Ann. Geophysicae, 18, 1073-1087, 2000.

(©2006 ICS-8 Canada



