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Abstract. A recently developed technique for recon- 1 Introduction

structing approximately two-dimensionad/§z~0), time-

stationary magnetic field structures in space is applied tol he magnetopause current layer has long been a focus of in-
two magnetopause traversals on the dawnside flank by theestigation, because physical processes operating in this re-
four Cluster spacecraft, when the spacecraft separation wa@on control energy and mass transfer from the solar wind
about 2000km. The method consists of solving the Grad-nto the magnetosphere. In most past studies, the structure of
Shafranov equation for magnetohydrostatic structures, usthis boundary was examined under the assumption that it is
ing plasma and magnetic field data measured along a sinfocally one-dimensional (1-D), having spatial variations only
gle spacecraft trajectory as spatial initial values. We asdn the direction parallel te, the vector normal to the bound-
sess the usefulness of this single-spacecraft-based techniqgéy surface. The determination sfhas usually been based

by comparing the magnetic field maps produced from oneon the assumption that the magnetopause is totally planar and
spacecraft with the field vectors that other spacecraft actuhas a fixed orientation during a traversal. These studies paid
ally observed. For an optimally selected invariafjt#xis, special attention to the normal components of plasma flow
the correlation between the field components predicted fronfind field, because they are directly related to net transport
the reconstructed map and the corresponding measured corfif mass and energy across the magnetopause and to dynamic
ponents reaches more than 0.97. This result indicates thdtehavior. However, in reality, the magnetopause layer could

the reconstruction technique predicts conditions at the othepave significant two- or three-dimensionality and/or tempo-
spacecraft locations quite well. ral variations. If this is the case, previous analyses might in

The optimal invariant axis is relatively close to the inter- SOM€ cases have been misleading.
mediate variance direction, computed from minimum vari- A téchnique utilizing single-spacecraft data to recover
ance analysis of the measured magnetic field, and is genefvo-dimensional (2-D) magnetic structures in space has re-
ally well determined with respect to rotations about the maxi-Cently been developed and applied to magnetopause traver-
mum variance direction but less well with respect to rotationssals (Sonnerup and Guo, 1996; Hau and Sonnerup, 1999; '__'“
about the minimum variance direction. In one of the events,2nd Sonnerup, 2000, 2003) and to flux rope observations in

field maps recovered individually for two of the spacecraft, 1€ Solar wind (Hu and Sonnerup, 2001, 2002; Hu et al.,

which crossed the magnetopause with an interval of a few?003)- In @ proper frame of reference (the deHoffmann-

tens of seconds, show substantial differences in configural€/ler frame), where the structures are assumed to be mag-

tion. By comparing these field maps, time evolution of the netohydrostatic, time-stationary, and have invariance along

magnetopause structures, such as the formation of magnetff€z direction, the equatiogi x B=V p holds and can be re-

islands, motion of the structures, and thickening of the mag-duced to the Grad-Shafranov (GS) equation in they(z)

netopause current layer, is discussed. Cartesian coordinate system (e.g. Sturrock, 1994):
Ke - - 3%A %A dPp, ,

y words. Magnetospheric physics (Magnetopause, cusp,—— 4 — = — ;=L — —110j2(A), (1)
and boundary layers) — Space plasma physics (Experimentafl’x2 dy? dA
and mathematical techniques, Magnetic reconnection) where the partial magnetic vector potentidly, y) %, is de-
fined such thatB=(dA/dy, —0A/dx, B,(A)). The trans-
Correspondence tdd. Hasegawa verse pressureE,:(erBZz/ZMo), the sum of plasma pres-
(hasegawa@dartmouth.edu) sure and pressure from the axial magnetic field, and hence,
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the axial current density,, are functions ofdA alone. The p(x, y) are computed from functionB,(A) and p(A), ob-
plane GS Eq. (1) is solved numerically as a Cauchy prob-+ained by fitting to the measurements along the spacecraft
lem using plasma and magnetic field measurements alontrajectory.

a spacecraft trajectory through the structures as spatial ini-
tial values. As a result, the magnetic field configuration and
plasma pressure distribution are obtained in a region of the
x—y plane surrounding the trajectory.

. . . Determination of the orientation of the invarian)-axis
This data analysis technique has been fully developed and : . . .
. . . is an important issue. If the spacecraft trajectory intersects a
described in detail by Hau and Sonnerup (1999), and suc;, . . .
. field line more than once, which commonly happens in mag-
cessfully tested by use of synthetic data from several ana-

; : netic flux rope observations, one can usually find the cor-
Iytic solutions (Hau and Sonnerup, 1999; Hu and Sonnerup o ) i o
2001, 2003; Hu et al., 2003). Because the method is baseE]eCtZ axis from single-spacecraft data by use of the condi

on the magnetohydrostatic equation, in which inertia forces lon that the three quantitieg, B, and £, take the same
g y d ' -values at each intersection point (Hu and Sonnerup, 2002).

are neglected, its application to magnetopause traversals i )
. . e . . : or magnetopause traversals, however, multiple encounters
strictly speaking, limited to cases in which reconnection ef- : :
i of the same field line occur only near the center of the cur-
fects are weak or absent. This means that the local structuré ) .
.~ rent sheet, whereas many other field lines are encountered
¥)nly once. Furthermore, field lines encountered on the mag-

(TD). Note, however, that our definition of TD includes not netospheric and magnetosheath sides of the boundary have

only the traditional 1-D current sheet with no normal mag- .~ .
netic field componentH,,=0), but also 2-D or 3-D current pairwise thg samd value bUt. usually have differerd} val-
' ues, indicating that the functioR (A) has two branches (Hu

layers h_avmg structured field lines within a_T!I). The pres- and Sonnerup, 2003). This kind of behavior makes reliable
ence of internal structures, such as magnetic islands and |05

. . o : determination of the invariant)-axis difficult: one can use
calized channels of magnetic flux linking the two sides of ) o
: L only very few data points within the central current sheet for
the magnetopause, is allowed, unless the inertia terms con-

tribute significantly to the momentum balance. In the sim- optimization of the choice of invariant axis and the resulting

plest application, a constant deHoffmann-Teller (HT) frame da_lta f.'t to the fuanonsPt(A_), p(A), andBZ(A). Because of
. . . . . this difficulty, the intermediate variance direction, computed
velocity, V gr, which describes the motion of the magnetic

field structure past the spacecraft, is determined from stan]irom minimum variance analysis of the measured magnetic

dard HT analysis, using measured magnetic field vectors an]c eld (e.g. Sonnerup and Scheible, 1998), was often used as a

plasma flow velocities (e.g. Khrabrov and Sonnerup. 1998)_proxy for thg invariant axis in earlier studies (Hau and Son-
. nerup, 1999; Hu and Sonnerup, 2003).
Then a co-moving frame, where the spacecraft moves across

the structure with the velocity-V g7, is defined such that

s Vuar—Vur2z s_aL2 ; ;
X == (Vi 2] and y=zxx. The magnetic potential,

A, at points along the-axis, i.e. along the projection of the

spacecraft trajectory onto the-y plane, is calculated by in- In the present study, the reconstruction technique, as im-
tegrating the measurel, component of the field: proved by Hu and Sonnerup (2003), is applied to two mag-
9A r!eto_pause tr_aversals by the Clust_er spacecraft,_ both occur-
A(x,0) = / — dE=— f(;f By (&, 0) d&. 2) ring in the tail flank on the dawn side. In a previous study,
o 0§ using data from the AMPTE/IRM and UKS spacecratft, the

The space increment along theaxis is obtained from the spacecraft separation distance was only about 40 km and the
corresponding time increment via the constant HT frame ve+esulting two field maps showed only minor differences (Hu
locity: dé=—V yr-Xdt. Since, as a result of the invariance and Sonnerup, 2000). For the events addressed in this paper,
in the z direction, the quantitiesp(x,0) and B,(x,0) are  the four spacecraft formed a tetrahedron and were separated
both known along the-axis, a functional fit ofP, (x, 0) ver- by about two thousand km from each other, allowing us to
SUsA(x, 0) is used to approximate the functid(A) onthe  evaluate the model assumptions, such as two-dimensionality
right-hand side of the GS Eq. (1). On%é} is known along  and time independence, and also to determine the orientation
the trajectory, it can be used in the entire domain inithe  of an approximate invariant)-axis with more accuracy. In

y plane that is threaded by field lines (given Ay- const.)  Sect. 2, we test the reconstruction technique with a Cluster
encountered by the spacecraft. Outside of that domain, simevent in which the encountered magnetopause appears as an
ple extrapolation of?; (A) is used. The integration proceeds approximately time-stationary current layer of the TD-type.
explicitly in the £y direction, starting ay=0 and utilizing  In Sect. 3, we apply the method, as an experiment, to an event
By (x, O):%—Alyzo, By (x, 0):—%|y=o, and A(x, 0) as ini- showing non-negligible temporal variations for which the re-
tial values (yHau and Sonnerup, 1999). As a result, the mageonstruction results obtained separately for two of the space-
netic potential A(x, y), is obtained in a rectangular domain craft are quite different. In the last section, we summarize our
surrounding ther-axis. The contour plot oA (x, y), calleda  results and discuss their significance and implications. Our
field map or transect, represents the transverse magnetic fielogfocedure to select an optimal invariant axis is described in
lines. The field componem, (x, y) and the plasma pressure Appendix A.
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tail flank on the dawn side. An inbound, complete crossing

Fig. 1. Time series of Cluster measurements around a magneOf the magnetopause occurred when the reference spacecraft
topause crossing event occurring at7(89, —17.11, 3.25Rg, in (C3) was located atX, Y, Z)~(—7.89,—17.11, 3.25Rg in
GSE on 30 June 2001. The panels, from top to bottom, show iorthe GSE coordinate system. Shown in Fig. 1 are, from top
number density, ion temperature, intensity and three components oo bottom, time plots of ion number density, ion tempera-
the magnetic field in GSE coordinates, and ion bulk speed, respeqyre, magnitude and three components of the magnetic field
Fively (black: spacecraft 1 (C1), red: QZ, green: C3, blqe: C4). Thej GSE, and ion bulk speed, respectively. The black, red,
mtervgl enclosed by the two bla_ck vertical lines is used in the recon- reen, and blue lines represent the measurements by C1, C2,
?;r::](z'?;'cgiﬁi;?oﬁtgiz’ (\;Vnh'(lzztgz;ndosed by the green lines | 3, and C4, respectively. Plasma data for C1 and C3 are pro-

' vided by the CIS/HIA instrument, which detects ions without
mass discrimination. The velocity data fof Hons are pro-

2 Cluster event on 30 June 2001, 18:12 UT vided by the CIS/CODIF instrument on board C4. The figure
shows that the Cluster spacecraft were in the magnetosheath,
2.1 Background information which is characterized by high density (N10 cnT3) and

low temperature (1 MK), until ~18:12 UT, although sig-

We utilize data from the Cluster lon Spectrometry (CIS) andnatures associated with a flux transfer event (FTE), such
the Flux Gate Magnetometer (FGM) instruments. The ClSas magnetic field perturbations and a temperature enhance-
instruments measure full 3-D ion distribution functions and ment (for a review, see Elphic, 1995), were found at around
moments (Rme et al., 2001), with a resolution up to the spin 18:11 UT. The local magnetosheath magnetic field was tail-
rate (~4 s). The FGM experiment can provide magnetic field ward/dawnward/southward. The spacecraft then crossed the
measurements at time resolutions up to 120 vector samplesfsagnetopause and entered the plasma sheet where the tem-
(Balogh et al., 2001), but only spin-averaged data withis perature is much higher0 MK) and, in this event, the field
time resolution are used throughout this study. For our twomagnitude is slightly smaller than in the magnetosheath. The
events, the CIS instruments were fully operational on spaceerientation changes of the magnetic field indicate that the
craft 1 and 3 (C1 and C3). Additionally, after appropriate re-time order of the magnetopause traversals was C3, C2, C1,
calibration, the CODIF portion of CIS on board C4 delivered and C4.
reliable velocity measurements. The FGM instruments on all We used the following criteria when selecting this cross-
four spacecraft were operating for the two events. Howeverjng as a good test case: (1) The slope of the regression line in
since the reconstruction requires reliable pressure measuréhe Wakn plot (e.g. Khrabrov and Sonnerup, 1998) is small,
ments, field maps can be produced only from C1 and C3. indicating strongly subal@nic flow in the HT frame. This

On 30 June 2001, around 18:12 UT, the Cluster spacecrafineans that the boundary encountered is likely to be TD-
were moving from northern high-latitude regions toward the like rather than RD-like, and that inertia effects associated
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Fig. 3. Magnetic transect (top) and plasma pressure distribution (bottom) obtained by using time-varying HT frame velocity for the C1
magnetopause crossing on 30 June 2001. Contours describe the transverse magnetic field lines. In this reconstruction plane, the spacecr:
generally moved from left to right: The magnetosheath, wiBgre0; By <0, is on the upper left side and the magnetosphgye-Q; By >0)

on the lower right side. In the top pand); is expressed in color as indicated by the color bar; the four spacecraft tetrahedron configuration is
shown by white lines; the measured magnetic field vectors are projected as white arrows along the spacecraft trajectories; the normal vectors
N1 - N4, computed from MVABC, are projected as red arrows. Line segments in the upper left corner are projections of GSE unit vectors,
X (red), Y (green), andZ (yellow), onto thex—y plane. In the bottom panel, the plasma pressure is shown in color; the ion bulk velocity
vectors from CIS/HIA (C1 and C3) or CIS/CODIF (C4), transformed into the accelerating HT frame, are projected as white arrows.

with field-aligned plasma flows can be neglected. (2) A2.2 Reconstruction from spacecraft 1 crossing
good deHoffmann-Teller frame with a constant HT velocity
is found. This indicates that motion and time evolution of the g, the magnetopause encountered by C1, thékvalope
structures are negligibly small in the HT frame and also that(slope of the regression line in a scatter plot of the veloc-
the MHD frozen-in cqndition is well satisfied. (3) The speed ity components in the HT frameé/ —V 7, versus the cor-
of the b(_)undary motion along, calcula}tgd, for example, as responding components of the A velocity, B/ /fiop)
Vyrn,is sm_all'enough to give a sufficient number of mea-js 0 3430, The slope is much smaller than unity, indicat-
surements within the magnetopause current layer, so as g small field-aligned velocities in the HT frame, a result
allow for a good functional fitting of, (A) and accurate re-  hat s consistent with a TD. The minimum variance analysis
covery of meso-scale current sheet structures. These criteri@_g_ Sonnerup and Scheible, 1998) of the magnetic fields,
can be used for identifying events for which the model as-peasured by C1 in the interval 18:12:00-18:12:49 UT and
sumptions are likely to hold and which are therefore suitableusing the constraintB,)=0, (referred to as MVABC, here-
for the reconstruction analysis. inafter) yields the magnetopause normal veatsr(0.2003,
The time interval between the two black vertical lines is —0.9654, 0.1671) in GSE. For this crossing and through-
used for reconstruction from C1 data, whereas that betweeout this paper, we use the variance analysis with this con-
the green lines in the figure is for reconstruction from C3. straint, because, for all the crossings examined in this study,
These intervals include a number of data samples in bothlhe analysis without the constraint results in a rather small
the magnetosheath and in the magnetosphere. Their staratio of the intermediate to minimum eigenvalues $)so
times are chosen such that variations related to the FTEhat the normal determined may not be reliable. The us-
are outside the intervals. The reason for this choice is thabge of the constraint is justified for this event, since the
temporal variations and/or inertia effects, which cannot beWalén test shows consistency with a TD. The HT analysis
taken into account in the current technique, could be signif-for the same interval results in a constant HT frame velocity,
icant in the FTE structures. We assume in this study thatV yr=(—236.6,—83.9,—8.5) km/s, with the correlation co-
only ions, assumed to be protons with isotropic temperatureefficient between the components-e¥ x B from the set of
T = (2T +T))/3, contribute to the plasma pressure. discrete measurements and the corresponding component of
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z=(0.5941,-0.1160,—0.7960) in GSE. Figure 2 shows the
resulting data points af; versusA, obtained from the space-
craft measurements and the corresponding fitting curves for
two separate branches. In constructing the diagram, we have
used a slightly modified reconstruction technique in which
the use of a sliding-window HT calculation is incorporated so
as to allow for temporal variations in the velocity of the mag-
netopause structures as they move past the spacecraft (Hu
and Sonnerup, 2003); the reason for this procedure will be
mentioned later. The sliding-window HT analysis yields a
set of HT frame velocities{,f/HT}, one vector for each data
point sampled during the analysis interval. The 7 vectors

vary from point to point along the spacecraft trajectory, re-
sulting in a curved spacecraft trajectory in the reconstruction
(x—y) plane. The calculation of the magnetic potentais

then modified to a line integral along the curved trajectory,

dA

A aAd + d
= —daXx —_—
dax dy Y

= [=B-Vur)-fdr+ [ Bi-Viur)-5ar.

(b) 30 ——xc2)

x By(C2)
< O Bz(C2) The black curve in Fig. 2 is the magnetosheath branch of
o 201 gxggg © P,(A), fitted by a high-order polynomial to the data samples
o B)Z’(CS) (open circles) in the magnetosheath and in the central current
ﬁ 10| + Bx(C4) sheet, a region of intense axial current density (large slope of
> x giégg P;(A)). The gray curve, fitted to the data samples (stars)
1l

_10,

Bi (Predicted) [nT] i

cc =0.97905

-30 -20

-10
Bi (Measured) [nT] i=x,y,z for C2,3,4

0

10 20 30

obtained on the magnetospheric side, is the magnetosphere
branch ofP; (A). Exponential functions, attached beyond the
measured range, are used to generate the field map in re-
gions of thex—y plane containing field lines that are not en-
countered along the trajectory. We describe a reasonable way
to determine the extrapolating functions in Appendix A.

The recovered magnetopause transect and the plasma pres-
sure distribution are shown in Fig. 3. An improved numerical
scheme, developed by Hu and Sonnerup (2003), was used
to suppress numerical instabilities and hence, to extend the
computation domain in the direction. The spatial extent in
the x direction corresponds to the analysis interval marked
in Fig. 1. The spacecraft were moving to the right, as shown

Fig. 4. (a) Time series of intensity and three components of the . .
measured (solid) and predicted (dashed) magnetic field data (nTY'| the upper reconstruction map. C2, C3, and C4 were lo-

in the reconstruction coordinates. The predicted data are based drAted away from C1 by-1468km, +369km, and +27km,
the field map recovered from the C1 data (Fig. @) Correlation  respectively, in the out-of-plane)(direction. The contours
between the measured and predicted magnetic field componentshow the transverse magnetic field linBs=B.x+B, y, sep-
Thex, y, andz components in the reconstruction coordinates arearated by equal flux; color filled contours show #e(upper
represented as a plus, a cross, and a circle, respectively. The curvggnel) andp (lower panel) distributions, as specified by the
and points are color-coded as in Fig. 1. color bars. The white arrows along the spacecraft trajectories
in the upper panel show the measured magnetic field vectors,
projected onto tha—y plane. The recovered field lines are
—VurxB beingccyr=0.9753, indicating that a relatively ~exactly parallel to these vectors at C1 and also approximately
good deHoffmann-Teller frame was found for this boundary parallel at the locations of the other spacecraft (C2, C3, and
(the valueccyr=1 corresponds to an ideal HT frame). The C4). The magnetosheath is located on the upper left side,
magnetopause motion alomgis V yr-n=+32.2km/s. The whereB, <0 andB, <0, while the magnetosphere is on the
positive sign indicates outward magnetopause motion as eXower right side, where, >0 andB,>0. The magnetopause
pected for an inbound crossing. encountered is found to be a thin, markedly nonplanar cur-
By following the procedure described in Appendix A, the rent layer of the TD-type. The presence of &mpoint is ev-
orientation of the optimal invariant axis was found to be ident at &, y) ~(13500.0) km, resulting in a small number
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Fig. 5. Magnetic transect (top) and plasma pressure distribution (bottom) recovered by using a time-varying HT frame velocity for the C3
magnetopause crossing on 30 June 2001. The format and the spatial scale size are the same as in Fig. 3.

of interconnected field lines, embedded in the TD, and pre-expanded, relative to Fig. 1, to cover only the reconstructed
sumably in a localized thickening of the current sheet on therange. We see that the recovered variations agree qualita-
right of the X point. The red arrows show the normal vectors tively with the measured variations for almost the whole in-
computed from MVABC, based on each spacecraft measureterval. The recovered values predict the timings of the mag-
ment, and projected onto they plane. These normal direc- netopause crossings at the other spacecraft rather well, al-
tions are qualitatively consistent with the overall orientation though the durations of the current layer traversals have small
of the recovered magnetopause surface but individual nordifferences. Figure 4b illustrates that a very good corre-
mals can deviate substantially from the local orientation (forlation exists between the measured and predicted magnetic
example, see the normal for C2). The lower panel shows thafield values for C2, C3, and C4: the correlation coefficient
the plasma pressure had a maximum in the central curreris cc = 0.979. This result indicates that the reconstruction
layer. The white arrows in this panel represent the projectiontechnique based on C1 data is rather successful in predicting
of the flow velocity vectors, as seen in the time-dependeniguantitatively reasonable values at the locations of the other
HT frame. With a few exceptions, the vectors are approx-three spacecraft.
imately field-aligned for all three spacecraft, as they ideally The magnitude of this correlation coefficient can be used
should be. The velocities in the co-moving frame are not veryas a measure for judging whether or not the orientation of
large on the magnetosheath side, whereas they have substane invariant;-axis, the co-moving (HT) frame velocity, and
tial values on the magnetosphere side. Thus the HT framehe extrapolating exponential functions in tife versusA
moves approximately with the magnetosheath flow. How-plot, are adequately selected. In fact, the optimal invariant
ever, the larger speeds in the magnetosphere contribute litaxis, the HT frame, and the functional forf(A) for the
tle to inertia forces because the corresponding streamlinesxtrapolated parts are all determined in such a way that the
which ideally would coincide with the field lines, have no correlation between measured and predicted magnetic field
significant curvature. data is at, or near, a maximum. The steps we have used for
Figure 4a shows the comparison between the time seriegptimal selection of the invariant axis, the HT frame, and the
of measured magnitude and the three components along thextrapolating functions are presented in Appendix A.
reconstruction coordinates of the magnetic field, and the cor- For the reconstruction in Fig. 3, the results were found
responding values computed from the map recovered fronto improve by use of the sliding-window HT method, sug-
C1. The predicted values were obtained along the trajectogesting that the whole set of magnetopause structures was
ries of C2, C3, and C4 in Fig. 3. The time scale of the panel isapproximately time-independent but was moving with small
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vertical green lines in Fig. 1. The MVABC and HT anal-
Fig. 6. (a) Time series of the measured (solid) and predicted YSis Yield: n=(0.2117,-0.9608, 0.1791); a constant HT
(dashed) magnetic field data. The predicted data are based on theelocity, V y7=(—269.4,—-98.3, —14.8) km/s, from the in-
field map reconstructed from C3 data (Fig. ) Correlation be-  terval 18:11:41-18:12:38 UT. The correlation coefficient is
tween the measured and predicted magnetic field data. The formatcy7=0.9598, andV y7-n=+34.7 km/s. The W& slope
is the same as in Fig. 4. is 0.3689, indicating again that inertia effects due to field-

acceleration. The extended reconstruction technique, deveF—lllgned flow were reasonably small. As before, these results

oped by Hu and Sonnerup (2003), was shown to be usef e consistent with the spacecraft crossing an outward mov-
ing magnetopause of the TD-type.

for this case. The orientation of the selected invariant axis ) ; ) )
(z-axis in Fig. 3) corresponds to the angles (defined in Ap- For this case, the reconstruction, using neither the stan-
pendix A)9=—1° and¢=6°, i.e. it was rotated away from dard (constant HT frame speed) nor the sliding-window HT

the intermediate variance direction b6°, with the axis of a_nalysis, led to a satisfactory_ cqrrelation between the pre-
rotation mainly being the maximum variance direction (seedicted and measured magnetic field components. These re-

Appendix B for a method to determine the intermediate andsults, and also the fact that the HT frame was less well deter-

maximum variance directions under the constrait)=0). mined ¢cy7=0.9598), suggest that the motion of the struc-
tures varied rapidly and by significant amounts along the
2.3 Reconstruction from spacecraft 3 crossing C3 trajectory. Therefore, before the reconstruction was per-

formed, we modified the component (in the reconstruction
The reconstruction technique is now applied to the magneplane) of the HT velocity vectors computed from the sliding-
topause traversal by C3 which crossed the bound&@s  window HT method, such that the remaining velocity vec-
earlier than C1 did, using the data interval denoted by twotors became completely parallel to the local magnetic field
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measured along the spacecraft (C3) trajectory in the reconthe approximate invariance along the selected invarignt (
struction plane. The obtaineB (A) profile (not shown) is  axis held over the spatial scale of at least 2000 km. Figure 6b
qualitatively similar to that for the C1 reconstructioR:(A) shows that an excellent correlatiort£0.980) between the
has two branches and has smaller values at smalldut  measured and predicted field components is attained for this
it generally increases witdh and the two branches merge in case, demonstrating that the technique succeeds in predicting
the largestA range. The magnetic field and pressure mapsthe conditions in regions surrounding the spacecraft trajec-
thus recovered are shown in Fig. 5. The trajectories of thetory with reasonable accuracy.
spacecraft are more strongly bent than in Fig. 3, because
of the substantial modification of thecomponent ofV 1
needed at certain points. By definition, the alignment be-2.4 Orientation of invariant axis
tween the flow vectors and the transverse field lines is now
fulfilled for C3. The invariant axis is found to ke=(0.6261,
—0.0246,—0.7794) in GSE which is obtained by rotating the Figure 7 shows the dependence of the correlation between
intermediate variance({) axis, computed from the C1 data, the measured and predicted field components on the choice
by 6=3° and ¢=2°. Thus, this orientation has an angle of of the invariant {)-axis. 6 and¢ are the angles described in
5.6° with respect to the invariant axis used in Fig. 3, indi- Appendix A: @, ¢)=(—90, 0), (0, 0), and (0, 90) correspond
cating that the two axes are not far away from one anotherto the maximum, intermediate, and minimum variance direc-
As in the previous case (Fig. 3), a qualitative agreement oftions, respectively, for the C1 magnetopause crossing. The
the normal vectors from MVABC with the orientation of the intermediate variance direction computed from the C3 data is
recovered magnetopause is seen in Fig. 5. Interestingly, theriented toward{, ¢)~(2, —1). The correlation coefficient
global shape of the magnetopause surface is similar in thés shown by the darkness of the grey points. The thick cross
two maps - the one from C1 (Fig. 3) and the one from C3represents the orientation of the optimal invariant axis used
(Fig. 5). TheX point, seen in Fig. 3 at=13500 km, seems in Figs. 3 and 5. The spaces in the diagram where no points
to be equivalent to the one found at ()~(11500.0)km in  are shown correspond to axis orientations for which an unre-
Fig. 5, although its location i is displaced: it is between alistic field map is recovered, either due to an unreasonable
the C1 and C2 trajectories in Fig. 3, and between C2 androfile in the P, versusA plot, or to the correlation coeffi-
C3in Fig. 5. If our interpretation is correct, the migration cient being smaller than 0.93. The optimal invariant axis is
distance of theX point of about 2000 km during the20-s  found to be relatively close to the intermediate variance axis,
time interval between the C3 and C1 crossings gives a sunfor both the C1 and the C3 reconstructions. The correlation
ward speed of th& point of about 100 km/s in the recon- coefficient is sensitive to changes ¢n(rotation about the
struction plane. However, that plane was moving downtailmaximum variance direction) but less sensitive to changes in
at speedV yr-x~230km/s. Therefore, relative to Earth, the 6 (rotation about the minimum variance direction), for both
X point was sliding tailward at some 130km/s. The pres-cases. In other words, the magnetic field configuration in
ence of the bulge in the magnetopause seen in Fig. 3 buthe reconstructed map is strongly modified by changes in
absent in Fig. 5, may indicate a minor time evolution: it while it is only weakly sensitive to changes én the latter
may have been produced as a result of ongoing reconnecaesult being the finding also reported by Hau and Sonnerup
tion activity at theX point. The current layer thickness ap- (1999) and Hu and Sonnerup (2003).
pears to be somewhat different. A small magnetic island lo-
cated at £, y)~(9500.0) km in Fig. 5, where both th#& and
the plasma pressure reach maximum values, is not found i2.5 Summary of 30 June 2001 event
Fig. 3. These differences in fine structures are due to the
fact that the profile of the functio®, (A) was quantitatively
different, in and near the current sheet, for C1 and C3 (notintercomparison of the two reconstructed maps (Figs. 3 and
shown), i.e. it may have been different on opposite sides o6) demonstrates that the magnetopause encountered in this
the dominantX point. The structures in the current layer on event was a quasi-static, TD-type current layer, for which the
the left side of theX point in Fig. 5, where the field lines model assumptions appear to be well justified. Similarities of
were not encountered by C1, thus may not have been recovthe orientation of the invariant axis, current sheet thickness,
ered correctly in Fig. 3. and the overall magnetopause structures among the results
The time series of the measured magnetic field magnifrom C1 and C3 data indicate that mainly two-dimensional
tude and components and the corresponding predicted valuestructures were present, with superimposed weak three-
shown in Fig. 6a indicate that the reconstruction results predimensionality and temporal variations. The dominant
dict both the timings and durations of the current layer cross-point in the two maps appears to be a real feature, mov-
ing very well. In Fig. 5, C1, C2, and C4 were separated froming tailward, relative to Earth, at about 130km/s. The as-
C3 by —325km, —1848 km, and—480 km, respectively, in  sociated magnetic topology allows for easy access of the
the z direction. It is noteworthy that the predicted and mea- magnetosheath plasma to the inner portion of the magne-
sured variations are quite similar even for C2, whogmo- topause layer, by means of field-aligned flow on the two
sition was farthest from C3, supporting the conclusion thatsides of thex.
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3 Cluster event on 5 July 2001, 06:23 UT %0 Cluster July 05, 2001 UT

. 10F R |
3.1 Background information = 40 ﬁ ]
z P s B

The second event is a crossing from the magnetosphere to the 0.1
magnetosheath occurring on 5 July 2001, around 06:23 Ut g 18 ettt | SRRSO 1
when C3 was located at(—6.78, —14.97, 6.24R; in = XAM Py
GSE. This event has also been investigated in detail by Haa- 0 : ‘ S S — :
land et al. (2004), with the objective of comparing single- E4Of L S
and multi-spacecraft determinations of magnetopause orien-= 2o\ Q@Vf
tation, speed, and thickness. Time plots of number density, —
temperature, magnitude and three GSE components of the 4°
magnetic field, and bulk flow speed are shown in Fig. 8. E 2| cd\et o
Compared to the 30 June event, the spacecraft resided in & ©°f P JX@
higher-latitude part of the plasma sheet before the crossing, 20 : ‘ ‘ 1

as is inferred from the fact that both the magnitude andthe = 20— fm

component of the magnetic field were more intense and the} or 1A
temperature was lower than in the 30 June event. The space- -2 i i

craft traversals of the magnetopause took place in the timg= of—— [ 1
order C4, C1, C2, and C3, i.e. opposite to the order in the _,o| m i;g
previous event. We see that the duration of the current layer™ ‘ ‘ SO ]
traversal was relatively short for C4 and C1, whereas it was a9 ! T e
longer for C2 and C3. The local magnetosheath magneticg .| Wﬁj\l

field was tailward/dawnward/southward, as in the previouss |~x.o—c -

event.

T

O i L L L
UT 06:21 06:22 06:23 06:24 06:25 06:26
3.2 Reconstruction from spacecraft 1 crossing

Fig. 8. Time plots of Cluster measurements around a magnetopause

) ) crossing event occurring at6.78,—14.97, 6.24R g in GSE on 5
The MVABC a.nd HT anaIyS|S for the |nterVa| 06:23:03—- Ju|y 2001. The format is the same as in F|g 1.

06:23:44 UT yield (all vectors are in GSE): the mag-

netopause normal vecton=(0.6098, —0.7862, 0.0999);

the constant HT frame velocityV y7=(—248.6, —102.5, bent TD-like structure. Thinning of the current sheet locally
68.6) km/s with the correlation coefficientcy7=0.9660  at (x, y) ~(900Q 1000 km implies the presence of aki
(These two vectors are very close to, but not identical topoint at this location. The flow velocities remaining in the
those reported in Haaland et al. (2004)). The usage of thddT frame are shown by the white arrows. They are negligi-
constraintB,)=0 might be questionable for this event, since, bly small on the magnetosheath side, indicating that, as be-
as shown later, the Wi relation is relatively well satisfied, fore, the HT frame is strongly anchored in the magnetosheath
i.e. the boundary may be of the rotational discontinuity-type.Pplasma. Near the magnetopause on its magnetospheric side,
Nonetheless, we use the constraint because the orientation 81€ flow directions in the C1 and C3 crossings are consistent
the normal with, rather than without, the constraint is moreWwith the recovered field configuration. The yellow arrows,
consistent with those from various other methods (Haalandepresenting the normal vectors determined from MVABC
et al., 2004). Also the result without the constraint leadsfor each spacecraft measurement are approximately perpen-
to an unlikely largeB, value. The normal component of dicular to the recovered magnetopause surface.

the HT velocity is negative W y7-n=—64.1km/s), consis- Figure 10 shows the result of the \§altest across the C1
tent with an outbound crossing of the magnetopause. Thenagnetopause crossing, in which GSE velocity components
field map recovered from the C1 measurements during thén the HT frame are plotted against the corresponding com-
time interval of 06:22:11 to 06:24:20 UT is shown in Fig. 9. ponents of the Alfén velocity. The regression line has a sig-
For this event, the constant HT velocity is used for the re-nificant positive slope (slope=0.568), suggesting that some
construction, because effects other than the kinematic efreconnection activity could have been present. The positive
fects of HT frame acceleration could be substantial, as willslope means that the plasma was flowing parallel to the field,
be shown later in this section. The optimal invariant axis which has a small negative normal componétt, at the lo-

is found to bez=(0.6066, 0.3061,-0.7337) (GSE) and C2, cation of C1. In other words, one may infer that plasma was
C3, and C4 were displaced from C1 by1219 km, +935km, flowing earthward across the magnetopause, albeit at consid-
and —570km, respectively, in the direction. In the recon- erably less than Alfénic speeds. These results are consistent
struction plane, the magnetospheBs £0; B, <0) is on the  with the reconstructed field map, although the C1 velocity
lower left side and the magnetosheash £0; B,>0) onthe  vectors shown in the map do not show clear direct evidence
upper right side. The magnetopause appears to be a slightfipr such an earthward flow component.
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Fig. 9. Magnetic field map reconstructed by using a constant HT velocity for the C1 magnetopause crossing on 5 July 2001. The format is
the same as in the upper panel of Fig. 3, except that for C1, C3, and C4, the flow vectors in the HT frame are projected as white arrows, and
for C2, the spacecraft trajectory is shown by a white curve. In this plane the magnebgtaldy( B, <0) is on the lower left side, whereas

the magnetosheattB( <0; By >0) is on the upper right side. The yellow arrows show the projections of the normal vectors determined from
MVABC.
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Fig. 10. Walén relation across the magnetopause encounteredrig. 11. Correlation between the measured and predicted magnetic
by C1 at 06:23 UT on 5 July 2001.Vyr=(—242.65,—84.71, field data. The predicted data are from the field map recovered for
162.28) km/s in GSE. the C1 traversal on 5 July 2001 (Fig. 9).

In Fig. 11 the correlation between the field components3-3 Reconstruction from spacecraft 3 crossing
measured by C2, C3, and C4 and the corresponding com- ] )
ponents predicted from the reconstruction map (Fig. 9) areln€ MVABC and HT analysis for the interval 06:23:32—
shown. The correlation is slightly lower than in the previous 06:24:49 UT yield:  n=(0.5959, —0.8000, 0.0704);
event but it remains high, demonstrating that the reconstructh® constant HT frame velocity}) y7=(~236.0, —94.5,
tion technique works well also for this case. A few outlying 125-4) km/s with the correlation coefficiente;7=0.9512;

points from theB, component of the C4 data result from a @dV nr-n=—56.2km/s. The GSE component of the HT
small error in the predicted time of the crossing by C4. velocity is substantially different from that computed for the
C1 traversal; a possible explanation will be mentioned later.

The normal motion of the magnetopause is negative, i.e.
earthward, as required, although Haaland et al. (2004) have
shown from Minimum Faraday Residue (MFR) analysis that

the inward magnetopause speed was only some 43 km/s.



H. Hasegawa et al.: Recovery of 2-D magnetopause from Cluster 1261
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Fig. 12. Magnetic field map reconstructed for the C3 magnetopause crossing on 5 July 2001. The format is the same as in Fig. 9, except that
the normal vectors are shown as red arrows.
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Fig. 13. Walén relation for the C3 magnetopause crossing oc-Fig. 14. Correlation between measured and predicted magnetic field
curring at 06:24 UT on 5 July 2001Vy1=(—-254.11,-95.92,  data. The predicted data are based on the map reconstructed from
225.78)km/s in GSE. The Wah slope close to +1 is consistent the C3 data for the 5 July 2001 event (Fig. 12).

with a rotational discontinuity magnetopause, with the magnetic

field having an inward component.
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is smaller than in Fig. 9, in spite of the longer data analysis
Correlation from Cluster-1 Reconstruction interval (see Fig. 8). This is due to a smaller HT frame speed
10 ' ' ' ' ' ' along thex-axis for the C3 traversal, caused by the frame
July 05, 2001 motion being better anchored in the reconnected field lines
than for the C1 traversal.
e oo The Wakn plot for the C3 crossing is shown in Fig. 13.
* ® The flow speed in the HT frame is almost 100% of the AHv
o speed, in excellent agreement with the expectation from a
° ] one-dimensional RD. For earthward plasma flow across the
magnetopause, the positive slope of the regression line im-
plies that the normal magnetic field also points inward. This
S""e 10 o 10 20 30 is consistent with the field map and with reconnection occur-
8 [degree] ring tailward of the spacecraft. As in the 30 June event, the
reconnection site is moving relative to Earth with a tailward
Correlation from Cluster—3 Reconstruction velocity component.

WO ' ' ' ' ' Comparison of the two magnetic field maps for this event
o (Figs. 9 and 12) shows that there was dramatic evolution of
Rt the configuration during the 30-s time interval between the
5 | traversals by C1 and C3. Atthe moment when C1 crossed the

»e
[__J
o

@ [degree]
(X X ]
o0
(XX X ]
oocogo

cc=0.98
cc=0.97
cc=0:96
cc=0.95 [
cc=0.94
cc=0.93

current layer, there was incipient reconnection, as suggested
by the corresponding Wah plot (Fig. 10). On the other
hand, it is clear that when C3 crossed the magnetopause, the
reconnection was fully developed and had resulted in the for-
‘ ‘ ‘ ‘ ‘ ‘ mation of a wide channel of interconnected field lines. The
- -20 -10 0 10 20 30 full-blown reconnection caused a localized thickening of the
0 [degree] magnetopause current layer in the region traversed by C3 and
an associated longer duration of this crossing (see Fig. 8).
Fig..15. Depen@ence of the correlati.on coefficient on the choice of e crossing by C2 also had a long duration, which may,
the invariant axis for the reconstructions from the C1 _(upper panel)however, have been the result, at least in part, of a smaller
ﬁ]ngi;:?,?(lower) traversals on 5 July 2001. The format is the same a?‘nagnetopause speed (Haaland et al., 2004). Such changes in
Y speed are not accommodated by the map, which is based on
a constant HT velocity.
Figure 14 shows the same type of correlation plot as
The difference between this number and 56.2 km/s indicatesig. 11, except that the predicted values are based on the map
the presence of an inward flow of plasma across the magshown in Fig. 12. The correlatior¢=0.975) suggests that
netopause. The magnetic field map reconstructed for thishe technique predicts conditions at the other three spacecraft
C3 magnetopause crossing, using the data from 06:22:00 tpycations fairly well. This result may be surprising since the
06:25:21 UT, is shown in Fig. 12. The selected optimal in- map is derived under the assumption that inertia forces are
variant axis i=(0.6997, 0.3727:-0.6096) (GSE), which is  small, which is not the case near the bulge where the stream-
tilted from the invariant axis used in Fig. 9 by/. A sig- lines have strong curvature and where the flow speed in the
nificant amount of field lines that connect the magnetosheattHT frame is comparable to the Aln speed (Fig. 13). The
and magnetospheric sides of the magnetopause is seen in thgsumption that the time dependence of the structures is neg-
map. A prominentX point in the transverse field &t, y)~ |igible is also not valid for this event, as is evident from a
(4000, 3000) km looks more like ¥ point. The HT frame  comparison of the maps in Figs. 9 and 12. Nevertheless, our
is no longer anchored in the magnetosheath plasma, i.e. thesults indicate that the maps recovered from C1 and C3 are
flow vectors have substantial field-aligned components in thest least qualitatively correct.
magnetosheath. This behavior is suggestive of ongoing re-
connection. Note that the plasma is flowing across the mag3.4 Orientation of invariant axis
netopause in the direction parallel to the magnetic field in the
open-field channel between thepoint and the center of a In Fig. 15 the dependence of the correlation between the
bulge in the current layer, located @t, y)~ (7500, 0)km,  measured and predicted field components on the choice of
indicating that the magnetosheath plasma enters the magnéae invariant f)-axis for the 5 July 2001, event is shown. In
tosphere along the reconnected field lines. The flow vectorshese coordinates, the intermediate variance direction from
have significant downward and rightward components at theMVABC is oriented at ¢, ¢)=(0, 0) for the C1 crossing,
bulge center, implying that in the reconstruction frame thewhile it is at @, ¢)~(2, —1) for the C3 crossing. We also
reconnected flux tubes were moving in this direction. No- see in this event that the optimal invariant axis is not far from
tice that the spatial dimension of the map in thdirection  the intermediate variance direction for both reconstructions.

@ [degree]
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As in the previous event, the reconstruction from the C1 datgpredicted from the reconstruction map for one spacecraft and
produces a correlation coefficient that depends strongly on the corresponding components measured by the other three
but only weakly ord. This behavior may be understood in is at, or near, a maximum, with the proviso that the mea-
the following way. The three reconstructions in Figs. 3, 5, sured velocity vectors, transformed into the co-moving (HT)
and 9 exhibit a magnetopause current layer that is modestlframe, become nearly field-aligned in the field map (see Ap-
tilted with respect to the-axis in the reconstruction plane. pendix A). The orientation of the invariant axis thus selected
Hence, rotations around the minimum variance axis (changess relatively close to the intermediate variance direction de-
in #) change theB, component in the reconstruction plane termined by MVABC. The invariant axis is generally well
only weakly, and do not have a significant influence on av-determined with respect to rotations around the maximum
erage profiles ofA calculated along the spacecraft trajectory. variance axis but less well with respect to rotations around
It follows that the behavior of the functioR (A) and hence, the minimum variance axis.
the reconstruction result, have only a modest dependence on 2. Two complete magnetopause crossings, occurring on 30
6. On the other hand, rotations around the maximum vari-June 2001 and 5 July 2001, have been examined. For each of
ance axis, i.e. changes ¢n cause significant changes i the two events, two reconstruction maps have been produced,
and therefore, a strong dependencepon one based on the data from C1 and a second based on the data
In contrast, we find the correlation coefficient to be sensi-from C3. For an optimally selected invarianf{axis and
tive to variations in botl® and¢ for the C3 reconstruction HT frame velocity, the correlation coefficient between the
on 5 July (see Fig. 12). This behavior may be related to feapredicted and measured field components exceeds 0.97 in all
tures that were not seen for the other three cases: The magnteur cases. The result demonstrates that the reconstruction
topause crossed by C3 was tilted more steeply, relative to théechnique is capable of predicting field behavior at distances
x-axis, it was of the RD-type, and it had a fairly large-scale up to a few thousand km away from the spacecraft used for
2-D structure, namely the reconnection-associated bulge. Ahe reconstruction.
study of more cases is required to determine which of these 3. The reconstruction method incorporating the sliding-
factors affect the sensitivity of the correlation to variations of window HT analysis that takes into account time-varying

the orientation of the-axis. motions of the HT frame, as described by Hu and Sonnerup
(2003), was successfully applied to the 30 June 2001 event.
3.5 Summary of 5 July 2001 event This result suggests that, over a spatial scale of a few thou-

sand km, the entire portion of the magnetopause shown in
Substantial differences in the two recovered maps indicatea map was approximately time-stationary but was moving
that the magnetic field configuration evolved dramatically in in a time-dependent way. Localized motions of the magne-
the ~30-s interval between the magnetopause crossings byopause were small.
C1 and C3. At the time of the crossing by C1, the mag- 4. Intercomparison of the two field maps obtained for
netopause was basically a TD-type current layer but with athe 30 June 2001 event shows that the overall magnetopause
small amount of interconnected field lines embedded. Thestructures were similar in the two maps, having a current
boundary crossed by C3 had a much thicker current layer ofayer of TD-type. It appears that the assumptions of local
RD-type. The presence of a single dominahipoint and  two dimensionality and time coherence were well satisfied
an associated reconnection layer is evident in the field magor the magnetopause encountered on this day. The recon-
recovered for the C3 crossing, indicating that reconnectiorstructed field structures show a current layer significantly
had been developing locally in a time period less than 30 sbhent on spatial scales of a few thousand km, demonstrating
Although the model assumptions of time invariance and ofthat the magnetopause cannot always be treated as a planar
negligible inertia forces are violated in the event, the bulgestructure during a Cluster encounter. Haaland et al. (2004)
in the magnetopause, containing reconnected field lines imave shown that even modest deviations from the planar ge-
the C3 map, was found to be a persistent feature in our varemetry can lead to difficulties with various multi-spacecraft
ious reconstruction attempts. For this reason, we believe théechniques for predicting the magnetopause velocity.
C3 map to be at least qualitatively correct. 5. In the 5 July 2001, event, time evolution is clear from
comparison of two field maps recovered individually from
C1 and C3, which crossed the magnetopause at different mo-
4 Summary and discussion ments. Evidence consistent with reconnection developing lo-
cally in the magnetopause current layer over a time interval
In this paper, we have applied the technique for recovering 2of 30 s or less has been found. The map recovered for C3
D magnetohydrostatic structures from single-spacecraft datghows a rather thick current layer with a dominanpoint
to two magnetopause crossings by the four Cluster spaceand interconnected flux tubes embedded, allowing for an ef-
craft, occurring when they were separated by about two thouficient access of the magnetosheath plasma into the magne-
sand km from each other. In summary, the following resultstosphere, while the map for C1, which spacecraft crossed the
have been obtained. boundary~30s earlier than C3 did, shows a thin TD-type
1. An optimal invariantf)-axis can be found in suchaway current sheet within which a much smaller amount of inter-
that the correlation between the magnetic field componentgonnected field lines is present.



1264 H. Hasegawa et al.: Recovery of 2-D magnetopause from Cluster

6. Density ramps at the magnetopause occurred in thevith the finding that occurrence of reconnection on the tail
earthmost half of the current layer in both events (see Figs. kurface is not rare even for relatively modest magnetic shears
and 8). This behavior is consistent with the recovered field(Hirahara et al., 1997; Hasegawa, 2002; Hasegawa et al.,
maps which show a dominad point and associated flux 2004). It is noted in Fig. 12 that a cle&r point and sig-
tubes that connect the outer and inner parts of the magnenificant out-of-plane magnetic field components are found
topause transition layer. The interconnection permits effec-within the reconstructed domain, demonstrating that compo-
tive transport of magnetosheath plasma into most of the curnent merging was occurring. Our results for the 5 July 2001
rent layer, via field-aligned flow. The ramps were located event also indicate that the reconnection site was not station-
in the inner half of the current sheet, for the C1 traversalary relative to Earth but was moving both downstream and
in the 30 June 2001 event and for the C3 traversal in the Soward higher latitudes.

July 2001 event, whereas they were closer to the center of 10. Although a qualitatively consistent field map was ob-
the current sheet, for the C3 traversal in the June 30 eventained for the C3 crossing on 5 July 2001, the fact that the
and for the C1 traversal in the 5 July event. This can beWalén slope was close to one (Fig. 13) indicates that iner-
explained by the temporal evolutions seen in the maps: fotia forces must have played an important role in the tangen-
both events, the layer consisting of the interconnected fieldial stress balance in the reconnection layer. Incorporation of
lines had been thickened during the interval between the Clnertia effects into the reconstruction technique is not sim-
and C3 traversals. In neither event is there any evidence of gle but is necessary for accurate modeling of magnetopause
low-latitude boundary layer, containing magnetosheath-likestructures during significant reconnection activity, as on 5
plasma, earthward of, but adjoining, the magnetopause.  July 2001. If such effects could be accurately taken into ac-

7. Our experiments have shown that the optimal invariantcount, the recovered field map might show significant quan-
(z)-axis is not far away from the intermediate variance direc-titative deviations from the one shown in Fig. 12, at least
tion for the cases examined, but also that a modest rotatiomear the reconnection site. Even so, we expect the map in
of the trial z-axis around the maximum variance direction is Fig. 12 to be qualitatively correct. Development and test-
critical for optimization of the map. This could be related to ing of a technique that incorporates inertia effects will be ad-
the fact that the ratio of intermediate to minimum eigenval- dressed in a future study.
ues is often not very large, resulting in significant uncertain- 11. The present work has made it clear that the past one-
ties in the determination of both minimum and intermediate dimensional (1-D) local view of the magnetopause is not ad-
variance directions (Sonnerup and Scheible, 1998). Proximequate. The constrained normal, from MVABC appears
ity of the invariant axis to the intermediate variance direc- to represent the average magnetopause orientation relatively
tion suggests that MVABC can provide a rough estimation ofwell, but the reconstructed maps show that the local orienta-
the orientation of the axis of two-dimensional structures andtions can deviate from the average. Mesoscale 2-D structures
hence, ofX lines, etc. seen in the magnetopause current layer and their dependence

8. The orientation of the optimal invariant axis is not very on parameters on the two sides will provide insights into how
different for the two events, which were at positions not- reconnection operates and how the mesoscale phenomena are
too-distant from one another: The angle between the invaricontrolled by the plasma parameter regime. These problems
ant axes for the C1 crossingsAg25°. It is also noted that  will be dealt with in a future statistical study.
the orientation of the magnetic field outside of the magne-
topause was relatively similar among the two events: The
angle between the magnetosheath field directions for the 3@ppendix A Optimizing the invariant (z)-axis, HT
June 2001 and 5 July 2001 events i$.15his result sug- frame, and extrapolations of P;(A)
gests that, at a chosen location on the magnetopause surface,
the orientation of the reconnection lines is similar for similar In this Appendix, we describe the steps taken to find an opti-
IMF directions. This topic and also the question of how the mal invariant axis, HT frame, and extrapolations of the trans-
orientation of theX lines depends on the solar wind condi- verse pressure functiah (A). In the present study, we try to
tions are important subjects to be pursued in future work bydetermine the above parameters basically in such a way that
applying the reconstruction method to more events. the correlation between the measured and predicted magnetic

9. Both events occurred on the tail flank magnetopause, ofield components becomes higher. This process is justified
the dawn side. The signatures of the RD-type current layersince, under the model assumptions, variations in time series
found for the 5 July 2001 event in both the reconstruction re-data measured by the spacecraft should translate directly into
sult and the Wdn test for C3, suggest that reconnection canspatial variations along the trajectory of spacecraft across
occur at the dawn tail magnetopause, consistent with the corstatic magnetic field structures, i.e. they should be caused
clusion reached by Phan et al. (2001). But the local magnetidy motion of the structures past the spacecraft. We use the
shear for the 5 July 2001, event was not very high €101 reconstruction from C1 on 30 June 2001, at 18:12 UT as a ve-
in contrast with the reconnection events reported by Goslinghicle for the presentation but the steps described are general
et al. (1986) and Phan et al. (2001). Those events also omnes.
curred at the tail flank magnetopause but under almost an- 1. Initially, the HT frame, i.e. the motion of the local struc-
tiparallel field conditions. The present event is consistenttures past the spacecraft, which is required for determination
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of the spatial scale of the reconstruction domain inathe- plication of this method assumes that the entire structure en-
rection and for computation of the magnetic vector potential,countered by the four spacecraft moves together with a time-
A, is determined. Under the assumption of time indepen-varying HT velocity. Inertia effects associated with the ac-
dence of the structures, acceleration or/and rotation of theeleration of the HT frame are assumed to be negligible. The
HT frame is allowed, but as a first step we simply use a con-optimal invariant axis can then be selected in the same way
stant HT frame velocity obtained from C1 for the interval as in steps 2 and 3. If a better correlation is obtained than
18:12:00-18:12:49 UT. for the constant HT velocity case, the result obtained by us-

2. We defineL, M, and N axes as the maximum, in- ing the time-varying HT velocity is adopted as the optimal
termediate, and minimum variance directions, respectivelyone. Otherwise, the result with the constant HT velocity is
which are determined from MVABC (Appendix B) and are selected.
ordered as a right-handed orthogonal coordinate system with 5. If a less than satisfactory correlation is obtained for
N pointing outward. An optimal invariant axis is searched both the constant and the time-varying HT velocity cases, a
for by rotating the triak-axis by trial and error, starting from modified method to compute the HT velocity that results in
the intermediate variancé4) direction, such that the corre- larger acceleration of the HT frame, described in Sect. 2.3,
lation coefficient in Fig. 4b, between the measured and precan be tested to improve the result.
dicted field components, reaches a higher value. First the 6. Our experience indicates that the correlation coefficient
initial invariant axis (theM axis) is rotated in the plane per- depends relatively strongly on the choice of both the invari-
pendicular toN by an angled from the M direction. New  ant axis and the HT frame velocity, but only weakly on the
axesM’ and L’ are determined after this rotation. The trial pehavior of the extrapolating exponential functions in Ehe
invariant (M’) axis thus obtained is then rotated ¢yin the  versusA plot. Therefore, these exponential functions are ad-
plane perpendicular té’, resulting in a new invariant axis justed after the above steps are finished. The above behavior
M", which is used for a trial reconstruction. The positive js reasonable, since the extrapolating functions only modify
signs of¢ and¢ are defined according to the right-hand rule. magnetic field values in regions far from the current sheet,
A certain number of candidate orientationd,’, for which  put have no effect on the shape of the current sheet. The
the correlation coefficient is sufficiently high, are chosen by correlation coefficient seems most sensitive to how well the
surveying the two angles, and¢. In principle, any coor-  timing of the magnetopause crossings is predicted.
dinate system may be used for this survey process. In this
study, we use the coordinate system based on the results from
MVABC. Appendix B Intermediate and maximum variance axes

3. As shown in Fig. 7, the angular domain in which the with the constraint (B,)=0
correlation coefficient exceeds a certain value is belt-like and
there is an uncertainty in the determination of an optithal Methods for determining the vector normal to the magne-
value. Therefore, two further criteria are used to select theopause with the constraifB,)=0 were given by Sonnerup
best invariant axis from the candidate orientations, one basegnd Scheible (1998). Here we describe a method to deter-
on the functional behavior of,(A), p(A), andB,(A), the  mine the intermediate and maximum variance directions un-
other based on the alignment between the remaining velocder this constraint.
ity vectors in the HT frame and magnetic field lines, when By using a constraint of the form-é=0, whereé¢ is a

visually inspected in the recovered map. For some of theknown unit vector (here to be chosen as the normal vector

candidates, the quantitig$, p, or B; have two or more sig-  from MVABC, n3,)—0), the eigenvalue problem can be writ-
nificantly different values for certain values near the center ten,
of the current sheet, i.e. near the maximunPpéndA in the
P; versusA plot (see Fig. 2), meaning that they vary substan-p. M2 . P . 7i = A#. (B1)
tially on the same field line and thus, that the model assump-
tions are violated. For other cases, the velocity vectors in theHere, M?Z is the magnetic variance matrix,
HT frame of C1, measured by the spacecraft not used forthMgE(B,’Bj)—<Bi)(Bj>, and P is the matrix describing
reconstruction (C3 and C4), have non negligible componentshe projection of a vector onto the plane perpendicular to
in the direction perpendicular to the reconstructed magneti@, i.e. P;j=8;j—e;e;. By putting n=é in the eigenvalue
field lines. This feature suggests that the recovered field mayg. (B1), it is seen tha& is an eigenvector corresponding
not be reasonable. The best orientation of the invariagice ( to A=0. The other two eigenvalues are denoted.py, and
is determined by considering these features. Amax. The eigenvectors corresponding A@in and Amax

4. In a second cycle of trial and error, the reconstructionrepresent the minimum and maximum variance directions,
is tested by incorporating the sliding-window HT technique respectively, in the plane perpendicular & Thus, for
(Hu and Sonnerup, 2003), which allows for the acceleratione=n g,)=o, the eigenvectors fatmin andimax represent the
of the HT frame. This step is taken unless a very nearly time-intermediate and maximum variance directions, respectively,
independent HT frame is found, that is unless the correlatiorunder the constraintd,,)=0. If one putsé:% instead, the
coefficient between components eV xB and—V yrx B eigenvector corresponding kghin is the normal vector from
for the analysis interval is extremely good. Note that the ap-MVABC (Sonnerup and Scheible, 1998).
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