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Abstract. The simple model of reconnected field line mo- 1 Introduction
tion developed by Cooling et al. (2001) has been used in sev-

events across the magnetopause. We examine 213 FTEs OHDungey, 1961, 1963) is the dominant process of energy
served by all four Cluster spacecraft under a variety of IMF and momentum transfer from the solar wind into the ter-
conditions between November 2002 and June 2003, when thgsstrial magnetosphere (Cowley, 1984). The basic process
spacecraft tetrahedron separation wé)00 km. Observed  of reconnection as envisaged by Dungey (1961, 1963)
velocities were calculated from multi-spacecraft timing anal-\yas steady state. Indeed, reconnection may occur as a
ysis, and compared with the velocities predicted by the Cool-continuous process for hours at a time (Frey et al., 2003;
ing model in order to check the validity of the model. After phan et al., 2004). However, magnetopause reconnection
excluding three categories of FTEs (events with poorly de-commonly occurs as a transient or time-varying process,

fined velocities, a significant velocity component out of the 5 first observed by Haerendel et al. (1978) in the form of
magnetopause surface, or a scale size of less than 5000 kmjignatures they called “flux erosion events”.

we were left with a sample of 118 events. 78% of these Independently, Russell and Elphic (1978, 1979) identified

e\_/tehnts Weﬁr::o?\zlstentdlnl E)jott'd;ectlon _?f Ir|r10tlg|r_1r?nd Slpee%ignatures of transient reconnection at the low-latitude mag-
with one of the two model de Hoffmann-Teller (dHT) veloc- netopause which they called “flux transfer events” (FTESs).

g'?;cf:rlcol:cl?t%d.:‘r?g tshee;;))oll\;\\/ge g‘lgge; (;?n\',\:g:jlr][i angsm These signatures were interpreted as open flux ropes, formed
WO | P ' xami P y reconnection, which moved away from the reconnection

signatures of several magnetosheath FTES; the electron si%—

natures confirm the hemisphere of connection indicated b)(/\jte under the net effect of the force exerted by the solar
the model in most cases. This indicates that although th ind flow and thejx B magnetic tension force. They were

: . o . . Sdentified by inspecting the magnetic field data in the magne-
model is a_5|mp|e one, it is a useful tool for identitying the tosheath or magnetosphere in a boundary normal coordinate
source regions of FTEs. system (introduced by Russell and Elphic, 1978), in which
N is normal to the magnetopause and directed away from
Keywords. Magnetospheric physics (Magnetopause, cuspEarth. An FTE exhibits a bipolar signature in tBg com-
arid boundary layers; Solar wind-magnetosphere interacponent. In the simplest case, the bipolar signature is formed
tions) — Space plasma physics (Magnetic reconnection) by the draping of unreconnected magnetic field lines around

the FTE. The flux erosion events reported by Haerendel et al.
(1978) were shown to be flux transfer events by Rijnbeek and

Cowley (1984).
The polarity of theBy signature depends upon the mo-
Correspondenceto: R. C. Fear tion of the FTE relative to the unperturbed magnetic field.
(r.fear@ion.le.ac.uk) In the magnetosheath, a “standard” or “direct” signature (a
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1670 R. C. Fear et al.: FTE motion

positive followed by a negative deflection Bw) occurs if  ern Hemisphere, whilst reverse polarity FTEs are generally
the FTE velocity has a component antiparallel to the localobserved in the Southern Hemisphere (Rijnbeek et al., 1984),
magnetosheath magnetic field, whereas a “reverse” signaalthough the division between these events is often inclined
ture (negative/positive) occurs if the velocity has a compo-to the magnetic equator (Berchem and Russell, 1984). Rus-
nent parallel to the magnetic field (Rijnbeek et al., 1982). If sell et al. (1985) showed the polarity, and hence motion, of
the FTE is observed from inside the magnetosphere, a star-TE signatures which occurred when the IMF was southward
dard signature occurs if the FTE velocity has a componento be consistent with low-latitude reconnection even when
parallel to the geomagnetic field and a reverse component ithere is a dominant IMBy component.
the component is antiparallel. There is often a significant in- More recent surveys have extended to the post-terminator
crease or decreaseliB|, and an imbalance in the total pres- region. Kawano and Russell (1997a,b) studied a database
sure (ugas-i-Bz/Zuo) countered by the magnetic tension in of 1246 FTEs, of which 79 occurred in the post-terminator
the draped magnetic field lines (Paschmann et al., 1982). Aegion Xgsm<0, |Zgsml<15REg) when the IMF was north-
bipolar By signature is also observed when the reconnectedvard. It was proposed that most of these events could be
flux tube was crossed, explained by a helicity in the recon-explained by a tilted, subsolar component reconnection line
nected flux rope (Sonnerup, 1987). if open flux tubes in the subsolar region were immediately
Several alternative reconnection-based models have beeriosed by a process of “re-reconnection” (Nishida, 1989),
proposed which explain the observations: Lee and Fu (1985)hus preventing northward IMF FTEs from being observed
proposed a model where helical flux tubes were generateth the subsolar region. When the IMF was more strongly
by multiple reconnection lines (X-lines). Southwood et al. northward, Kawano and Russell (1997b) concluded that the
(1988) and Scholer (1988) independently proposed a modgbolarities and IMFBy dependency could also be explained if
based on a single X-line, where the magnetopause boundatye FTEs were generated near the polar cusps at an antiparal-
layer thickens and then thins as a result of a variation in thdel reconnection site, but then somehow moved equatorward
reconnection rate, producing a bulge which propagates unand tailward.
der the same magnetosheath flow gndB effects. This two The anisotropy of plasma signatures associated with mag-
dimensional model does not produce a tube of reconnectedetosheath FTEs can be used to determine the hemisphere
flux, but can extend a considerable distance along the magasf connection of an FTE. Plasma populations originating
netopause. from the magnetosphere and with a field-aligned anisotropy
It has also been suggested that FTE-style signatures camere first observed inside magnetosheath FTEs by Daly et al.
be formed by magnetopause waves, although this has begi981), consistent with the spacecraft being on open, recon-
hotly debated (e.g. Sibeck et al., 1989; Lanzerotti, 1989;nected magnetic field lines. A parallel beam observed on
Sibeck, 1990; Elphic, 1990; Sckopke, 1991; Lockwood, open magnetic field lines in the magnetosheath implies a con-
1991; Sibeck, 1992; Smith and Owen, 1992; Kawano et al. hection to the Southern Hemisphere, whereas an antiparallel
1992; Elphic et al., 1994; Song et al., 1994, 1996; Sibeck andbeam implies connection to the Northern Hemisphere. (A
Newell, 1995, 1996; Sanny et al., 1996). In the context ofplasma signature is also observed in magnetospheric FTEs,
this debate, Kawano et al. (1992) introduced a “characterise.g. Paschmann et al. (1982), although the scenario is compli-
tic time” (¢chan defined as the time between the positive andcated by the mirroring of plasma at the ionosphere.) Further-
negative peaks in th8y signature) to distinguish between more, Daly et al. (1984) found that there was sometimes an
longer events with bipolaBy signatures#tha>90s) which  inconsistency between the direction of motion inferred from
were found to occur over a wide range of Mcllwain L-shells the FTE polarity (standard or reverse) and the anisotropy
and were not correlated to periods of reconnection as eviof high-energy ion signatures (above 25keV). This incon-
denced by AE index or southward interplanetary magneticsistency could be resolved if FTEs were generated in re-
field (IMF), and shorter eventscfar<90s) which occurred gions where the magnetosheath flow was superéMliw; ac-
nearer the magnetopause during periods of high AE indexcordingly a flux tube connected to the Southern Hemisphere
and southward IMF. Sanny et al. (1996) investigated similarbut crossing the magnetopause in the Northern Hemisphere
signatures, over a wider range of radial distances from Eartltould be dragged northward if the force exerted by the mag-
and also concluded that the shorter events were FTES, whilgtetosheath flow was stronger than the southward-directed
the longer events were more likely to be due to magnetopausmagnetic tension. Daly et al. (1984) also noted that magne-
waves. tosheath FTEs commonly exhibited an increase in intensity
Much work has been done on the statistics of FTE occur-of electrons above 20 keV, although not usually to magne-
rence. Early surveys (Berchem and Russell, 1984; Rijnbeekospheric levels, but that these signatures were commonly
et al., 1984; Southwood et al., 1986; Kuo et al., 1995) exam-isotropic. It was concluded that the lower intensity levels
ined the pre-terminator magnetopaude§w>0), and found  were due to the rapid depopulation of high-energy magne-
that FTEs were strongly correlated with southward IMF, con-tospheric electrons once a field line had been opened by
sistent with low-latitude reconnection as a source of FTEsreconnection. The isotropy of the electron signatures (and
Standard polarity FTEs are generally observed in the Northsmall enhancements in the ion intensities in the opposite
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direction to the main enhancement) was attributed to elecsignatures, possibly leading to an underestimate of the num-
tromagnetic waves associated with FTEs (Anderson et al.ber of magnetospheric events (Thompson et al., 2004; Fear
1982). More recently, Robert et al. (2005) studied a magne-<t al., 2005a).
tosheath FTE which was associated with a bidirectional elec- In this paper, we seek to determine the reliability of the
tron signature at lower energies (accelerated magnetosheatooling et al. (2001) model of reconnected field line motion
electrons, rather than escaping magnetospheric electronsjhereinafter referred to as the “Cooling model”). In Sect. 2,
however, these signatures were interpreted as an entry ontge discuss the instrumentation and event catalogue to be
closed magnetospheric field lines within the core of the FTE.used in this paper. Then, we introduce the multi-spacecraft
The launch of the Cluster spacecraft has enabled fourtiming analysis technique used to determine FTE velocities,
point observations of flux transfer events for the first time and the method to ensure the robustness of these results in
(Owen et al., 2001), which allows the velocity of FTEs to Sect. 3. The Cooling model is discussed in Sect. 4, and a
be determined by multi-spacecraft timing analysis (Russellcase-by-case comparison of the determined FTE velocities
et al., 1983; Harvey, 1998). Wild et al. (2005) and Dunlop and the model is made in Sect. 5. The plasma signatures
et al. (2005) have calculated the velocities of a small num-of FTEs are investigated in Sect. 6. The reliability of the
ber of FTEs in this way, and compared them with a modelmodel is discussed in Sect. 7, and the results are summarised
of reconnected field line motion developed by Cooling et al.in Sect. 8.
(2001). Fear et al. (2005b) identified 446 FTEs observed in a
survey of one season in which the Cluster spacecraft crossed
the magnetopause (November 2002—June 2003). This suR Data set and instrumentation
vey included 120 FTEs which occurred when the lagged IMF
was strongly northward (defined as when the magnitude ofn this study, we use data from the Cluster FGM (Balogh
the IMF clock angle 4= arctar{By/Bz)) was less than et al., 2001), PEACE (Johnstone et al., 1997), Cigrtie
70°), which were mostly in the Southern Hemisphere and inet al., 2001) and RAPID (Wilken et al., 2001) instruments.
the post-terminator region. Many of the events which oc-PEACE provides observations of electrons at energies be-
curred at lower latitudes had a slight equatorward velocity.low 26.4 keV, and CIS observes low-energy ions<@ keV
The equatorward motion (one of the possibilities proposed byand E<40 keV for the HIA and CODIF sensors respectively).
Kawano and Russell, 1997b) was explained by the CoolingRAPID complements these instruments with observations of
et al. (2001) model, which showed that if the component re-higher-energy electrons and ions (above 37 and 27 keV, re-
connection site was initiated in the Southern Hemisphere angpectively). In this paper, we use 5Hz observations of the
in the super-Alfienic magnetosheath flow region, the open magnetosheath/magnetospheric magnetic field provided by
magnetic field lines which were connected to the SoutherrFGM. The solar wind conditions are provided by the ACE
Hemisphere ionosphere would be swept across the locatiogpacecraft. The lagged IMF was calculated using 64 s aver-
of the X-line and could be swept equatorward, matching theages of the solar wind speed from the SWEPAM instrument
observed motion of the FTEs. (McComas et al., 1998) and 4 min averages of the IMF from
Wang et al. (2005, 2006) presented a larger surveythe MAG instrument (Smith et al., 1998).
of 1222 FTEs observed by Cluster, based on two and We use the catalogue of 446 FTEs compiled by Fear et al.
a half magnetopause crossing seasons (February 2001 {@005b). FTEs were selected for this catalogue if both a clear
June 2003). These authors observed that approximately 30%ipolar signature inBy and a change (enhancement or de-
of events were observed by all four spacecraft, althoughcrease) inB| were observed by at least one spacecraft. The
during this time the inter-spacecraft distance at the magneehange in|B| had to be centred close to the centre of the
topause crossing varied from100 km to~1Rg. Further- By signature. FTEs were excluded if they coincided with
more, approximately 73% of events were observed in thea magnetopause crossing at all spacecraft which observed
magnetosheath, as opposed to being observed in the cusp rdse By signature (i.e. magnetosphere—FTE—-magnetosheath,
gion or the magnetosphere-proper (an observation also mader magnetosheath—FTE—magnetosphere).
by Fear et al., 2005b). A similar percentage of magne- The catalogue extends from November 2002 to June 2003.
tosheath events was observed if the high latitude (near-noonn this period, the orbit of the Cluster spacecraft precessed
and low latitude (flank) regions were examined separatelysuch that it crossed the low-latitude magnetopause on the
Wang et al. (2005) suggested that this was because FTEdusk flank (November/December 2002), through the high-
were more likely to extend further out into the magnetosheathatitude magnetopause at local times near noon (January—
than they extend into the magnetosphere; recent analysis @fpril 2003), and finally the low-latitude magnetopause on
some individual FTEs observed by Cluster has confirmedhe dawn flank (May/June 2003). During this season, the
that this may be the case (Hasegawa et al., 2006). Howeveseparation of the Cluster spacecraft was of the orderryf,1
a further possible explanation is that the magnetospheric sigwhich is the scale size of an FTE normal to the magnetopause
natures of FTEs at high latitudes, particularly in the vicinity as determined by low-latitude observations (Saunders et al.,
of the cusp, may often be more complicated than low latitude1984). This separation is useful for studying the velocities of
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Fig. 2. A polar histogram of the IMF clock angle at the time of each
Fig. 1. A polar histogram of the lagged IMF clock angle at the time magnetopause crossing. The figure takes the same format as Fig. 1.
of observation of each FTE. The angle clockwise from north is the
IMF clock angle; hence the angles are those as viewed from the
Sun. North and south{Zgs)v) are at the top and bottom, and dusk observing at least one FTE on a low-latitude flank magne-
& dawn (EYgswm) are right & left. Each bin is 20wide. topause crossing. Consequently, there are more observations

of FTEs duringBy-dominated IMF intervals than wheBy

is low. A significant number of events (which were the sub-
FTEs. If the separation were smaller, only a small time dif- ject of more detailed analysis by Fear et al., 2005b) were
ference would be observed between the signatures at the dibpserved when the IME was northward and dawnward.
ferent spacecraft leading to a larger uncertainty in determin-  Figure 2 shows a histogram of the IMF clock angle at the
ing FTE motion. On the other hand, if it were larger it is un- time of each of the 180 magnetopause crossings for which
likely that many events would be observed by all four space-solar wind data were available. There was a tendency for
craft, rendering velocity determination by multi-spacecraft the IMF to be either southward and dawnward, or northward
timing impossible. and duskward (see Fig. 3 of Wang et al., 2006). Therefore

A histogram of the dependence of FTE occurrence ona normalised distribution is shown in Fig. 3, using the fol-

IMF clock angle is shown in Fig. 1. The solar wind lag lowing method which was adopted by Kuo et al. (1995). For
time was determined for each FTE by calculating the arrivalthose magnetopause passes on which FTEs were observed,
time of each 4-min parcel of solar wind plasma in the threethe lagged IMF at the time of each FTE was taken, and aver-
hours before each FTE usingcsm observed by ACE and aged for each pass. For those passes on which no FTEs were
the separation inXgsy between ACE and Cluster 3. The observed, the IMF was taken to be that at the magnetopause
lagged IMF was plotted with the magnetosheath magneticcrossing time. The number of passes on which FTEs were
field observed by Cluster, and the lag was adjusted by ey®bserved in each clock angle bin was then divided by the
where necessary (Fear et al., 2005b). Most FTEs were obtotal number of passes to obtain an “FTE occurrence proba-
served when the IMF was southward but strongly dawnwardbility”. For the purposes of this figure, the number of FTEs
or duskward. This is consequence of the orbit of Cluster.observed on a crossing is irrelevant; it shows the probabil-
Since one would expect FTEs formed in the subsolar regiongty of one or more FTEs being observed. In the normalised
during intervals of low IMFBy to move predominantly lat- distribution, FTEs are still most likely to be observed dur-
itudinally, whereas those formed undBy-dominated IMF  ing IMF By-dominated conditions, but there is no other clear
would move more longitudinally, there is a higher probability peak in the distribution. The FTEs observed when the IMF
of observingBy-dominated events on the flanks than at thewas strongly northward were overwhelmingly observed on
high-latitude, near-noon magnetopause. The Cluster spacéhe post-terminator magnetopause (Fear et al., 2005b).
craft spend relatively little time near the magnetopause near
local noon, but skim the low-latitude flank magnetopause for
long periods and there is therefore a higher probability of
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Fig. 4. An illustration of theB signature observed by two space-
, craft intersecting an FTE at different positions. An assumption
coun 1 made in the multi-spacecraft timing analysis is that the delay be-
100% tween the observed signatures at each spacecraft is due to the pas-
sage of a planar surface. In this figure, spacecraft 1 observes a
briefer signature than spacecraft 2, but the planar surface perpen-
Fig. 3. The FTE “occurrence probability” (as defined by Kuo et al., dicular to the direction of motion is that which passes through the
1995) for the survey carried out by Fear et al. (2005b) as a functionmid-points of theBy signature (central dashed line). The plane is
of clock angle. The dashed line marks a clock angle-66°. independent of any model of FTE structure. In this figure, a Russell
and Elphic (1978) flux tube is indicated by solid circular field lines,
whereas a Southwood et al. (1988) model FTE is indicated by the

3 Multi-spacecraft timing analysis dotted line.

In order to make a case-by-case comparison with the Cool- . . .
ing et al. (2001) model, the technique described by Har_spacecraft which cross the FTE at different distances from

. . the magnetopause (and indeed may only observe the mag-
\2/?:; (Fl_?égv\?h?:iﬁ )WV;?E gssgr\t;g:}s;rg%? g‘;ﬁvsiloﬁgu?; thenetic field draping region around the FTE core). A spacecraft

. . P gnhatlfe =\ hich enters deeper into the FTE should observe a longer du-
on all four spacecraft. This technique uses the relative t'merationB signature (and may observe larger p@kdeflec-
differences between the signature observations at each of ﬂheons) trivan g spacecraft whi)éh merel rgzesp the ETE. How-
six pairs of Cluster spacecraft, rather than the time differ- P Y9 '

ences between one “reference” spacecraft and the three ote-v er, the mid-points of thyy signature observed by the dif-

ers. This reduces the effect of an error on a single timing erent spacecraft (whety is equal to its background value

. ; outside the FTE) form a plane which is perpendicular to the
measurement on the outcome. It is also easily extendable :
fnagnetopause and moves with the FTE.

rovide an estim f the uncertainty on each calcul ; . .
to provide an estimate of the uncertainty on each calculated Since there are four Cluster spacecraft, there are six possi-

velocity. .
. . . - ._ble time delays:
An assumption made in multi-spacecraft timing analysis
is that the structure being observed is planar on the scale of , — tp —lo (1)

the spacecraft separation. In the case of an FTE, the timing

analysis is not carried out on the surface of the FTE (whichwherez, andzg are the observation times at Cluster space-
is likely to be curved on the scale of the 5000 km space-craft « and 8 (2<a<4, and kf<«a). The magnetopause
craft separation). Instead, it is carried out on a plane thanhormal vector was determined by the Roelof and Sibeck
is constructed from the mid-points of the signature. This is(1993) model, as this was used to identify the events by Fear
illustrated in Fig. 4, which shows a sketch of an FTE, eitheret al. (2005b), although we note that the bipaBay signa-

in flux tube form (e.g. Russell and Elphic, 1978; Lee andture is not sensitively dependent on the direction of the nor-
Fu, 1985, represented by solid circular/helical magnetic fieldmal (Rijnbeek et al., 1984). The Roelof and Sibeck (1993)
lines), or in the form of a magnetopause “bulge” (Southwoodmodel takes the solar wind dynamic pressutg) and IMF
etal., 1988; Scholer, 1988, represented by the dotted line). IrB; as inputs, but these inputs were capped if they were
this simple picture, the FTE is assumed to be symmetric. It isoutside the model bounds-{ nT<Bz <7 nT, Pyyn<8 nPa).
further assumed that the FTE does not change size or shapeny offset in the By component was removed, and then
between being observed by the different spacecraft. The tweach time delay,s was initially obtained by maximising the
bipolar traces represent thigy signatures observed by two cross-correlation coefficient between g signatures at the

www.ann-geophys.net/25/1669/2007/ Ann. Geophys., 25, 1669-1690, 2007
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L 1. If the duration of theBy signature observed by one
| * | spacecraft was shorter than the signature observed by
150 - " the other, but the peaks were roughly symmetrical about
I L1 the mid point, then the mid points were aligned and the
E‘ J peaks were not. The uncertainty on the time lag was
S . estimated such thais+6t.,5 encompassed the peaks.
§ 100 K *; 2. If the By signature was not symmetrical about the mid
>3 | + point on one or both spacecraft, then the peaks were
S | ji aligned and the uncertainty was taken to be the differ-
o |+ v ence in time which would be required to align the mid
b= I 3] points of the signatures.
% 5014 . Following Harvey (1998, p. 311), the direction of motion of
. . * . the FTE @) and its speed{) were determined by minimis-
oo T o, ing the function:
'%ﬁi*i ;iﬁl C e 4 4
LN L AP RS S=Y"3lh-(rg —rp) — Vigg)? )

Nov Dec Jan Feb Mar Apr May Jun Jul a=1p=1
2002 2002 2003 2003 2003 2003 2003 2003 2003

Date of FTE (Note that we use the vectdrinstead of Harvey's in order

to avoid confusion with the magnetopause normal.)

Fig. 5. The 90% “angular uncertainty” error angle for each of the N EQ. (2),ro andrg are the the position vectors of space-
213 FTEs for which a velocity was obtained. The line indicates Crafte andg relative to the tetrahedron mesocentre (Harvey,
the threshold of 30which was used to select well-defined events. 1998, p310). The mesocentre is defined such that:

At the beginning and end of the magnetopause crossing season the4

Cluster spacecraft tetrahedron quality was poor when the spacecragz -0 3)
crossed the magnetopause, and consequently some FTE velociti o

were determined with large errors. This was exacerbated in June by ~

a spacecraft manoeuvre on 10 June 2003. All events after 10 Junklarvey (1998) defined the vecter as a vector with the di-
2003 were discarded by Fear et al. (2005b), and are eliminated imection of the FTE velocity but the magnitude of the recipro-
the present study by applying a<3threshold on the 90% angular cal of the speedngz%), Consequently, the value ef for

uncertainty. the minimum value of is given by:

Y tap(rak — V/Sk):| Ryt @

1

m; = —
two spacecraft. A preliminary examination of thg values 16 |:a#;
showed that sometimes the cross-correlation was dominatedh h - by:
by part of the signature, such as the peak or trougBpf  Where the tensoky, Is given by:

or some other internal structure that was present in the sig- 1.4
nature. Therefore,z was adjusted, where necessary, by eye Ry = 2 Z FakTal )
to produce the best overall fit to three key features ofBRe a=1

signatures on each spacecraft: the mid point of the bipolagng;,,, is thekth component of the position vector of space-
signature (whereBy is equal to the value outside the signa- craft« relative to the mesocentre.
ture), and the positive and negative peaks. In order to assistin Tpig expression fom allows the velocity of an FTE to
judging this correction, a low-pass filter was applied to pro- ye calculated, assuming no uncertainty on the measurement
duce a simplified signature which was examined alongsideys tap. To estimate the uncertainty in the FTE velocity, we
the unfiltered data. The cutoff period used in the filter wasincorporated the estimated uncertainty in each of the individ-
varied according to the duration of the FTE and any internal|;5) spacecraft timings. We recalculatecusing 10 time de-
structure. lays normally distributed about eacfy measurement, with

An uncertainty, or error, was also determined for each tim-a standard deviation dfz,s/3 (som was recalculated fo
ing measuremen®{,g), which was estimated such that all times). If our measurement was robust, all values eVould
three of these features would match up within the uncertaintycluster around the original value, otherwise the measure-
In practice, many signatures differed slightly between two orments were treated as ambiguous. We defined the angular
more spacecraft, and so determining the time difference wasincertainty as the angle of a cone which contained 90% of
not straightforward. In these cases, the following considerathe recalculated velocity vectors, and discarded events with
tions were made: an angular uncertainty of greater thar? 30
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The results of this error analysis are shown in Fig. 5.
Throughout most of the magnetopause crossing season, the
angular uncertainty on the FTE velocities was comparatively
low. Even if there was a large uncertainty on the time delays
between signatures observed at different spacecraft, the Clus-
ter tetrahedron was of a good enough quality and the space- ]
craft separation was large enough that changing the time de- 0 200 40 60 80 100 120
lays within the error bounds had very little effect on the re- Characteristic time tg,, (s)
sulting velocity. However, in November the Cluster space-
craft tetrahedron quality was poorer as the spacecraft crossed
the magnetopause. Some FTEs exhibited very clear and sim-
ilar signatures on all four spacecraft, resulting in well-defined
velocities. However, the FTEs which exhibited weaker sig-
natures at some or all of the spacecraft produced less well-
defined velocities. On 10 June, a series of spacecraft ma-
noeuvres rearranged the Cluster quartet into two pairs, dras-
tically reducing the accuracy of the multi-spacecraft timing
analysis. The events after this date were excluded by Fear
et al. (2005b); all of them have an angular uncertainty greater
than 30.

Figure 6a shows a histogram of the peak-to-peak or “char-
acteristic” time for each FTE observed by all four spacecraft
(tchar a@s defined by Kawano et al., 1992). Where differ-

(a)
Total events: 213 4

Number of events
&
o

(b) ]
Total events: 175 7

Number of events
N}
o

0 20 40 60 80
Angle to model magnetopause (degrees)

(c) E
Total events: 142 7

Number of events
o
T

ent spacecraft observed signatures of different durations for 0 100 200 300 400 500 600
the same FTE, the most representative signatures were used. FTE speed Vel (km/s)

There is a wide range of values, but note that all but two

FTEs havechar<90 s, which corresponds to the category of 2 201 (o) |
transient magnetopause events exhibiting bipslarsigna- > 151 Total events: 142
tures that Kawano et al. (1992) ascribed to reconnection (as %5 1oL ]
opposed to pressure pulse related events, which the authors R 1
concluded tended to havigya>90S). e °f ]

2 0 [1 -

In Fig. 6b, a histogram shows the angle between each
Vere and the local model magnetopause surface (using the 0 5000 10000 15000 20000 25000 30000
paraboloid model magnetopause surface used in the Cool- FTE charocteristic size (km)
ing et al. (2001) model, which will be discussed in the next

section). Events with an anQU|ar. ungertamty of larger thanFig. 6. Histograms of various properties of the FTEs observed by
3¢ h_a_ve b_een excluded from this histogram. Most of theaII four spacecraft(a) The characteristic timedhg,) for each of the
velocities lie close to the magnetopause surface, as woul@rgs ghserved by all four spacecratb) The angle between the
be expected as the structure moves along the magnetopausfiedel FTE velocityV e and the Cooling model magnetopause
However, 33 of the remaining events appeared to be directegurface, for each of the FTEs observed by all four spacecraft and
away from the magnetopause surface by more thar(tde where the angular uncertainty dfetg was less than 30 (c) The
maximum angle being 7. speed of each FTE which had a velocity deduced to an angular un-
Figure 6¢C shows the Spread of FTE speeds_ In both pancertainty of less than 30 and where the FTE velocity was within
els (c) and (d), we have excluded the events with a Ve_30‘f qf th_e Cooling model magnetopause surfa_@). The charac-
locity directed out of the magnetopause surface by mord®€'istic size [VETel xfcha for each of the FTEs in (c).
than 30, as well as the events with an angular uncer-
tainty greater than 30 This leaves 142 FTEs. Again,
there is a large spread of speeds, with most events havinbipolar By signature do not necessarily represent the edges
~150<|Vg1E|<~550km s L. of the FTE core. (A bipolar signature is still observed if
By multiplying the characteristic time of an event by its the spacecraft only sample the region of field line draping
speed, we can obtain a characteristic size of the FTE, whictand do not enter the FTE core.) Nonetheless, this estimate
is shown in Fig. 6d. This characteristic size represents therovides the order of magnitude of the events. Most events
scale length of the event along the direction of its motionhave a characteristic size of between 4000 and 16 000 km
across the spacecraft, although it is not exactly equal to th€0.6 to 2.5Rg), but events up to 29 000 km (4R;) are ob-
diameter of an FTE as the positive and negative peaks of theerved moving along the magnetopause. Some events were
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observed that were smaller than 4000 km, but these eventglasma at the kink in the reconnected field line and mirror-
will be underestimated as the FTE must be observed by aling of magnetosheath plasma at lower altitudes). They also
four Cluster spacecraft for its velocity to be determined, andassumed that, whilst the velocity of the plasma is changed as
the spacecraft had a typical separation scale of 5000 km duiit crosses the magnetopause, its thermodynamic properties
ing this season. Therefore, there may be many smaller-scalare unaffected and the plasma pressure just inside the mag-
FTEs which are not included in this histogram. Of the eventsnetopause is the same as that in the magnetosheath. This re-
which are directed out of the magnetopause by more than 30gion is referred to as the boundary layer. The boundary layer
(but with an angular uncertainty of less thar?B®ne hasa magnetic field is assumed to have the same direction as the
characteristic scale of Bg (not shown), but the remainder local magnetospheric field, but to maintain the stress balance
are smaller than 29 000 km. normal to the magnetopause the boundary layer magnetic
pressure is the same as that in the magnetosheath. There-

) fore the magnetic field strengths in the boundary layer and

4 The Cooling model magnetosheath are the same, and hencetAlfpeeds in the

. . magn heath an ndary layer are al l. nse-
The Cooling model calculates the motion of reconnected flux agnetosheath and boundary layer are also equal. Conse

tubes over the surface of a model magnetopause for specifie%iuenﬂy’ the boundar_y layer magnetic f'e"?' s;rength IS Sup-
. > ressed compared with the magnetospheric field.
magnetosheath and solar wind conditions. It has been used

by Wild et al. (2005), Fear et al. (2005b) and Dunlop et al. I;rﬁadﬁ;ucgfonsgitwiﬁ eﬁt’ I:]T{:' ﬁggvgagear@iiscgoism tg?a” el
(2005) to explain the motion of flux transfer events. In this b g 9 P ' P

: . : ; or antiparallel to the magnetic field respectively. Therefore,
section, we explain the basic workings of the model. : : .
i . ; . these vectors will be unaffected if reconnection takes place
Specifically, the Cooling model provides the velocity of

the point at which reconnected magnetic flux threads theWlth open geomagnetic field lines in the lobe, even though

o o : Pne of the resulting flux tubes is not connected to the iono-
magnetopause. This instantaneous velocity is the velocity Osphere
the de Hoffmann-Teller framé{y ), which is the frame in )

: e The Cooling model calculates the magnetosheath mag-
which the electric field transforms to zero (de Hoffmann andnetiC field (B,,,) from a model developed by Kobel and

SFI'uckiger (1994). The Kobel and #dkiger (1994) model
takes three inputs: the stand-off distances of the bow shock
and magnetopauserf, and R,,,) and the IMF. The mag-

the velocity of an FTE calculated from multi-spacecraft tim-
ing analysis for two reasons. First, the velocity derived from

a timing analysis is the ve_locny of the FTE perpendicular netopause is modelled as a paraboloid. The magnetosheath
to the flux rope (or the equivalent structure in other models,velocit (V) and density ;) are taken from an imple-
e.g. Southwood et al., 1988; Scholer, 1988); the FTE axis is Y Vsh NSILY Ash P
P ; . “mentation of the Spreiter et al. (1966) model.

assumed to extend infinitely, so motion along the FTE axis o S
cannot be determined. Second, the motion of part of an FTE The magnetic field in the boundary layer just inside the
further from the point ét which it threads the rrﬁ)a neto ausemagnetopause is assumed to have the magnitude of the model

. P 9 P magnetosheath magnetic field, but the direction of the mag-
may be influenced more by local magnetosheath flows. How- . e o

; : netospheric (geomagnetic) field{,,). This is a conse-

ever, we seek to evaluate how well this velocity represents the uence of the simplifying assumption by Cowley and Owen
motion of observed FTEs. 9 P g P y y

. . . (1989) that the discontinuity is purely rotational; therefore
Cowley and Owen (1989) derived the following simple re- H i
lationships between the de Hoffmann-Teller velocities andthat all magnetosheath plasma incident upon the open mag

) o p netopause is transmitted across it into the boundary layer
the magnetosheath VEIOC.'W’ mggneﬁcﬂeld and &ffepeed and that only the velocity of the plasma is changed (not
from stress balance considerations:

its thermodynamic properties). The boundary layer and ge-

VN = Vs — Vabsy (6) omagnetic fields do not feature in the expressions for the
velocities of reconnected field lines (Egs. 6 and 7), but
Vurs = Vs + Vabsy 7) the geomagnetic field is required to evaluate the magnetic

shear at the magnetopause and to trace the model recon-
Vurn and Viyrs are the de Hoffmann-Teller velocities of nection line. The geomagnetic field direction is derived
the flux tubes connected to the Northern and Southern Hemifrom a simple model where all geomagnetic field lines are
spheres respectively. sy is the magnetosheath velocityy ~ mapped from the southern to the northern cusp over the
is the magnetosheath Awn speed, anblsy is the unit vec-  surface of the magnetopause. The cusps are taken to be
tor of the magnetosheath magnetic field at the point wherdgwo points on the paraboloid magnetopause at the locations
the reconnected field lines cross the magnetopause. (3Rup. 0, £Ryp)cswm.

In deriving these equations, Cowley and Owen (1989) as- In the original implementation of the Cooling model, a re-
sumed that the plasma flow along the reconnected flux tube isonnection site is specified by the user. The model permits
purely inward across the magnetopause (neglecting outwardeconnection at this site if the difference in the components of
flow of magnetospheric plasma, reflection of magnetosheatlthe magnetic field perpendicular to the magnetopause current
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direction (i.e.|B,;—Bgn|) is above a user-defined thresh- ST 'Am'g\'e‘
old. A component reconnection line is then formed by trac- - 1
ing along the direction of the magnetopause current, i.e. per-

pendicular to(B,,;—Bg,). Model flux tubes are placed at
several positions along the reconnection line; Egs. (6) and
(7) are evaluated at those points and the flux tubes are moved
a step of VyTNAT or VyrsAT, whereAT is a short time
interval. This process is repeated, and so the paths of the :
model reconnected flux tubes are traced. However, all that [ &
is needed to calculate the instantaneous velocity of an FTE, 2 ° ©
using the expressions derived by Cowley and Owen (1989) " "
are the local magnetosheath parametsg( Vs, andngy). s
Therefore in this study, the model is run in reverse: Eqs. (6)

and (7) are evaluated at the location of an observed FTE (pro-
jected onto the model magnetopause used by the Cooling _io
model), and the observed FTE velocity is compared with the
two model velocities Vytny andVyts) at this point. A step 1
is taken in the opposite direction for each model flux tube -5t Lo Lo Lo o Ly
(—V 7 AT, whereAT is 0.75s) and the model flux tube ve- e e IV 10 "
locity is reevaluated. This process is repeated for 1000 steps

(or 7505s).

T T T

T

10

T T T T T T T T T T T

T

T T T

T T T

Fig. 7. An example model run: 22 February 2003, 01:23 UT. The
figure shows a view of the model magnetopause projected into the
GSM Y-Z plane, with concentric dotted circles marking contours of
Xasm; the cusps are considered to be point singularities marked by

. diamonds. The boundary at which the model magnetosheath flow
A separate model run was carried out for each of the 213oecomes super-Alenic is marked by a purple contour, with tick

FTEs qbserved _by all four spgcecraft gsing the lagged IMFmarks pointing to the direction in which the flow is sub-Adfvic.
solar wind velocity and solar wind density for each event. An A model subsolar component reconnection line (thin black line)

example model run is shown in Fig. 7, which shows a casenas been initiated atR,,. 0, 0)gsm and traced perpendicular to
where the observed FTE velocity (green arrow) matches well B,,s—Bgn) for 20Rg in each direction. The position and veloc-
with the Cooling mode¥V y1y (black arrow at the end of the ity of the observed FTE have been projected onto the model magne-
red line), but not the mode¥ yrs (black arrow at the end topause. The projected observed FTE velodityjected is shown

of the blue line). The motion of the model reconnected field @S & green arrow. The model vel_ocities for flux tubes connected to
lines that form the FTE can be traced back along the red lind"€ Northern and Southern Hemispher#g;n and Vyrs) have

towards a subsolar reconnection line which has been initiate(‘:iIISO been calculated using the mOd'.sl. magnetosheath magnetic field
. . . and flow speed at the projected position (black arrows). The model
at Yesm=Zgsm=0. The precise reconnection site cannot be

X flux tube paths have been traced backward for 750s (red line: flux
determined from the model alone — an FTE generated anYgubes connected to Northern Hemisphere; blue line: connection to

where on the red path would have the same subsequent M@oythern Hemisphere). Also shown as a black arrow is the model

tion. The lagged IMF for this FTE was slightly northward, (radial) magnetosheath flow.

but predominantly duskward. The point at which the model

magnetosheath flow becomes super-aific is marked in

Fig. 7 by a purple contour. observed FTE velocityW rre) was projected onto the model
The magnetopause stand-off distand, (), was calcu- ~Magnetopause surface:

lated separately for each event:

5 Case-by-case comparison

Vprojected= fimodel X (VETE X fimode) (9)

) 1 In the simple case of reconnection near the subsolar point,

Rup = ( B ) 8) the reconnected field lines move in opposite directions. Con-

Lonswm;ive, sequently only FTEs connected to the Northern Hemisphere

would be observed northward of a subsolar reconnection line,

(Schield, 1969), wherey,, is the solar wind ion density and and only FTEs connected to the Southern Hemisphere would

vsy IS the solar wind speed, both of which were taken from be observed southward (although the reconnection line will

the lagged ACE dataBg is the equatorial magnetic field be tilted if the IMF has a significam®y component). How-

strength at the Earth’s surface (taken to be@@* nT), i is ever, as noted by Daly et al. (1984) and Fear et al. (2005b), if

the permeability of free space and is the proton mass. The reconnection occurs away from the subsolar region then re-
presence of heavier ions in the solar wind was neglected. Theonnected flux tubes at the magnetopause may be connected
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Fig. 8. An example model run for an FTE which is connected to the Fig. 9. Histograms of the angle between the observed FTE veloc-
hemisphere opposite to that which would be inferred from the posi-ities (projected onto the model magnetopause) @)che near-

tion relative to a subsolar component reconnection line (12 Novem-est Cooling model velocityWytn or VTs), and(b) the model

ber 2002, 14:42 UT). This figure takes the same format as Fig. 7magnetosheath velocity (dotted line). These histograms include all
The direction of motion of the FTE is consistent with the model FTEs which had an angular uncertaintly of less thah &0velocity
Vhts. The equatorward motion of the FTE is therefore a con- within 30° of the model magnetopause surface and a characteristic
sequence of super-Alénic magnetosheath flow at a high-latitude scale of greater than 5000 km (total 118 events).

reconnection site (discussed by Fear et al., 2005b).

to the opposite hemisphere from that which would be ex-at this location if it had been generated in a region where

pected in the near-subsolar scenario. Therefore the existendB€ Magnetosheath flow was sub-Ahic, as it would have
of two possible FTE velocitiesWuy and Viyrs) at such moved dawnward under the effects of magnetic tension. As

a site is not merely an artefact of the model. An example is® result, the blue path in Fig. 8 cannot be traced back into the

shown in Fig. 8, which shows the comparison with the model"©910n of sub-Alfenic flow.

for an FTE observed on the 12 November 2002 at 14:42 UT. Consequently, the projected velocity of each FTE was
This FTE occurred during an interval of strongly northward compared with both the moddtyrn and Vyrs vectors.
IMF, and was part of a group of FTEs studied by Fear et al.The FTE velocity was regarded as consistent withry or
(2005b). As the IMF is strongly northward, the model sub- VHts if Vprojectedwas within 30 of the model velocity, and
solar component reconnection line is highly tilted. There- |V projected Was greater than half and less than double the
fore, if strict subsolar reconnection was assumed, only remodel speed. Out of the 142 events wh¥fere was deter-
connected field lines connected to the Northern Hemispher&nined with a 90% angular uncertainty of less thaf, 3hd
would be observed at this point (as illustrated by the red linewhereV gre was within 30 of the model magnetopause sur-
in Fig. 8), as field lines opened at a subsolar reconnectiorface, 103 events were consistent with either the mdgain

site and connected to the Southern Hemisphere would mover VHts in magnitude and direction (73%). Interestingly, if
dawnward. (A subsolar reconnection scenario, combinedveé exclude the events with a characteristic size of less than
with re-reconnection, was one of the explanations for north-5000 km, we find that 92 out of 118 events are consistent
ward IMF FTEs proposed by Kawano and Russell, 1997a,b)With either Viyrn or Viyrs in both magnitude and direction
However, as discussed by Fear et al. (2005b), this FTE exhib(78%), and a further 12 events (a total of 88%) are consis-
ited equatorward motion as it was formed at a high-latitudetent with eitherVyrn or Viurs in direction only (such as the
reconnection site where the magnetosheath flow was supefxample in Fig. 8).

Alfv énic, and was connected to the Southern Hemisphere (as A comparison of the angle between the observed FTE
indicated by the similarity of the projected FTE velocity to velocities (projected onto the magnetopause surface) and
the modelV y7s vector). Such an FTE could not be observed the Cooling model velocities and the model (radial)
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magnetosheath velocity is shown in Fig. 9. In these his-from the magnetosheath parameters (both were consistent
tograms, events with an angular uncertainty of greater tharwith Vyrs, but were observed on the northward side of the
30°, a velocity out of the magnetopause surface by more tharsubsolar reconnection line used in the model).
3 or a characteristic scale of less than 5000 km have been
excluded. The solid line is a histogram of the angle between
Vprojected@nNd V 7 (which is taken to be the nearer of the 6 Plasma signatures
two model FTE velocities). There is a strong peak in this
distribution at angles below 300n the other hand, the his- Examination of the plasma signatures of FTEs can remove
togram of the angle betwedfpgjecteq@nd the model magne- the ambiguity of the two possible model velocitiééytn
tosheath velocity shows a broader distribution with a higherand Vyrs. If a magnetosheath FTE is observed, and the
mean (dotted line). This indicates that the Cooling model ex-Sspacecraft enters onto reconnected magnetic field lines (as
plains FTE motion better than a simple assumption of radialopposed to observing only the region of magnetic field drap-
motion away from the subsolar point. ing), then one expects to observe escaping magnetospheric-
energy and energised magnetosheath-energy ions and elec-
5.1 Evaluation o 5 from magnetosheath parameters  trons moving parallel to the magnetic field if the open mag-
netic field lines are connected to the Southern Hemisphere,
Obvious causes of error in the Cooling model comparisonor antiparallel to the magnetic field if the field lines are con-
include the solar wind lag and the accuracy of the modelsnected to the Northern Hemisphere. If a magnetospheric
used to calculate the magnetosheath density, flow velocity=TE is observed, then the magnetosheath population cross-
and magnetic field. When the FTE is observed by at least onéng into the magnetosphere may mirror at low altitudes and
spacecraft in the magnetosheath, these errors can be elimierm a bidirectional field-aligned population. However, if a
nated by calculating the de Hoffmann-Teller velocites givenunidirectional magnetosheath population is observed, it will
by Egs. (6) and (7) using the observed magnetosheath pdse aligned parallel to the magnetic field if the flux tube is
rameters, before and after the passage of the FTE, rather thaonnected to the Northern Hemisphere, and antiparallel to
model values. the magnetic field if connected to the Southern Hemisphere.
We have evaluated Egs. (6) and (7) for the remainingThere may also be a drop-out of the magnetospheric-energy
12 magnetosheath FTEs which had an angular uncertaintipns and electrons.
of less than 39 a velocity within 30 of the model mag- To further test the Cooling model, and remove the ambi-
netopause surface and a characteristic size of greater thaguity of two model velocities, we examine the plasma sig-
5000 km but which were not consistent in direction with the natures of the FTEs in Sect. 5 which were consistent in di-
Cooling model. (Two further events were observed whenrection with Viyry or Vs (but not both, as may be the
all four spacecraft were in the magnetosphere.) For eacltase if the magnetosheath flow dominates over theéhity
FTE, we took typical magnetosheath conditions outside thecomponent of Egs. 6 and 7). Unfortunately, due to the degra-
FTE, and used the magnetic field observed by FGM anddation of the microchannel plates in some of the PEACE in-
the ground-calibrated velocity and density moments derivedstruments, PEACE was turned off on all of the spacecraft
from CIS HIA data. (The HIA sensor is less prone to satura-whilst in the magnetosheath for much of the season. We
tion in the magnetosheath than CODIF, and therefore proare therefore restricted to those events on a few crossings for
vides more reliable moments in the magnetosheath.) Theavhich PEACE data are available on at least one spacecraft,
mean difference betweeWr calculated with the Cooling mainly at the beginning and end of the season. CIS data were
model and using Egs. (6) and (7) and the observed magnenore generally available throughout the season, but we ex-
tosheath parameters was onhyiB the case of model vectors amine here only those events for which PEACE data were
for field lines that were connected to the hemisphere in whichalso available. We also briefly examine some of the high-
the FTE was observed (accounting for ayinduced tilt of ~ energy signatures observed by the RAPID instrument.
the subsolar reconnection line), but the mean difference was The results are shown in Table 1, which lists all 27 FTEs
2% for the field lines which were connected to the oppo- which satisfied the conditions outlined above. 13 of these
site hemisphere. This indicates that the Cooling model re-events occurred when the absolute IMF clock angle was less
sults are reasonably stable when the magnetosheath flow artdlan 70 and were observed on the 10, 12 or 17 November
magnetic tension force act in broadly the same direction, buR002. These events are denoted with an asterisk and were
the model is much less stable if the flow is super-Alic studied by Fear et al. (2005b), although their plasma signa-
and the magnetic tension is oppositely directed (which re-tures were not examined in that paper and so are presented
sults in the FTE being dragged back across the reconnectiohere. The first two columns list the event number (allocated
site). The mean angular difference between the observed and each event observed by all four spacecraft, and used to re-
model magnetosheath flow velocity was’10wo of the 12 fer to FTEs in this paper) and the date and time of each FTE.
FTEs which were inconsistent with the Cooling modte} The third column shows which of the two Cooling model
vectors were consistent with one of the vectors calculatedde Hoffmann-Teller velocities fits the observed FTE velocity
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Table 1. A list of the plasma signatures observed for events which were consistent in angle with only one Cooling model velocity. “Epoch”
refers to the time of observation of the FTE. “Model fit” shows which of the two Cooling model de Hoffmann-Teller velocities was consistent
with the observed FTE velocity. “PEACE signature” and “CIS signature” shows whether a unidirectional electron or ion signature was
observed by at least one spacecraft, and whether the signature is in pitch angles parallel or antiparallel to the magnetic field. Bidirectional
electron or ion signatures are also noted if no unidirectional signature was observed. It is noted whether the signature is consistent with the
hemisphere of connection of the model de Hoffmann-Teller velocity from the Cooling model, bearing in mind whether the FTE was observed
inside or outside the magnetopause. Where the Cluster tetrahedron straddled the magnetopause, the magnetosheath signatures are giver
this table, as this reduces the ambiguity introduced in magnetospheric signatures by ions and electrons mirroring at low altitudes.

FTE No. Epoch Model fit PEACE signature PEACE consistent? CIS signature  CIS consistent?
1* 10 Nov 2002 10:18 VTN Bidirectional Antiparallel YES
8* 10 Nov 2002 11:05 VytN Bidirectional Antiparallel YES
10* 10 Nov 2002 11:19 V1N No signature No signature
21* 12 Nov 2002 13:11  VyTs Parallel YES Antiparallel NO

23*t 12 Nov 2002 13:53 V1N Parallel YES Parallel YES
25%t 12 Nov 2002 14:20 VTN Parallel YES Parallel YES
27* 12 Nov 2002 14:40 ViyTs Parallel YES Antiparallel NO
28* 12 Nov 2002 14:42  VyT1s Parallel YES Antiparallel NO
20* 12 Nov 2002 14:44  ViyT1s Parallel YES Antiparallel NO
31 12 Nov 2002 16:27 VyTN Parallel NO Antiparallel YES
49 14 Nov 2002 16:42  VyTs Bidirectional Bidirectional
59* 17 Nov 2002 02:52  VyT1s Parallel YES Parallel YES
61% 17 Nov 2002 03:24 BTN Parallel 8NO Antiparallel 8YES
63*% 17 Nov 2002 04:47 Vyrs Parallel YES Antiparallel NO
64*% 17 Nov 2002 05:08  VyT1s Parallel YES Antiparallel NO
65*% 17 Nov 2002 05:09 Vyts Bidirectional Antiparallel NO
108t 24 Dec 2002 15:50 VyTN Antiparallel YES Unclear
161 22 Feb 2003 01:23 VyTN Antiparallel YES Antiparallel YES
163t 8 Mar 2003 07:07 V1N Bidirectional Parallel NO
164 15 Mar 2003 09:55 Vy1N Bidirectional Antiparallel YES
167% 8 Apr 2003 03:57  VyTN Antiparallel YES Antiparallel YES
178 22 May 2003 12:26  VHTN Parallel NO Parallel NO
180 24 May 2003 19:57 VyTN Parallel NO Parallel NO
181 24 May 2003 22:25 VTN Bidirectional Unclear
182 25 May 2003 23:54 VTN No signature Parallel NO
183 26 May 2003 01:13 V1N Bidirectional Unclear
187 3Jun 2003 09:57  VyT1s Bidirectional No signature

* Indicates an event examined by Fear et al. (2005b): IMF clock angle magnitude less thamtf@ 10, 12 or 17 November.

T Events only observed by spacecraft inside the magnetopause (in the magnetosphere-proper or a boundary layer).

T Events which occurred when the Cluster spacecraft were in burst mode.

8§ FTE 61 is consistent witl¥ 15 and not withV gty if the model velocities are calculated from observed magnetosheath parameters. In
the light of this calculation, the PEACE electron signature is consistent with this velocity, but the ion signature is not.

(projected onto the model magnetopause). The fourth andion which has yet to interact with the magnetopause. These
fifth columns summarise the PEACE observations, and theare the escaping magnetospheric population, and an accel-
final two columns summarise the CIS observations. Magneerated magnetosheath population which has either been re-
tosheath plasma data were available from at least one Clustdiected by the “kink” of the reconnected field line at the
spacecraft for all events, except for FTEs 23 and 25, whichmagnetopause, or been transmitted across the magnetopause,
were only observed by spacecraft in a boundary layer on thenirrored at low altitudes and crossed the magnetopause a

Earthward side of the magnetopause. second time. Examination of the events listed in Table 1 re-
veals that the accelerated magnetosheath population is more
6.1 PEACE signatures commonly observed by the PEACE instruments.

The PEACE pitch angle distributions (PADs) were re-
The electron signature of a magnetosheath FTE has twdinned to pitch angles on the ground, as this improves
parts, in addition to the undisturbed magnetosheath populatheir reliability. Very few events exhibited a clear electron
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S0 ] Fig. 10. (a: left) PEACE electron data from Cluster 2 for
= FTE 167 (8 April 2003, 03:57 UT). The top three panels are
= 0 spectrograms showing the differential energy flux of electrons
) moving parallel, perpendicular and antiparallel to the magnetic

—50 field respectively. The bottom two panels show the normal
component of the magnetic field and the magnetic field strength

0 observed by all four spacecraft in standard Cluster colours (C1:
. black, C2: red, C3: green, C4: blue). This event is an exam-
= 80 ple of a straightforward electron signature (accelerated magne-
10 e Nt toa ) tosheath plasma antiparallel to the magnetic field, indicating a
— 0l o ‘ o connection to the Northern Hemispherd). &bove) The Cool-

I T R ing model run for this event, in the same format as Fig. 7. The

522%’” o 0854m sem 58" 4rgm om observed velocity was consistent with the model de Hoffmann-

Teller velocity for a flux tube connected to the Northern Hemi-
sphere. This is consistent with the antiparallel electron signa-
ture observed by PEACE.

signature on at least one spacecraft, localised to the observeéig. 10a, bottom two panels). FTEs 49, 108 and 180 exhib-
FTE, in pitch angles either parallel to or antiparallel to the ited similar signatures (although not necessarily as strong)
magnetic field, without any form of signature in the opposite on at least one spacecraft, with the directionality indicated in
pitch angle. One event which did was FTE 167 (8 April 2003, Table 1.
03:57 UT), which is shown in Fig. 10a. The figure shows the
electron and FGM data from Cluster 2 for FTE 167. The The remaining events which did exhibit a clear direction-
isotropic, low energy electron plasma (10-100 eV) observedility also exhibited a weaker accelerated electron signature
in the top three panels demonstrates that the spacecraft wasin the opposite direction, although this was usually not lo-
the magnetosheath. At 03:57 UT, there was a brief signaturealised to the magnetic field signature of the FTE. The elec-
of energised magnetosheath electrons moving antiparallel ttron signatures for FTE 161 (22 February 2003, 01:23 UT)
the magnetic field, which is consistent with a connection toare shown in Fig. 11 (the Cooling model run for this event
the Northern Hemisphere. The FTE was observed northwas shown in Fig. 7). The data shown are from Clusters 1
ward of a tilted subsolar reconnection line, and the observednd 2. Throughout the interval, the magnetosheath electron
FTE velocity was consistent with the modéltn (shownin  plasma observed by Cluster 1 was anisotropic, as the elec-
Fig. 10b). A similar signature was observed by Cluster 4. Atron distribution observed parallel to the magnetic field ex-
more bidirectional electron signature was observed by Clustended to higher energies than those observed antiparallel to
ter 3 which was the nearest spacecraft to the magnetopaustiie magnetic field. However, at 01:23 UT, when the mag-
and which observed much more structure inBagsignature  netic field signature of the FTE was observed, there was a
burst of accelerated magnetosheath electrons antiparallel to
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Fig. 11. PEACE electron data from Cluster 1 (left) and Cluster 2 (right) for FTE 161 (22 February 2003, 01:23 UT). Each half of the figure
adopts the same format as the Fig. 10a. The dotted lines indicate the slices of the pitch angle distributions shown in Fig. 12.

the magnetic field, and no discernible change to the paralFTEs in this interval (e.g. at 01:20-01:21 and 01:25 UT in
lel electron population. Example slices of the pitch angleFig. 11), and were common in the magnetosheath FTEs ob-
distributions observed by Cluster 1 immediately before andserved on the 12 and 17 November. However, the electron
during the burst of antiparallel-moving electrons are shownsignatures observed by Cluster 2 for FTE 161 (also shown in
in Fig. 12. The two distributions are taken at 01:23:20 andFig. 11) are slightly less clear. Between 01:21 and 01:25 UT,
01:23:28 UT (solid and dashed lines respectively). The timegshe magnetosheath was generally more isotropic than ob-
of these two slices are indicated in Fig. 11 by vertical dottedserved at Cluster 1 (which was closer to the magnetopause).
lines in the parallel and antiparallel Cluster 1 spectrogramsAt 01:23 UT, the electron distribution parallel to the mag-
Immediately before the antiparallel electron enhancementnetic field took a similar form to that observed by Cluster 1,
the electron distribution exhibits a parallel electron isotropy and there was a sharp and clear signature of energised mag-
(solid line). When the energisation of antiparallel electronsnetosheath electrons observed antiparallel to the magnetic
is observed (dashed line), there is no significant change tdield. Where such signatures were observed, they were inter-
the parallel electron population, although the overall popula-preted as unidirectional electron signatures in the pitch angle
tion becomes more isotropic. This antiparallel electron sig-in which the signatures were sharper. In the case of FTE 161,
nature is consistent with the result of the Cooling model runthis is consistent with the observations made by Cluster 1. If
in Fig. 7, in which the observed FTE velocity was close to thethere was not a clear distinction in the “sharpness” of the sig-
model velocity for an FTE connected to the Northern Hemi- natures, they were interpreted as bidirectional.

sphere Vyrn). Similar signatures were observed for other
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Fig. 12. Two slices of rebinned pitch angle distributions observed
by Cluster 1. The left-hand side of the figure represents electrons
moving antiparallel to the magnetic field, and the right-hand side
represents parallel-moving electrons. The solid line represents the
distribution at 01:23:20 UT, shortly before the antiparallel electron :
sighature was observed. The electron distribution exhibited a paral- 0 b ! ! ! ! !
lel anisotropy, as is also evident in FibL (first vertical dotted line). oo T U@m ‘ f,om 2n
At 01:23:28 UT (inside the antiparallel electron signature, denoted e e
by the second vertical dotted line in Fig. 11), there is no signifi-
cant change in the distribution of electrons moving parallel to theFig. 13. PEACE electron data from Cluster 2 for FTE 1 (10 Novem-
mag_netic field, but there_ is a clear energisation of the antiparallel-ber 2002, 10:18 UT). The figure adopts the same format as Fig. 10a.
moving electron population. The PEACE instruments observed bidirectional accelerated magne-
tosheath signatures, possibly due to pitch angle scattering as a result
of variations in the magnetic field within the FTE. There are several

Only two of the 27 events were associated with no elec-other FTEs in this plot (e.g. 10:16, 10:17, 10:21, 10:24 UT), which

tron S|gnature on any Spacecraft for Wh'Ch PEACE data Wer@lther did not fulfil the criterion for inclusion in the survey carried

available. Bidirectional electron signatures were observedut by Fear etal. (2005b), or which did not exhibit a clear enough
bipolar By signature on all four spacecraft for multi-spacecraft tim-

for eight magnetosheath FTEs (e.g. FTE 1, Fig. 13). . .
) o D ] ing analysis to be attempted.
Twelve of the FTEs in Table 1 exhibit unidirectional elec-
tron signatures which verify the results of the Cooling model.

However, a further four FTEs have inconsistent electron sig-
natures, demonstrating that the model does not explain th&on line. The model run and observed velocity of FTE 61 are

motion of these events. We repeated the calculations irsimilar to those shown in Fig. 8, as an equatorward motion
Sect. 5.1 for these four events. In one case (FTE 61, denoteid observed as a result of reconnection occuring in a region
§in Table 1), there is a small angular difference between theof super-Alf\enic magnetosheath flow. When this is taken
Cooling model value oWV ytn and that which is calculated into account, the observed velocity is consistent Withrs

from observed magnetosheath parametet} (it a much  calculated from the observed magnetosheath parameters, but
larger difference between the valuesWfits (43°). Thisisa it is slightly over the 30 threshold for compatibility with
further example of the sensitivity of the Cooling model when Vyrn. The velocity is therefore consistent with the electron
studying the motion of field lines which are connected to thesignature observed. Furthermore, the other FTEs observed
opposite hemisphere from that which would be expected ifon the same day are all consistent with the Cooling model
reconnection took place solely at a tilted subsolar reconnec¥ yrs vector (Table 1).
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6.2 CIS signatures in Fig. 11. This electron population was more persistent at
Cluster 1, which was nearer the magnetopause. At the time
The events in Table 1 were also examined for ion signaturesf each FTE (and at 14:41 UT, when a smaller FTE was ob-
using spectrograms from both the HIA and CODIF sensorsserved by Cluster 4), an enhancement of high energy pro-
The ion signatures of an FTE may be a less reliable indicatotons was observed moving antiparallel to the magnetic field
of the hemisphere of connection than the electrons, since thgpanels i and j). These high energy protons are the criterion
larger gyroradii and longer gyroperiods of ions make themused to judge the hemisphere of connection from the ion sig-
less sensitive to quick local variations of the magnetic field.natures, however they are inconsistent with the hemisphere
Furthermore, the bulk velocity of magnetosheath ions dom-deduced from the electron signatures. They are also incon-
inate over their thermal velocity, usually leading to a dis- sistent with the lower-energy proton signatures (panels k and
tinct anisotropy in the magnetosheath ion pitch angles. Thid), which show that although the background magnetosheath
contrasts with the magnetosheath electron plasma, where thgotons exhibit a-12(° anisotropy, at the time of each FTE
thermal velocities are usually much greater than the bulk vethe protons are observed at lower pitch angles, extending
locities, leading to the observation of an isotropic plasma (altowards 0. Similar signatures were observed by HIA (not
though we note that, as in Sect. 6.1, an anisotropy is someshown). Despite the fact that the lower-energy proton pitch
times observed). Therefore, with the exception of the FTEsangles are usually dominated by the bulk flow in the magne-
which were only observed in the magnetosphere (FTEs 23osheath, they are consistent with the signatures observed in
and 25), the ion signatures described in Table 1 and discussefie electron data.
below refer to any signatures observed in the 20-30keV en-
ergy range. In the case of FTEs 23 and 25, we refer to thé6.3 RAPID signatures
ion signatures in the 100 eV-10keV energy range (injected
magnetosheath plasma). The CIS PADs were provided byVe also examined the high-energy particle signatures ob-
both HIA and CODIF. The CODIF sensor can become satu-served by RAPID. RAPID provides a limited electron pitch
rated in the magnetosheath, but the PADs are still reliable irangle distribution, but low count rates make this unreliable in
this energy range as the fluxes are lower. the magnetosheath. Therefore, we only examined the events
Two of the FTEs in Table 1 exhibited no identifiable ion which were observed when the Cluster spacecraft were in a
signature in either HIA or CODIF data at any of the space-bUl’St mode (indicated in Table 1) as full 3-D distributions
craft. A further four events had unclear or bidirectional ion were available. A clear enhancement in the differential num-
signatures. Of those events which exhibited a clear unidirecber flux was observed in only one case and on one space-
tional ion signature, only ten were consistent with the resultscraft only (FTE 167, Cluster 3), but there was no clear field-
of the Cooling model, and eleven were inconsistent. Eightaligned anisotropy (not shown). This is consistent with the
of these had an ion flow direction at which was opposite 0bservations made by Daly et al. (1984).
to the electron signature. The difficulty in interpreting the We also examined the high-energy ion signatures for the
CIS signatures is illustrated by FTEs 27, 28 and 29, whichseven FTEs which occurred when the spacecraft were in
all occurred within a five minute period. These FTEs areburst mode. Two events (FTEs 63 and 65) exhibited no
presented in Fig. 14, which shows the PEACE electron sig-clear high-energy ion signature, but example distributions
natures parallel, perpendicular and antiparallel to the magobserved during the remaining five events are shown in
netic field, the omnidirectional proton count rate observedFig. 15. Each panel shows a three dimensional distribution
by CODIF, pitch angle distributions for high and low energy (represented by GSE azimuthal and polar angles) observed
protons (30 ket E>20keV and 10 ke E>100eV respec-  during the passage of the FTE. The fluxes are plotted as flow
tively) and theBy component. Data from both Clusters 1 and directions; pitch angles indicating flows parallel and antipar-
4 are shown. The three FTEs are indicated by magenta boxesllel to the magnetic field are represented by the red circle
Throughout the interval, there is an antiparallel anisotropy inand red star respectively. Perpendicular pitch angles are rep-
the magnetosheath electron distribution observed by Clusresented by a series of purple circles. Each panel represents
ter 1 (panel e). Both Clusters 1 and 4 observed a peak in than accumulation period of 8 spins82 s). Data are unavail-
proton count rates at a pitch angle of aboutl2llie to the  able from the central ion heads on each of the RAPID instru-
magnetosheath flow. At 14:40, 14:42 and 14:44 UT, all fourments, leading to a data gap in polar angles aroufid 90
spacecraft observed bipol#@y signatures, and both Clus- The first two events (FTEs 61 and 64: Fig. 15, panels a
ters 1 and 4 observed clear bursts of energised magnetosheahd b) exhibited weak antiparallel high-energy ion signa-
electrons moving parallel to the magnetic field (panels a andures, which were also seen in the ion signatures at the top
b), indicating that the FTEs were connected to the Southerrof the CIS energy range (Table 1). However, both FTEs were
Hemisphere. This is consistent with the Cooling model re-consistent in velocity wit yts (when calculated from ob-
sult, as noted in Table 1. Cluster 4 also observed a slight, buserved magnetosheath parameters in the case of FTE 61),
more diffuse, signature in electrons moving antiparallel toand were associated with parallel electron signatures in the
the magnetic field (panel f), similar to the signatures shownPEACE data similar to those seen in Fig. 14. FTE 163
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ions at high energies (30 keME>20keV, panels andj) and at low energies (10 keME>100eV, panel& andl), and theBy component

(panelsm andn).
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(panel d) exhibited a parallel high-energy ion signature that
was inconsistent with the hemisphere of connection accord-

(a) FTE 61:Cluster 3 17/11/02 03:23:51 UT ing to the Cooling model but consistent with the CIS ion sig-

§ nature (although the PEACE electron signature was bidirec-
o tional). FTEs 108 and 167 (panels c and e) both had an an-
;%i 10° tiparallel high-energy ion signature, which were both consis-
% tent with the PEACE signatures for these events and the con-
= nection to the Northern Hemisphere inferred from the Cool-
5 ing model.

E 5 Therefore, all of the events with a clear ion signature in

10

[ 20 180 270 360

the RAPID data had an anisotropy that was consistent with
(b) FTE 64: Cluster 4 17/11/02 05:07:53 UT

CRR the highest energy signatures observed by CIS (where a clear
g directionality was observed in the CIS data). However, the
g o 103 RAPID ion signatures observed in three of the events were
P inconsistent with the hemisphere of connection implied by
@ " the Cooling model. In two of these cases, the RAPID ion
° = signature conflicted with the PEACE signature, which was
2 consistent with the velocity (in the third case, the PEACE
= % 180 270 360 10° signature was bidirectional). In the remaining two cases, the
% () FTE108:Cluster 2 24/12/02 15:50:25 UT RAPID ion and PEACE electron signatures were both an-
§ ° tiparallel to the magnetic field, which was consistent with
Q the results of the Cooling model run.

o

<

[®)]

5 7 Discussion

i

g The Cooling model (Cooling et al., 2001) is a very basic

20 180 270 360

o
(d) FTE 163: Cluster 4 8/3/03 07:07:20 UT
)

S

model of reconnected field line motion, which makes sev-
eral simplifying assumptions, such as a uniformly increas-
ing magnetosheath flow from a subsolar stagnation point.
10° The magnetopause is assumed to be a simple, thin current
sheet and a purely rotational discontinuity. Possible local
time asymmetries are ignored, as is the effect of reconnec-
tion on the bulk flow of the magnetosheath. Longmore et al.

) (2006) have shown that the rotation between magnetosheath
velocities calculated from the Kobel andigkiger (1994)
model used by Cooling et al. (2001) and the observed mag-
netosheath velocity can be significant (with mean rotations
between 8 and 30). A further caveat is that the Cool-
ing et al. (2001) model, and the calculations by Cowley and
Owen (1989) on which it is based, provides the velocity of
the reconnected field lines at the point at which they thread
the magnetopause. A bundle of reconnected flux may have a
different velocity further away from this point.

Azimuth angle (degrees) Nonetheless, we find that the Cooling model usually ex-
plains the motion of FTEs at the magnetopause to within an
accuracy of~30°. After excluding three categories of FTEs

Fig. 15. RAPID high energy ion distributions for FTEs observed (those whose motion is poorly defined due to a poor space-
when the Cluster spacecraft were in burst mode. Each panel Showéraft tetrahedron and/or weak/unclear signatures, events with

the differential nl_meerqux_as an a2|muthal_/po_lar angle dlstrlbutl_on. a velocity component out of the magnetopause surface by
Parallel and antiparallel pitch angles are indicated by a red circle . -
ore than 30, and events with a scale size of less than

and star respectively, and perpendicular pitch angles are represent&} .

by purple circles. Data are unavailable from the central ion heads,wsooo km), we are left with a sf':lmple O_f 118 events. 92

corresponding to polar angles around 90 of these events (78%) are consistent with one of the two
de Hoffmann-Teller velocities calculated by the Cooling

model in both direction of motion (within 3) and speed

Polar angle (degrees)

[ 90 180 270 360

(e) FTE 167:Cluster 3 8/4/03 03:57:41 UT
o

e

3, 3
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(observed value between half and double the model value)Cooling model, 12 exhibited a sense of anisotropy that was
A further 12 events are consistent in their direction of mo- consistent with the hemisphere of connection predicted by
tion, but not speed (making a total of 88% which are consis-the Cooling model. In one further case, the hemisphere of
tent in direction). The model explains the direction of mo- connection predicted by a comparison of the observed veloc-
tion better than an assumption of simple radial flow awayity with Egs. (6) and (7) reversed if observed magnetosheath
from the subsolar point. This indicates that magnetic tensiorparameters were used to evaluate the de Hoffmann—Teller ve-
forces remain a significant factor in a the motion of an FTE locities, rather than the Cooling model. When this is taken
throughout its existence. into account, the electron signatures are consistent with the
The Cooling model explains the FTE speeds more reliablyhemisphere of connection implied by the Cowley and Owen
when the IMF is southward or dominated By. If we take  (1989) calculation. This is a consequence of the sensitivity
only the FTEs with a lagged IMF clock angle magnitude that of the model when the Alfénic part of the motion (due to the
was greater than 70Qthe proportion of FTEs which are con- magnetic tension in the kinked magnetic field line) is directed
sistent with the model in speed and direction is raised slightlyoppositely to the magnetosheath flow. This situation arises
(84%) whereas there is no change in the proportion which arevhen reconnection takes place in a region of super&ilfy
consistent if the speed criterion is dropped (88%). magnetosheath flow (e.g. Fear et al., 2005b). However, when
It is not clear why smaller scale events are poorly de-the magnetosheath flow and magnetic tension force are di-
scribed by the Cooling model, as multi-spacecraft timing rected in broadly the same direction, the Cooling model re-
analysis is carried out on a plane defined by the mid-pointssults are a lot more stable. Nonetheless, it is advisable to
of each FTE signature rather than on the surface of the struccheck the model results against the evaluation of Egs. (6) and
ture (which will have a significant curvature on the separation(7) when carrying out case studies of FTE motion when mag-
scale of the spacecraft in this season if the FTE scale size inetosheath observations are available.
less than 5000 km). Furthermore, itis also unclear why some It is evident from the examples presented in Fig. 14 that
FTEs exhibit a large component of velocity out of the mag- the ion signatures in the energy range observed by CIS are
netopause plane, since we excluded events which occurred aften complicated and are therefore not as good an indicator
the spacecraft crossed from the magnetosphere to the magnef the hemisphere of connection as the electron signatures
tosheath or vice versa. observed by PEACE. Furthermore, as noted by Daly et al.
The ambiguity of two model de Hoffmann-Teller veloci- (1984), high-energy electron signatures are also not useful
ties (due to a connection to either the Northern or the Southindicators. High-energy electron pitch angle data were only
ern Hemisphere) can be removed by examining the plasmavailable for seven of the FTEs listed in Table 1, and most did
signature of magnetosheath events. However, several afot exhibit a clear signature. One FTE had a relatively clear
the magnetosheath FTEs exhibited bidirectional acceleratetigh-energy electron signature, but this was not coupled with
magnetosheath electron signatures, indicating that it is noa clear parallel or antiparallel anisotropy. Daly et al. (1984)
always possible to identify the hemisphere of connection ofconcluded that the electrons depopulated the opened mag-
a magnetosheath FTE, even if an electron signature is obretic field lines too rapidly for most of the escaping magne-
served. The electron signature of an FTE in the magnetospheric electrons to be observed, leaving only a low-level
tosheath is largely due to magnetosheath electrons whicksotropic background. The high-energy ion signatures ob-
have been energised at the kink in the reconnected magnetgerved by RAPID were consistent with the highest-energy
field lines at the magnetopause. These electrons stream awa&3lS observations, but were also not as successful an indica-
from the magnetopause, having either been mirrored and ertor as the PEACE electron observations.
ergised at the kink, or having been transmitted across the It is worth noting that FTE 161 (Figs. 7 and 11) is a good
kink, energised, mirrored at low altitudes and been energise@xample of an FTE generated by subsolar component re-
a second time as they are transmitted across the kink agaiconnection. The lagged IMF for this event was dominated
back into the magnetosheath. This process alone does not &by By, although slightly northward. The maximum shear
low a bidirectional electron signature in the magnetosheathbetween the model magnetosheath magnetic field and the
implying that the bidirectionality must be due either to pitch- model geomagnetic field along the path of the model FTE
angle scattering on the reconnected field lines in the magneindicated by the red line in Fig. 7 was 83The FTE is lo-
tosheath, reflection of the energised electrons somehow in theated relatively close to the model cusp positions; varying
magnetosheath (for example, at the bow shock), entry ontdhe location of the model cusps can significantly alter the
some form of closed loop structure, or entry into the magne-shear between the model magnetic fields either side of the
tosphere in the core of the FTE (eRpbert et al., 2005). magnetopause. However, the spacecraft tetrahedron strad-
Where there was a clear electron anisotropy, it was gendled the magnetopause at the time when the FTE was ob-
erally consistent with the hemisphere of connection of theserved, and so the position of the spacecraft relative to the
FTE. Out of the 16 events for which there was a clear direc-cusp can be checked. Cluster 3 observed a northward and
tionality in the electron signature and which were consistenttailward magnetospheric magnetic field, consistent with the
with one (but not both) of the model FTE velocities in the spacecraft being on dayside magnetic field lines near local
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