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Abstract. We present space- and ground-based observaionospheric flow has been demonstrated, we note that sim-
tions of the signatures of magnetic reconnection during arilar periodicity oscillations were observed throughout the so-
interval of duskward-oriented interplanetary magnetic field lar wind-magnetosphere-ionosphere system. These findings
on 25 March 2004. In situ field and plasma measurement@&re consistent with previously proposed mechanisms of solar
are drawn from the Double Star and Cluster satellites durwind modulation of the dayside reconnection rate.

ing traversal_s of the pre-noon septor dayside magnetOpauﬁgeywords. Magnetospheric physics (Energetic particles,
at Iovy and high latitudes, respectively. These reveal the t_yp"precipitating; Magnetopause, cusp, and boundary layers)
cal signatures of flux transfer events (FTEs), namely bipo-
lar perturbations in the magnetic field component normal
to the local magnetopause, enhancements in the local mag-

netic field strength and mixing of magnetospheric and mag-L ~ Introduction

netosheath plasmas. Further evidence of magnetic reconnec-

tion is inferred from the ground-based signatures of pulsed*S ©n€ of the primary mechanisms by which solar wind
ionospheric flow observed over an extended interval. In orde€N€rgy, momentum and mass enter the terrestrial magneto-
to ascertain the location of the reconnection site responsibléphere’ magnetic reconnection at the dayside magnetopause

for the FTES, a simple model of open flux tube motion over S arguably the most significant factor influencing solar

the surface of the magnetopause is employed. A Compari\_/vind-magnetosphere-ionosphere coupling. However, in the

son of the modelled and observed motion of open flux tube€Cades since the “open” magnetosphere was first proposed
(i.e. FTEs) and plasma flow in the magnetopause bounda:fy Dungey(1963) and the signatures of transient reconnec-
layer indicates that the FTEs observed at both low and higtion were first observed in sitiH@erendel et al1978 Rus-
latitudes were consistence with the existence of a tilted X_sell gnd Elph|g1978 1979, debate 'has F:ontlnued reg.ardlr]g
line passing through the sub-solar region, as suggested by tH‘Qe likely location of _the_ reconnection S_IFe(S) under given in-
component reconnection paradigm. While a high latitude x-€"Planetary magnetic field (IMF) conditions.

line (as predicted by the anti-parallel description of reconnec- While magnetic reconnection is often described as oc-
tion) may have been present, we find it unlikely that it could €UTMiNg at locations where the magnetospheric and mag-
have been responsible for the FTEs observed in the pre-nooﬂetOSheath fields are aligned in an anti-parallel orientation

sector under the observed IMF conditions. Finally, we note(CUngey 1963, itis now generally accepted that reconnec-

that throughout the interval, the magnetosphere was bathel®n Will occur at some location on the magnetopause for
any IMF configuration. In the ubiquitous southward IMF

in ULF oscillations within the solar wind electric field. While Y 4 :
no one-to-one correspondence with the pulsed reconnectiof2radigm. reconnection occurs at a line (often known as the

rate suggested by the ground-based observation of puls¢gconnection “X-line”) spanning the dayside magnetopause
along the magnetic equator. Under IMF conditions with a

Correspondence tal. A. Wild strongBy (dusk—dawn) component, the X-line divides in the
(j.wild@lancaster.ac.uk) noon sector producing two distinct reconnection lines, one in
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each hemisphere (e.Grooker 1979 Luhmann et a|.1984). Owen(1989 and in 3-D byCooling et al.(2001). Recently,
Alternatively, it has been proposed that magnetic reconnecthese models have been used in conjunction with space- and
tion can occur in the sub-solar region — the region where theground-based measurements in order to constrain the loca-
magnetosheath field first comes into contact with the magnetion of the X-line based upon the in situ and remotely-sense
topause — for almost any IMF orientation as long as theresignatures of reconnection (e.Dunlop et al, 2005 Wild
is a sufficiently large magnetic shear across the boundargt al, 20053. However, these studies have concentrated on
and the IMF has a southward directed compon&unzalez intervals of southward oriented IMF — conditions when both
and Mozey1974. Such “component reconnection”, X-lines the anti-parallel and component reconnection descriptions of
would be expected to pass through the sub-solar point andeconnection place the X-line in the vicinity of the sub-solar
to be tilted relative to the equator. The orientation of the X- dayside magnetopause. Below, we shall consider the loca-
line is given by the bisector between the magnetosheath antion of the reconnection X-line during a prolonged interval of
geomagnetic fields at the magnetopause. relatively steady duskward-pointing interplanetary magnetic
More recently, investigations during intervals dominated field. The observations shall be drawn from an interval on 25
by a strong IMFBy (dusk-dawn) component have revealed March 2004, data first summarisedWild et al. (20058 in
reconnection scenarios quite different from the traditionalone of the first studies to exploit data from the Cluster and
southward IMF paradigm (e.¢redorov et al.2007). Mod- Double Star satellite missions in coordination with ground-
elling of solar wind plasma entry into the magnetospherebased measurement. Howewfild et al. (20050 failed to
and ionosphere has lead to the development of the “doubléentify the likely position of the reconnection site under the
cusp” concept: one cusp at lower latitude near noon andrevailing duskward IMF configuration, hence the motiva-
one cusp at higher latitude. Observational evidence for thdion for this re-investigation.
double cusp comes mainly from low altitude satellite mea-
surements (e.gwing et al, 2001 with the double cusp’s
latitudinal width and equatorward boundary apparently con-2 Instrumentation
trolled by the magnitude of the IMBy component \{(Ving
et al, 2005. Meanwhile, reconnection on the flank magne- The ESA Cluster missionEscoubet et al.1997, 2007
topause Khotyaintsev et a).2004 and the combined effects comprises four identically instrumented satellites flying in
of simultaneous dayside and lobe reconnection on magnetaslose formation in highly elliptical (19.7/4Rg) polar or-
spheric and ionospheric convection have also been reportebits. Launched in 2000, this mission was augmented in
under stronglyBy dominated IMF conditions3andholt and  2004/5 by the launch of the ESA/China National Space Ad-
Farrugia 2006. ministration pair of Double Star satelliteki et al, 2005.
Combined space- and ground-based investigations hav&hese spacecraft, instrumented with a subset of the Cluster
made a significant contribution to our understanding of thepayload, were injected into elliptical equatorial (14.5/R £)
dayside reconnection process (the reader is direct¥dltb and polar (7.1/1.Rg) orbits such that the Cluster and Dou-
et al, 2001, Amm et al, 2005 and references therein). ble Star orbital planes remain approximately aligned. During
Such techniques are particularly useful since ground-basethe interval investigated below (25 March 2004), only the
experiments can measure the azimuthal extent of the Xequatorial Double Star spacecraft was in operation.
line by tracking the ionospheric signatures of flux transfer, Cluster and Double Star observations of the local magnetic
while space-based instruments can make detailed in situ medield, ion and electron populations employed in this study are
surements of individual flux transfer events (FTEs). How- provided by the fluxgate magnetometer (FGM; &dogh
ever, it should be noted that the comparison of space- anét al, 1997 2001, Carr et al, 2009, Cluster ion spectrom-
ground-based measurements relies upon accurate magnettry (CIS; seeRéme et al.1997 2001, 2005, and plasma
field mapping between the ionosphere and magnetospherelectron and current (PEACE: sdehnstone et al.1997
Even if the chosen magnetic field model is assumed to beéDwen et al. 2001, Fazakerley et al2005 experiments, re-
totally accurate, it is still necessary to examine low-altitude spectively. The FGM data have been analysed at a temporal
plasma measurements in order to estimate the distance of thresolution equal to the spin period of the spacecraft ¢ for
measurement point from the reconnection site along the fieldoth Cluster and Double Star). The CIS experiment mea-
line if the intention is to discriminate between a possible low, sures the three-dimensional ion distribution up to energies of
mid, or high latitude reconnection site (efattner et al. ~38keVl/e, yielding the total ion number density and veloc-
20069. Given the size of the dayside magnetopause and thé&y moments at spin resolution and full pitch angle distribu-
sparsity of available satellites, accurately tracing a newly-tions every spin in the case of Cluster and every second spin
opened flux tube back to the reconnection site from whichin the case of Double Star. The PEACE instrument mea-
it originated is a non-trivial undertaking. sures the electron pitch angle distribution between energies
The expected motion of newly-reconnected field linesof 0.7 eV-28keV/e, yielding the total electron number den-
emerging from either anti-parallel or component reconnec-sity and velocity moments and gyrotropic electron pitch an-
tion X-lines have been modelled in 2-D byowley and  gle distributions at spin resolution.
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CLUSTER & DOUBLE STAR TC1 06-10 UT 25 MAR 2004
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Fig. 1. The locations of the Double Star TC1 and Cluster spacecraft projected into thex&SandY-Z planes (left- and right-hand panels
respectively) during the the interval 06:00-10:00 UT on 25 March 2004. The positions of the TC1 and Cluster 1 spacecraft are indicated at
1 hintervals (stars and circles respectively) and labelled according to universal time. In each figure, the tetrahedral configuration of the four
Cluster spacecraft at 08:00 UT is shown in the inset.

During March 2004, the Cluster orbital plane was suchTC1 and Cluster did not occur simultaneously; TC1 entered
that the spacecraft passed through perigee in the midnighthe magnetopause just prior+e)7:00 UT while Cluster ex-
sector and apogee in the noon sector solar wind. Figure ited shortly before~08:00 UT.
shows the motion of the Cluster and equatorial Double Star |, sity observations of the solar wind and IME were pro-

spacecraft during the_: interval 06:00-10:00 UT on 25 March,;qaq by the Advanced Composition Explorer (ACE) space-
2004. Throughout this paper, we shall refer to the four Clus- 44 (Stone et al. 19989, which was located-225R up-

ter spacecraft by using the abbreviations C1, C2, C3 and C4yream from the Earth. Magnetic field and plasma data are
Similarly, we shall refer to the equatorial Double Star Space-provided by the magnetic fields (MAG) experimeSngith
craft by its designator, TC1. The left-hand panel presents, al, 1998 and the solar wind electron, proton, and alpha
the location of the C1 and TC1 spacecraft at hourly inter-oiq; (SWEPAM) McComas et a).1998, respectively.

vals, projected into the GSM-Z plane. The inset shows ntortunately, during the interval of interest, no solar wind
the configuration of the four Cluster spacecraft at 08:00 UTpIasma density data were available from the SWEPAM in-
when projected into the same plane. The right-hand paneli.,ment.

shows the spacecraft projected in the GSM plane dur-
ing the same interval. The location ofShue et al(199%)
model magnetopause, parameterised with solar wind condi
tions appropriate for 08:00 UT, is indicated in both panels.
In the left-hand panel, a cut through the magnetopause in th

Y=—-2Rg plane is indicated by the dashed grey line (cor-
responding to the approximaié position at which Cluster  ©f the SUperDARN array of coherent scatter rad&@esgn-

and Double Star encountered the boundary). Similarly, in¥ald etal, 1993 and the European Incoherent Scatter (EIS-
the right-hand panel, the radius of the magnetopause in th&AT) radar association. We shall pre;ent detallgd measure-
X=+8Rp plane is shown corresponding to the approximate MeNtS from the CUTLASS (Co-operative UK Twin-Located

X position at which the Cluster spacecraft encountered thé\uroral Sounding Systems) pair of SuperDARN radars lo-
boundary). As indicated in Figl, during this interval Tc1 ~ cated at Hankasalmi, Finland and bykkvibzer, Icelmster
was moving on an trajectory which traversed the post-noorf!t al. 2004. These radars transmit high-frequency (typi-
sector low latitude magnetopause, slightly southward of thec@lly 10-12MHZ) radio waves which are backscattered from
GSM equatorial plane. Meanwhile, the quartet of Cmsterdecam.e.tre—scale ionospheric electron dgnsny |r.regular|t|es.
spacecraft crossed the magnetopause on an outbound trajeg- 2ddition to backscattered power, the line-of-sight (I-0-s)
tory in the post-noon sector at higher northerly latitudes. AsPOPPler velocity and Doppler spectral width of backscat-

we shall demonstrate below, the magnetopause crossings ered signals are recorded simultaneously at two similar but
istinct frequencies (typically separated by a few tens of

Figure2 shows the arrangement of the main ground-based
instruments used in this study presented in a magnetic lo-
cal time/magnetic latitude coordinate system. Specifically,
this figure shows the situation at 07:30 UT on 25 March
2004. lonospheric observations are drawn from elements
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VHF radar Rishbeth and van Eykerd993 and references
therein), located near Tromsg on the Scandinavian mainland,
was also operating on this day. The beam of the VHF radar,
operating at~224 MHz, was also directed northward at low
elevation, with a geographic azimuth of 34&nd an eleva-
tion of 30 (i.e. pointing toward Svalbard) and yielded mea-
surements at 30s resolution. The location of the radar and
VHF beam between 150-650 km altitude are also shown in

4 Fig. 2. Both radars used alternating code measurement tech-
nigues to provide profiles of electron density, electron and
ion temperature, and ion velocity along the line-of-sight.

e IR NN T IR = Magnetic field measurement are drawn from stations of
RS : the International Monitor for Geomagnetic Effects (IMAGE)
25 MAR 2004 magnetometer network Qihr et al, 1999 and the UK Sub-
07:30UT Auroral Magnetometer Network (SAMNETYeoman et al.
A - 1990. Data from the Hella (Iceland), Hankasalmi (Fin-
Fig. 2. A magnetic local time/magnetic latitude projection of the |and) and Borok (Russia) stations, provided by SAMNET,
Northern Hemisphere at 07:30 UT on 25 March 2004. Concentricare recorded at 1s resolution while data from the IMAGE-
circles indicate parallels of constant magnetic latitude &t 80° operated Tromsg (Norway) and Ny Alesund (Svalbard) sta-
and 60 magnetic latitude. The radial lines indicate hours of mag- tions are recorded at 10 s resolution. The location of four of
netic local time with noon located at the top of the figure. The sta-these stations (labelled with the three-letter identifiers HLL,
tistical location of the auroral oval for appropriate magnetic activity HAN, TRO and NAL respectively) are indicated by crosses
is also indicated (aftefFeldstein and Starkow967).The fields-of- in Fig. 2. The other station, Borok (BOR), is located at

view of the CUTLASS pair of SuperDARN radars are superim- g4 14 magnetic latitude~10° of longitude east of the Han-
posed; the CUTLASS Finland radar in blue and the CUTLASS . . g
Iceland radar in red. Within these fields-of-view, the high time kasalmi station and therefore does not appear inZig.

resolution beams beams employed in this study are indicated by
dot-dashed lines. The poleward-looking low elevation beam of the
ESR (between 150-500 km altitude) and the beam of the EISCAT3  QOpservations
Tromsg VHF radar (between 150-650 km altitude) are indicated

by the solid green lines. Also shown are the magnetic footpointsln this section, we shall introduce the various data exploited
of the TC1 and C1 spacecraft spacecraft (star-shaped and circular ! P

symbols, respectively) derived using the T96 magnetic field model™ this study. First we shall present the upstream observations

parameterised appropriately for upstream solar wind conditions aPf the so!ar Wi”d. qnq IMF, followed by in-situ 0b§ervations
07:30 UT. of FTEs in the vicinity of the magnetopause. Finally, data

recorded by ground-based experiments will be shown. Data
first presented bWild et al. (2005h (hereafter referred to as
kHz). Thus, operating in this “stereo” modeester et al. Paper 1) will thus be augmented by new in-situ and remotely-
2004, each CUTLASS radar scans its full 16-beam field-of- Sensed measurements.
view (f-0-v) at 1 min cadence while simultaneously sounding
one beam at high (3 s) temporal resolution. 3.1 Upstream solar wind observations
The EISCAT Svalbard radar (ESR) facility at Longyear-
byen (Wannberg et al., 1997) consists of two separate coFigure3 presents an overview of solar wind and IMF obser-
located antennas. In this paper, we shall present 64 s resaations made by the ACE spacecraft. As described in Pa-
lution data from the steerable 32 m dish which operates aper 1, these data have been lagged by 80 min such in order
UHF frequencies~500 MHz. During the interval of interest, to take into account the propagation of solar wind/IMF struc-
the antenna was directed northward at low elevation, withture from the spacecraft to the magnetopause. Throughout
a geographic azimuth of 33@&nd an elevation of 30 As the 06:00-10:00 UT interval, the positive IMBy compo-
such, the ESR beam was pointing along the local magnetiment dominated while thB; component was generally small
meridian and almost aligned with the high temporal reso-and positive, with only three brief southward excursions at
lution beam of the CUTLASS Finland radar. Observations~06:15,~08:25 and~08:35 UT (lagged time). This resulted
from the fixed, field-aligned 42m ESR antenna, althoughin a generally duskward and northward oriented IMF clock
operational, are not used in this paper. The location of theangle. During the entire interval, ttBy component was neg-
site on the Svalbard archipelago is shown by the green doétive (i.e. Earthward pointing). The bulk solar wind speed
in Fig. 2 while the direction of the beam between altitudes was typically~350 km s but fluctuating by approximately
150-500 km is indicated by the green line. The EISCAT +10kms1.

Ann. Geophys., 25, 21238 2007 www.ann-geophys.net/25/219/2007/
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ACE 25 March 2004 . DOUBLE STAR TC1 25 MAR 2004
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ut Fig. 4. Double Star field and plasma measurements between 06:45—
07:30. From top-to-bottom, the panels present; the magnetic field
Fig. 3. Solar wind and IMF measurements from the ACE space- ¢|gck angle measured at TC1 (black) and ACE (green); the com-
craft between 06:00-10:00 UT (lagged time). From top-to-bottom, nonent of the magnetic field normal to the local magnetopause; the
the panels present the GSKly, By and Bz components of the  gyerall magnetic field strength; an energy-time spectrogram of elec-
interplanetary magnetic field, the IMF clock angle (defined as trons moving parallel to the local magnetic field; an ion energy-time
arctanBy/Bz)) and the solar wind bulk speed. spectrogram (all pitch angles); GSNk (blue), Vy (green) and/z
(red) components of the ion bulk flow velocity; total ion density.
Encounters with the boundary layer and magnetopause are indicated
3.2 In-situ observations of FTEs by dotted vertical line and labelled “BL” and “MP” respectively.
The FTEs discussed in the text are indicated by dashed red lines.
Figure 4 presents the field and plasma measurements from
the Double Star TC1 spacecraft during the interval 06:45—
07:30 UT. The magnetic field data are presented theshown. The presented plasma measurements comprise elec-
boundary-normal coordinate systems introduced in Paper ltron and ion energy-time spectrograms from the PEACE and
In addition, variations in the magnetic field clock angle (de- CIS instruments respectively. In the case of the PEACE data,
fined as in Fig.3) measured at both ACE and TC1 are also the spectrogram corresponds to electrons travelling parallel
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to the local field direction. For CIS, only data correspond- are reminiscent of the classic bipolar FTE signatures first re-
ing to all ion pitch angles were available. lon velocity and ported byRussell and Elphi¢1978 and numerous authors
density moments derived from CIS data are also shown.  since. However, due to the highly variable nature of the mag-
At the beginning of the interval, the TC1 spacecraft wasnetic field in this boundary layer region, care must be taken
located in the magnetosheath. The IMF clock angle was veryn identifying possible FTE signature. As such, only bipo-
similar to that observed by the ACE spacecraft someR25 lar signatures that are accompanied by local enhancements
upstream of the Earth when lagged as described aboven the overall magnetic field strength and indications of mag-
Plasma measurements indicated a magnetosheath-like pametosheath/magnetosphere plasma mixing will be considered
ticle population characterised by a dense2Q ions cnt3) further. Two bipolar perturbations meet these criteria and are
but cool plasma (peak ion energyl keV). Just prior to indicated by the dashed red lines in Hg(labelled ‘FTE i’
06:50 UT, TC1 entered a boundary layer in which the mag-(~07:07 UT) and FTE ii” (~07:08 UT) respectively). In
netic field clock angle deviated from the upstream orientationeach case, the overall magnetic field strength exhibits a clear
and rotated toward the magnetospheric field directie®df]. local maximum as the bipolaBy component perturbation
Simultaneously, the observed ion density dropped-Bp% goes through 0nT from positive to negative values — indi-
while the upper-energy cutoff of the local electron and ion cating that these are “normal” polarity perturbatioRsi§sell
populations approximately doubled. At 06:50 UT, TC1 en- and Elphi¢ 1978 1979 accompanied by low fluxes of mag-
countered a region of predominantly dawnward ion flow in netospheric electrons in the 0.5-2 keV range.
excess of 100 kmg that lasted for~1 min. Prior to the ob- Figure 5 presents equivalent field and plasma data
servation of this feature, the observed plasma flow speed waecorded by the Cluster 1 (C1) spacecraft during the inter-
~50 kms 1 and directed predominantly southward and anti- val 07:45-08:45 UT (i.e. shortly after the interval presented
sunward, as expected from TC1'’s location just south of thein Fig. 4). At this time, the Cluster spacecraft were situ-
subsolar point. Based upon clock angle data only (as in Paated at approximately the same magnetic local time as the
per 1), the time of entry into the magnetosphere had beemouble Star satellite, but at much higher latitude, as shown
determined to be 06:50 UT. Taking into account the plasman Fig. 1. At 07:45 UT, the start of the interval shown
data now available, we infer that the spacecraft actually enin Fig. 5, Cluster 1 was located within the magnetosphere.
tered a boundary layer at 06:50 UT and moved into the magThe northward and duskward pointing magnetic fiel@(°
netosphere proper during the latter part of the interval. clock angle) is consistent with the spacecraft’s location in
While in the boundary layer, betweer06:50-07:16 UT, the high-latitude, pre-noon sector magnetosphere. CIS and
the ion density observed at TC1l varied between 2-PEACE plasma measurements indicate that the spacecraft
30 ions cnT3. Reductions in plasma density 6 ions cnt3) was surrounded by hot, tenuous magnetospheric plasma. Just
were accompanied by significant decreases in the flux oprior to 07:50 UT, C1 entered a boundary layer in which the
ions with energies<0.5keV and an increase in the flux ion density increased dramatically, as did fluxes of lower
of >2keV ions. These plasma density/energy features coenergy (100eV) electrons and ions. Over the follow-
incided with the largest deviations of the magnetic field ing 12 min, the spacecraft observed bursts of high electron
clock angle from the upstream orientation {#9C°) toward  and ion fluxes in the<0.5keV and 20 eV-2keV ranges re-
the magnetospheric orientation@). We therefore inter-  spectively accompanied by up to forty-fold increases in the
pret these variations as symptoms of the spacecraft’s posion density. The ion flow velocity, which prior to entering
tion within the boundary layer relative the to magnetopausethe boundary layer had been duskward and southward with
which was, presumably, moving in response to the upstreanspeed~50 km s'1, increased with peak velocities in excess
solar wind and IMF conditions. of 100kms® and was highly variable (in both speed and
At 07:16 UT, TC1 entered a region in which the ion den- direction). The magnetopause boundary layer was neither
sity was <1 ion cnT 3, ion and electron energies extended uniform or stationary. During traversal of the layer (or lay-
up to ~10keV and the local magnetic field was oriented ers), several distinct plasma regions were encountered, no-
in a northward direction. This transition from a cool/dense tably regions characterised by the magnetospheric plasma
plasma to a hot/tenuous plasma marked TC1's entry into thenly (e.g., ~07:56:30 UT), regions characterised by the
magnetosphere. Over the next 10 min, TC1 rapidly traverseanagnetosheath plasma only (e-g07:52 and~07:58 UT)
the magnetopause four times (two outbound and two inboundnd regions with mixed magnetosheath and magnetospheric
crossing), entering the magnetosphere for the final time aplasma, (e.g~07:57:00 UT).
07:25 UT. At about 08:01 UT, Cluster 1 was engulfed by dense
While in the boundary layer (06:59—07:16 UT), TC1 en- (~25ions cnT3) cool plasma as it entered the magnetosheath
countered a series of magnetic field perturbations. Moreproper. After this time, the magnetic field clock angle orien-
specifically, numerous bipolar fluctuations in the componenttation was generally in good agreement with the (lagged) up-
of the magnetic field normal to local magnetopause withstream observations and the ion flow directed predominantly
peak-to-peak amplitude-10 nT were observed. Examples antisunward and northward. We note that the PEACE in-
include those at 06:52, 07:06, 07:07 and 07:08 UT. Thesestrument switch off at 08:30 UT and the CIS experiment was
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inactive for 2 brief intervals (centred on 08:56 and 08:31 UT) . CLUSTER 1 25 MAR 2004
resulting in short data gaps. After 08:32 UT, the CIS instru-
ment operated at a reduced temporal resolution of 24 s (com-
pared to 4 s resolution before this time).

Turning now to the Cluster By component magnetic
field data, several bipolar fluctuations were observed dur-
ing the interval presented in Fi§. As was the case with
TC1 data, we shall concentrate our attention on bipslar ~
perturbations that are accompanied by clear enhancement =
in the overall magnetic field strength and evidence of mag- &
netospheric/magnetosheath plasma mixing. As such, we
have identified six events for further study, namely those at
08:20, 08:24, 08:27, 08:29, 08:32, and 08:35 UT (labelled ~
“FTE a—f" respectively). While FTE® andf fall outside <
the PEACE data coverage, there is some evidence in the m
lower resolution CIS data of plasma mixing. These excep-

Clock angle (deg

tionally clear magnetic signatures are therefore included in & .
the subsequent analysis. BipolBy, component perturba- g/\ . XE
tions were also observed in the regions dominated by magne- = &
tosheath plasma (e.g:07:52 and~07:58 UT) as the space- S 10° =
craft passed through the boundary layer. Indeed, in Pa- @ @
per 1 these events were identified as likely FTEs (based on - 108 %
magnetic field data alone). However, given the provision 3 107 1
of plasma measurements which place these FTE candidates §§ 108 &
within the complex magnetopause boundary layer, it is diffi- & 10° d"‘g
cult to uphold this inference with reasonable confidence. As 0* 3
such, these events shall not be considered further below. o ; .
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Figure 6 presents backscattered power, |-o0-s Doppler ve- 8 Z§88' : : ]
locity and Doppler spectral widths measured by the CUT- = 30 3
LASS Finland SuperDARN radar during the period 05:00— W‘E 40 : v 'J
09:00 UT on 25 March 2005. More specifically, these data = ig | WWWWWMW W‘r e
were recorded along beam 9, the single beam sounded by & 10 WMW ]
the high time resolution (3s) channel of the Finland radar < 3 J
(as indicated in Fig2). The measured parameters associated 07:50 08:00 08:10 08:20 08:30 08:40

with ionospheric echoes are colour-coded according to the v

colour scale to the right of each panel. As shown in Rig. . .
this b f the Einland radar i imatel i dF|g. 5. Field and plasma measurements from the Cluster 1 space-
IS beam o € Finiand radar IS approximately aligned .4 eween 07:45-08:45. From top-to-bottom, the panels present;

with the magnetic meridian. Thus, positive (negative) Ve-ihe magnetic field clock angle measured at TC1 (black) and ACE

locity measurements correspond to flow toward (away) from(green); the component of the magnetic field normal to the local

the radar in an roughly equatorward (poleward) direction.magnetopause; the overall magnetic field strength; an energy-time

Backscattered signals that have been identified as grounsbectrogram of electrons moving parallel to the local magnetic field;

scatter ¥|_o_s<50ms! and spectral width<100ms?) an energy-time spectrogram of ions moving parallel to the local

are shaded grey in the line-of-sight velocity panel. magnetic field measured by the CIS Hot lon Analyser (HIA); GSM

At 05:00 UT, the Finland radar observed a region of iono- Vx (blue),Vy (green) and’z (red) components of the ion bulk flow

spheric backscatter extendingl® poleward of 79 magnetic velocity (also from CIS HIA); total ion den_sn)_/. Encounters with thg

latitude. This ionospheric scatter was superimposed up0|1?oundalry layer a{‘d ,f"agnfmp,,ause are indicated by dOtFed vertical
. . .. line and labelled “BL” and “MP” respectively. The FTEs discussed

an area of ground—scqtter ec.hoes spanning the entire Iatm,h the text are indicated by dashed red lines.

dinal range presented in the figure. However, over the course

of the following three hours, the latitudinal extent of the

band of ionospheric backscatter gradually decreased until, by

08:00 UT, it had almost entirely disappeared. This is clearesspheric velocities measured by the radar and clearly differ-

in the centre panel of Figh which presents the |-0-s iono- entiates between the ionospheric and ground scatter regions.
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Fig. 6. Backscattered power, Doppler line-of-sight velocity and Fig. 7. Backscattered power, Doppler line-of-sight velocity and
Doppler spectral width measurements from Beam 9 of the CUT-Doppler spectral width measurements from Beam 5 of the CUT-
LASS Finland SuperDARN radar. Data are presented as a funcLASS Iceland SuperDARN radar. Data are presented as a function
tion of magnetic latitude and universal time with each parameterof magnetic latitude and universal time with each parameter colour-
colour-coded according to the scales shown on the right hand sidecoded according to the scales shown on the right hand side. Line-
Transient features described in the text are highlighted by black anaf-sight velocity time-series from range gates 23 and 28 are overlaid
white dashed lines. at the appropriate latitudes.

Note that the ionospheric echoes correspond to regions of The poleward moving structures are very similar to the
high backscattered power (top panel) and regions of appar‘pulsed ionospheric flows” (PIFs) reported Bjnnock et al.
ently very large spectral width. (1995 andProvan et al(1998 — now widely accepted as the
Within the region of ionospheric scatter observed by theionospheric signatures of FTEs. They correspond to regions
Finland radar, poleward moving structures were observedf high speed ionospheric plasma flow at the footprint of
throughout the interval. These are clearly visible as areagiewly-reconnected magnetic flux tubes as they are dragged
of high backscattered power moving away from the radar to-away from the reconnection site by the combined action of
ward higher latitudes. Dashed lines have been overlaid on thgolar wind flow and magnetic tension. In this case, the PIFs
backscattered power and velocity panels of Bitp empha-  are observed in the region westward (dawnward) and pole-
sise these features. The poleward speed of these structuresard of the footprint of the TC1 and C1 satellite.
computed by tracking the motion of each high power echo Figure7 shows the corresponding measurements along the
features over a few-minute interval and corresponding to théhigh time resolution beam (beam 5) of the CUTLASS Ice-
slopes of the dashed lines, varies between 0.8—1.5Rkms land SuperDARN radar. This beam points in a more zonal
general these poleward-moving regions are associated witbirection than the equivalent high time resolution beam of
a relatively large I-o-s velocity component 500 m s'1) di- the Finland radar. Thus, whereas velocity measurements
rected away from the radar. However, strong equatorwardoward/away from the Finland radar roughly correspond
flows (toward the radar) are also observed, although these at® equatorward/poleward motion, equivalent measurements
generally short-lived and occur in the lower latitude portion made by the Iceland radar contain a significant east-west
of the ionospheric backscatter. component. During the interval presented ionospheric flows
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directed away from the radar, i.e. poleward and eastward,
were observed. As such, the velocity colour scale differs
from that employed in Figb.

In contrast to the measurements from the Finland radar,
the backscattered signals received by the Iceland radar orig-
inated from much lower latitudes — typically equatorward
of 76° magnetic latitude. Within this region of backscat-
ter, the I-o-s velocity fluctuated between approximately +200
and—700m s with a periodicity of~10min. In order to
emphasise these fluctuations, I-o0-s velocity time-series have
been extracted from range gates 23 and 28 are overlaid on
the line-of-sight velocity panel of Figi. In each case, a
dashed line indicates the latitude of the relevant range gate
and the 0ms! level. In keeping with the underlying plot,
positive/poleward velocities are above the dashed line while
negative/equatorward velocities are below. The deflection of
the trace corresponding to a 500 M welocity is also shown.
These measurements indicate a pulsing of the ionospheric
flow in the poleward and eastward direction with a period-
icity in the ultra-low frequency (ULF) range.

The CUTLASS radar measurements can be placed into
context by considering the large scale ionospheric convec-
tion pattern that characterised the interval. Fig8rghows
the ionospheric convection pattern in Northern Hemisphere
derived from ionospheric plasma velocity measurements us-
ing the “map potential” technique &tuohoniemi and Baker
(1998. This technique yields large-scale global convection
maps from the |-o-s velocity measurements from 9 North-
ern Hemisphere SuperDARN radars, via mathematical fitting
of the data to an expansion of the electrostatic potential in
spherical harmonics. Firstly, the |-o-s data are filtered and
then mapped onto a polar grid. These “gridded" measure-
ments are then used to determine a solution for the electro-
static potential distribution that is most consistent with the
available measurements. The electric potentials of the solu-
tion then represent the plasma streamlines of the modelled
convection pattern. As backscatter targets (and therefore I-o-
s velocity measurements) are not always available, informa-
tion from the statistical model ®@uohoniemi and Greenwald
(1996, parameterised by IMF conditions, is used to stabilise
the solution where no measurements are made. In this case,
the convection maps have been produced from ionospheric
flow measurements averaged over 10 min. This temporal av- -
eraging is necessary in this case since there were generally 08:30 UT
insufficient |-o-s data in each individual radar scarlmin)
to satisfactorily constrain the solution for the electrostatic PO-Fig. 8. Estimates of the Northern Hemisphere ionospheric convec-

tent_ial. ) ) ) tion pattern derived from SuperDARN observations of ionospheric
Figure 8 presents the ionospheric convection pattern atfiow, as described in the text. Also shown are the fields-of-view of
07:10, 07:30 and 08:30 UT overlaid on the CUTLASS radarthe CUTLASS Finland and Iceland SuperDARN radars, the beams

fields-of-view (as presented in Fig). These times have been of the EISCAT VHF and ESR radars, and the footprints of the Dou-
chosen as they correspond to the period during which theble Star and Cluster spacecraft at the indicated time (same format
TC1 and Cluster spacecraft observed the field and particl@s Fig.2).

signatures of FTEs in the vicinity of the low and high lati-

tude dayside magnetopause, respectively. The solid (dashed)

black lines represent the negative (positive) equipotential
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dawnward of the location of the TC1 and C1 footprints.
Thus, the PIFs presented in Fi§.are consistent with the
expected motion of poleward and dawnward moving iono-
spheric plasma associated with the newly-opened flux tubes
produced by the FTEs observed at the Cluster and Double
Star spacecraft.

Note that within the Finland radar’s high time resolution
beam, the ionospheric flow direction is predominantly di-
rected across the beam, rather than along the I-o-s direction.
As such, relatively small reorientations in flow direction will
result in a switch between I|-o-s flow toward/away from the
radar. With this in mind, we interpret the short bursts of flow
directed towards the radar presented in Bigs short-lived,
spatially localised distortions of the average convection pat-
1200 terns presented in Fi@.resulting from the appendage of re-
gions of newly-opened magnetic flux to the polar cap follow-
ing a burst of dayside reconnection (eGpwley and Lock-
wood, 1992. An examination of the I-o-s velocities mea-
sured along beam 6 of the Finland radar (not shown) supports
this interpretation. Beam 6 points into the throat of the iono-
spheric convection pattern shown in F&such that plasma
flow streamlines have a substantial component parallel to the
! I-o-s direction. Although PIFs were observed in this beam,

05:00  06:00  07:00  08:00  09:00 with structures moving away from the radar at speeds com-

uT parable to those discussed above, short-lived bursts of flow

with a I-0-s component towards the radar were not recorded

Fig. 9. Electron density, ion temperature and ion line-of-sight ve- gince small changes in the ionospheric flow pattern did not

Ic:ccirt]y Efgg‘gﬁgens fr(;’m (;OW ‘ge"aﬂon northwar(cji pomtjf‘g beam resultin a directional switch of the I-o-s velocity component.
ofthe valbard radar. Data are presented as a function ot gy, 16 9 shows the simultaneous measurement of iono-

magnetic latitude and universal time with each parameter colour-S heric electron density. ion temperature and ion velocit
coded according to the scales shown on the right hand side. Tran-p Y P y

sient features described in the text are highlighted by black anore_corde_d _by the_ EI_SCAT Svalbard radar. Although Spa”'
white dashed lines. ning a similar latitudinal range as the data presented ingrig.

the ESR’s low elevation beam was not exactly aligned with

beam 9 of the CUTLASS radar. At the 8@nagnetic lati-
contours, and therefore the ionospheric plasma flow streamtude parallel, the CUTLASS and ESR beams are separated
lines, determined from the map potential algorithm. The darkby around 60 km (3longitude), increasing to around 85 km
grey dots indicate locations where radar |-o-s velocity data(5° longitude) at 82 magnetic latitude. Nevertheless, the
are available (most of them measured by SuperDARN radar&SR data reveals a highly structured ionosphere in the throat
whose fields-of-view are not included in the figure). The flow of the ionospheric convection pattern with poleward mov-
vectors drawn from these dots, sometimes referred to as “trueng structures very similar to those observed by the CUT-
vectors", are calculated by combining the measured I-0-s veLASS Finland radar. Like the CUTLASS radar, the ESR
locity and the component of the convection flow (from the observed almost exclusively poleward plasma flow through-
fitted solution) that is orthogonal to the |-o-s direction (i.e. out the interval presented. Between 05:30-07:03 UT sev-
the radar beam) at each location. As in Figthe magnetic  eral high-speed PIFs were observed and were associated with
footprints of the TC1 and C1 spacecraft are also indicated fopoleward moving electron density enhancements. These cor-
comparison. respond well with the PIFs observed by the CUTLASS Fin-

Throughout the interval discussed in this paper, the globaland radar. Indeed, if the dashed lines from Bigre overlaid

ionospheric convection pattern was dominated by the duslonto the top panel of Fig® and shifted in time for 3 min in
convection cell, as expected for the prevailing IMF pos- order to allow for a few-minute zonal propagation delay be-
itive conditions Cowley and Lockwood1992. The PIFs tween the CUTLASS and ESR radar beams (equating to a
presented in Fig6 are located within the 77-83region  zonal propagation speed o0.5kms1), then this excellent
of the CUTLASS Finland radar beam indicated by the dot-agreement is apparent. These data support the interpretation
dashed lines within the blue field-of-view in Fi§. Based above that the PIFs are the signature of magnetic reconnec-
upon the 10-min averaged convection maps, this region cortion (i.e. FTES), the poleward moving regions of enhanced
responds to the “throat” of the ionospheric flow pattern, electron density corresponding to the ionospheric footprint of
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newly-reconnected flux tubes down which plasma originat- 757 TR m
ing the magnetosheath is precipitating into the ionosphere. 3 74 - W * a5 2
These regions of high-speed 00 m s'1) poleward plasma g 73 e U
flow are also associated with region of enhanced ion tem- 3 _, : | | O 2
perature due to the relative velocity between the ions and % - “I e HH"M TP B -
the neutral atmosphere enhancing the temperature of the F-g 2o \" ‘ ) “MWMMM ] ;j: :

region ion population via ion-frictional heating (elgavies
etal, 1997 1999.

As an aside, we note that aftert07:30 UT the I-o-s ion E \ o | { NL *\ T
velocity measured by the ESR across the latitude range pre- ” ‘” ' i H‘Hﬂ‘)”uu“\‘: | li \‘”m“\‘””\l"w ""‘{ [ '\“HHM“:‘M - e
sented in Fig.9 dropped dramatically. The simultaneous o - 1500
drop in the ion temperature suggests that this was a gen- oo
uine decrease in the ionospheric flow speed rather than a 1200
redirection of the flow orthogonal to the radar beam since
high speed flow across the beam (i.e. with little or no I-

0-s component) would still result in ion-frictional heating
and elevated ion temperatures. B¥8:30 UT, about the
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time that Cluster observed FTEs in the high-latitude mag- § ' 1400 §
netosheath, high speed poleward directed flows were ob- £ f‘ f‘ ‘ll”N ”1““ M\ qmm Mﬂ - By s
served once again. Simultaneously, electron density struc- i ‘ m i = 00 F
tures were observed drifting towards and away from the radar % ‘I”'II ! “ M ‘”'l‘ “&‘N‘IW% fuw = 0% 3
at~200ms™. As indicated in Fig8, at 08:30 UT the ESR & w m } ! = R
beam pointed into the anti-sunward flow region of the dusk 30 f. Wl u‘, il L I 3
convection cell. We therefore interpret the ESR observation 05:00  06:00  07:00  08:00  09:00

of PIFs after~08:00 UT as further signatures of pulsed re- ut

connection. The motion of the enhanced electron density fea-

tures was most likely due to the meridional movement of theFig. 10. Electron density, ion temperature and ion line-of-sight ve-
dawn-dusk ionospheric flow region across the pre-noon sedocity measurements from low elevation northward pointing beam
tor in response to the changes in the polar cap size resultin f the EISCAT VHF radar located in Tromsg. Data are presented as

from ondoind davside reconnection. There is some evidenc function of magnetic latitude and universal time with each param-
going day Ster colour-coded according to the scales shown on the right hand

of similar equatorward moving structures in backscatteredjyo | ine-of- _sight velocity time-series extracted at 70.72.2
power recorded by the Finland radar after 07:30 UT (B)g.  ang 73.8 magnetic latitude are also overlaid.

However, these structures are generally associated with very
low |-0-s Doppler velocity and classified as ground scatter
and there is insufficient ionospheric backscatter to make are no indications of the dynamic structuring of the iono-
detailed comparison with the ESR observations at this time. spheric electron density as seen further poleward.

Figure 10 shows the simultaneous measurements of elec- Ground-based magnetometers also recorded ULF wave
tron density, ion temperature and ion velocity over the 69—activity across a wide range of local times. Figliiepresents
75° range made by the EISCAT VHF radar situated in time-series of fluctuation in the east-west component of the
Tromsg. As shown in Fig8, the VHF beam is oriented magnetic field measured at the Ny Alesund (NAL), Tromsg
slightly eastward of a meridional pointing direction, there- (TRO), Hankasalmi (HAN), Hella (HLL) and Borok (BOR)
fore the generally negative I-o-s velocities observed (i.e. flowmagnetometer stations. These data have been bandpass fil-
away from the radar) correspond to poleward and eastwartered to show variations with periodicities between 120—
directed flows. Like the CUTLASS Iceland radar, these mea-3600 s and reveal a mixture of wave frequencies, dominated
surements come from the region equatorward of the PIFs obby ~30 min pulsations. We also note that the oscillations ob-
served by the ESR and the CUTLASS Finland radars. Furserved at NAL are of much greater amplitude than those at
thermore, like the Iceland radar, the EISCAT VHF system stations equatorward of Svalbard. These measurements re-
observed fluctuations in the ionospheric flow velocity in the veal that the pulsations observed by the CUTLASS and EIS-
ULF frequency range. The velocity fluctuations can clearly CAT radars extend over8° of magnetic latitude and well
be seen in the time-series of |-0-s velocity overlaid on the ionover 3 h of MLT.
velocity panel. In this case, fluctuations-e6 min period are
superimposed on a longer period40 min) and there is ev-
idence of poleward phase propagation of the shorter period
wave signatures. In contrast to the ESR observations, made
at an almost identical local time but at higher latitudes, there
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a simple paraboloid magnetopause, based upon the models
of Kobel and Fliickigef1994 andSpreiter et al(1966. For
given IMF and solar wind parameters, the model computes
the instantaneous flux tube motion along the magnetopause
at every point on the magnetopause surface due to the effects
of stress balance in the reconnected flux tubes and magne-
tosheath flow, at the so-called de Hoffman-Teller velocity
(de Hoffman and Tellerl950. From this, the motion of
open magnetic flux tubes threading the magnetopause can be
traced, via iteration, over the surface of the magnetopause
and into the magnetotail from any location on the surface
of the magnetopause. As a by-product of the de Hoffman-
Teller velocity computation, the model also calculates the
plasma velocity in the magnetopause boundary layer at all
points on the surface of the magnetosphere Gaeley and
Owen 1989 and references therein).

The first comparison between estimates of flux tube mo-
tion derived from the Cooling model and 3-D measurements
of flux transfer events at the high-latitude magnetopause
were presented bWild et al. (20053 and a similar analy-
sis shall be employed here. In this modified implementation
of the Cooling model, no steady-state reconnection test is
applied. Instead, we shall monitor the subsequent motion of
the newly-opened flux tubes (i.e. FTEs) away from a user-
defined reconnection site. By doing this, we are able to com-
pare the expected flux tube motion with the observed FTE
signatures without making any assumptions regarding the
necessary conditions/thresholds required for reconnection.

First, we shall investigate the inbound passage through
the boundary layer and magnetopause made by the Double
Star TC1 spacecraft at07:00 UT. Figuresl?2a—c present
L BOR the estimates of boundary_layer and flux tube motion _at this

05:00 56:00 07:00 P 59:00 time denvgd from the Coqllng model. Each pgnel of Hig.
' ' uT ' ' shows a view of the dayside magnetopause in the GSAM
plane as viewed from the Sun. The concentric dotted circles
Fig. 11. East-west component magnetograms from stations of thdndicate the magnetopause in the G plane atX po-
SAMNET and IMAGE magnetometer networks, bandpass filteredsitions of X=+5Rg, ORg, —5Rg, and—10Rg while the
to reveal oscillations with periods between 120-3600s. cusps are represented by the diamond symbol. In this model,
the cusps are positioned at the GSM locations K&,
0, =Ry p] Where Ry p is the radius of the model magne-
4 Discussion topause at the subsolar point. In this caBg;p has been
set to 10Rg, roughly the value predicted by the model of
In this section we shall consider the ramifications of the Shue et al(1997) during this interval and consistent with the
space- and ground-based measurements presented abav@gnetopause location observed by the spacecraft. The pre-
upon the coupling processes between the solar wind, magneailing IMF clock angle is indicated in the upper right-hand
tosphere and ionosphere under the intervadpfdominated  corner of each panel and the locations of the C1 and TC1
interplanetary magnetic field observed on 25 March 2004. spacecraft in the GSM-Zplane are indicated by filled circle

Firstly, we shall consider the location of the reconnectionand star symbols, respectively.
site(s) on the dayside magnetopause. In order to do this, we InFigs.12a and b, a reconnection X-line has been initiated
have employed a realistic model of open flux tube motionat the sub-solar point and extende®p in the directions
based on that ofooling et al.(2001) (subsequently referred parallel and anti-parallel to the local magnetopause current
to as “the Cooling model"). This simple model, an evolu- (a function of the relative orientation of the magnetospheric
tion of the model oCowley and Owelf1989, considers the  and magnetosheath field at any given location). The coloured
draping and strength of the magnetosheath magnetic fieldarrows show streamlines of boundary layer flow (Figa)
magnetosheath flow velocity, and density over the surface ond open flux tube motion (Fig.2b) resulting from such
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Fig. 12. Results of the Cooling model showing boundary layer plasma flow and open flux tube motion at the time of Doufadec$tar

and Clustele—f) observations. Each panel presents a view of the magnetopause as seen from the Sun. The IMF clock angle used for each
computation is indicated in each panel and corresponds to the time shown. An X-line (solid black line) and flow streamlines showing either

boundary layer motion (in panels marked “BL") or open flux tube motion at the de Hoffman-Teller velocity (in panels marked “DHT")

are overlaid - dashed blue (red) vectors indicate motion corresponding to flux tube attached to the Northern (Southern) Hemisphere. The
locations of the Cluster and Double Star satellite are shown by circular and star symbols, respectively, and experimentally-determined
parameters overlaid as described in the text. In the panels presenting averaged observed boundary layer flow vectors (a and d), the individue

measurements used in the averaging calculation are shown in the inset (bottom-right).

an X-line. Note the “BL’ (Boundary Layer) and “DHT” ward of the TC1 spacecraft at 06:50 UT (the time at which
(de Hoffman-Teller) labelling in the lower right-hand corner TC1 entered the boundary layer). The boundary layer plasma
of each panel. Blue (red) dashed arrows indicate boundarflow at this location is expected to be predominantly west-
layer flow and flux tube motion associated with flux tubes ward (dawnward). The average boundary layer plasma flow
anchored in the Northern (Southern) Hemisphere ionospheralirection measured by the CIS instrument on TC1 between
As such, Figl12a shows the boundary layer flow from a sub- 06:50-06:51 UT is indicated by a black arrow originating
solar X-line, tilted in the direction of the magnetopause cur-at the location of the spacecraft in Fiia (for completeness
rent, for the IMF conditions observed at 06:50 UT (lagged the inset shows the individual measurements that make up the
time). This corresponds to the approximate time that TClaverage boundary layer plasma flow vector). Clearly, there
encountered the magnetopause boundary layer as shown is excellent directional agreement between the observed and
Fig. 4. Figure12b shows the motion of open flux tubes from modelled boundary layer plasma flow at this location/time.
the equivalent X-line at 07:05 UT, the approximate time at These velocities are also summarised in Tdbl€loser ex-
which TC1 observed FTE signatures as it approached th@amination reveals that the Cooling model is over-estimating
magnetosphere. For comparison, Figc shows the open the boundary layer flow speed, whereas the flow direction
flux tube motion expected from a pair X-lines constrained toin the GSMY-Z plane (roughly equivalent to the plane of
pass through locations where the magnetosheath and maglie magnetopause at this location) is in good agreement
netospheric magnetic field are with @f anti-parallel, using  with observations. However, the Sunward flowing plasma
IMF parameters appropriate for 07:05 UT (as in High). observed by TC1 in the boundary layer is unexpected and
not described by the Cooling model. Figutéb demon-

Thus, Fig.12a indicates that a tilted X-line passing strates that newly-opened Northern Hemisphere flux tubes

through the sub-solar point would be located slightly south-
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Boundary layer velocity (kms!) Flux tube velocity (km 51)
uT Vx Vy Vz uT Vx Vy Vz
. Obs +28 -78 +1 . Obs - - -
TCL  06:50 Mod -34 -146 +11 07:05 Mod -30 -139 +11
) Obs -10 -64 +63 . Obs +9 -55 +33
c1 07:55 Mod —-103 -90 +141 08:35 Mod -83 -153 +185

Table 1. A summary of the measured and modelled boundary layer and flux tube velocities presented2n Fig.

(colour-coded blue) from a tilted sub-solar X-line would although the flow speed has been overestimated by the Cool-
be dragged over the TC1 spacecraft under the prevailingng model. A significant discrepancy in th component of

By dominated IMF conditions. While no measurement of the boundary layer plasma flow is observed in this case also.
flux tube velocity are available from the single TC1 space-Given the multi-spacecraft measurements available at the lo-
craft, the fact that flux tubes attached to the Northern (rathercation of Cluster, it is possible to estimate the velocity of FTE
than Southern) Hemisphere are expected to pass over thaructures as they pass by the spacecraft based upon a timing
TC1 spacecraft is consistent with the observation of nor-analysis of the structure as it advects over each satellite (e.qg.
mal (rather than reverse) polarity FTEs in the Double StarDunlop and Woodwardl998. Figurel2e presents the es-
magnetometer data just after 07:05 UT (drgnbeek etal.  timated motion of open flux tubes from an X-line passing
1984). Figure12c illustrates that under these IMF condi- through the sub-solar point under the almost purely dawn-
tions, anti-parallel magnetic field configurations are to beward IMF conditions as observed at 08:35 UT (lagged time).
found tailward and duskward (dawnward) of the northernThis corresponds to the time at which the final FTE was ob-
(southern) cusp regions. In these regions of super-Alfvénicserved by Cluster ETE ' in Fig. 5). The estimated direc-
magnetosheath flow, reconnected flux tubes are dragged taition of the FTE observed by Cluster at this time — derived via
ward, away from the location of the Double Star TC1 space-multi-spacecraft timing analysis - is overlaid at the appropri-
craft. We therefore suggest that the FTE signatures obate location of the C1 spacecraft (the corresponding veloc-
served by TC1 originated at a low-latitude X-line, as shownity components are presented in Tallle As with bound-

in Fig. 12a/b, rather than a high latitude site, as shown inary layer flow comparison, there is very good agreement be-
Fig. 12c. Of course, we cannot exclude the possibility that tween the direction of motion in GSM-Zplane observed by
high latitude reconnection is occurring during this interval, Cluster and that predicted by the Cooling model. Again, the
but these processes are unlikely to account for the observefiow speed is overestimated by the model and there is poor
FTEs. Furthermore, we note that at the high-latitude sitesagreement between the observed and modélledompo-

(Fig. 12c), newly-opened flux tubes originating in both hemi- nent (which at this location points roughly outward from the
spheres are dragged tailward such that in the Northern Hemimagnetopause). The velocity estimated from the multi-point
sphere, Southern Hemisphere field lines are dragged northZluster data is based upon the assumption that the FTE can
ward back across the reconnection site (and vice-versa). Urbe approximated to a planar structure — the resulting velocity
der such conditions, steady reconnection would be impossiestimate will be directed orthogonally to the planer surface.
ble (Cowley and Owenl1989 — any reconnection at these If we interpret the bipolaBy signature of an FTE as a bulge
sites must be bursty in nature. For completeness, midon the surface of the magnetopause, it is not unreasonable to
latitude reconnection sites on the dusk/dawn flanks were alsexpect planarity over the Cluster tetrahedretigw 100 km
investigated. As in the high-latitude case, super-Alfvénicscale size). However, as the bulge moves over the surface of
magnetosheath flow carried such flux tubes tailward, awaythe magnetopause, the normal to its leading edge will point
from the Double Star and Cluster spacecraft located in theoutward from the magnetosphere. We therefore interpret the
noon sector. apparent outward motion of the structure that the Cluster
b- Satellites have measured as the motion of the FTE “bulge”

servations made by the Cluster spacecraft and the CoolinﬁaSt the tetraE_ed_ron azit mql\)/ez gverr]the sul_rface ogtk;e ?aﬁ_
model. Figurel2d shows the expected boundary layer flow etopause. This is not described by the Cooling model whic

streamlines at 07:55 UT, corresponding to the time at whichSIMPIY indicates the motion of the newly-opened flux tube in

C1 was embedded within the magnetopause boundary layef€ Plane of the magnetopause. For completeness, we have

Overlaid on these is an arrow indicating the plasma flow di_again considered the location of regions of anti-parallel mag-

rection at C1 derived from CIS ion moments averaged be_netosheath and magnetospheric field at 08:35 UT and the mo-

tween 07:55-07:56 UT (repeated in TaljeOnce again, we tion of open flux tubes that might be created by reconnection

note that there is good agreement between the direction of thl! tese regions (Figl2f). As was the case at 07:05 UT,
observed and estimated flow direction in the G8Mplane, the By dominated IMF forces these regions to high latitudes,

Figures12d—f show equivalent comparisons between o
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tailward of the cusps. We suggest that reconnection in thesenagnetometers observed wave-like perturbations in the iono-
regions would (i) be unlikely to launch newly-opened flux spheric flow and magnetic field, respectively. These per-
tubes towards the Cluster spacecraft and (i) is unlikely to beturbation preceded, coincided with, and followed the two
steady. brief intervals when the Double Star and Cluster spacecraft
The ground-based data presented above support the intewere observing FTESs in the vicinity of the dayside magne-
pretation that the FTE signatures are the consequence of tapause. Previous studies have linked pulsed magnetic re-
low-latitude X-line. For a low latitude reconnection site, we connection, magnetospheric oscillations, field line resonance
have shown that newly opened flux tubes would be expectednd periodic perturbations in the solar wind. For example,
to engulf both the C1 and TC1 spacecraft as they are draggeBrikryl et al. (1998 presented compressional MHD waves
dawnward. The ionospheric footprint of such flux tubesin the solar wind with a period~15min that applied os-
would be expected to move dawnward and tailward as theycillating magnetic/electric fields and dynamic pressure on
were dragged into the polar cap under the effects of magnetithe dayside magnetopause. Convection flow bursts in the
tension and magnetosheath flow — just as presented i8Fig. ionospheric footprint of the cusp were found to be closely
The global ionospheric convection pattern derived from Su-correlated with low frequency oscillations of the IMB,
perDARN data indicates that plasma newly-reconnected fluxand duskward electric field in the magnetosheakhikryl
tubes convect poleward and dawnward away from the foot-et al. (1998 concluded that the ULF waves in the solar wind
print of the C1/TC1 spacecraft which, given their proxim- modulated the magnetic reconnection at the dayside magne-
ity to the dayside magnetopause, are presumably located otopause into pulsefae et al(2004) observed identical peri-
the equatorward edge of the cusp. The high-speed flow asadicity of the solar wind electric field, pulsed particle signa-
sociated with newly reconnected flux tubes as they crossetures in the cusp and the pulsed ionospheric flow signatures
the cusp and moved into the polar cap gave rise to the PIFsf magnetic reconnection. Rae and co-authors concluded that
observed by the CUTLASS Finland SuperDARN radar andsolar wind Alfvén waves modulated the dayside interaction
the EISCAT Svalbard radar. Whereas both of these radarbetween solar wind and magnetosphere producing periodic
observed the high latitude ionosphere poleward of Svalbard=TEs, pulsed cusp precipitation and poleward moving radar
(magnetic latitudes between #83), the EISCAT VHF  auroral forms (PMRAFs). Given the availability of radar and
radar located on the Norwegian mainland measured no sigmagnetometer data from the (pre-noon) Scandinavian sector
nificant structuring of the ionospheric electron density in theduring this interval, we shall briefly examine the periodic os-
region equatorward of Svalbard (65> magnetic latitude).  cillations presented above and consider their significance to
This is an indication of the lack of electron precipitation in the reconnection signatures introduced above.
this region. As such the region equatorward of Svalbard isin- Figure 13 presents normalised Fourier transform spectra
ferred to correspond to closed magnetic field lines that do nobf the oscillations in the solar wind dawnward electric field
map to the vicinity of the magnetopause. This is consistenimeasured at ACE (computed fraiy =— Vx x Bz), the east-
with the ionospheric projection of the open/closed magneticwest component of the magnetic field measured by the Ny
field line boundary (from which the PIFs originate) lying Alesund (NAL) and Hella (HLL) ground magnetometers,
somewhere in the vicinity of Svalbard — certainly poleward and the line-of-sight Doppler velocity measured~af2°
of 75° magnetic latitude. While neither CUTLASS radar Mlat by the EISCAT VHF radar. In each case, time-series
observed PIFs after07:30 UT, it is worth noting that this spanning the interval indicated have been high-pass filtered
does not necessarily mean the absence of pulsed ionosphettc leave periodicities less than 1 h (black trace) and 30 min
flows. Instead, it suggests an absence of the decametre-scal@d trace). This corresponds to frequencies greater than
ionospheric irregularities required to backscatter the HF sig—~0.28 mHz and~0.56 mHz respectively. Note that in the
nals that this measurement technique relies upon. The corcase of the EISCAT |-o0-s data, the available time-series was
tinued observation of PIF-like signatures by the ESR after~3 h in duration — considerably shorter than the other time-
07:30 UT supports the inference that reconnection and pulsederies analysed. Therefore, only the 30 min high-pass filtered
ionospheric flows continued during the interval when the spectrum has been presented.
Cluster spacecraft were traversing the high latitude magne- Clearly, between 06:00-09:00 UT on 25 March 2004, the
topause (i.e. after 07:30 UT), but the CUTLASS radars weredawn-dusk electric field in the lagged solar wind was dom-
unable to detect the PIFs due to a lack of backscatter targeténated by fluctuations at a frequency of 0.55 mHz0 min
Therefore we interpret the observations as compelling eviperiodicity) with a secondary local maximum at 0.35mHz
dence of a tilted low latitude X-line during an interval of both (~48 min). On the ground, both the NAL and HLL spec-
northward and southward IMF strongBy dominated by a tra are dominated by a peak at 0.47 mHZ6 min). When
duskward component of the IMF, although these space- angeriodicities greater than 1h are filtered from the time se-
ground-based measurements cannot rule out the simultaneies and the spectra re-analysed, the significance of the sub-
ous occurrence of high-latitude (anti-parallel) reconnection. sidiary peaks in the 0.7-1.2 mHz range is emphasised — the
In addition to the pulsed ionospheric flows associated withhigher frequency peaks in the NAL and HLL frequency
reconnection at the magnetopause, ground-based radars asgectrum exhibit some similarity to those in the dawn-dusk
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path between the DOPE transmitter and receiver (Skibotn—
Tromsg path) in northern Norway was disturbed 30—

40 min period oscillations that influenced the the refractive
index and bulk motion of ionospheric plasma along path
throughout the interval of interest.

The data presented above reveal that the dayside magne-
tosphere and ionosphere are alive with ULF wave activity
during the interval in which magnetic reconnection was ob-
served to occur. The order of magnitude increase in wave
amplitude observed at NAL compared to the other ground
magnetometer stations presented in Hif.(and the other
magnetometers in the SAMNET and IMAGE network not
included here) suggests that the oscillations in the solar wind
were driving a field line resonance on the Ny Alesund field
line. As can be seen from Fig, this is at the same approxi-
mate magnetic latitude as the Cluster and Double Star space-
14 L craft when mapped from their location in the vicinity of the

| Lt Bo (06-09 UT) dayside magnetopause. Further analysis reveals that there is
‘ little or no latitudinal phase structure in the oscillations with

frequencies less than 1 mHz suggesting that these are global
‘ modes of oscillation. This is confirmed by the examination
0

POWER

POWER

POWER

|
/\ of data from the high latitude stations of the 210 Meridian
M N magnetometer chain located some 8 h of magnetic local time
eastward of the Scandinavian sector (not shown). The higher
11 war v L freq_u_ency waves observed in the Scandinavian exhibit low,
(06:00-07:30 UT) positive azimuthal wave numbers in the range 1-5 and, as
‘ such, appear to propagate eastward towards noon. This is
‘ consistent with CUTLASS Iceland SuperDARN radar data.
These measurements, taken along an eastward pointing beam
] W indicate show~5 min period waves modulating the eastward
0 B | \j\ 1 (noonward) plasma flow in the F-region ionosphere. Given
' the near meridional alignment of the EISCAT VHF radar
0.1 1.0 10.0 beam, itis not possible to infer the zonal motion of the phase
FREQUENCY (mHz) structure of the~5 min fluctuations with any certainty, al-
though there is strong evidence of poleward phase motion.
Fig. 13. Normalised frequency spectra showing oscillations with |t js probably impossible to ascribe a definite link between
periodicity less that _36003 (black trace) and 1800 (red trace) in th@he ULF waves observed in the solar wind and ionosphere
dawn-dusk electric field measured at ACE, the east-west componenfi, the signatures of magnetic reconnection observed at the
of the magnetic field measured at the Ny Ale_sund (NA.L) and Hella magnetopause and in the high-latitude ionosphere. However,
(HLL) ground magnetometers, and the I-o-s ion velocity measured,, . ~. . . .
at 72 magnetic latitude by the VHF EISCAT radar. !t is mtereatmg to note that |nt.er—P_IF period obseryed by the
ionospheric radars employed in this stueh1(0—15 min) cor-
responds to the frequency range in which oscillations are
present in the solar wind (from ACE data) and magneto-
electric field spectrum. In contrast, fluctuations in the line- sphere (from ground magnetometer data). The inter-FTE pe-
of-sight velocity measured along the approximately north-riod observed at Cluster was much shorter8t4 min, how-
ward pointing beam of the EISCAT VHF radar were domi- ever, the SuperDARN and EISCAT data at this time did not
nated by higher frequency oscillations. In this case, there irovide sufficient coverage or temporal resolution to quality
a sharp peak at 3.5 mHz-6 min) that dominates the spec- to investigate any ionospheric signatures of these FTESs.
trum. These are the very clear oscillations apparent in the
time-series presented in Fi0— the lower frequency “enve-
lope” (~40 min period) having been suppressed by the high-5 Conclusions
pass filter. Measurements from the DOppler Pulsation Ex-
periment (DOPE:Wright et al, 1997 Yeoman et al.2000 Over a three hour interval 06:00-09:00 UT on 25 March
— not shown here — also indicated strong ionospheric wave2004, the IMF and solar wind were steady with a strongly
propagation during this interval. The 5.73 MHz propagation duskward orientation and a speed~6350kms1. During

POWER
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this period, the Double Star TC1 and Cluster spacecraft tra- — During much of the interval, ground-based measure-
versed the dayside magnetopause, Double Star moving in-  ments in the high latitude dayside ionosphere revealed
bound from the magnetosheath at low southern latitude and  pulsed ionospheric flows (PIFs) originating from the
Cluster moving outbound at high northern latitude. The mag- vicinity of the Cluster and Double Star magnetic foot-
netopause traversals all took place-t3:00 MLT but were prints. These signatures were accompanied by struc-
separated by approximately one hour. While in the magne-  tured precipitation enhancing the electron density in the
tosheath/boundary layer, several flux transfer events were ob-  F-region ionosphere, observed by the EISCAT Svalbard
served by both Double Star and Cluster. In each case, these radar. The PIFs are interpreted as further evidence of
were characterised by bipolar perturbations in the magnetic ~ ongoing dayside reconnection.
field component normal to the local magnetopause, enhance- i _
ments in the total magnetic field strength and evidence of — Throughout the interval there was evidence of ULF os-
magnetosheath and magnetospheric plasma mixing. c_lllatlons in the ;olar wmq, on magnetospheric field
Even though the FTEs were not observed simultaneously ~ n€S and in the ionospheric plasma flow. A range of
at high and low latitudes (with approximately one hour elaps- perlqdlcmes were .appare'nt, including fluctuatlons ap-
ing between the TC1 and Cluster observations) the relatively proximately matching the mter-FTE period obseryed by
uniform IMF and solar wind conditions suggested that the re- ground-based rad_ars, but not the inter-FTE period ob-
connection line location and orientation did not change sig- served by Cluster in the magnetopause.

nificantly over the intervening interval. This assumption was Therefore. based upon a simple model of open flux tube mo-
tested using the Cooling model of flux tube motion over thejon over the surface of the magnetopause constrained by

surface of the magnetopause. The main findings are: space- and ground-based measurements of the signatures of
N . flux transfer, we conclude that under strongly duskward IMF
— The direction of plasma flow in the magn(:“mpauseconditions, component reconnection was occurring at a tilted
boundary layer measured at the_DoubIe. Star and ,CIUSX-Iine passing through the sub-solar region. There was no
ter spacgcraft are generall){ con3|st.ent with _magnetlc r®evidence of reconnection at high latitude, anti-parallel re-
connection occurring "’?t a tilted X-I|n'e passing thrqugh connection sites at either the Cluster or Double Star space-
the sub-sola_lr point. Slmllar_ly, the direction of _motlon craft. This potent synergy of measurements and modelling
Of FTEs (_jenved from a multl-spacecraft analysis OT the thus reveals the likely location and orientation of the recon-
b|.polar signatures observed by Cluster was ConsISteNt o ction X-line during the period under scrutiny. In an initial
V_V'th that_ ofa newly—opened flux tube Iaunchgd from a study of the same interval based solely on observational data
tilted X-line passing through the sub-solar point. (Wild et al, 20058 such an inference proved impossible.
. . . Therefore, we suggest that the analysis technique described
~ Under the prevailingsy dominated IMF conditions, the 5y, represents a powerful tool for investigating the loca-
Cooling model predicted that Northe_rn Hem|sphere ﬂl,JX tion of the reconnection site on the dayside magnetopause.
tubes launched from a S“k?so'ar X-line (consistent with However, despite simultaneous observations of ULF pulsa-
the component reconnection model) WO,UId engu”,thetions throughout the solar wind-magnetosphere-ionosphere
Douple Star gnd Cluster spacecr.aft. This was entlrelysystem, the causal relationship between ULF pulsations and
consistent with the normal pola_nt_y F_TES observed althe modulation of the reconnection process remains unclear
each spacecraft. Flux tubes originating from an anti- 4 will no doubt be the focus of future scrutiny.
parallel reconnection site were not predicted to pass by
either Cluster or Double Star. We thus infer that the acknowledgementsie thank the ACE Science Center and the
observed FTEs originated from a low latitude tilted X- EISCAT scientific association for the data presented here. Special
line rather than a high latitude anti-parallel X-line. thanks are also due to A. Marchaudon and J.-M. Bosqued for prepar-
ing the Cluster/Double Star PEACE and CIS data respectively. The
— While the direction of motion in the plane of the magne- CUTLASS HF radars are deployed and operated by the University
topause was in good agreement, the Cooling model sig©f Leicester, and are jointly f_unded by the UK quticle Physics qnd
nificantly over-estimated the speed of flux tube motion Astrlonomy Research C.ouncn (PPARC), the Flnnlgh Meteorological
and boundary-layer flow. We note that this is consis- Institute, and the Swedish Institute of Space Physics. We also thank

tent with a recent survey of Cluster data byngmore the institutes who maintain the IMAGE magnetometer array and the
y 9 Finnish Meteorological Institute for the provision of the data. SAM-

etal.(2004 that has r.eported .a deceleration of the MaG-NET is a UK National Facility funded by PPARC and operated by

netosheath flow at higher latitudes close to the magney ancaster University. The DOPE experiment is deployed and op-
topause. This has highlighted an important differenceerated by the University of Leicester and was funded by the Royal
between observations and the gas-dynamic models oSociety and PPARC. DMW is supported by a PPARC Advanced
which the Cooling model is based. The implications for Fellowship.

this increasingly exploited model of open flux tube mo- Topical Editor I. A. Daglis thanks Y. Bogdanova and another

tion requires further investigation. referee for their help in evaluating this paper.
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