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Abstract. The four-spacecraft Cluster mission has provided magnetic reconnection)
high-time resolution measurements of the magnetic field
from closely maintained separation distances (200—-600 km).

Four-point coverage of the Earth’s magnetopause began on )
the 9 and 10 November 2000 when all spacecraft first exl Introduction
ited the dusk-side magnetosphere at about 19:00 LT, pro- L - ' .
viding extensive coverage of the near flank magnetosheatﬂ—he Cluster mission is currently providing the first coordi-
and magnetopause boundary layer on re-entry to the madjated data set of multi-point measurements in the near Earth
netosphere. The traversals on this occasion were caused yironment. The four Cluster spacecraft were launched in
the arrival of an intense CME at the Earth, which produced airs on two Soyuz rockets on the 16 ‘_]uly and_ the 9 Au-
a large compression of the magnetopause and high ma _USt and were all .succe.ssfully placed |nto.the|r polar or
netic activity. The magnetopause traversals represent an u Zl,tie' Thigné's}?'on. IS Sels |gE?[d ttoggper?te xvﬂh an decc.:t(antnc
precedented data set, allowing detailed analysis of the loca i E Xf : id £) |rr1]er 'a (:r : ’? 70 Inclination, afrlh WIIE e
magnetic structure (gradients) and dynamics of the magne@l In€ of apsides chosen 1o optimise coverage of e Earth's
topause boundary. By performing minimum variance anal-days'de’ northern cusp. Throughout a year, the orb|t_there-
ysis (MVA) on the magnetic field data from all four space- fore COVers . dayS|d(_a mag-netospheref and solar Wmd.’ al-
craft, we demonstrate that the magnetopause was planar &Hough’ typically only high Iatltud_e crossings of the dayside
the scale of the spacecraft separation scales and that the traﬁgggnetopa}use oceur, and the n'ght'S'd? mqgnetosphere and
verse scale size of the magnetopause boundary layer Wa{gagnetotall, crossing the plasma. The individual spacecraft
1000-1100 km. We also show that the motion of the bound-orbits have slightly modified elements but with identical or-
ary (defined by the magnetic shear at the current layer), ié)ite_ll periods, so that th?’y fly in an evol_ving configun_ation
changing over the sequence of spacecraft crossings so th ich repeats every orbit (apart from minor perturbations).

acceleration of the magnetopause can be very high in this reI_n|t|aI manoeuvres established the spacecraft configuration

gion of the magnetosphere. Indeed, the magnetopause spe%‘%i correspond to that of the dayside sclence phasg. This
reaches the order of 300 km/s in response to the arrival o orms a regu_lar tetr_ahedron at the exterior cusp Iocatlor_1 near
the interplanetary shock. Using MVA coordinates, we have"°N local ime, with a spacecrait _separ_atlor_1 scale size of
identified a number of magnetospheric and magnetosheath 600.ka. Because. the apogee orientation lies along noon
FTE signatures, which are sampled simultaneously by aII"’.lnd m.|dn|ght chal time in M‘f"mh and September, respec-
spacecraft at different distances from and on either side oPVer’ it has a tilted aspect with respect to GSE (or GSM)

the magnetopause. The signatures show a variation of Scaféoordmat.es. .
with distance from the boundary. Full science coverage of the dayside magnetosphere and

solar wind began on 1 February 2001. Prior to this time,
Key words. Magnetospheric physics (magnetopause, cuspall spacecraft and payload had undergone a comprehensive
and boundary layers) Space plasma physics (discontinuitieget of commissioning procedures and had also taken limited
science data during this period. Following initial checkout
Correspondence tavl. Dunlop (m.dunlop@ic.ac.uk) procedures, all magnetometers comprising the FGM exper-
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iment have been working nominally, and have been exten2 Overview and data
sively tested throughout the spacecraft commissioning pe-
riod. (see Balogh et. al., this issue, for a description of theThe first encounters of the Cluster spacecraft with the mag-
operational aspects of the FGM investigation and (Baloghnetopause and traversal into the magnetosheath, on 9 and 10
et al., 1993; Balogh et al., 1997) for technical descriptionsNovember, followed the arrival of an intense CME at the
of the instruments). All FGM instruments have taken dataEarth. This event resulted from the onset of a solar storm
throughout commissioning, which began with apogee of thetwo days earlier the details of which are reported elsewhere
Cluster orbits lying in the Earth’s magnetotail, at midnight (Boralv et al., 2001). Although the spacecraft were already
local time. Subsequently, inertial precession moved apogeé the magnetosheath during the end of 9 November (while at
across the magnetotail to the dusk-side flank of the magneapogee), the sequence of magnetopause encounters occurred
tosphere, with the spacecraft crossing through the northeren 10 November, as the spacecraft re-entered the magneto-
and southern magnetospheric lobes. The spacecraft first ephere on the southern leg of the orbit. We note that on this
ited the magnetosphere on 9 November 2000, during a perioday a number of other instruments, including the plasma ion
of unusually high solar wind activity and during November instrument, were not taking data. FGM data from all four
and early December, the spacecraft skimmed the night-sid€luster spacecraft are shown in Fig. 1. The data are shown
magnetopause and magnetosheath, near apogee. During D&s GSE Cartesian components together with the field mag-
cember and January, the orbit moved into the dayside magneditude, with all spacecraft traces superimposed to highlight
tosphere, through the dusk flank, and provided a large numany differences in the measured field. In all time series plots,
ber of high latitude crossings and extensive magnetosheatthe colour scheme used (here and in the subsequent plots) is:
coverage. spacecraft 1 (black), 2 (red), 3 (green) and 4 (magenta). It
should be noted that a number of commissioning tests were
We focus here on observations taken by the four spacecrafieing carried out on spacecraft 1 (black trace) at times dur-
near the magnetopause and concentrate on a series of cro$gg this day, producing a number of gaps in the science data.
ings which occurred before and after an intense compressioiost of the key magnetopause crossings, however, are cov-
of the magnetosphere, associated with a large change in s@red by continuous data. During normal operation, the in-
lar wind dynamic pressure. The magnetopause crossings arglruments are commanded to provide primary sensor data
near magnetosheath observations are discussed here in ter@s22.4 Hz in the spacecraft normal mode and 67 Hz in the
of recognisable features, previously reported in the literaturespacecraft burst mode. These data are filtered and re-sampled
We first describe the whole day of observations, in terms ofon board from an internal digital sampling rate of 202 Hz.
the location on the magnetopause, the local magnetosheaffhe magnetometers were operating in normal mode during
and solar wind conditions, for context. We then describethis day. For illustration here, we have used 1s averages of
each main magnetopause encounter in turn to demonstratée data, but, where appropriate, the boundary analysis has
the changing magnetopause character and the spacecraft loeen performed using full resolution data.
cation relative to the boundary structure on both sides of the Before discussing the nature of the magnetic field mea-
magnetopause. surements in Fig. 1, it is useful to note the spacecraft lo-
cation, as shown in Fig. 2. Figure 2a shows a projection
There have been few detailed studies of the flank regiorof the inbound leg of the orbit into th&, Ygswm plane, for
of the magnetopause because of the, often complicated, forrapacecratft 1, and Fig. 2b shows the corresponding pldt for
of the boundary and the variety of magnetosheath properZgsm. The time interval for the whole orbit leg corresponds
ties. Previous studies have tended to concentrate on the subp the whole of the day. Each hour is marked by filled circles
solar region (e.g. Berchem and Russell, 1982; Russell, 1995t intervals along the orbit. Also shown on the orbit are the
Paschmann et al., 1985, 1986; Phan and Paschmann, 1995pacecraft configurations at intervals, projected into the GSM
and surveys of magnetopause crossings have tended to onpitane. Spacecraft 1 is shown attached to the orbit and the
the flank region (Paschmann, 1986; Phan et al., 1994). Al-other spacecraft are shown with their corresponding colours
though a number of studies have been reported using severil their relative positions at the same time. The size of the
spacecraft which happened to be favourably located at largspacecraft separation vectors have been scaled up by a factor
(a few Rg) distances in the past, multipoint observations of of 20 (so that a length on the plot of abouR2 is equivalent
the magnetopause layer and related phenomena on the medo-an actual separation ef 600 km). During the time period
scale have primarily arisen from dual spacecraft, ISEE1 andf the observations (00:00-09:00 UT), spacecraft 2 and 3 lie
2 (Russell and Elphic, 1978) and AMPTE IRM and UKS almost parallel to the plane of the figure while spacecraft 1 is
(Bryant et al., 1985) measurements (e.g. Elphic, et al., 1988separated by about 150 km northward and spacecraft 4, about
1990, 1995). Both these missions, however, were equatorigh50 km southward.
and sampled the LLBL (Low Latitude Boundary Layer) on In Fig. 1, all spacecraft are therefore located initially near
the dayside. For the work discussed here, the unusual natuEpogee, on the southern leg of the orbit. They lie just south of
of the external solar wind conditions and the enhanced meathe ecliptic plane X, Ygsg), at about 19:00 LT (local time),
surement capability provided by the four point Cluster data,and lie in the magnetosheath from the start of the day. Even
makes it an important event to study. at apogee, for this orientation of the orbit (see Fig. 2), the
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Fig. 1. Four-spacecratft, calibrated FGM data taken on 10 November 2000. The data are expressed in GSE coordinates and the field magnitud
is given in the bottom panel. The spacecraft traces are represented as individual colours (s/c 1-black, s/c 2-red, s/c 3-green, s/c 4-magenta
but normally these are hidden when the spacecraft see the same field. Inter-spacecraft comparisons show that the calibrated data agree
absolute terms to withig-0.2 nT. Small scale structure, or temporal changes, between the spacecraft appear as deviations between the traces.
The spacecraft are in the magnetosheath at the start of the day. An extended encounter with the magnetopause, resulting in a series ¢
crossings (indicated by dashed vertical lines), occurs between 03:30-06:30 UT. Following this, a large compression of the magnetosphere
results in an extended period of magnetosheath, followed by a final re-entry into the magnetosphere. The key magnetopause crossings ar
indicated.

spacecraft would be expected to remain within the magneAlthough WIND was situated on the dawn side of the Sun-
topause for normal solar wind condition84n < 3nPa). Earth line, this solar wind signature is also seen at Geotail at
Thus, the magnetosphere is already somewhat compressedattout 06:27 UT, located just upstreamn {8 Rg) of the mag-
this time and preliminary solar wind parameters appear to banetosphere near the sub-solar point. Most ground based in-
consistent with this. As the spacecraft traverse the southerstruments see signatures associated with the magnetospheric
leg of the orbit, inbound, they move rapidly south (with re- compression and subsequent relaxatior 89:00 UT (Bo-
spect to GSM coordinates) to aboullO R at the time of  ralv, et al., 2001). We therefore associate the exit of the
the final re-entry into the magnetosphere-d@9:00 UT. The  spacecraft into the magnetosheath~a6:30 UT with an
spacecraft would therefore be expected to skirt the form ofintense compression of the magnetosphere following arrival
a stationary magnetopause lying just inside the Cluster orof the pressure pulse behind the interplanetary shock. Both
bit. At this local time the magnetospheric field would be ex- the preliminary WIND and Geotail data also indicate that the
pected to be draped substantially tailwards with only a smalllMF lies predominantly in the ecliptic, along the Parker spi-
Bz component (see discussion below on Fig. 3). At aboutral direction, or has an unstabB, (GSE) signature (not ex-
03:30 UT, however, the spacecraft re-encounter the magnezeeding~ 5nT before the interplanetary shock). The IMF
topause, which appears to have moved outwards, and begis southward for only brief intervals. In order to obtain an
a sequence of shallow crossings of the boundary layer untiapproximate, expected, magnetopause location we only use
06:30 UT. After 06:30 UT the spacecraft appear to move intotherefore pressure scaling to fit the magnetopause location
deep magnetosheath conditions (see also a companion papésee Dunlop et al., 1999). For simplicity here, we compare
Lucek et al., this issue). magnetopause location to the geometric model of Sibeck et
Preliminary solar wind data (WIND, Adia, et al., 1995) al. (1991). The dashed line shown in Fig. 2a represents a cut
show an extremely large increase in solar wind dynamic presof the model magnetopause through the intersection with the
sure, Pram > 20nPa) at~06:30 UT (allowing for convec-  orbit (at~08:55 UT), and corresponds te 6 nPa, for a cut
tion in the solar wind), behind a strong interplanetary shock.at—10 Rg. In fact, the Geotail data indicate that the dynamic
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Fig. 2. (a)Projected plot of the Cluster orbit (spacecraft 1) ikto¥ggy coordinates and model magnetopause location, fitted to the crossing
near 09:00 UT. The configuration of the spacecraft is shown at intervals along the orbit, with the separations scaled by a factor of 20. As can
be seen by Fig. 2b, spacecraft 2 and 3 lie almost parallel t& theplane, with spacecraft 1 above and spacecraft 4 below. The magnetopause

is shown as a cut through the intersection with the orbit. The model normal and the ram pressure used is al@y) gisofenFig. 2a, but

intheY, Zgsm plane.

pressure at the sub-solar point remains somewhat higher thagt al. (2000). Since we use the model boundary for guidance

this (in excess of 15 nPa) just after 09:00 UT, suggesting thabnly, a detailed consideration of this effect is not critical to

not all the solar wind pressure is transmitted to these highthe discussion here. The effect of a 5nT INBz-on the flar-

southern latitudes. The figure also indicates the model noring of the magnetopause on the flanks could be of ordeg 1

mal at the crossing position. (Shue et al., 1998) and this is included in the pressure uncer-
Locating the magnetopause just outside of (or at) thet@inty quoted above~ 1 nPa). After the ar_rival of the_inter-

spacecraft positions between 03:30-06:30 UT correspondBlanetary shock, the IMB fluctuations increase slightly

to a solar wind dynamic pressure of 45 nPa, which is closd’Ut Predominantly remaining withitt 10 nT, as often north-

to that observed at the sub-solar point by Geotail prior to'"ard as southward. The effect of magnetopause shape on the

the arrival of the pressure pulse at the interplanetary shockmodel normal is much smaller than the deviations in actual

The effect of the IMFB on the shape of the magnetopause Normals quoted below.

at this local time and latitude of Cluster is not well known,  Figure 3 shows the time period containing both the main

since most data sets have used available data predominanthoundary layer encounter and the final entry into the magne-

from low-latitude spacecraft. Studies of the shape and locatosphere, in polar GSE coordinates, for the data from space-

tion of the magnetopause boundary, including the effect ofcraft 4. The T89 magnetospheric field model (Tsyganenko,

IMF- Bz, have been reviewed by Fairfield (1995) and Shue1989), corresponding to the high activity conditions observed
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Fig. 3. Plot of the magnetic field measured on spacecraft 4 in GSE polar coordinates. The model field, computed using the Tsganenko-89
model for an extreme activity leveK(p = 6), is shown as dashed lines. The measured field shows high compression after the 09:00 UT
crossing. The orientation of the model field fits the data very well, except just before the 06:30 UT crossing.

during this event has been added for comparison. The higleduces the local shear across the magnetopause for the last
Kp = 6 value corresponds to the best fit to the field orien- encounter (at 08:55 UT).

tation, defined by the polar angles, during this data interval.

Clearly, the high magnetic field magnitude after 09:00 UT,

in comparison to the model field, represents a highly com-

pressed magnetosphere and is consistent with there havirg§g Magnetopause encounters

been a sustained, large increase in solar wind dynamic pres-

sure after 06:30 UT. When the spacecraft are measuring magp, order to investigate the character of the magnetopause and
netospheric field (fqr the mtervals_ we identify), the f|eld_I|es its dynamics in response to the changing conditions, we se-
close to themodel field (dashed line) throughout each interigct four encounters with the magnetopause. The results of
val. This direction corresponds to a twisted field configu- y;ya (minimum variance analysis, (Sonnerup and Cahill
ration at the southern, night-side location, where the field di-1967)) of each crossing are shown in Table 1. The table
rection points predominantly_tail_ward _in a (_jraped orientation. ghows the date and key time of each crossing, the orbital po-
Although the magnetospheric field dlr_ect|ons near the Magsition of spacecraft 1, the mean boundary normals for each
netopause follow the model closely, high values of magnet'ccrossing and the mean velocity of the boundary along the
field intensity are not modelled closely by the T89 model in hormal. The column headed ‘MP’ labels each encounter
the flank regions. By contrast, the magnetosheath field shows_, nhumbered backwards in time. In the Table. we have
a variation broadly in line with preliminary IMF pehaviour shown only the average over the individual spacecraft nor-
at the WIND spacecraft. After about 02:30 UT it shows a mi5 and the average of the magnetopause velocity between
variable north/south orientation, predominantly close to theggch spacecraft pair. The velocity is calculated from the in-
Par_ker spiral (withBy positive) and this results in high mag- dividual crossing times at each spacecraft and the projected
netic shegr across the magnetopause .for the crossings bgaparation vector for each pair of spacecraft (see Bauer et al.,
tween 03:30-06:30 UT. After about 08:00 UT the magne-20n0, for an application of inter-spacecraft timing methods
tosheath field turns predominantly northward, correspondlnnging AMPTE IRM/UKS data). We comment on the differ-

to the IMF, and away from the Parker spiral direction just be-gces hetween each spacecraft for the individual crossings
fore the last crossing. This change in orientation significantlypajow.
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Table 1. Boundary analysis results

Date UT MP LT | rr(Re) X y z| Nav Ao/Az | Vi
10 Nov. 2000 08:55:30 1 1851 15.27 -3.17 1392 -541| 056 0.77 -0.29 15.00 34.8
10 Nov. 2000 06:28:31 2 19.01 16.65 —-4.28 1552 —-4.23| 0.60 0.74 -0.30 12.00| —124.9

10 Nov. 2000 06:02:00 3-in 19:08 1691 -—-452 1578 —-4.05| 051 0.85 -0.15 3.00f -17.3
06:03:40 3-out 19:03 16:91 —-452 1578 —4.05| 051 0.85 -0.15 3.00 19.9
10 Nov. 2000  05:40:00 4 19:06 17.21 -4.80 16.11 -3.73| 0.14 0.56 -0.82 5.00 44.3

Although there are small changes in magnetopause oriension of the magnetopause. Crossing 4 is also consistent with
tation between encounters, the normals are broadly consissutward motion.
tent (they agree to within a few percent in direction) and, Corresponding to the table, each crossing is discussed be-
except for the encounter at 05:25-05:40 UT, are in line withjow in more detail, in reverse time order.
the model magnetopause at each location. Except for the
fast crossing at-06:30 UT (see below), the normals are 31 The crossings between 08:30 and 09:00 UT
all stable (to choice of analysis interval), typically with high
eigenvalue ratiosx 5) between intermediate and miniMUM  £iq.re 45 shows the interval around the final re-entry of the
eigenvalues. Statistical errors (as defined in Sonnerup angh,qter spacecraft into the magnetosphere for all four space-
Scheible, 1998) are small. The evolution of the boundary Ori~craft. In fact, as shown by Fig. 1, there are more brief cross-

enta_ltio.n.follows the slow change in spacecraft location anqngs back into the magnetosheath after 09:00 UT, after which
the individual boundary normals at each spacecraft show thaf, spacecraft remain in the magnetosphere. Only data from

the local boundary shape has a high degree of planarity. Thi§,ecraft 4, however, were recovered for these later times.
fact makes the interpretation of each crossing sequence rel]-he data are expressed in MVA coordinates, with along
at.ively easy. In the majority of cases, repeated encounter§, o minimum variance directionM’ along the intermedi-
with the magnetopause boundary show nested sequences Qfe variance direction and.” along the maximum variance

crossing times at each spacecraft; strong support for the ing; action. The coordinates have been determined for each
terpretation that the crossings are caused by in/out motion og

he bound her th g . e&Facecraft separately by performing MVA across the magne-
the boundary, rather than convected structure moving passg,se. The boundary normals (minimum variance direc-

the Cluster f:onfiguration. Such nested timing is maintainedtion) at each spacecraft are, however, closely aligned (within
for all crossings throughout the day, although the actual or-l%) and are very stable with a high separation of the min-

der of the spacecraft encounters changes when the boundafy, ;m and intermediate eigenvalues. The profiles of each
orientation changes. spacecraft show a high degree of agreement, but also show

The magnetosheath field remains closely aligned to theevidence of small-scale structure. The gross (low frequency)
magnetopause plane, except for some notable intervals didield configuration around the magnetopause, and the implied
cussed below. This suggests that, at least for the intervaplanar geometry of the magnetopause, are therefore main-
03:30-06:30 UT, the Cluster configuration remains close totained on the scale of the spacecraft separations (which range
the magnetopause and is consistent with small, but changrom ~ 400 to~ 1000 km).
ing, motion of the magnetopause during this period. The The By component shows fluctuations about zero, sug-
computed velocities confirm this, noting that we use the con-gesting that the magnetic alignment is tangential across the
vention that outward motion of the magnetopause, along théoundary and that the magnetosheath field remains closely
(outward) normal to the boundary, is positive. Crossing 1 oc-aligned to the magnetopause. This is confirmed by the
curs after the magnetopause has stabilised and is slowly rdsoundary analysis. Figure 4b, for instance, shows a scatter
expanding, since it shows a clear outward motion at all theplot of the GSE angles of the magnetic field for an interval
spacecraft. The corresponding normal directions at crossaround the magnetopause. The data are from spacecraft 4
ing 1 are closely aligned to the model normal. The encounteiand the MVA normal is quoted on the plot. Two curves are
follows the large magnetospheric compression, which oc-drawn through the points (see Dunlop and Woodward, 1998
curred immediately after crossing 2, where subsequentlyand Dunlop et al., 1999 for a description). The green curve
the spacecraft moved substantially south with respect to theepresents a fitted planar field geometry (where the magnetic
GSM equator and followed the magnetopause inwards unfield vector lies in different directions but on a plane) to the
til 09:00 UT. Crossing 2 shows a high inward velocity, con- points and the red curve the equivalent plane defined by the
sistent with the onset of a large compression of the magneMVA normal. The two curves agree to within the statistical
topause. Crossing 3 is chosen because it shows a rapid betror and, together withy,, (the out of plane angle and lower
simple reversal in boundary velocity which corresponds to apanel in Fig. 4b), confirm tangential field alignment across
similar low speed for both the inwards and outwards motionthe magnetopause. As indicated in Fig. 4a, there is a brief,
of the boundary, consistent with a small amplitude depres-earlier encounter with the magnetopause, between 08:44:30—
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Fig. 4. (a) Interval of data in minimum variance coordinates around crossing 1, as in Table 1. MVA is performed for each spacecraft
separately in order to express the data in LMN coordinates. The interval is chosen to show both the brief re-entry into the magnetosphere anc
two clear FTE signatures in the magnetosheath. The analysis is performed at high resolution (2byREult of the boundary analysis,

as described in the text, where the interval plotted refers to the scatter plot. The MVA was performed across the MP at 08:56 UT.

08:46:30 UT, suggesting that the spacecraft remain adjacerdgpacecraft (which sets the overall scale size to be of order
to the magnetopause, but in the magnetosheath, around thi000 km, or greater) and their close coincidence in time. At
time. The traces show a larger time delay at 08:44:30 UThigh resolution, the time shifts between each spacecraft trace
than at 08:46:30 UT. Since the normal direction does notsuggest a convection speed of 700-900 km/s, parallel to the
change for the inbound or outbound crossing, the nested signagnetopause and a corresponding scale (along the flow)
nature of the re-entry (most clear for the red trace), thereforepver the signature of 4000—-5000 km. This is consistent with
indicates a slower entry into the magnetospheric boundarythe expected magnetosheath flow for the solar wind condi-
than the exit. Note that throughout the plot, the black andtions at this time. In detail, there is structure on the space-
green traces remain close together, reflecting the fact thatraft separation scale, particularly within the enhancements
these two spacecraft (1 and 3) remain closely parallel to then field strength. At high time-resolution, for the first event
magnetopause plane. There are a number of short turning&t 08:39:15 UT), spacecraft 1 and 3 both show a diBinn

in the By component throughout the period shown but two the centre of the event, while spacecraft 2 and 4 do not (not
strong, bipolar signatures with FTE-like signatures (Russeliclear from Fig. 4a). As referred to above, the orientation of
and Elphic, 1979) are notable at 08:39:15 and 08:42:20 UTthe magnetopause is such that spacecraft 1 and 3 lie almost
These signatures stand out because of the similarity at eagbarallel to its plane, with spacecraft 2 and 4 lying further out
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Fig. 5. (a)As for Fig. 4a, but for crossing Zb) As for Fig. 4b, but for crossing 2. The planar fit to the scatter plot is not shown.

(spacecraft 4 is also south of the others). For a cylindricalsubstructure, which produces stationary features in the time-

flux tube moving along the magnetosheath flow, therefore series. Since, in general, significant intervals of data around

spacecraft 1 and 3 would cut through the structure similarly. the boundary will contain features representing both time de-
At the magnetopause crossing at 08:56 UT, it is clear frompendence and spatial structure, this means that the use of

the B;, component that spacecraft 1 and 3 pass through theorrelation techniques for the timing usually fail. Moreover,

magnetic shear almost at the same time, followed by spacesonstant velocity can almost never be assumed. Although

craft 4 and then spacecraft 2 (a similar sequence occurs dhe boundary here is relatively stable, we find that the veloc-

the brief entry at 08:44:30 UT). The nature of this crossingity changes smoothly from 20 km/s to 45km/s as it passes

at all the spacecraft is consistent with the view that the magthe spacecraft array. We estimate that the boundary layer

netosphere is undergoing expansion and recovery, followingxtends over about 30s, giving a thickness~0fL000 km,

the large compression earlier. Using the independently decorresponding to the mean speed in Table 1.

termined normals, which demonstrate a high degree of pla-

narity over the spacecraft tetrahedron, we can compute pro3.2 The crossings at 06:30 UT

jected speeds along the normals for each spacecraft pair from

the inter-spacecraft timing and separation vectors. We do noFigure 5a shows an overview of the magnetopause crossing

describe the full technique here, since it is described elseat the time of arrival of the interplanetary shock and increase

where in detail but it is worth noting the following points. in solar wind dynamic pressure in the same format as for

The calculation rests on each spacecraft measuring similafFig. 4a. At a convection speed of up to 900 km/s, the pressure
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increase could arrive at Cluster just before the crossing whilgotation intoYgse. Small differences between the spacecraft
the spacecraft were still in the magnetosphere. The mairare within statistical error. The twin bipolar signature on the
characteristic of this crossing is the speed of traversal, whichmagnetosheath side of the boundary is similar to that seen in
results in almost simultaneous exit times at spacecraft 1, 3he magnetospheric layer and appears to be a standing struc-
and 4. There is also significant structure (on the scale oture with little or no time shift between the signatures. Again
the spacecraft separation) within the magnetospheric boundspacecraft 1 and 3 show similar profiles which would align
ary layer (06:27:50-06:28:40 UT) and the separation of thethe structure to the magnetosheath field (primarily along the
red trace for spacecraft 2 suggests rapid acceleration betwedarker spiral). There are a number of magnetospheric FTE
this and the other spacecraft. signatures after 06:04 UT (see below).

MVA analysis of the boundary and adjacent region gives
the normals, quoted in Table 1, which are consistent with3.4 The crossings at 05:40 UT
the model normals at this position and all spacecraft agree to
within 5%. However, the complexity of the magnetopauseFigure 7a shows a magnetopause encounter for which the
layer itself, which appears to contain an embedded FAE ( Spacecraft remain in or very near the boundary for more
signature) or boundary wave, produces slightly different nor-than ten minutes. All spacecraft exit briefly into the mag-
mals. The traces foBy, in Fig. 5a, show deviations be- netosheath between 05:38 and 05:40 UT; and then all return
tween the spacecraft, but all have a consistent component dfto the magnetosphere as the magnetopause moves outwards
~ 20nT, indicating that the current layer has the form of afor a sustained period. The MVA analysis was performed on
rotational discontinuity. Figure 5b shows the high-resolutionthe final set of crossings and produced stable normals to a
analysis for spacecraft 3 in the format of Fig. 4b. The evi- tangential boundary (at least on the magnetospheric side), as
dence from the scatter plot suggests that the underlying magfan be seen in Fig. 7b for spacecraft 3. All normals for each
netopause plane has a much smaffeise component than — Spacecraft were again closely aligned (%). It is appar-
suggested by the MVA normal. Such an orientation placesent that the magnetopause orientation differs from the model
the magnetopause almost parallel to the spacecraft plane d&ormal and, from the later encounters, tilting predominantly
fined by spacecraft 1, 3 and 4. Spacecraft 2 lies almost perinto Yese and Zgse. This affects the crossing order for the
pendicular to this plane at a separation of about 650 km. Suclpacecraft so that spacecraft 2 is no longer perpendicular to
a local orientation of the magnetopause would be consistenifie boundary. The magnetospheric and magnetosheath fields
with a sudden |arge Compression, driving the magnetopauseave the same orientation and still see very similar field pro-
inwards. files. Spacecraft 4, however, now has a larger separation

Although this alignment of the spacecraft and magne-along the normal.
topause planes means that the computed speed of the bound-On exit, however, at 05:38:15 UT, the magnetopause ori-
ary is sensitive to the normal direction, the mean velocity €ntation is consistent with the model normals, so that space-
from the spacecraft 2 timing can be accurately found andcraft 2 is still the outer most spacecraft relative to the bound-
is 45km/s. Moreover, the only consistent analysis of theary orientation, showing multiple crossings of the magne-
motion suggests that the boundary speed increases to ovéppause throughout the earlier period while the other space-
300 km/s at spacecraft 1 so that there is a rapid acceleratiofraft remain predominantly on the magnetospheric side of
of the magnetopause inwards. It is again true that spacethe boundary. During this interval (05:30-05:38 UT), there-
craft 1 and 3 sample very similar fields, while spacecraft 2fore, the magnetopause boundary layer lies sometimes be-
shows distinct structure. Spacecraft 4 shows almost the samféveen spacecraft 2 and the other spacecraft and, on at least
profile as that for 1 and 3 after 08:28:35 UT, correspondingOne occasion spacecraft 4 makes a partial exit into the mag-
to the outer current layer and in line with the boundary ori- Netosheath. Spacecraft 1 and 3 always lie deeper on the mag-
entation implied above. Spacecraft 2 sees different structur@€tospheric side of the boundary. TBg trace shows close
through the boundary and transition layers, but all spacecrafélignment to the magnetopause orientation and contains a
show signatures that are consistent with a high shear boundiumber of (magnetospheric) FTE signatures. We have in-
ary (Paschmann et al., 1986; Phan et al., 1994). The transHicated four by dashed vertical lines. In some cases, notably
tion layer again extends over 30 s and the perpendicular scalée signatures at 05:35:00 and 05:35:25 UT, the same coher-
of the boundary layer at the velocity determined from space-€nt signature is observed even when spacecraft 2 is in the

craft 2 is, therefore, again just larger tharl000 km. magnetosheath. Thus, the same reconnected flux is seen on
either side of the current layer. In the second case, for ex-
3.3 The crossings at 06:05-06:10 UT ample, spacecraft 4 passes through the centre of the flux tube

while the others lie either side of the boundary.
Figure 6 shows a pair of magnetopause crossings correspond- Spacecraft 2 is only 400 km from spacecraft 4, along the
ing to a simple reversal in magnetopause motion (as indicatedormal, and the other spacecraft are less than 200 km sep-
in Table 1). The magnetopause structure is almost the samarated so the FTE signature represents a structure of order
for both the inward and outward crossing, so that the fieldor less than the scale of the overall boundary layer. This is
profiles are reversed around 06:03 UT. The MVA normals consistent with previous studies of ISEE 1 and 2. Moreover,
are not so well determined for this interval, but show a slightthese magnetospheric signatures are of short duration, imply-
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Fig. 6. As for Fig. 4a, but for crossing 3.

ing a speed along the magnetopause &0— 80 km/s, from  demonstrated, by direct application of MVA across the mag-
previous estimates of their spatial scale. There is also an imnetopause, that the geometry of the magnetopause is highly
plication for the size of they perturbation, which appears planar over the spacecraft array. The mean magnetopause
to be always larger on the magnetosheath side of the boundsrientation changes slowly over the day and is observed to
ary. This is true for the FTE's seen at 06:05 UT also (seechange the crossing order of the spacecraft. A planar config-
Fig. 6). It is expected that the size of the sighature shoulduration makes inter-comparison of the magnetic field signa-
grow as the spacecraft cut closer to the current layer and thatires more straightforward but also allows the motions of the
deeper into the magnetosphere the signature weakens. magnetopause to be determined unambiguously for the first

time.

We have been able to show that in nearly all cases the mag-

4 Conclusions netopause motion is constantly changing and in particular

varies over the sequence of spacecraft crossing times. Mag-
We have discussed the four spacecraft magnetic field dataetopause speeds along the normal for the sequence of in/out
from the Cluster mission for the first day of crossings of the crossings between 03:30-06:30 UT range from 17-44 km/s;
magnetopause by spacecraft . We have focussed on four dighe arrival of a pressure pulse of more than 20 nPa produced
tinct encounters, each with particular characteristics, but inmagnetopause speeds of over 300 km/s. On the scale size
the context of the magnetospheric conditions applying to theof the Cluster separation distances, here ranging from 200-
whole day. The two main intervals of magnetospheric field, 650 km for the whole time interval, the magnetopause ve-
before and after the arrival of the interplanetary shock, alsdocity is hardly ever constant. Itis also demonstrated that the
have associated ground signatures which, are discussed elggarticular geometry for this day resulted in the magnetopause
where (this issue). The whole set of crossings, measured slying nearly planar to one face of the spacecraft tetrahedron,
multaneously at the four spacecraft, in general result in a seso that the inter-spacecraft timing is sensitive to changes in
guence of crossing times which is consistent in all cases wittmagnetopause orientation.
large scale (but often small amplitude) motions of the mag- The scale size of the magnetopause layer was shown to
netopause. The individual ordering, in which the spacecraftbe consistently (for different crossing speeds) about 1000—
cross the boundary at each crossing, and indeed the timing df100km. It is important to note that, in the presence of
other comparative features in the field profiles, have to be unstrong sudden accelerations, an assumption of constant mo-
derstood in terms of the orientation of the magnetopause withion over these spatial scales (as has to be done in the case
respect to the spacecraft configuration. For this event, it isof dual spacecraft measurements) would falsely estimate the
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Fig. 7. (a)As for Fig. 4a but for crossing 4. The interval is chosen to correspond to the extended sequence of multiple crossings by spacecraft
2. The dashed vertical lines indicate selected FTE signatures and the short period when all spacecraft exit into the magnetosheath is show
by solid vertical lines(b) Analysis of the boundary at 05:40 UT.

boundary thickness. Such an estimate would vary, dependdence that the scale of the signature is largest on the mag-
ing on the changes in motion of the boundary. Correct use ohetosheath side of the boundary and has some variation with
four spacecraft information can determine, as is done heregistance from the boundary. The implied flux tube motion
what changes in motion occur. The perpendicular scale obf ~ 100 km/s along the magnetopause boundary suggests a
embedded structures, such as FTE’s, was shown to be of oparallel scale of- 0.5 Rg.

der or less than the magnetopause thickness. In the adjacent

magnetosheath, a number of candidate FTE signatures were

observed and two convected signatures, seen after the large

solar wind pressure pulse, were shown to imply a magne-

tosheath speed of 800-1000 km/s, consistent with the solar AcknowledgementsThis work was supported at Imperial College
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