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Abstract. Following a solar wind pressure pulse on 3 August tion of the current sheet structure (eSgrgeev et al2003
2001, GOES 8, GOES 10, Cluster and Polar observed dipoRunov et al, 20086.
larizations of the magnetic field, accompanied by an east- Early studies of the current sheet motion were restricted
ward expansion of the aurora observed by IMAGE, indicat-to single spacecraft observations and as such, the motion
ing the occurrence of two substorms. Prior to the first sub-of current sheet waves could not be determined unambigu-
storm, the motion of the plasma sheet with respect to Clustepusly. It was suggested that the current sheet motion may
was in theZgsw direction. Observations following the sub- be due to variations in the solar win&eiser and Ness
storms show the occurrence of current sheet waves moving967) or waves propagating across the talakagawa and
predominantly in the-Yssm direction. Following the second  Nishida 1989. Observations made by the multi-spacecraft
substorm, the current sheet waves caused multiple currertluster mission have removed this ambiguity. Case studies
sheet crossings of the Cluster spacecraft, previously studie¢zhang et al.2002 Runov et al. 2003 Sergeev et 812003
by Zhang et al(2003. We further this study to show that Zhang et al. 2005 and statistical studiesSergeev et a|.
the velocity of the current sheet waves was similar to the ex-2006 have shown that during periods in which the Cluster
pansion velocity of the substorm aurora and the expansion o§pacecraft crossed the current sheet several times, the current
the dipolarization regions in the magnetotail. Furthermore,sheet tended to be highly tilted in tiv& plane and exhibited
we compare these results with the current sheet wave modransient features in the dusk/dawn direction away from the
els of Golovchanskaya and Malts¢2009 andErkaev etal.  centre of the tail.Zhang et al(2005 also showed that cur-
(2008. We find that theErkaev et al(2009 model gives the  rent sheet waves extended ovetO R in the Earthwards di-
best fit to the observations. rection by comparing data from the Cluster and Double Star
missions. Using Cluster data to investigate the validity of the
minimum variance analysis technique (MV&pnnerup and
Cahill, 1967 Sonnerup and Scheihl&998, Sergeev et al.
(2006 used Geotail data to show that the occurrence rate
of plasma sheet flapping with radial and cross tail location
1 Introduction was comparable to the occurrence rate of bursty bulk flows
(BBFs). They also showed that superposed epoch analysis of
The magnetotail current sheet has been extensively studheAE index at the time of plasma sheet flapping suggested
ied since spacecraft technology allowed for in-situ measurethat plasma sheet flapping was likely during substorm ex-
ments to be made. These in-situ measurements have shova@nsion phases. This was in agreement with previous studies
that the current sheet often has a flapping or wavy motion(€.g.Bauer et al. 1995 Sergeev et al199§ that suggested
(e.g.Sergeev et al2004 2006 which is not only an interest-  that substorms might cause current sheet waves.
ing dynamical feature, warranting its own investigation (e.g. Prior to substorm expansion phase onset, the magneto-
Zhang et al.2002, but also facilitates the further investiga- tail becomes stretched and less dipolar (€&ajrfield and
Ness 197Q Kokubun and McPherrqri981;, Nagaj 1982.
Following the expansion phase onset, the tail magnetic
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ST 15T to an auroral expansion. Using four-spacecraft timing anal-
40t (@) 1 10 (b) ] ysis, we show that the expansion velocity of these regions
. f bﬂ sl ] is similar to the motion of the current sheet waves follow-
- - ing them. Furthermore, we test two models of current sheet
B o 0 R O ] waves in order to determine which is more likely for this
5 5 event. From these observations and theoretical models, we
1ok 1 ok spgcu!ate that the velocities of both the waves aqd the dipo-
15 s larization fronts are controlled by the configuration of the

5 0 -5 10 1520 25 1510 -5 0 5 10 15  magnetotail.

XGSM YGSM
15 asanASnas e
10t (© { Cluster 1 (Rumba) 2 Instrumentation
Cluster 2 (Salsa)
. ° } N Cluster  (Tengo) In this study, data are employed from the Cluster Flux-
R ] Gate Magnetometers (FGMBalogh et al. 2007), Cluster
-5F ] lon Spectrometer CODIF sensors (CIS-CODReme et al.
10k 2007, Cluster Plasma Electron and Current Experiment
st HEEA sensors (PEACE-HEEAJohnstone et 311997, Po-
5 0 -5 -10 -15 -20 -25 lar Magnetic Field Experiment (MFERussell et al.1995
Xasm and GOES 8 and 10 Magnetometers. We note that the

GOES 8 data are subject to an offset in #g component
and, hence, apply a correction -ef7 nT (Tsyganenko et al.
Fig. 1. Plots of the.CIuster and Polar orbital po;itions between 2003. Prior to 08:08 UT, the FGM onboard Cluster was run-
06:00 and 12:00 UT in théa) XY, (b) YZand(c) XZin GSM co-  inqin EXT mode. This mode stores spin resolution FGM
ordinates. The Cluster tetrahedron at Q6:OO pT is magnified by adata in burst mode memory at times when the spacecraft are
factor of 20. Cluster 1 (Rumba, black circle) is plotted at the cor- .
rect location. The locations of Cluster 1 and Polar at 09:00 andnOt telemeterlng datg. The data are telemet_ered to the_ground
12:00 UT are shown by open circles and triangles respectively. at the first opportunity. These data are calibrated using the
onboard calibrations and have an increased uncertainty in the
time-stamps due to the collection method (Be¢ogh et al,
2001, for details). After 08:08 UT, FGM data based on the
current into the ionosphere via the substorm current wedgé H resolution data from the Cluster Active Archive (CAA)
(McPherron et 8).1973 Rostoker1974 Nagaj 1982. This  are employed. These data have been calibrated to facilitate
dipolarization of the field is initially localised and then ex- the multi-spacecraft analysis techniques used in this study.
pands azimuthallyokubun and McPherrqril981 Nagai  polar MFE data have a temporal resolution of 65, whereas
1982. This dipolarization can extend over sevekaldown-  GOES MAG data have a temporal resolution of 60s. The
tail (Nakamura et a/.2009 and the azimuthal propagation moments from the PEACE-HEEA sensors have been calcu-
of the dipolarization at geosynchronous orbit has been assqated on the ground from a reduced angular resolution 3-
ciated with the azimuthal expansion of the substorm aurorapy particle distribution (3DX — sedohnstone et g11997).
bulge Liou etal, 2002. Furthermore, ithas been shown that Ground moments use improved calibrations and improved
the expansive motion of the auroral bulge is determined bycorrections for the effects of the spacecraft potential. The
the polarity of the IMFBy component if the IMFBy isfairly  3.p distributions are not telemetered on every spin, so the
steady, although the speed of the expansion is only modmoments have a lower cadence which varies between space-
erately correlated with the magnitude of the Iy (Liou  craft. Spacecraft data are presented in GSM coordinates un-
et al, 2006. Liou and Ruohoniem{2006ab) used two case |gss otherwise stated.
studies to show that the direction of the expansion of the au- Figure1 shows the location of the Cluster and Polar space-
roral bulge was dependent on the plasma convection flows at,4¢t and Fig2 shows that of Polar, GOES 8 and GOES 10
the location of the auroral breakup. in GSM coordinates between 06:00 and 12:00 UT. The Clus-
This study investigates the tail and auroral dynamics fol-ter tetrahedron at 06:00 UT is magnified by a factor of 20,
lowing a solar wind pressure pulse and two substorms. Wewith Cluster 1 plotted at the correct location. The loca-
expand upon the study Bhang et al(2002, including data  tions of Polar, GOES 8 and GOES 10 at 06:00, 09:00 and
from Polar, GOES 8 and 10 and Cluster, enabling us to de12:00UT are shown as asterisks, open circles and trian-
termine a global picture of the magnetotail dynamics at thisgles, respectively. The location of Cluster 1 at 09:00 and
time. Comparing magnetotail data and auroral observations12:00 UT is shown as an open circle and triangle respec-
we show that the azimuthal expansion of dipolarized regiongively. Cluster was in the northern magnetosphere, with
extending radially across 12z of the magnetotail is related Cluster 1 at {£16.6—-9.1,4.2]Rg at 06:00 UT and moved to
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Fig. 3. MLT — invariant latitude (AACGM) locations of the mag-
netic footprints of Cluster 1, Polar, GOES 8 and GOES 10 between
06:00 and 12:00 UT calculated using the T89 model. The initial
and final positions of the spacecraft are shown as crosses and aster-
isks respectively. The spacecraft positions are marked by dashes at
2-hourly intervals.
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Fig. 2. Plots of the GOES 8 (blue), GOES 10 (red) and Polar
(black) orbital positions between 06:00 and 12:00 UT in(tgexY,

(b) YZand(c) XZin GSM coordinates. The locations of the space-

craft at 06:00, 09:00 and 12:00UT are represented by asteriské,:r_or_n 07:30 to 08:30UT GOES 8, Cluster and Polar were
open circles and triangles, respectively. within one hour of MLT of each other.

Solar wind data are provided by the magnetomesanith
et al, 1998 and Solar Wind Electron Proton Alpha Monitor
[—16.6~8.5,1.5]Rx by 12:00UT. Cluster 1 was the most (SWEPAM;McComas et a).1998 instruments on board the
Earthward spacecraft, whereas Cluster 2, 3 and 4 were #tCE spacecrafttone etal.1998. During the interval ACE
approximately the same downtail distance. Cluster 2 (red)Vas Situated at approximately [248.5,30]R s, sunward of
was the most duskward and northernmost spacecraft. Clughe Earth. Solar wind data from ACE are lagged by compar-
ter 3 (green) was the southernmost spacecraft and Cluster #9 the IMF with magnetometer data from the IMAGE mag-

(blue) was closest to dawn. The spacecraft were separatdeeiometer arraytuhr, 1994 Viljanen and Hakkinen 1997),
by 1700-2000km. Polar was initially in the southern mag-Which was on the dayside between 07:00 and 13:00 MLT,

netosphere at{3.0,-2.3~1.9] Rz at 06:00 UT moving to following the technique demonstrated Bplwerk et al.
[-5.2,-6.4,4.5]R; by 12:00UT. The GOES spacecraft (2004 ,
were in the northern magnetosphere throughout the inter- Northern Hemisphere auroral data are also employed
val. GOES 8 (blue) was the most dawnward spacecraft, inifrom the Far UltraViolet imager Wideband Imaging Camera
tially at [-6.1,~1.4,2]R; and moved to [1.5;6.4,0.7]R;  (FUV-WIC; Mende et al.20003b,c) on board the IMAGE
by 12:00 UT, passing through the magnetic local time sec-Spacecraft. Durmg. the mteryal, IMAGE was passing over the
tor of Cluster and Polar. The closest separation of Polar andiorthern polar region, passing through apogee at 08:10 UT,
GOES 8 occurred at 08:29 UT, with the spacecraft passingVith FUV-WIC imaging the northern polar region.
within 9600 km of each other. GOES 10 (red) was initially
located in the pre-midnight sector at4.3,4.9,1.1R g, mov-
ing to [-4.6,—4.1,2.3]Rg by 12:00 UT.

Figure3 shows the magnetic footprints of Cluster 1, Polar, 3.1 Interval overview and solar wind conditions
GOES 8 and GOES 10 between 06:00 and 12:00 UT, cal-
culated using thé'syganenko(1989 model (hereafter re- Solar wind ram pressure, density and velocity data from ACE
ferred to as the T89 model) with an input &p =4, in are shown in Fig4 in panels (a—c), respectively. The IMF
MLT — invariant latitude coordinates from the Altitude Ad- By, By and Bz are shown in panels (d—f) in GSM coor-
justed Corrected GeoMagnetic coordinate systBakérand  dinates. The IMF clock angle is shown in panel (g). The
Wing, 1989. Cluster remained close to 02:00 MLT through- interval covered is 06:00-12:00 UT. In order to determine
out, whereas Polar was located at@®5 MLT throughout.  the solar wind conditions at Earth, it is necessary to lag the

3 Observations
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Fig. 4. Stack plot of solar wind and IMF data from ACE. The
data have been lagged by 50 min. Pa@@lshows the solar wind
ram pressure. Panéb) shows the ion density. Pangt) shows
the ion velocities in theX (black),Y (red) andZ (blue) directions.
Panels(d—f) show the IMFBy, By, and Bz in GSM coordinates
respectively. Pangb) shows the IMF clock angle in degrees.

magnetic field response to the pressure pulse was dependent
on whether stations were on open or closed field-lines. The
increased variability of the dayside magnetic field suggests
that the lag between ACE and the Earth was 50 min. Data
from ACE are in Fig4 are presented with this lag applied.
This is less than, but comparable with, the 60 min lag used
by Zhang et al(2002, and the 64 min lag predicted by the

data from ACE. It has previously been shown that the high-model ofkKhan and Cowley1999.

latitude ionosphere and the IMF are strongly coupled, es- At 07:15UT, a solar wind pressure pulse, in which the so-
pecially following solar wind pressure pulses (evglwerk lar wind ram pressure increased by a factor of five dominated
et al, 2009. The northward ) component of the mag- by a change in the solar wind density, impacted the magneto-
netic field from a number of the IMAGE magnetometer chain sphere (Figda—c). The ram pressure then slowly decreased,
magnetometers, which cover 58-76° MLAT and were on thereaching 6 nPa by the end of the interval, with increases of
dayside during the interval, are shown in Fig. The data ~2nPa at 08:55 and 10:20 UT. Prior to the initial pressure
from the selected stations is shown in order of descendingulse, the ram pressure was 2 nPa and the IMF was consis-
magnetic latitude. At 07:15UT there was a distinct changetently southward. Data from 00:00 UT (not shown) indicates
in the magnetic field. Stations north of Bear Island (BJN) that the IMF was southward for almost 5h prior to the in-
showed large, long period variations, whereas stations soutterval shown in Fig4. Just before the pressure pulse, the
of Masi (MAS) showed a lower amplitude variability on a IMF Bz dropped to O nT. Coincident with the pressure pulse,
much smaller timescale. Comparing the magnetometer pothe IMF Bz magnitude increased briefly before decreasing to
sitions with images from FUV-WIC on the IMAGE space- vary about 0nT. The IMF turned northward at 07:48 UT and
craft (not shown) indicates that this difference in the daysidevaried about northward and southward from that time. Also
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Fig. 6. (a) Keogram of auroral intensity along the 00:00 MLT £
meridian between 50° and 80° magnetic latitude from 06:00 to

12:00 UT. (b) The AU and AL auroral indices between 06:00 and
12:00 UT. The vertical lines indicate substorm onsets.

following the pressure puls&y varied pseudo-periodically
about 0 nT with a periodicity of 20—30 min until 08:20 UT, at
which time it became persistently negative-&8 nT.

Figure6 shows (a) a keogram of auroral intensity along the
midnight meridian from the FUV-WIC instrument onboard o8
the IMAGE spacecraft and (b) th&L and AU auroral in-
dices between 06:00 and 12:00 UT. Prior to the solar Wind;’
pressure pulse, the auroral oval was dim and covered 65° tg;
70° magnetic latitude. Shortly after the arrival of the solar 3 20
wind pressure pulse, the auroral intensity increased, with a ol S
large increase at the equatorward edge of the auroral oval. P R R e e e e e o om
At 07:40 UT, the bright aurora expanded rapidly polewards. 2001-08-03
A further poleward expansion of the aurora was observed
at 08:18UT. These auroral expansions were accompanied
by decreases in thAL index, indicating the occurrence of Fig. 7. Stack plot of magnetometer data from GOES 8 (blue)
two substorm expansion phases at these times. These af8d GOES 10 (red) and Polar (black). Panfgsc) show the
indicated as black lines in Fig. After 09:00 UT, the au- Bx, By and Bz magnetic field components in GSM coordinates.

rora along the midnight meridian dimmed to levels similar to %aengln(gl)esggt\vyvzgethn;agrc]itriwcpgign{n:rggi:ﬁgeéorzz?r?;?og\fthe
, z
those prior to the pressure pulse and retreated equatorWardm‘agnetic field in theXY plane (latitude angle). The dashed traces

There was a further enhancement "?md poleward EXpansIof),,y the output from the T89 magnetic field model in the respec-
between 10:15 and 11:00 UT. TK&J index showed an al- e colours of the spacecraft. The horizontal dotted lines indicate
most steady decrease throughout the interval, with slight enzerg in each panel. The dashed vertical lines indicate the times of
hancements between 07:30 and 08:30 UT. the dipolarizations and the dotted vertical lines indicate the current
sheet wave as observed by the various spacecraft and shown in their
3.2 Magnetospheric compression and magnetotail dipo- respective colours. The solid vertical line indicates the effects of the
larizations pressure pulse.

Bl (nT)

deg)

60

40

Universal Time

Figure 7 shows a stack plot of magnetometer data from

GOES 8, 10 and Polar. Data from GOES 8 is representednetic field in GSM coordinates. Panel (d) shows the magnetic
by the blue line, data from GOES 10 is represented by thdield magnitude. Panel (e) shows the magnetic field latitude
red line and data from Polar is represented by the black lineangle, taken to be the angle between Bhecomponent and

in each panel. The T89 magnetic field model is shown as théhe magnetic field component in tiY plane.

dashed lines in the respective colour of the spacecraft. Pan- Around 07:00 UT, the magnetic fields at the GOES space-
els (a—c) show th&x, By and By components of the mag- craft were reasonably well matched by the T89 model,

www.ann-geophys.net/27/2457/2009/ Ann. Geophys., 27, 24742009
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T R L, . Polar detected a circularly polarized wave at this time (la-
ack : belled P1) with a period of~150s. GOES 10 detected two
dipolarizations of the magnetic field at 07:35 and 08:25UT
and GOES 8 detected two dipolarizations at 07:47 UT and
08:45UT, indicated by the dashed lines in Fig. A final
dipolarization of the magnetic field at GOES 8 at 09:10 UT
brought the magnetic field level back towards the model field
level, suggesting that the spacecraft moved out of the dis-
turbed tail region and round onto the flanks of the magneto-
sphere. Polar detected two dipolarizations of the magnetic
N S ; field at 08:08 and 08:40 UT respectively, labelled (D1 and
20 R D3). The first of these dipolarizations was very rapid, with
0 RPN N BN the B, component of the magnetic field increasing by 20 nT
SR in 45s. This was in contrast to the dipolarizations at the
GOES spacecraft, which occurred over approximately 5 min.
The second dipolarization was associated with a large in-
R dy crease inBy and By, with similar but more extended in-
-20 R creases observed by GOES 8. This indicates that GOES 8
RN A and Polar detected the Earthward directed current that makes
up part of the substorm current wedge. It is interesting to
note that GOES 10 did not see a signature of the return cur-
rent, although this is likely due to the location of the space-
craft at that time. The dipolarization at GOES 10 at 10:15UT
was due to the substorm expansion phase observed in the AL
indices and auroral keogram (Fig).

Figure8is a stack plot of magnetic field data from Cluster
in the same format as Fi@. Figure9 shows the particle mo-
ments from the Cluster CIS and PEACE instruments. Data
from CIS were only available from Cluster 1 and 4. Pan-
S EE A els (a) and (b) show the ion temperature and density. Pan-
-50 Pl els (c—e) show the&, ¥ and Z components of the ion ve-
locity. Panels (f—j) show similar data for the electrons. The
dashed lines show the times of the dipolarizations and the
dotted lines indicate the current sheet waves.

Fig. 8. Plot of FGM data Cluster. Panel@—c) show the From 06:45 UT,B; at Cluster dropped steadily reaching
By, By and By magnetic field components in GSM coordinates. half the model value by 07:15 UT, indicating that the magne-
Panel(d) shows the magnetic field magnitude. Paf@glshows the  totail was stretching. At 07:18 UTBx and the magnetic field
magnetic field latitude angle. The black dashed traces are the mOd?hagnitude rapidly doubled (labelled P2), accompanied by a
field components from the T89 model based on the centre of theyrg5 in the latitude angle, indicating that Cluster detected the

Cluster tetr_ahedron. The solid vertical line _|nd|c_ate_s the effects Ofcompression of the magnetotail by the solar wind pressure
the solar wind pressure pulse. The dotted lines indicate the current

sheet waves. The dashed lines indicate the times of the dipolarizap.ljlse' .FOI.IOWIng the pressure pulse, there were two large
tions of the field. dipolarizations of the field starting at 07:50 and 08:37 UT

observed as a more than doubling ®f (Fig. 8c) and in-

dicated by the vertical dashed lines in the plot. The first of

these is associated with a drop in thg component, indi-
although, compared to the model, the magnetic field wascating that it occurred when Cluster first detected a current
slightly stretched, indicated by the slightly depresg®&gd  sheet wave and is discussed in the next section. The second
components (Fig7c), particularly at GOES 10. Data from of these (labelled D2), for which ion moments were avail-
the Polar spacecraft shows that it also detected a stretcheable, was accompanied by a slight increase in the ion tem-
field at this time in the post-midnight sector (Fige). At perature to 95 MK at Cluster 1 and 4. In concert with this,
07:15UT,Bx andBy increased in magnitude at GOES 8 fol- there was a much smaller enhancement in the electron tem-
lowed shortly by a larger increase iy andBy at GOES 10.  perature at Cluster 2. Data from Cluster 1, 3 and 4 were
Since these increases are not associated with dipolarizations insufficient temporal resolution to determine whether or
of the field, this indicates that the spacecraft detected an innot there was an increase in the electron temperature at these
crease in the Region 1 currents caused by the pressure pulsspacecraft. Between 10:30 and 11:15UT, Cluster detected
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subtracted, such that the dotted lines indicate the minimum value
which has been set to OR. The traces are separated by 1500 R. The

Fig. 9. Plot of particle moments from the Cluster CIS and PEACE red lines indicate the times at which dipolarizations were detected

instruments (Cluster 1: black, Cluster 2: red, Cluster 3: green, Clusty the Cluster (Cl), GOES (G8 or G10) or Polar (P) spacecraft,
ter 4: blue). Panelé@—e)show ion moments from the CIS instru- indicated in the appropriate MLT sector.

ments. Panel§—j) show moments from the PEACE instruments.
The plots show (a—e and f—j, respectively) the temperature, density,

Vx, Vy andV; components.
01:00 MLT covers 01:00-02:00 MLT. The traces have been

normalized by subtracting the minimum value from all the
a high_speed, lower density ion popu|ati0n, in concert with values for each trace. The traces are Separated by 1500 R.
reversals inBBy andBy and an increased Var|ab|||ty in all the The red lines indicate the times and MLT sectors in which
magnetic field components. In particular, the high speed ionghe Cluster, GOES and Polar spacecraft detected dipolariza-
showed a large velocity perpendicular to the magnetic fieldtions of the magnetic field.
in the Earthwards direction, indicating that Cluster detected a At 07:15 UT, the auroral luminosity across the night side
bursty bulk flow (BBF;Angelopoulos et al1992 and which  began to increase, reaching a peak at 07:27 UT. The largest
was likely associated with the auroral substorm activity seenincrease occurred between 23:00 and 02:00 MLT, where the
at this time (Fig6). average luminosity increased by 750-1000 R. Outside this

Figure 10 shows the average auroral luminosity betweenrange the increase wass00 R. At 07:40 UT there was an in-

55° and 80° magnetic latitude in bins of 1h of MLT from crease of over 1000 R in the 22:00 MLT sector accompanied
the FUV-WIC onboard the IMAGE spacecraft. The MLT by a 500R increase in the 23:00 MLT sector. This propa-
marked indicates the eastern edge of the bin, such that thgated eastward, with the peak of the brightening reaching the
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04:00 MLT sector by 08:18 UT before decaying to reach a lo-maxima in theBy component for the pressure pulse event
cal minimum at 08:48 UT. A further, smaller enhancementand theB; component for the dipolarizations. Results shown
appeared at 08:18UT in the 22:00 MLT sector and againin italics were determined using EXT mode data from Clus-
propagated eastward, with the peak of the brightening reachter.

ing the 03:00 MLT sector by 09:12 UT before decaying to a The results from the four-spacecraft timing analysis indi-
minimum at 10:00 UT. A final enhancement, initiated in the cate that the normal to the compression front at Cluster (P2)
23:00 MLT sector at 10:12 UT, propagated both eastward andvas orientated predominantly in tizedirection, whereas the
westward. dipolarization front was travelling in the Y direction and

The red lines in Fig10 show that the dipolarizations de- Earthward. Projecting the velocity of the dipolarization front
tected by the Cluster and GOES spacecraft occurred jusinto the ionosphere using the T89 model gives corresponding
prior to the auroral enhancements, apart from the seconéastward ionospheric velocity of 2.5kms This velocity
dipolarization detected by GOES 10, indicating that the dipo-is a good match for the observed auroral expansion velocity
larizations of the tail magnetic field were associated with theat this time and the projected ionospheric velocity from the
auroral substorms. The first dipolarization detected by PolaiGOES spacecraft.
occurred at the time of peak brightness in the 03:00 MLT sec- In summary, data from the magnetometers onboard Clus-
tor. Given this, and the much quicker dipolarization observedter, Polar and GOES 8 and 10 have shown that prior to the so-
by Polar at this time, it seems unlikely that the dipolarization lar wind pressure pulse the magnetotail was stretched due to
detected by Polar was the same feature detected by GOES the extended period of southward IMF. Following the arrival

Figure 10 shows that the enhancement of the aurora wasof the pressure pulse, the magnetosphere was compressed
less rapid as the aurora progressed towards dawn, hence dgutside 6R and the Region 1 currents were enhanced. The
termining the speed from the peaks of the auroral enhanceeffects of the pressure pulse travelled downtail from GOES to
ments, which are well defined, would give a slower auroraCluster, as we would expect for a travelling solar wind pres-
expansion velocity than than if the velocity were determinedsure front. Following the pressure pulse, dipolarizations were
from the start times of the enhancements. As such, we degbserved at GOES 10, GOES 8, and Polar at 07:35, 07:47,
termine the velocity of the auroral expansion based on theand 08:08 UT, respectively, and by GOES 8, GOES 10, Clus-
start of the auroral enhancement in each sector. The eastwatdr and Polar at 08:25, 08:45, 08:37 and 08:40 UT, respec-
expansion velocities of the aurora were 5.5 and 2.75¥ms tively. The dawnwards propagation of these dipolarizations
for the first and second expansions respectively. Assumingetween the GOES spacecraft and at Cluster was consistent
that the dipolarization region expands in thelirection be-  with observations of dawnward moving aurora in the IMAGE
tween GOES 10 and GOES 8 gives the dipolarization expanFUV data, indicating that the dipolarizations were due to the
sion velocities as 69 and 32 km's respectively. Mapping occurrence of substorms and that at least one of the dipolar-
these velocities into the ionosphere from GOES 8 using thedzations was observed across a distance @ 2 2lowntail.

T89 model gives corresponding ionospheric velocities of 7
and 3kms?, hence the auroral expansion velocities and the3.3 Current sheet wave observations
dipolarization region expansion velocities were similar.

Four-spacecraft timing analysiblérvey, 1998 compares  Following the solar wind pressure pulse, Cluster observed
the lag of a given feature in the magnetic field across fourmultiple, pseudo-periodic reductions and recoveries in the
points in space, and determines the velocity of the featureBy component of the magnetic field, accompanied by local
For a planar discontinuity, the direction of travel is equiva- peaks in the field latitude angle starting at 07:30 UT (Bjg.
lent to the direction normal to the discontinuity. Assuming After 08:48 UT, Cluster crossed the current sheet several
that the magnetic field variations are locally planar, in par-times. These current sheet crossings have previously been
ticular on the scale size of the Cluster tetrahedron, we applstudied byZhang et al.(2002, who determined that they
these techniques to determine the propagation direction oiere due to current sheet waves. Given tBatreduces on
the compression front and dipolarizations in the tail. approach to the current sheet, it is apparent the periodic re-

Table 1 shows the results of four-spacecraft timing anal- ductions inBy prior to the current sheet crossings were also
ysis of the magnetic field data from Cluster for the effectsdue to a wavy current sheet. Following the second substorm,
of the pressure pulse (P2 above) and for the dipolarizatiorPolar observed periodic decreases in By component of
that is not directly associated with a current sheet wave (D2he magnetic field away from the elevated level with a similar
above). The results from the four-spacecraft timing analysiform to those at Cluster. These are interpreted as the current
are from a 10 min window centred on the time given. This sheet moving towards Polar, similar to the Cluster observa-
window aids the comparison of the field between multiple tions prior to the second substorm. These wave encounters at
spacecraft and visually checking the results. The data wer€luster and Polar are labelled W1-13 in chronological order
smoothed using a 40 s Boxcar filter in order to remove anyon Figs.7 and8.
small scale fluctuations in the magnetic field. The lags be- Figure 9 shows that, following the second substorm,
tween the spacecraft were determined from local minima andhe current sheet wave had little effect on the plasma
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Table 1. The outputs of four-spacecraft timing analysis (4SCT) of the magnetic field data from Cluster. The clock angle (angle between the
Z and Y components) of the 4SCT vector is given.

No. Event uT 4SCT Speed Clock
(XY, 2) (kms™1)

P2 Press. Pulse 07:19  (0.06, 0.33,-0.94) 67 161

D2 Dipolarization 08:37 (0.44,-0.76,—0.49) 42 —-123

environment at Cluster, with both ion and electron densitiesan intermediate variance direction. Since Polar is a single
and velocities remaining approximately constant throughoutspacecraft, the MVA technique is used on data from Polar
the interval of the wave observations. The electron temperaand Cluster to aid cross-comparison between them. Based
ture increased by 5 MK at the first wave encounter following on Sergeev et al2006, we will take 12/A3 > 4 to indicate
the dipolarization D2 and remained at this elevated level unthat the MVA results are reliable.
til after the last current sheet crossing. Small variations in  Taples2 and3 list 13 current sheet oscillations from the
the ionVz component were present, due to the bulk vertical Cluster and Polar datasets. Taplésts the results from MVA
motion of the current sheet and its plasma. These will beand four-spacecraft timing analysis from Cluster along with
discussed further in Seet. the angular difference between the vectors from the two tech-
Minimum variance analysis (MVASonnerup and Cahjll  hiques. Table lists the MVA results from Polar along with
1967 Sonnerup and Scheihl@é998 can be used to deter- the angular difference between the Polar MVA vectors and
mine the direction normal to a planar discontinuity or spatialthe Cluster MVA vectors and between the Polar MVA vec-
variation in the magnetic field based on the assumption thators and the Cluster four-spacecraft timing vectors.
magnetic field component normal to the discontinuity does The angles between the MVA and four-spacecraft timing
not vary and that there is significant variation in the field in vectors from the Cluster data indicate that the two techniques
the plane of the discontinuity. In the ideal case, minimum give similar results for the direction of the current sheet wave,
variance analysis requires that at the magnetic field discontiwith the vectors being withir-10° —20° of each other. The
nuity, the two components of the magnetic field in the planeangular difference between the two techniques and ijies
of the discontinuity vary to give a rotation of the field across ratios are in keeping witlsergeev et al(200§. Compar-
the discontinuity and the magnetic field perpendicular to theing the MVA results from Polar with the MVA and four-
discontinuity is invariant. In reality, small scale spatial and spacecraft timing analysis results from Cluster shows that
temporal variations mean that there is an apparent field varithese vectors were not so well aligned, with the angle be-
ation perpendicular to the discontinuity, hence the ratio oftween the vectors varying between 45° and 70° , despite the
the variances in the minimum and intermediate directions isreasonably good,/A3. However, upon closer inspection, it
used to indicate how well defined the minimum variance di-is obvious that all the vectors after 07:57 UT were directed
rection is. The MVA technique provides a variance matrix dawnwards and Earthwards at both Cluster and Polar, apart
and associated eigenvalues, 1> andAz, corresponding to  from the MVA vector from W9 (Cluster) which has a tailward
the directions of maximum, intermediate and minimum vari- component. The largest variations between the Cluster and
ance respectively. Polar vectors appears to be in thecomponent; th&Z com-

Sergeev et al(2008 used data from the Cluster space- ponents from the four-spacecraft timing analysis at Qluster
craft to compare the results of MVA and four-spacecraft tim- &l had a magnitude less than 0.33 and were predominantly
ing for 109 current sheet crossings. They found that wher'€9ative, whereas the components from the MVA at Polar
A2/%3 > 4 the vectors from the two techniques mostly agreedVere generally larger than this but positive. Also, Fheom-
to within 30° . This indicates that, unlike the Harris cur- ponent of the Polar MVA vectors was a factor of two or more
rent sheet modeHarris 1962 which only has a direction of ~ 12rger.
maximum variance, the tail current sheet has an intermediate Comparing the auroral activity (Fid.0) to the observa-
variance direction which lies approximately in the direction tions of the current sheet waves, we note that the auroral lu-
of the cross-tail current and, as such, a minimum variance diminosity in the 02:00 MLT sector reached a minimum shortly
rection normal to the current sheSergeev et akelated this ~ after the last current sheet crossing by Cluster. As such, the
variation in the intermediate direction to field-aligned cur- lifetime of the auroral luminosity and the wave activity at
rents or perturbations. Other effects, such asBgilcom-  Cluster were similar.
ponents due to reconnection with the solar wind might also To summarise; Cluster and Polar observed large, rapid
cause sufficient departure from tHarrismodel to introduce  changes in the magnetic fielBly component following the
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Table 2. The outputs of the minimum variance analysis (MVA) and four spacecraft timing analysis (4SCT) of the magnetic field data from
Cluster. The MVA vectors and eigenvalue ratias f»3) have been averaged across the four spacecraft. The clock angle (angle between the
Z and Y components) of the 4SCT vector is given, along the the angular difference between the vectors from the two techniques.

No. UT MVA A2/A3 4SCT Speed  Clock Ang. diff
(X, Y, 2) (X, Y, 2) (kms™1)

W1  07:30 (0.23,0.11, 0.97) 561  (0.122,0.31,0.94) 66 18 13
W2  07:41 (0.19, 0.31, 0.93) 474 —0.14,0.09,0.99) 82 5 23
W3 07:50 (-0.27,—-0.61,—0.74) 2.03  (0.64-0.77,0.04) 80 —-87 74
W4 07:57  (0.47-0.86,0.17) 1.81  (0.16;0.98,0.08) 70 -85 21
W5 08:10  (0.19-0.97,0.13) 19.7  (0.13;0.94,0.32) 61 -71 12
W6 0827  (0.38-0.92,0.11) 12.0  (0.25:0.93,—0.26) 40 -105 23
W7 08:48  (0.41-0.88,—-0.24)  4.47  (0.35-0.89,—0.29) 7 -108 4

W9  09:05 (0.21,—0.98, 0.05) 3.4  (0.20-0.94,—0.28) 29 —-106 30
W1l 09:20 (0.22-0.83,—-0.51) 12.8  (0.2-0.94,-0.28) 29 —-106 15
W13 09:550  (0.30-0.95, 0.06) 558  (0.64:0.76,0.14) 25 -80 23

Table 3. The outputs of the minimum variance analysis (MVA) of magnetic field data from the Polar spacecraft at various universal times
along with the ratio of the intermediate to minimum eigenvalues. The Ang. Diff. MVA and Ang. Diff. 4SCT columns show the angu-
lar difference between the MVA vector at Polar and the MVA vector and four-spacecraft timing vector respectively from Cluster for the
corresponding event (nearest in time).

No. uT MVA r2/A3  Ang. diff. Ang. diff.
X,Y,2) MVA 4SCT
w8 08:49 (0.53,-0.57,0.631) 4.55 56 59
W10 09:08 (0.84,-0.54,-0.06) 38.8 70 46
w12 09:25 (0.38,-0.55,0.74) 2.72 80 67

solar wind pressure pulse, signalling the presence of currenn a curved magnetic field. From the dispersion relation for
sheet waves. MVA and four-spacecraft timing analysis showballooning perturbations,

that the current sheet waves were travelling consistently in
the—Y direction at Polar and Cluster. However, theom- 2
ponent of the normal to the current sheet had opposite senses

at Cluster and Polar, such that the angle between the current . .
sheet orientation at Cluster and Polar was large. and using the assumptions made Gplovchanskaya and

Maltsey; it can be shown that the phase velocity of the wave
in theY direction is

. 2Bz + BI®
4 Comparison of current sheet wave models vl ~ VA\/_BZ%
ZAaky

2
= V22t 0y —5——s (1)
I k2 k2

)

Various models have been proposed to explain how thewvhereV, is the Alfven velocity of the current sheet particles,
plasma sheet supports waves propagating perpendicular tB; is the Z component of the magnetic field through the
the magnetic field. Early models based on MHD were un-plasma sheeﬂ?')?be is the X component of the magnetic field
able to explain the relatively low speed of the cross-tailin the lobe,a is the current sheet half-thickness dni the
waves (~100 kms1) compared with the local sound speed wave vector in the|() field-aligned, ) field-normal and Y)
(~1000 kms) whereas models based on ion drift fail to ex- azimuthal directions.

plain wave motion in the dawnward directioBergeev et al. Erkaev et al(2008 considered that the Wentzel-Kramers-
2004 and references thereinkolovchanskaya and Maltsev Brillouin (WKB) approximation used byGolovchanskaya
(2009 proposed a model based on the application of the baland Maltsewvas inappropriate for the plasma sheet. Instead,
looning instability wavesSafargaleev and Mal'Tsext986 they proposed a model based on linearised MHD solved in a
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Fig. 11. Plots of V7 againstd Bx /dt (a andc) and B, againstBy (b andd) for each of the current sheet crossings detected by Cluster 1 (a
and b) and Cluster 4 (c and d). The correlation coefficient is given in each panel.

piecewise manner from the centre to the edge of the current Sergeev et a[1998 stated that, for a flapping current cur-
sheet then from the edge of the current sheet to the ionorent sheety; andd Bx /dt would be correlated and that the
current sheet half-thicknesk)(could be calculated as

sphere. Across the current sheet, they allowBgdand B,

to vary with position. From this, they determined that the
flapping frequency was given by

1 <an>aBZ
Hop

wr=

tion was

dz [ O0x

a)ka

NIZIXEY:

where A is the current sheet half-thickneds,is the wave
number andy; is the dimensionless numerical solution to

©)

(4)

h=BjA1/,/1+k?

®)

whereB; is the lobe magnetic field strength; is the gradi-

ent betweerV; andd By /dt andk; is the gradient between

By and Bx. Figurell shows (a and cy; againstd By /dt
wherep is the current sheet density and the dispersion relaand (b and dBy againstBy for 200 s centred on the current
sheet crossing for Cluster 1 and 4 respectively. The correla-
tion coefficient is given in each panel. Taldlshows the gra-
dients betweef¥; andd By /dt and By and Bz and the lobe
magnetic field strengths determined by the Cluster spacecraft

for each of the current sheet crossingsis calculated by as-
suming that the magnetic field pressure in the lobes balances

tam, = kA /A,. Note that the equations have been convertedthe sum of the ion and magnetic pressures observed by Clus-
from the given form inErkaev et al.(2008, in Gaussian

units, to a form in Sl units.
As both the above models can require the current she
half-thickness as an input, we use the data from the Cluste

Runov et al. (2005 showed that the distance of the

spacecraft to determine the current sheet thickness for each
of the current sheet crossings.

www.ann-geophys.net/27/2457/2009/

Zx(t)=

0By,

V,.Br ]t
at[n L]

etParycentre of the Cluster spacecraft from the centre of the
purrent sheet4*) could be calculated as

17}

J

(6)
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Fig. 12. Plots of(a) the average&x across the Cluster spacecrdk) the total current density againgt and (c) DivB/CurlB againstZ* for
each of the current sheet crossings by Cluster. The times above the top row show the centrejimiesaech column.

Table 4. The lobe magnetic field strength, the gradients betwégrandd By /dt (A1) and By and By (k1), and the current sheet half-
thicknesses determined using the metho8@efgeev et al1999 for the current sheet crossings by Cluster 1 (C1) and Cluster 4 (C4).

Crossing B; (Cl) A;(Cl) k1(Cl) CS half-thicknessRg) B;(C4) Aq1(C4) kq1(C4) CS half-thicknessKg)
08:49 33.29 —99.53 0.50 0.46 32.70 -82.12 0.54 0.37
08:56 30.00 -79.72 0.13 0.37 28.66 —139.2 0.28 0.60
09:14 29.79 —-71.37 0.49 0.30 28.77 -4184 0.46 1.71
09:17 30.26 —202.3 0.28 0.92 29.21 -185.3 0.28 0.82
09:52 27.13 -179.5 0.37 0.72 2596 -160.2 0.40 0.61

where By is the barycentric magnetic field in the maxi- tion. The dotted lines in (b) show half the maximum current
mum variance direction (approximately tiiedirection) and  density. The figure shows that the current sheet thickness
V,..By is the gradient of th&8; component in the direction varied with time and that for the majority of the current sheet
perpendicular to the current sheet. The current sheet halferossinggDivB/CurlB| was below 0.2, indicating that the
thickness can then be determined from the profile of the curcurrents from the curlometer are reliable.

rent density,|j|, determined from the curlometer technique
(Dunlop et al, 1988 Robert et al. 1998 againstZ*. Fig-
urel2shows (a)By, (b) the current density profile in the*
direction and (c) theDiv B/CurlB| profile in the Z* direc-

Figure 13 shows the current sheet half-thickness, deter-
mined from the above techniques, against time. The thick-
nesses from Cluster 1 and Cluster 4 from 8exgeev et al.
technique are in black and red respectively, and the thickness
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Fig. 13. Plot of current sheet half-thickness against time using the
half-thicknesses determined by tBergeev et altechnique (Clus-

Fig. 14. Plot of th locity in the Y directi lack i
ter 1: black, Cluster 4: red) and tiRunov et altechnique (blue). '9 otof the velocity in the ¥ direction (black), determined

from four-spacecraft analysis, for the dipolarization and wave fronts
against time and the phase velocity calculated frontitkaev et al.
(2008 model using the observed current sheet half-thicknesses and
from the Runov et al. technique is in blue. The two tech- awave period of 20 min. The dashed lines indicate the times of the
nigues give similar results for all the crossings, apart fromdipolarizations.

the crossing at 09:14 UT. For this crossing, the correlation

coefficient betweely; andd B /dt from Cluster 1 was low,

indicating that the gradient between them, and hence the cuwave period of 20 min (blue trace). The observed and model
rent sheet thickness, was not well defined. velocities follow similar trends, although the model veloc-

During the first current sheet crossing, the current sheefti®S are approximately two-thirds of the observed veloci-
was very thin (half-thickness less than ®p). Subse- ties, as noted above. It should be noted that the true phase

quently, the current sheet thickened, reaching a maximuny€locity of these waves should be across the current sheet,
half-thickness of between 1 and &g, before thinning Whereas the observed velocity is the velocity perpendicular
again prior to the substorm at 10:15 UT. to the wave front. Given that the current sheet was in motion

Data from the PEACE and CIS-CODIF sensors (M at this time, it is difficult to determine its average inclination
show that the particle density during this interval was n the.YZ plane. As such, the VPTIOC'W of the waves in the .
~0.4cnT3. Using an ion population of 95% H+ and 5% direction is taken as an approximation to the phase velocity

O+, as detected by the CIS-CODIF sensor, a lobe magnetigf the waves.
field in the X direction of 40nT, a sheet magnetic field of
25nT with aB; of 15nT, a current sheet Alan velocity
of 650kms!, a wave length of &; (from Zhang et al.
2002, and the average current sheet half—thlcknesses frong 4 Magnetospheric compression and magnetotail dipo-
the above techniques (excluding the third value from Clus- larizations
ter 1, which is clearly in error as discussed above), the phase
velocity from theGolovchanskaya and Maltsemodel were | this study, a solar wind pressure pulse, following an ex-
calculated to be between 1000 and 5000 kipwhichistwo  tended period of southward IMF, was observed to compress
order of magnitudes larger than observed. the magnetosphere prior to the onset of three substorms. Sub-
Using the mean magnetic field gradients determined bysequent to the arrival of the solar wind pressure pulse at the
Cluster during 200's surrounding each of the current sheeglayside, the magnetic field magnitude at Cluster’s location in
crossings and the same ion density as above, the wave pene tail increased by a factor ef2, dominated by an increase
riods in theErkaev et al. model are determined to be be- inthe By component (Fig8a and d). Data from GOES 8 and
tween 2 to 8.5min. Using the average magnetic field gradi-10 also showed increases in the magnetic field magnitude at
ents during the interval gives a wave period of 6 min. Thesethis time (Fig.7) associated with an enhancement in the Re-
periods are somewhat smaller than the observed period ajion 1 currents. Polar observed a circularly polarised wave
approximately 20 min. Using the calculated wave frequen-inside of 5Rz Xgswm at this time, with a period 0f2.5 min.
cies, the wave speeds from thekaev et al.model were 44 The solar wind pressure pulse excited global auroral activ-
to 130kms!, although using a 20 min period gives veloc- ity. Data from FUV-WIC on board the IMAGE spacecraft
ities from 13 to 20 kms?, approximately two-thirds of the  showed that, following the solar wind pressure pulse, the av-
observed velocities. erage luminosity in the nightside MLT sectors increased by
Figure 14 shows the temporal variation of the velocity of up to 1000 R, with the largest increase occurring from 23:00
the waves in th&’gsym direction, determined from the four- to 03:00 MLT.
spacecraft timing analysis of the Cluster data, along with the Following the pressure pulse, three substorm expansion
phase velocities calculated from thekaev et almodel fora  phases, starting at 07:35, 08:18 and 10:15 UT respectively,

5 Discussion
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were observed in auroral and ground magnetometer dat®olar and the MVA and four-spacecraft timing analysis vec-
(Fig. 6). In the magnetosphere, GOES 8 and 10, Polar andors at Cluster shows that the vectors are consistently out by
Cluster all observed dipolarizations of the magnetic field. At > 40° despite one of the events having a particularly high
Cluster, the first dipolarization was observed in tandem withA,/13. This would suggest that there was some offset be-
a current sheet wave. At Polar, the first dipolarization wastween the Polar and Cluster vectors, most likely due to their
much more rapid that at the other spacecraft. During the finalarge separation. Comparing the vectors directly shows that
substorm, Cluster detected a bursty bulk fléwm@elopoulos  the Y components are fairly consistent but the angle in the
et al, 1992 and crossed the magnetotail current sheet twice XZ plane is oppositely directed at one spacecraft compared
The eastward expansion velocities of the first two auroralwith the other. The results of the MVA and four-spacecraft
substorms were well matched by the projected ionospheri¢iming analysis at Cluster (Tabi® and MVA at Polar (Ta-
velocities of the dipolarizations from GOES. Mapping the ble 3) has shown that for all the waves observed following
propagation of the dipolarization across the Cluster spacethe substorms, the waves were travelling in thg direc-
craft into the ionosphere also gave an ionospheric velocity oftion, although it is not possible to determine whether or not
the footpoint of the dipolarization comparable to the auroralthe waves at Polar were travelling in this direction or the
expansion velocity. This indicates that the region of dipo-opposite direction unambiguously. However, given that the
larized magnetic field associated with the second substorndipolarization fronts and auroral enhancements were travel-
extended over 1R and expanded eastwards. These obserding dawnwards, it seems reasonable to suggest that the same
vations are consistent withiou et al. (2002 andNakamura s true for the current sheet wave in the vicinity of Polar.
et al.(2005 who showed the correlation between the motion Despite FGM EXT mode being designed to provide con-
of an auroral substorm and dipolarizations at geostationaryextual information and not usually suited to multi-spacecraft
orbit and the detection of a dipolarization front acros®5  analysis Brown et al, 2008, comparison between the MVA
respectively. The eastward motion of the aurora is also conand four-spacecratft timing analysis of the data and compari-
sistent with the IMFBy control of the motion of the auroral son of the results of these techniques between the EXT mode

bulge Liou et al, 2006 Liou and Ruohoniemi2006ab). data and 5Hz CAA data would suggest that the results, in
this case, are reliable, given the similarity between the vec-
5.2 Current sheet wave tors obtained at different times and the relatively small angle

between the vectors from the two different techniques.

Following the solar wind pressure pulse, Cluster and Polar Prior to the first substorm, Cluster observed periodic vari-
observed large, rapid decreases and recoveries in the magtions in the magnetic field with phase fronts orientated pre-
netic field magnitude, dominated by variations in thg dominantly in theZ direction. The orientation of these vari-
component and accompanied by increases in the latitude arations was more in keeping with the orientation of the com-
gle. The variations in the field at Polar were not observedpression front observed at 07:19 UT. It is unclear whether
until after the second substorm. In a previous study of thisthis oscillation of the magnetosphere prior to the first sub-
time, Zhang et al.(2002 showed that, after 08:48 UT, the storm is the generation mechanism for the current sheet wave
variations in the magnetic field at Cluster were due to Clus-and that the substorms acted to modify the wave'’s propaga-
ter crossing the current sheet several times. They relatetion, or whether the substorms introduced a new wave into
these current sheet crossings to a current sheet wave and ust system.
four-spacecraft timing analysis on tiBg =0 nT crossings to That the spacecraft did not cross the current sheet follow-
determine that the wave was travelling in thé& direction.  ing the first substorm may be due to several factors. Using
We have expanded upon this study, incorporating data fromhe change inBy as a proxy for the amplitude of the os-
a larger dataset and including data from the Polar spacecraftillation, it appears that the amplitude increased following
Although prior to 08:48 UT Cluster did not cross the current each substorm. As such, the amplitude of the oscillation may
sheet, the periodic reductions in tBg component indicate have only become sufficient following the second substorm
that the current sheet wave was present at this time. Duringo cause the spacecraft to cross the current sheet. Alterna-
the third substorm, Cluster crossed the current sheet twic@vely, as Cluster was moving towards the current sheet from
during the passage of a bursty bulk flow. It is clear from thethe northern part of the magnetotail, Cluster would have ap-
particle moments and the magnetic field data that the plasmproached closer to the average position of the centre of the
dynamics during these crossings were very different from thecurrent sheet between the two substorms, such that Cluster
current sheet wave activity beforehand. As such, these crossvas close enough to cross the current sheet following the
ings are not considered within this study. second substormPetrukovich et al(2006 noted that the

Only three out of the nine Cluster observations of the cur-wave amplitude increased with increasing tilt of the current
rent sheet wave had values of/13 < 4. In keeping with  sheet for a fortuitous event on 3 August 2004. This does not
Sergeev et al(2006, the angles between the vectors from appear to be the case for the oscillations studied here.
the MVA and four-spacecraft timing analysis were fairly low.
However, comparing the angle between the MVA vectors at
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5.3 Comparison of current sheet wave models Our results suggest that there is a strong link between the
substorm expansion phase and the wavy current sheet, clearly
The observations of the current sheet waves were used tshowing that the current sheet wave and expansion of the re-
compare the current sheet wave model$sofovchanskaya gion of dipolarized magnetic field had comparable veloci-
and Maltse(2005 andErkaev et al(2008. As both mod- ties, that the cross tail current sheet wave occurred after the
els use the current sheet thickness in their calculation of fursubstorm onsets and that the lifetime of the auroral enhance-
ther parameters, it was necessary to determine the curremhents was comparable with the lifetime of the current sheet
sheet thickness. This was determined in two ways; by corwaves. However, our results also show the presence of a pe-
relating Vz with dBy /dt and By and By (Sergeev et al.  riodic variation orientated in th# direction in the magneto-
1998 and by determining the temporal and spatial variationstail prior to the substorm onset. It is not clear what effect this
of the fieldRunov et al(2009. Although the correlation co-  earlier wave had on the generation of the current sheet wave.
efficient betweerVz andd Bx /dt was less than 0.3 for two  One possibility is that the excitation of the wavy current sheet
of the current sheet crossings, and DivB/CurlB was signifi-occurs in two parts. Firstly, the solar wind pressure pulse
cantly higher for the same event (indicating a poorer detercompresses the magnetosphere, and hence the current sheet.
mination ofj andVB), Fig. 13 shows that the two methods This causes the current sheet to oscillate inZagy direc-
gave similar results for the current sheet thicknesses duringion. Following this, two substorms dipolarize the mid-tail.
each of the crossings. It also appears that the current sheghis disruption in the mid-tail changes the magnetic field os-
was thickening between 08:49 and 09:17 UT before thinningcillation from an oscillation in the&Zgsm direction to a wave
slightly. propagating in the-Ygsm direction with approximately the
Using the model of5olovchanskaya and Maltsé20095, same period, with the amplitude of the oscillation increas-
the calculated velocities were found to be two orders of mag-ing following each substorm. However, the modeEskaev
nitude larger than the observed velocities. In contrast, theet al. shows that the wave period is dependent on the tail con-
wave velocities from the model &rkaev et al(2008 were  figuration and it is unclear what effect, if any, a pre-existing
close to those observed and that followed the same tren@vave would have.

(Fig. 14). As such, theErkaev et al. model appears to be  The similarity between the propagation velocities of the
more applicable in this situation. Itis worth noting, however, cyrrent sheet waves, the two dipolarization expansions and
that using theErkaev et al. model to calculate the expected the expanding aurora may indicate that the propagation ve-
wave frequencies using the observed magnetic field gradientgcities of these features are controlled by the configuration
returned values that an order of magnitude smaller than obpt the tail defined as in th&rkaev et al. model. Further
served. This may represent an over simplification of the tailphservations of these features that consider these constraints

magnetic field topology used lBrkaev et al(2009 or may  gre required to test this hypothesis.
indicate that the observed magnetic field gradients are not in-

dicative of the global properties of the magnetosphere. The
most likely explanation is that it is some combination of both
effects. 6 Conclusions

Both Golovchanskaya and Maltsgi2005 and Erkaev
et al. (2008 used their models to determine the group ve- Two substorms following a solar wind pressure pulse on 3
locity of the waves and compared this to the observed velocAugust 2001, have been examined in the context of the wavy
ities reported in previous studies (eSergeev et 312004.  current sheet, as investigated blyang et al(2002. In both
Although the group velocity may give us more information cases, the dipolarization was seen at geosynchronous orbit by
about the energy transported in the waves, by the nature BOES 8 and 10 and Polar, and by the Cluster spacecraft in
the observations, the observed velocity must be the phase véhe tail. We have shown that the projected ionospheric veloc-
locity of the waves. It is clear from the dispersion relations ities of the expansion of the region of dipolarized magnetic
that the phase and group velocities are not equal in theséield were consistent with the motion of the substorm auroral
models. As such, we compared the phase velocities fronfctivity, confirming that the expansion of the region of dipo-
these models with the observations. larized magnetic field is related to substorm auroral activity

Neither of the models discussed consider the generatio@nd indicating that this is true across large distances in the
mechanism for the flapping motion of the plasma sheet, onlytail.
the mechanism that supports the wave propagatirkaev Following both substorm onsets, Cluster and Polar de-
et al. (2008 suggested that BBFs created by reconnectiontected signatures of a wavy current sheet. Using MVA and
events may excite the wave activity “like a ship moving on a four-spacecraft timing analysis, it has been shown that the
water surface”. This is consistent with a near-Earth neutraldipolarizations and current sheet waves propagated across
line injecting Earthward-moving flux into the plasma sheet the tail with similar velocities. Our results are not able to de-
(Cowley, 1984, such as is expected during substorms, andtermine whether or not the substorms were the source of the
exciting the wave. wave, since there is evidence of an oscillation of the plasma
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sheet orientated in the Z-direction following the solar wind  Adv. Space Res., 8, 273-277, do0i:10.1016/0273-1177(88)
pressure pulse. 90141-X, 1988.

We have tested the models @blovchanskaya and Malt- Erkaev, N. V., Semenov, V. S., and Biernat, H. K.: Magnetic double
sev(2005 andErkaev et al(2008 against our observations. gradient mechanism for flapping osci!lations of a current sheet,
We found that the model (ﬁolovchanskaya and Maltsev Geophys. Res. Lett., 35, L02111, doi:10.1029/2007GL032277,
(2009 over-estimated the phase velocity of the waves by two 2008.

orders of maanitude compared with the observations. In Confairfield, D. H. and Ness, N. F.: Configuration of the geomagnetic
9 P ) tail during substorms., J. Geophys. Res., 75, 7032-7047, 1970.

trast, the model OErkaeV e_t e.ll.(2008 r.epmduced the ex- Golovchanskaya, I. V. and Maltsev, Y. P.: On the identification of

pected wave velocity to within two-thirds of the observed plasma sheet flapping waves observed by Cluster, Geophys. Res.

wave velocities. Based on this, and the similar velocities | ett,, 32, L02102, doi:10.1029/2004GL021552, 2005.

of the dipolarization fronts and the current sheet waves, weHarris, E. G.: On a plasma sheath separating regions of oppositely

have suggested that the propagation velocities of dipolariza- directed magnetic field, Il Nuovo Cimento, 23, 115-121, doi:

tion fronts of substorm expansion phase and the current sheet 10.1007/BF02733547, 1962.

wave are determined by the magnetotail configuration. Harvey, C. C.: Spatial gradients and the volumetric tensor, in: Anal-

ysis Methods for Multi-Spacecraft Data, edited by: Paschmann,

AcknowledgementsThe authors wish to thank CDAWeb for the ~ G. and Daly, P. W., pp. 307-348, ISSI, 1998.

GOES data; H. U. Frey and the NASA Space Science Data CenJohnstone, A. D., Alsop, C., Burge, S., Carter, P. J., Coates, A. J.,

tre for the IMAGE FUV data; the Cluster Active Archive for the Coker, A. J., Fazakerley, A. N., Grande, M., Gowen, R. A., Gur-

high resolution FGM data and CIS data; C. T. Russell for the Po- giolo, C., Hancock, B. K., Narheim, B., Preece, A., Sheather,

lar MFE data; N. Ness and D. McComas for the ACE data. We P. H., Winningham, J. D., and Woodliffe, R. D.: PEACE: a

thank the institutes who maintain the IMAGE Magnetometer array. Plasma Electron And Current Experiment, Space Sci Rev., 79,

Thanks go to the operations teams of the various instruments and 351-398, 1997.

spacecraft used in this study. Analysis of the Cluster, GOES and<han, H. and Cowley, S. W. H.: Observations of the response time

Polar data was done using the QSAS science analysis system pro- of high-latitude ionospheric convection to variations in the in-

vided by the UK Cluster Science Centre (Imperial College London terplanetary magnetic field using EISCAT and IMP-8 data, Ann.

and Queen Mary, University of London). ML, RCF and TKY were ~ Geophys., 17, 1306-1335, 1999,

supported by STFC grant PP/E000983. CF was supported by STFC http://www.ann-geophys.net/17/1306/1999/

studentship PPA/S/S/2005/04156 and STFC grant PP/E/001173/1Kokubun, S. and McPherron, R. L.: Substorm signatures at syn-

Topical Editor I. A. Daglis thanks two anonymous referees for ~ chronous altitude, J. Geophys. Res, 86, 11265-11277, 1981.
their help in evaluating this paper. Liou, K. and Ruohoniemi, J. M.: A case study of relationship
between substorm expansion and global plasma convection,
Geophys. Res. Lett., 33, L02105, doi:10.1029/2005GL024736,

References 2006a.

Liou, K. and Ruohoniemi, J. M.: Correction to “A case study

Angelopoulos, V., Baumjohann, W., Kennel, C. F., Coronti, F. V.,  of relationship between substorm expansion and global plasma
Kivelson, M. G., Pellat, R., Walker, R. J., Luehr, H., and  convection”, Geophys. Res. Lett.,, 33, L10101, doi:10.1029/
Paschmann, G.: Bursty bulk flows in the inner central plasma 2006GL025990, 2006b.
sheet, J. Geophys. Res., 97, 4027-4039, 1992. Liou, K., Meng, C.-l., Lui, A. T. Y., Newell, P. T., and Wing, S.:

Baker, K. B. and Wing, S.: A new magnetic coordinate system for  Magnetic dipolarization with substorm expansion onset, J. Geo-
conjugate studies at high latitudes, J. Geophys. Res., 94, 9139— phys. Res., 107, 1131-1142, doi:10.1029/2001JA000179, 2002.
9143, 1989. Liou, K., Meng, C.-l., and Wu, C.-C.: On the interplanetary mag-

Balogh, A., Carr, C. M., Aciia, M. H., Dunlop, M. W., Beek, T. netic field B, control of substorm bulge expansion, J. Geophys.
J., Brown, P., Fornacon, K.-H., Georgescu, E., Glassmeier, K.- Res., 111, 9312-9319, doi:10.1029/2005JA011556, 2006.

H., Harris, J., Musmann, G., Oddy, T., and Schwingenschuh, K.:Luhr, H.: The IMAGE Magnetometer Network, in: STEP Interna-
The Cluster Magnetic Field Investigation: overview of in-flight  tional, vol. 4, pp. 4-6, USSCO, 1994.

performance and initial results, Ann. Geophys., 19, 1207-1217 McComas, D. J., Bame, S. J., Barker, P., Feldman, W. C., Phillips,
2001, http://www.ann-geophys.net/19/1207/2001/ J. L., Riley, P., and Griffee, J. W.: Solar Wind Electron Pro-

Bauer, T. M., Baumjohann, W., and Treumann, R. A.: Neutral sheet ton Alpha Monitor (SWEPAM) for the Advanced Composi-
oscillations at substorm onset, J. Geophys. Res., 100, 23737- tion Explorer, Space Sci. Rev., 86, 563-612, doi:10.1023/A:
23742, doi:10.1029/95JA02448, 1995. 1005040232597, 1998.

Brown, P., Dunlop, M. W., Balogh, A., Carr, C., Gloag, J., Lucek, McPherron, R. L., Russell, C. T., and Aubry, M. P.: Satellite
E., and Oddy, T.: Calibration techniques for magnetometers im-  studies of magnetospheric substorms on August 15, 1968. 9.
plementing on-board de-spinning algorithms, Adv. Space Res., Phenomenological model for substorms., J. Geophys. Res., 78,
41, 1571-1578, doi:10.1016/j.asr.2007.09.028, 2008. 3131-3149, 1973.

Cowley, S. W. H.: The Distant Geomagnetic Tail in Theory and Mende, S. B., Heetderks, H., Frey, H. U., Lampton, M., Geller,
Observation, in: Magnetic Reconnection in Space and Labora- S. P, Abiad, R., Siegmund, O. H. W., Tremsin, A. S., Spann, J.,
tory Plasmas, edited by: Hones, Jr., E. W., pp. 228-239, 1984. Dougani, H., Fuselier, S. A., Magoncelli, A. L., Bumala, M. B.,

Dunlop, M. W., Southwood, D. J., Glassmeier, K-H., and  Murphree, S., and Trondsen, T.: Far ultraviolet imaging from the
Neubauer, F. M.: Analysis of multipoint magnetometer data,

Ann. Geophys., 27, 2452474 2009 www.ann-geophys.net/27/2457/2009/


http://www.ann-geophys.net/19/1207/2001/
http://www.ann-geophys.net/17/1306/1999/

C. Forsyth et al.: Excitation of the wavy current sheet 2473

IMAGE spacecraft. 2. Wideband FUV imaging, Space Sci. Rev., do0i:10.1029/2002GL016136, 2003.
91, 271-285, 2000a. Runov, A., Sergeev, V. A., Baumjohann, W., Nakamura, R., Ap-

Mende, S. B., Heetderks, H., Frey, H. U., Lampton, M., Geller, atenkov, S., Asano, Y., Volwerk, M., Vrs, Z., Zhang, T. L.,
S. P., Habraken, S., Renotte, E., Jamar, C., Rochus, P., Spann, J., Petrukovich, A., Balogh, A., Sauvaud, J.-A., Klecker, B., and
Fuselier, S. A., Gerard, J.-C., Gladstone, R., Murphree, S., and Rme, H.: Electric current and magnetic field geometry in flap-
Cogger, L.: Far ultraviolet imaging from the IMAGE spacecraft.  ping magnetotail current sheets, Ann. Geophys., 23, 1391-1403,
1. System design, Space Sci. Rev., 91, 243-270, 2000b. 2005, http://www.ann-geophys.net/23/1391/2005/

Mende, S. B., Heetderks, H., Frey, H. U., Stock, J. M., Lampton, Runov, A., Sergeev, V. A., Nakamura, R., Baumjohann, W., Ap-
M., Geller, S. P, Abiad, R., Siegmund, O. H. W., Habraken, S., atenkov, S., Asano, Y., Takada, T., Volwerk, M., Vrs, Z., Zhang,
Renotte, E., Jamar, C., Rochus, P., Gerard, J.-C., Sigler, R., and T. L., Sauvaud, J.-A., 8ne, H., and Balogh, A.: Local struc-
Lauche, H.: Far ultraviolet imaging from the IMAGE spacecraft.  ture of the magnetotail current sheet: 2001 Cluster observations,
3. Spectral imaging of Lyman-and Ol 135.6 nm, Space Sci. Ann. Geophys., 24, 247-262, 2006,

Rev., 91, 287-318, 2000c. http://www.ann-geophys.net/24/247/2006/
Nagai, T.: Observed magnetic substorm signatures at synchronouRussell, C. T., Snare, R. C., Means, J. D., Pierce, D., Dearborn, D.,
altitude, J. Geophys. Res., 87, 4405-4417, 1982. Larson, M., Barr, G., and Le, G.: The GGS/POLAR magnetic

Nakagawa, T. and Nishida, A.: Southward magnetic field inthe neu- fields investigation, Space Sci. Rev., 71, 563-582, doi:10.1007/

tral sheet produced by wavy motions propagating in the dawn- BF00751341, 1995.

dusk direction, Geophys. Res. Lett., 16, 1265-1268, 1989. Safargaleev, V. V. and Mal'Tsev, Y. P.: Internal gravitational waves
Nakamura, R., Baumjohann, W., Zhang, T. L., Carr, C. M., Balogh, in a plasma sheet., Geomagnetism and Aeronomy, 26, 270-274,

A., Fornacon, K-H., Georgescu, E., Rme, H., Dandouras, I., 1986.

Takada, T., Volwerk, M., Asano, Y., Runov, A,, Eichelberger, H., Sergeev, V., Angelopoulos, V., Carlson, C., and Sutcliffe, P.: Cur-

Klecker, B., Mouikis, C., Kistler, L. M., and Amm, O.: Cluster rent sheet measurements within a flapping plasma sheet, J. Geo-

and Double Star observations of dipolarization, Ann. Geophys., phys. Res., 103, 9177-9188, d0i:10.1029/97JA02093, 1998.

23, 2915-2920, 2005, Sergeev, V., Runov, A., Baumjohann, W., Nakamura, R., Zhang,

http://www.ann-geophys.net/23/2915/2005/ T. L., Volwerk, M., Balogh, A., Rme, H., Sauvaud, J. A., Ar&ir
Petrukovich, A. A., Zhang, T. |., Baumjohann, W., Nakamura, R., M., and Klecker, B.: Current sheet flapping motion and struc-

Runov, A., Balogh, A., and Carr, C.: Oscillatory magnetic flux  ture observed by Cluster, Geophys. Res. Lett., 30(6), L01327,

tube slippage in the plasma sheet, Ann. Geophys., 24, 1695— do0i:10.1029/2002GL016500, 2003.

1704, 2006http://www.ann-geophys.net/24/1695/2006/ Sergeev, V., Runov, A., Baumjohann, W., Nakamura, R., Zhang,
Reme, H., Aoustin, C., Bosqued, J. M., Dandouras, |., Lavraud, T. L., Balogh, A., Louarnd, P., Sauvaud, J.-A., and Reme, H.:

B., Sauvaud, J. A., Barthe, A., Bouyssou, J., Camus, Th., Coeur- Orientation and propagation of current sheet oscillations, Geo-

Joly, O., Cros, A., Cuvilo, J., Ducay, F., Garbarowitz, Y., Medale,  phys. Res. Lett., 31, L05807, doi:10.1029/2003GL019346, 2004.

J.L., Penou, E., Perrier, H., Romefort, D., Rouzaud, J., Vallat, C.,Sergeev, V. A., Sormakov, D. A., Apatenkov, S. V., Baumjohann,

Alcaydé, D., Jacquey, C., Mazelle, C., dUston, Coldils, E., W., Nakamura, R., Runov, A. V., Mukai, T., and Nagai, T.: Sur-

Kistler, L. M., Crocker, K., Granoff, M., Mouikis, C., Popecki, vey of large-amplitude flapping motions in the midtail current

M., Vosbury, M., Klecker, B., Hovestadt, D., Kucharek, H., sheet, Ann. Geophys., 24, 2015-2024, 2006,

Kuenneth, E., Paschmann, G., Scholer, M., Sckopke, N., Seiden- http://www.ann-geophys.net/24/2015/2006/

schwang, E., Carlson, C. W., Curtis, D. W., Ingraham, C., Lin, R. Smith, C. W., LU'Heureux, J., Ness, N. F., Ata, M. H., Burlaga,

P., McFadden, J. P., Parks, G. K., Phan, T., Formisano, V., Amata, L. F., and Scheifele, J.: The ACE Magnetic Fields Experiment,

E., Bavassano-Cattaneo, M. B., Baldetti, P., Bruno, R., Chion- Space Sci. Rev., 86, 613-632, doi:10.1023/A:1005092216668,

chio, G., Di Lellis, A., Marcucci, M. F., Pallocchia, G., Korth, 1998.

A., Daly, P. W., Graeve, B., Rosenbauer, H., Vasyliunas, V., Mc- Sonnerup, B. U. O. and Cahill Jr., L. J.: Magnetopause structure

Carthy, M., Wilber, M., Eliasson, L., Lundin, R., Olsen, S., Shel-  and attitude from Explorer 12 observations, J. Geophys. Res.,

ley, E. G., Fuselier, S., Ghielmetti, A. G., Lennartsson, W., Es- 72,171-183, 1967.

coubet, C. P, Balsiger, H., Friedel, R., Cao, J.-B., Kovrazhkin, R.Sonnerup, B. U. O. and Scheible, M.: Minimum and Maximum

A., Papamastorakis, I., Pellat, R., Scudder, J., and Sonnerup, B.: Variance Analysis, in: Analysis Methods for Multi-Spacecraft

First multispacecraft ion measurements in and near the Earth’s Data, edited by: Paschmann, G. and Daly, P. W., pp. 185-220,

magnetosphere with the identical Cluster ion spectrometry (CIS) 1SSI, 1998.

experiment, Ann. Geophys., 19, 1303-1354, 2001, Speiser, T. W. and Ness, N. F.: The Neutral Sheet in the Geomag-

http://www.ann-geophys.net/19/1303/2001/ netic Tail: Its Motion, Equivalent Currents, and Field Line Con-
Robert, P., Dunlop, M. W., Roux, A., and Chanteur, G.: Accuracy of  nection through It, J. Geophys. Res., 72, 131-141, 1967.

Current Density Determination, in: Analysis Methods for Multi- Stone, E. C., Frandsen, A. M., Mewaldt, R. A., Christian, E. R.,

Spacecraft Data, edited by: Paschmann, G. and Daly, P. W., pp. Margolies, D., Ormes, J. F., and Snow, F.: The Advanced Com-

395-418, ISSI, 1998. position Explorer, Space Sci. Rev., 86, 1-22, doi:10.1023/A:
Rostoker, G.: Current flow in the magnetosphere during magneto- 1005082526237, 1998.

spheric substorms., J. Geophys. Res., 79, 1994-1998, 1974. Tsyganenko, N. A.: A magnetospheric magnetic field model with a
Runov, A., Nakamura, R., Baumjohann, W., Zhang, T. L., Volwerk,  warped tail current sheet, Planetary and Space Science, 37, 5-20,

M., Eichelberger, H.-U., and Balogh, A.: Cluster observation of  doi:10.1016/0032-0633(89)90066-4, 1989.

a bifurcated current sheet, Geophys. Res. Lett., 30(2), L01036;Tsyganenko, N. A., Singer, H. J., and Kasper, J. C.: Storm-time

www.ann-geophys.net/27/2457/2009/ Ann. Geophys., 27, 24742009


http://www.ann-geophys.net/23/2915/2005/
http://www.ann-geophys.net/24/1695/2006/
http://www.ann-geophys.net/19/1303/2001/
http://www.ann-geophys.net/23/1391/2005/
http://www.ann-geophys.net/24/247/2006/
http://www.ann-geophys.net/24/2015/2006/

2474 C. Forsyth et al.: Excitation of the wavy current sheet

distortion of the inner magnetosphere: How severe can it get?, JZhang, T. L., Baumjohann, W., Nakamura, R., Balogh, A.,

Geophys. Res., 108, 1209, doi:10.1029/2002JA009808, 2003. and Glassmeier, K.-H.: A wavy twisted neutral sheet ob-
Viljanen, A. and Hikkinen, L.: Image magnetometer network, in: served by CLUSTER, Geophys. Res. Lett., 29(19), L01899,

ESA SP-1198: Satellite-Ground Based Coordination Source- doi:10.1029/2002GL015544, 2002.

book, edited by: Lockwood, M., Wild, M. N., and Opgenoorth, Zhang, T. L., Nakamura, R., Volwerk, M., Runov, A., Baumjohann,

H.J., pp. 111-118, 1997. W., Eichelberger, H. U., Carr, C., Balogh, A., Sergeev, V., Shi,
\Volwerk, M., Glassmeier, K.-H., Runov, A., Nakamura, R., J. K., and Fornacon, K.-H.: Double Star/Cluster observation of
Baumjohann, W., Klecker, B., Richter, I., Balogh, A.eiRe, neutral sheet oscillations on 5 August 2004, Ann. Geophys., 23,

H., and Yumoto, K.: Flow burst-induced large-scale plasma 2909-2914, 2005%ttp://www.ann-geophys.net/23/2909/2005/
sheet oscillation, J. Geophys. Res., 109, A11208, doi:10.1029/
2004JA010533, 2004.

Ann. Geophys., 27, 2452474 2009 www.ann-geophys.net/27/2457/2009/


http://www.ann-geophys.net/23/2909/2005/

