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Abstract. For a four-point mission like Cluster, the dif- topause. These solutions perform better than the planar so-
ferences in position and time when the satellites detect thdutions from the normal magnetic field variance perspective.
magnetopause or any other discontinuity, can be used to infhe magnetopause dynamics and the presence of a non-zero
fer the discontinuity local orientation, thickness and motion. normal magnetic field component in the analyzed event are
This timing technique, commonly assuming a planar geome-discussed.

try, offers an independent check for various single-spacecra
techniques.

In the present paper we propose an extension of the timin
method, capable of determining in a self-consistent way th
macroscopic parameters of a two-dimensional, non-planar
discontinuity. Such a configuration can be produced by a
local bulge or indentation in the magnetopause, or by a largel ~ Introduction
amplitude wave traveling on this surface, and is recognized

in Cluster data when the single spacecraft techniques pro'_l'he macroscopic parameters that characterize a plasma dis-

vide different individual normals contained roughly in the contipuityIike.theterrestri.al magnetopausg (MP), i.e.'the ori-
same plane. The model we adopted for the magnetopausghtation, motion, and thickness, are rapidly changing and
assumes a layer of constant thickness of either cyIindricaFherefore need to be determined for each particular event.

or parabolic shape, which has one or two degrees of free- | 1€ motivation of finding the MP macroscopic parame-
dom for the motion in the plane of the individual normals. €rs arises for a number of reasons. One is the problem of

The method was further improved by incorporating in a self- studying the Iarge—.scale dynamical processes'that take place
consistent way the requirement of minimum magnetic fielgat this interface, like for example large amplitude surface
variance along the magnetopause normal. An additional asvaves. For that purpose, only a moderately accurate knowl-
sumption, required in a previously proposed non-planar techdoe abqut the MP normgl dlrect|on and motion is sufficient.
nique, i.e. that the non-planarity has negligible effects on the¢/\n0ther important question is whether the magnetosphere
minimum variance analysis, is thus avoided. gnd the magnetosheath regions are magnetlcal!y qonnected,
We applied the method to a magnetopause transition fof-€- whether a non-zero average normal magnetic field com-

which the various planar techniques provided inconsistenPOnent(B,) is present or not at the MP. Since, even when
results. By contrast, the solutions obtained from the dif-th® MP behaves like a rotational discontinuit,) at this

ferent implementations of the new 2-D method were con-interface is very small (typically below 10% of the total mag-

sistent and stable, indicating a convex shape for the magnenetic intensity), an accurate determination of the normal di-
rection is needed to answer that question. The same require-

ment applies when establishing a plasma flow across the MP.
Correspondence toA. Blagau Then, the knowledge of the MP thickness allows us to es-
BY (blagau@spacescience.ro) timate the spatial length-scale of the processes occurring in
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that region, providing an indication on the plasma regime -provided. One such argument is that, due to its low mass
whether MHD or kinetic. It also allows us to compute, via per unit cross-section, the MP will experience high accelera-
Ampere’s law, the MP current density, an important parame-tions even for small pressure imbalances, while, on the other
ter in the study of plasma instabilities. hand, the compression is relatively small (of the order of a
The earliest methods for determining the MP orientationfew percent). Experimental evidenc@unlop et al, 2007,
use data collected by a single satellite and rely on certain sim2002 supports the idea of a MP undergoing rapid changes
plifying assumptions regarding the discontinuity, like pla- in the normal velocity over time-periods comparable to the
nar geometry, time-stationarity, and variations only along thecrossing duration, with relative small variation of its thick-
normal direction for all physical quantities. The first such ness. A detailed description of these two approaches, termed
technique, the minimum variance analysis of the magneticdConstant Velocity Approach (CVA) and Constant Thickness
field (MVAB), developed bySonnerup and Cahil1967), Approach (CTA), can be found iHaaland et al(2004).
is based orv - B =0. Under the mentioned assumptions, The problem of determining the macroscopic parame-
this law implies a constant magnetic field component alongters of a more realistic, non-planar discontinuity, when four
the discontinuity normal. Consequently, using satellite mea-points of measurements are available, was investigated by
surements taken during the traversal, the MVAB algorithmMottez and Chanteu(1994 and Dunlop and Woodward
identifies the direction along which the magnetic variance is(1998 1999. These authors developed a method which, in
minimized and associates it with the MP normal. the first stage, applies the MVAB technique on each satel-
In some cases one can combine results from MVAB andlite to determine the local discontinuity normal, and after-
from the so-called deHoffmann-Teller (HT) analysis (e.g., wards combines these results with the information about the
Khrabrov and Sonneryd998a Paschmann and Sonnerup position and time of discontinuity encounter by each satel-
2008, to find also the MP normal velocity. In the HT analy- lite. For a 3-D discontinuity, with a regular geometry at the
sis, one searches for a specific reference frame where plasnszale of the inter-spacecraft separation distance, the two prin-
flow becomes aligned with the magnetic field and thus thecipal radii of curvature that characterize the surface as well
motional electric field vanishes. If, based on MP data, theas the velocity and acceleration of the structure can thus be
HT frame is identified, one can interpret the measurements asbtained. An important assumption of this method is that
caused by a time-stationary structure moving over the pointhe individual normals obtained from a planar technique, i.e.
of observation. Then, by projecting the velocity of the HT MVAB, are not significantly affected by the local curvature
frame along the MP normal, one obtains the MP normal ve-and motion of the non-planar discontinuity during the satel-
locity. lite traversal. To our knowledge, the technique has not been
Another single-spacecraft method, the Minimum Faradayquantitatively applied to a four-spacecraft crossing event.
Residue (MFR), was developed based on magnetic flux con- In the present paper we developed a method for determin-
servation across the discontinuitgh{rabrov and Sonneryp ing the macroscopic parameters of a two-dimensional (2-D),
1998h. Here the normal direction and the normal veloc- non-planar discontinuity, assuming that its thickness can be
ity (assumed constant) are found by minimizing the Fara-considered as constant. With the new method the disconti-
day residue, i.e. the variance of the tangential electric fieldnuity local orientation, motion, thickness and curvature are
component in the discontinuity frame. More recently vari- obtained simultaneously in a self-consistent way, removing
ous other single-spacecraft techniques were proposed, eathus the need of an additional assumption, required in the
based on the conservation of some particular physical quanabove mentioned non-planar technique, i.e. that of negligi-
tity across the discontinuity. A detailed and unified descrip-ble effects due to non-planarity on the results provided by
tion of these techniques is providedSonnerup et a(20086. MVAB. In the first instance we extend the planar CTA timing
For a four-spacecraft mission like Cluster, additional technique, by proposing two simple geometries for the dis-
methods for determining the orientation and motion of a dis-continuity layer, i.e. that of either a cylindrical or a parabolic
continuity are available. These are the timing methods, thashape. Later on, the method is improved by incorporating
use the differences between the positions and times of the MEhe requirement of minimum magnetic field variance along
encounter by the satellites. In general, the timing methodghe instantaneous, local normal, therefore relying simultane-
assume also a planar geometry and a steady normal orientausly on the timing information and on tive B =0 law. The
tion. The first such technique, called time of arrival method, new method was developed to address the needs described at
was proposed byrussell et al(1983, and in addition as- the beginning of this section, when the MP non-planarity ad-
sumes a constant velocity for the discontinuity during the en-versely influences the values of the macroscopic parameters
tire event.Haaland et al(2004) introduced a four-point, pla- provided by the planar techniques.
nar timing technique that assumes a constant thickness for We will illustrate our technique with a particular MP cross-
the discontinuity at the scale of the inter-spacecraft separaing by Cluster, when the boundary acquired a 2-D shape,
tion distance, allowing thus for a variable normal velocity. possibly due to a large amplitude surface wave produced by
In that paper, arguments in favor of a constant MP thick-the Kelvin-Helmholtz mechanism. A detailed comparison
ness as opposed to those in favor of a constant velocity, arbetween the results provided by the planar timing analysis
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and by the single-spacecraft techniques of MVAB, MFR, and Cluster — Orbit/Configuration

HT, on one hand, and those provided by the 2-D method, on 2003-06-24 06:00:00 to 12:00:00

the other hand, will show the advantage of the latter. With

the new technique, the MP dynamics and the presence of a ‘ |

non-zero normal magnetic field component in this particular / .

event, will be discussed. T I\ """""""""""" P
The paper is organized as follows: Sezintroduces the / U A — |

MP crossing from 24 June 2003, providing evidence that the

discontinuity has a 2-D, non-planar geometry in this event.

Section3 describes the principles of the new method, with

Constellation Scale Factor 5.0
Constellation plotted at:

additional details given in Appendi. Sectiord briefly dis- : Smer! 2003706724 060000
cusses how the MP moved on 24 June 2003, based on three * B

solutions obtained by applying the 2-D method. An in-depth @ Cluster 4 20001 X0

comparison between one particular 2-D solution and the re-

sults provided by the standard, planar methods is presente Cluster constellation at 2003-06-24/07:37

in Sect.5, with additional details given in Append®&. The _ MPplane plane perpendicular to MP
parameters that characterize all the valid 2-D solutions anc ol ¢ - n o &

the corresponding error analysis are presented in Sactd ]

in AppendixC. Section7 provides a discussion of the results T 2000\ - - -

obtained with the 2-D method. SectiBrsummarizes the re- £

sults and provides a general perspective, including a list o5 40001 1 B ]

topics to be addressed in the future. g i 1 i 1

2 6000 - - i

. ] e

2 A case of a 2-D, non-planar magnetopause oo, 4,4 T [ N
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In this section we present a MP crossing by Cluster on 24
June 2003, to be used as demonstration case for the new 2-D,

non-planar technique. We will show that single and multi- fig. 1. Upper part: Cluster orbit on 24 June 2003 projected on the
satellite planar methods yield inconsistent results, and willxy and zY planes of the GSE reference system. The distances
provide arguments that the MP has actually a 2-D, non-planabetween satellites, shown in the mission color code, are increased
geometry in this case. The direction along which the MP by a factor of 5. Lower part: Projections of Cluster configuration
shape does not change, called hereafteiirthariant direc-  on the MP plane (left) and on a plane containing the MP normal
tion’ and the t|m|ng information, both used as input parame_(right), at the time of the event. More details are giVen in the text.
ters in the new technique, will be determined from the data.

In the present paper we use data from three experiments . . .
on-boardeIuster.pTae flux-gate magnetometer (F(F;M) pro_ln GSE coordinates. In the upper part of the figure, showing

. e ; the orbit (adapted from Cluster Science Data System web
vides the DC magnetic field vector with an accuracy of about age), a model MP and bow-shock are drawn and the dis-

0.1 nT and a time-resolution of up to 67 samples per secon . .
b p'es p ance between the satellites is scaled by a factor of 5. For

(seeBalogh etal, 2001). The Electric Field and Wave (EFW) this event, the four satellites are traveling in pairs, with Clus-

experiment provides the two electric field components in the
spin plane at 25 samples/s in normal mode (Gestafsson ter 1 (C1) close to C3 (at350 km) and C2 close to C4 (at

etal, 200)). In favorable conditions the component along the ~2050 ![(r:n)thTe d'Sta?Cff Egtw;aen trlle pawslwsg'o km. f1h
spin axis can be inferred under the assumption ha® =0, cl rt] © ?. om tpar Otthlgi', Wo ]E)tane pI’OIJEC |onhs ° E h
provided that the magnetic field vector is not too close to the uster contiguration at the time otftraversal are shown, bo

spin-plane. The Cluster lon Spectrometry (CIS) experimentOf them with C2 — the first satellite entering the MP — at the

measures the three-dimensional velocity distribution func-2n9in- On the left we show the projection on the *MP plane”,

tion of the ions. Based on that, the plasma moments (densit efined as the plane perpendicular to the direction resulting
' from averaging the individual normals, i.e. the normals ob-

bulk velocity vector, pressure tensor, and heat flux vector), - . ) L
are computed and transmitted to the ground every spacecratrflIneOI from applying MVAB at each satellite (details will be

. iod.ie. 4s (s& t al. 20010 given in Sect2.1). Qn the right projection, thﬁ_ axis_; is cho-
Spin period, 1.€. every 43 (s&eme e .al ) , . sen to be along this average MVAB normal direction. As one
Figure 1 presents the Cluster orbit and configuration for

the 24 June 2003 event. The transition that will be analyze{/lag grlgggi{l S';?Sf(r:oy (I:T ?;tz:;;hg lexpected sequence of the
is an inbound crossing and occurred around 07:37:00UT a 9 T '

the MP dawn flank, nedr7.7,—17.3, —4] Earth radii(Rg)
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The Cluster configuration on 24 June 2003, not being a
tetrahedron, may raise concerns about the accuracy of the
results obtained with a timing based method. The errors in
determining the MP parameters with the new method will
be thoroughly analyzed in Appendi®, where it will be
shown they stay at an acceptable level. On that point, Fig.
illustrates one important aspect of the demonstration case,
namely a “clean” MP transition at each satellite, with well
defined asymptotic levels and a smooth magnetic field tran-
L | e sition. This ensures a reliable determination of the timing
/\M information (see Sec®.3), which indicates clearly separated
Qo satellite transitions, that are at least 2.75 s apart (see Zable
o in that section).
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0 W } ] In order to reduce the influence of small-scale fluctuations

| ‘ T i .~ 0 on the MVAB results, we “boxcar-averaged” the initial 0.2 s

magnetic data by using a boxcar of 1 s width, followed by a

resampling to 0.4 s time resolution. Next, for each satellite,
we chose eleven symmetric, nested intervals, centred on a
point near the middle of the structure (the central times, the
minimum and maximum length of the intervals are presented
in Fig. 2). For each of these eleven intervals the MVAB was
performed, first with the constraifB) - n = 0, where(B)
i} _ is the average magnetic field (see for exangd@nerup and
| S | | | Scheible 1998, and, second, without this constraint. In each
variant of the method, the average direction, obtained as the
component by component average of the eleven normals, was

—1

Kev

* Cluster 1 3

Tl

-2,
o

[Kev-ecm

| Cluster 1

i computed.
o1 p Cluster I ‘ ‘ ‘ ‘ The results are presented in the left and central part of Ta-
e 40° 5770 20° 40° ble 1. There, for each satellite, the GSE components of the

individual normal vectors provided by both MVAB versions
Fig. 2. First four panels: Magnetic field in GSE reference frame are shown, including the ratioy /2, between the magnetic
measured by Cluster during the MP crossing on 24 June 2003. Thiield variance along the directions of maximum and interme-
panel order, i.e. C2, C4, C3, and C1, corresponds to the sequenddiate variance (constrained analysis), and the patia.3, be-
of MP encounter. The x, y, and z components are indicated by theween the magnetic field variance along the directions of in-
blue, green and red lines, respectively. The minimum and maximumermediate and minimum variance (unconstrained analysis).
length intervals entering the MVAB nested analysis (vertical dot- |, addition, for the unconstrained MVAB, the average normal

ted lines) together with their common central time (vertical daShedmagnetic field componerB,) = (B)-n is indicated. The ra-
. . . n/ — .

lines) are shown for each satellite. Last three panels: lons differ- i of eigenvalues provides a criterion for judging the reliabil-
ential energy spectrogram, bulk velocity components in GSE, andI

density, as measured by the CIS/Hot lon Analyser on-board C1. ity of the normal determlnathn (se%onnerup and Scheible
1998. A rule of thumb requires a value of this ratip20

for the constrained MVAB method and valugslO for the
unconstrained method. As seen from Tahléhe criterion is
The same sequence is indeed seen inZEighich presents  easily fulfilled by the constrained MVAB normals, but not by

in the first four panels the magnetic field components meathe unconstrained MVAB normals. Another fact that makes
sured by each spacecraft in the GSE reference frame. Thihe unconstrained case suspicious is the angte d1° be-
significance of the various vertical lines indicated in thesetween the C2 and C4 individual normals, which is unreason-
panels is explained in Sec.1 From the last three pan- ably large considering that the satellites are crossing the MP
els, showing the ion data, i.e. the differential energy spectro-almost simultaneously at a small distance.
gram, the bulk velocity components in GSE, and the density, Based on these arguments, we shall use only the results
measured by the CIS/Hot lon Analyser on-board C1, one carprovided by the constrainegdB) - r = 0), MVAB technique.
clearly notice the inbound character of the transition. The analysis also indicates a fairly time-stationary MP; for
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Table 1. Results from the constrained ({8, ) = 0) and unconstrained MVAB averaged over the eleven nested intervals, as well as from the
constrained (tdB,) =0) MFR technique. For each satellite, ordered here by the time of MP encounter, the GSE components of the normal
vector, together with the corresponding eigenvalues ratio are presented. In case of the unconstrained MVAB, the resulting average normal
magnetic field component is provided as well. The last column shows the angle between the MFR normalpkame thiethe normals

More details are provided in the text.

Constrained MVAB Unconstrained MVAB Constrained MFR

ny ny ng A1/ro ny ny ng A2/A3 (Bn)[nT] Ny ny ng A/ro Qldeg]
Cc2 0465 —0.842 —0.272 152 o467 —0.851 —0.240 32 0.22 0573 —0.807 —0.145 117 33
C4 0447 —0.851 —0.274 135 0458 —0.887 —0.058 25 134 0581 —0.807 —0.106 29 28
C3 0357 —0.818 —0.451 166 0331 -0.714 -0618 77 -1.18 0417 —0.778 —0.470 20 4.9
C1 0333 —0.827 —0.454 138 0305 —-0.716 —0.627 62 —-1.42 0361 —0.823 —0.439 28 04
= MVABC CI Northward 4 MEFRC Cl Northward © CVA
® MVABC C2 ¢ MFRC C2 CTA
= MVABC €3 ¢ MFRC C3
m MVABC C4

& MFRC C4
= MVAB
H MVAB
Tailward y Sunward Tailward P Sunward
/ 10 2 “
200 fm s TR )
e 20 nT
Z(y‘&‘\/
Bryr Vin
Southward \%
) Xasu Vixr L . Bar Xasu Southward o
Bullseye = [0.403, — 0.839, — 0.365] Bullseye = [0.403, — 0.839, — 0.365]

Fig. 3. Polar plot showing the orientation of the four individual Fig. 4. Polar plot having the same reference direction as Figr
normals provided by the constrained MVAB technique (the squaresan increased angular range. It shows the orientation of the individ-
in the mission color code) with respect to their average orientation,ual normals provided by the constrained MFR technique (rhombs),
taken as reference direction (the central square in magenta). Thiée CVA (red open circle), and CTA (golden open circle) normals,
circles designate directions of equal inclination, in degrees. The in{provided by the planar timing analysis. Thkne of the normals
dividual normals are located roughly in one plane (dashed line), in-(see text) is indicated with a dashed line.

dicating a two-dimensional MP with the invariant direction oriented

perpendicular (the unit vectdin magenta). In the lower left corner,

the orientation of GSM coordinate system is shown, as seen when

looking against the referencé:)yag direction. The lower right (arage,(mMVAB’ taken as reference direction (the magenta

corner presents the tangential components of the magnetic field an . L .
velocity flow, as measured by C1, in the regions adjacent to the>duare at the center, symbol MVAB). The vertical line is ori-

MP interval: in the magnetosphere (red) and in the magnetosheatfNt€d along thén)mvas x X gsedirection (roughly along the
(black). The scales of the vectors are also shown. The unit vector SOuth-north direction) and the horizontal line completes the
(green) is in the tangent plane and perpendiculdr tdore details ~ cartesian frame. The components®fuvag in the GSE ref-
are provided in the text. erence frame are indicated at the bottom. Its orientation with

respect to the GSM reference frame can be judged by looking

at the unit vectors on the bottom left part of the figure. The

circles designate directions of equal inclination with respect
example, in case of C3 the eleven normals corresponding to (z)mvas , in degrees. For each individual normal, an error
the nested intervals are less tharapart from their average. bar is drawn, indicating the orientation uncertainty due to the

Figure3 s a polar plot showing the orientation of the four Statistical errors (seBonnerup and Scheibl£99§.
individual normals obtained from constrained MVAB (the  Figure 3 shows that the individual normals are roughly
colored squares, symbol MVABC) with respect to their av- contained in one plane. With the dashed line we show the
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intersection with the closest (in the least square sense) plangigh uncertainties when constructing the third, spin-aligned
situated between the normals. All four MVAB normals lie electric field component, for those parts of the MP transition
within 0.7° of it. Between the normals detected by C2 and the data cannot be used. However, for all the Cluster satel-
C1 (i.e. the first and the last satellite crossing the MP) thelites, the interval used in the MFR analysis is wide enough
difference in orientation is about B. Considering that the to include the MP central portion (i.e. corresponding to the
individual, constrained MVAB normals appear to be very re- central interval7,; — t;, T,; + t;] defined in Sect2.3).
liable, we interpret the results as the effect of Cluster en- Like in the MVAB case, to reduce the influence of small-
countering a 2-D, non-planar MP. The plane indicated by thescale fluctuations on the MFR results, we “boxcar-averaged”
dashed line will be called hereafter thiane of the normals  the high-resolution data using a 2 s boxcar window, followed
The invariant direction, used as input parameter in the new 2by a resampling to 0.5s time-resolution. Each individual
D technique, is perpendicular to that plane and indicated byMFR normal was obtained by constraining the average nor-
the unit vectol. Its components in the GSE reference frame mal magnetic field component to zero, i(®)-rn=0. The
are[—0.748 —0.532 0.398|. results are presented in the right part of TableFor each
The individual normals are grouped two by two (C1 with satellite, the GSE components of the normal vectors, together
C3 and C2 with C4), a consequence of the Cluster satellitegvith the eigenvalues ratiai /A, are shown. The last col-
crossing the MP in pairs. Due to this particular formation, umn presents the angfe, made by the individual MFR nor-
one cannot rule out a priori the possibility of a planar MP mals with respect to the plane of the normals, determined in
that changed its orientation between the crossing of the tw®ect.2.1
pairs. However, one can consider such a situation a limiting As Table1 shows, the MFR normals are not so well de-
case, when the 2-D MP surface has a very large radius ofined, except, perhaps, the C2 normal, with a ratigi,
curvature. It will become clear in Se@.that solutions of  around 117. One possible explanation could be that, due
this kind are not excluded by the new method. For the 24to the already mentioned data gaps, the intervals used in the
June 2003 event, we shall come back to this aspect in Sect. MFR analysis do not include the whole MP transition. In-
where the results obtained by applying the new 2-D methodieed, in case of C2, approx. 9% of the magnetic field ro-
are discussed. tation occurs during the MFR interval (the largest fractional
In the lower right corner of Fig3 we plotted the tan- change) whereas for C3, when /1, ~ 2, the MFR inter-
gential components of the magnetic field and flow velocity val covers only 7% of the total magnetic field change (the
vectors measured by C1 in the regions adjacent to the MPsmallest fractional change).
i.e. the magnetosphere interior (in red, the vec#yigr and Figure4 is a polar plot with the same reference direction
VinT) and the magnetosheath (in black, the vectBexr  as Fig.3, i.e. (n)mvag (central magenta square), but has an
and Vexr). Each vector is an average over 5 data points,increased angular range. The plane of the normals, obtained
corresponding to the time intervals [07:37:36-07:37:52], andin Sect.2.1, is indicated by the dashed line. The individual
[07:36:31-07:36:47] respectively. The angle between theMFR normals are shown as colored rhombs (symbol MFRC),
two flow directions is~ 172 and the magnetic field shear together with their corresponding statistical error bars.
angle is~ 150°. The orientation of the individual MFR normals obtained in
At the bottom of Fig.1, showing the Cluster constella- the analysis are certainly corrupted by the MP non-planarity.
tion at the time of the event, theaxis is oriented alongin However, for an ideal 2-D discontinuity, the normals pro-
the left projection, while in the right projection it lies along vided by the planar MFR technique would be contained in
(n)mvag . They axis, the same in both pictures, is oriented one plane, the same that contains also the individual MVAB
along(n)mvas x 1. normals. Itis remarkable that in our case, in spite of the men-
Additional arguments in favor of a 2-D geometry for the tioned problems with the data, the constrained MFR normals
MP on 24 June 2003 will be provided in Se@s2and2.4, |ie very close, basically within the statistical errors, to the
where the results obtained by applying the planar MFR andplane of the normals identified in Se2tl (see paramete®
timing analysis methods will be shown. in the Tablel). In fact, if we proceed as described at the
end of Sect2.1 and compute the invariant direction based
entirely on the individual MFR normals, we obtain a direc-

tion only 3° away off the invariant direction computed there.

Eor carrying out the MFR ana!yS|.s we need both m‘fjlgne“CThus, the MFR results are consistent with the earlier conclu-
field and high-resolution electric field dataUnfortunately, ;
sion of a 2-D, non-planar MP.

during some parts of the crossings, the magnetic field vector
was close to the spacecraft spin plane. Because this leads 5)3 Extracting the timing information

2.2 The results of MFR

1The relatively fast transitions seen by Cluster on 24 June 2003, ) o ] .
results in a number of data points too low to apply MFR to the 4's,FOr extracting the timing information, a procedure like that
spin-resolution convection electric fiell,= —v x B, derived from  described irHaaland et al(2004), with some alterations, has

the plasma velocity measured by CIS. been followed. Firstly, the magnetic field data recorded by
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o fitted points

Table 2. Satellite relative positions and timing for the analyzed
. MP edges event. For each satellite the components alond tkwe) pmvag , and
00 ‘\v ,,,,,,,,,,,,,,,,,,,,,,,,,, T, =132.75 | t directions (see the text) are provided, together with the MP central
"'\ T =19.29 1 crossing timeT,, and crossing duration. The C2 position is taken
\ as origin of the reference frame and thiequantities are computed
L kY , with respect to the C2 central crossing time.
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Fig. 5. C1 magnetic field components along the directions of min-

imum magnetic field variance (red trace), of maximum magnetic

field variance (blue trace) and alon@) (green trace). The tim- maximum magnetic field variance, the minimum magnetic

ing information, shown in the Iegend box, is obtained by fitting the field variance and a|ong the direction (B) are shown by

points (in blue) corresponding to the maximum variance componeny|ye red and green lines respectively. The points included in

with a hyperpollc tangent function, shown in orange. More detalls.the fit are shown in blue. The paramet&gindicated by the

are provided in the text. vertical yellow segment) and(the half-distance between the
vertical yellow dashed lines) determined in the analysis are

each satellite was transformed into the local MP frame pro_provided in_the_z insert. The hori_zontal (_Jlashed lines represent
vided by the constrained MVAB analysis, having the axesth€ magnetic field levels associated with the MP edges.
along the directions providing the maximum magnetic vari- 1able2 presents the satellites’ relative positions and the
ance, the minimum magnetic variance and along the direcfiming information for the 24 June 2004 event. The quanti-
tion of (B). Then, the maximum magnetic variance compo- tiesR;, R,, R;, are the separation distances along the invari-

nent was fitted with a hyperbolic tangent function ant direction/, along (r)mvag , and along = (m)mvas x I,
respectively. We choose as reference the position of C2, i.e.
B(t)= By — } ABtanh[t - Tc} the first satellite detecting the MP. The central crossing times
2 T T., computed with respect to the time when C2 detects the

in order to determine the crossing time that characterizes th¥IP center, and the crossing durationsre shown. From
MP transition in the global sense. HeBg, is the zero level Table2 one can observe that the satellites MP transitions are

of the tanh functionA B is the total magnetic jump between el separated, the minimum separation being 2.75s.
the magnetosheath and magnetopause asymptotic |@yels,
represents the central time andlesignates the profile half-

Width.' No.te that, pepause of.a'non—planar M.P’ we expgct tha{Nhen carrying out the CVA and CTA timing analysldga-
the direction providing the minimum magnetic field variance land et al, 2004, in order to stay fully consistent with the

will be different from one satellite to another and therefore : . . .
L ) . . planar assumption, where a single normal direction charac-
each fit will be performed in a slightly different reference ;. N .
terizes the event, the timing information was extracted from

2.4 The results from planar timing analysis

frame. N — )
Next, a definition for the MP extent as the central re- {:Sas(':r:r':]%;%t:]e&;;rpéﬁigr}t;?ng fé?é?gg(ig (rﬂganenzitrr:gfas
gion where the fit changes from,, — %ABtanr(—l) to ion2 ' VAB

By — %ABtanf(l) magnetic levels was adopted. This cor-
responds to a fraction of 0.762 of the total magnetic jump
A B. According to this definition, the satellite encounters the
MP leading edge &, —t and the MP trailing edge dt + 7.
These two instants of time will be used directly in the method
(not the central crossing timg., as inHaaland et al2004).

As an illustration of the procedure described above, Fig.
presents the C1 magnetic field components in the reference 2|y our particular case this aspect has practically no influence:
frame related to the corresponding MVAB normal. The we can equally well use the timing information from the preceding
magnetic field components along the direction providing thesection and obtain the same conclusions.

In Fig. 4 the CVA and CTA normals are indicated with
red and golden open circles respectively. Their orientation is
well apart from theln)mvap direction, i.e.~ 32° and~ 38
for the CTA and the CVA normals, respectively. Consider-
ing the regular magnetic profiles seen by all satellites and
the good quality of the fits, resulting in a trustworthy timing
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information, this discrepancy is very significant, suggestingbeing a generalization of the planar CTA technique. The sec-

again a non-planar geometry for the MP. ond technique uses simultaneously the timing information
To save the planar assumption, one could argue that, peand thev - B =0 conservation law, providing solutions that

haps, neither the constant thickness nor the constant velocitgomply with the requirement of minimum normal magnetic

assumptions are valid for this event but, instead, there is dield variance. The two techniques, which we will refer to as

variable normal velocity and the MP has different thicknessthestraight timing analysisind thecombined timing — MVAB

at different points on its surface. We investigated this pos-analysis are briefly described in Se@.1 and Sect3.2, re-

sibility by imposing different orientations for a planar layer, spectively. Additional details are given in Appendix

around the direction ofn)mvas. Then, the central cross-

ing times and the relative positions of the satellites along the3.1 ~ Straight timing analysis

imposed normal allow us to determine the MP normal veloc- ) )

ity evolutior?. By proceeding in this way, and imposing for L€t US suppose that the necessary input parameters, i.e. the

example(n)mvas as normal direction, one obtains unreason- invariant direction and the t|m|qg information, were ex-

ably large variations in the MP thickness from one satellite totracted from the data, as shown in Sex8for the 24 June

another. For example, between C3 and C1, separated by On@OOS event. Then, mathematically, in each implementation

202 km in the MP plane, a MP thickness variation of 183 km, Of the model (parabolic or cylindrical geometry, one or two
from 254 km to 437 km, was obtained. A similar behavior degrees of freedom for the MP movement), a system of eight
was noticed for other directions close to temvas - equations can be established, i.e. two equations for each
An interesting observation related to Figis the follow- satgllite. This cqrresponds. to the conditions that, during its
ing: when the MVAB technigue, which assumes a planar ge-motion, the leading and trailing edges of a 2-D MP oriented
ometry, is applied on a 2-D discontinuity, the normal orienta- 20ng the invariant direction encounters the satellites’ po-
tion will be affected by the non-planarity. However, the infor- Sitions according to the timing mform_atlon. Note that the
mation about the 2-D symmetry contained in the actual mag__method uses the times when the satellites detect the MP lead-

netic measurements (ideally, the measurements will not varynd @nd trailing edges, and not the time when the MP center
along the invariant direction) is reflected in the result, and'S détected, contrary to the planar CTA and CVA methods.

the normal will lie in the plane perpendicular to the invari-  Figures6 and 7 schematically show cross-sections of a
ant direction. The same consideration applies to the planaParabolic, respectively cylindrical, MP at successive times
MFR technigue as well. By contrast, because the technique§T0ré explanations related to the figures are given in Ap-
employed in this subsection rely solely on the satellites po-Pe€NdixA). The invariant directiod points into the page. The
sition and on the timing information, a 2-D MP investigated Unknowns to be found from the above mentioned system of
with the standard CVA or CTA will not produce, in general, €ight equations are:

normals in the plane perpendicularito — the spatial scale of the structure, given by the quadratic

coefficient of the parabola describing the MP profile, in
3 Presentation of the new method the parabolic case, or by the MP inner radius of curva-

ture, in the cylindrical case;
The new method assumes that the MP can be locally mod-
elled as a layer of constant thickness that has either a
parabolic or a cylindrical shape, that does not change along
the direction perpendicular to the plane of the normals (the
invariant direction). In the plane of the normals we allow

— the MP thickness;

— the angle in the plane of the normals specifying the di-
rection of primary MP motion (see below);

for the layer to have either a unidirectional movement or in-  — the initial position of the structure, given by two coor-
dependent motions along two mutually perpendicular direc- dinates in the plane of the normals, specifying the MP
tions. Any motion along the third, invariant direction has no leading edge apex position, in the parabolic case, or the

meaning because it causes no change. Note that this model MP center of curvature, in the cylindrical case;
can describe two main features of the non-planar MP: its o o o
inward-outward motion and, by allowing for a second degree — three coefficients describing the velocity-time depen-
of freedom, the large-scale waves that often travel along its ~ dence, assumed to be polynomial.
surface.

There are actually two techniques that we developed forWhen the model allows wo degrees of freedom for the MP

. ) movement, the last three parameters describe a uniformly ac-
determining the crossing parameters of a 2-D, non-planar

discontinuity. The first is based, apart from the knowledgecelerated displacement along one direction, called hereafter

of invariant direction, solely on the timing information, thus the primary direction and a constant velocity motion along
' y g ' the perpendicular direction, called hereafter seeondary

3A second degree polynomial has been used to describe the MEirection When the MP is allowed to move only along one
normal velocity time-dependence. direction (calledprimary as well), the last three parameters

Ann. Geophys., 28, 75348 2010 www.ann-geophys.net/28/753/2010/



A. Blagau et al.: Timing method for a non-planar MP 761
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Fig. 6. MP as a parabolic layer, in cross-sections at successive MOgjg 7 Figure similar to Fig6 but corresponding to a cylindrical
_ments. The unit vectak, indicating _the invariant dll’eCt.IOI’l, points  \p layer. Now the coordinates, C) indicate the MP center of
into the paper. The Cluster satellites are locate®ati =1..4, ¢, naturep at the initial timeT,; — 7;. Details about the quantities
ywth R, =0. At.the initial time, 7.1 — 71, the parabola describ- shown in this figure are discussed in Appendix
ing the MP leading edge has the apexPak,C), and encounters
the first satellite at the origin; at the other three times shown, at
Teitm,i=2.4, the MP trailing_edge is dete_cted by the second, If the angle defining the direction of MP movement is in-
third and fourth satellite, respectively. According to the model, the . o
MP primary movement, with a polynomial time dependence for ve- crease_zd st.epW|se, within the rangeﬂ’”_]’ one can select
locity, takes place along, parallel to the parabola’s axis. The sec- that direction of MP movement for which ttglobal nor-
ondary movement, allowed in one variant of the model, occurs withmal magnetic field variance is minimum. Here by “global”,
constant velocity in the perpendicular direction. Details about the@ Weighted average over the four satellites is meant, i.e.
quantities shown in this figure are discussed in AppeAdix agzlobalz Z?zlp,- ol.z. Details about how to define the cor-
responding weighting factoys are provided in AppendiRA
(see EgAD5), the underlying argument being the following:
characterize the structure’s velocity, acceleration and changé the magnetic field measured at one satellite is, by what-

in the acceleration, respectively. ever reason, more perturbed than at the other, i.e. if itimplies
higher magnetic field fluctuations, then its contribution to the

3.2 Combined timing — MVAB analysis global magnetic field variance is reduced by the weighting
factor.

The straight timing analysis presented in the previous subsec- The solution obtained in this way has two advantages:
tion can be improved if one takes advantage of the fact thatfirst, it combines in a self-consistent way the timing infor-
the primary direction of MP movement is fully described by mation with the requirements af- B =0. Second, because
one parameter, i.e. an angle in the plane of the normals. the angle specifying the direction of MP movement is now
Based on that, one can impose different values for this paset from outside, four coefficients, instead of three, are avail-
rameter, and solve the system of eight equations from theble to describe the MP velocity-time dependence, providing
previous subsection with this condition. For each solutionan improved description of the MP motion.
that is found, corresponding to one angle, the magnetic field
variance along the instantaneous, i.e. geometrical, MP nor-
mal at each satellite can be computed. 4 Solutions provided by the 2-D, non-planar method
M; 5 When applying the various implementations of the 2-D, non-
3 ‘(Blgm) _ (B)i) '”%),i‘ i=1.4 (1)  planar MP method introduced in Se8tto the 24 June 2003
m=1 event, a total of six valid solutions have been obtained. In
- ) what follows a certain nomenclature to designate a particular
Here B;”".m = 1..M;, represent the magnetic measure- sp|ution will be used. Each name will indicate the model
ments taken by satellite andng’gi designates the 2-D, in- adopted for the MP (“P” for parabolic and “C” for cylin-
stantaneous geometrical normal at the same satellite. Thdrical), the number of degrees of freedom allowed in the
superscriptn indicates that these normals are changing inMP movement (*1” or “2") and the implementation of the
time and therefore their orientation at the time whenBy& method (‘TA' for the straight timing analysis and “OpTA”
measurement is taken will be considered in By. ( for the optimized method, combining timing analysis and

1

2 _
of =—

1

<|
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Fig. 8. The 2-D, non-planar MP motion in the plane perpendicular Fig. 9. The 2-D, non-planar MP motion in the plane perpendicular
to the invariant direction, according to tRd_OpTA solution. For  to the invariant direction, according to t&2_OpTA.A solution.
a description of this picture see the text. For a description of this picture see the text.

MVAB technique). For the cylindrical MP having 2 degrees WO moments are shown, together with the individual normal
of freedom, two solutions have been found with the com-©obtained from the planar, nested MVAB technique (in cyan;
bined timing-MVAB technique; they will be differentiated actually the projection of this normal on the plane perpendic-
by the suffix “A” and “B”, respectively. ular to the invariant direction is shown).

This section presents three exemplary 2-D, non-planar so- 1 n€ Primary movement takes place along.e. along the
lutions, one based on the parabolic model, P&_OpTA vertical. In the last two solutions, see Fi§sand10, the MP
shown in Fig.8, and two on the cylindrical model, i.e. has also a secondary motion, with constant velocity, akang

C2_.OpTA_A andC2_OpTA_B shown in Fig.9 and Fig.10, In panel (c), besides thg andx axes, two other directions
respectively. For a detailed presentation of all 2-D solutions '€ Shown. In light blue is the average of the planar, individ-
the reader is referred Blagau(2007). ual normals obtained in the nested MVAB analy$ig g ,

In Figs.8, 9, and10, the spacecraft positions are indicated C0Sen also as reference direction in Figsand 4 from
by crosses, colored according to the mission convention. The€ct:2- For the second d;\CSCt'O”' one first computes for each
panels A, B, C, and D are associated with the satellite C2, caSatellite the individuak,* normal, i.e. the average (over
C3, and C1 respectively, and present the MP cross—sectiont?e crossing QUratlon) exjcernal geometrical ngrmal based on
in the plane perpendicular to the invariant directioat two (e 2-D solution. The unit vectdr)ey,, shown in magenta,

i i ave
moments: when the corresponding satellite enters the layel® @0ng the vectorial mean of the foup™ normals. - In

(ie. atT, — 7, i = 1...4, in light gray) and when it leaves Panel (d), the orientation akgsw, Yesm and Zgswm, i.€.
the layer (i.e. afl.; + 1, in darker gray). The MP external the unit vectors defining the GSM reference frame, as seen
L Ccl I . . . . . . . . . .
geometrical normafs nzp, at the satellite position for these by looking against the invariant directidr{pointing into the
page) are indicated.

4Here by “external geometrical” we mean pointing into the op-
posite direction of the center of curvature, not the direction outward
from the magnetosphere. Whether the two directions are parallether inside or outside the magnetosphere, which can be established
or anti-parallel depends on the center of curvature location, i.e. eibased on the character of the crossing (inbound or outbound).
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pair of satellites (C3 and C1) finish their transitions. The re-

oF 1k =0 turn is not seen in the data and strictly speaking means a dis-
agreement with the physical situation. This aspect could be
reconciled if one limits in an appropriate way the solution’s
20001 e -12000 .- . .
range of validity, like has been done in Fi§y.where the up-
per part of the MP was not sketched. No such limitation was
4000- 1r 4000 needed for th&1_OpTA andC2_OpTA_B solutions.
It is worth mentioning that theC2_OpTA_A solution,
6000 ins 16000 shown in Fig.9, and theC2_TA solution, not shown here,
E are practically identical. This is remarkable, meaning that
E so00l 1 5000 the method based s_ol_ely on _the timing information already
8 L L ‘ ‘ L provides a result optimized with respect to theB =0 con-
= ¢ 77 T b 7 servation law.
g s o 1 X< 10 The parameters that characterize all the valid 2-D solu-
= tions corresponding to 24 June 2003 event will be presented
20001 11 v in Sect.6, when also the normal magnetic field variance and
n,, leading edge the average normal magnetic field quantities implied by each
7 Laptiailing edge solution are shown. It will be clear that, in spite of the appar-
4000r 1T x gﬂigg ent diversity, the MP transition parameters (orientation, nor-
. « Cluster 4 mal velocity, thickness and curvature) obtained by the vari-
6000 ,ﬂjl—’— - < 46000 ous implementations are actually not very different.
y \ (,’SJI/JZ(V.\,‘[’
X\
00T A/Y NP | AR U RN 5 Detailed presentation of one 2-D solution
—2000 0 2000 —-2000 0 2000

secondary direction [km]

In this section, the solutio@2_OpTA_A from Fig.9 (i.e. the
first solution found with the combined timing-MVAB tech-
nigue for a cylindrical MP having two degrees of freedom)
will be discussed in detail and compared with the results pro-
vided by the planar methods like MVAB, MFR, timing anal-
ysis, and HT analysis. TabRsummarizes this comparison

Since, by definition(n) ey is oriented into the opposite di- both in terms of individual quantities, i.e. corresponding to

rection of the center of curvature, the in-bound character offach satellite, as well as in terms of the average, or “global”
the transition (see the beginning of Seztimplies a con- ones. Below a brief description of the parameters shown in

vex shape for the MP depicted in Figs9 and10 (the same  thiS table is given. _
result has actually been obtained from all acceptable 2-D so- 1h€ Planar methods part of Table3 presents first the
lutions corresponding to the 24 June 2003 event; Biae results of the constrained MVAB analysis on eleven nested

gay 2007). The solutionP1_OpTA from Fig. 8 is consistent intgrvals (see Seck.]) in terms of nqrmal magnetic field
with a local, stationary bulge on the MP surface, modelled"arance and average normal magnetic field compofignt

by a parabolic layer moving (outward) exclusively along the T"€ next two lines show similar quantities obtained by ap-
y direction. The other two cases, shown here in Bignd plying a constrained MVAB analysis on the central intervals
Fig. 10, indicate a traveling wave on the MP surface: the [7ci =% Tci +7]. Here the constraint-n =0 has been

general outward motion occurs with constant velocity alonguS€d. thus eliminating in the analysis the influence of mag-

the x direction, while a more complicated, back and forth netic fluctuations perpendicular to the plane of the normals,
movement takes place along thelirection? in accordance with the 2-D geometry assumption for the MP.

The solution C2.OpTA A from Fig. 9 implies a re- Further on, the normal MP velocity is presented, as deter-

' : . mined by combining the nested MVAB normals with the HT
encounter of the MP by the first pair of satellites (C2 and C4) nalysis (see Se.3), by applying the MFR technigue (see

at the end of the event, i.e. around the time when the Secongect.z.Z), and by applying the two variants of the planar tim-
ing analysis, i.e. CTA and CVA (see Se2t4).

Fig. 10. The 2-D, non-planar MP motion in the plane perpendicular
to the invariant direction, according to ti@&2_OpTA_B solution.
For a description of this picture see the text.

Note that for these two solutions, the primary directjois not .
oriented close to the MP normal but it is roughly perpendicular to The last line of thélanar methods part presents the MP

it, i.e. opposite of the situation depicted in Fiy. This is because normal velocity at each pair of consecutive satellites+ 1,
we did not impose any restriction of this kind in the model; the Withi =1...3, when the boundary is assumed to have locally,
orientation ofx andy axes is obtained exclusively by solving the i.e. between the satellites crossing tinlgg and 7, ; 11, a
conditions of MP encounter. stable, planar geometry. For the local MP normal we took
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Table 3. Comparison between th&2_OpTA_A solution and the

planar results provided by MVAB, HT, MFR, and timing analysis

A. Blagau et al.: Timing method for a non-planar MP

plane perpendicular to the invariant directibrand reflects
the difference in normal prediction by the two methods. The

techniques. Quantities corresponding to each satellite as well a§¢cond line shows the change in orientation of the instanta-
average or global ones are shown. With smaller blue numbers, th@€0US geometrical normalgp, during the crossing interval,

global values of normal magnetic field variance and Bf) based
only on data from C1, C3 and C4 are indicated. More explanationsthe normal detected by the satellites. The average (over the

are provided in the text.

average C2 C4 C3 C1l
Planar methods

MVAB on nested intervals
Magnetic variance [nF| 3.59345 4.09 464 258 2.89
(Bn) [nT] 0000 00 00 00 00
MVAB on central intervals
Magneticvariance{nT]2 272270 2.82 116 2.79 4.21
(Bn) [nT] —17-16 14 -18 -14 -16
MVAB and HT analysis
Vit - meSed [m /5] 223  86.6 58 —14.4 22.6
MFR analysis
VMER [km/s] 136 139 182 56 167
Timing analysis
Vera [kmis] 787 944 814 705 686
Vewa [km/s] 87.1 871 871 871 871

Timing analysis on spacecraft pairs

Vpair [km/s] 155
C2 OpTA A

Normals orientation

<(n3e i) | lded] 7.9

An,p  [deg] 6.4

Normal velocity

e [km/s] 475

Y2D
Field quantities using,p andvop

Magnetic variance [n]
(Bp) [nT]

Magnetic variance weighting factors

55.3 114 229

4.4
2.1

3.7
1.6

12.6
10.1

10.9
11.9

574 509 415 399

250226 3.32 1.39 228 3.14
—-0.7-11 0.6

-12 -11 -1.0

0.22 0.28 0.22 0.28

measuring how the MP movement and curvature influence

crossing duration) MP normal velocity3, is shown on the
following line. Next, the normal magnetic field variance and
the values for B,,) are presented.

The weighting factors, used to compute the global value
of the normal magnetic field variance, are shown on the last
line. They were derived based on the arguments presented in
AppendixA (see the discussions related to B).

5.1 The investigation of normal magnetic field variance

When judging whether the planar or the 2-D method pro-

vides solutions that comply better with the requirement of

minimum normal magnetic field variance, one has to take

into account that each technique uses different data inter-
vals: the planar MVAB is based on data intervals large

enough to include the whole magnetic field rotation seen at
the MP, whereas in the 2-D method only the central intervals,
[Te; — i, T + 7], are used, in accordance with the system of

conditions describing the satellites encounter with the MP

edges. Therefore, it is instructive to investigate how the solu-
tions provided by the two techniques behave starting from the
central intervals up to the largest intervals used in the nested
MVAB analysis (see Sec?.l).

Such an investigation has been carried out in AppeBdix
There, using intervals centred @i; that progressively in-
crease in size, we analyzed the evolution of the normal mag-
netic field variance and of the average normal magnetic field
componentB,,), based on three sets of normals: the individ-
ual, planar normals obtained from the nested MVAB analy-
sis, the 2-D, instantaneous, geometrical normals correspond-
ing to theC2_OpTA_A solution and the normals provided by
a constrained, tb-n = 0, MVAB analysis performed for that
particular interval. Note that the latter normals, called here
and in AppendixB the planar, interval-specific MVABIor-
mals, are changing with the interval of analysis according to
the MVAB theory.

The analysis shows that, even for intervals well beyond the
validity range of the 2-D solution, i.¢7,; — t;, T,; + 7], the
global magnetic field variance based on the 2-D, geometri-
cal normals is smaller than the same quantity based on the

the average of the coresponding MVAB normals and thereplanar, interval-specific MVAB normals (which is, evidently,
fore the \pair quantities were computed based on the satel-smaller than that based on the normals provided by the nested
lites separation along that direction and on the differenceMVAB analysis). Therefore one can definitely say that, for
Tc.i+1—T.;. The MP global velocity, presented in the first the above mentioned intervals, the 2-D solut@h OpTA_A
column, is a weighted average which takes into account thaperforms better than the planar MVAB solution from normal
eachVpair is valid for a different time length. magnetic field variance point of view.

In the C2_OpTA_A part of Table3, all quantities refer to However, we think that when judging one particular solu-
the central intervals. The first line presents the angle betweetion provided by the 2-D, non-planar method it is not neces-
then,J®and the individual MVAB normals, projected on the sary to adopt such a strict criterion, namely that the global
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magnetic field variance based on the 2-D, geometnpal NOTraple 4. Results from the HT analysis. For each satellite one shows
mals to be smaller than that based on the planar, intervalge interval of analysis (in seconds from 07:36:00 UT), the correla-

specific MVAB normals. The latter normals are not corre- tion coefficient and the regression line slope between the electric
lated between the satellites and, for an individual satellite field in the starting reference fran; and the convection electric
change their direction from one interval to the other indepen-ield Eyt = — V1 x B, the ratioD/ Dg expressing the fraction of
dent of the MP dynamics. By contrast, the 2-D, geometrical E; remained un-transformed in the HT frame, and the three com-
normals are linked at each moment by the geometry proposegionents of the HT velocityy i, in GSE.
for the MP (parabolic or cylindrical) and evolve in time ac-
cording to the global MP dynamics. Therefore, it seems rea- Time interval correl. slopeD/Dg Vit [km/s]
sonable to con5|d_er t_hat a 2_—D solution providing values for (285.414] 004 103 Q11 [232 58 —102)
the global magnetic field variance greater than (but close to)
that based on planar, interval-specific MVAB normals is still [27.4-473] 099 100 Q02 [20Q 177 —203
performing very well from the magnetic field variance per- €3  [589-789]  0.99 100 002 [77, 151 —18]]
spective, and that overall, it is better than the planar solution.C1 ~ [658-819] 096 098 Q09 [251 156 —150

If we take the central intervals and compute the global
magnetic field variance based on the normals provided by
the planar, nested MVAB analysis, a value of2[nT? is  planar solutions imply, in case of C3 and C1, a systematic
obtained. This would roughly correspond to the situation de-difference between the two sets of normals. The effect can
scribed in Sect2.1, of a planar MP that changes its orien- pe also noticed in the third and fourth panels of F&€ and
tation between the crossing of the first pair of satelites andi0, Actually, the analysis presented in Appendixmakes
that of the second pair of satellites. Because of the signifclear that this difference in orientation is due to the different
icantly higher value it implies, higher than for any solution time-intervals on which the two normals are based. In fact,
obtained with the 2-D method (see Tablrom Sect6), one  in case of C3 and C1, for all centred intervals starting from
can clearly see that such an alternative interpretation of ther.; — r; T, 4+ 7;] up to the largest one used in the analysis,

data has to be rejectéd. the planar, interval-specific MVAB normals lie in the range
_ ) of angular variation for the 2-D, instantaneous normals. This
5.2 Orientation of the 2-D, non-planar magnetopause s exactly the result one expects when the planar MVAB tech-

- . nigue is applied to an ideal 2-D discontinuity (d@anlop
The second part of Appendi® investigates how the rel- and Woodward1998.

ative orientation between the three sets of normals men-
tioned in Sectb5.1 (i.e. the normals provided by the planar, 5.3 Magnetopause normal velocity
nested MVAB, the 2-D geometrical normals, and the pla-
nar, interval-specific MVAB normals) changes, when pro-
gressively larger intervals centred @y are used.

Based on this analysis we concluded that in case of C

Table3 presents a comparison between the 2-D, non-planar
method and the various planar techniques in terms of MP
- _ ormal velocity prediction. In the planar case, we show the
the MVAB results corresponding to the central intervals, .oqits obtained by combining the MVAB and HT analyses,
[Tei =, Tei + 7], are significantly affected by local, inter- - ose provided by the MFR analysis, by the two variants of
nal irregularities (magnetic islands, noise etc.). This is they,q timing analysis, i.e. CTA and CVA, and by assuming a
reason why, in Tabl8 and in Tableb from Sect6, the global  |5c4)ly planar MP at each pair of consecutive satellites.
normal mggnetlc field variance based both on data from all For the 24 June 2003 event, reasonably good HT frames at
four satellites (black numbers) as well as only on data fromy, ¢ Cluster satellites were identified. TaHdlpresents the
C1,C3and C4 (smallgr blue numbers) is shown. results obtained from this analysis. For a meaningful com-
In Table3, the first line from theC2_OpTA_A part Shows 41500 with the 2-D method, the intervals of analysis (shown

H ave 1 H H
how different then ;" normals are with respect to the indi- o -4 1umn 2) were chosen as close as possible to the central
vidual MVAB normals obtained in the nested analysis. Based

e ° crossing interval$7.; — t;, T; +7;]. In case of C1, C3 and
on these values and on the similar ones provided by the othet 4 1o plasma measurements together with the approxima-
2-D MP solution$, one would be inclined to say that all non-

tion E = —v x B for the electric field were used, whereas
61n fact, in the combined timing-MVAB analysis, for certain di- for C2, where no ion_plasma data are ayailable, electric field

rections of MP movement solutions were found that imply a very Meéasurements provided by the EFW instrument were em-

large radius of curvature for the MP and global magnetic field vari- Ployed.

ance around this value, but they were rejected by the optimization As Table3 shows, by following the standard planar pro-

criterion employed in this technique. cedure, i.e. projecting the HT velocitie¥,yt, on the nor-

For example, the angles between the two normals correspondmals provided by the planar, nested MVAB analysis, one
ingtoP1_OpTA are [3.2, 3.1, 15.1, 14.9], and @_OpTA_B they
are [1.5, 0.7, 14.6, 14.4] at the C2, C4, C3 and C1 satellite, respectively.
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obtains values for the MP normal velocity significantly dif- abandoned because, although mathematically correct, they
ferent from theC2_OpTA_A solution. In fact, for C4 and C3, do not offer a physical description of the MP parameters and
i.e. the satellites where the HT frame identification was mostdynamics (se8lagay 2007).
successful (see TabW), these values are negative, which, A close look at the corresponding MP macroscopic param-
considering that one deals with an in-bound transition, repreeters (thickness, normal velocity, radius of curvature, mag-
sents an inconsistency. A possible explanation could be thatetic variance) and at the general MP dynamics, yields simi-
in the HT analysis one tries to explain the observed electridarities between these solutions. We therefore classified them
field as being produced by a time-stationary structure mov4n three groups, each indicated by a different color in Ta-
ing with constant velocity, both in direction and magnitude, ble 5. For the solutions belonging to the first group, i.e. for
relative to the point of observation, a situation one can hardlyP2_OpTA, C2_TA, andC2_OpTA_A (pink background), the
encounter in case of a 2-D MPThe relatively small number  |owest values of the global normal magnetic field variance
of data points on which the HT analysis is based, i.e. five forwere obtained but one also needs to limit their range of va-
both C4 and C3, could be another explanation. lidity in order to avoid an artificial return of the first pair of
The MFR method provides individual MP normal veloci- satellites to the MP interior. The second group, consisting of
ties, Vumer, significantly higher than in the 2-D MP method. the solutionsP1_OpTA andC1_OpTA (green background),
We have no particular explanation for this result; a more de-imply a unidirectional displacement of the MP. The remain-
tailed investigation, like using synthetic data to study how theing solution, i.e.C2_OpTA_B (blue background), implying
planar MFR method performs on a 2-D discontinuity, as donetwo degrees of freedom for the MP movement, is not related

by Dunlop and Woodwar@1999 for the MVAB technique,
could prove to be useful.

The planar CTA and CVA timing techniques provide MP
global normal velocities that are 60 %, and, respectively
~ 75% higher than in the 2-D MP method (see Taldesd
5from Sect6).

The technique that evaluates the normal MP velocity by

with any other. Note thatin Seetwe presented one solution
from each group.

On the first column of Tabl& we present the angte, be-
tween two normals already introduced in Sécand shown
on Figs.8, 9, and10, namely the average normal provided by
the nested, planar MVAB techniqu@) g , and a median
MP normal provided by the 2-D solution, pointing to the ex-

assuming a locally planar MP at each pair of consecutiveterior (in the geometrical sensé)q,. The parameter in the

satellites, provides results closer to tB2_OpTA_A solution
for the first pair of satellites (C2 and C4), i.e..3sompared
to 54.2 km/s, respectively. For the next interval, between the

second column expresses the variation in the orientation of
the 2-D instantaneous normals during the crossing intervals,
being the average ohnyp (see the description of Tab

C4 and C3 crossing times, the two methods provide signifi-from Sect5).

cantly different results, i.e. 14 and 462 km/s, respectively.

The third and fourth columns present the values obtained

That can be explained by the large separation distance by the MP radius of curvature and thickness, respectively.
tween these satellites, when the effects of the MP curvaturgince for a parabolic layer neither its radius of curvature
cannot be neglected. For the last pair of satellites (C3 anghoy its thickness are constant, the “global” values are shown,
C1) the results are also significantly different, i.e.2and  computed as geometrical mean (for the radius of curvature)
40.7 km/s, respectively, in spite of their close separation. Theg; g5 arithmetical mean (for the thickness) of the correspond-
reason for that resides in the difference between the indi1ng individual quantities determined at each sat@li@ased

vidual MVAB normals, on which the calculation ofpMiris  on HIA C3 measurements, the average thermal proton gyro-

based, and the average geometrical normals based on the 21Rqjus for the MP interval is 133 km, and the average proton
solution, i.en,5* (see the last paragraph of SegR). inertial length is 270 km.

The next column presents the MP global normal velocity,
obtained as arithmetical mean of the individual average nor-

mal velocity, 5. Then the global normal magnetic field

6 Global parameters of the 2-D solutions

Table 5 presents the global values that characterize all si
valid solutions obtained by applying different implementa-
tions of the 2-D, non-planar method to the analyzed event
Two other solutions, namelp2_TA and C1_TA, had to be

80ne arrives at a similar conclusion when a version of HT analy-

yariance and global value ¢B,) corresponding to the cen-
tral intervals are shown. As in TabBethe blue numbers des-
ignate values based only on data from C1, C3 and C4, con-

sidering that the C2 contribution to these global quantities is

9Actually, for a parabolic layer the individual values of these

sis that accounts for a possible accelerated motion of the HT framejuantities vary as well. In our model only the distance between the

(seeSonnerup et al.1987 is used. For example, in case of C3,
for the interval indicated in Tabk (5 points) the instantaneous HT
velocity projected on the nested MVAB normal+sl3.9, —11.8,
—9.8, —7.7, 5.6 km/s, giving an average MP normal velocity of
—9.8km/s.

Ann. Geophys., 28, 75348 2010

MP leading and trailing edges along the parabola’s axis of symme-
try is fixed (see Appendipd). Therefore the MP thickness, mea-
sured along the local normal, may vary between the point where the
satellite enters the discontinuity and the exit point. For the analyzed
event such variations are of the order of a few percent.
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Table 5. MP characteristics for the 24 June 2003 event, based on the valid solutions provided by different implementation of the 2-D, non-
planar method. Global values corresponding to MP orientation, radius of curvature, thickness, normal velocity as well as normal magnetic
field variance and normal magnetic field component are provided. The last column indicates whether a spatial limitation in the validity range
of the corresponding solution is required in order to avoid an artificial return of the first pair of satellites to the MP interior. For the error
estimate of the MP radius of curvature, thickness and normal velocity, see Apggndix

o (Anop) radius  thickness V, B var. (Bn) limitation?
[deg] [deg]  [Rg] km]  [km/s] [nT]2 [nT] [yes/no]
P1_OpTA 9.0 0.0 2.87 810 52.0 3.28.76 —-15 18 no
P2_OpTA 7.1 6.9 1.81 765 49.7 27652 —1.0 -14 yes
C2_TA 3.9 6.4 1.85 740 47.5 2.5Q.26 —0.7 -11 yes
C1 OpTA 9.8 2.0 2.09 824 52.8 3.22.85 —-15 19 no
C2_OpTA_A 3.9 6.4 1.85 740 47.5 2.5Q.26 —-0.7 12 yes
C2_OpTA_B 6.7 2.2 2.39 755 48.4 3.0271 —-1.2 16 no

misleading due to the local magnetic irregularities. A com-non-zero normal magnetic field component on the 24 June
parison with the planar results can be made by looking a2003 crossing event.
similar quantities from Tabl8.

The last column indicates which solutions need a limita-7.1  The MP dynamics on 24 June 2003
tion in their range of validity, in order to avoid an artificial
MP crossing (see Fi@ and the related discussion). All the six valid solutions, obtained when applying the vari-

In AppendixC, an analysis on the errors in the values of OUS implementations of the new method to the 24 June 2003
MP crossing parameters is presented. The solutions from th8Vent, indicate a convex shape for the local MP, with radius
first group, i.eC2_OpTA_A, C2_TA, andP2_OpTA, are ex- of curvature betweenr 1.8 and~ 2.9 Re (see Tabl&). This
amined and compared. By looking on Tab&and5, one result can be compared with the curvature of a model MP
can notice that these solutions involve the highest dynamica@t the scale of Cluster inter-spacecraft separation distance.
behavior for the MP, i.e. small radius of curvature, high varia- Based on th&oelof and Sibeck1993 MP model, we found
tions in the instantaneous normal velocity and relatively high@ radius of curvature of about 193 at the Cluster crossing
variations in the instantaneous, geometrical normal orientalocation. Considering that we analyzed an in-bound transi-
tion. Therefore, one can presume that their characteristic§on, it means that the spacecraft encountered a local bulge in
will exhibit higher variations than in case of other solutions. the MP.

The analysis shows that, for the 24 June 2003 event, the N the present study we do not concentrate on the physical
1o uncertainties in the crossing parameters remain in a reaechanism that produced the 2-D MP feature encountered
sonably limit, typically~ 5— 11%, with the exception of the by Cluster. However, the large flow shear across the MP
radius of curvature that experiences higher variations (se&™ 350km/s) suggests the Kelvin - Helmholtz (KH) mech-
Table C1 from Appendix C). In our opinion, the regular anism as a possible explanation. In the lower right corner of
and well resolved MP transition at each satellite, which en-Fig.3from Sect2.1we showed the tangential components of
sures an accurate timing information determination, largelythe magnetic field and flow velocity vectors measured in the
accounts for this relatively low error level, even if the Clus- regions adjacent to the MP. The unit vectdshown in green
ter two-pairs configuration is not a favorable one. Then, byin Fig. 3), contained in the tangent plane and perpendicular to
comparing the parabolic and cylindrical solutions, the analy-the invariant direction, would then be roughly oriented along
sis indicates smaller errors in the latter case. Also, the comthe wave vectdf. The data suggest that the wave will not
bined timing — MVVAB analysis produces stabler results than
the straight timing analysis.

100ne can notice that is oriented between the direction perpen-

dicular to Bext and the direction oVgxT, i.e. the magnetic field

and the flow velocity in the magnetosheath (black arrows in3jig.

. . making with them an angle of 19° and~ 22°, respectively. This

7 Discussion of the 2-D method results adds support to the interpretation of a wave driven by the magne-
tosheath flow, propagating on the MP surface almost perpendicular

Based on the results obtained from the new method, in thiso the magnetic field, which, from energy considerations, is the most

section we discuss the MP dynamics and the presence of favored direction.

www.ann-geophys.net/28/753/2010/ Ann. Geophys., 28, 7632010



768 A. Blagau et al.: Timing method for a non-planar MP

grow into the nonlinear regime, since for all directions in the into account the observations reported in the literature (e.g.
plane perpendicular to the invariant direction, the KH insta-Dunlop et al, 2001, 2002, that supports the idea of a rapidly
bility criterion (seeChandrasekhafl961) is not satisfied. changing MP dynamics, this means a more accurate descrip-
If Cluster encounters a MP surface wave of KH origin (or tion of the physical situatioh.
produced by any other mechanism, e.g. solar wind pressure From an easiness of treatment perspective, the cylindrical
changes), the method developed in this paper can be usethse is only slightly more complex than the parabolic one.
to estimate its parameters, like the amplitude, wavelength|n order to find a solution one needs to resort to numerical
and periodicity. The implementation most appropriate to de-algorithms but, like in the parabolic model, the cylindrical
scribe the physical situation would be that of a parabolic MPprofile is still characterized by one parameter, i.e. the radius
having 2 degrees of freedom, one for the inward-outwardof curvature, with the advantage of a more accurate descrip-
motion and one for the tangential propagation. Note that fortion for MP motion. Note that in the cylindrical model the
surface normals close to the parabola axis of symentry, théayer thickness is indeed constant, whereas for other shapes
chosen model is a good approximation for a traveling sinethis quantity can vary (see Footnd@gand one has to check
wave. The condition is fulfilled for the analyzed event, where whether the variation is small or not.
the corresponding2_OpTA solution provides an angle be-
tween the surface normals’ average orientati@n,,, and 7.2 The normal magnetic field component on 24 June
the parabola’s axis of symmetry of24°. 2003
We determined the parameters of a sinusoidal surface ) ]
wave that best fits with the results provided by B®2OpTA  AS can be seen from Tabepresented in Sed8, all the valid
implementation in the following way: through the points 2-D sglutlons obtained in the analyzeq caselmply_a non-zero
where the Cluster satellites encounter the correspondingeg""“}’e value for the globaB,) quantity. Actually, if C2 is
parabolic layer, we fitted a sinusoidal curve, obtaining anleft aside (see the discussion from Sé&cp), all the valid 2-
amplitude of~ 1.7 Rg, and a wavelength of 8.9 Re. Con- D S(_)Iut_|o_ns provide valug_s betweer2.0nT and-1.0 nT_ for
sidering that theP2_OpTA solution predicts a MP tangen- the individual(B;,) quantltles.(for theC2_OpTA_A solution,
tial velocity of ~ 77.9kmy/s, one arrives at a periodicity of these values are presented in Tebfeom Sect5). _
~ 12 min. The result we obtained is in accordance with other While one can imagine that the 2-D solutions could intro-

published results, reporting on MP surface wave observation§Uce & non-realistic offset in the values(6},), we think this
(see for exampleivelson and Chen1995 Foullon et al, IS not the case for the 24 June 2003 event. In this respect, for

2008 and references therin). the C2_OpTA_A solution we show in AppendiB that, for

In principle, in the new method one could have chosen@ll satellites, theB, ) values based on the 2-D, instantaneous
a sinusoidal shape layer to model the MP, with the advani’ormals are actually smaller (in the_ absolute se_n_se) than the
tage of estimating directly the amplitude and wavelength of(B») values based on the planar, interval-specific normals,
a traveling surface wave. However, instead of this directell beyond the validity range of the 2-D solution. _
approach we preferred to start with the development of the AISO, _W'th the error calculation procgdgre presented in
parabolic model for both methodological and physical rea-APPENdixC, the estimated standard deviations for (i)
sons. Firstly, for a sinusoidal shape one has to resort to nuduantities are relatively small. As an example, for the
merical methods, where bigger difficulties are expected inC2-OPTA.A solution these standard deviations are (in nT)
finding and sorting solutions that, although mathematically™ 0-6, 0.4, 0.1, and 01 for C2, C4, C3, and C1 respectively.
correct, are not acceptable from physical perspective. By We cross-checked the existence of a non-zero normal mag-
contrast, for the parabolic model — which is the first approx-Netic field component by performing Wl tests (see for
imation for the sinusoidal shape, provided that the resultinggx@mplePaschmann and Sonner@0§ on the MP inter-
surface normals are close to the parabola axis of symmetryals. With the Wakn test one checks whether the plasma
— we were able to find an algebraic, i.e. exact solution. Thelows at the local Alfien speed in the HT reference frame.
MP macroscopic parameters and the corresponding error ed-is property defines a rotational discontinuity (RD), imply-
timates obtained in this way, i.e. through a robust and simpldnd (B,) # 0, thought to be caused as a consequence of mag-
algorithm, have the important advantage of providing a refer-netic reconnection, and encountered by the satellite far from
ence, useful when evaluating the results from other modelsthe reconnection site. Although the test is derived based on a
where the solution can be obtained only numerically. Sec-Planar geometry, one can still presume its ability to correctly

ondly, a parabolic profile is characterized by one parameter, Liror example, in the straight timing analysis, only two parame-

i.e. the quadratic coefficient (like in Eg.A2), Whereas.two . ters are left to describe the motion of a sinusoidal shape layer, i.e.
parameters are needed to characterize a profile of sinusoidal .ostant velocity along the primary direction and one along the

shape, i.e. the amplitude and the wavelength. Since the totalecondary direction.

number of unknowns that can be determined with the new 12ror that purpose, we chose intervals of analysis situated more
method is fixed (to 8), more parameters are thus available t@n the magnetosheath side, according to the customary procedure
characterize the MP dynamics in the parabolic model; takingused when identifying rotational discontinuities at the MP.

Ann. Geophys., 28, 75348 2010 www.ann-geophys.net/28/753/2010/



A. Blagau et al.: Timing method for a non-planar MP 769

Table 6. Results from the W analysis performed on C4, C3 the central interval. We mention here titatnlop and Wood-

and C1 data. For each satellite we show the interval of analysis, th&/ard (1999, when studying, with synthetic data, how the lo-
correlation coefficient and regression line slope provided by the HTC&l normal direction of a non-planar, ideal discontinuity, can
analysis, and the correlation coefficient and regression line slopd€e obtained by employing the planar MVAB method, showed

obtained in the actual Wanh test. that the errors are smaller when points from a short interval
around the center of the structure are used. However, in case
Time interval HT Walén of a real event, a situation similar to that encountered by C2
correl. slope  correl. slope on 24 June 2003 may occulr.
C4  [07:36:25-07:36:38] .00 100 097 051 . Tt-r:]e fact ttha,t Ws K/‘T\'/'zg'” Sfa:lo” ”:e rlfftk"ts provided
C3  [07:36:52-07:37:17] 09 101 093 045 ythe constraine analysis maylook fike an Inconsis-
tency with the presence of a non-zero normal magnetic field
C1 [07:36:55—-07:37:12] 06 105 091 083

component. However, for a discontinuity like the MP, having
only a small or no perpendicular magnetic field component,
the error in estimating its normal with MVAB is probably
identify a RD in the non-planar case, provided that the dis-smaller when the constrairitB,) = 0) is used (see for ex-
continuity radius of curvature is sufficiently large compared ampleBlagay 2007). Another aspect is whether the presence
with the kinetic parameters. The condition is fulfilled in the of reconnection, with its specific wedge-like geometry, inter-
analyzed case where the average proton gyro-radius is tweeres with our assumption of constant thickness for the MP.
order of magnitude smaller than the MP radius of curvature.However, far from the reconnection site, where the observa-
The results are presented in Tal@nd show a positive  tions are made, it is reasonably to neglect any such influence
identification of an RD by C1, where the correlation coeffi- at the scale of inter-spacecraft separation distance.
cient and the regression line between the plasma flow in the
HT frame and the local Alfén velocity are close to the ideal
value of 1. For this satellite, the strong correlation in the MP8 Summary and general discussions
region between the magnetic field change and the bulk ve-
locity change is evident from panels 4 and 6 in Fig.For In this article we extended the four-point timing method used
C3 and C4, where a closer analysis clearly indicates a largéor determining the macroscopic parameters of a planar MP,
dynamic variation in the plasma velocity components spe-in order to accommodate the situations when the disconti-
cific to an RD, we evaluate the results as being marginallynuity behaves like a 2-D, non-planar layer on the scale of
supportive. The negative values @,) indicated by all 2-  the inter-spacecraft separation distance. The MP was locally
D solutions, meaning a magnetic field component orientedmodelled either as a parabolic or as a cylindrical layer of con-
into the magnetosphere, are also consistent with the positivetant thickness, with one or two degrees of freedom for the
slopes obtained in the Wa tests. motion in the plane perpendicular to the invariant direction.
The accuracy of the method presented in this article to The MP local parameters (orientation, motion, thickness,
detect, in general, the presence of non-zero magnetic fieldadius of curvature) are obtained simultaneously from a sys-
component along the MP normal, deserves further investitem of eight equations, utilizing the satellites encounter of
gations, on synthetic data as well as on other real caseshe MP leading and trailing edges according to the timing
Nevertheless, there are two aspects that lend credence dnformation extracted from the data. There are actually two
its results. Firstly, in the new method one can use simul-techniques that we developed. The first relies on the timing
taneously and self-consistently the timing information andinformation alone, being a straight extension of the planar
thev - B =0 conservation law, obtaining solutions that com- CTA technique to the 2-D geometry. In the second technique
ply with the requirement of minimum normal magnetic field one exploits the fact that, according to the model, the MP
variance. Secondly, in the new method the data from all fourprimary direction of movement is completely prescribed by
satellites are simultaneously participating in the analysis andne angle. This allows us to uself-consistentlyhe timing
the determined MP normal directions and normal velocitiesinformation and the7 - B = 0 conservation law, obtaining so-
are linked all the time through the geometry and through thdlutions that comply with the requirement of minimum normal
motion provided by the solution. This implies a more realis- magnetic field variance. The need of an additional assump-
tic description for the MP orientation and motion comparedtion, proposed in earlier workMottez and Chanteud 994
to the case of single-spacecraft techniques, where the estbunlop and Woodwardl998, i.e. that of negligible effects
mated individual MP normals and normal velocities are, by due to non-planarity on the MVAB results, is thus avoided.
definition, decoupled one from each other. To illustrate the new method, we selected one MP tran-
In Sect.5.2 this characteristic of the 2-D solution helped sition observed by Cluster on 24 June 2003. For this event
us to establish that local magnetic irregularities (magnetic isthe planar MVAB and MFR methods provide individual nor-
lands, noise etc.) play an important role in case of C2, af-mals having different orientation, but all of them being close
fecting the results of the MVAB technique when applied on to one plane. This was interpreted as Cluster encountering a
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2-D, non-planar MP, with the invariant direction oriented per- same situation is present when the discontinuity thickness is
pendicular to that plane. The results from the standard, plaestimated.
nar timing analysis, providing MP normals well apart from  The method shown here represents a logical extention of
the individual MVAB and MFR normals, and from the HT the techniques described in Sektseeking to determine the
analysis, providing MP normal velocities at C3 and C4 loca-local parameters of a discontinuity in a single, individual
tions inconsistent with an in-bound crossing, add support tacrossing event. A different line of approach for investigat-
the non-planar assumption. ing a boundary region is that of the reconstruction methods,
When the different implementations of the new methodi.e. the methods of empirical reconstruction (deyKeyser
(parabolic or cylindrical geometry, one or two degrees 2008 and of Grad-Shafranov (GS) and MHD reconstruc-
of freedom, straight timing analysis or combined, timing- tions, (e.gSonnerup et al.2008 Hasegawa et al2009.
MVAB analysis) are applied to the 24 June 2003 event,In the empirical reconstruction method the position of the
one obtains six valid solutions. The solutions are consisoundary is tracked by converting a time series of in-situ ob-
tent and stable, indicating a convex shape for the local MPservations into spatial information; spatial profiles of physi-
The global values of the parameters defining these solution§al quantities whithin the boundary are thus obtained. With
are presented in TabEfrom Sect.6. In spite of the Clus- the GS and MHD reconstructions, maps of fields and plasma
ter two-pairs configuration in this event, the analysis from quantities are created in a region surrounding the spacecraft
AppendixC indicates that the corresponding errors are rela-path by integrating the GS or MHD equations. A main as-
tively small, e.g~ 5—11% for the MP normal velocity. One Sumption common to the reconstruction methods is that all
expects an even smaller level of errors for events when théhe observed time variability is due solely to the convection

spacecraft configuration is closer to that of a tetraheadron. of a fixed structure past the spacecraft position. While the
In Sect.5 we chose one particular 2-D solution, i.e. reconstruction methods aim at much more than finding the

C2_.OpTAA, for an extensive comparison with the planar Macroscopic parameters of a discontinuity, below we enu-
results. We showed that, for the central intervals, i.e. formerate some aspects in favor of our method if the main goal

its range of validity, theC2_OpTA_A solution provides a
smaller global magnetic field variance along the 2-D, instan-
taneous normals than the planar MVAB method. For other
2-D solutions, depending on the particular implementation,
the global normal magnetic field variance on the central in-
tervals is lower or approximately the same as in the planar
case (see Tablgsand3). The same quantity computed ac-
cording to the standard planar method, i.e. using nested inter-
vals and normals provided by the nested MVAB analysis, is
systematically higher than in the case of the 2-D solufiéins

The method developed in this article provides a means
to quantitatively determine the geometry and motion of a
2-D, non-planar discontinuity. We illustrated this by dis-
cussing the MP dynamics and the presence of a non-zero nor-
mal magnetic field component on the 24 June 2003 crossing
event, i.e. the aspects, mentioned in Sgathat motivate the
effort of finding the MP macroscopic parameters.

Depending on the event, applying the standard, planar
methods to estimate the normal motion of a non-planar 2-D
discontinuity, may provide results significantly different than
those of the new method (for the analyzed event, see Bable
and the discussions from Seé&t3). Correspondingly, the

13A similar finding is obtained by comparing the global Faraday
residues, namely lower values for this quantity based on the instan-
taneous MP normals and normal velocities provided by the 2-D so-
lutions than in the planar case (sBgay 2007). Although this
result is consistent with the other results reported in this article and
could represent an independent way of proving that the 2-D method
provides a better identification of the MP orientation and motion,
due to the uncertainties in the electric field data for this event we
decided not to use it as an argument.
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is the analysis of the macroscopic parameters:

— the reconstruction techniques imply evolved techniques
of optimization and/or integration, which requires con-
siderable attention and skill when applied. On the con-
trary, our method being simpler, offers more control
when is used.

the conditions for applying the reconstruction methods
include that of no intrinsic temporal change in the struc-
ture of the boundary. Also, in the GS and MHD re-
constructions, the existence of a proper frame (usually
the HT frame) and the validity of MHD equations are
demanded. Our technique is less sensitive to these re-
quirements, being based on the timing information and
on thev - B =0 conservation law.

the reconstruction methods make use of plasma data, i.e.
plasma velocity or other higher moments of plasma ve-
locity distribution function, usually measured with less
accuracy than the magnetic field. For example, in the
empirical reconstruction the boundary normal velocity
is obtained by an optimization procedure so that the
measured plasma velocity along an average normal di-
rection is matched and a spatial profile fits other physi-
cal observable.

in the empirical reconstruction, the obtained spatial pro-
files represent an average structure over the whole in-
terval of analysis, which typically includes many tran-
sitions, not an individual boundary crossing. In the 2-
D reconstruction, (e.gde Keyser and Rot2003, the
tangential velocity is not directly determined but is as-
sumed from outside.
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The central assumption adopted in this paper, namely that — in Sect.7.1 we discussed the rationale for using the

the MP has a constant thickness, certainly introduces a limi-
tation but also leads to a significant simplification of the task
to infer the discontinuity parameters. We based this assump-
tion on the arguments presented in Séand on the results
reported for the planar caseldaland et a).2004 Blagau
2007).

In general, limitations in the validity range of any solu-
tion provided by the new method result from the fact that
they describe the MP boundary only locally. In Tablgom
Sect6, we indicated the solutions when such a limitation was
needed, to avoid a re-encounter of the MP by the first pair of
satellites (C2 and C4) at the end of the event. This aspect
could be in fact a consequence of another limitation intro-
duced by the method, namely the shape itself we assumed
for the MP layer; one could recall here observations report-
ing on the MP surface waves having a steeper leading (e.g.
Owen et al. 2004 or trailing (e.g.Kivelson and Chenl995
edge. However, since in the present paper we only intend to
demonstrate the capability of the new tool, we do not enter

parabolic and the cylindrical profiles to represent the
MP layer. One could investigate the possibility to model
the MP in other ways, like as a sinusoidal shape men-
tioned there, or as a shape having a steeper leading or
trailing edge. In that case, finding valid solutions could
benefit from the results based on the two geometries
presented in this article.

the new method was designed to be applied when the
boundary acquired a 2-D shape. For a planar disconti-
nuity, the use of standard, planar techniques would ide-
ally produce parallel normal directions. However, when
these normals are not exactly parallel, one may think
that the method presented here can be adjusted to the
planar situation, e.g. by optimizing the direction of the
planar timing normal so that the global normal magnetic
field variance is minimized.

into this controversy; other reasons for adopting a parabolicAPpendix A

or a cylindrical shape were discussed in Sécl.

The many facets of the new technique were illustrated byPetails of the 2-D method

treating in details one MP crossing observed by Cluster. A

continuation of the present work is therefore needed both tol NiS appendix provides details about the models and the
show more clearly the capabilities of the method and to in-techniques employed in the article for determining the
vestigate its possible developments. Below we present a lisf?acroscopic parameters of a 2-D, non-planar discontinuity.

of topics to be addressed in the future. For the complete report about how the actual solutions were

obtained in each particular implementation of the method,

— the investigation of other events. By comparing the re-the reader is referred ®lagau(2007).
sults obtained under different conditions one can dis- Below we consider that the timing information, i.e. the
criminate between the general characteristics of thetimes when each satellite detects the MP leading and trail-
method and what is specific to each particular event. Iting edges, and the orientation of the invariant directipn
will also be useful in evaluating how valid the constant have been extracted from the data. The satellites can then
thickness assumption is. be ordered according to the times when they detect the MP
leading edge. In what follows by satellite 1 one understands
as explained in Secs, in this article we combined the the first spacecraft that encounters that surface, by satellite 2
timing analysis with the MVAB technique. In princi- the second one and so on. The origin of time corresponds to
ple one can combine in a similar way the timing anal- the instant when the MP leading edge is detected by the first
ysis with other techniques, like for example MFR. Fur- satellite. The satellites positions are regarded as fixed points
thermore, one can use simultaneously both MVAB andin space, an assumption well-justified considering their small
MFR, by adding the global magnetic field variance and orbital velocity relative to the typical MP velocity. For exam-
the global Faraday residues and search for the directiomle, for the 24 June 2003 event, the satellites orbital velocities
of MP movement that minimizes this quantity (a proce- along the MP normal were 0.11 km/s, to be compared with
dure to combine variances of different quantities is de-the average MP normal velocity of 50 km/s (see TablB).
scribed inSonnerup et a12006. Finding a MP crossing We will work in the fixed orthogonal reference frame
to illustrate this procedure would be instructive. (x,y,0), centred on the first satellite and oriented with the
third axis along the MP invariant direction (see Figsnd7
an investigation of method performance using syntheticfrom Sect.3, referring to the parabolic and cylindrical mod-
data would allow to study the dependence of errors inels, respectively). The axis, lying in the plane of the nor-
predicting the discontinuity macroscopic parameters onmals, is oriented along what we called trémary direction
different spacecraft configurations. It would also allow As mentioned in SecB, the method assumes either one or
to study how the planar MFR method performs on a 2-two degrees of freedom for the MP displacements. In the
D, non-planar discontinuity (see the observation madeformer case, by primary direction one understands the only
in Sect.5.3 possible direction allowed for the MP movement. In the latter
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case, when the MP has a compound motion along two mututhe secondary motion (in the positive or negasvairection)

ally perpendicular directions, the primary direction is the di- depend on the actual timing information and on the Cluster
rection along which the model allows for a variable velocity, configuration, resulting directly from the equations described
therefore implying an acceleration or even higher terms inbelow.

the velocity change. Along the other, ix.direction, called In order to determine the MP macroscopic parameters, one
the secondary directionthe MP is allowed to move with a imposes the conditions that, during its motion, the margins
constant velocity. of the parabolic layer encounter the satellites positions at the
We will use the following notations (see also Figand7 proper times, i.e. four conditions for encountering the lead-
from Sect.3): ing MP edge afl,; — t; and four conditions for encountering

) o o . the trailing MP edge al; + ;. Mathematically, these con-
— the primary direction of MP motion is specified by the itions can be formulated, respectively, as
angleg, betweeny andm = R» x I (hereR> designates

the position vector of the second satellite relative to thea(X,» —XuplTei — ri])2 =Y = YoplTei — 7i] (A1)
first satellite). Note that the direction ef, chosen as
reference direction in the plane of the normals, can be”
completely established for each event. with i =1...4. In the above equation¥;, Y;) designate the
coordinates of satellitg while (X[ 1, Y4,[11) refer to the
leading edge apex position, which varies in time:

(Xi = XaplTei +7i1) = Yi — Yol Toi + 71+ 2d (A2)

— Ag,A1...Ax are the polynomial coefficients that de-
scribe the MP primary velocity, i.e. along thyedirec-
tion: U(t) = Ag+ Ayt +...+ Ayt Xoplt1=s+vt (A3)

— v is the speed along direction, when a second degree Yup[t]= C+Zf\;0ti+lAi/(i +1) (Ad)

of freedom for the MP layer is allowed, The quantities:, d, s, andC have to be obtained from the

— d is the magnetopause half-thickness. system of eight equation&\{) and A2). The other four un-
knowns are described below.
— s andC designate the initial position of the MP, i.e. at
T.1—11=0. More precisely, in case of the parabolic A1.1 Straight timing analysis
layer the parameters refer to theand, respectivelyy ) o ) )
coordinate of the leading edge apex location, wheread the straight timing analysis technique one does not know

in case of the cylindrical layer they designate the coor-from the beginning how andy are oriented in the plane of
dinates of the center of curvature. the normals, i.e. the angfeis an unknown to be determined

by solving the conditionsA1) and A2).

— the spatial scale of the structure is described in the It can be shown that one needs a MP having two degrees
parabolic model by the quadratic parameterFor ex-  of freedom in this implementation of the parabolic model.
ample, at the initial moment the parabola has the equaTherefore, the remaining unknowns, describing the MP ve-
tion: y(x) = C +a(x —s)% In case of the cylindrical locity, are Ag and A1 for the primary motion ana for the
layer model, the corresponding parameter is the radiuselocity along the secondary direction. A unique algebraic
of curvature R, of the inner MP surface. solution with physical significance (i.e. with a positive value

for d) has been found in this case.
Al The parabolic layer model

Al.2 Combined timing — MVAB analysis
Figure6 from Sect.3 shows a parabolic MP cross-section at

successive times, when its edges encounter the Cluster satéi the combined timing - MVAB analysis algorithm, the an-
lites (situated at origin and at the positions indicated by thegle 8 is an input parameter and therefore one additional un-
R>, R3 and R4 vectors). The invariant directiohis point- known can be used to characterize the MP movement. In
ing into the paper. According to the proposed model, the di-these conditions, a third coefficiemtp, to describe the ve-
rection of primary movement is along the (common) axes locity along the primary directiory can be added, or one

of the parabolas that define the MP leading and trailing surcan suppress the movement along the secondary direction
faces. By “constant thickness” of the layer one understandsnd use four coefficients for the velocity alomg Note that

that the distance along between the leading and trailing now the quantitie; andY;, designating the position of the
edges is the same. In Fi§we have chosen to represent the satellites in the working reference fraroe y, 1), are known.
situation when the Cluster satellites are initially situated in- In either case it can be shown that to each direction (each
side the opening made by the parabola’s branches and wheamngleg that determines the values &f andY;) corresponds
also a tangential velocity is present along the secondary dione solution. One can then readily compute a set of quanti-
rectionx. For one particular event, the initial location of ties that characterize the MP orientation and motion, like for
the spacecraft (inside or outside the parabola’s branches) arekample the instantaneous surface normal at each satellite
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position. The algorithm developed in this implementation d, in a way independent of that. At the end, both possibili-
changess in steps betweern andz, computes thglobal ties are tested (satellites and the center of curvature located
magnetic field variance along the instantaneous normals fomitially on the same side or on opposite sides of the MP)
each corresponding solution (as described in Sgsee also  rejecting the one which implies a negative valuedor

the next paragraphs) and finally selects that direction of MP  For finding solutions in the cylindrical model case, numer-

movement that minimizes this quantity. ical methods have been used. Because such methods work
To compute the global value of the normal magnetic field more efficient when the number of equations is small, in all
variance, one can use the following weighting factors sub-cases of the model (straight timing analysis or combined
k=4 timing — MVAB analysis, one or two degrees of freedom for
i :Tr;il()‘)/ZTr c_kl()‘) i=1...4 (A5) the MP movement), by expressing some of the unknowns as
k=1 a function of the others, the initial system of Eg&6] and

where byTr,; one designates the trace of the constrained (A7) has been reduced to a system of only four equations.
tol-n =0, magnetic field variance matrix corresponding to More specific, in case_of th_e straight timing analysis one ar-
satellitei (references about the variance matrix can be foundVes at a set of equations fiy 4;, andv (when the second
in Sonnerup and Scheibk998 Sonnerup et aR00§. The degree of frt_aedom in the MP movemer)t is enabled). In case
constraint - n = 0 adopted in Eq.A5) is consistent with the ~ ©f the combined timing — MVAB analysis, when the angle
fact that the instantaneous normals are all perpendicular t& &N input parameter, the reduced set of equations afg in
the invariant directiorl. For the 24 June 2003 event, the 2nd, possiblyp. The reason for keeping these variables is
values ofTr; (in [nT1?) are 57.9, 45.3, 60.0, and 46.8 for that one has_ t_o provide an initial guess fo_r the ann_owns and
C2, C4, C3, and C1, respectively, leading to the values; of these quantities seemed for us more suitable in this respect.
shown in Tables. For example the angle has a limited range of variation, i.e.
The main idea behind choosing this definition fgrwas oM — 10 7, and one could search for the solutions in a
that the magnetic field measured at one satellite could be, b{POP that varies the initial value fof in this range with a
whatever reason, more perturbed than at the other, resultin%tep of a few degrees. Also, for the MP velocity one has a
in a higher value fofiT ;. In this case its contribution to the Detter initial guess than, say, for the position of the MP cen-
global magnetic variance should be diminished. However, ade" of curvature. o
pointed out bySonnerup et a{2008, there is no unique way The entire procedure followed to reduce the initial sys-

to define the weighting factors. tem of eight equations to one having only four equations
is too lengthy to be reproduced here. However, the initial

A2 The cylindrical layer model step was to subtract the equations describing the first satel-
lite in Egs. @A6) and A7) from the equations referring to

In this models and C designate the initiak andy coordi-  the other three satellites, eliminating thus the unkno®ns

nates of the layer’s center of curvature P (see Fifrom andd. From this point on, each sub-case of the cylindrical

Sect.3). Another difference is that, instead of the quadratic model differs in the way the variablesandC are expressed

parametew from the parabolic model, the spatial scale of as function of the remaining four. Once a numerical solution

the structure is described by the radius of curvatiepf for A; and, depending on the sub-cageand/orv is found,

the inner MP surface. the values fos andC can be derived as well. FinallR and
Conditions similar to Egs.A1) and @A2) can be formu- 4 are obtained from the equations corresponding to the first

lated for the MP leading and trailing edges, respectively,  satellite. If the value fod is negative it means that one has to

2 2 2 make the transformatior® — R+ 24 andR +2d — R
(Xi = XplTui — 7)™+ (Y — YplTu —7il)" = R (A8) in the initial set of conditionsA6) and A7), respectively.
(X; = XplTui +11)°+ (Yi — Yol Tes +1:1)°

=(R+2d)*> (A7)

with i =1...4. Here(Xp[t],Yp[t]) designate the coordi-
nates of the center of curvatuRe, which vary in time as in  Details of the comparison from Sect5
Egs. A3) and @4).

In the above equations it is assumed implicitly that the In this appendix, using different intervals of analysis, we
satellites and the MP center of curvature are initially on thecompare the performance of the planar MVAB method and
same side of the discontinuity, i.e. the first encounter is withof the C2_OpTA_A solution, in terms of the normal mag-
the surface having the smaller radius of curvatute, This netic field variance, average normal magnetic field compo-
situation is depicted also in Fig@.from Sect.3. It will be- nent(B,), and normal orientation. The investigation is car-
come clear from below that this presumption affects only theried out for intervals centred ofi.; that progressively in-
last part of the following argumentation, because the algo-crease in size. Starting from a half-width 6f— 0.8 s, each
rithm finds first all the other unknowns, apart frokhand new interval is obtained from the preceeding one by adding

Appendix B
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two magnetic field data-points (of 0.4 s time-resolution), onewell beyond the validity range of the 2-D solution, the global
to the right and one to the left. The largest centred intervalmagnetic field variance based on &®, instantaneousor-
used in the analysis does not exceed the largest interval usadals (magenta line) is smaller than the same quantity based
in the nested MVAB analysis. on theplanar, interval-specifimormals (orange line), which
Starting from the top, panels 1 to 4 on the left column of are the ‘best’ normals obtained in the planar assumption, im-
Figs.B1 refer to C2, C4, C3 and C1, respectively, and showplying the minimum magnetic field variance (the global mag-
how the normal magnetic field variance (solid lines) and av-netic field variance based on tlied, planar MVABnor-
erage normal magnetic field componégnt,) (dashed lines) mals is shown by the light blue line). In fact, similar state-
change with the half-width of the interval of analysis. On the ments can be made at the individual level for the satellites C3
abscissas, the interval’s half-width is shown, in seconds from(panel 3; compare the satellite specific colored line and the
7;, and therefore the origin of these axes corresponds to therange line) and C1 (panel 4), while in case of C4 (panel 2)
central interval§7Tc; —7;, Tc; + ;1. the two curves are very close to each other. The situation is
Three sets of normals have been used to compute the ploteversed on C2 (panel 1), although the curves are still very
ted quantities. In panels 1 to 4, the orange lines presentlose; as discussed later in this appendix, here the local mag-
for each interval half-width the normal magnetic field vari- netic irregularities play an important role. Considering the
ance andB,) based on normals provided by a constrainedabove arguments, one can definitely say that, for the above
MVAB analysis performed for that particular interval. By mentioned intervals, the 2-D soluti@2_OpTA_A performs
“constrained” one understands here the condifion = O. better than the planar MVAB solution from the normal mag-
Note that these normals, called hereaftertamar, interval- ~ netic field variance point of view.
specific MVABnormals, are changing with the interval of ~ In panels 1 to 4 one can notice that ##,) curves based
analysis according to the MVAB theory. The light blue lines on the2-D, instantaneousormals (satellite specific colored
designate the evolution of the same quantities based on th@ashed line) are closer to theaxis than the similar curves
individual, planar MVAB normals obtained from the nested based on thplanar, interval-specifinormals (yellow dashed
MVAB analysis*. Because the directions of these normals line), for most of the intervals with a half-width smaller than
are fixed in space, in this appendix we will refer to them 2z This supports the idea that, in the analyzed case, the 2-D
as thefixed, planar MVABhormals. Finally, in each panel, solution does not introduce a non-realistic offset in the value
using the mission color-code, the normal magnetic field vari-Of (B).
ance andB,) along the2-D, instantaneoygyeometrical nor- The panels 6 to 9 on the right column of Fi1 present
mals are shown. Of course, since B2_OpTA_A solution  for each satellite the orientation (in degrees) of gienar,
is valid, strictly speaking, only for the transition intervals interval-specific MVABiormal (orange crosses), and of the
[T.; —;, T.i + 1), the above mentioned quantities were com- 2-D, instantaneousormal (the three lines shown in the mis-
puted by extending its validity to larger intervals. sion colour code) as function of the interval half-width. The
One notes that the magnetic field variance curves basefixed, planar MVABnormal is taken as reference direction
on theplanar, interval-specific MVABormals (solid orange ~ (the light blue line at 0). For the2-D, instantaneousormal,
lines) lie always below the similar curves based onfiked, the plotted lines signify that, during one particular interval of
planar MVABnormals (solid light blue lines). This is not analysis, its orientation changes between the values indicated
surprising, since the former correspond to the lowest possiby dashed lines, with the average orientatigf{® indicated
ble magnetic field variance for each interval. At the sameby the solid line.
time, as expected, all curves referring to the same quantities FOr C2 (panel 6) and C1 (panel 9), big variations in the ori-
(magnetic field variance diB,,)) but based on the two sets of €entation of theplanar, interval-specific MVABormals (or-
planar MVAB normals, converge as the interval of analysis@nge crosses) can be noticed as the interval half-width be-
increases (see the solid and dashed lines colored in orang@mes smaller tharp, respectivelyr;. This evolution could
and light blue). e associated with the MP rotation and/or with the local, in-
In panel 5 from the left column, curves representing thetérnal (temporal or structural) irregularities. While in general
“global” magnetic field variances, obtained as weighted sumdt IS difficult to separate between these two factors, for the 24
of the individual normal magnetic field variances, are shown.June 2003 event we think that the local effects dominate. In-
For computing them, the weighting factors provided by de€d, as one can see at the beginning of the corresponding

Eq. (A5) from AppendixA and indicated at the bottom of (races, theplanar, interval-specific MVABormals change

Table3 have been used. The curves show that even for centheir orientation by more tharf Zrom one interval of analy-

tral intervals having the half-width as large-as; + 55, i.e. SIS to the next, i.e. when two magnetic field measurements,

of 0.4 s time-resolution, are successively included in the anal-

147 he more precise, we used their projection on the plane perYSiS (one at the right and one at the left of the central time).

pendicular td, but giving the fact that the normals lie very close to Supporting this explanation, the correspondily) values

that plane, taking their projections brings practically no change in(dashed orange line in the panels 1 and 4 on the left column)

the present discussion. are relatively big in that regions.
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Fig. B1. Comparison between tHeé2_OpTA_A solution and the results from planar MVAB technique. Left column: The first four panels
present the magnetic field variance (solid lines) and average normal magnetic field component (dashed lines) corresponding to MP intervals
centred or7,;. The intervals half-width, in seconds fror, is shown on the abscissa. The plotted quantities were computed based on three
sets of normals, as explained in the text. The bottom panel presents the global normal magnetic field variances. Right column: The relative
orientation of the three sets of normals as a function of interval half-width. In all the panels, the vertical dashed line corresponds to the
central interval§7,; —t;, T; + t;], used in the timing analysis. More explanations are given in the text.

In case of C2 (panel 6) the effect is still important for the global normal magnetic field variance based both on data
the central interval ot half-width, meaning that the corre- from all four satellites (black numbers) as well as only on
sponding MVAB results are spoiled by local, internal irregu- data from C1, C3 and C4 (smaller blue numbers) is shown.
larities (magnetic islands, noise etc.). As a consequence, for
a better interpretation of the results, in TaBlaend in Tableb As mentioned in Sect5.2, for C1 and C3, there is a

systematic difference in orientation between the individual
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Table C1. The relative standard deviation of the MP thickness, . In the present appendix, the error calculation correspond-
radius of curvature, and average normal velocities at each spacdNd t0 theC2_OpTA A, the C2_TA, and theP2_OpTA so-
craft, arising from the timing information inaccuracy. Results corre- lutions will be presented for comparison. As discussed in
sponding to three solutions are presentedd20pTA_A, C2_TA, Sect.6, these solutions show similarities, with the first two
andP2_OpTA, for two sets of values of the parametéysmeasur-  being practically identical, and involve the highest dynami-
ing the timing information inaccuracy (see text for more explana- cal behavior for the MP. One can therefore presume that their
tions). characteristics depend more on the timing information than
in case of other solutions.

The error calculation was implemented by allowingnd
[%] %] c2 c4 c3 c1 T.i, i =1...4, to take values within a certain range. Then,
the 2-D method was applied for all possible combinations of

Thickness R, average normal velocity [%)]

3; =3% of r; . L

G =S O the newr; andT,;, and the relative standard deviation (RSD)
P2_OpTA 6.3 7.8 71 66 81 74 of the MP crossing parameters was computed and associated
c2.TA 53 129 50 54 57 49 with errors arising from timing information inaccuracy.
C2.OpTAA 54 71 53 55 58 50 More precisely, we allowed; and7.;, i =1...4, to vary

independently within the limits; +§;/2 andT,; +;/2, re-
8; =4% of r; spectively, withs; being a quantity specific to each satellite.
After examining how different fitting curves of the type pre-

PO 8.7 108 %8 90 112 102 sented in Fig5, reproduce the general magnetic field evo-
C2_TA 7.1 199 71 73 77 67 lution in the MP central part, we concluded thatis of
C2.0pTA A 6.9 97 69 71 74 66 the order of~ 3—4%t; for the analyzed event. The value

8; = 3%r; (i.e. about 0.19s for C2, 0.22s for C4, 0.27 s for
C3,and 0.28 s for C1), leads to a total variation in the times of
MP edges encountét,; & 1; (i.e. the input parameters in the
MVAB normals obtained in the nested analysis (called in this na\y method) of around 0.39 s for C2 and 0.56 s for C1. When
appendix théixed, planar MVABiormals) and the,p° nor- - 5, — 4047, (i.e. about 0.26's for C2, 0.29s for C4, 0.36's for
mals provided by all 2-D MP solutions. The panels 8 and 9¢3, and 0.37 s for C1), the total variation in the times of MP

in Fig. B1 make clear that this difference in orientation is due eqges encounter is around 0.52 s for C2 and 0.74 s for C1.

to the different time-intervals on which the two normals are .
based, and is not an effect induced by the 2-D method. In Table C1 presents the RSD of the MP macroscopic pa-

fact, for C3 (panel 8) and C1 (panel 9) thianar, interval- rameters, i.e. th|ckne§§, raghus of curvature, and individual
- ve average normal velocities, in these two cases. It shows that
specific MVABhormals are very close to thgy, when the

. N . the variations in the crossing parameters remain in a reason-
interval half-width ist3 andry, respectively. Moreover, for .\ 'y it the most affected parameter being the radius
all the central intervals with the half-width greater thanre- y ’ P 9

. . i : of curvature. The three solutions that were analyzed allow
spectivelyry, theplanar, interval-specific MVABormals lie . L
; L . to compare the influence of timing inaccuracy between the
in the range of angular variation for ti#D, instantaneous

; oo arabolic and cylindrical model, on one hand, and between
normals, i.e. the orange line lies between the dashed, C0|OL[) e straight timina analvsis and combined timing — MVAB
coded lines. This is exactly the result one expects when the 9 9 y 9

planar MVAB technique is applied to an ideal 2-D disconti- analysis, on the other hand.
nuity (seeDunlop and WoodwardL998. By comparing between th€2_TA and C2_OpTA_A so-

lutions one can observe that the combined timing — MVAB
analysis provides results significantly more stable with re-

Appendix C spect to timing inaccuracy for the MP radius of curvature,
and similar or slightly more stable for the other MP macro-
Error calculation in the 2-D method scopic parameters. This effect is even more pronounced in

case of the parabolic model, where the use of the optimized
Although the half-width crossing duratiomsand the central  implementation proved to be crucial: as described at the
crossing timeg; are obtained by minimizing the differences beginning of Sect6, the solutionP2_TA, provided by the
between the measured magnetic field and a model descritstraight timing analysis, had to be abandoned because it was
ing the MP large scale magnetic profile (see the beginningunstable and does not offer a satisfactory physical descrip-
of Sect.2.3), their values may be altered by the presence oftion of the MP parameters and dynamics (Bégay 2007).
local temporal/spatial variations. For the transition detectedAs for the comparison between the parabolic and cylindri-
by Cluster on 24 June 2003, we estimated the errors in theal model, the same remark and the results corresponding to
values of MP crossing parameters arising from this timingthe P2_OpTA and C2_OpTA_A solutions, indicate that the
information inaccuracy. cylindrical model is less affected by timing inaccuracy.
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We tested the stability of th€2_OpTA_A solution in
another way, namely by investigating how the MP macro-

77

Dunlop, M. W. and Woodward, T. I.: Multi-Spacecraft Disconti-

nuity Analysis: Orientation and Motion, in: Analysis Methods

scopic parameters change when the magnetic levels used to for Multi-Spacecraft Data, edited by: Paschmann, G. and Daly,

set the timing conditions are changed. The original tim-
ing information, extracted from the satellites detecting the
B,, £1/2 A Btanh(1) magnetic levels (therefore correspond-
ing to a fraction oftanh (1) ~ 76.2% from the total MP

P. W., ISSI Scientific Reports SR-001, pp. 271-306, ESA Publi-
cations Division, 1998.

Dunlop, M. W. and Woodward, T. I.: Analysis of thick, non-planar

boundaries using the discontinuity analyser, Ann. Geophys., 17,
984-995, 1999,

magnetic jump), was changed to correspond to other three http:/www.ann-geophys.net/17/984/1999/
sets of magnetic levels, that encompass symmetrically Dunlop, M. W., Balogh, A., Cargill, P., Elphic, R. C., Fornaon,

fraction of tanh (1.1) ~ 80.0%, tanh (1.2) ~83.4% and
tanh (1.3) ~ 86.2% from the total MP magnetic change.

K.-H., Georgescu, E., Sedgemore-Schulthess, F., and the FGM
team: Cluster observes the Earth’s magnetopause: coordinated

Stable values for the MP macroscopic parameters have been four-point magnetic field measurements, Ann. Geophys., 19,

found, with the radius of curvature varying by 4.0%, ~
7.1%, and~ 8.4%, respectively. The average normal veloc-
ity and the MP thickness changed 5y3.2%, ~ 6.8%, and
~10.3%, respectively.
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