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Abstract. Flux transfer events (FTES) are signatures of tran-data are particularly relevant given the impending launch of
sient reconnection at the dayside magnetopause, transportingASA's MMS mission, for which similar observations are
flux from the dayside of the magnetosphere into the mag-expected to be more routine.

ne_totail Iobe_s. T_hey have previously been observed to Con_Keywords. Magnetospheric physics (magnetopause, cusp,
tain a combination of magnetosheath and magnetospherlgrld boundary layers)

plasma. On 12 February 2007, the four Cluster spacecraft

were widely separated across the magnetopause and ob-
served a crater-like FTE as they crossed the Earth’s day-

side magnetopause through its low-latitude boundary layerl Introduction

The particle instruments on the Cluster spacecraft were in

burst mode and returning data providing 3-D velocity dis- Half @ century has passed since the general relevance of
tribution functions (VDFs) at 4s resolution during the ob- the magnetic reconnection process to the terrestrial magne-
servation of this FTE. Moreover, the magnetic field observedtosphere was proposed for the first time by Dungey (1961).
during the event remained closely aligned with the spacecraftt is now widely accepted that reconnection is the primary
spin axis and thus we have been able to use these 3-D daf@€chanism responsible for coupling mass and energy of the
to reconstruct nearly full pitch angle distributions of elec- Solar wind into the Earth’s magnetosphere. Paschmann et
trons and ions at high time resolution (up to 32 times faster@l- (1979) were the first to report observations of acceler-
than available from the normal mode data stream). Theséted flows at the magnetopause boundary layer. Sonnerup et
observations within the boundary layer and inside the coredl- (1981) later demonstrated the applicability of the mag-
of the ETE show that both the interior and the surroundingnetic field and plasma stress balance conditions for recon-
structure of the FTE consist of multiple individual layers of nected field lines at this boundary. These results were ac-
plasma, in greater number than previously identified. Our ob-cepted as strong circumstantial evidence that magnetic re-
servations show a cold plasma inside the core, a thin layer ofonnection occurs at the magnetopause.

antiparallel-moving electrons at the edge of FTE itself, and Russell and Elphic (1978) reported that spacecraft cross-
field-aligned ions with Alfvénic speeds at the trailing edge of INg the magnetopause often observed a bipolar signature in
the FTE. We discuss the plasma characteristics in these FTEhe magnetic field component normal to the magnetopause,
layers, their possible relevance to the magnetopause recofthich they termed a flux transfer event (FTE). This signa-
nection processes and attempt to distinguish which of the varture may be associated with an enhancement in the magnetic

ious different FTE models may be relevant in this case. Thesdield intensity or a “crater” in the magnetic field strength (e.qg.
Paschmann et al., 1982; LaBelle et al., 1987; Farrugia et al.,
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1988, 2011; Owen et al., 2008). Other studies have showrt al., 2001; Dunlop et al., 2005; Fear et al., 2005, 2008,
that these signatures are consistent with transient reconne009, 2010, 2012; Hasegawa et al., 2006, 2010; Farrugia et
tion at the magnetopause. FTE signatures are observed at., 2011). The tetrahedral configuration of the four space-
the dayside magnetopause, predominantly when the intereraft and their variable separation have provided a platform
planetary magnetic field (IMF) has a southward componenfor reconstruction methods to determine the cross-sectional
(Rijnbeek et al., 1984; Berchem and Russell, 1984). Duringprofiles of FTEs using, for example, Grad—Shafranov tech-
northward IMF, reconnection occurs at higher latitudes, inniques (e.g. Sonnerup et al., 2004; Hasegawa et al., 2006).
which case FTEs could be observed at the post-terminatoFurthermore, Cluster has opened the window to studying the
magnetopause (Kawano and Russell, 1997; Fear et al., 200®icrophysics of reconnection site (e.g. Fear et al., 2009) and
2008). its diffusion region at the magnetopause (André et al., 2004,
The properties and structure of FTEs have been the subje@010; Vaivads et al., 2004; Mozer et al., 2005; Retino et al.,
of many studies over the last two decades. Such studies (e.@006; Scudder et al., 2008, 2012). Fear et al. (2008) sug-
Daly et al., 1984; Paschmann et al., 1982; Rijnbeek et al.gested that different FTE models can be summarized in three

1982, 1984; Sibeck and Siscoe, 1984; Saunders et al., 1984ypes:

Scholer, 1988; Southwood et al., 1988) showed that FTE ob-
servations can be broadly separated into two groups: obser-
vations in which the spacecraft passed into the reconnected
magnetic flux tube itself and observations of the magnetic
field draped around the reconnected flux tube. The observa-
tions from within the reconnected flux tube can be distin-
guished from those of the draped field region by a change
in the local plasma properties coincident with the magnetic
field signature. However, Rijnbeek et al. (1987) identified a
third plasma regime in the boundary of such structures. They
suggested that these regions may contain newly opened field
lines, while the field lines within the core of FTE would
have been reconnected at some point in the past. FTEs may
also be seen both inside the magnetosphere or the magne-
tosheath and contain plasma from either or both regimes
(e.g. Thomsen et al., 1987). The distinctive composition of
the plasma in an FTE was demonstrated by Klumpar et
al. (1990), who concluded that this was evidence of FTEs
being associated with ongoing reconnection.

Some researchers (e.g. Sibeck, 1990, 1992; Sibeck and
Smith, 1992) suggested that a transient pressure pulse in
the solar wind can generate an FTE-like signature, if the
low-latitude boundary layer and magnetopause temporarily
pass across the spacecraft location such that the spacecraft
briefly enters the plasma depletion layer and magnetosheath.
Further studies of particle distributions during “crater” FTE
observations showed that this picture was not applicable to
all the signatures, and therefore the reconnection mecha-
nism for FTE formation should be retained (e.g. Lockwood,
1991; Smith and Owen, 1992; Elphic et al., 1994; Song et
al., 1994). In addition, ionospheric signatures observed dur-

ing ongoing FTEs at the dayside magnetopause have alsdii.

been interpreted as support for the reconnection model (e.g.
Goertz et al.,, 1985; Southwood, 1987; Lockwood et al.,
1990; Dieroset et al., 1996; Rodger and Pinnock, 1997).
Multi-spacecraft studies have proven to be an invaluable
tool (e.g. Russell et al., 1983) to better understand the FTE
structure and velocity. Observations by the four-spacecraft
Cluster mission (Escoubet et al., 2001) have contributed to
analysis of the motion of FTEs and the open magnetic field
lines at the magnetopause (e.g. Owen et al., 2001, 2008; Wild
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The elbow-shaped flux-bundle FTEs (Russell and
Elphic, 1978), which are postulated to be formed by
a short burst of reconnection and occur in pairs which
propagate northward and southward away from the re-
connection site towards the magnetic poles. These re-
connected flux tubes are initially aligned with magne-
tospheric and magnetosheath magnetic fields on either
side of the magnetopause, and are connected, form-
ing the elbow at the reconnection site, providing a
route through the magnetopause for plasma to enter
and exit. As these flux tubes recede form the recon-
nection site, the internal magnetic field lines may as-
sume a helical form (Cowley, 1982; Paschmann et al.,
1982), while in the immediately exterior regions unre-
connected fields may become draped over the structure.
Bipolar By signatures may thus be observed in both
the magnetosheath and magnetosphere. When the mag-
netosheath and magnetosphere magnetic fields are an-
tiparallel (IMF strongly southward), the flux tubes may
remain narrow in the azimuthal (dawn—dusk) extent.

Multiple X-line FTEs (Lee and Fu, 1985) can be formed
between two (or more) reconnection lines, where mag-
netosheath and magnetospheric magnetic fields create
a helical magnetic field structure that can extend az-
imuthally over long distances. In this model the bipo-
lar By signature is observed inside the flux tube or in
the draping fields outside. Outside the FTE, open mag-
netic fields and plasma signatures of reconnection may
be observed (Hasegawa et al., 2010).

Single X-line FTEs (Southwood et al., 1988; Scholer,
1988) are formed through a bursty reconnection pro-
cess. In simple terms, as the reconnection rate increases,
the angle between magnetopause plane and open fields
become wider (Owen and Cowley, 1987), and a bulge
will appear as the thermal pressure increases inside
the plasma (Southwood et al., 1988). As in the elbow
model, when the FTE moves away from the reconnec-
tion site, the bipolaBy signature will be observed both
inside the structure and in the draped field lines around
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the FTE. However, as in the Multiple X-line model, it transmitted to the ground more frequently that the full 3-D
can have a significant azimuthal extent. measurements while the spacecraft is in normal mode (NM)

Despite the abundance of FTE observations, their forma—Of operation. When the burst mode (BM) of operation is en-

tion mechanism is not yet fully understood. In general, higherabled' PEACE may also transmit to ground selected 3-D ve-

: . . locity distribution data at spin time resolution, although this
resolution spatio-temporal measurements are still needed t vy b 9

: : . %ay contain data summed across polar angle and/or energy
reveal their detailed structure and to link the observed proper;. . "~ . : .
ties to those of the formation site. We attempt to address this:?;rt]es in order to reduce the impact on the imposed telemetry

deficiency here by making use of the highest possible time- . . .
. . . Each of the CIS experiments consists of two ion sensors
resolution multi-spacecraft data currently available from the , . o
capable of measuring full 3-D ion distributions from thermal

Cluster mission. denergies up te~ 40000 eV, once per spin. The two sensors,

In t.h is paper, we present observations from an outb_oun which are based on the top hat electrostatic analyser design,
crossing of the Cluster spacecraft through the low-latitude

boundary layer, which occurred on 12 February 2007 Or]are named the Composition and Distribution Function anal-
this day, the four spacecraft were deployed in the “multi- yser (CODIF), which provides the mass per charge compo-

scale” formation with separations between individual pairssition of ions (H, Het, He™ and O), and the Hot lon
of spacecraft of either 8000 or~ 800 km. During the inter- Analyser (HIA) that is appropriate for ion beam and solar

val 10:00 to 10:10 UT, the spacecraft observed bipolar signayw.nd measurements. At the time of the event presented in

) : this paper, both CIS sensors on Cluster 2 and the HIA sensor

tures and then made a rapid outbound crossing of the post- | . ; o

noon davside maanetonause. Solar wind observations frora" Cluster 4 were non-functional. Thus, ion distribution and

Geotail ),/ACE andiindpshOWed a step increase in the d ‘moments data from HIA instruments are only available from

) o Step Y*Cluster 1 and Cluster 3 and ion composition from CODIF on
namic pressure arriving at the dayside magnetopause durmgIuster 3 and Cluster 4

the interval OT Interest. We utilize the hlgh-tlme-resqlutlon Each Cluster spacecraft carries a magnetometer that is
pitch angle distributions of electrons from PEACE instru- S
made up of two tri-axial fluxgate sensors located on one

ment along with the high-time-resolution electric (EFW) and ; .
; : . o of the two solid booms of the spacecraft. During normal
magnetic (FGM) field data and ion distributions (CIS) to . .
mode operations, FGM transmits 22 vectors per second to

study these structures in unprecedented detail. the ground, while during burst modes 67 vectors per second
are transmitted.
2 Instrumentation The EFW experiment on Cluster is designed to mea-
sure the electric-field fluctuations with sampling rates up to
In this paper we present magnetopause observations from th&6 000 samples a second. The instrument can measure: the
four-spacecraft Cluster mission (Escoubet et al., 2001), usquasi-static electric fields of amplitudes up to 700 mv!m
ing data from the Plasma Electron and Current Experimentwith high amplitude and time resolution; up to five simul-
(PEACE) instruments (Johnstone et al., 1997; Fazakerley efaneous waveforms of a bandwidth of 4 kHz with high time
al., 2010), the Cluster lon Spectrometer (CIS) instrumentsesolution; and density fluctuations at the location of each
(Reme et al., 2001), the Cluster Fluxgate Magnetometerspacecraft with high time resolution.
(FGM) (Balogh et al., 2001) and the Electric Field and Wave
(EFW) instruments (Gustafsson et al., 1997). The upstream
solar wind conditions are derived from Geotail (Mukai etal., 3 Orbit and configuration
1994; Kokubun et al., 1994), Wind (Lepping et al., 1995;
Ogilvie et al., 1995) and ACE (Stone et al., 1998) observa-In this paper, we focus on Cluster spacecraft observations
tions. made on 12 February 2007 at10:10 UT, at which time the
The four identical PEACE electron spectrometers on Clus-four spacecraft were located just inside the dayside magne-
ter measure the 3-D velocity distribution of electrons in thetopause. During the interval of interest, the four spacecraft
energy range- 0.7 to~ 27000 eV during a spacecraft spin made an outbound crossing through the magnetopause and
(four seconds). Each instrument consists of two sensors; thigs boundary layers. To demonstrate the location of the space-
High Energy Electron Analyser (HEEA) and the Low Energy craft in their orbit, the projection of their positions on the
Electron Analyser (LEEA), located on opposite sides of theX Z, XY, andY Z planes are shown in the top row of panels
spacecraft. Each sensor samplessteradians field of view of Fig. 1, in the GSE coordinate system. The projections of
during one spin of the spacecraft, normally covering a subsethe four spacecraft positions on these three planes are repre-
of the full energy range of the instrument. Given that the full sented by the black, red, green and blue circles (for Cluster 1
sky is sampled by each sensor only once per spin, the PEACIED 4 respectively). The solid grey curves on each of the panels
instrument flight software is utilized to determine, with ref- indicate the intersection of the average bow shock and mag-
erence to the magnetic field unit vector provided by FGM, anetopause surfaces with each plane. Cluster 3 (C3), which
pitch angle distribution (PAD) of the electrons which can be is tracked as the reference spacecraft for this period, was
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Figure 1. Position of Cluster and Geotail in GSE and LMN coordinates. Top three panels: the location of the Cluster spacecraft at (7.95,
6.55, 2.95RE and Geotail at (7.24,-29,—5.19)Rg at 10:10 UT in (respectively from left to right) the GSE coordinate systefn XY and

Y Z planes. The grey lines demonstrate cuts of the model magnetopause based on the solar wind condition (Roelof and Sibeck, 1993, 1994
and bow shock on those planes. Bottom three panels: the configuration of the Cluster tetrahedron in the boundary normal coordinate systen
derived from the model with C3 as the reference spacecraft. The grey vertical lines represent the nominal magnetopause boundary. The
projections of the four spacecraft locations are shown orLthe M N and LM planes, from left to right respectively, whekerepresents

the outbound normal to the magnetopause.

located at (7.95, 6.55, 2.9Rk in the GSE coordinate sys- with a separation of- 720 km. Conversely, the relative lo-
tem. A fortuitous conjunction with the Geotail spacecraft, lo- cations in theL M plane, which is parallel to the expected
cated upstream of the magnetopause, occurred during this inecal magnetopause surface at this location (and is shown in
terval of interest. The location of this spacecraft on the dawnthe rightmost part of these panels), indicate the separations
flank at (7.24,—-29, —5.19)RE is represented by the orange of C1, C2 and the C3/C4 pair are eaet8000 km. Although
square in these plots. C1, C2 and C3/C4 are well separated on ihe plane, the
It is useful also to understand the relative locations of theseparation in the direction normal to the model boundary is
Cluster spacecraft within a natural frame of reference forrelatively small and comparable to the C3—C4 separation dis-
the examination of magnetopause structures and processdance. However, if the model boundary is an adequate rep-
To achieve this, we determine the orientation of the magne+esentation, we expect that, should it move Earthward, C1
topause boundary normal coordinate (LMN) system (Russelshould be the first to cross it, then C3 and finally C2 and
and Elphic, 1978). We use the Roelof and Sibeck (1993,C4 at roughly at the same time. The consistency of these hy-
1994) magnetopause model to determine the expected Igaotheses with the observed crossing times is examined in the
cal magnetopause normal, relevant to the spacecraft loca- next section using PEACE and FGM instruments.
tions. At the particular position of the reference spacecratt,
N =(0.842, 0.489, 0.229) in the GSE frame, which points
predominantly sunward with a minor tilt towards both dusk 4 Observations
and the north, consistent with the spacecraft location above
the equatorial plane in the post-noon sector. The coordinatd.1 ACE, Wind and Geotail observations
L =(—0.267,0.008, 0.964) is then taken to lie along the pro-
jection of the Earth’s magnetic dipole onto the magnetopausé&Ve have examined data from three different spacecraft, ACE,
while M =(0.469,—0.872, 0.137) completes the right-hand Wind and Geotail, to determine the solar wind conditions
set, pointing dawnward in this case. upstream of the Earth, before and during the time of the
The relative projections of the four Cluster spacecraft po-Cluster observations of interest here. Figure 2 illustrates the
sitions on the resultat N, M N and LM planes are shown data recorded between 09:30 and 10:30 UT by the ACE (red
in the lower three panels of Fig. 1, using the same colour conraces), Wind (green traces) and Geotail (blue traces) space-
ventions as the upper panels, and using C3 as the referenoeaft which are located upstream at (221.5, 24.6, 1Rg)
origin. These panels show that C2 was both closest to th¢218.6,—97.7,—16.3)Rg and (7.2,—27.9,—9.6) R respec-
noon meridian and at the highest latitude, while C1 was lo-tively in the GSM system. The data from ACE and Wind
cated furthest duskward, and C4 was relatively close to C3are respectively time lagged by 62 and 53 min to be directly
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- the time-lagged plots). During this period of time (09:30—

R 10:30 UT), the velocity increased in two steps fron315 to
~340kms? and then~360km s, the density increased
from ~ 5 to ~ 15 cni3 and then to~ 25 cn 2 and the pres-

2 sure increased fromy 1.5 to~ 3.5nPa and then te 6 nPa.

1 As a result of these changes in the solar wind, the Earth’s

s magnetopause is expected to have been compressed Earth-

4 ward such that, on the basis of models (e.g. Shue et al., 1997;

2 Roelof and Sibeck, 1993, 1994), the sub-solar point standoff

distance would have changed from10.8 to~9.9Rg and

2 then to~ 9.2 Re. Given the location of the Cluster spacecraft

SW IV
(km/s)

315 — Geotail

(cmA-3)

SW Dyn Press  SW P Density
(nPa)

Bx (nT)

3 J 12 at (7.95, 6.55, 2.95%g, we expect these large-scale changes
- L - X j N a 1 of the solar wind plasma parameters, and consequent magne-
£ WMW% 12 topause repositioning, to result in a relative motion of Cluster

3 | e Wﬂ* outbound from the dayside magnetosphere, across the mag-

=

netopause and into the magnetosheath.

The bottom four panels in Fig. 2 represent the IMF data
in the GSM coordinate system. Although the magnetic field
data appear broadly similar in the 6 h time interval, a closer
look at the data in Fig. 2 reveals differences between the
observed magnetic fields at each spacecraft. More specif-
ically, the B component measured by ACE shows mul-
Figure 2. Solar wind and IMF conditions during the time inter- tiple changes in magnetic field orientation between south-
val 09:30-10:30 UT: solar wind velocity, density and pressure meaward and northward at, e.g. 09:43, 10:13, 10:20, 10:27 UT
sured at ACE (red traces), Wind (green) and Geotail (blue) respecin the lagged data. In contrast, the Wind spacecraft detected
tively are shown on the top three panels. Data from ACE and Winda northward IMF for most of the time interval shown, until
are respectively lagged by 62 and 53 min on both plots. These pathe IMF switched to southward at 10:27 UT. The data from
_rameters remained steady before 09:30 UT, and then continuously;agtail show(Bz) ~ 0 nT between 09:40 and 10:15 UT, but
increased over- 3h afterwards. The IMBy, By andBz com-  ghay two significant southward excursions at 10:16 and
ponents in GSM and the magnitude of the field are shown on the, . 5g 1 \yhile turning strongly northward between these
bottom fourpanels,they show multlple_ orientation variations, while times. The difference between the magnetic field data ob-
data from Wind suggest the IMF remains northward for most of the ’ o
time. Geotail recordedBy) ~ 0nT between 09:40 and 10:15 UT, served by the three spacecraft must be related to their wide

two significant southward excursions at 10:16 and 10:26 UT, andSéparation in th&” GSM direction. We note that the Cluster
mostly northward the rest of time. (See Sect. 4.1 for details.) spacecraft and Geotail were also separated By Re along
this direction, which implies some degree of uncertainty to
the IMF orientation upstream of Cluster at the time that the
comparable with the data from Geotail. As the two space-solar wind pressure increase reaches the magnetopause. In
craft ACE and Wind were separated by orh2.5 Rg along the next section, we discuss the possible relations between
the GSMX direction, the time lag required to align the obser- these solar wind conditions and the Cluster observations.
vations of apparently the same signatures at these two space-
craft suggests that the discontinuity plane in the solar wind4.2 Cluster observations: FGM, PEACE and EFW
flow did not lie fully perpendicular to the Earth—Sun line.

The top three panels of Fig. 2 respectively show the mag-An overview of the Cluster observations between 09:52 and
nitude of velocity, the ion density and the dynamic pres-10:12UT on 12 February 2007 is presented in Fig. 3. The top
sure of the solar wind. The solar wind plasma parametergour sub-panels show the magnetic field components, derived
remained fairly steady for a couple of hours before the in-from the data measured by FGM instruments, in the bound-
terval shown. From the top three panels, it is evident thatary normal (LMN) coordinate system described above. The
the increase in the solar wind plasma parameters occurs inbservations are presented in standard colour code for the
two steps, observed by Geotail between 09:56 and 10:11 UTCluster spacecraft, with C1 data shown as black traces, C2
The time-lagged data from ACE and Wind show a longerin red, C3 in green and C4 in blue. In addition, the lower
time interval between these two steps, which may indicateeight panels in Fig. 3 show the energy spectrograms of elec-
an ongoing compression of the plasma due to the follow-trons that were observed by the PEACE instruments, paired
ing faster and denser flow. Unfortunately, density and preswith the total electric field measured by EFW instruments
sure data before 08:50UT are not available for ACE (cor-on the four spacecraft, C1 to C4 respectively. The energy
responding to the lack of these data prior to 09:52 UT inspectrograms show the direction-averaged differential energy

3 | T
A T N W W o r(f % b :
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Bz (nT)

NI

5}
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g x 762 776 7.88 7.98 ~ —7nT for C2, which may be related to the separation of the
g7 200 2os 2o by four spacecraft. At~ 10:10 UT, all four Cluster spacecraft

= F ‘ ‘ i 60— Clstr observe lower strength and more variable magnetic field. The
< U L B com t rapidly falls to around half its earlier value
= ' - L ponent rapidly

o T ‘ ‘ { T and theB; component increases 1020 nT, consistent with

g == * V'M ° a magnetic field which has both weakened and rotated to be
- { ‘ directed northward and dawnward.

= A The differential energy flux spectrograms for this period,
- —— shown in the lower half of Fig. 3 indicate that the spacecraft
= encounter a number of electron populations during the period
- shown. Prior to~ 09:55 UT, each spacecraft detects electrons

within two distinguishable energy ranges: (1) a hot popula-
tion of electrons of higher energy centred o6 keV; (2) a
colder population of electrons with energy centre80 eV.
Between 09:55 and 09:57 UT, the hot population appears
to decrease in energy somewhat, becoming centred around
2keV, but largely persists untit 10:10 UT at each space-
craft. Conversely, the cold population appears to increase in
energy, but disappears at each spacecraft before 10:00 UT. At
around 10:10 UT, there is an abrupt change in the characteris-
tics of the electron population at each spacecraft. The higher
energy populations disappear and are replaced by a lower en-
ergy (~ 70 eV) population at significantly higher fluxes.

Figure 3. Cluster four-spacecraft observations between 09:52UT  Overall, the data for the period shown in Fig. 3 are consis-
and 10:12 UT: on the top abscissa, the position of reference spaceent with the Cluster moving from a location relatively deep
craft, Cluster 3, is noted for different times. The top four panels inside the magnetosphere towards the dayside magnetopause
show the magnet!c field data observed by Cluster FGM in a boundznd out into the magnetosheath. The predominantly strong,
ary normal coordinate systens,,, By, and By components, plus o rihward pointing field and observable fluxes of electrons

the magnitude of the field, in Cluster standard colour code (C1: : S . . .
black, C2: red, C3: green, C4: blue). The bottom four panels showat.t:]“ght (>1 kéaV? etnergy prltl)rt.to 10:10 Ltﬂ;j are (I:onscljstent
omnidirectional differential energy flux spectrograms from PEACE with a trapped electron population expected on closed mag-

data (black line represents the spacecraft potential) along with elec?€toSPheric field lines. The lower energy electron popula-

tric field from EFW data on C1, C2, C3 and C4 respectively. The tiOn S€en in the early part of this period (disappearing before
signatures of two separated transient structures consist of a bipolar 10:00 UT) may be of ionospheric or plasmaspheric origin,
By and the appearance of low-energy electron populations are seegince during this time the spacecraft potential was measured
before crossing the magnetopause. One is predominately observed be below 6V, indicating these are not likely to be photo-
by C1 at 10:05-10:06 UT and the other by C2 at 10:09-10:10 UT;electrons. The abrupt change of both the strength, direction
for the former signature, C2 and C3 also observed similar low-and variability of the magnetic field and the nature of the
energy electrons between 10:04 and 10:05 UT. All four spacecrafigjectron population at all four spacecraft near 10:10 UT in-
crossed the magnetopause~at0:10 UT. (See Sect. 4.2 for more  §icateg that the spacecraft all move from the magnetosphere
detail.) into the magnetosheath at this time.
Note that there are a number of brief departures evident
in Fig. 3 from the overall scenario described above. These
flux of electrons observed at each spacecraft as a functioare most evident in C1 data-at10:02, 10:05 and 10:08 UT,
of time (horizontal axis) and electron energy (vertical axes).but are also seen in C2 and C3 data~a10:04 UT. (Note
The coloured pixels represent the flux of the electrons in ac-also that C2 appears to make a transient (<1 min) entry into
cordance with the colour bar shown on the extreme right ofthe magnetosheath at10:09 UT, returning equally briefly
Fig. 3. into the magnetosphere at10:10 UT before re-exiting into
The magnetic field data shown in the top four panels ofthe magnetosheath and remaining there until the end of the
Fig. 3 indicate a dominanB; component for most of the period shown.) The electron differential energy flux spectro-
period prior to~ 10:10 UT. During this interval, the3y, grams in Fig. 3 show that C1 observed low-energy electrons
component remains near zero at all four spacecraft, as exat locations inside the magnetosphere between 10:01-10:02,
pected for a location just inside the dayside magnetopaus&0:05-10:06 and 10:08-10:09 UT before crossing the mag-
boundary. TheBy component for C1, C3 and C4 increased netopause at 10:10:04 UT. C2 detected similar electron pop-
from ~ —15nT at the start of the period shown+d nT by ulations between 10:04-10:05UT and a denser population
~10:00 UT. The values of this component have an offset ofbetween 10:09-10:10 UT, before crossing the magnetopause

C1 Energy

C2 Energy

C3 Energy

C4 Energy

55M0!
2007/02/12 09" Universal Time
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at 10:10:12 UT. C3 also observed similar electrons as C2 A transient signature was detected by C2 between
between 10:04-10:05UT and made an outbound crossing@0:09:15 and 10:09:45 UT, just before this spacecraft en-
at 10:09:58 UT. During the same period of time, despitetered the magnetosheath. The magnetic field variations for
its proximity to C3, C4 detected only a small variation in this event were very similar to the 10:05-10:06 UT event at
high-energy electrons between 10:04-10:05 UT, with noC1, although at somewhat larger magnitudes. However, the
lower energy population, and crossed the magnetopause a&lectric field variations were confined to the very edges of
10:10:12 UT. this event and the electron population was identical to that

From the magnetic field data, it is evident that some ofobserved subsequently in the magnetosheath. Although it is
these electron signatures were associated with magnetic variempting to conclude that this may be a transient entry of this
ations that are consistent with the previous reports of FTE-spacecraft into the magnetosheath, we note that the deflec-
like signatures. In particular, between 10:05 and 10:06 UT tion of the By; component during this event was negative,
C1 recorded a clear bipolar north-then-south variatioByn  i.e. towards dusk, whilst thé&,, component was observed
component associated with a reduction in the strength of théo be positive (i.e. deflected towards dawn) some 20s later
B; component (and thusB |). Moreover, the relative recov- when the spacecraft entered the magnetosheath. Also, as we
ery of the strength of this component in the centre of the sig-mentioned above, C1 also observed a bipslarsignature in
nature is characteristic of “crater” FTE signatures (LaBelle etthe magnetosheath about 1 min later. This delay is consistent
al., 1987; Owen et al., 2008; Farrugia et al., 2011). This sig-with the similar delay in the variations seen at C2 and C1 for
nature is also associated with two brief negative excursions ofhe 10:04—10:05 UT event.
the By, component. We also note that the signature is associ- Finally, we note that the EFW data from each spacecraft
ated with significant enhancements in the electric field waveshow that for most of the time inside the magnetosphere the
activity above the levels observed in the magnetosphere outelectric field had a value of E |[<5mVm21, with mini-
side of the event and later once the spacecraft are located imum levels of electric field activity. However, whenever a
the magnetosheath. low-energy electron population was observed by a PEACE

The similarity of signatures in the electron and electric instrument, enhanced electric field activity with a level of
field data, together with relative timing of other events in the > 10 mV m~1 was observed at the relevant spacecraft at the
data set shown in Fig. 3 suggest that the signatures observeshme time. This includes the 10:01-10:02, 10:05-10:06 and
by C2 and C3 between 10:04 and 10:05UT may be related.0:08-10:09 UT observations by C1, the 10:04-10:05 and
to the 10:05-10:06 UT event at C1. All three spacecraft 0b-10:09-10:10 UT by C2 and the 10:04-10:05 UT by C3. Sim-
served a dropout of the high-energy electron fluxes and théar activity in the electric field was also seen at the magne-
appearance of a lower-energy population (albeit to lower fluxtopause boundary for all four spacecraft.
levels at C2 and C3) in association with enhanced levels of In the remainder of this paper we will concentrate particu-
electric field wave activity. The magnetic field signature at larly on the details of the signatures of the events observed at
C2 and C3 was not as prominent as at C1, but showed mildC1 at 10:05-10:06 UT, C2, C3 and C4-afl0:04-10:05UT
variation ABy <8nT), which was less than half that ob- and their possible relevance. In order to obtain the approxi-
served at C14 By ~20nT). However, neither of thesgy mate relative durations of signhature passage, we determined
signatures were accompanied by a significant change in théhe duration of energetic (above 6 keV) electron dropout ob-
magnetic field strength (variange5 nT). Assuming that the  served by the HEEA instrument on each of the four space-
signatures described above at each of the three spacecraft asmft: C2 ~74s from 10:03:41 to 10:04:55UT, C385s
of the same event, then the simultaneity of the signatures arom 10:03:54 to 10:05:19 UT, C4 72s from 10:04:02 to
C2 and C3, together with the relative positions in the LMN 10:05:14 UT and C% 88 s from 10:04:51 t0 10:06:19 UT. In
coordinate system shown in Fig. 1b, suggests the event hasthe next section we present detailed analyses to validate our
structure which was elongated and aligned alond'thi&ec- assumptions on the orientation of the magnetopause bound-
tion, while the delay in the signature at C1 suggest that theary local to the Cluster spacecraft at the time of these events.
structure was moving duskward.

We note that C1 observed similar electron akidfield 4.3 Magnetopause boundary observations
signatures to the 10:04-10:05UT signatures at C2 and
C3 at 10:01:30-10:02:00, 10:08:10-10:08:20 and 10:08:40-nitially we attempt to verify our model-based determination
10:08:55 UT. In each case there is almost no significant magef the orientation of the magnetopause boundary described
netic field signature associated with these events at C1, anih Sect. 3. We thus employ four-spacecraft timing analysis
neither is there any obviously associated signature of anfRussell et al., 1983; Harvey, 1998; Schwartz et al., 1998)
kind at any of the other spacecraft. In addition, we note thatand Minimum Variance Analysis on magnetic field (MVAB)
C1 detected a second bipolar changeBipn component be-  for each spacecraft (Sonnerup and Cahill, 1967; Sonnerup
tween 10:10:15 and 10:10:45 UT, immediately after enter-and Scheible, 1998). Figure 4 shows the projection, onto the
ing the magnetosheath, but without any significant changeL N andM N planes, of the four spacecraft positions in stan-
in other components. dard colour code filled circles with the relative location of
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ot S0 o the magnetopause normal vector are in good agreement with
A sb e ] 2 aof -|o B the model result. The angle between model normal vector
§ f ok <o R and MVAB analysis of magnetic field for each spacecraft are
?°F g £ Cl1~16°, C2~5°, C3~5° and C4~ 11°. These differences
f ‘F =— o . s °F ] may be due to the wide separation of spacecraft orLtife
£ o ] ‘ 4F ] plane, and also small local variations in the MP orientation.
T b e 1 e v 4 ] We thus conclude that our choice of LMN coordinate system,
o) 8 et 0 determined from the models and used above to represent the
Nue <t N (k) Nue <= N (km) local magnetopause surface, is sufficiently accurate in this

Figure 4. Motion of the magnetopause boundary: the projection of case. . . .
Cluster spacecraft positions onto th&y and M N planes, in stan- To understand the motion of the FTE-like signature ob-
dard code coloured filled circles (as in Fig. 1), for the time just be- S€Tved by C1 between 10:05 and 10:06 UT, we further ap-
fore crossing the magnetopause. The model magnetopause bounBlY the MVAB technique to the spacecraft FGM data during
ary is shown as vertical lines. For each spacecraft there is an aP€riods covering the entrance and exit to the event. Again
row representing the direction of normal vector calculated using theassuming that the returned minimum variance direction can
MVAB method; the four-spacecraft timing analysis is shown as or- be associated with the normal to the boundaries of the event,
ange arrows, where the four-spacecraft timing analysis velocity iswe find two outbound normal vectors which are respectively
(0.53,—2.88,—43.82) in LMN. (See Sect. 4.3 for details.) (0.231, 0.523, 0.821) at 10:05:08 UT with intermediate-
to-minimum ratio Ajnt / Amin~ 8.2 and (0.083, —0.504,
0.860) at 10:05:30 UT with intermediate-to-minimum ratio
modelled magnetopause at the time of the C3 magnetopausgn: / Amin ~ 19.8. These values suggest that the outbound
crossing shown as vertical black lines. normal vector rotated- 32.5 dawnwards at the entrance of
The result of MVAB analysis on FGM full-resolution Cluster 1 into the structure, and then30.4 duskwards at
data for the period containing the magnetopause crossthe exit.
ing of each spacecraft is represented by the standard Between 10:09 and 10:10 UT, C2, located at higher lati-
code coloured arrows. These are plotted on the assumpude in comparison with the position of other three space-
tion that the boundary normal is parallel to the eigen- craft, observed another transient and potentially FTE-like
vector associated with the minimum variance directionsignature. Using the MVAB method across the bound-
at each spacecraft. The calculations return an estimataries of this event and the same assumptions as above,
for the magnetopause normal vect®¥ in the refer- we find the normal vectors for the entry to the event are
ence LMN coordinate system, together with the ratio of N =(0.053, 0.576, 0.816) with intermediate-to-minimum ra-
intermediate-to-minimum variance eigenvalugg:(/ Amin) tio Aint / Amin ~ 125 and for the exit (0.104;0.553, 0.827)
for each spacecraft. These are respectively €% (0.151, intermediate-to-minimum ratiQint / Amin ~ 34. This time,
0.225, 0.962) and.jnt / Amin~ 7.2; C2: N =(0.094, 0.005, the outbound normal vector rotated32.2 degrees dawn-
0.995) andiint / Amin~1.8; C3: N =(0.072, 0.048, 0.996) wards at the entrance of Cluster 2 into the structure, and then
and Aint / Amin~23; C4: N =(0.039, 0.189, 0.981) and ~ 33.8 duskwards at the exit. As mentioned in the previ-
Aint / Amin ~ 127. Standard practice suggests that the resulbus section (Sect. 4.2), about 1 min after this C2 signature,
for C2 is not well defined given.int / Amin~ 1.8 and, al-  when all four spacecraft had passed into the magnetosheath,
though generally consistent with the others, this result shouldZ1 again observed a bipold@y signature. The delay be-
be considered with caution. tween these signatures is similar to the delay in the variations
A further estimate of the boundary normal, together with seen at C2 and C1 for respectively the C2 10:04-10:05 and
its velocity, can be obtained using the four-spacecraft timingC1 10:05-10:06 UT events. However, analysis of this FTE-
analysis technique, assuming that the boundary is essentialljke signature is the subject of another study, and thus, in
planar between the locations of the spacecraft. The boundarthis paper, we only concentrate on high-time-resolution ob-
normal vector calculated using this methodvis= (—0.012,  servations of the signature observed by Cluster 1 at 10:05—
0.066, 0.998) which is represented by the orange arrows emt0:06 UT.
anating from the estimated position of the Cluster barycen-
tre (orange star symbol) in Fig. 4. This method also sug-4.4 High-time-resolution observations
gests that the magnetopause was moving Earthward with
a velocity in the LMN system of (0.53;-2.88, —43.82), 4.4.1 High-time-resolution pitch angle data
| V | ~43.92kmsL. We note that this is much faster than
the orbital velocity of the Cluster spacecraft which for C3 In normal telemetry modes, 2-D electron pitch angle distri-
was (-1.53, 0.31, 1.98)} V | ~2.52kms*! at the time of  butions from the Cluster PEACE instruments are available
the magnetopause crossing. From the arrows in Fig. 4, it camnly once per spin~ 4 s) while 3-D velocity distributions
be seen that all the data-based derivations of the direction of3-D VDFs) for electrons are available even less frequently
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(approximately once every minute). lon 3-D VDFs are avail- presentation then has a dual purpose — viewed at a distance
able once per spin. In a burst telemetry mode, 3-D electrorone can gain an impression of the overall energy—time spec-
VDFs with 6 polar bins and 32 azimuthal bins together with trogram of the electrons at this high time resolution, whilst
3-D ion VDFs with 8 polar bins and 16 azimuthal bins can moving up close it is possible to see the variations in pitch
be obtained once per spin. Based on the method used bgngle for electrons of each individual energy band within the
Khotyaintsev et al. (2006) and Schwartz et al. (2011), whenplot. We note that each pitch angle distribution is presented
the magnetic field vector is closely aligned with the space-with a 15-degree resolution (calculated from the FGM and
craft spin axis, as is the case for most of the events presentelEACE data, and rebinned into 12 polar zones). Thus, when-
in this paper, these 3-D velocity distributions are equivalentever the angle between spin axis and magnetic field direction
to 16 (ion) or 32 (electron) 2-D pitch angle distributions, thus is less than 15 all 12 zones are measured and a full pitch
effectively increasing the available temporal resolution for angle distribution is available. However, when this angle is
these data products to 0.250 s for the ions and 0.125 s for thiarger, then some pitch angle zones could be missing as the
electrons. During the event presented in this paper, the orienspacecraft spin, most often zones 1 and 12 which cover the
tation of magnetic field inside the magnetosphere remainegbarts of the distributions most parallel and anti-parallel to the
closely aligned with the spin axis of the spacecraft. Thus thismagnetic field.

is one of only a few events in which we are able to use this On the basis of the data presented in Fig. 5, we divide the
analysis technique to extract relevant particle measurementsvent into a number of regions. We first identify three broad
at time resolutions which are more closely comparable toclasses of region designated “O” (outer), “E” (edge) and “I”
those available from the electromagnetic field instruments(inner), representing a classification of regions “outside”, at
In the following sections, we make unprecedented presentathe “edge” and “inside” the structure we deem responsible
tions of time series of complete, or nearly complete, pitchfor the signatures, based primarily on the departure of the
angle distributions of both electrons and ions at very highmagnetic field from its undisturbed pre-event background.

time resolution. However, given that we are able to examine the structure in
this case with unprecedented high-resolution data, we sub-

4.4.2 Observations by Cluster 1 divide each of these broad regions into smaller time periods,
labelled k, I, etc., according to their detailed signatures. The

FGM, EFW and PEACE/LEEA observations boundaries of each of these individual regions are marked

by the vertical lines in Fig. 5, with our designation for each
We now look into the details of the FTE encountered by region marked at the top of the figure. To complement this
Cluster 1 between 10:05 and 10:06 UT, using high-time-presentation, Fig. 6 further presents one or more represen-
resolution data from the FGM, EFW and PEACE instru- tative pitch angle distributions from each identified layer in
ments. These data are available during the interval of interedtig. 5, with the order of observation time running from top
as C1 was operating in burst mode. The top panel in Fig. Seft to bottom right. In these plots the horizontal axis repre-
shows the magnetic field components in LMN boundary nor-sents energy in eV, and the vertical axis represents the pitch
mal coordinate system (the component is represented by angle in degrees. Between10:05:08 and~ 10:05:32 UT,
the red traceM by green andV by blue) at high time resolu- C1 observed a bipolar variation By component and a sig-
tion (~ 67 vectors s?) for the 1 min period 10:05-10:06 UT. nificant decrease iB; component, as is evident from the
The second panel contains tHRefield vector in the same co- top panel of Fig. 5. This change in magnetic field was ac-
ordinate system and format, presented at a time resolutiomompanied by the appearance of high electron fluxes0f
of ~450vectorss. In the final panel we present the high- to 1 keV (cn? s srkeV) 1) at low energies, which we take
est available time resolution electron pitch angle distributionsas indicating that the spacecraft was inside the structure it-
for this event. Taking account of the proximity of the mag- self. We designate regions sampled between the maximum
netic field vector to the spacecraft spin axes in this case, weositive By excursion and the maximum negatiBg excur-
are able to compute near-complete pitch angle distributionsion with the letter “I” in Fig. 5. The two briefly sampled
at a time resolution of 0.125s. Note that this is a consider-regions in which the magnetic field appears to be varying
able improvement on the usual time resolution for this dataquasi-monotonically between the exterior background values
product which is usually available only at spir 4 s) reso-  and the peaks iy component are deemed to be the edges
lution. The data in this bottom panel are presented in the soef the event and are designated as “E”. Plasma regions ob-
called “Sauvaud” format, in which the electron data are splitserved before or after these edge regions (i.e. before 10:05:08
by energy into 26 horizontal mini-panels. Within each mini- and after 10:05:32 UT), where the field is relatively undis-
panel, spectrograms of the electron differential energy fluxturbed, are deemed to be outside the structure and are marked
for the given energy are plotted as a function of pitch angleby “O”.
(vertical axes) versus time (horizontal axes) with 18@ch Outside the structure, there are time-varying observations
angle particles appearing at the top of each mini-panel anaf two distinguishable populations of electrons: (i) those in
0° pitch angle particles appearing at the bottom. The overalla relatively wide band of energy (30eV to 3keV) but
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Figure 5. High-time-resolution observations by Cluster 1 from 10:05 UT to 10:06 UT: the top two panels represent magnetic field from FGM
instrument and electric field from EFW instrument plotted in the LMN coordinate system, respectively in red, green and blue colour. A
horizontal grey line highlights the zero value for each of them. The bottom panel is a “Sauvaud” differential energy flux plot for electron
pitch angle distributions from PEACE LEEA instrument, covering energies from 9.5 eV to 2.5 keV. The vertical black lines separate different
identified regions of the FTE, with their relevant labels on the top. The regions include outer layers marked as “O”, edges marked as “E” and
inner layers marked as “I”. Pand G4 are the outermost layers of draped magnetic field lines where energetic electrons were observed; O
O3, O5 and & are inside the boundary layer, with energetic electrons being replaced by bidirectional electrob@0xV, and an active

electric field; @ and G are still inside the boundary layer, consisting of isotropically distributed electrons with energ&sV. g is a thin

layer of plasma at the edge of the flux tube, whereRhecomponent reduced from its magnetospheric valueBifiE@omponent reached its

bipolar maximum, the electric field level reached its maximum level and a higher flux of electrons with average enesgebfdeveloped

from the bidirectional electrons of boundary layer. The core labelled as “I” is divided into six layers, whekg tbemponent gradually

reached its minimum, the electric field stayed relatively quiet and a general heating up signature is observed in the energy distribution of
electrons. Within the inner layes,Ithe B; component reached its enhanced level, and a cold low flux population of electrons was observed.
I5 had the highest temperature within the core, and ingjdké electron pitch angle distribution temporarily turned more bidirectional. E

is the exit edge of FTE. (See Sect. 4.4.2 for details.)

relatively low flux, as seen in regions;00,, O3z, Os, O7 in these two regions was observed to be approximately the
and G, and (ii) those in an energy range (E& <300eV) same, with strength closest to the level pertaining prior to the
but with slightly higher flux, as seen ing0Og. Note that this  observation of the structure.

energy range is roughly the same as that of the dominant pop- From Fig. 5, it is clear that during intervabCthe strength
ulation observed within the structure “I” regions, although of the B, component increased to its maximum value by
that population has significantly higher fluxes. Note also thatthe end of this interval. This may represent a compression
the presence of lower energy fluxes in regions @y is suffi- of the field ahead of the approaching structure. The elec-
cient to rapidly change the value of the spacecraft potential irtric field activity observed by the EFW instrument increased
these regions, as can be deduced from the sudden disappear-this region and reached its maximum by the end of in-
ance of the photoelectron populations in the lowest energyterval G. During this interval the PEACE instrument ob-
band (9.5eV) shown in Fig. 5. The observations by C1 be-served both a partial dropout of the higher energy (magne-
fore O, and after @ (see Fig. 3) show strong; component  tosphericz 6 keV) electron population and the first appear-
values in magnetic fieldE'y ~ 0 and almost no electric field ance of the population with energies in the lower (magne-
wave activity and the presence of only the high-energy magtosheath <140 eV) range. The representative pitch angle dis-
netospheric electrons. These observations suggest tha the @ributions from regions @and G (see Fig. 6, the two left-
and G regions are sufficiently far from the structure for its most plots in the top row) show that the fluxes of keV par-
perturbing effects to have subsided to the levels of the undisticles disappear around 0 and t8fltch angles in the latter
turbed magnetosphere. Indeed, the magnetic field orientation
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Figure 6. Individual pitch angle distributions from each layer identified in Fig. 5, in the order of observation time from top left to bottom
right. The horizontal axis of each plot represents energy in eV, and the vertical axis, pitch angle in degrees. Fishex®©high-energy
electrons disappeared around 0 and°}@i€ch angle, while those in the 100 eV range are enhanced at these pitch anpghst. SDows higher

flux for parallel and anti-parallel electrons in comparison to those which are perpendicular to the magnetic field, with a ratio of fluxes of
~ 10. Then there are four consecutive sweeps observed during sub-intgrvehén the initially bidirectional distribution gradually turned

into a more isotropic one, broadening first from the antiparallel direction and then spreading into the parallel beam. The next row contains
the plots of | to Is, which all show a nearly isotropic distribution of electrons, but differ in flux and energy (see Sect. 4.4.2 for details). From

11 to I5 the peak energy has an increasing trend, except for the central region ofd;Whjdh has the lowest flux and density, similar to

edges k and B. Then, three snapshots for regigndre shown, where electrons perpendicular to magnetic field with energie3®to

~ 142 eV temporarily disappear, and the distributions become partially bidirectional. Then, there are four panels showing consecutive sweeps
of observation in E, where an isotropic distribution gradually turns bidirectional at the end of this sub-interval. The bottom row of plots
contains snapshots outside the FTE, when the core of the FTE has been passed by the spacecttaétpartizles are nearly bidirectional.

In O4 they become more isotropically distributed. Again ig e situation is very similar to ©which showed clearer bidirectional beams.

In Og, the distribution is isotropic, similar to ) and then again becomes more bidirectional on entering=Mally, in Og electrons show

similar behaviour as in Qas high-energy electrons start to appear. Note that, due to variation of magnetic field orientation, parallel and/or
anti-parallel electrons are not measured during certain intervals. (See Sect. 4.4.2 for details.)

region, while those in the 100 eV range are enhanced at these Once the spacecraft entered the structure and was located
pitch angles. in the regions marked, Ito lg, we see a general reduction
The first significant change in the magnetic field wasin the B, component values, while thBy component de-
detected as the spacecraft entered the region designatedeases from its maximum of 15nT at the beginning of
as B. In this region theB; component decreased by these intervals to its minimum —18 nT at the end. In addi-
~20nT from its peak of~59nT and theBy compo- tion, the electric field activity remained relatively low, while
nent increased from-0nT to its maximum~ 14 nT. Dur-  there were essentially no observations of electrons at magne-
ing this interval a near-isotropic distribution of electrons tospheric energies(> 0.5 keV) and those at lower energies
with energies betweeny 30 and~ 73 eV with higher fluxes  appeared to be distributed rather isotropically through most
(>10PkeV (cn?ssrkeV) 1) developed gradually from the of the structure interior. More particularly, in region the
more bidirectional distribution observed in region.@ver B; component was roughly steady-a#42 nT, theBy com-
this period the perpendicular fluxes of higher-energy elec-ponent dropped smoothly from 15 te6 nT, and there was
trons also disappeared. Meanwhile, the electric field activitya strong and steady,; component to the field of —14nT;
decreased from its maximum at the start gft&a relatively  and isotropic distributions of electrons were observed with
quiet level at the end of that region. The detailed observatiorpeak energies of 47 eV. Inside regiong, the B, By, and
of this development can be seen in the four rightmost panels$3y component levels were similar to those gfdlthough
in the top row of Fig. 6 (labelled by the horizontal bracket each showed slight variations of orde8 nT, while the elec-
marked B) which cover four consecutive sweeps@.5s)  tric field showed slightly more activity. However, the fluxes
of the PEACE/LEEA sensor. of electrons, while remaining isotropic, increased slightly in
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this region, and the energy of the peak flux also increased te~ 30 nT to reach a level of 59 nT, very similar to that ob-
~ 58 eV, suggesting that an increase in the temperature of theerved before entering region ,Bwvhile the gradient in the
plasma had occurred. By component reversed from that seen in the interior regions
Within region k, Cluster 1 observed a partial recovery of and increased from its minimum ef —18 to~ —8nT. The
the B;, component of the magnetic field which peaked at anelectric field activity again increased to near the maximum
enhanced level of 52 nT in this interval. TheBy compo-  levels observed at the end of this period; the near-isotropic
nent oscillated slightly around a level of 3nT, while the  electrons observed at the beginning of the intervalré&
Bj; component remainedt —6 nT. There was a dropout in duced in flux and became more bidirectional as the space-
the fluxes of the electrons in the 30-73 eV energy range, aleraft crossed this region. Although we have incomplete pitch
though they remained largely isotropic, as can also be seen iangle coverage in this region, this development is again ev-
the middle plot of the second row of Fig. 6, labelled This ident from the four plots of the third row of Fig. 6, which
electron distribution appears similar to that which developedagain represent the measurement of four consecutive sweeps
at the end of region £(and is subsequently seen at the be- by the LEEA sensor over 0.5s.
ginning of region k). However, although the magnetic field  Based on the observations of spacecraft in the exterior re-
strength also shows something of a recovery,BRecompo-  gions marked @to Oy lying in the wake of the structure, the
nent remains much smaller than is observed at the end of EB;, component of the magnetic field showed a small gradual
(and beginning of B) and shows no evidence of any bipolar decrease to nearer its pre-event level observed in regjion O
variation. Moreover, thé field wave activity in this region The By, and By components remained small but negative
remains at a very low level. and showed only slight variations. The electric field activ-
Within region |, the B;, component was observed again ity was observed to be relatively high throughout this whole
to fall to levels~ 38 nT, but theBy component became on post-event region. The electron populations observedsin O
average negative in this region-at-2 nT. The magnitude of Os and G areas were similar to those ipQncluding their
the By, component was smallest in this region, with a value energy range, flux and bidirectional distribution. However,
~ —6nT (Note that field shows variations up4et nT); the  the electrons in @ and G were more isotropic, and sim-
electric field variations remained at a very low level; the flux ilar to those observed in the interior regions (marked “1”),
of electrons also recovers to levels similar to that seen in rebut with much lower fluxes. Examples of pitch angle distri-
gion I, and with a similar energy distribution (i.e. isotropic). butions observed in regionsz@0; are shown in the bottom
As the spacecraft entered regiap the B;, component re-  row of plots in Fig. 6.
duces to 27 nT, and,, and By components to~ —6nT.
The E field noise levels remain low. The electron population CIS/HIA instrument
apparently remained near-isotropic. However, it seems clear
that the overall electron population had higher fluxes than ob-Before attempting to interpret the observations described in
served in the preceding regions and that it also had a highethe previous section, it is useful to consider what information
temperature, since the energy of the peak in the differentiatan also be obtained from the ion instruments on the Clus-
energy flux rose te- 73 eV. ter spacecraft. In principle, our technique for obtaining high-
As the spacecraft passed through the final regions desigime-resolution pitch angle slices can also be applied to the
nated as “inside”, the magnetic field orientation changed sigion data. However, unlike the electrons, whose thermal and
nificantly. The By component was relatively steady at the gyration velocities are very high compared to any drift veloc-
lowest level, 30 nT, seen during this entire interval of interest.ity, the speed of individual ions is likely to be comparable to
The By, and By components became steadily more negativethe drift velocity. For electrons, this situation leads to an ex-
as the spacecraft crossed regigrahd reached their global pectation of near-gyrotropy in spacecraft observation frame,
minima by the end of this period; thE field noise levels and thus a representative pitch angle distribution can usu-
remained low; the electron population with energieg3 to ally be obtained from any time slice of the data. For the ions,
~ 142 eV temporarily changed from near-isotropic to more however, we expect there to be significant variations between
bidirectional, as the perpendicular electrons disappear in théme slices due to the anisotropies introduced into the distri-
centre of §, but again became near-isotropic by the end of thebution by any drift motion. With this caveat in mind, we now
region. This change in pitch angle distribution of electron is also present the high-time-resolution ion distributions from
shown via three snapshots of regigrnif Fig. 6. We note that  the HIA high-sensitivity instrument on Cluster 1, which con-
the large change in magnetic field orientation in this regionsist of 16 2-D azimuthal slices through phase space per spin.
moved it away from the direction of the spacecraft spin axis,For ease of comparison with the earlier plot, Fig. 7 shows a
thus our ability to sample the full PAD (see Fig. 6, third row) plot for the identical time period and in the identical format
is compromised in this interval, with the loss of observationsto Fig. 5, except that we have replaced the bottom panel with
of the near-field- and anti-field-aligned electrons. the “Sauvaud” format energy distribution for ions obtained
As the spacecraft crossed the region the By, compo-  from CIS data. The regions discussed above in relation to the
nent was observed to increase rapidly and monotonically byelectron plot in Fig. 5 are marked at the top of Fig. 7.

Ann. Geophys., 32, 1093t117 2014 www.ann-geophys.net/32/1093/2014/



A. Varsani et al.: Analysis of high-time-resolution observations of an FTE 1105

O1 O2Ex1 I1 12 I3 14 Is le E20304 05 Os O7 Os

AN S N I N S
e~ 1
\’”"\(A 40

B (nT)

—L

—N

E (mV/m)

Energy (eV)

KeV/cm*2 s st Kev

N
180 2
0—

05™00°
2007/02/12 10" Universal Time

Figure 7. High-time-resolution ion observations from Cluster 1 between 10:05 and 10:06 UT. During this time interval, significant fluxes of
high-energy ions were observed abovd keV in regions @ and 3. The ion populations observed in the regions immediately surrounding

the structure (in particular the regions labelleg, @nd also @-O7) contained significant fluxes of ions in both the high-energy (similar to
those observed in Pand &) and a lower-energy (between50eV and 2 keV) bands. From the beginning of regiqnuitil the end of

region B, the flux of high-energy ions of magnetospheric origin drops, and the main population is centred at low energy be&d/e¥n

and 2 keV. We note that the population with lower energy shows some modulation of flux at close to the spin frequency (4.148 s) in regions
E; to Oy. This is a result of the ions with magnetosheath energies not being gyrotropic, and thus the flux of incoming ions increases every
time the HIA instrument looks into the flow direction. Inside the structure, there are six points in time at which a representative pitch angle
distribution of ions is obtainable. (See Sect.4.4.2 and Fig. 8 for details.)

During the time interval shown in Fig. 7, significant fluxes in six consecutive spins every 4.148s from 10:05:08.560
of high-energy ions were observed abovd keV in regions  to 10:05:28.908 UT suggest that the convection within the
01 and G, bracketing the overall event. There are no clearstructure was in the direction-0.19,—-0.97,—0.17) in the
anisotropies, nor clear variation with spin period within theseLMN coordinate system. Since there are only six relevant
regions. The ion populations observed in the regions imme-data points for ions, we have calculated #ex B drift ve-
diately surrounding the structure (in particular the regionlocity, based on high-time-resolution observations by EFW
labelled @, and also @-Oy) contained significant fluxes and FGM instruments on Cluster 1 and assuntihgB = 0.
of ions in both the high-energy (similar to those observedThese velocities, averaged across each region, are presented
in O; and @) and a lower-energy (between50eV and in Table 1. The averagE x B drift velocity determined us-

2 keV) bands. We note that the population with lower energying data from the FGM and EFW instruments for the first
shows some modulation of flux at close to the spin frequencyfive spins during this period was 101kms?t in the di-
(4.1485s) in regions &-0;. rection (-0.18, —0.97, —0.16) in LMN, which is consis-

From the beginning of regionRintil the end of region [, tent with the velocity observed perpendicular to the magnetic
the flux of high-energy ions of magnetospheric origin (cen-field from CIS/HIA instruments. We have ignored the last
tred at~ 10 keV) drops, and the main population is predom- ion flux peak within this period since at this time the mag-
inantly between~50eV and 2 keV; although there is some netic field orientation made a larger angle to the spin axis of
evidence of low fluxes which show spin phase modulation atthe spacecraft, resulting in reduced accuracy of Ehe B
these energies. More importantly, in these edge and interiodrift velocity estimate due to the lack of knowledge of the
regions, the lower-energy (<4 keV) ions are observed withspin-axis-aligned electric field component from the EFW in-
relatively very high fluxes. These are again heavily modu-strument field. Within the leading half of the structure (re-
lated at the spacecraft spin period, indicating thatfhe B gions R, I1—I3) the ions appear to be moving predominantly
drift velocity must be comparable to the ion gyration veloci- perpendicular to the magnetic field, while after the enhance-
ties in these regions. The timing of the flux maxima observedment in B, component (, Is and k) the ion distribution
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Table 1. High-time-resolutionE x B drift velocity in LMN coor- Spin No.1 Spin No.2 Spin No.3
2007-02-12 10:05:08.560 2007-02-12 10:05:12.708 2007-02-12 10:05:16.855

dinate system, calculated from parameters observed by EFW anc sy grrmp T T e
FGM instruments on Cluster 1. Note that these values are calcu- ~

lated assuming thaf - B = 0. o ] 0 o >10%"
50 | ogs -
Observation  Velocity Observation  Velocity 5 [ tfl
. 1 . ~1 wo, = El w |
region (kms+) region kms+) v ] © /3
o)) (1,-7,-33) I (—16,—48, 24y we W ioel &7 0 'R
O, (0, —43,-35) =) (—7, 41, 24) W i v 0 B
E (-7,-60,-19) O3 (~3,-35, 20) R R e e 8
I (-22,-87,-27) Oy (-5, —54, 11) Eperp (V) Eperp (V) Eperp (V) 0we b
I (-17,-91,-27) G (0, —45, 24) B
I3 (~15,-105,-15) Og (1,-29, 13) wapn No4 P NS e o e i 5
g (~15,-112, 4) e (1,43, 22) ‘ - o ST
Is (-20,-107,-8) Og (0,-13,3) 100 FT

* The accuracy of the drift velocity value for regiogis low, as the magnetic field orientation 10°
made a larger angle to the spin axis of the spacecraft.
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of the peak flux in each spin are illustrated more clearly in the _ S _
plots presented in Fig. 8. In this figure each panel shows théigure 8. lon pitch angle distribution in parallel-perpendicular en-
ion flux averaged over the two sweeps of CIS HIA instrument €9y space, for six spins of Cluster 1, inside the observed FTE. Each

which bracket the time the sensor looks into the convectiorP2n€l shows the ion flux averaged over the two sweeps of CIS HIA
direction. We note also a steady increase in the energy bani&strument which bracket the time the sensor looks in the convec-
containin.g the peak flux of the ions observed as the Spacet-lon direction. Due to variation in magnetic field orientation, one

ft h f d300eVi ion E or two pitch angle zones are missing. In spin No. 1, ions are ob-
craft crosses the structure, from aroun eV In regipn £ served to be moving predominantly perpendicular to the magnetic

to around 700 eV at the end of regiop.E field (E x B drift effect), where the maximum flux has a kinetic en-
. ergy of ~300eV. In the next two spins, No. 2 and No. 3, the peak
4.4.3 Observations by Cluster 2 and 3 energy rises te~400eV, and has parallel component as well. In

spin No. 4, a broader range of ion PAD from 0 td®96 observed,

As previously mentioned in Sect. 4.2, in addition t0 the 4iong with an increase in the energy band containing the peak flux
Cluster 1 observations, Cluster 2 also observed a (relaofthe ions, up to 1.2 keV. One spin later, in spin No. 5, the ion peak

tively minor) bipolar variation in theBy component, along  energy increased te 500-600 eV, with a parallel component larger
with observations of a low-energy population of electrons, than the perpendicular (identical to pitch angle 38)7&inally, in

and electric field activity. Figure 9 illustrates the high-time- the last spin, No. 6, the ions are observed to be moving mainly par-
resolution observations by Cluster 2 between 10:03:45 andllel to the magnetic field with peak energy-ef700 eV.

10:04:45 UT, in the same format as Fig. 5. The top two pan-

els represent the magnetic field data from the FGM instru-

ment, and electric field data from the EFW instrument, whichand instead electrons with energy of100eV were ob-
are plotted in the LMN coordinate system, respectively as theserved. The trend stayed the same, until 10:04:01 UT, when
red, green and blue colours. The bottom panel is a “Sauvaudthe By component reached its maximum value~of-5 nT,
energy flux plot for electron pitch angle distribution, from the the B; component rose te- 54 nT and theB;; component
PEACE LEEA sensor that covers the energies from 12.5eMto ~ —7 nT. The electric field increased t08 mvV m~1, and

to 2.5keV. The magnetic field data from an observation atthe main population of electrons had energies-df00 eV,
10:03:50 UT show thaB;, By, and By values were respec- with a bidirectional distribution. After that, thBy compo-
tively ~ 54, ~ -2 and~ —7nT. Observations of EFW and nent started to decrease to its minimum level-9nT, at
PEACE for the same time show that the electric field had10:04:08 UT, while theB; component continued to increase
a value of~2mVm™1, and the main population of elec- and reached its maximum value56 nT and theB,, com-
trons observed was above 1 keV. These observations indicagonent increased te —3 nT. The electric field showed less
that the spacecraft was completely inside the magnetospheitivity, with values below~ 2 mV m~1, but the low-energy

at that time. However, after 10:03:56 UT, theBy value  population of electrons stayed as before. In other words, be-
started to increase, and an increase in the electric field withiween 10:04:01 and 10:04:08 UT, tli; component made
relatively higher level of activity was observed. In addition to a bipolar variation from~ —5 to ~ —9nT, against a back-
that, electrons with energies above 1 keV started to disappeaground offset of~ —7 nT, which is thought to be related to
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the separation of Cluster 2 and Cluster 3 (as the referenc&able 2. High-time-resolutionE x B drift velocity in the LMN
spacecraft) in thel direction. Then theB;, By and By coordinate system, calculated from parameters observed by EFW
components respectively reache®, ~ —4 and~ —10nTat  and FGM instruments on Cluster 2 and 3, during the detection of
10:04:34 UT, when electrons with energies higher than 1 keVB~ signature. Note that these values are calculated assuming that
were observed, and the low-energy population slowly dis-E - B=0.

appeared, which indicates that the spacecraft was inside the
magnetospheric population of plasma once more. Through-
out this period, the distribution of electrons {00 eV) was

Cluster 2 Cluster 3
Observation region  Velocity (knT)  Velocity (kms™1)

mainly bidirectional, and the energy flux of electrons was on Before bipolarBy (-1, 14,-12) (0,0,-9)
average % 10" keV (cn? s srkeV) L, but fluctuated by afac- ~ During (-5,-29,-21)  (-8,-67,8)
tor of ~ 2. No entry to magnetosheath was detected for the After (4,21,11) (0—4,14)
whole time interval that this low-energy population was ob-

served.

With a few seconds delay, Cluster 3 recorded a similar semagnetosheath was detected by this spacecraft for the whole
quence of observations. Figure 10 illustrates the high-timetime interval.
resolution observations by Cluster 3, between 10:03:57 and Similar to Cluster 1, thé x B drift velocities observed by
10:04:57 UT. The same format of panels used in Figs. 5 andCluster 2 and 3 before, during and after the passage of struc-
9 present the data from FGM, EFW and PEACE LEEA. Theture are presented in Table 2. The variation in the drift ve-
observations of FGM instrument at 10:04:00 UT , show that|ocity represents the motion of plasma surrounding the FTE,
the B, By and By values were respectively 58, ~—5  before, during and after the passage of the structure.
and~ 2 nT. Observations of EFW and PEACE respectively
show that the electric field had a value-e2 mvm1, and
the main population of electrons was observed above 1 keVl, Discussion
which could indicate that the spacecraft was completely in-
side the magnetosphere. However, aftet0:04:04 UT, the  Bipolar By signature observations are normally categorized
By value started to increase, and an increase in the electrias occurring under the influence of one of two major mag-
field with relatively higher level of activity was observed. At netopause dynamic processes: (i) those signatures without
the same time, electrons with energies above 1keV startethagnetic reconnection, which may be observed due to the
to disappear, and instead electrons with energy @0eV  passage of a surface wave across the Earth’'s magnetopause
were observed. Then, at 10:04:14 UT, tRe component and over the spacecraft location (Sibeck, 1990, 1992; Sibeck
reached its maximum value of 5nT, the B, component and Smith, 1992); and (ii) observations which involve mag-
rose to~ 59 nT, and theBy; component dropped t& —8nT netic reconnection and are often categorized as FTEs. For the
. The electric field increased toe 5mV m~1, and the main latter, Fear et al. (2008) suggested that different FTE mod-
population of electrons had energies0100 eV, with a bidi-  els can be grouped as one of three types: elbow-shaped bun-
rectional distribution. Next, th&y component decreased to dles of magnetic flux threading through the magnetopause
~0nT at 10:04:27 UT, the3;, component reached its max- (Russell and Elphic, 1978), a flux rope formed by multiple
imum ~ 60.5nT, and theB,; component rose te- —7nT. X-lines (Lee and Fu, 1985) or a flux bulge on the magne-
The electric field increased to 12mVm ! with a high topause driven by time-dependent reconnection at a single
level of activity, and 2s later reached its global maximum X-line (Southwood et al., 1988; Scholer, 1988). Each of these
of ~15mVm 1. Meanwhile, theBy component contin- models has certain geometrical characteristics which support
ued to decrease and reached its minimum level4 nT, at  specific predictions of their plasma and electromagnetic field
10:04:32 UT, while theB;, component dropped te 59.5nT,  properties and which can, in principle, be used to distinguish
and theB,; component rose te- —4 nT. In other words, be- which model is the most relevant to a given set of observa-
tween 10:04:14 and 10:04:32 UT, tliy component made tions. We attempt to make this distinction for the structure
a bipolar variation from~5 to ~—4nT. After that, the whose observational characteristics, sampled at high time
B, By and By components respectively reachedb9 nT, resolution, we have described above.
~ —5nT and~ —2nT at 10:04:52 UT, when electrons with Prior to and during the observations of the transiBt
energies higher than 1keV were observed, the low-energwgignature discussed in this paper, none of the Cluster space-
population slowly disappeared and the electric field droppectraft sampled the magnetosheath to measure the magnetic
to ~2mVm~1 with a low level of activity. This indicates field direction just upstream of the magnetopause. The ACE,
that the spacecraft was inside the undisturbed magnetosphewind and Geotail spacecraft were widely separated in the so-
again. Throughout this period, the distribution of electronslar wind, which appears to have led to a lack of consistency
(~100eV) were mainly bidirectional and the energy flux in their respective measurements of the IMF orientation (see
of electrons was on averages3 10’ keV (cn? s srkeV) 1, Sect. 4.1). We note that, when the Cluster spacecraft were lo-
with a fluctuation of an order of 3. However, no entry to  cated upstream of the bow shockal1:30 UT, the IMF data
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Figure 9. High-time-resolution observations by Cluster 2 from 10:03:45 UT to 10:04:45 UT. Data are shown in the same format as in Fig. 5.
Between 10:04:01 UT and 10:04:08 UT, tBg component shows a small bipolar signature, which had an offsef nT, due to separation

of Cluster 2 from reference spacecraft Cluster 3. The electric field reached a relatively higher level and showed more activity, while the
energetic electrons disappeared and a population of bidirectional electrons with enerd0@€V were observed. ThB_ component

reached a slightly higher level throughout the boundary layer indicating that the deflected magnetic field lines were compressed. No entry to
magnetosheath is observed for whole time interval. (See Sect. 4.4.3 for details.)

from Geotail and ACE were in good agreement, after appro-were observed by Cluster 3 between 10:04 and 10:05 UT. At
priate time lags are applied, with the FGM data from the fouralmost the same time, Cluster 4 observed a bipBjasigna-
Cluster spacecraft. Hence, we assume that the best retrospdcie, but the particle measurements showed only the absence
tive estimate of upstream field orientation suggdst) =0 of the electrons above 6 keV during that interval. Cluster 1 is
during the relevant transient period. Note also that althoughhe last to observe this signature between 10:05 and 10:06 UT
there is some disparity between measurements of the diredSect. 4.4). The sequence and duration of these observations
tion and magnitude of IMIBz, data from all three solar wind  are consistent with a duskward motion of the causative struc-
spacecraft indicate that a dominant dawnwasd~ —4nT  ture, given the relative positions of Cluster quartet, in the
is likely at the magnetopause between 10:00 and 10:15 UTLMN coordinate system (Sect. 4.3).
The upstream conditions (Sect. 4.1) show that the density, Using the multi-spacecraft timing analysis methods, we
velocity and thus dynamic pressure of the solar wind plasmastimate the propagation velocity of the structure. Given
increased steadily between 10:00 and 13:00 UT on the daghe observation times at the centre of transient signature
of interest, which is expected to have resulted in a continu{Cluster 2 10:04:18 UT, Cluster 3 10:04:36.5 UT, Cluster 4
ous inward movement of the magnetopause towards the Earth0:04:38 UT and Cluster 1 10:05:35UT), the speed of the
over this period. This is consistent with the observed tim-structure was- 103 km st in the (-0.039,—0.994,—0.107)
ing sequence of the crossings of the four Cluster spacecrattMN direction, which indicates that the structure was in-
into the magnetosheath. Indeed, our four-spacecraft timingleed moving predominantly duskwards across the magne-
analysis (Sect. 4.3) shows that the magnetopause plane ldepause. With this in mind, an approximate azimuthal ex-
cal to the spacecraft was moving Earthwards at a speed dent, AM, of the structure can be calculated by multiplying
~44kmst. the signature durations by the speed, from which we find
We now mainly focus on the observed transient signatured.16 Rg < AM < 1.37 Re. We note also that Cluster 2 and
as they appeared in chronological order. Firstly, Cluster 2, the8 were separated by 1.40Rg in the L direction. The close
spacecraft located closest to the noon meridian (Sect. 4.2imilarity in both the nature and the timing of the signature
observed a bipolaBy between 10:03:45 and 10:04:45UT, at these two spacecraft is then consistent with the determina-
along with electric field noise, an electron population with tion thatV; ~ 0. Thus the structure clearly is moving along
energy of~100eV and dropout of electrons above 6 keV. the plane of the magnetopause, and is extended id. tthie
Very similar electromagnetic field and plasma signaturesrection. The small variation in the duration of observations
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Figure 10. High-time-resolution observations by Cluster 3 from 10:03:57 UT to 10:04:57 UT: data are shown in the same format as in
Fig. 5. Between 10:04:14 and 10:04:32 UT, e component shows a bipolar signature, while for the electric field and electron pitch angle
distribution, similar variations to those observed by Cluster 2 are evident. (See Fig. 9, and Sect. 4.4.3 for details.)

between spacecraft could be caused by the separation dédw but measurable flux of electrons in the energy range from
spacecraft in thev direction. With reference to the location 1 to 6 keV, in contrast with later observations in the magne-
of Cluster 3, which was nominally the closest to the modeltosheath (for example at 10:12 UT) which show that electron
magnetopause plane-atl0:04 UT, Cluster 2 and 4 were re- fluxes for energies higher than 1 keV were below the PEACE
spectively~ 720 and~ 634 km further Earthwards. There- sensitivity. This again indicates a residue of electrons of mag-
fore, the Cluster 3 observations of a longer signature duratiometospheric origin inside the FTE, despite the expectation
in comparison with Cluster 2 and Cluster 4, suggest that thehat these should rapidly evacuate the flux tube once it has
structure is somewhat broader closer to the magnetopauséecome opened. We note also that inside the FTE, the energy
This is nominally consistent also with the observation by of the peak electron flux was 73 eV, while inside the mag-
Cluster 1, about one minute later, which wag272 km closer  netosheath this was 58 eV, suggesting that some process,
to the modelled flat-plane magnetopause than Cluster 3, anguch as reconnection, had acted to heat and/or accelerate the
observed both the longest duration and clearly passed thelectrons in the FTE.
deepest into the core of the structure, being the only space- The timing analysis, dimensions and motion of this FTE
craft to observe the high fluxes of magnetosheath particlesprovide some constraints on which models of FTE formation
We note also that the structure might have evolved betweemnd structure may be relevant. Since the structure was not
the times of observation by C2, C3, C4 and its arrival at C1,widely extended in tha/ direction at this location, it is likely
resulting in its possible growth. Figure 11, demonstrates thenot consistent with the multiple X-line model (Lee and Fu,
passage of the quartet, and their relative distances. 1985). Also, the structure moved predominantly duskward.
Given the background of a global inward motion of the In the single X-line model (Southwood et al., 1988; Scholer,
magnetopause, it seems unlikely that the bipdarsigna-  1988), a transient increase in the reconnection rate causes a
ture observed by the four Cluster spacecraft between 10:08ulge to propagate along reconnected field lines. When ob-
and 10:06 UT is generated by a transient pressure pulseerved inside the magnetosphere, we would expect the mo-
(Sibeck, 1990, 1992; Sibeck and Smith, 1992). Instead therdion of such a bulge to have a significant component in the
is evidence that the observed signatures are the result of the direction. Therefore, the best-fitting model based on the
passage of an FTE. For instance, there is no signature gfropagation of FTE in thé direction, and its extension
ongoing periodic wave on the magnetopause, and the timalong theL direction, is perhaps the elbow-shaped-type of
ing analysis show that the structure was moving towards thé=TE (Russell and Elphic, 1978), in which a bundle of re-
dusk flank. In addition, the plasma signatures are also consissonnected flux tubes are being peeled away from the day-
tent with the occurrence of transient reconnection; inside theside magnetopause. In other words, given the predominantly
structure seen by C1 between 10:05 and 10:06 UT, there is dawnward IMF, and spacecraft location in the afternoon
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which is higher in energy than those observed somewhat later
inside the magnetosheath, suggesting that they are acceler-

‘ 02 E1thh |2 I3 la Is ls E2030405 Os O7
0 ] s | I ated as they cross the magnetopause. Note also that they are
1 V. J Y Y observed along with strong electric field fluctuations, with
\\\ /VB/ levels of up to~10-20mV n1!. Such observations have
c3 previously been linked to the encounter of a separatrix layer
c2 extending far away from the reconnection diffusion region

Cé (André et al., 2004; Owen et al., 2008). Cluster 4, however,

Figure 11. A schematic interpretation of the structure of the FTE Observed only a moderate dropout of the energetic electrons
and surrounding regions on tiéN plane: the relative spacecraft associated with th&y signature at that spacecraft, suggest-
trajectories during the FTE observation are demonstrated in Clusing that this spacecraft may have just grazed the very edge of
ter standard colour code. The four spacecraft do not pass the FTBuch a region, since there appears to be some loss of energetic
simultaneously. In fact Cluster 1 was the last spacecraft which Ob-particles without time for the field lines to fill with lower-
served the FTE, and made the deepest entry. Cluster 3 and 2 onknergy electrons. Given these observations, we conclude that
observed the boundary layer, and Cluster 4 only observed the draped|ster 2 and 3 detected the draped closed-field lines around
magnetospheric field lines. The white arrows represent the projecy o gy crure, but they spent significant time in the structure
tion of the magnetic field onto th N plane. These magnetic fields boundary layer, observing open-field lines which have more

also have strong component along thdirection, and separate the ; .
multiple plasma layers identified by PEACE. These layers consistrecently been filled with magnetosheath plasma. Also, Clus-

of the edges, outer and inner layers of FTE and are marked in blacke" % nomlnally Iocate_d furthest inside _the magnetosphere,
region codes. The colours of these layers illustrate the variation irPbServed the bipolar signature iy, but this seems predom-
differential energy flux of the electrons, which are based on LEEA inantly the result of the draping of closed-field lines over the
high-time-resolution observations. The grey stream lines (arrowedfTE as it passed by, with perhaps only a brief encounter of
are the inferredE x B drift velocity. These arrows show that the very recently opened field lines which have not had time to
core is moving towards the dusk, while the boundary layer plasmasgill with magnetosheath plasma.
have a circular motion around the core. In the wake of the FTE, the From the high_time-reso|uti0n observations of Cluster 1
motion of boundary layer follows the core. (see Sect. 4.4.2, Fig. 5), it is evident that C1 was the only
spacecraft which observed all three regions identified in pre-
vious studies (e.g. Rijnbeek et al., 1987; Farrugia et al.,
sector, this is consistent with occurrence of a burst of re-2011): (1) the draped closed field lines with mainly magne-
connection near the nose of the magnetopause, resulting intaspheric plasma; (2) deflected exterior open field lines and
tube of reconnected flux. Using the solar wind observationgplasma of the boundary layer; (3) the reconnected magnetic
(Sect. 4.1) and the Cooling et al. (2001) model, the X-linefield inside the core of flux tube, with plasma of the magne-
would be required to extend northern dawn to southern dusktosheath. Observations of C1 (Figs. 5 and 7) in thea@d
In this structure, the magnetospheric arm would be connecte@®g regions are consistent with expectations for the plasma
to the northern polar ionosphere, mapping mainly along thepopulation on closed, non- or slowly convecting magneto-
L direction at the position of observation, and would be in thespheric field lines and are largely unaffected by the presence
process of being dragged duskward across the magnetopaueéthe structure. This spacecraft first detected signatures of
plane as a result of the connection of the magnetosheath artine approaching FTE at 10:05:04 UT, with the observation of
to the solar wind. This interpretation is also consistent withan upstream boundary layer (regiop)Qust before entering
that made for the event reported by Owen et al. (2008). the core of flux tube. The magnetic field orientation in this
We now turn to consider the detailed structure of the FTEregion largely remained at the prior magnetospheric orienta-
and the various plasma regimes observed during its pastion, but the field increased in strength, which we interpret as
sage over the spacecraft location (Sects. 4.4.2 and 4.4.3a signature of the field lines being compressed by either the
A dropout of the energetic electrons and the appearance dadpproaching magnetopause, or the approaching FTE struc-
electrons with energies around 100eV is first observed byture itself. The electric field in this region ranged between 10
Cluster 2 and Cluster 3 in conjunction with the observationto 20 mV nt 1 with a high level of wave activity. Energetic
of the By signature at these spacecraft. This is consistentlectrons prevalent in the magnetosphere disappeared, while
with expectations if Clusters 2 and 3 moved temporarily ontolow fluxes of bidirectional electrons with a peak energy of
convecting open-field lines (i.e. recently reconnected mag-114 eV were observed by PEACE. At the same time, the ions
netic field lines in the boundary layer of structure), where are observed to have overall a wider range of energy in this
the energetic electrons of magnetospheric origin rapidly esfegion with a distinct high-energy band- @ to ~ 20 keV)
caped along the field line after reconnection, and are replacedeparated from a lower-energy band (betwees0 eV and
by a low-energy, higher-density electron population of mag-2 keV). These particle observations are consistent with C1
netosheath origin. We note that the latter population mainlyencountering a very recently opened set of flux tubes from
consists of bidirectional electrons with energies-af00eV,  which the magnetospheric electrons have escaped while the
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magnetosheath electrons are in the process of entering alortge E x B drift at all three spacecraft showed a negafiyg
the magnetic field line. However, these field lines have notcomponent, which indicates the dawnward motion of field
been opened long enough for the high-energy ions of magnelines which are closer to the FTE core. Once the FTE has
tospheric origin to have escaped. The regiont@us may  passed, a positivéy component indicates that the field lines
represent a boundary layer with plasma that originates irgo back towards their initial location by expanding outwards.
both the magnetosphere and magnetosheath. This positiveVy along with positiveV,, observed by C2 in-
Once the core of the FTE (regions tlo lg) has passed dicates a circulatory motion of field and plasma around the
over the spacecraft, plasma of similar characteristic to regiorFTE. Such motions were predicted by Farrugia et al. (1987),
O, is again observed in the trailing regions marked as O as they theoretically studied the flow perturbation of plasma
Os and G. Observations in these regions are also similar topast a cylindrical FTE. This hypothesis was then confirmed
the observations of the boundary layer regions by Cluster 2y observations (e.g. Sibeck and Smith, 1992; Korotova et
and 3, with bidirectionally distributed electrons of energies al., 2009) that FTEs push the magnetospheric plasma in front
~ 100 eV. However, at C1 these observations are intersperseaf them and entrain the behind, and thus a return flow of
by observations of plasma in regiong @xd Q which ap-  plasma occurs on the flanks of FTEs and deeper within the
pear to contain a separate, distinct population only observedhagnetosphere. MHD simulations and Grad—Shafranov re-
by Cluster 1. The latter group consists of isotropic or nearlyconstructions (Birn et al., 2004; Snekvik et al., 2007) show
isotropic electron populations with energy centred on 58 eV,that such motions are also common for other plasma bub-
which is close to the average energy observed inside the FTEbles, such as Bursty Bulk Flows. In situ observations and
A slight reduction in the magnetic field strength, and ab-ionospheric signatures have proven the return flow around
sence of photoelectric electrons 9.5 eV energy), is consis- these bubbles in the magnetotail (e.g. Kauristie et al., 2000;
tent with these regions (Cand ) also containing higher-  Pitkdnen et al., 2011; Walsh et al., 2009; Walsh and Forsyth,
density plasma than other regions of the boundary layer (O 2011).
03, Os and Q). In addition to observation of these electron  Once the structure had passed, Cluster 1 observed the
populations, there is also a low-energy, low-density popula-plasma drifting duskwards in the disrupted region in the wake
tion of ions. However, due to the spin modulation (Fig. 7), of the FTE. Hence, we propose that, in the wake of the FTE,
more detailed information on the nature of the ions in regionsin the portion of the boundary layer closer to the core, the
04 and Gy cannot be obtained as the relevant intervals do notmotion of boundary layer follows the core. One assumption
coincide with those in which the CIS instrument is point- is that these motions might potentially lead to ripples in the
ing into the flow direction and detecting significant fluxes. wake of the FTE, and result in observation of such isotropic
We note that there is no evidence of a separate bipgplar  population from magnetosheath origin in regionsa®d G.
signature to suggest that these intervals may be related to [dote that the electron moments which are produced at spin
second distinguishable FTE in those regions, and the electricesolution (4.148 s) are too slow to be used to analyse these
field activity at similar levels to all the other boundary layer possible vortices. The summary of these motions are illus-
regions. In the wake of the core structure, there is a cleatrated with grey arrows in Fig. 11, for both inside the core
mixture of magnetospheric and magnetosheath plasmas cand inside the boundary layer.
the same flux tube, which supports our earlier conclusion of Cluster 1 entered the FTE proper at 10:05:08 UT, where
FTE being the result of a transient reconnection. the By component dropped from its maximum level and
For a better understanding of the motion of plasma in theBy increased from zero to its maximum level in region E
boundary layer, we have calculated tBex B drift veloc- which we identify as the edge of the structure itself. The
ity from the parameters observed by Cluster 1, 2 and 3. Foelectric field strength decreased from its maximum to be-
this calculation, it is assumed th#t- B =0 and therefore low ~10mV ! and showed a lower level of activity. At
errors may exist associated with any possible electric fieldthe same time, the electrons of the boundary layer were
component parallel to the magnetic field. With this caveatreplaced by higher fluxes of magnetosheath-like electrons.
in mind, the drifts in the observed regions are presented inThe electromagnetic field variations at the edge of FTEs
Tables 1 and 2. Just before the arrival of FTE at each spacezan be routinely observed by Cluster (e.g. Farrugia et al.,
craft, the drift velocity measured by C2, C3, and C1 had neg-2011), but the benefit of using these high-time-resolution par-
ative Vi, and after the structure passed, has positiyeThis ticle distributions is clear during this transition, in which re-
is consistent with the magnetic field lines ahead of struc-gion E; is crossed in only 0.5s. At more usual spin reso-
ture being pushed Earthwards as the FTE was approacHution, the plasmas from both the boundary layer, the edge
ing along the magnetopause. The observed compression iand the core would be aliased over 4s and thus no clear
the magnetic field at all three spacecraft is also consistenédge region would be distinguished. The observations in re-
with this interpretation. We note that the magnetopause itselfjion E; show that energy flux of electrons increased from
was expected to be affected by solar wind pressure increase 10’ to above~ 10° keV (cn? s srkeV) 1, their typical en-
(Sect. 4.1), which might have added a total inward motionergy dropped from 114 to 47 eV, and their initially bidirec-
as well. Within these exterior regions of the FTE however, tional distribution gradually turned into a more isotropic one,
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broadening first from the field-antiparallel direction and then I, regions, with a steady increase in the energy band contain-
spreading into a field-parallel beam (e.g. Fig. 6). Note that theng the peak flux from around 300 to around 500 eV.
reverse sequence (conversion of an isotropic distribution to In region k, containing a local maximum in the field
bidirectional) took place over 1 s as the spacecraft crossed strength, the electron temperature reduces to the level at the
the edge region markedBas it exited the core interior re- FTE edges. The distribution of electrons remained isotropic
gion. At the boundary between,@nd E, and also that be- in this region. Unfortunately there is no relevant PAD for
tween B and @, the electric field magnitude reaches the ions available at this time since the CIS instrument was sam-
highest values seen during this entire event. This is consispling in the opposite direction to that containing the flow.
tent with the behaviour expected at the two sheets of relaThis cold population of electrons in the central region of the
tively strong current separating these regions (André et al.core is observed for the first time and is thus of particular
2004, 2010; Vaivads et al., 2004). Given the fact that the averinterest. Since the flux and temperature of electrons in this
age electron energy inside the magnetosheath was 58 eV, amdgion is similar to those in the edges, it is tempting to relate
inside the boundary layer was 114 eV, we highlight the ob-the observation to a temporary return towards the near-edge
servation of the thin layers of electrons with lower observedregion, perhaps due to an oscillatory motion of the magne-
temperatures (peak energy: 47 eV) at the time of the crosstopause. In the case of such a return, we would expect to
ing of these current sheets. The existence of cold-accelerateske variations in th&y component with a secondary peak,
electrons at the edge of FTEs has previously been reportedue to the back and forth displacement of spacecraft rela-
by André et al. (2010), who suggested that these are partive to the magnetopause boundary. However, the observa-
of the reconnection current circuit. In addition, the antipar- tions show that th&, component decreased from maximum
allel beams of electrons observed in these edge regions hawe minimum in a monotonic fashion, while thg,, compo-
higher fluxes than the parallel equivalent just outside the edg@ent remained steadily duskwards. These observations are
of FTE, which may be consistent with a Hall electron cur- not consistent with a return to the edge. Moreover, the elec-
rent flowing in this region, as previously reported by André tric field value does not change significantly, and its activity
et al. (2004) and Vaivads et al. (2004). Minimum variance level in this central region is not as high as the edges. Hence
analysis of £ and B suggest that the outbound normal vec- we conclude that this is a new, separate region within the
tor rotated~ 32.5 dawnwards at the entrance of Cluster into core, where lower fluxes of plasma with lower temperature
the structure, and thenr 30.4 duskwards at the exit. This results in a reduced level of diamagnetic depression of the
again is consistent with a FTE passing by C1 and movingmagnetic field in this region.
duskwards. In 14, the plasma temperature returned to the same level
The PEACE, CIS, EFW and FGM observations recordedas for b. Both electrons and ions increased in energy flux,
within the core of FTE, regiong lto lg (Sect. 4.4.2), show and the ion distribution had components of motion both field
that while theBy component decreased quasi-continuouslyaligned and perpendicular to the field. Ig, lthe plasma
from its maximum at the start ofy| to its minimum in §, reached its highest temperature and also energy flux, suggest-
the By, component was persistently deflected towards dusking that a heating process continued as the spacecraft crossed
and theB; component showed an enhancement at the centréhe interior regions, but the distribution of particles remained
of this interval, in regiond. These observations are consis- similar to those in 4. Finally, in the last region of the FTE
tent with those in previous reports of crater FTEs (e.g. La-core, k, highly field-aligned ions are observed along with
Belle et al., 1987). The electric field inside the core regionbidirectional electron fluxes just before exiting the core of
was < 10 mV nr! throughout and relatively quieter than any- FTE. We discuss this latter region in more detail below.
where else during the interval studied. The averige B During the passage of Cluster 1 through the core of the
drift velocity within these interior regions was100 km st FTE, there is spin phase modulation for ions in magne-
in the (—0.18,—0.97,—0.16) LMN direction for most of the tosheath energies, as they are not gyrotropic in the space-
time, which is in close agreement (within 9 degrees) with thecraft frame (Figs. 7 and 8). Therefore, there are only six data
propagation velocity of FTE calculated by multi-spacecraft points where near-complete ion pitch angle distributions and
timing analysis ¢ 103kmstin (—0.039,-0.994,—0.107)  unaliased ion moments are reconstructed. We have used these
LMN). From the PEACE observations, we can see a clearspin resolution moments to calculate the Alfvén speed, which
temperature change between different regions within thes ~ 950-1250 kmst in the boundary layer outside the FTE,
core. Knowing that the minimum temperature of 47 eV oc- and ~ 95-215km s inside the core. It is to be noted that
curred at the edges, the electrons are slightly heated in rethese are approximate velocities, as there were possibly heav-
gion l; and reach a peak of 58 eV insidg Which is close ierions which were not detected by the HIA instrument, and
to the average of electron energy observed later within thenot taken into account in the plasma density. We note that
magnetosheath. During the same period of time, CIS ob-during the last spin inside the FTE, when strong field-aligned
servations show that the ions moved mainly perpendiculaions and bidirectional electrons were observed, the parallel
to the concurrently observed magnetic field in thed(19, component of ion velocityy} ~115km s, was compara-
—0.97,—-0.17 ) LMN direction inside each of the;El; and ble to Alfvén velocity at that time. This perhaps might be
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evidence for unwinding kinked reconnected field lines, giventhese observations are consistent with the encounter of the
the observations made before the rear edge of FTE, whermagnetospheric portion of a crater-type FTE consisting of
ions were moving along the magnetic field line with speedsa north—south (magnetospheric field) aligned tube of recon-
comparable to Alfvén speed (Cowley and Owen, 1989; Smithnected flux, as expected from the elbow-shaped model, con-
and Owen, 1992; Owen et al., 2001). vecting in the duskward direction. Given the predominantly
Based on these high-time-resolution observations, we posdawnward IMF, this is consistent with the pulling of the mag-
tulate that the observed FTE is not an isolated flux tube, buhetospheric arm of the flux rope duskward across the magne-
instead the ongoing reconnection on the field lines formingtopause plane under the influence of magnetic tension. How-
the boundary layer is contributing to the growth of the struc- ever, since the magnetosheath counterpart of this FTE signa-
ture. In other words, while the core of the FTE consists of theture is not observed by any of the spacecraft, and due to IMF
initially reconnected field lines forming an FTE, the bound- conditions, the topology of the reconnection region might be
ary is also open and is formed of more recently reconnecteanuch more complicated than the one originally sketched by
flux tubes that contain heated plasma, and which are beingrussell and Elphic (1978). During the event of primary in-
added to the outer layer of the FTE core. For this particularterest, all four spacecraft were operating in burst mode, and
FTE, clear evidence of the more recent reconnection is seethe magnetic field orientation inside the magnetosphere was
towards the trailing edge, which will subsequently reach anearly along the spin axis of the spacecraft; thus, we have
more stable equilibrium with other regions within the core used the 3-D data from PEACE and CIS instruments to re-
(Hasegawa et al., 2010). construct the high-time-resolution pitch angle distribution of
A summary plot/schematic view of the observations is electrons and ions. In this way, we have thus used the maxi-
shown in Fig. 11 on thé/ N plane. The spacecraft trajec- mum capability of Cluster to study the plasma with up to 32
tories during the FTE observation are demonstrated in Clustimes higher time resolution than is normally available. As
ter standard colour code, and based on their distance from result, we have been able to identify an FTE substructure
magnetopause plane and PEACE observations. The projeconsisting of a number of different layers. The main results
tion of magnetic field onto tha/N plane, which was mea- of the analysis in this paper are as follows:
sured by FGM, is shown by white arrows. These magnetic
fields also have a strong component along thdirection,
which supposedly represents helical field lines, which sepa-
rate the multiple plasma layers identified by PEACE. These

layers consist of the edges, outer and inner layers of FTE and 5 |yentification of a central region during the magnetic

are marked in black letters. The colours of these layers illus- field enhancement period, with the lowest flux and low-

trate the variation in differential energy flux of the electrons, est temperature plasma, compared to other regions of

which are based on LEEA high-time-resolution observations. the core of the FTE.

The grey arrows are th€ x B drift velocity measured by

EFW, both inside and outside the FTE core. 3. Identification of strongly field-aligned ions with
Alfvénic speeds along with bidirectional electrons near
the rearward edge of the FTE.

1. Identification of multiple layers of plasma, and a general
heating of the plasma populations towards the edges of
the FTE core.

6 Summar
y 4. Identification of thin current layers at the FTE edges,

where the bidirectional distribution of electrons gradu-
ally turned into a more isotropic one, broadening first
from the antiparallel direction and then spreading into
the parallel beam.

In this paper, we have presented the Cluster observations of
a crater FTE on 12 February 2007, when the quartet was lo-
cated in the low-latitude boundary layer, and widely sepa-
rated on the magnetopause plane. The passage of the FTE
was sequentially observed by Cluster 2, 3, 4 and 1 respec- g
tively. Cluster 4 observed only the field lines draping around
the structure, while Cluster 2 and 3 also observed the de-
flected open-field lines with bidirectional low-energy elec- Further studies of similar events will contribute to under-
trons. Finally, Cluster 1 observed the core of the FTE in ad-standing the processes involved in layering the plasma within
dition to the other regions. Putting the evidence together, inthe FTE. We believe that these observations are relevant pre-
cluding the solar wind conditions, the results of timing analy- cursors which may be useful in preparation for higher time
sis, the electromagnetic field variations, the convection speedesolution missions in the future, such as NASA's Magneto-
and direction, and the particle distributions at the four Clus-spheric Multiscale (MMS) mission.

ter spacecraft, we conclude that the observations by Clus-

ter are not due to a temporary displacement of the magne-

topause over the spacecraft location, as the solar wind dy-

namic pressure was steadily increasing. We conclude that

Identification of isotropically distributed electrons in the
FTE boundary layer.
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