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Abstract. In this paper, we use Cluster data from one mag-substantially from one crossing to the next, within an event.
netopause event on 5 July 2001 to compare predictions fronft ranged from 5 to 10 ion gyroradii. The density profile was
various methods for determination of the velocity, orienta- sharper than the magnetic profile: most of the density change
tion, and thickness of the magnetopause current layer. Weccured in the earthward half of the magnetopause.

employ established as well as new multi-spacecraft teCh'Key words. Magnetospheric physics (magnetopause, cusp

nigues, in which time differences between the crossings byand boundary layers: instruments and techniques) — Space
the four spacecraft, along with the duration of each cross- Y 1ayers, g P

ing, are used to calculate magnetopause speed, normal Vee[asma physics (discontinuities)
tor, and width. The timing is based on data from either the
Cluster Magnetic Field Experiment (FGM) or the Electric
Field Experiment (EFW) instruments. The multi-spacecraft1 |ntroduction
results are compared with those derived from various single-
spacecraft techniques, including minimum-variance analy-The magnetopause, its orientation, motion, and structure,
sis of the magnetic field and deHoffmann-Teller, as well have been studied extensively since this electric current layer,
as Minimum-Faraday-Residue analysis of plasma velocitiesnarking the outer boundary of Earth’s magnetic field, was
and magnetic fields measured during the crossings. In orfirst discovered in the early sixties (Cahill and Amazeen,
der to improve the overall consistency between multi- and1963). However, it has not been a simple matter to ob-
single-spacecraft results, we have also explored the use ahin reliable information from single-spacecraft data. The
hybrid techniques, in which timing information from the two spacecraft, ISEE 1 and 2, operating in the late seven-
four spacecraft is combined with certain limited results from ties and early eighties, provided greatly expanded opportu-
single-spacecraft methods, the remaining results being lefhities for magnetopause studies and led to new and convinc-
for consistency checks. The results show good agreemenig results, for example, concerning the current layer motion
between magnetopause orientations derived from appropriand thickness (Berchem and Russell, 1982). We refer the
ately chosen single-spacecraft techniques and those obtainedader to that paper for the ISEE-based techniques and re-
from multi-spacecraft timing. The agreement between mag-ults, and for a brief summary of various single-spacecraft
netopause speeds derived from single- and multi-spacecrafhethods employed in the sixties and seventies to estimate
methods is quantitatively somewhat less good but it is evideninagnetopause speeds and thicknesses. In the eighties and
that the speed can change substantially from one crossing taineties, two new methods were added: the normal com-
the next within an event. The magnetopause thickness variegonent of the deHoffmann-Teller (HT) frame velocity (Son-
nerup et al., 1987) and the related Minimum Faraday Residue
Correspondence tdS. E. Haaland (MFR) method (Terasawa et al., 1996), based on the con-
stein.haaland@issi.unibe.ch stancy of the tangential electric field in a frame moving with
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the magnetopause. Both methods employ plasma and magelop and use this approach in the present paper and refer to it
netic field data to calculate the convection electric field. Re-as the Constant Thickness Approach (CTA). However, as we
cently, results from these two methods were compared wittshall see, large thickness variations during a Cluster magne-
magnetopause velocities derived from time delays of the pastopause event can by no means be excluded. If present, such
sage of the boundary across the spacecraft pair AMPTE/IRMariations must have been caused by convective or internal
and AMPTE/UKS (Bauer et al., 2000). effects, such as time dependent reconnection, rather than by
One of the important objectives of the four-spacecraftone-dimensional compression or expansion. The CTA fre-
Cluster mission is to allow for the determination of the ori- quently predicts substantial changes in magnetopause speed
entation, speed, and thickness of the magnetopause curreaver relatively short time intervals.
layer without use of smg_le_z-spa_cecraft technl_ques that employ In two recent papers, Dunlop et al. (2001, 2002) have
measured plasma velocities, since, at least in the past, plasma .
. concluded from studies of Cluster magnetopause events that
measurements generally have had larger experimental uncetr— .
he magnetopause speed was usually not constant during an

tainties than, for example, magnetic field measurements. To ) )
. . . L event but could change drastically over times of the order of
obtain the sought-after information from the timing of the

- - a minute or less, whereas the thickness showed more mod-
passage of the magnetopause, a minimum of four observin . : . :
. L ._est variations. The method employed in reaching this con-
spacecraft is needed. Even then, the determination from tim-

NS . . I clusion makes use of magnetopause normal vectors obtained
ing information alone has unavoidable ambiguities (Dunlop

and Woodward, 1998, 2000), as will be discussed further mfrom minimum variance analysis of 'ghe m:_:lgneth .f|e|d data
. R : taken during each of the four crossings, in addition to the

the present paper. The required timing information can be. . : L
X . - . timing information. It leads to the determination of both the
obtained from any quantity measured at sufficient time reso-

lution by all four spacecraft, provided a well-defined Changemagnetopause speeds and thicknesses. This method and its

in that quantity occurs at the magnetopause. In the preser{L}\?derlylngl assumptions have been described by Dunlop and

paper timing from magnetic field measurements, as well as oodward (1998, 2000.)' Itis referred f[o as the Discontinu-
from plasma density measurements, is used. ity Analyzer (DA) and will be employed in the present paper,

A method, based on timing alone, for determination of theailbelt in a form that deviates somewhat from the original ver-

orientation, speed and thickness of a discontinuity moving
past four observing spacecraft was first presented by Russell The main purpose of our paper is to compare the re-
et al. (1983), who applied it to interplanetary shocks. Theirsults from CVA, CTA, and DA with each other and with re-
method uses the measured time differences between the pasults from various single-spacecraft techniques. We will also
sage of the discontinuity over the spacecraft, along with theexamine simple modifications of CVA, CTA, and DA that
known separation vectors between them and, to obtain thean be implemented to improve the consistency with single-
discontinuity thickness, the duration of each crossing. Thespace-craft methods. The presentation is organized as fol-
basic assumptions underlying the technique are that the vdews. Details of the CVA, CTA, and DA methods are pre-
locity and orientation of the discontinuity, assumed planar,sented in Sect. 2. In Sect. 3, data from the fluxgate magne-
remain constant during the entire interval of its passage ovetometer (FGM) experiments (Balogh et al., 2001), from the
the four spacecraft. We shall refer to this technique as theon spectrometer (CIS) experimentsiRe et al., 2001), and
Constant Velocity Approach (CVA). It has been reviewed re- from the electric field wave (EFW) experiments (Gustafsson
cently by Harvey (1998) and Schwartz (1998), and has beet al., 2001) on board the Cluster spacecraft, are presented
come a frequently used tool in the interpretation of magne-for a benchmark case: an encounter of the four spacecraft
topause data from the four Cluster spacecraft. The CVA fre-with the magnetopause on 5 July 2001, in the approximate
quently predicts substantial differences in the magnetopausmterval 06:21-06:27 UT. Magnetopause velocities derived
thickness for the four spacecraft crossings in an event. from CVA, CTA, and DA, are presented in Sect. 4 and com-
The assumption in CVA of a constant velocity is well jus- pared with velocities obtained from single-spacecraft meth-
tified for interplanetary discontinuities but is problematic for ods. The comparison leads to the conclusion that certain
the magnetopause, which has been observed from singlenodifications of CVA, CTA, and DA are desirable. These
spacecraft to abruptly move in and then out again, indicat-modifications, which involve use of plasma velocities mea-
ing rapid and large changes in its velocity. Such behaviorsured by the Cluster ion spectrometer (CIS/HIA) on board
follows from the fact that a patch of magnetopause of unitspacecraft 3 (C3), are also implemented and tested in Sect. 4.
area, 1km, say, has extremely low mass, while the mag- They are denoted by CVAM, CTAM and DAM. In Sect. 5,
netosheath pressure to which it is exposed undergoes rapiaye present our results for magnetopause orientations, thick-
and sometimes substantial fluctuations. Under typical connesses, and normal magnetic field components. Section 6
ditions (total pressurel nPa; N=15 protons/crf; thickness  contains a discussion of our findings and their implications
d=500km; y=c,/c,=2), a pressure imbalance of 10% will for methodology, as well as for magnetospheric physics. Sec-
produce an acceleration of about 8 kfrifsit an accompany-  tion 7 contains a summary of our main conclusions. Cer-
ing thickness change of only some 2.4% (12 km). This resulttain details of our methods for determining magnetopause
suggests that it may be desirable to use the assumption afrossing times and crossing durations are discussed in the
a constant thickness rather than a constant velocity. We deAppendix.
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2 Multi-spacecraft methods 2.1 Constant velocity approach: CVA

A magnetopause event seen by Cluster consists of four coni this approach (Russell etal., 1983) we fut=A,=A3=0
plete individual magnetopause crossings, one by each of the0 that the magnetopause velocity is constant during the
spacecraft (C1-C4). We order these crossings according t8vent:V (t)=Ao. Equation (4) then becomes

increasing time, with the first crossing (CRO) at center time

t=to=0, the second crossing (CR1) att1>1o, the third Ri-m=1 (=123, ©)
(CR2) atr=t,>11, and the final crossing (CR3) atr3>1.

(In the event to be analyzed here, the corresponding spacdNere the vectom is defined by

craft ordering will be C4, C1, C2, and C3.) n
. m=—. (6)
We express the instantaneous velodityt), of the magne- Ao
topause as a function of time in terms of the following poly-

The three Egs. (5) can be solved for the three compo-
nents ofm and, sincen|?=1, we then obtain the velocity

) 3 V(@®)=Ap=1/|m| andn=mAgy. From Eqg. (2) one finds the
V(1) = Ao+ A1t + Aat” + Ast”, (1) individual magnetopause thicknesses to be siniph2z; Ao.

A modified version of CVA, referred to as CVAM, will
whereA;, i=0, 1, 2, 3, are constants to be determined from also be used, in which a constant acceleration of the mag-
the timing data. Equation (1) may be thought of as producingnetopause is included via a nonzero value of the coefficient
a kind of low-pass filtered description of the magnetopauseAi1=kcvam Ag in EQ. (1). The constaritcyam can be deter-
motion during the event. It is possible that contributions from mined by requiring the average magnetopause velocity dur-
higher frequencies are substantial, at least in some cases. Ing one of the crossings (in our example, the C3 traversal),
two of the methods to be used here, the polynomial is ofderived from CVAM, to agree with the velocity along the
lower order: in CVA we setA;, Ap, and A3 equal to zero  normal, deduced from the plasma instrument on board that

nomial

and in DA we setd3=0. spacecraft (in our example, CIS/HIA on board C3), except
With the above expression for V(t), we find the magne- for an adjustment to account for any reconnection-associated
topause thicknesses, (i=0, 1, 2, 3), to be flow across the magnetopause.
1+t 2.2 Constant thickness approach: CTA
@:/ V(t)dt
=T

In this case, we first solve the four Egs. (2) for the
= 21; [V(t,-) + (Azriz)/3+ A3tl'rl-2:| , @) four quotientsA; /d(i=0, 1, 2, 3), whered is the constant,
but presently unknown, magnetopause thickness during the
where the square bracket on the right represents the averag@ent. By substitution of the resulting;/d values into
magnetopause speethye , during crossing CR which has  EQ. (4) we then find
center time; and duration 2;. In other words,
Aot; Altiz Azti3 A3ti4
d 2d 3d 44

R, - M= (i=123),(7)

Vave = | V(0 + (4222 /3 + (Aati TP | 3)
where M=n/d. Again, this set of three equations can be

The distance travelled by the magnetopause, betweer%'c’lve<j forM, whereuponi=1/|M| andn=Md. The four

i ; . : coefficients A; are then known, and the average magne-
crossing CR and crossing CRO along a fixed normal direc- . . )
tion. n. is then topause velocity during each of the four crossings can be cal-

culated from Eq. (3).

1=t; This method will also be modified (to CTAM) by allow-
R, -n= / V(t)dt ing the magnetopause thickness observed at one (or possi-
1=0 ) 3 4 bly two) selected spacecraft to be different, by a multiplica-
— Aot + Ayl AotP Az ’ ) tive factor, kctam, from the common thickness at the other
2 3 4 three (two) spacecraft. The factbgtam is determined by

. . - requiring the average magnetopause speed, obtained from
where R; (i=1,2,3) is the position vector of the space- crap at one spacecraft (in our case C3), to agree with the

craft that experiences crossing Cielative to th_e spacecrgft corresponding plasma result, appropriately adjusted for any
that encounters the first magnetopause crossing (CRO) in thFeconnection-associated flow across the magnetopause.
event. For simplicity, we assumi; to be independent of

time during the event. 2.3 Discontinuity analyzer: DA

The Egs. (1)—(4) are common to the various methods we
will investigate but, from this point on, each technique mustIn its simplest form, this approach is based on the fact that
be described separately. n can be determined from minimum variance analysis (with
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Table 1. Overview of methods, and their acronyms, and symbols.

MP parameters returned

Symbol  Acronym  Method Normal Speed  Acceleration

Single spacecr aft methods

u MVAB Minimum Variance Analysis of magnetic field Yes No No

o MVABC  Minimum Variance Analysis with constraifB) - n = 0 Yes No No

+ MFRT Minimum Faraday Residue analysis Yes Yes No

dr MFRC Minimum Faraday Residue analysis with constrdB} - n = 0 Yes Yes No

H HTS DeHoffmann-Teller analysis No Yes Yes

\% CIS Plasma velocity along from the CIS instruments No Yes No
M ulti spacecraft methods

X Model Model magnetopause Yes No No

o Nbull Origin for polar plots (Figure 5). Averaged MVABC froall four SC Yes No No

x CVA Constant Velocity Approach Yes Yes No

8 CVAM Constant Velocity Approach, modified so thét= V- ;g* for C3 Yes Yes Yes

® CTA Constant Thickness Approach Yes Yes Yes

9 CTAM Constant Thickness Approach - modified so that= Vo g* for C3 Yes Yes Yes

¢ DA Discontinuity analyzer No Yes Yes

q DAM Discontinuity analyzer - modified so th&t = Vg™ for C3 No Yes Yes

T The Minimum Faraday Residue method (Khrabov and SonneB984) is based on conservation of Faraday’s law across entur
sheet. It returns a direction and a velocity of the magnetspa&urrent layer.

§ DeHoffmann-Teller analysis (Khrabov and Sonnerup, 1998tirns a frame of reference in which the electric field iaess
(or nearly vanishes). The speed of this frame relative tsgaeecraft frame can then be regarded as the speed
of arigid structure, e.g., the magnetopause current layer.

*Veors is adjusted for reconnection flow.

or without the constrain{B)-n=0, where(B) is the aver-  derived from DAM, to agree with the reconnection-adjusted

age magnetic field measured during the magnetopause crosgermal plasma velocity from one of the spacecraft (in our

ing) of the magnetic data in each crossing, and requiring thatase C3).

these four normals are nearly aligned so that a single, aver- For convenient reference, a summary of methods, with

age normal can be used. In our application of DA, which their corresponding acronyms and symbols are given in Ta-

differs slightly from the way it was originally described (and ble 1.

later used) by Dunlop and Woodward (1998), we Ag=0

and use Egs. (4) to calculatly, A1, andA,. The average 2.4 Center time and crossing time

magnetopause velocity at each of the four crossings is then

obtained from Eq. (3), witti3=0. The magnetopause thick- The center timez;, and crossing time, 2, for each crossing

ness for each crossing is obtained from Eq. (2). enters into the calculations and must be determined accord-
The additional knowledge of provides the advantage of ing to a uniquely specified _an_d consistent procedgre. When

allowing the determination of both the velocity and the thick- FGM data are used for the timing, our method consists of first

ness for each crossing. The disadvantage is that the time dé(jentlfymg a data interval, for each spacecraft, that includes

pendence of the magnetopause velocity is parabolic rathetlhe main magnetic field transition in the magnetopause, as

than cubic, which is considerably more restrictive and, as wewe" as short adljomln.g regions m_the magnetosphere and
shall see, severely limits the ability to realistically describe magnetoshegth in which .the field is more or less constapt.
the actual (albeit effectively low-pass filtered) magnetopauseStand"J_lrd variance analysis (see, €.9. Sonnerup and SCh.e'ble’
velocity variations during an event. 1998) is performed_on the combined _set of measured field
) ~vectors for the four intervals, and the field component along
~The DA calculation can also be performed by use of indi- the resulting maximum variance eigenvector is plotted as a
vidual normal vectors determined for each of the crossingssnction of time for each spacecraft. When EFW timing is
In Eq. (4) we then replace the common normdly the aver-  seq, time plots of the inferred plasma density are used in
age normal from two adjoining crossings;at; andr=ti+1,  place of the maximum variance magnetic field component.
say. We also replac®; by (R;+1—R;) and perform the in- After suitable preprocessing of the data, described in the
tegration fronv; t0 7;1. Appendix, we perform a cross correlation between the max-
A modified version (DAM) of DA will also be used, in imum variance field component (or the density) in crossing
which a nonzero coefficieniz in Eqg. (1) is incorporated CRO and the corresponding component (density profile) in
to yield a cubic velocity curve. As before, this coefficient CR1, CR2, and CR3, in order to establish their optimal center

is determined by requiring the average magnetopause speedrossing times; (i=1, 2, 3), relative to CRO.



S. E. Haaland et. al.: Four-spacecraft determination of magnetopause orientation, motion and thickness 1351

Next, the duration of the crossings are determined. Sevwith those from CIS/HIA. No CIS plasma data are obtained
eral methods are conceivable here; we found the followingfrom C2.
method to give the most reliable results; first, select the cross- The event displays an unambiguous transition from the
ing, i=p, say, whose time profile of the maximum variance hot, tenuous magnetospheric plasma to the cool, dense mag-
field component best fits a chosen functional form, in ournetosheath plasma. This is a true magnetopause event and
case the following temporal hyperbolic tangent curve: not simply a current layer in the magnetosheath. Further-
more, except for a narrow density foot, seen by C1 but not C3
on the magnetospheric side, there is no evidence in Fig. 1 of
a boundary layer, populated by magnetosheath-like plasma,
and located immediately earthward of the magnetopause. If
and by a least-squares fitting determine the actual optimabne moves inward across the magnetopause, i.e. from right to
value ofz,, for this particular crossing. (For density data, a leftin the figure, the plasma density first has a maximum and
formula similar to Eq. (8) is employed.) then drops abruptly to its low magnetospheric lobe level near

Time profiles from the other crossings are stretchedthe inner edge of the magnetic field transition. At the same
(longer duration) or compressed (shorter duration) versiongime, the plasma temperature increases and the anisotropy
of the above. The amount of stretching, is determined factor indicates a transition froffi| <7, as expected in the
through a least-square minimization scheme (see Appendixhigh-latitude/tail magnetosheath, T9>T7, in the magneto-

By use of these stretching factoks, we now can determine  sphere. The plasma velocity also drops to antisunward flow
ther; value, and thus the optimal fit of the hyperbolic tangent at about 100 km/s in the lobe. This drop-off occurs over the
profile (8), for each of the four crossings. entire magnetopause width.

The hyperbolic tangent curve has the property that 76% For C3, the plasma momentum changes across the magne-
of the total field changeA Bmax, (or density changeAN) topause are consistent with the occurrence of reconnection:
occurs within a time interval 2. The magnetopause thick- the slope of the regression line in a plot of plasma veloc-
nesses given in our paper are defined in this fashion. Notély components in the HT frame versus the corresponding
that the most suitable functional form for characterization of Alfv én velocity components is +1.03 (this so-called &val
the magnetopause transition may vary from event to evengorrelation plot is presented for our event in Hasegawa et al.,
but should be the same for all four crossings within an event2003). This result, including the positive sign, indicates the

presence of reconnection flow that is parallel (as opposed to

antiparallel) to the magnetic field. For the expected earth-
3 Testcase ward plasma transport across the magnetopause, itimplies an

earthward directed normal magnetic field component. How-
We now apply the CVA, CTA, and DA methods to a mag- ever, the absence of a substantial boundary layer, containing
netopause event observed by Cluster on 5 July 2001, in thenagnetosheath-like plasma, immediately earthward of the
interval 06:21-06:27 UT, when the spacecraft constellationmagnetopause, indicates either that the event was observed
was located on the dawnside flank of the magnetospherelose to the reconnection site, or that the reconnection rate
at approximately 6.8, —15.0, 6.2]JRg GSE. The magne- was small, or that the reconnection configuration was time
topause moved inward past the four spacecraft, thereby obdependent and spatially localized to a small part of the mag-
serving a transition from magnetospheric to magnetosheathetopause. For the crossing by C1 the &¥aslope is only
conditions. This same event has also been analyzed by Dun-0.57 (Hasegawa et al., 2003). The interpretation of this re-
lop (private communication, 2003), using the original ver- sultis not clear but it may indicate that incipient reconnection
sion of DA. In addition, two-dimensional structures within was at hand during this traversal.
the magnetopause in this same event have been examinedThe four complete magnetopause traversals are followed
by Hasegawa et al. (2003), using the Grad-Shafranov basebly two brief intervals (around 06:25:50 UT and 06:27:30 UT)
reconstruction technique, as described by Hu and Sonneruip the magnetosheath, where the data suggest either the pas-
(2003). sage of an FTE-like structure, or a partial re-entry into the

Figure 1 contains an overview of the magnetic field andmagnetopause layer. These intervals will not be analyzed
plasma data during the event. The top three panels showere.
the GSE magnetic field components (Balogh et al.,, 2001) The top panel in Fig. 2 shows the maximum variance field
at 4-s resolution, for each of the four spacecraft, while thecomponent seen by each spacecraft and the hyperbolic tan-
following three panels show plasma density, parallel andgent curve optimally fitted to the field data, as described in
perpendicular temperatures for C1 and C3, and temperaturBect. 2.4. The fit is excellent for C1 and C4 but less good
anisotropy factord ,=(7j/ T, —1) from the CIS/HIA instru-  for C2 and C3, where substantial positive and negative devi-
ment (Reme et al., 2001). The bottom three panels showations from the hyperbolic curve are present within the main
the GSE velocity components at the standard 4-s spin resanagnetopause transition, in particular on its magnetosheath
lution from the CIS/HIA instrument for C1 and C3 and from side. We do not know whether the fluctuations are caused
CIS/CODIF for C4. For C1 and C3, the proton velocities de- by 2D/3D local structures or by rapid changes, including
rived from CIS/CODIF (not shown) are in good agreement brief reversals, of the magnetopause motion. Bh@ndn,

1 t—t
2 Tp
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Fig. 1. Time plots of prime-parameter quantities measured by Cluster spacecraft (C1-C4) at the magnetopause on 5 July 2001,
06:18-06:30 UT. Top three panels: GSE magnetic field components from FGM experiments. Middle three panels: plasmé,density
temperatured’; and 7T, and anisotropy factod ,=(7; /7 —1) from CIS/HIA experiments. Bottom three panels: GSE plasma velocity
components from CIS/HIA (C1 and C3) and CIS/CODIF (C4). Color code: black=C1; red=C2; green=C3; blue=C4.
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Fig. 2. Fitting of hyperbolic tangent curves for magnetopause encounters by Cluster on 5 July 2001, 06:22:30-06:25:30 UT. Top panel:
fitting to maximum variance magnetic field component (6-s sliding averages at 0.2-s resolution). Bottom panel: Fitting to plasma density
data, derived from EFW instruments (4-s sliding averages at 0.2-s resolution). Color code as in Fig. 1.

panels of Fig. 1 show possible evidence of a brief velocity re-imum, and magnetosheath pulsations notwithstanding, the
versal at C3 around 06:24:20-06:24:25 UT. There is a similalEFW-based timing for this event has less ambiguity than the
but slightly delayed, signature at C2 but the timing relative timing obtained from FGM.

to C3 is not consistent with simple outward/inward motion of ) i
a plane magnetopause layer. The optimal data window we ar- The cente_r times;, and _durat_lons, 2, for the fo_ur cross-
rive at from the procedure described in Sect. 2.4 and in thdn9s: determined as described in Sect. 2.4, are given for FGM

Appendix is such that these features are suppressed; this irf?‘-nd EFW in Table 2, along with the spacecraft separation

plies the interpretation that they are not produced by velocityveCtors’Ri' relative to C4. The durationszz derived from

reversals and, therefore, should not be allowed to influencéEFW are shprter than those from FGM .because the density
the CTA velocity determination. Comparison with single- ramp occupies only the earthward portion of the total cur-

spacecraft determinations of the magnetopause speed, to l58ntlayerth|ckness. But there are also significant differences

discussed later in the paper, tends to confirm this conclusion” the center timesy;, derived from the FGM and the EFW

The b lin Fig. 2 sh h di data. In particular, the time lapse between the first (C4) and
e bottom panel in Fig. 2 shows the corresponding re-y,, 4o (C3) crossing in the event is some 8s shorter for the

sultf? for the_: FF\(/;V der}sny data,l e;t(l)rgfte%:ro? th_e SPacerpyy timing. The probable explanation for this discrepancy
craft potentials (Gustafsson et al., )- The density raMP3s that, in approximate terms, the density ramp maintains its

are steep and well defined, albeit with a distinct, Iow—densitythickness and location near the inner edge of the magnetic-
foot” structure (boundary layer), seen by C4, C1, and C2field transition, while the magnetic structure in the middle

on the magnetospheric side and a maximum in the mlddleand outer portions of the current layer increases its width sub-

of the magnetopause, followed by pulsations in the r,nagne'stantially sometime after the second (C1) but before the last
tosheath. Although these features in the EFW density pro;(cg) crossing

files may be somewhat contaminated by spin-modulation o

the spacecraft potential, comparison with the CIS/HIA den- In Sects. 4 and 5, we present an overview of the results
sities from C1 and C3, shown in Fig. 1, indicates that theyfrom the various multi-spacecraft and single-spacecraft tech-
are, for the most part, real. The density foot, density max-niques. Discussion of the results is given in Sect. 6.
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Table 2. Separation distance®;, (GSE), crossing durationsz;2 4.2 Speeds from single-spacecraft techniques

and center crossing times, relative to the the C4 crossing.
Figure 3 also shows results from single-spacecraft determi-

Spacecraft nations of the magnetopause velocity, using CIS/HIA plasma
Parameter Cl (67] C3 C4 data for C1, C3, and CIS/CODIF (H data for C4. For each
R, k] 1669.0 —3870 7240 00 spacecraft, the results from three methods are given.
Ry [km] 1622.0 1580.0 2513.0 0.0 First, three velocity vectors measured by CIS/HIA (for
R, [km] 1290.0 1224.0 —401.0 0.0 SC4; CIS/CODIF) in the middle of, or bracketing, the mag-

netopause are averaged and dotted into the corresponding

Crossing time; (FGM)[s] 6.7 33.5 444 00 individual normal vector for the crossing, determined from
Duration %; (FGM) [s] 802 1734 1676 880 minimum variance analysis of the measured magnetic field

during the crossing (MVAB; e.g. Sonnerup and Scheible,
1998) but with the constraint added that the average normal
magnetic field component be zero (MVABC; for further dis-
cussion, see Sect. 5). The results are denoted by “CIS” in the
figure. This procedure should provide the velocity of a tan-
gential discontinuity, across which no plasma flow occurs.
In the presence of reconnection and the associated plasma
flow across the magnetopause, from the magnetosheath to
the magnetosphere, the plasma flow along the negative nor-
4.1 Speeds from CVA, CTA, and DA mal direction should be larger than the actual inward magne-

topause speed by an amount of the order of the&fspeed

based onB)-n, the average normal component of the mag-
The magnetopause velocity obtained from CVA-#40km/s  netic field. This correction should be kept in mind for C3. Its
for FGM timing and—48 km/s for EFW timing, the nega- magnitude is estimated to be about 10 km/s.

tive sign indicating that, as required for a transition from the  second, the normal velocities obtained from the uncon-
magnetosphere to the magnetosheath, the motion is earttrained and constrained B)-n=0 ) Minimum-Faraday-
ward, i.e. it is opposite to the direction of the magnetopauseresidue technique (Khrabov and Sonnerup, 1998a) are
normal vector. The CTA and DA methods both give curvesshown, and are denoted in the figure by “MFR” and
representing the inferred instantaneous (but heavily low-pasgyFrc”, respectively. The expectation is that for a tangen-
filtered) magnetopause velocity as a function of time duringyjg) discontinuity, the results from MFR and MFRC should
the event. These curves are shown in Fig. 3, both for FGMcoincide. This behavior is obtained at C4 but not at C1,
timing (upper panel) and for EFW timing (lower panel). To nresumably as a consequence of some systematic errors in
facilitate intercomparison of FGM- and EFW-based results,ipe prediction from MFR for this crossing. In both of these
the time axis for the EFW-based curves has been stretched SQossings, we believe the magnetopause was nearly a tan-
that their end time at C3 is the same as for the FGM-base@ential discontinuity, a conclusion confirmed in the study by
curves. Hasegawa et al. (2003). At C3, their results illustrate that a
By use of Eg. (3) at the four crossings, i.e. at reconnection-associated, inward-directed plasmaflow across
t=1;(i=0, 1, 2, 3), one can calculate the predicted averagethe magnetopause had dev_eloped in a region betw.ee.n an X-
velocity during each crossing, i.e. the average over the timdYPe 'nuII in the transverse field and a large magnetic island.
interval from ¢; —7;) to (t;+7;). These results, which are ap- The inward speed from MFR should then represent the true
propriate for comparison with the plasma measurements, argagnetopause speed, while the inward speed from MFRC,
shown by symbols in the figure (filled crosses for CVA, filled Which would represent the total plasma flow speed perpen-
circles for CTA, and filled semicircles for DA). Except for dicular to a tangential discontinuity type of magnetopause,
CVA (and, later on, CVAM), these points usually do not fall Should be larger by an amount equal to the Alivspeed
exactly on their corresponding curves. This is a consequencBased on the normal component of the magnetic field and
of the curvature of the curves. The agreement between the rdbe density in the magnetosheath. This is in fact what the
sults from CVA, CTA, and DA is seen to be fair to poor. The MFR and MFRC results show at C3, the difference between
main disagreement occurs at the last crossing (C3). Howihe two velocities being about 10km/s, corresponding to a
ever, except for DA at C3, all three approaches show negativéormal field component of about1.6 nT. We estimate the
velocities, as required. And, on average, the velocity magnipurely statistical uncertainty in the MFR velocity to be about
tudes are in a believable range. We also note that CTA ang=2 km/s.
DA both show outward acceleration of the magnetopause, i.e. Finally, the deHoffmann-Teller velocities have been deter-
a slowing down of its inward motion, in the interval between mined (see Khrabov and Sonnerup, 1998b) and then dotted
the center times for the crossings by C1 and C2. We returnnto the individual normals from MVABC. These results are
to this feature in Sect. 6. identified by the symbol “HT” in Fig. 3. When used with

Crossing timeg; (EFW)[s] 6.15 28.35 36.80 0.00
Duration Z; (EFW) [s] 3.70 3.96 472 3.78

4 Magnetopause speed
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Fig. 3. Magnetopause velocity curves, derived from multi-spacecraft timing in Fig. 2, using the constant velocity approach (CVA), the
constant thickness approach (CTA), and the discontinuity analyzer approach (DA). Curves in the upper panel are based on FGM timing;
those in the lower panel are based on EFW timing and are shown on a stretched timé scalee| to facilitate comparison with FGM

curves. The filled symbols are predicted average velocities during each crossing durafiofillétl crosses=CVA,; filled circles=CTA,;

filled semicircles=DA. Velocities predicted from single-spacecraft methods, based on prime-parameter data, are shown for comparison:
ClIS=three CIS measurements of normal plasma speed in middle of magnetopause; MFR and MFRC=results of unconstrained and constraine
({(B)-n=0) Minimum Faraday Residue analysis; HT=normal component of deHoffmann-Teller velocity with normal from MVABC. Color
code as in Fig. 1.

the correct normal, this method (like MFR) should give the C1 and C3. The EFW-based curves, except the DA curve
actual magnetopause velocity. at C3, show somewhat better overall agreement. In particu-
lar, the CTA curve based on EFW timing appears reasonably
OIconS|stent with the single-spacecraft (CIS-based) prediction
at both C4 and C3.

It is seen that the velocities predicted from CIS, MFRC,
and HT are almost the same. Since the MFR, MFRC, an
HT calculations require a long data interval (in the range of
76-125 s) while the CIS method is based on only three ve4 3 Speeds from modified methods: CVAM, CTAM, and
locity measurements (12s), this result suggests that for the”

DAM
present event, the curvature of the actual low-pass filtered
velocity curve was relatively small at C4, C1, and C3. Butin
general, the CIS method is better suited to point-wise com-

parison with the results from multi-spacecraft methods than Nof the three methods (CVA, CTA, and DA) and which of
MFR, MFRC, and HT. the data sets used for the timing (FGM or EFW), give the
The single-spacecraft predictions can now be comparednost consistent results. Figure 3 also suggests that it may
with the magnetopause velocity curves in Fig. 3, obtainedbe desirable to alter these methods so as to incorporate some
from the four-spacecraft methods, namely CVA, CTA, and of the plasma velocity measurements into the calculations,
DA. For the FGM-based curves for CVA and DA, one finds while leaving others for consistency checking. Therefore,
poor agreement, overall, with the single-spacecraft resultswe have made simple modifications of the three time-based
For CTA, the agreement is good for C4 but fair to poor for methods to require the resulting velocity at C3 to agree with

It is clear from Fig. 3 that the magnetopause velocities de-
rived from the CIS measurements are needed to judge which
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Fig. 4. Velocity curves from modified multi-spacecraft methods: CVAM, CTAM, and DAM. Upper panel; FGM based results, lower panels;
EFW based results. Symbols and other notation as in Fig. 3.

the plasma-based CIS value at C3, except for a correction ofottom left plot on EFW timing. The two plots on the right,

10 km/s to take into account the reconnection flow across thavhich show the single-spacecraft predictions, will be dis-

magnetopause, which we expect to be present in this crosssussed in detail later on. The GSE components of the various

ing. To implement this modification, an extra degree of free-normal vectors are also provided in the figure. The “bull's

dom must be incorporated in each of the three methods. Foeye” in each plot represents the vec{Oksec)=[0.58426;

CVA this is done by allowing for a constant acceleration; the —0.81125; 0.02250] (GSE components), which is the aver-

resulting technique is denoted by CVAM. For CTA itis done age of the four normal vectors obtained by minimum vari-

by allowing the magnetopause thickness in the C3 crossingince analysis (MVAB) of the magnetic field measured in

to differ from the common thickness in the three other cross-each crossing, using the constraji)-n=0 (MVABC; see

ings; the resulting method is called CTAM. For DA it is done Sonnerup and Scheible, 1998). For each crossing and each

by allowing for a cubic rather than a quadratic velocity poly- technique, the analysis was performed for 7 data intervals,

nomial; the method is then referred to as DAM. The velocity nested around the center of the magnetopause and contain-

curves resulting from CVAM, CTAM, and DAM are shown ing from 19 to 31 data points at 4-s resolution. For MVABC,

in Fig. 4 for FGM- as well as EFW-based timing. They will the average of the resulting seven normal vectors, denoted

be discussed in Sect. 6. by nwaec, was used to represent the constrained normal for
each individual crossing. The spread of these individual nor-
mals around the event averagaywsc), is illustrated in the

5 Normal vectors, normal field components and thick-  upper left panel by the 1 sigma uncertainty ellipse around the

nesses origin. The event average (the bull's eye normal) was used
in our DA and DAM calculations. (Experiments were also
5.1 Normal vectors performed in which nest averagesmafssc from adjoining

. crossings were used in DA and DAM, in place of a single
The normal vectors, derived from CVA and CTA, as well as g ent normal: the results were not significantly different.)

from CVAM and CTAM, are shown in the polar plots on the
left in Fig. 5. The top left plot is based on FGM timing, the
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The constrain{ B)-n=0 is not consistent with the occur- avoid clutter, ellipses are not shown for the constrained nor-
rence of reconnection signatures in the data from C3, whosenals. Again, the uncertainty of the normal at the center of
signatures indicate the presence of a nonzero, and in fact aach ellipse would be represented by an ellipse that is a fac-
negative, normal magnetic field component, connecting theor /6 smaller.
internal and external magnetic field lines. It is used because
it gives extremely stable results, whereas the normal vectoP.2 Normal component a8

determination from MVAB without constraint gives normal

vectors that have a strong dependence on the data intervaln® dashed line for each spacecraft in panel (c) of Fig. 5 sep-
used and that, even after averaging over the seven nests, tef21€S the regions of positive and negative values of the aver-
to have unacceptable directions and normal components #9€ normal component of the magnetic fiel#)-n. Each

the magnetic field. In the presence of reconnection at smalf"e Passes through the point representing the correspond-
rates, the normal magnetic field component is expected td9 nNormal,nuec, and the normal field component is pos-
be small enough so that the use of the MVABC normal in theltive above and to the right of the line. The actual values of
single-spacecraft determinations of the magnetopause speelfi normal field component from the various normal vector
is justified. As mentioned already, the averageyssc), of determinations, excluding those that are constrained to give

the four MVABC normals is used as the reference normal for(B)-#=0, are provided in Table 3 for each of the four space-
the event. craft. Also given for each spacecraft are the field compo-

The polar plots in Fig. 5 represent projections of the unit "eNts along the event norméfyec) (the bull's eye normal),

hemisphere onto its “equatorial” plane, i.e. the plane perpen@S Well as alongeww , andnera , using both FGM and EFW
dicular to (nusec). The vertical axis in each plot points to- tmMing. The large values obtained from MVAB for C1, C2,

ward the Sun. The horizontal axis point mostly from north to and C4 are a further indication that these normal vectors are

south but with a small dusk-to-dawn component, as a conseSubstantially in error. This is also the case for the model nor-
quence of the fact thahwwsc) has a small, but positive, GSE Mal and for the two normals from CVAM.
Z component.

Panels (a) and (b) in Fig. 5 also show the orientation of

a model normal taken from the work of Fairfield (1971). It the results from the four-spacecraft thickness determina-
deviates by some t7rom our reference normal, pointing  ions as well as those from the various single-spacecraft
more northward and slightly more tailward. As it happens, methods, are shown in Table 3. It is seen that for the FGM-

the two results from CVAM lie close to this direction.  pa56 timing, CVAM gives a thickness increase by a factor
_In panel (c) of Fig. 5, the normal vectors from the various ot ghout two in the time interval between the first and sec-
single-spacecraft methods are presented (the dashed lines g5 pair of crossings; CTAM gives the constant thickness
explained in Sect. 5.2). For each technique, the vectorshowgf 416 km for C1, C2, and C4, and a separate thickness of
is the average over the same 7 nested data intervals as befoigy1 km for C3: DAM gives the thicknesses 186, 478, 242 and
and the variation in the normals from each nest analysis is;31 km forthe,crossings by C4, C1, C2, and Cé res,pectively.
illustrated by narrow, one-sigma standard—deviation ellipsesy/igal inspection of Fig. 1 indicates that at 06:23:21 UT, C1
For MVA, these average normals are widely scattered: th§y s near the inner edge of the magnetopause layer while
resultfrom C1 is outside the plot and is shown only schemat-4 \yas near the outer edge (both locations specified by the
ically. Note that for each technique, the standard deviations;go; criterion discussed earlier). This means that the magne-
of the average normal from the 7 nests are smaller than th?opause thickness at that time was about equal to the space-

ellipse axes shown, by a factor ofé. , craft separation along, i.e. about 344km. This value is
For C1 and C3, where CIS/HIA data are available, and forcomparable to those given in Table 4 for C4 and C1.

C4, where CIS/CODIF data can be used, the top right panel the results based on EFW timing reflect the smaller thick-

in Fig. 5 also shows the normals and error estimates obtaineflgsses associated with the density ramps; the thickness vari-
from Minimum Faraday Residue analysis of the 7 nestedyjinns from crossing to crossing are also found to be much
data segments, without constraint (MFR; see Khrabov anqggq

Sonnerup, 1998a), as well as with the constra®yt-n=0
(MFRC). As illustrated by their small error ellipses, the
MFR and MFRC normals have stable (nearly nest-size-
independent) behavior and agreement, within abduivgh

the event normalnwasc), at the origin of the plot.

Panel (d) in Fig. 5 shows the same normal vectors as panel
(c), but now with their associated error ellipses, describ-
ing statistical uncertainties in the normal, calculated from
the data comprising the smallest nest (Khrabov and Son-
nerup, 1998a, c), instead of fluctuations in the nest results.
These statistical uncertainties are seen to be substantial for
the MVAB normals, as well as for the MFR normals. To

5.3 Thicknesses
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6 Discussion Table 3. Normal component$B)-n in units of nanotesla [nT] for

. the various normals.
6.1 Magnetopause velocity

We first discuss the FGM-based results (upper panel) in  \1athod c1 c2 Spacecraf c3 ca
Fig. 3. Judging from the CIS-based velocities at C4, C1, and
C3, the constant velocity o£40 km/s from CVA provides CVA -31 =35 32 41
only an approximate description of the actual magnetopause S\T/QM _ég _%'g _%; _5'2
motion. The CTA and DA curves are in fair agreement with ' ' ' '

. . CTAM -18 -23 -18 -29
each other for C4, C1, and C2 but are in strong disagreement .., 64 —65 67 -73
for C3. The agreement with the CIS-based velocities is poor,
except at C4. The behavior of the DA curve at and beyond ~EFW based Normal component [nT]
the C3 crossing is clearly incorrect and is the direct result of ~ CVA —2.7 =32 -28 -38
the parabolic, rather than cubic, nature of the curve. But even g\T/QM _ég _é'i _(235 _33
if DA is performed in its original form, in which one uses in- CTAM _2'4 _2'8 _2'4 _3'4
dividual normal vectors at the four spacecraft to calculate the ', | 64 _65 67 -73

average normal vector and normal velocity for each pair of
temporally adjoining crossings, rather than a continuous ve-  Single-Spacecraft Normal component [nT]
locity curve, the resulting velocity average between the c2 ~ Methods
and C3 crossings lies close to the DA curve in the figure, MVAB . 212 99 02 -50
i.e. it is much less negative than both the CTA result, and MX’QBC _2'3 —01 _f'g :8'2
the single-spacecraft (CIS) result from C3 (Dunlop, private ' ' '
communication, 2003). * Values are not exactly zero as a result of nest averaging.
A substantial disagreement of CTA with the CIS-based
velocity at C3 remains, even when an allowance is made
for a reconnection-associated, inward plasma flow of some
10 km/s across the magnetopause. At C4 and C1 the discreptely poor for the EFW curve. However, the latter curve is
ancy between the CTA and DA results and the single-spacebetter because the single-spacecraft results show that the av-
craft results are somewhat less drastic, with CTA giving theerage acceleration in the interval between the crossings by
better agreement. C1 and C3 must in fact be outward. At C4, the two CTAM
We next turn to the EFW-based results (lower panel) incurves agree with each other and with the single-spacecraft
Fig. 3. The CVA velocity is now-48 km/s, which, allow- result. They also agree approximately with each other at C1
ing for the reconnection flow, is in better agreement with thebut, compared with the CIS-based result, both still show an
ClS-based velocity at C3. The agreement at C4 and C1 ha#ward speed that is too small. At C2, the FGM-based predic-
also improved. The DA curve remains unreasonable at C3ion from CTAM of the inward speed is much larger than the
but has improved somewhat at C4 and C1. Finally, the CTAprediction from DAM but is still substantially smaller than
curve now shows substantially better agreement at C3, whiléhe EFW-based prediction from CTAM. Except at C4, the
at C4 and C1 the results are nearly the same as for the FGMatter curve lies close to the EFW-based CVAM prediction.
based curves. The velocity variations during the event, pre- Using FGM timing, we have also tried a version of CTAM
dicted from the EFW-based CTA, are much smaller than then which the magnetopause thicknesses are assumed pairwise
corresponding FGM-based variations. The discrepancy beto be the same (C4=C1 and C2=C3). The result is a nearly
tween the two curves is particularly strong at C2. constant velocity during the event, yielding a poor agreement
In Fig. 4, each of the three multi-spacecraft methods haswith the CIS-based velocities at C4 and C1. On this basis,
been given an additional degree of freedom, which has beewe conclude that the assumption of pairwise equal magnetic
used to specify that the magnetopause velocity at C3 musthicknesses, with larger but equal widths at C2 and C3, is not
equal the CIS-based value, corrected for an inward reconvalid: only at C3 is the thickness substantially larger. The
nection flow of 10 km/s. The predicted velocities at C4 andimplication is that the reconnection bubble on the magne-
C1 can still be checked against their CIS-based values. Fotopause, found in the field map reconstructed from C3 data
DAM, the FGM- and the EFW-based curves are now cubic.by Hasegawa et al. (2003), started its development around
As required, the DAM velocities remain negative during the the time of the C2 crossing and then grew to its full size
entire event but the predicted speed at C2 is still small. Then the short time interval410s) between the C2 and C3
agreement with the single-spacecraft (the CIS-based) resultsrossings. This bubble appears to influence the EFW density
is particularly poor at C4. The two straight lines from CVAM ramp only to a modest extent but it thickens the magnetic
differ in that the FGM-based line shows an inward (constant)structure outside the ramp a great deal. The rate of mag-
acceleration, while the EFW-based line has a modest outnetic thickening may explain the discrepancy around the C2
ward acceleration from the magnetopause. The agreememtossing, between the FGM- and EFW-based CTAM curves
at C4 and C1 is poor for the FGM-based curve and moderin Fig. 4. The long magnetic duration of the C2 crossing
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nPAM gives the right sign but with a magnitude that is too
large. In summary, the HT acceleration results are consis-
tent with a cubic description of the velocity curve, with only

Table 4. Magnetopause thickness based on the durations (fro
Table 2) and the calculated velocities for the different methods.

Spacecraft a moderate difference between its maximum and minimum
Method C1 c2 C3 C4 values. The CTA or CTAM curves appear to provide the best
FGM based : Magnetopause thickness [km] agreement with thls_ descrlptlon_. - .
CVA 319.2 690.1 667.0 350.2 In summary, we find that no single curve in Fig. 3 or Fig. 4
CTA 4141 4141 4141 4141  provides entirely satisfactory agreement with all three veloc-
DA 389.4 442.0 55.3 379.8 ities derived from single-spacecraft methods. In Fig. 3, the
CVAM 302.2 721.6 724.3 323.0 best agreement is provided by the EFW-based CTA and CVA
CTAM 416.1 416.1 601.2 416.1 curves. In Fig. 4, the best two curves are from the FGM-
DAM 478.1 242.6 731.4 186.4 based CTAM, followed by the EFW-based CVAM curve.
CIs 483.6 - 918.4 440.0 We now discuss possible sources of the discrepancy be-
EFW based : Magnetopause thickness [km] tween single-spacecraft normal velocities and those from the
CVA 177.8 190.3 226.8 181.7 various multi-spacecraft methods. First, one needs to con-
CTA 181.8 181.8 181.8 181.8 sider the accuracy of the magnetopause velocities derived
DA 205.4 130.6 7.3 167.5 from single-spacecraft information. If the inward plasma
CVAM 192.3 176.3 196.8 204.4 speeds at C1 and C3 were overestimated by some 10 km/s,
CTAM 182.6 182.6 201.8 182.6  then either of the two CTA curves in Fig. 3 would have pro-
DAM 273.0 38.0 205.9 53.1  vided satisfactory agreement. The consistency of the magne-
CIS 223.1 B 258.7 189.0 topause speeds, calculated by the methods we have denoted

by CIS, HT, and MFRC, along with the stability relative to

nest size (standard deviatiet? km/s), suggests that any er-

ror in the single-spacecraft predictions would be the result
resulted mainly from slow average magnetopause motionof systematic errors, either in the measured plasma velocity
created by the expansion of the outer portion of the magnetiwectors, or in the normal vector directions used. We cannot
structure. This expansion caused the outer edge of the magntirely exclude the possibility that the composite of these er-
netic structure to move earthward only very slowly, while at rors could be sufficiently large to account for the discrepancy
the same time the inner portion, containing the density rampput we consider it unlikely.
was moving inward at a speed of the order of 50 km/s. Onthe The errors in the multi-spacecraft techniques come from
other hand, the long duration of the C3 crossing was causethe timing and from violations of the various model assump-
by encountering the resulting thickened portion of the mag-tions. For our event, the EFW-based timing seems to be less
netopause. As stated above, this behavior was the result aGfmbiguous than that based on FGM. But a remaining prob-
rapid reconnection that started at about the time of the C2em is that the separation vector between C1 and C4 (and
crossing. to a lesser extent between C2 and C3) happens to be nearly

Another consistency check between single-spacecraft anthngential to the magnetopause. This orientation is an im-

multi-spacecraft velocity predictions comes from the single-portant source of uncertainty in the translation of time delays
spacecraft technique of determining both the deHoffmann-into velocities. Additionally, for CVA, the model assump-
Teller (HT) frame velocity and its acceleration (e.g. Khrabov tion of a constant velocity seems likely to be invalid. For
and Sonnerup, 1998b). In the present case, the latter providéSTA the model assumption of a constant thickness is sus-
a prediction of the slope of the velocity curve at C4, C1, andpect, in particular for the FGM data. In fact, the CIS veloc-
C3. For C4, the HT acceleration (from the smallest nest)ities, together with the crossing durations from these data,
along the (outward directed) normal vector-€.6 km/g, give the approximate thicknesses 440, 484 and 918 km at
corresponding to a small negative slope of the velocity curveC4, C1, and C3, respectively, indicating a near doubling of
at C4. This behavior is consistent with the CTA and CTAM the magnetic thickness in the time interval between the two
results, both for FGM- and EFW-based timing. On the early crossings and the last crossing. The likely explanation
other hand, the slopes from DA and, in particular, DAM for this behavior is the passage of a substantial reconnection-
at C4, while having the predicted negative sign, are tooassociated magnetic island past C3 (Hasegawa et al., 2003).
large. At C1, the HT acceleration along the normal is againThe EFW-based thicknesses calculated in the same way (189,
—0.6 km/€, whereas the slopes from CTA and CTAM are 223, and 259 km at C4, C1, and C3, respectively) show much
seen to be either slightly negative or zero. Here the DAless variation. For both the FGM and EFW data, the DAM
results show approximately the right behavior while DAM method, which does not contain the assumption of a con-
gives a negative slope that is much too large. At C3, the norstant thickness, or a constant velocity, actually predicts a
mal HT acceleration is found to be0.9 km/$, which, in substantial, and probably unrealistic, thinning of the layer
terms of direction and approximate magnitude, agrees withat C2. For this reason, and because of the poor agreement
the FGM-based, but not the EFW-based, CTA and CTAM re-of the DAM velocity curve with the CODIF-based velocity
sults. The DA results give the wrong sign of the slope, whileat C4, we conclude that the most basic of the DA model
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assumptions we used is being violated: the magnetopaugeonent along the normal in the range-e2.2 to—3.8nT (Ta-
cannot be represented by a plane surface of fixed orientable 3). They agree within 1 to°2with the single-spacecraft
tion. But even the original version of DA, in which the in- normal at C3, calculated from MFR (see panels (c) and (d)
dividual MVABC normals are used and averaged betweenin Fig. 5), but deviate by some 6 t¢ from the reference
pairs of adjoining crossings, gives a small average velocitynormal, (nmasc). We have shown that the MFR result at C3
in the interval between the two last crossings (C2 and C3)accounts for the presence of reconnection flows, known to be
and an associated small magnetopause width (Dunlop, pripresent in this crossing, in a quantitatively believable way:
vate communication, 2003). A small-amplitude undulation the flow across the magnetopause is abel® km/s and the

of the magnetopause surface provides a possible explanatiofield component along the MFR normal 4s1.6 nT, with a

in calculations not given here, we have found that an increaseorresponding normal Al&n speed of-10km/s. For this

in the travel distance along the event normal of 70 km forreason we believe this normal to be accurate, probably within
C1, a decrease of 20km for C2 and an increase of 120 kni or 2. For the other three crossings, we have no clear ev-
for C3 will produce an FGM-based DAM curve that agrees idence that well developed reconnection flows were present.
perfectly with the CIS-based velocities, not only at C3, but For them we expect the individual normal directions from
at C4 and C1, as well (at C2, the predicted velocity then be-MVABC to be accurate, again within 1 of 2The fact that
comes—18 km/s, with a corresponding magnetopause widththe multi-spacecraft results in panels (a) and (b) of Fig. 5 are
of 312 km). This example demonstrates that results from thenot closer to the origin must, therefore, be the result of vio-
multi-spacecraft methods can be very sensitive to the prestations of some of their underlying model assumptions.

ence of small-amplitude undulations on the magnetopause. We now describe briefly the calculations leading to the er-
Such behaviour can be seen in the field maps obtained byor ellipses in the two right panels of Fig. 5. In the top right

Hasegawa et al. (2003). panel, the ellipses represent the fluctuations in the normal
vectors derived from a set of 7 nested data segments, cen-
6.2 Normal vectors tered at the midpoint of the magnetopause, with the inner-

most segment containing 19 data points and the outermost

An overview of the various single-spacecraft determinationssegment containing 31 points at 4-s resolution. The result-
of the magnetopause normal direction for all four crossingsing 7 normal vectors are used to form the matyix: ), the
was presented in the two right-hand panels of Fig. 5. Withaverage (denoted hiy) being over the 7 members of the set.
the exception of three of the MVAB results, all calculations The eigenvalues and eigenvectors of this matrix are calcu-
lead to normals that fall within a®&cone around the center of |ated. The largest eigenvalue is slightly less than unity, and
the plot, i.e. around the averageywec), of the four individ-  the corresponding eigenvector represents the optimal com-
ual MVABC normals. This result indicates that the magne- posite (average) normal. The square root of the other two
topause orientations during the four crossings were not vastlgigenvalues and their corresponding eigenvectors represent
different. But the differences, while small, are neverthelessthe two axes of an ellipse characterizing the scatter of the
significant. The MVABC normals from C1 and C3 are simi- individual nest results around the average. By placing this
lar, pointing mainly northward by some 116 ®lative tothe  ellipse on the plane tangent to the unit sphere with its center
reference normal; the MVABC normal from C2 points tail- at the point of contact, whose point marks the average nor-
ward/southward by about’4and the MVABC normal from  mal, and with its axes in the proper orientation, a cone of
C4 points sunward/southward by sonfe 2lative to the ref-  uncertainty of the average normal is defined. The intersec-
erence normal. These results support the view that the magion of this cone with the surface of the sphere produces a
netopause surface was not entirely flat but exhibited smallclosed curve. The projection of this curve onto the equato-
amplitude undulations. rial plane of the sphere defines the one-sigma boundary of

We now discuss the left-hand panels in Fig. 5. The FGM-the scatter domain for the normal. Only for a narrow cone is
based normal vectors (top panel) from CVA and CTA dif- the projected curve close to an ellipse. Note that this uncer-
fer from the reference normal by 8.4nd 3.4, respectively, tainty estimate simply measures the sensitivity of the result
both deviations being approximately toward the model nor-to the choice of data interval. It does not include the purely
mal. This is also the case for the EFW-based CVA and CTAstatistical uncertainties for the individual normal vector cal-
normals (lower left panel) but the two normals are now closerculations, which are shown separately (for the 19-point nest)
together. In both panels, the CTAM normal is very close in the panel (d) of Fig. 5 (for the MVAB error calculation,
to the CTA normal, while the CVAM normals are close to see Khrabov and Sonnerup, 1998c; for MFR, see Khrabov
the model normal of Fairfield (1971), deviating by somé 17 and Sonnerup, 1998a).
from (nwsec). The resulting normal magnetic field compo-  The error curves, shown in panels (c) and (d) in Fig. 5,
nents are negative for all the normals (see Table 3) but aréor the unconstrained MVAB normals are elongated, or ex-
unacceptably large for the two CVAM vectors and for the tremely elongated, indicating a large uncertainty of the nor-
model normal. mal vector estimate to rotations about the maximum variance

In summary, we have seen that the normal vectors fromMVAB eigenvector. This behavior is expected when the ra-
the EFW-based CVA, CTA, and CTAM are closely clustered tio of intermediate to minimum eigenvalue of the magnetic
(Fig. 5, panel (b)) and that they all give a magnetic field com-variance matrix is not large: the estimated normal vector is
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Fig. 6. Hodogram pair from minimum variance analysis (MVAB) of prime-parameter magnetic field in the portion of the magnetopause cross-
ing by C1, chosen to maximize the eigenvalue ragipA3. The eigenvalues of the variance matrix a§e-358,10=2.25, andi3=0.245 nT2.

The predicted normal vector forms an angle of more thahvéith the bull’s-eye normal in Fig. 5. The normal field component is 13.4 nT.

In spite of the good eigenvalue separation, the predicted normal is a poor one.

uncertain but the maximum variance eigenvector defines and leads to a normal component of the magnetic field that is
good tangent to the magnetopause, around which the estitnreasonably large. The difficulty in this case is that both of
mated normal can rotate, sometimes by large angles, as the two smallest eigenvalues are small (0.245 and 2.25nT
nest size changes. Note that for each spacecraft the longhis example illustrates the danger of accepting a normal
axis of the error curve points approximately toward the cor-vector prediction exclusively on the basis of the eigenvalue
responding constrained normahwsc. This is the expected ratio, without examination of the magnetic hodograms. It is
behavior, although the expectation that they actually reacta situation where some additional constraint on the normal
this normal is not always met. vector is needed. In our present study, we have used the con-

A remarkable fact is that the CVA and CTA normals, both dition (B)-n = 0.
of which are derived entirely from timing information, also
turn out to be nearly perpendicular to the maximum variance6.3 Normal magnetic field components
eigenvectors, which are derived entirely from the magnetic

struct_ure of the magnetopause. For exampl.e, if the longestye ormal field components associated with those normal
nest interval is used for the MVAB calculation, the angle vectors from MVAB and MFR that fall within the 5cone

between the maximum \:ariance eigenvector and the FGMy, ., nding the reference normal (see Fig. 5) have small pos-
based CVA normal is 88587.4, 91.9, and 90.6 for C1, e or negative values (see Table 2), with a slightly neg-

C2, C3, and C4, respectively. The corresponding angles foﬁtive, but insignificant, average ¢B)-n—=—0.08+1.46nT.
CTA are .9_0.4, 88.#4, 93.2, and 91.4. We concludg that 110 CVA, CTA, and CTAM normals all give small but
the conc}mon whgre the.normal vector is perpendicular t,osignificant negative values, namelB)-n=—3.48+0.39 nT,
the maximum variance eigenvector gannot be used to deC|dgl.53:|:O_43 nT, and—2.20+0.45 nT from FGM timing, and
whether the CVA or the CTA normal is the better one. —3.13+0.43nT, —2.58+0.45nT, and—2.75+0.41 nT from

A rule of thumb that has been widely used in judging the EFW timing, respectively. We note that the results from the
quality of the minimum-variance eigenvector from MVAB as Walén test for C1 and C3, mentioned earlier, indicate the
a predictor of the magnetopause normal is the following. Forpresence of a negative nhormal magnetic field component, at
the prediction to be of acceptable quality, the ratio of inter-least during the C3 crossing. The above results are consistent
mediate to minimum variance (the eigenvalue ratio) shouldwith this prediction and furthermore, indicate that the mag-
exceed 10 (see, e.g. Sonnerup and Scheible, 1998). Most afitude of the normal component was small. MFR from C3
the normals derived for our event from MVAB without con- gives what we judge to be the best prediction for this cross-
straint do not satisfy this quality condition. However, Fig. 6 ing, namely—1.6 nT. The large magnitude of the normal field
shows one patrticular calculation where the eigenvalue raticcomponents from CVAM and from the Fairfield model nor-
was close to 10 but where the normal vector was neverthemal (see Table 3) indicate that the corresponding normal di-
less poorly predicted: it points in an unreasonable directionrections are not believable.
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7 Conclusions

The principal conclusions from our study are:

In an overall sense, our FGM-based results for the magne-

topause thickness in Table 4 are within the range of those ob-(1) For our test event, the directions normal to the mag-

tained by Berchem and Russell (1982). Since the plasma and
field conditions in the magnetosheath adjacent to the mag-
netopause correspond to an ion gyroradius of about 50 km
and an ion inertial length of about 60 km, it is evident that
the magnetopause is many gyroradii/inertial lengths thick. It
follows that, in the event studied, the Hall-current term in
the generalized Ohm’s law should not be an important local
factor in determining the observed magnetopause structure.
Except for the effects of pressure anisotropy, the structure
can be studied, at least approximately, by use of ordinary
MHD. Numerical MHD simulations of the solar-wind mag-
netosphere interaction have indicated a layered structure o

f
the magnetopause such that the various current systems the(?)

close on the magnetopause occupy different parts of the layer
(Siscoe et al., 2000). For example, the currents connect-
ing the magnetopause with the magnetosheath and shock,
and also the Chapman-Ferraro currents, close in the outer
parts of the magnetopause layer, while the Region 1 currents
close in the inner part. If the local current directions in these
systems are significantly different at the spacecraft location,
the observed magnetic hodograms for the magnetopause will
show a substantial intermediate variance. This is the situa-
tion where a good determination of the magnetopause nor-
mal from MVAB (without constraint) can be expected. On

the other hand, if the current directions are locally nearly the ©)

same, then a hodogram of the type shown in Fig. 6 will re-
sult and the unconstrained MVAB will fail to produce a good
normal. The point is that, in terms of hodogram behavior,
the local magnetopause structure in this event may have been
controlled, not by local plasma conditions but by the config-
uration of the global magnetopause current systems. Sim-
ilarly, the average local magnetopause thickness may have
been a consequence of global rather than local effects, al-
though the local thickness may have been modulated by con-

vecting structures, such as tearing mode islands, or FTEs in(4)

status nascendi. We emphasize that the above statements re-
fer to the properties of the specific event we have discussed
here: other magnetopause observations have indicated the
occasional occurence of small magnetic thicknesses so that
local control, including the Hall effect, was important.

For our event, the widths of the density ramps are typically
about one-half of the magnetic widths and the ramps occupy
the earthward half of the magnetic structure. Such behaviour

netopause, determined from the multi-spacecraft tech-
nique CTA and from the hybrid technigue CTAM are
in reasonably good agreement®°), with the direc-
tions found from the single-spacecraft methods MV-
ABC, MFR, and MFRC (see Fig. 5). The performance
of CVA and, in particular, CVAM is less good. On the
whole, the EFW-based timing results have less ambigu-
ities than those based on FGM. For the event we have
studied, MVAB does not perform well. Constraining
the method by the requiremef®)-n=0 seems to be a
reasonable way to obtain good normal directions.

The magnetopause velocity curves from the various
multi-spacecraft and hybrid techniques agree with each
other and with the results from the various single-
spacecraft techniques in an approximate sense, but not
in detail. It is not clear whether the problem lies entirely
with the multi-spacecraft methods or is caused in part by
the single-spacecraft methods. Although the latter have
to be used with extreme care to make sure the results are
stable with respect to modest changes in the data inter-
val, we find them to be essential in judging which of the
multi-spacecraft methods provides the most believable
results.

The magnetopause thicknesses derived from the vari-
ous technigues are uncertain to the same extent as the
corresponding velocities. On the whole, they fall in a
range that is consistent with earlier results. The mag-
netic thickness was not constant during our event but in-
creased toward the end as a consequence of the passage
through a growing reconnection bubble. The plasma
density-based thicknesses were substantially less than
the magnetic ones and showed less variability.

We have concluded that, for the event studied, a nonpla-
nar geometry of the magnetopause surface during the
event is one of the main reasons for the lack of consis-
tency between the single- and the multi-spacecraft ve-
locity results. On the whole, our study illustrates the
extreme care that must be exercised if one wants accu-
rate and consistent answers concerning magnetopause
orientation, motion, and thickness.

suggests that the transport of magnetosheath plasma acroappendix

the magnetic field is efficient within the magnetopause layer.

Such transport could be the result of direct magnetic connecAs seen in Egs. (1) to (4), the crossing times and crossing
tions of the type seen near X-lines in the reconstruction mapslurations are key elements in the multi-spacecraft methods.
of Hasegawa et al. (2003). The EFW-based ramp widths afhese must be uniquely and consistently determined. We
C2 and C4, derived from DAM and given in Table 4, are have used the following procedure:

unrealistically small and suggest that the corresponding ve{1) To eliminate undesirable high-frequency fluctuations, fil-
locity curve in Fig. 4 predicts velocities at C2 and C4 that areter the data from each spacecraft by application of a sliding
too small. rectangular window (of width 6 s for FGM and 4s for EFW
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