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Abstract. Results concerning the electrodynamics of the Key words. lonosphere (auroral ionosphere; electric fields
nightside auroral bulge are presented based on simultanownd currents; plasma convection)

satellite and ground-based observations. The satellite data
include Astrid-2 measurements of electric fields, currents

and particles from a midnight auroral oval crossing and Po- )

lar UVI images of the large-scale auroral distribution. The 1 Introduction

ground-based observations include STARE and SuperDARN

electric fields and magnetic records from the Greenland and ne nightside auroral bulge is the common name for the ex-
MIRACLE magnetometer network, the latter including sta- tensive region of auroral activity that develops in the mid-
tions from northern Scandinavia north to Svalbard. At theNight sector due to a massive energy input from the mag-
time of the Astrid-2 crossing the ground-based data reveaietospheric tail during the main phase of a substorm. The
intense electrojet activity, both to the east and west of thevestward travelling surge, in the northwest part of the bulge,
Astrid-2 trajectory, related to the Polar observations of thelS the most spectacular of the large-scale auroral displays and
auroral bulge but not necessarily to a typical substorm. ThePelieved to represent the optical signature of the westward
energetic electron fluxes measured by Astrid-2 across the auRart of the substorm expansion region near magnetic mid-
roral oval were generally weak being consistent with a gapnight (Akasofu et al., 1965, 1966). The northeastern bound-
observed in the auroral luminosity distribution. The elec- @y of the auroral bulge, sometimes develops into Omega
tric field across the oval was directed westward, intensify-0ands (Opgenoorth et al., 1983; Amm, 1996; Pulkkinen et
ing close to the poleward boundary followed by a decreaseédl-, 1998), which are large-scale periodic auroral vortices.
in the polar cap. The combined observations suggests thakhe head of the surge has been shown to be associated with
Astrid-2 was moving close to the separatrix between the dusk€onverging electric fields, driving inward-directed Pedersen
and dawn convection cells in a region of low conductivity. Currents which connect to an intense upward field-aligned
The constant westward direction of the electric field acrosscurrent (Inhester et al., 1981; Opgenoorth et al., 1983).

the oval indicates that current continuity was maintained, not The large-scale current flow associated with the auroral
by polarisation electric fields (as in a Cowling channel), but bulge is often described by an intense westward electrojet,
solely by localized up- and downward field-aligned currentssuch as the substorm current wedge, connecting distributed
in good agreement with the Astrid-2 magnetometer data. Th&lownward FACs in the eastern part of the bulge to an up-
absence of a polarisation electric field and thus of an intensavard FAC in the surge head. This is, in principal, the same
westward closure current between the dawn and dusk cor@s the type Il current system suggested by RBwst(1964)
vection cells is consistent with the relatively weak precipi- and it has become, more or less, the generally accepted pic-
tation and low conductivity in the convection throat. Thus, ture of the large-scale ionospheric current closure associated
the Cowling current model is not adequate for describing thewith the auroral bulge (e.g. McPherron, 1973; Kamide and

electrodynamics of the nightside auroral bulge treated here.Akasofu, 1975). Since the Cowling mechanism is very ef-
ficient for producing an intense electrojet, it has often been

used in connection with the substorm current wedge (e.g. In-
Correspondence ta3. T. Marklund hester et al., 1981; Weimer et al., 1994). The dynamics of
(marklund@plasma.kth.se) the surge and in particular the expansion of the north- and
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oval boundary, and thus not inside the high-conductive re-
gion as in a Cowling channel. Thus, the poleward part of the
bulge often covered by intense auroras, is not consistent with
the Cowling channel characteristics.

A fundamental question in the electrodynamics of the au-
roral bulge is thus how, and to what extent, the dawn and
dusk convection cells are interconnected by enhanced iono-
spheric currents, such as the substorm current wedge. What
is the relative role of localised and remote closure of the up-
ward surge current? Is the Cowling current model really ap-
plicable to the bulge electrodynamics? These questions are
addressed in the present study which uses satellite observa-
tions by Astrid-2 and Polar and ground-based observations
of plasma drifts and currents during an event characterised
by significant auroral and electrojet activity in the midnight
sector around 22 UT on 7 May 1999.

photon cm2s1

Fig. 1. Polar UV image of a nightside auroral bulge observed on 7

May 1999 at 22:22 UT. Superposed on the image are the footpoin2 Observations

of the Astrid-2 orbit (2033) and the field-of-view of the MIRACLE

ground-based network in northern Scandinavia. 2.1 Overview of observations

Figure 1 shows a polar plot (geomagnetic latitude and mag-
westward conductivity gradients of the surge and associatedetic local time) of the nightside auroral distribution as
pulsations, have been studied by Rothwell et al. (1984, 1986yiewed by the Polar UV-imager experiment on 7 May 1999
based on the Cowling channel model. The westward expanat 22:22 UT, the ionospheric footpoint of the Astrid-2 orbit
sion of the dawn convection streamlines associated with thewumber 2033 and the field-of-view of the MIRACLE ground-
highly conducting surge region have also been demonstratedased facilities in northern Scandinavia. The Astrid-2 orbit
in model simulations by Kan et al. (1984) and Marklund et at an altitude of 1000 km is seen to cross a gap in the auroral
al. (1985). The westward electric field associated with thisdistribution separating it into a premidnight and a postmid-
protrusion was taken as a support of the Cowling model ofnight part. The AE index for this event remained essentially
the surge region. at a fairly constant level of 200-250 NT between 20 and 24

Arguments against the Cowling model scenario have re-UT. The Polar UVI-images also revealed the presence of an
cently been presented by Marklund et al. (1998). By study-extended region of auroral activity near local midnight last-
ing Freja observations from a crossing directly through theing for several hours between 21:30 UT and 24 UT.The field
surge head, they found evidence that the upward surge cuef view of the MIRACLE ground-based network covered at
rent was closed, to a large extent, by downward FACs inthis time the equatorward portion of the auroral oval near
the near vicinity of the surge head. A numerical simula- 01:00 MLT. Figure 2a shows plasma drift vectors and equiv-
tion model has been used to reconstruct the surge electrialent current vectors representative for 22:15 UT, shortly be-
fields and currents for this particular event and for anotherfore the Astrid-2 crossing. The westward electrojet, driven
surge event presented by Weimer et al. (1994) showing dy a south- to southwestward electric field (corresponding to
much better agreement with the electric field measurementthe east- to southeastwall x B drift vectors seen at the
when the upward surge current was closed locally than whertop), started to form shortly after 22 UT. Figure 2b shows the
it was closed by remotely distributed downward currentselectrojet at 22:23 UT when it had reached its maximum in-
(manuscript in preparation). Thus, the Freja observationdensity. No plasma drift vectors are seen at this time which is
as well as the numerical simulation results indicate a mucHikely due to an electric field decrease below the threshold of
weaker connection current between the eastern and the weddetectability £ < 15 mV/m). Such a decrease in the electric
ern part of the bulge than usually anticipated. field is typically associated with an increase in the electron

Another argument against the Cowling current model isprecipitation and thus also the ionospheric conductivity. The
that it is often applied to the auroral bulge as a whole al-equivalent currents deduced from the Svalbard and Bjgrngya
though the region which best should meet the criteria of be-magnetometer data (not shown here) are for this particular
ing a highly conducting channel is the region near the pole-time pointing northeast as is characteristic of the dawn con-
ward edge of the pre-midnight bulge, typically having the vection cell poleward of the convection reversal.
highest concentration of intense auroras (see Fig. 11 of Fu- Figure 3 shows magnetometer recordings from the Green-
jii et al., 1994). This region is typically associated with a land coastal magnetometer array operated by the Danish Me-
net upward current and a westward Hall current driven by ateorological Institute, and the Raven Skiway (ice cap) mag-
southward spike-like electric field, located poleward of the netometer operated by SPRL, University of Michigan. The
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Fig. 2. Plasma drift vectors and equivalent currents deduced from the MIRACLE observations at 22:15#)a0d at 22:23:20 UTh).
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Fig. 3. Greenland magnetometer data given in corrected geomagnetic north and east coordinates for the time period 21-24 UT on 7 May
1999(a) and a map of the locations of the magnetometer stations

left and right panels of Fig. 3a display the corrected geo-3b shows the corresponding locations of the different mag-
magnetic north and east components, respectively. Figur@eetometer stations. Shortly after 22 UT the southernmost
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Fig. 4. Energy time spectrograms of electrons and ions measured by the Astrid-2 particle instrument during the nightside auroral oval
crossing between 22:16 UT and 22:26 UT on 7 May 1999. For more information see text.

stations of the Eastern chain of magnetometers, in partic2.2 Astrid-2 observations
ular Daneborg (DNB) and Ittoggortoormiit (SCO) register
negative bays in both the northward and eastward compogigyre 4 shows energy time spectrograms of electrons and

nents. The horizonthal B vector is directed towards southygns observed by Astrid-2 over the nightside auroral oval be-

west reaching its peak value first at Ittoggortoormiit aroundyyeen 22:16 UT and 22:26 UT. From top to bottom are shown
22:12 UT and later, around 22:20 UT, at Daneborg. The lat-gjectron fluxes measured in the direction roughly parallel to

ter peak thus corresponds in time to the Astrid-2 crossing ofg perpendicular to B and antiparallel to B, followed by ions
the midnight auroral oval. This implies a poleward motion for the same directions. The entrance into the oval, as judged
of the centre of the nortwestward pointing equivalent Cur-from the electron data, occurred at 22:18:40 UT and the exit
rent. Considering the local time of the observations, arountyccyrred around 22:22:40 UT. In the equatorward half of the
22 MLT, itis likely that this equivalent current flows pole- g4 the fluxes are seen to be fairly weak whereas the pole-
ward of the dusk convection reversal. The westcoast chain ofyarg half contains three regions of more enhanced electron
magnetometers (THL to FHB) reveal around this time rela-energy flux, the narrow region near the poleward edge be-
tively weak electrojet activity with a westward electrojet 1 jng most intense with characteristic energies between 5 and
the north and an eastward to the south, the reversal being 10pg eV, These data are consistent with the auroral luminosity
cated around 73corrected geomagnetic latitude. gap visible in the equatorward half of the oval in Fig. 1.

To summarize these observations it is clear that at the time Figure 5 shows electric field, magnetic field and plasma
of the Astrid-2 oval crossing near local midnight intense elec-density observations by Astrid-2 between 22:16 UT and
trojet activity was observed both eastward and westward o22:26 UT. From top to bottom are shown the geomagnetic
the Astrid-2 trajectory with typical characteristics of the sub- eastward and southward components of the electric field,
storm-enhanced dawn and dusk convection cells, respectivelihe corresponding components of the magnetic field, and the
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Fig. 5. Electric field, magnetic field and plasma density measured by Astrid-2 for the same time interval as in Fig. 4. The panels show from
top to bottom the geomagnetic east and west components of the electric field and of the magnetic field, respectively, and the plasma density
measured by the Langmuir probe.
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Fig. 6. Close up view of the electric field, magnetic field and plasma density data between 22:21:30 UT and 22:23:30 UT when Astrid-2
crossed the narrow precipitation region near the poleward auroral oval boundary.
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rather continuously from high to low energies in contrast to
the region equatorward of this. The lower energy partis prob-
ably due to a localised acceleration of ionospheric electrons
by the Alfvén wave electric field. Similar observations of
dispersive electron fluxes which often are located near auro-
ral arc boundaries, have been presented by Mc Fadden et al.
(1986), Gelpi and Bering (1984) and Ivchenko et al. (1999).

2.3 Summary of observations

Figure 7 presents a summary of the Astrid-2, Polar and

ground-based observations obtained around 22:22 UT. The

Astrid-2 electric field data are plotted as vectors and the dis-

tribution of field-aligned currents are plotted as squares, open
and closed squares corresponding to upward and downward

e oy currents, respectively, along the footpoint of the Astrid-2 tra-
jectory. Contours representative of the maximum auroral lu-
minosity inferred from Fig. 1 are shown in the background.
The potential contours (dotted lines) are drawn to be consis-
tent with the Astrid-2 and STARE electric field data, and with

. . . . the direction of the electrojets inferred from the magnetome-

Fig. 7. Summary of the observations. The electric and magnetic . . .

field data along the footpoint of the Astrid-2 orbit are representedter data from (_Sreenland, northern Scandlr_1aV|a, Bjgrnaya E.ind

by electric field vectors and by calculated upward and downwardsvalbard' An independent check that the inferred convection

field-aligned currents (open and solid squares, respectively). Th@attern is realistic is given by the excellent agreement with
dotted lines represent equipotential contours that are consistent witfhe€ convection pattern deduced from SuperDARN radar ob-
the Astrid-2 and STARE electric field data and with the directions of Servations for this particular event as shown in Fig. 8. A
the electrojets inferred from the magnetometer data on Greenland;areful inspection of a series of SuperDarn convection pat-
Svalbard, Bjgrngya and northern Scandinavia. terns derived for various times (from 30 min prior to and 30
min after the Astrid-2 crossing) shows the same qualitative
features as the pattern shown in Fig. 8, which was obtained
plasma density data from the Langmuir probe. Equatorwardising data between 22:06 and 22:08 UT. Though this is about
of the oval both electric field components are close to zero11 min prior to the Astrid-2 crossing, we chose this pattern
For the equatorward half of the oval, between 22:18:40 UTsince the backscatter signal for this time was much stronger
and 22:21:00 UT, the electric field is seen to be very weakand thus allowed a more reliable fitting than was the case for
(around 5 mV/m) and directed westward. In the polewardthe data from around the Astrid-2 crossing. The weakening
half, shown in more detail in Fig. 6, the electric field is gener- in the backscatter signal, and thus the electric field, is also
ally more intense and more structured. Between 22:22:35 UTconsistent with the westward electrojet intensification and
and 22:22:55 UT, the electric field is very irregular with large the electric field (inferred from the STARE data) decrease be-
spikes. The field is westward in the equatorward part of thetween between 22:15 and 22:23 UT (Figs. 2a and b) caused
interval, fluctuating between westward and eastward in thedy a conductivity increase between these times. The gap in
central part (but with an average westward direction) and isthe midnight auroral distribution is shown colocated with the
eastward at the poleward boundary of the oval. This irregulamightside convection throat, in between the dawn and dusk
region coincides with a negative slope in the eastward mageonvection cells.
netic field component (indicative of an upward field-aligned
current), with a region of intense energetic precipitation seen
in Fig. 4 and with a weak plasma density cavity of around3 Discussion
20%. The upward current sheet is seen to be balanced by two
surrounding downward current sheets, the closure current¥he nightside auroral bulge represents the largest auroral fea-
being, on the average, converging Hall currents. The fluctuture of the midnight region. As pointed out in the introduc-
ations in the electric and magnetic field data are evidence ofion a fundamental question related to this large-scale auroral
Alfv énic activity, the fluctuations having a characteristic fre- feature is to what extent the dawn and dusk convection cells
quency of around 0.4 Hz , th& E /A B ratio corresponding are connected to each other by a large-scale electrojet closure
to an Alfvén velocity of about 1000 km/s which is consistent current, such as the substorm current wedge (McPherron et
with a plasma density of about 7000 th Another indica-  al., 1973). The current wedge, often described as a Cowl-
tion of Alfvén wave activity in this region can be found in ing current concentrated in a high conductivity channel, is
the electron data shown in Fig. 4. Note that for the polewardbelieved to be fed by downward distributed field-aligned cur-
most intense precipitation region the electron energy extendgents in the morning convection cell and linked to an upward,
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1981; Opgenoorth et al., 1983). Characteristic of the Cowl- 05/07/1999 e A APL MODEL

ing current model applied to the auroral bulge is that the 5500000 [ ey
ionospheric conductivity, represented By and Xy, and st T T e

the Xy /X p ratio (which increases with increasing charac- L . 2000 mis
teristic energy of the precipitating electrons) is strongly en- ) " . " ’ mis
hanced within the current channel as compared to the am- : : - .
bient plasma; that a southward polarisation electric fieldis - =/ L\ —— «. /e
formed to maintain current continuity for the meridional cur- g R\ VN

more localised current in the head of the surge (Inhester et al., Fitted vecs

1000

800

18MLT | LYl =R o N

formed with contributions from both the initial Pedersen cur- T IS A ‘ NN

rent (driven by the westward convection electric field) and ’ . </ LN

from the secondary Hall current (driven by the polarisation | | ° N /

electric field) so that the total current typically becomes sub- AT .

stantially larger than the Pedersen current. Nl SN NG S S
Often this model is applied on a large scale, of the size of Ny = anl \\\1% NS

a substantial fraction of the width of the bulge (see Weimer PIVERNS SR T uCiz ©nm

et al., 1994) although it is clear that the region which best oder=4 w O B w

fulfills the conductivity criteria is often the poleward edge of mnero e \

the auroral bulge. This can be seen, e.g., in the generic pic-%.2=% Coeomr o B T 72K

ture of the auroral bulge presented by Fujii et al.(1994) which

is based on a large number of observations of the nightsidgig. 8. Instantaneous nightside convection pattern derived from Su-

auroral distribution by the Dynamics Explorer UV imager. perDARN observations between 22:06:00 and 22:08:00 UT on 7

As shown by Fuijii et al.(1994) and Marklund et al. (1998) May 1999. Note the good agreement with the convection pattern

an intense southward electric field accompanied by a downderived from Astrid-2, STARE and the ground-based magnetome-

ward field-aligned current is often found to be located im- ter data.

mediately poleward of the bulge. This current is closed by

southward Pedersen currents feeding part of the upward cur- . . . .

. . was in this case found to be closed by converging Hall cur-
rents in the intense poleward part of the auroral bulge. Fur-

. . . L . .. rents. The reversal in the tangential component of the elec-
thermore, this region of high conductivity is associated with_ > "= .
. tric field at the poleward auroral boundary and the associated
a westward Hall current and not a Cowling current.

i ) . . closure by Hall currents is unusual but related to Astrid-2’s
For the particular case studied here, intense electrojet @ocation near the western edge of the dawn convection cell.

tivity was observeq simultaneously in the dusk and dawn For this event it thus appears that the dawn and dusk cells
convection cells as inferred from the magnetometer data from

the Greenland and northern Scandmawa—Byz;rmzxya—SvaIbar‘t’JVere not connected by alarge-scale current of the type of the
. . Substorm current wedge but only by a rather weak Pedersen
networks, westward and eastward of the Astrid-2 trajectory. L
. - . : . current flowing in the poleward part of the oval. Whether
The electrojet activity was clearly associated with persistent;, . : .
; ) . - . his represents an exceptional case or whether it may be rep-
and extensive nightside auroral activity (see Fig. 1) but not : ;
. . . - resentative also of other auroral bulge events, remains to be
necessarily with a conventional substorm. No efficient con-. . : . X
. . . investigated further. The long-lasting presence of nightside
nection for the electrojet currents exists between the dawn - . ;
: .. auroral activity and the fairly constant level of the AE in-
and dusk convection cells, because of the low conductivity

associated with the gap in the auroral distribution and the abgex around the time of the Astrid-2 crossing imply that the

sence of a polarisation electric field (as evidenced from th event treated here did not possess any clear substorm signa-

o . tures. Nevertheless, this event as well as the event treated by
almost constant westward electric field observed by Astrid- . e
. . Marklund et al. (1998) clearly illustrates the difficulties in
2). There is a connection by westward Pedersen currents over . . .
. I . ; applying the Cowling current model to the electrodynamics
the convection throat, which is most intense in the narrow re-
) ) of the auroral bulge.
gion near the poleward edge. However, for a typical Hall
to Pedersen conductivity of 2.0, the Pedersen conductivity is
five times lower than the Cowling conductivity and thus the 4 Summary and conclusions
Pedersen current is not a very efficient means of connecting
the dawn and dusk cell currents. Multi-satellite and ground-based observations have been pre-
The region near the poleward boundary was found to besented of the nightside auroral bulge in the middle of the
associated with a series of tangential electric field reversalspightside convection throat. This region, located in between
intense precipitation at both high and low energies, &ffv  the dusk- and dawn convection cells, is found to be asso-
wave activity, a density cavity and an upward field-aligned ciated with a gap in the auroral luminosity distribution ob-
current. The upward current, sandwiched between downserved by the Polar UV-imager and consistent with the rela-

ward field-aligned currents located on each side of the striptively low fluxes of energetic electrons observed by Astrid-2.
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