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Abstract. Multi-spacecraft data from Cluster allow for a wave (two- or three-dimensional, 2-D or 3-D) geometry is
more detailed magnetopause and boundary layer structurappropriate.
determination than ever before. Reconstruction methods, in This paper deliberately does not address the question of

which the time variability observed during a pass is inter- the origin of boundary motion, but focuses on methods for
preted as being due to boundary motion and/or spatial strucdetermining that motion from in situ spacecraft observations.
ture, are particularly well suited for this task. Such methodsit s then possible to deconvolve the data to obtain the spatial
rely on the availability of plasma and field data and adoptstructure of the boundary. Such methods (e.g. De Keyser et
the tangential discontinuity hypothesis to determine the mo—)., 2002: De Keyser and Roth, 2003) are known as empiri-
tion, acceleration, boundary structure, boundary curvature:a| reconstruction techniques. They should be distinguished
and surface wave speed over an extended time interval. Ifrom magnetic field-based reconstructions (Walthour et al.,
this paper one- and two-dimensional reconstruction methodg993: Hau and Sonnerup, 1999; Hu and Sonnerup, 2003).

are applied to multi-spacecraft data for the first time. They are fairly recent; we apply them here in their multi-
Key words. Magnetospheric physics (Instruments and tech-spacecraft form to Cluster data for the first time. This is
niques; Magnetopause, cusp, and boundary layers) especially interesting because the four spacecraft provide a

rather dense coverage of the MP/BL structure. Empirical

reconstructions put data from different instruments in the

same topological context. This provides us with a remark-
1 Introduction ably complete picture of boundary structure.

The solar wind-magnetosphere interaction leads to the for-

mation of a magnetospheric boundary that consists of the ) )

magnetopause (MP) and often, but not always, a boundargs Reconstruction techniques

layer (BL). This position of this boundary is known to change

with time. If the boundary moves gradua”y, it may be con- Spacecraft observe a lot of variability when they cross the

sidered locally to be a moving planar slab. Rapid bound-magnetospheric boundary, as exemplified by the fact that
ary motion, together with the tailward flow of magnetosheathmany passes show multiple MP crossings. A major goal of

plasma near the boundary, leads to surface waves. The rati®e Cluster mission is to disentangle space and time varia-
of the amplitude of the motion relative to its wavelength de- tions. In the reconstructions discussed here, it is assumed

termines whether a slab (one-dimensional, 1-D) or a surfacéhat the observed structure has no intrinsic time variability:
The observed variability is due to spatial structure that con-

Correspondence tal. De Keyser vects across the spacecraft. The result of the reconstruction
(johan.dekeyser@bira-iasb.oma.be) process is a picture of this spatial structure.
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Fig. 1. Inbound pass by Cluster on 23 April 2001. The shaded areas identify the main magnetopause crossing and four subsequent transients
(a) Magnetic field strength (FGM)b) lon density (CIS/HIA).

The essence of reconstruction consists of locating obsers B (tx) =(B (tx+1)— B (tx—1)) / (txr+1—1x—1) is the central dif-
vations in a reference frame appropriate for that structure. Aference of the magnetic field time series. MVAmf; ), pos-
first step is to orient the frame so that it is more or less alignedsibly adding the constraintn,>=0, and sorting the vari-
with the structure. A second step is to consider motion of theance directions’, y’, z in descending order of variance mag-
reference frame relative to the structure. nitude, often shows that the variance alanig significantly

Traditionally, an MP/BL-aligned frame is given by the smaller than in the other directions, implying that the struc-
“boundary normal coordinates” based on the minimum vari-turé can be regarded as 2-D: The structure can then be pro-
ance analysis (MVA) of some vector quantity, most often jécted onto the’y’ plane. As will be shown in the examples,
the magnetic field (Sonnerup and Scheible, 1998). Thdt is usually possible to find an appropriate _rotatlon arognd
idea behind this type of frame is that locally (in both spacethat transforms the’y” axes intaxy, wherex is the average
and time) an individual MP crossing can be consideredoutward boundary normal andis along the average tangen-
planar. Reconstruction, however, typically uses data fromtial direction (w_hllez is alway_s tangential _to the boundary).
an extended period of observations, corresponding to relal N€xyz frame is an appropriate generalized boundary nor-
tively large spatial structures. A generalization of the tra- Mal coordinate frame.
ditional boundary normal coordinates is therefore needed. The following choices concerning reference frame motion
One way to obtain such a frame is the following (De Keyser are now possible:
et al., 2002). Given the time series of magnetic field ob-
servationsB(#;), and assuming that the structure is field- — For 1-D structure: Let the yz frame comove with the
aligned as in a tangential discontinuity, the local normal to boundary alonge. A proxy for the boundary posi-
the structure ig(t,)=B (1) x3 B (t;. | || B (1 x5 B (||, where tion is&(t)= £(t,)+ Sreo.nvx(7) dr, wherev, is the in
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Fig. 2. Analysis of the transient event on 23 April 2001a). Time profiles of ion density;; (r) from CIS/HIA. (b) Spatial profiles

n; (xsc(t)—£(t)) and an empirical model.

situ plasma velocity in the normal direction, and where
£(t,) defines a reference position at an arbitrary time
t,; this proxy is based on the idea that the plasma near
the boundary comoves with it (Paschmann et al., 1990).
This integration is not easy to carry out in practice be-
cause of the accumulation of errors; some difficulties
have been discussed by De Keyser et al. (2002). Note
that there are several ways to verify boundary motion:
One can check whether the electric drift in stationary
uniform field regions (from the Cluster EFW or EDI in-
struments) matches the measured plasma velocity (from
the Cluster CIS/HIA ion spectrometer), or one can com-
pare with boundary velocities obtained from the relative
timing of sharp boundary crossings by the four spac
craft.

— For a 2-D structure with global motion: A more realis-
tic reconstruction can be obtained by combining the two
previous techniques: Let the frame moveiwith vyaye
and inx by following only the low frequency global mo-
tion found fromé (t) (De Keyser and Roth, 2003). The
rationale behind this is that a simultaneous global com-
pression or expansion of the magnetosphere can accom-
pany surface waves. This approach is particularly useful
for determining the structure of periodic surface waves,
where one can easily assess how the boundary moves
from period to period.

In practice, a 1-D reconstruction is first attempted. Us-

e-iNg the 1-D comoving frame defined above, one can check
whether the structure can be represented with profiles that

depend only orx, that is, if a single-valued profile is ob-
tained when plotting all observations as a functiorx oflf
— For a 2-D structure: Let the reference frame move alongnot, at least one additional dimension is needed to accurately

y with the surface wave speedave Rather than inter-
preting time variability in terms of motion along it is

represent the structure. Assuming stationarity and invari-
ance along;, we therefore introduce variability alongby

then ascribed to spatial structure being convected padbcating the observations in a 2-D comoving frame as dis-

the spacecraft in thg direction.

cussed above.
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Fig. 3. Outbound pass on 25 November 2001, showing persistent large-amplitude waves for@oMagnetic field strength (FGM)b)
lon density (CIS/HIA).

3 Anexample of 1-D reconstruction The most pronounced transient occurs between 16:18 and
16:40 UT; the ion density observations(r) are shown in
As an example of 1-D reconstruction we consider a dawnpig_ 2a. MVA of the local normals(z) for the four space-
side inbound pass by the Cluster spacecraft on 23 Aprilcraft, with the constraint<n,>=0, results in thex’y’z
2001, between 14:00 and 17:00 UT (Fig. 1), at about 07:3Grame. Consider a series afyz frames obtained by rota-
local time. The spacecraft separations were of the ordetion in thex’y’ plane. For each rotation angle, the boundary
of 1000km. While the magnetopause is crossed arounghositioné(t) is evaluated by integrating the CIS/HIA plasma
14:26 UT, several transient variations are seen both invelocity (from spacecraft 1 and 3 on which CIS/HIA is op-
the magnetic field recorded by the fluxgate magnetometegrational) and the spatial ion density profilgx,.(t)—£(t))
(FGM) (Balogh et al., 1997) and in the plasma density mea-is plotted. For a particular rotation angle this curve appears
sured by the ion spectrometer (CIS/HIA){Re etal., 1997).  to be more or less single-valued (Fig. 2b): The transitions
The nature of these transients is not immediately clear. Them’om magnetosphere-like into magnetosheath-like plasma
could be the signature of detached entities of magnetosheatlind back again overlap, and the curves for both spacecraft
like plasma inside the magnetosphere, of structures travelopyerlap as well. The structure can therefore be consid-
ing along the MP/BL, such as surface waves or flux transferered one-dimensional. The corresponding reference frame
events, or they could simply be successive partial MP/BL en-s x=(0.632, —0.487, —0.602), y=(0.508, 0.848,—0.153),
counters due to in- and outward motion of the overall bound-z=(0.585,—0.209, 0.783) in GSE coordinates. While the
ary. boundary moves over aboutAg alongx, a surface wave
would travel about 1R during the 20-min interval, if one
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Fig. 4. Time profiles used for the reconstruction of two wave periods on 25 November @9Qan density (CIS/HIA).(b) Electron density
(PEACE).(c) Magnetic field strength (FGM)d) Electric wave intensity 2—80 kHz (WHISPER}) Perpendicular magnetic wave intensity
0.3-10Hz (STAFF)(f) Spacecraft potential (EFWJg) lon velocity vy (non-moving frame, CIS/HIA)(h) lon velocity vy, (non-moving
frame, CIS/HIA).

estimates the surface wave speed to be half of the 150 km/sult from the known boundary motion can be predicted (not
tailward magnetosheath flow. The amplitude over wave-shown); the good agreement with the observed time profiles
length ratio therefore is about 1:15, sufficiently small to jus- indicates that the difference between both can be fully ex-
tify the planar approximation. The single-valued spatial pro-plained in terms of the spacecraft separation alengnly,

file reflects the 1-D structure of the boundary. An empiri- confirming again the 1-D geometry of the MP/BL. Spatial
cal model profile is obtained by fitting a curve to these data,profiles can be obtained in the same way for any instrument
thus smoothing out small-scale spatial or temporal variabilityon board any of the spacecraft.

and reducing the effects of nonsystematic instrument errors.

Given this empirical model, the time profiles that would re-



2386 J. De Keyser et al.: Reconstruction of the magnetopause and low-latitude boundary layer topology

periods is less likely to be disturbed by some non-periodic
phenomenon (or phenomena with a different period); the
wave can more reliably be regarded as a stationary, convect-
ing structure. Reconstruction with a large number of periods
leads to a better coverage of the wave structure, but as the
observation time interval becomes longer, the procedure to
5 obtain the boundary positiaf(t) by integrating the normal
b W W‘(ﬂm l ’1 y velocity Wi!l fail at some point due to error accumulatipn,
;\ m mﬂw W i W \ Constramed MVA of t.he local surface normal is again used
s ““ i W‘W M\“WW“W r \Wr J g to establ_l sh an appropriate referenc_e frame. We subsequently
- T : ; > rotate this frame arounglso as to poink along the average
y G x 10" (b) outward normal. A good first estimate for this rotation is
found by trying to obtain single-valued curves as in the 1-
Fig. 5. Triangulations used for reconstruction. Each plot shows D example (note that no clear single-valued 1-D profile is
the trlangles (blue ||nes) and the pOSItlon of bOUndary pOIntS andfound which is Why the 2-D reconstruction method is ap-

measurement points (red circles). The bondary points are located OBlled) A rotation over—56° works best £=(0.279, 0.926,
the top and bottom horizontal lines of red circles, as well as in the 0.253), y=(—0.825, 0.366,—0.430), z=(—0.491, —0.089,

four corners: the other lines of red circles are the spacecraft trackB 867) in GSE).

in the comovingcy domain. The tracks of spacecraft 1 and 3, and of . .
2 and 4, respectively, nearly coincide and are hard to distinguish on A low-frequency filter has to be applied &t) to sepa-
the plots.(a) Triangulation for 4-spacecraft datb) Triangulation ~ 'at€ slower motion (to be treated as a global expansion or

for 2-spacecraft data (CIS/HIA). compression) from motion at frequencies at or higher than

the wave frequency (interpreted as being due to spatial struc-

ture). As outlined by De Keyser and Roth (2003), such a filter
4 An example of 2-D reconstruction is obtained by defining the low frequency motign(z) to be

the linear interpolant of the séfto+mT), m=0, ..., NIndeed,
A major coronal mass ejection on 22—-23 November 2001all those points correspond to the same phase of the wave,
had its main shock hitting the Earth on 24 November atso that this interpolant follows the overall boundary motion
06:00 UT, with solar wind pressure up to 80nP and inter-from period to period. The yz frame therefore moves with
planetary magnetic field (IMF) up to 65 nT, and leading to a speeddz,(t)/dt along x, and with a constant wave speed
magnetic storm wittD;,= —250. One day later the geomag- wvyavealongy. Every measurement made by any of the space-
netic activity had subsided to quiet conditions. At that time, craft can then be located in this reference frame. Because
on 25 November 2001, 00:00-04:00 UT, the Cluster con-of the periodicity, all they coordinates can be taken mod-
figuration (separations-2500 km) made an outbound pass ulo L, whereL=vyayel is the wavelength, to superpose the
through the dusk flank MP/BL around 19:00 local time; the data from each spacecraft obtained during each pass through
Earth was then immersed in a tenous, cold, |pwfast so-  a wave cycle.
lar wind, with a velocity of 780 km/s. The IMF was strong  Table 1 lists the typical magnetospheric and magne-
and steady around 20nT. Observations show rather reguosheath parameters in the comoving frame that will be used
lar, quasi-periodic, large-amplitude variations in all observedin the reconstruction. Note the very fast magnetosheath
plasma and field parameters that persisted for hours (Fig. 3¥low along the magnetospheric boundary, and hence the large
Spectral analysis shows a period of about 4 min, especiallfflow shear across it (650 km/s and more). Figure 4 shows
early in the pass, while larger amplitude variations seem toCIS/HIA ion density (only Cluster 1 and 3), PEACE elec-
recur every 10 to 12 minutes. tron density (Johnstone et al., 1997), FGM magnetic field

We employ the 2-D reconstruction method that ac- strength, WHISPER electric wave intensity in the 2—80 kHz

counts for global motion, first proposed by De Keyser andband (Cecieau et al., 1997), STAFF perpendicular magnetic
Roth (2003) but now applied with Cluster multi-spacecraft wave intensity in the 0.3—10Hz band (Cornilleau-Wehrlin
observations. As in the 1-D example, the ion velocity mea-et al., 1997), EFW spacecraft potential (Gustafsson et al.,
sured by CIS/HIA is used to obtain the motion of the MP/BL. 1997), and the CIS/HIA plasma velocity alomgand y in
Although those data are available only on spacecraft 1 and 3he nonmoving frame. All data were used at spin resolution,
they allow us to find: (t) during the time interval of interest about 4s. (The 213 ms resolution WHISPER data were re-
and to use it as the basis for a reconstruction with data fronsampled after applying a 0.25 Hz low band-pass filter.) The
all four satellites. The CIS/HIA data start from about 01:55 periodicity is most evident in the ion density, magnetic field
and show about 10 large-scale recurrent variations before thstrength, and wave intensity profiles. Some data, like the
final MP passage around 03:11 UT, corresponding to an avSTAFF data, vary over more than 4 orders of magnitude.
erage wave period of about 11 min, spanning a time intervalThese large variations occur as the spacecraft passes alter-
of about an hour and a half. Consider the two wave periodsately from the magnetosphere through the boundary layer
(N=2) in the time interval 01:53:00 to 02:15:00 UT (wave into the magnetosheath and back. Such crossings through
periodT is 11 min.). Reconstruction with a small number of the MP/BL are not always complete: In the first period the
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Fig. 6. Reconstruction of the surface wave in the comoving frame. The magnetosheath is at the top, the magnetosphere at the bottom, the
Sun to the right, the tail to the left. Each panel shows the reconstruction of a scalar quantity with the measurements superposed on it as
colored patches along the spacecraft trgef.ion density (CIS/HIA).(b) Electron density (PEACE)c) Electric wave intensity 2—80 kHz
(WHISPER).(d) Perpendicular magnetic wave intensity 0.3-10 Hz (STAK&) Spacecraft potential (EFWJf) Magnetic field strength

(FGM). (g) Magnetic field strength andy magnetic field vectors (FGM}h) lon velocity along; andxy ion velocity vectors (CIS/HIA).

Table 1. Magnetospheric and magnetosheath conditions in the comoving frame.

Magnetosphere  Magnetosheath

lon density (CIS/HIA) 0.25 3.0 cmd
Electron density (PEACE) 0.35 2.0 cr
Magnetic field (FGM) (05, 20) (0,—15, 35) nT
Plasma velocity (CIS/HIA) (O+vwave 0) (0, 600vwave 250) km/s
Perpendicular magnetic wave intensity 0.3—10 Hz (STAFF) x 156 5x 1073 nT2
Electric wave intensity 2—80 tkHz (WHISPER) 1 107 (V/Im)2
Spacecraft potential (EFW) —22.0 -8.0 \%

spacecraft never make it to the magnetosheath proper, as théarly distributed set of points (De Keyser and Roth, 2003).
magnetosheath ion density is not reached. One can verifffhese data are supplemented with the magnetospheric and
that the MP (manifest as a modest chang&jrand B;; not magnetosheath values from Table 1, imposed at a distance
shown) is not seen during the first period, but it is crossedof 4000 km away from the inner- and outermost data points,
briefly in the second period. respectively. A Delaunay triangulation of this set of points is
The wave speedwaye Mmust lie between the magneto- then create_d (this is a particular triﬂanguliltion that. covers the
spheric and the magnetosheatlvelocity, that is, between x Y p'a,f‘e with triangles t-hat are as small as.possmle, whgre
small” has to be taken in a specific geometrical sense). Lin-

0 and 600km/s. The reconstruction method offers a way ~ i lati trianale is th d to obtain the dat
to determine its value more precisely, as will be discusseaea;.rln erpoha ";T‘ pﬁr rtlsng eollst enusedtoo damt €dataon
later on; for the momentyaye=200 km/s will be adopted. afine mesh. Fnally, those data are averaged onto a coarser

Co . mesh with physically relevant spatial resolutions, in this case
This implies a wavelength of about Rlg. Locating the data . i : )
points from all spacecraft in they plane leads to an irreg- 2000km inx and 4000 km iry. We work with two different
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triangulations (Fig. 5): one for four spacecraft quantities andreproduce the time profiles that would be seen by the space-
one for the two spacecraft CIS data. The four spacecraft tricraft. Comparison of these model profiles with the actual
angulation in particular gives a pretty good coverage of theobservations turns out to be quite satisfactory (not shown).
wave structure. We conducted an independent a posteriori analysis of the
Figure 6 plots the reconstructions in thg plane. These structure by means of a local analysis technique. This tech-
reconstructions must be interpreted as a synoptic map of thaeique determines the normal direction (in theplane) and
observations, rather than as a spatial structure per se: Givethe velocity and the acceleration along that normal, of planar
the long wave period and the high wave speed, the wavefeatures observed by all spacecraft. It is not always easy to
length turns out to be so long that boundary curvature canidentify corresponding features because often smaller scale
not be neglected,; for shorter wavelengths, the reconstructiostructures seem to be superposed on the overall structure.
could be considered as a representation of the actual wavalso, the assumption of planarity on the spacecraft separa-
geometry. Figure 6a gives the reconstructed ion density frontion scale is not always satisfied. About 20 features were
CIS/HIA (2 spacecraft). Figure 6b shows the PEACE elec-identified in the magnetic field strength and the spacecraft
tron density. As these data are available from the four satelpotential data ; those where the technique reported a signif-
lites, the reconstruction is correspondingly more detailed.icant acceleration (possibly due to non-planarity) were dis-
The intensity of electric waves in the 2-80kHz band from carded. The normal directions agree with the overall wave
WHISPER and of perpendicular magnetic waves in the 0.3-picture. The boundary normal velocity can be converted into
10Hz range from STAFF is given in Fig. 6¢ and 6d, re- atangential speed (if the features move only alpng/alues
spectively. The EFW spacecraft potential, which is corre-are found of 30 km/s in the magnetosphere, around 150 km/s
lated with the ambient plasma density, is reconstructed imear the boundary layer inner edge, and up to 250 km/s and
Fig 6e. Figure 6f shows the magnetic field strength recon-more on the magnetosheath side. This fits in the surface wave
struction; Fig. 6g shows the magnetic field strength overplot-picture, but suggests thafave=150 km/s might have been a
ted with thexy projections of the field vectors. At this lo- better choice.
cation at the dusk side boundary the magnetic field strength
in the magnetosheath (38 nT) is actually higher than that in
the magnetosphere (21 nT). The surface wave indentation is Conclusion
clearly visible; note that some magnetic field compression
takes place inside the wave indentation as the field goes upve have demonstrated the feasibility and utility of recon-
to 43nT there. Note also the magnetic field depression instruction methods that use multi-spacecraft data for the first
side the wave structure that corresponds to the MP currentime. Such methods rely on the possibility to track the mo-
layer; it can be identified in Fig. 6i as the place where thetion of the boundary by measuring the plasma velocity in
magnetic field changes orientation abruptly. Figure 6h plotsthe vicinity of the boundary; because of error accumulation
the reconstructed CIS/HIRy velocity vectors superposed on while integrating the normal velocity, the applicability of
its color-codedv, component. (Thay, vectors are trans- these methods is limited. Also, these methods assume that
formed to the comoving framev, has been corrected for the structure of the boundary is intrinsically stationary. The
low frequency motion and, has been corrected by the wave 1-D reconstruction method described here is fairly general.
speed). This plot allows to determine the actual wave speedt obviously fails if the structure cannot be considered to be
by requiring that the flow should be tangential to the bound-planar. Improvements are possible when one uses model-
ary in the comoving frame. Indeed, in this plot the flow vec- based reconstruction methods, such as the one described by
tors are more or less parallel to the isolines fior Note in De Keyser et al. (2002). The 2-D reconstruction method sep-
particular how this condition is fulfilled for the flow vortex arates low frequency motion from the periodic motion, in the
in the indentation of the magnetosheath into the magnetoassumption that there is no motion of the boundary at com-
sphere. Moreover, the location of the flow reversabino-  parable or higher frequencies (unless “noise” that is filtered
incides with the flow shear in thedirection. This suggests out by spatial averaging); the validity of this assumption may
that the choicawaye=200 km/s is reasonable. Qualitatively be questionable as well.
similar reconstructions are found for wave speeds from 150 Reconstruction techniques with multi-spacecraft observa-
to 300 km/s; it is therefore hard to determine the phase speetions are particularly interesting because they combine a vast
more accurately. For shorter wavelengths and/or for a largeemount of information into a global picture of the boundary.
separation between the spacecraft intiiirection the above  Including the data from several instruments provides an ad-
criteria would become more strict. The wave speed can als@litional bonus in terms of completeness of the picture. This
be found from deHoffmann-Teller analysis for subintervals M2V Pe a starting point to improve our understanding of the
(Khrabrov and Sonnerup, 1998); no deHoffman-Teller framephyglcal processes at work.
would exist for the extendgd time interval if there is an impor- AcknowledgementsThe authors wish to thank the organizers of the
tant overall boundary motion. Note also how the reconstruc-stamms conference for creating a forum to discuss Cluster re-
tions, despite the completely different nature of the varioussuits. J. De Keyser, M. Roth, and F. Darrouzet acknowledge the
kinds of data, all reflect the same overall wave geometry. Assupport by the Belgian Federal Science Policy Office and by the
in the 1-D case, the empirical models of Fig. 6 can be used t&ESA/PRODEX Cluster and Spacecraft Data for Models projects.
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