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Abstract. The dynamics of the polar cap and the auroral ovalfield has temporal variations with periods of 7-27 min and
are examined in the evening sector during a substorm periogtalues from 0 to 40 mV/m. It is shown quantitatively, for the
on 25 November 2000 by using measurements of the EISfirst time to our knowledge, that intensifications in the local
CAT incoherent scatter radars, the north-south chain of theeconnection electric field correlate with appearance of au-
MIRACLE magnetometer network, and the Polar UV Im- roral poleward boundary intensifications (PBIs) in the same
ager. MLT sector. The results suggest that PBIs (typically 1.5h
The location of the polar cap boundary (PCB) is estimatedMLT wide) are a consequence of temporarily enhanced lon-
from electron temperature measurements by the mainlangitudinally localized magnetic flux closure in the magneto-
low-elevation EISCAT VHF radar and the 42 m antenna of tail.
the EISCAT Svalbard radar. A comparison to the poleward
auroral emission (PAE) boundary by the Polar UV Imager
shows that in this event the PAE boundary is typically located
0.7 of magnetic latitude poleward of the PCB by EISCAT.
The convection reversal boundary (CRB) is determined from
the 2-D plasma drift velocity extracted from the dual-beam
VHF data. The CRB is located 0.5>-kquatorward of the 1 Introduction
PCB indicating the existence of viscous-driven antisunward
convection on closed field lines. Magnetic reconnection on the dayside magnetopause and in
East-west equivalent electrojets are calculated from thdhe nightside magnetotail are the main factors controlling the
MIRACLE magnetometer data by the 1-D upward contin- solar wind energy transfer into the magnetosphere and iono-
uation method. In the substorm growth phase, electrojet$Phere. As first suggested Byungey(1961), during south-
together with the polar cap boundary move gradually equaward interplanetary magnetic field (IMF) conditions, the low
torwards. During the substorm expansion phase, the Haranbatitude reconnection on the dayside magnetopause creates
discontinuity (HD) region expands to the MLT sector of EIS- OP€en field lines that are transported to the magnetotail by
CAT. In the recovery phase the PCB follows the polewardthe solar wind flow. Subsequent closing of the field lines in
edge of the westward electrojet. the magnetotail reconnection, which can occur either at the
The local ionospheric reconnection electric field is calcu- distant neutral line (DNL) or during substorm conditions at
lated by using the measured plasma velocities in the vicin{he near-Earth neutral line (NENL), and the following sun-
ity of the polar cap boundary. During the substorm growth ward met|on of these closed field lines complete the magne-
phase, values between 0 and 10 mV/m are found. During th&SPheric convection cycle.

late expansion and recovery phase, the reconnection electric The magnetospheric convection maps into the ionosphere
where plasma flows antisunward across the polar cap and re-

turns to dayside at lower latitudes roughly within the dawn
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magnetic flux changes affecting the polar cap size. When th€ISR) in the midnight sector was used in a meridional scan-
dayside reconnection rate exceeds the nightside rate, the paing mode and the PCB was identified by using electron den-
lar cap expands as the open flux increases. In the oppositgity contour levels caused by auroral precipitation. The ori-
situation the polar cap contracts as the open flux decreasemntation of the PCB was inferred from all-sky imagBtan-
(Siscoe and Huand 985 Cowley and Lockwood1992). chard et al(1996 1997 utilized the same method, but ad-

During southward IMF conditions, the two-cell convection ditionally Blanchard et al(1996 used a technique based on
pattern is established, and a non-z8socomponent leads to  630.0 nm auroral emissions.
an asymmetry in the convection cells (€Ggpwley and Lock- Global optical imaging and ground-based radar measure-
wood 1992. For pure northward IMF, the dayside magnetic ments were combined to calculate the reconnection electric
reconnection occurs poleward of the cusp, creating reverséeld in the nightside bystgaard et a{2005. They used the
convection cells as the pre-existing open flux is circulatingpoleward edge of the auroral oval extracted from the IMAGE
from one side to the other in the tail lobe. However, with FUV wide band imaging (WIC) camera images together with
non-zeroB, also closed field lines on the equatorward side the EISCAT ISR electron temperature measurements to iden-
of the cusps may reconnectanaka 1999 and references tify the PCB and its orientation and velocity. Plasma velocity
therein). was obtained from EISCAT measurements.

According to Faraday’s law, changes in the amount of The ISR-based methods described above are restricted in
open magnetic fluxbp threading the polar cap are related local time (MLT) coverage. However, their spatial and tem-
to the electromotive force, which can be separated into theporal resolution in locating the PCB is typically better than in
dayside and nightside reconnection voltages @isgoe and  other methods. Another approach to estimate the reconnec-

Huang 1985 Milan et al, 2003 Milan, 2004 tion rate is to apply Eq. (1) to get the reconnection voltages.
Milan et al.(2003 inferred the polar cap boundary at all lo-

d®p _ Vgt Vi 1) cal times from global optical images by the Polar UV Imager

dr  day™ Vnight and by the spectral widths of the SuperDARN HF radars, by

. . sing low-altitude orbiting satellite particle data as guidance.
The reconnection voltages are the integrals of the day- an 9 9 P g

L ) g . he reconnection vol were then calcul ing th
nightside reconnection electric fields along those portions of e reconnection voltages were then calculated by using the

: . . change in the amount of open flux. Milan et al. checked
the polar cap, which map to the reconnection sites. In a sta; - . )
. Lo . : the validity of the method by comparing the dayside recon-
tionary situation, where magnetic flux is opened the same

. . - ) i ) nection voltage values to the estimates calculated by using
amount in the dayside as it is closed in the nightside, the su
: ; gs. (2) and (3), and found a good agreement between the re-
of these voltages is zero. In this paper, we study only the
: . : o o sults of the two methods. Recentiyubert et al(2006 used
nightside reconnection electric fielf)., which if known, can

: : : lobal optical images by the IMAGE FUV SI12 instrument
be integrated along the nightside polar cap boundary (PCBgnd plasena conve?:tion )r/neasurements of SuperDARN radars
to get the corresponding reconnection voltage

to get the reconnection voltages by using Egs. (2) and (3).
When the two-cell convection pattern prevails, the anti-
Vhight = / - E-dl (2)  sunward flow in the polar cap and the sunward return flow
night are separated by a velocity shear called the convection re-
Theoretical work byVasyliunas(1984 showed that plasma Vversal boundary (CRB). Intuitively, the CRB represents the
flow across the polar cap boundary can be utilized to deterPolar cap boundary, since the open polar cap field lines are
mine the reconnection electric field in the ionosphere and furconvecting with the plasma across the polar cap from the
ther in the magnetotail. The reconnection electric field alongdayside to the nightside and the flow with the reconnected

the polar cap boundary can be written as closed field lines returns back to the dayside. However, there
are evidence of small amount of antisunward convection on
E;r = (vp —vp) x B, (3) closed field lines, indicating the PCB location poleward of

the CRB Genior et al.1994 Sotirelis et al. 2005 and refer-
whereuw,, is the polar cap boundary velocity (normal to the ences therein).
boundary)p, is the plasma flow velocity normal to the PCB  As a consequence of magnetosphere-ionosphere coupling,
and B is the magnetic field. Hence a duskward electric field the current systems which are embedded in the convection
in the magnetotail corresponds to magnetic flux closure (seg@attern and auroral zone involve both horizontal and field-
e.g.dstgaard et 812005 Hubert et al.2006. In the follow-  aligned currents (FACs). At the Harang discontinuity (HD)
ing, we use a sign convention where positive reconnectiorin the premidnight sector, the dominating eastward electro-
electric field means flux closure and velocities in the equa-jet changes to the westward electrojet (eKgskinen and

torward direction are positive. Pulkkinen 1995. The electrojets (and associated FACs) pro-
The first attempt to estimate the ionospheric reconnectiorduce the magnetic convection reversal boundary (MCRB).
electric field by using Eq. (3), was made bg la Beau- In this paper, we study some specific aspects of the

jardiere et al(1991). Sondrestrom incoherent scatter radar reconnection process that can be related to high-latitude

Ann. Geophys., 27, 2152471, 2009 www.ann-geophys.net/27/2157/2009/



T. Pitkanen et al.: Reconnection electric field estimates and dynamics of high-latitude boundaries 2159

boundaries, by using EISCAT incoherent scatter radar mea- gy
surements. We estimate the ionospheric reconnection electric

field in the evening sector during a substorm on 25 Novem-

ber 2000, by applying the method introduced\asyliunas

. ESR 42m
(1984. Plasma velocity, and location, orientation, and veloc-  7® YR %;
ity of the polar cap boundary are determined from EISCAT won | VHFb 140°
measurements. The EISCAT PCB is compared with Polar VHFa

1) BJN

UVI images. In addition, the convection reversal boundary

is extracted from the EISCAT data and these boundaries are

then studied in the framework of the electrojets, including aacgm lat
the Harang discontinuity region. Finally, the reconnection
electric field estimates are calculated. 65

130°

2 Methods and data analysis

60" .
2.1 Ground-based measurements 120

Throughout this study, we use the aacgatitude adjusted
correctedgeanagnetic) coordinate system, in which any two )
points connected by a magnetic field line have the same co- %0 100° 110
ordinates Baker and Wing1989. aacgm lon

The mainland EISCAT VHF radar located near Tromsg

(aacgm: 66.58lat, 102.9 .Ion) measured in Iow-eleva.tlo.n Fig. 1. Black: EISCAT radar locations and radar beam geome-
(30°) dual beam mode W'th_ the west beam (VHFa) pointing try used on 25 November 2000. The VHF radar is located near
ne_arl_y towards geomagneu_c north and _the east beam (VHFby o msg (TRO) and the field-aligned ESR 42 m antenna of the ESR
pointing towards geographic north (azimuth T7amd 0.5 system close to Longyearbyen (LYR) on Svalbard. Black lines are
to the west from ggnorth, respectively, see Fig. 1). In addi-the ground level projections of the two VHF radar beams. Open cir-
tion, the 42 m antenna of the EISCAT Svalbard radar (ESR)cles: Stations of the MIRACLE north-south magnetometer chain.
(aacgm: 75.22lat, 111.9 lon) was measuring field-aligned.

The VHF data were obtained with a latitudinal coverage of
70.3-78.2 for the VHFa in 15 range gates, and 70.1-78.5 55 pglar cap boundary, plasma velocity and reconnec-
for the VHFb in 16 range gates. The latitudinal resolution tion electric field
decreased polewards from 0.4 to Oahd from 0.3 to 0.6
for the VHFa a_md VHFD, respectively. Both_radar bea_mSThe polar cap boundary location was estimated by using the
covered the altitude range of 233—-1032 km with gate helghtmethod introduced byikio et al. (200§ and used also in
separation increasing from 23 to 83 km in the poleward direc-Aikio etal. (2008. The method uées electron temperatlire

tion. The ESR 42 m field-aligned data were measured from :
the altitude range of about 90-880 km with the height reSO_measurements from a low-elevation EISCAT VHF radar and

; . : the field-aligned ESR 42 m antenna. ThHein the nightside
lution decr.eas'mg from thg lowest E-region values of 3km LjpF—region can be enhanced within the auroral oval due to colli-
to 37 km high in the F-region. : . . C T

. . sional heating of particle precipitation. When the PCB is sit-

The EISCAT measurements covered the time InterValuated between the mainland and Svalbard, the field-aligned

17:00-22:00 UT on 25 November 2000, and yield the four ' 9

basic ionospheric parameters: electron densityelectron ESR 42 m_prowdes ﬁe he_|ght profile in the polar cap. The
; . ’ low-elevation radar, in this case the dual beam VHF, mea-
and ion temperaturé&, and7;, and the line-of-sight (I-0-s)

) - AR . sures ar, profile which is affected by both latitudinal and
f;;glﬁ(;_ltyw The magnetic midnight at Tromsg is at about altitude variations in the temperature. By subtracting the po-

. lar capT, height profile from the low-elevatiofi, profile, a
The north-south chain of the MIRACLE magnetometer P-le NEIGNt Proj . . . e P '

. . . . AT, latitude profile is obtained, in which the polewardmost
network (Fig. 1) was used to estimate the ionospheric cur-_.. . L o
. . latitude whereAT, is positive is taken as the PCB (sk#io
rents. East-west equivalent electrojets were calculated from .
. ! et al, 2006 for details).
magnetic X component data by using the 1-D upward con-

tinuation method by/anhaki et al.(2003. The VHF data were first integrateq to 60s apd the
ESR 42 m measurements to 128s. During the studied time
interval, the electron temperature at Svalbard did not show
any significant variations, which made a longer integration
period possible. Consequently, to reduce variance in the

www.ann-geophys.net/27/2157/2009/ Ann. Geophys., 27, 21572009



2160 T. Pitkanen et al.: Reconnection electric field estimates and dynamics of high-latitude boundaries

photons cm™s!

80 - g . . : f
VHFb . 140
75 ’ o
130
Fig. 3. UV image taken at 20:06:18 UT on 25 November 2000. The
PAE boundary is marked by a white longitudinal arc connecting
° . ' . the white 40-min MLT sector boundaries. The EISCAT PCBs are
n . . s ' - 120° marked by red crosses (both beams and their average).
100 110

2.3 Comparison of EISCAT and Polar UVI data

Fig. 2. Schematic presentation of the measurement. The blackor the studied interval 17:00-22:00 UT, on 25 November
crosses show the PCB for the two VHF beams and the solid greyglobal images of the northern auroral oval were provided
line the orientation of the PCB. Vector, and v, are the veloci- by the UV Imager of the Polar satellitddrr et al, 1995.
ties of the polar cap boundary and plasma along the PCB normalThe UV Imager was taking images with an integration time
respectively. of 37s using the LBHI filter (Lyman-Birge-Hopfield long,
160-180nm). The emission luminosity in the LBHI wave-
length band is practically directly proportional to the energy
reference polar cap height profile, the ESR 42m data werglux of the precipitating electrons. An emission altitude of
averaged to 1h time resolution. The PCB was determined. 20 km is assumed for the LBHI emissions. For the images,
for the two beams of the VHF separately, which allowed es-only the line of sight correction has been done which takes
timation of the PCB orientation. into account the increased emission when looking through
The 2-dimensionaE x B plasma drift velocity was cal- a longer path length of the atmosphere at large angles away
culated from the Il-0-s ion velocities of the two VHF radar from nadir. The dayglow has not been removed since it is
beams. When doing this, it must be assumed that there amgorthern winter.
no longitudinal variations in velocity between the beams and The images were collected continuously, excluding short
that the field-aligned ion velocity is zero. The longitudi- periods at 18:18-18:22 UT, 19:04-19:09UT and 20:21-
nal separation of the two radar beams increased from 97 t@0:25 UT, when the instrument was taking background im-
195 km with latitude. The 2-D velocity vectors were placed ages. Since the data had a time resolution of 37 s, one com-
in the middle of the gate pairs. For calculating the magneticplete minute time interval could include two or three succes-
field at different latitudes, the IGRF/DGRF-model was usedsive images. Therefore, to compare the UVI data with the
(http://modelweb.gsfc.nasa.gov/models/cgm/cgm html EISCAT data, an image sequence of one frame per minute
The reconnection electric field was calculated by Eqg. (3).was generated by selecting the image overlapping most with
A schematic presentation of the situation is shown in Fig. 2.the corresponding one-minute period to represent the time
The 2-D plasma velocity as interpolated at the PCB latitudeinterval.
and the components of the plasma velocity)(and the PCB To estimate the poleward emission boundary PAE, a 40-
velocity (v,) along the PCB normal were calculated. For min wide MLT sector containing both of the VHF radar
the estimate of the polar cap boundary velocity, 5-min run-beams was selected from each image. Then for each sec-
ning means at the 1-min resolution of the PCB location weretor, a latitude profile of longitudinally averaged emission in-
first calculated. These data were further interpolated to 30-d¢ensities were calculated with a resolution of half a degree
resolution to obtain the PCB velocity estimates at the samen latitude. The latitude profile was interpolated further to
time instants as the plasma velocity measurements. It waa resolution of 0.1 and the location of the PAE was deter-
assumed that the PCB maintains its orientation as it moves imined by using a ratio value of 0.3 WUMx where UVpax is
latitude along the magnetic meridian during the one-minutethe intensity maximum in the corresponding latitude profile.
interval, though this condition may not always be true asSometimes the emissions remained weak and formed a flat
pointed out bydstgaard et al2005. latitude profile, resulting in unreasonable values of the PAE.

Ann. Geophys., 27, 2152471, 2009 www.ann-geophys.net/27/2157/2009/
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running means of the two data sets are visible in Fig. 8). The
result is shown as a scatter plot in Fig. 4. Ideally, the points
Fig. 4. Comparison of the polar cap boundary estimates by EISCATwould lie in they=x curve, but in this event, after making a
VHF and Polar UVI. Linear fit of the forny:x+a has been applled fit of the form yzx+a, whereais a constant, the UVI PAE
giving .for the constant a-value=0.69. The Pearson correlation appeared to be located typically 0°G@ymlat poleward of the
coefficientr=0.42. VHF PCB. The Pearson correlation coefficientalculated
for the scatter data setis0.42.
We can account a few tenths of a degree of this discrep-
used. ancy to originate from the method used in VHF PCB deter-

Both methods for locating the PAE boundary have beenmination. By default, the PCB is determined as the pole-
used earlier, irBaker et al. (2000 andAikio et al. (2006 wardmost latitude where th&T,-curve with errorbars stays

Baker et al.(2000 found for the Polar UVI images that above zero, giving somewhat lower latitude values than the
the optimal ratio and threshold values were 0.3id¥and curve without errorbars would give (séékio et al., 2006.
4.3cnT2s1, respectively, when comparing the PAE and the The original latitudinal resolution of the VHF measurements
DMSP b5e boundaries. In addition, when comparing Viking S2USes at maximum 0.6-0.uncertainty in the PCB loca-
UV with DMSP data,Kauristie et al.(1999 used the ratio tion . , . .

value of 0.5 UVnay (full-width half maximum). However, Nomlnally, the f|elo!-of-V|eW (f-o-v) resolution of the Polar
they stated that the value 1/8.37 could be even better in YV IMager is approximately 0.040.04 (Torr etal, 1995

cases not hampered by background scatter, which is close t%orresponding typically an ionospheric resollution th' .
the value 0.3 obtained aker et al(2000). However, the despun platform has wobble in one direction,

An example of an UVI image taken at 20:06:18 UT is which decreases the UVI resolution in that direction by a

presented in Fig. 3. The calculated PAE latitude (743 factt())rbolf %r? n thte_worstt cats;Patrks et thll_-blﬁ?'/)- tTrt];]S IS ¢
marked by a white arc connecting the MLT sector boung-Propably the most important tactor contributing to the scat-

aries. The PCBs from the VHFa (78)7VHFb (73.6) and ter, since the wobble was along the 10:00-22:00 MLT line,
their average (73.6% are marked by red crosses. In this caseWhiCh Is approximately perpendicular to the PAE boundary.

the latitudinal difference between the average VHF PCB andn add'.t'on’ a some contrlbytlon may arse from the spatial
PAE was 1.1. averaging of the UVI PAE intensities. In the case that the

In total 138 VHE PCB and UVI PAE pairs could be l_JVI _PAE boundary is tilted away from the Iatltud_lnal dlrec_-
. . - . tion in the selected MLT sector, the calculated latitude profile
extracted from the studied substorm time interval 17:00- L A o
22:00 UT. Only those point pairs were included for which of longitudinally averaged emission intensities is broadened
. ' polewards. As a result the calculated UVI PAE boundary

t.)Ot.h estimates were below 75gmlat, Wh.'(.:h is the upper would be located somewhat poleward of the true PAE bound-
limit for the EISCAT AT,-method. In addition, the amount .
ary at the EISCAT longitude.

of point pairs available was reduced by about an hour data
gap in the VHF PCB data between 17:52-18:57 UT (5-min

In those cases, a threshold value of 4.3 photons’sn! was

www.ann-geophys.net/27/2157/2009/ Ann. Geophys., 27, 21672009
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2d plasma drift velocity from EISCAT VHF CP4B 25 Nov 2000
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Fig. 6. Plasma drift velocity derived from the dual beam EISCAT VHF data. Only every third 1-min velocity measurement is plotted. The
black solid curve indicates the 5-min running mean of the VHF polar cap boundary. The dashed curve is the plasma convection reversal
boundary determined from the plasma velocity vectors. The vertical solid line at 18:07 UT indicates the substorm onset occuring at about
2 h MLT east of EISCAT £22:40 MLT) and the dashed line 31 min later the substorm expansion in association with the Harang discontinuity
region to the EISCAT MLT.
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photons cm™s™

Fig. 7. Selected set of Polar UVI frames showing the general substorm evolution on 25 November 2000. The PAE boundary is marked by a
white arc connecting the EISCAT MLT sector boundaries. Two straight white lines in the sector indicate the EISCAT VHF radar beams. See

details in the text.
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3 Substorm on 25 November 2000 Here the Borok station was located about 1 h MLT west of
the substorm onset region.
3.1 Plasma convection Figure 7b shows the situation two minutes after the on-

set, when the substorm had expanded poleward and toward
Figure 5 shows the solar wind IMF measured by theWestand east. In about 30 min the substorm expansion had

ACE satellite. A dynamic time delay based on a com- progressed so that intense auroral precipitation had intruded
bination of minimum variance and cross product phaseinto the EISCAT local time from the east (Fig. 7c). At about
front normal determination techniquesVgimer et al, ~ 18:53UT the convection reversal boundary reappeared from
20083b, and references therein), has been calculated tdh€ southtothe EISCAT f-o-vtogether with the PCB and they
take into account the solar wind propagation from thePoth moved polewards (Fig. 6a). During 18:57-19:06 and
ACE location Xsm~224Rz) to the Earth's bow shock 19:22-19:31UT the convection pattern was very dynamic
nose Kaswu~14Rz) (http:/omniweb.gsfc.nasa.gov/form/ Probably violating the assumption of a uniform ion flow be-
scmergeminl.htm). The prevailing average solar wind ve- tweeq the VHF radar beams. These periods are visible as
locity was 400 km/s. gaps in the CRB.

During 14:00-18:54 UT the IMEB, component remained The begln_nlng of the recovery phase at about_ 19:08 l.JT
mainly weakly southwards, creating favourable conditions'V2S détermined from the start of the decrease in total in-
for magnetospheric substorms. A northward turningBof tegrated westward equivalent cu_rrent of MIRA_CLE stations
started at about 18:45 UT arkl remained weakly positive (data not shown). The PCB continued proceeding polewards
until 20:36 UT except during 19:48-20:29 UT Thg com- until 19:23 UT (Fig. 6a and 7f). This is consistent with the

ponent remained negative practically during the whole pe_observations bitilan e_t al.(2003, who found that the p_olar
riod. cap area was decreasing due to the poleward contracting PCB

. in the recovery phase, even after the substorm associated
The plasma velocity vectors calculated from the EISCAT y p

S : . | activity had f . During the slightl -
VHF data are presented in Fig. 6. The solid black curve is thqzlgsirnag Z(z:atllavslt)i/n tﬁa ngeg s\ef\:\?v{aen Lirglr_]gzt_leg%fut.ly sr\llc?rin

5-min running mean of the VHF polar cap boundary at 1'minthe PCB data between 19:31-19:35 UT, the boundaries had

resolution, and the dashed curve is the plasma convection reoved equatorwards about half a degree and 0.7 degree, re-
versal boundary (CRB) determined from the plasma VeIOCityspectiver. The equatorward motion of the polar cap bour;d—

vectors. Note that only every third velocity measurement isary turned poleward at 19:54 UT and lasted until 20:10 UT

plotted for the sake of clarity. before turning equatorward again (Fig. 6b). During the stud-
The EISCAT measurements started at 17:00UT anded time interval, the CRB followed the motion of the PCB

showed a typical evening cell convection pattern with the 5,4 was located 0.5 quatorward of the PCB.

convection reversal boundary at°7@gmlat. The polar cap

boundary was located about 0.5gmlat poleward of the 32 Boundaries and equivalent currents
CRB. The polar cap boundary moved equatorwards, which
is a signature of a substorm growth phase. The CRB fol-The equivalent currents with the boundaries are shown in
lowed closely the motion of the PCB. At 17:52UT the PCB Fig. 8. The red curve indicates the 5-min running average of
was abruptly displaced to the south and our method could nothe UVI PAE boundary. The solid and dashed black curves
see itanymore, and a little bit later also the CRB disappearedre the VHF PCB and the CRB, respectively. For the sake
from the field of view of the VHF radar. of clarity, the convection reversal boundary after the onset of
In Fig. 7 a selected set of UVI frames are presentedthe substorm expansion has been left out (see Fig. 6). The
to show the general evolution of the substorm. Most ofwhite line marks the magnetic convection reversal boundary
the frames were selected for reasons that become clear i(MCRB) determined from the equivalent currents. In the
Sect. 3.5 and may not coincide with the time instants dis-premidnight sector until 20:25 UT~23:00 MLT), a value
cussed here. Figure 7a was taken during the growth phasef 0 mA/m was used for MCRB. After 20:25 UT, when the
of the substorm. The time and location of the substorm on-westward electrojet was dominating, thé&60 mA/m value
set was determined from the Polar UVI images. At about(corresponding to about30nT in the X component) fol-
18:07 UT the substorm expansion started around 22:40 MLTlowed the poleward boundary better.
by a sudden brightening of aurora on a 40-min wide MLT  During the substorm growth phase before 18:07 UT, the
sector in the equatorward oval (not shown). This was fol-VHF PCB, the CRB, and the UVI PAE boundary were
lowed by a magnetic Pi2 pulsation burst at 18:08 UT, de-clearly located poleward of the eastward electrojet region
tected by the SAMNET Borok (Russia) mid-latitude mag- and the magnetic convection reversal boundary. The bound-
netometer station (5421cgmlat, 113.3 cgmlon, data not aries showed roughly similar equatorward motion in asso-
shown). The of the order of 1-min delay between the au-ciation with the gradually equatorward expanding evening
roral signature and the Pi2 burst is consistent with earlier obsector eastward electrojet (EEJ) pattern. The PAE bound-
servations of propagation-related delai®( et al, 2000. ary showed greater variations including a sudden leap by two
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Fig. 8. Equivalent east-west currents calculated from the MIRACLE magnetometer data. Red colour indicates eastward and blue westward
flowing electrojet in mA/m (scale on the right). The white line represents the magnetic convection reversal boundary and the Harang
discontinuity period is shown by a dashed line. The solid black curve is the PCB by the EISCAT VHF and the red curve is the 5-min running
mean of the UVI PAE boundary. The substorm onset at 18:07 UT is marked by a vertical solid line and the expansion to the EISCAT and
MIRACLE MLT at 1838 UT by a dashed line. The black triangle at 18:28 UT is the DMSP F15 particle PCB (b5e) measured in the EISCAT
MLT sector.

degrees polewards at about 17:21 UT. Similar, though muclaway of the most intense precipitation at the EISCAT MLT
weaker behaviour can be also seen in the VHF PCB. at 19:01 UT (Fig. 7e). After the Polar UVI data gap 19:04—

At the substorm onset at 18:07 UT, the poleward edge ofl9:09 UT the UVI PAE boundary appeared at a very high
the EEJ region, followed by the UVI PAE, jumpetl @mlat latitude of about 7& However, the emissions were weak
equatorwards. The VHF could not see the PCB which wasaind the intensity latitude profile was flat making the deter-
located equatorward of the radar f-o-v, together with the crpMination of the PAE boundary very uncertain. In addition,
(see also Fig. 6a). After 18:25 UT the EEJ pattern started tghe wobble of the Polar satellite may have stretched the au-
move polewards and a few minutes later the UVI PAE fol- foral forms polewards. The VHF PCB remained below 74
lowed. The DMSP F15 satellite was crossing the EISCAT cgmlat.

MLT from south to north at 18:28 UT and the particle data  After about 19:13UT, the eastward electrojet recovered,
of the spacecraft showed a clear poleward particle boundari"rSt at latitudes below 67 in association with the weakening
(b5e) at a latitude 69°6(black triangle in Fig. 8), just equa- ©Of the WEJ. From~19:27 UT onwards the equivalent cur-
torward of the UVI PAE boundary (DMSP data not shown). ent pattern was again dominated by the eastward electrojet,
The b5e boundary represents the poleward edge of the awftlthough with a lower intensity level. The westward electro-

energy flux Newell et al, 19964ab). a poleward excursion of the PCB. After 20:22 UT the WEJ

At 18:36 UT the eastward electrojet started to intensify and;pepiﬂﬁdggéh; pgtsht;?:%m?héji?g;;lansh;heollJeVIaITQEe;n:
the MCRB stopped moving polewards. Two minutes later 9 W y polew 9

also the westward electrojet on the poleward side started & fthe westward electrojet.

intensify. From the Polar UVI images it can be seen that3.3 Harang discontinuity

the intensification of the electrojets was associated with the

intense auroral activity intrusion from the east to the EIS- after 18:38 UT an intense westward electrojet formed on the

CAT/MIRACLE MLT sector (Fig. 7c). The UVI PAE bound-  poleward side of the intensifying eastward electrojet. The

ary continued poleward motion together with the reappearingyeJ expanded from the east, probably rotating the whole

VHF PCB. current pattern to an earlier MLT. By 19:00 UT the WEJ re-
After 18:53 UT the WEJ expanded abruptly by several de-gion had expanded equatorward down to latitudesdgfin-

grees to lower latitudes. This was accompanied by fadingat. During this time interval, between 18:38 and 19:00 UT,
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the MIRACLE magnetometer stations showed a change fronthe same velocity component for the PCB motion. The third
positive to negative X, which is the original definition of panel presents the calculated reconnection electric figld
the Harang discontinuity near magnetic midnigdeppner During the substorm growth phase, before 18:07 UT, dur-
1972. This MCRB is shown by a white dashed line in Fig. 8. ing polar cap expansiot, varied between 0-10 mV/m. The
Within the HD region, both of the electrojets had periodic, magnitudes are in agreement with earlies studies,de.da
about 3-min fluctuations, whose effect can be seen in oscillaBeaujardiere et a{1991) found thatE, is less than 15 mV/m
tory motion of the MCRB. After 19:13 UT the MCRB moved when the polar cap expands aBtnchard et al(1997) ob-
poleward and the electrojets weakened, while the most intained values less than 10 mV/m before a substorm onset.
tense auroral activity had already faded in this MLT sector. Because the PCB was located equatorward of the radar
The dynamic convection pattern after 19:22 UT was associeasurement range, the reconnection electric field could not
ated with the recovery of the EEJ. be calculated during the substorm onset and early expan-
Amm et al.(2000 distinguished two topologically differ-  sion. In the late expansion and the recovery phagegar-
ent type of HD, ”rotation-type” and ”expansion-type”, the ied between 15 and 40 mV/m, which are of the same order
former being associated with the Earth’s rotation and ob-0f magnitude as found in earlier studie(la Beaujardiere
served during quiet and moderately active geomagnetic conét al, 1991 Blanchard et a).1997 @stgaard et al.2009.
ditions without substorm activity, and the latter during ge- The electric field showed also variations with periods-Gt-
omagpnetically disturbed periods i.e. during substorms, typi-27 min. These variations are interpreted as variable recon-
cally appearing in an earlier MLT sector. The Harang discon-nection occuring in the magnetotail and have been reported in
tinuity period in this event represents the "expansion-type”earlier studies (e.@stgaard et al2005 Aikio et al., 2008.
HD.

When the WEJ associated with the Harang discontinuity
intruded from the east to the EISCAT MLT sector, the UVI
PAE and the VHF PCB moved rapidly in the poleward di-
rection. Still, a part of the WEJ was flowing poleward of
the polar cap boundary proxies (Fig. 8). Only after about
19:10 UT almost all of the WEJ was located equatorward of

3.5 Reconnection electric field and auroral emissions

In this section, the variations in the reconnection electric field
are compared to the optical auroral emissions by the Polar
UVl instrument.

For a comparison with the reconnection electric field, a
these boundaries. yveighted emission i.ntensity average was palculatgd for UVI

. . . i . . images corresponding to EISCAT data points (1 min resolu-

Figure 8 indicates that, in the Harang discontinuity region, tion hottom panel in Fig. 9). The calculation was made from
the poleward part of the westward equivalent electrojet Was, g0-min wide MLT sector including the EISCAT beams with
flowing poleward of the UVI PAE and the VHF polar cap it de limits of 65 and 80 cgmlat. The emission intensi-

boundaries. Equivalent currents are the part of the real threet-Ies within the MLT sector were averaged in longitude by
dimensional current system that are visible to the groundusing 0.5-wide latitude bins. The final result was obtained

The real east-wegt currents are likely to deviate to some eXE)y weighting these longitudinal averages with their area and
tent from the equivalent east-west currents._ _The _MIRACLEcaIcuIating the average. The 40-min wide MLT sector was
magnetometer Y components showed positive disturbancegy|argened to 80-min wide sector due to that also possible
with quasi-periodic variations of a few minutes up t0 71.5 4 ,1ora] emission intensifications occuring close to the EIS-

cgmlat between 18:30 and 19:00 UT (data not shown). Atcat pyt not exactly at the radar beams, would be included
the same time, Polar UVI images showed structured precip;, the calculation.

itation within the auroral bulge. Hence, it is plausible that During the growth phasé, intensified around 17:25 UT
. . . r .
structured upward field-aligned currents were flowing from (line ain Fig. 9). Polar UVI showed the formation of an east-

this region. In addition, thfare is a gap in latitudinal cover- west oriented auroral arc at the poleward edge of the oval
ags of magnetometeir stanapsh t()jetween B‘]ﬁ (7tgmiay) fin the evening sector within the f-o-v of EISCAT (Fig. 7a).
and HOR (74.1 cgm av), which decreases the accuracy ol the structure was 3 MLT hours wide and lasted about 12 min
the 1-D upward continuation methqd ywthm the r_eglon_of N" from 17:26 UT to 17:38 UT. The brightening of the arc could
te_re_st. Because Qf ihese uncertainties, more |nvest_|gat|ont§e seen as an intensification of Polar UVI intensity (bottom
within 'Fhe expansion type HD should be made to verify the panel of Fig. 9) The IMFB, had been mainly weakly south-
extension of the WEJ to the polar cap. wards for several hours loading the magnetosphere (Fig. 5).
_ o This weak reconnection burst with associated localized au-
3.4 Reconnection electric field roral activation is a signature of release of a small amount
of the energy stored into the magnetotail before the actual
The results of the calculated ionospheric reconnection elecsubstorm about 40 min later at 18:07 UT.
tric field are presented in the three topmost panel in Fig. 9. No estimates of the reconnection electric field in the early
The topmost panel shows the plasma drift velocity along theexpansion phase could be obtained. The rather Kighal-
PCB normal, positive equatorwards. The second panel showses in the late expansion and early recovery phase between
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Fig. 9. Plasma drift velocity along the PCB normal, positive equatorwards (top panel). PCB velocity along the PCB normal, positive
equatorwards (2nd panel). lonospheric reconnection electric field, positive values indicate magnetic flux closure in the magnetotail (3rd
panel). Vertical dotted lines show the maxima of #)eassociated with auroral PBls. The corresponding UVI frames in Fig. 9 are shown by

a letter. Weighted average UV intensity (bottom panel).

18:58-19:17 UT were associated with rapid fading of brightdouble oval Elphinstone et a].1995 in the EISCAT MLT
aurora in the EISCAT local time sector at 19:00-19:03 UT sector (Fig. 7g). The UVI intensity curve showed a peak
while the most intense precipitation concentrated about artlose to theE, maximum. The IMFB, had a southward
hour MLT westward of EISCAT (Fig. 7e). excursion during the preceeding 15min (Fig. 5). The PBI
The activation is obviously an auroral poleward bound-Was about 1.5 h MLT wide and lasted roughly 8 min, 19:41~

ary intensification (PBI) at the poleward boundary of the 19:49UT.

oval. PBIs are transient nightside geomagnetic disturbances The nextE, maximum, which was also associated with a
with a localized auroral signature that appear at the polewardPBI, occured at 20:01 UT (line h in Fig. 9). The PBI was
boundary of the auroral oval and can then extend equatortocalized within about the same 1.5 h-wide MLT range as
ward inside the auroral ovalyons et al, 1999 Zesta etal.  the previous PBI. The PBI lasted about 9 min, from 20:01 to
2002. PBIs occur during all levels of geomagnetic activity 20:10 UT. BothE, and the averaged UVI intensity showed a
(Lyons et al, 1998. very clear peak.

The intensification off, which maximized at 19:41 UT The last clear intensification in the reconnection electric
(line g in Fig. 9) was associated with a localized polewardfield with a PBI occured about an hour later, at 20:59 UT (line
boundary intensification at the poleward boundary of theiin Fig. 9). Due to the gap in the UVI data, the duration of the
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PBI in Fig. 7i is not known, but the activation started before co-location of the b5e boundary (poleward edge of the oval)
21:01 UT and ended at about 21:10 UT. The width of the PBland the PAE boundary was found (the PCB was at too low a
was about 0.5 h MLT in the beginning, but it evolved quickly latitude at that moment for the EISCAT VHF to see it).
to multiple beads extending over 3h MLT (Fig. 7j). During  The calculation of the 2-D plasma velocity vectors allowed
the maximumE,, UVI had a data gap, but a maximum in the the determination of the convection reversal boundary from
averaged intensity was observed about 5 min later. the EISCAT data. A striking feature was the similar tempo-
From the second panel of Fig. 9 it can be seen that all of theal evolution of the PCB (fronT, data) and the CRB (from
enhancements i, were associated with a poleward con- plasma velocity data), lending credence for the method of
tracting polar cap boundary. The main factor in producingPCB determination. The CRB was observed to follow the
the calculated reconnection electric field was the polewardnotion of the PCB and to be located 0.8-dgmlat equa-
motion of the PCB in events a, h and i. The enhancementorward of the PCB. The offset is consistent with the results
in equatorward plasma flow was mainly responsible for re-by Sotirelis et al.(2009, who compared SuperDARN HF
connection electric field in events f and g (Fig. 9, top panel).radar boundaries with DMSP particle boundaries. Sotirelis
The latter case is in accordance with de la Beaujardiere egt al. found an equatorward offset of the CRB relative to the
al. (1994) who observed that the flow rate across the polePCB that varies according to the local time from zero near
ward boundary of the aurora was increased significantly durnoon to~1° near dawn and dusk and is largest near mid-
ing the periods of PBIs. De la Beaujardiere et al. concludednight. In the early morning sector, offset as large as°3—4
that the feature is associated with a local increase in the rehas been observedifqim et al, 2003. The PCB-CRB offset
connection rate (in accordance with the Eq. 3) with qualita-is interpreted to result from a small viscous-like interaction
tively estimated peak values of the order of 25 mV/m. between the magnetosheath and the low-latitude boundary
Besides the PBIs in the 80-min wide MLT sector cen- layer, resulting in antisunward flow on closed field lines next
tered at EISCAT that are described above, PBIs occurredo the polar cap boundansetirelis et al. 2005 and refer-
also in other MLT sectors. In the growth phase, several eastences therein).
west oriented PBIs appeared, typically between 21:00 and The VHF PCB, the CRB, and the UVI PAE boundary were
22:00 MLT. The brightenings were about 2 MLT wide and studied in a framework of the 1-D ionospheric equivalent
lasted from 3min to 15min. In the recovery phase, a feweast-west electrojets calculated from the MIRACLE mag-
additional PBIs could be distinguished. netometer measurements by using the upward continuation
method byVanhanaki et al. (2003. During the substorm
growth phase, all the boundaries showed a similar drift mo-
4 Summary and discussion tion equatorwards on the poleward side of the eastward elec-
trojet region. The UVI PAE boundary was generally located
We have studied some specific aspects of the reconnectiopoleward of the VHF PCB with varying distances.
process that can be related to high-latitude boundaries. The The onset of the substorm expansion occured about
dynamics of the polar cap boundary in the evening secto2 h MLT east of the observed local time sector and was as-
during a substorm on 25 November 2000 were examinedsociated with a sudden equatorward leap ©fof the EEJ
by using EISCAT incoherent scatter radar measurementstegion. After 31 min a dynamical electrojet pattern was ob-
As a measure of the nightside reconnection rate, the locaserved to expand to the EISCAT MLT in association with
ionospheric reconnection electric field was estimated by théntense auroral activity. The current pattern was formed by
method introduced byasyliunas(1984, where the elec- intense westward electrojet on the poleward side of the east-
tric field is calculated by using plasma flow across the PCB.ward electrojet and was in the f-o-v of EISCAT and MIR-
The plasma drift velocity was calculated from the dual-beamACLE for about 50 min. We interpret the current system to
measurements of the EISCAT VHF radar, and the PCB wasepresent a dynamical "expansion-type” Harang discontinu-
determined using EISCAT measurements on both the mainity, after classification byAmm et al.(2000. Within the Ha-
land and Svalbard by using the method4ikio et al. (2006 rang discontinuity region, the UVI PAE and the VHF PCB
The VHF PCB was compared with the poleward auro- boundaries moved rapidly poleward within the WEJ. A part
ral emission boundary extracted from global optical imagesof the calculated equivalent westward electrojet was flowing
of the Polar UV Imager. On the average, the PAE bound-poleward of the boundaries.
ary was located 0%7poleward of the EISCAT PCB in this Later in the recovery phase, the boundaries generally
event, though large scatter occured in individual points. Themoved equatorwards. After shifting to the post-midnight
most probable cause for the difference in the UVI PAE andsector, the VHF PCB and the UVI PAE followed together
the VHF PCB locations is the wobble of the Polar satel- the poleward edge of the WEJ. The separation of the CRB
lite, which causes smearing of UVI images along the wob-and the MCRB in the growth and the recovery phases is con-
ble direction. In this case, the wobbling was unfortunately sistent with earlier evening sector studies where the MCRB
in the direction in which the PAE boundary was determinedwas found to be typically located 1=2gmlat equatorward
(~10:00-22:00 MLT). During one DMSP overflight, a close of the CRB fontaine and Peymirat996 Amm, 1998. In
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the post-midnight sector the MCRB was found to be locatedtion modes of the magnetosphetgdns et al, 2002. Zesta
1-2 poleward of the CRB, which is close to the values of et al. (2002 found the PBIs are either equatorward extend-
0.5-F observed earlier bpmm et al.(2003. Itis suggested ing (N-S or E-W structures) or non-equatorward extending.
that the shift is due to the field-aligned currents flowing in the They suggested that the equatorward extending north-south
vicinity of the HD (Amm, 1998 Amm et al, 2003. PBIs would be associated with longitudinally narrow BBFs
The calculated local ionospheric reconnection electricwhereas the wider east-west oriented structures could be as-
field was found to vary between 0 and 10 mV/m during the sociated with the global ULF modes. The non-equatorward
substorm growth phase. During the late expansion and recovextending PBI structures would be associated with a shear in-
ery phases, values up to 40 mV/m were observed. The valstability at the separatrix boundary. However, recertgta
ues are in agreement with earlier studids [a Beaujardiere et al. (2009 deduced that every equatorward extending PBI
et al, 1991 Blanchard et a).1997 Jstgaard et al.2005. structure they studied, including both north-south and east-
During the latter period, the electric field showed also varia-west structures, was associated with a fast flow channel in
tions with periods of~7-27 min. Similar periods have been the tail within the same local time sector.
reported in previous studies and interpreted as variable re- Aikio et al. (2008 found periodic poleward expansions
connection occuring in the magnetotail (edgtgaard et al.  of the PCB which were associated with intensifications of
2005 Aikio et al., 2008. the WEJ in the vicinity of the PCB in a recovery phase of
Comparison of the reconnection electric field with the a substorm. Since no signatures of global ULF waves were
Polar UVI data showed a clear correlation between inten-found, they suggested that enhanced reconnection bursts took
sifications of E, and auroral poleward boundary intensi- place in the tail. In this study, at least one clear localized
fications (PBIs). The PBIs appeared within one minute WEJ enhancement with a simultaneous poleward expanding
of the ionospheric reconnection electric field maxima andPCB was observed after 20:00 UT, and by utilizing the dual-
lasted 5-12min. The PBIl-associaté# maxima values beam VHF measurements we were able to show that itindeed
were 12 mV/m in the growth phase and 27 mV/m, 32 mV/m, was associated with an enhanced reconnection electric field
27 mV/m and 26 mV/m in the recovery phase. The widths of(line h in Fig. 9).
the PBIs were 3h MLT in the growth phase and 1.5h MLT  The spatial resolution of the Polar UV Imager was not high
in the recovery phase. For the last PBI in the late recov-enough in this case to tell whether or not the PBIs were nar-
ery/quiet phase the width was initially 0.5h MLT but then row auroral structures that propagated equatorward. How-
the PBI evolved into beads covering about 3 h MLT. ever, they all, including the last one with multiple beads,
In all the five cases, the PCB contracted poleward, butwere associated with enhanced reconnection, which suggests
in two cases during the substorm recovery phase, enhancetiat the PBIs were a consequence of temporarily enhanced
plasma flow velocity equatorward, across the PCB, was thdongitudinally localized magnetic flux closure in the magne-
main factor in producing the enhanced reconnection electri¢otail.
field. An enhanced southward plasma velocity in association
with arc intensifications at the poleward auroral boundaryAcknowledgementsThe authors are grateful to Ritva Kuula for
have been observed also tig la Beaujardiere et 811994 help in the EISCAT data analysis. The EISCAT is an interna-
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