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Abstract. We present a method, GALS (Gradient Analysis along the satellite orbit, but without complementary infor-
by Least Squares) for estimating the gradient of a physicamation we cannot tell whether these variations are spatial or
field from multi-spacecraft observations. To obtain the besttemporal. Furthermore, we have no information about gradi-
possible spatial resolution, the gradient is estimated in theents in directions perpendicular to the spacecraft orbit. The
frame of reference where structures in the field are essentiallynique capability of resolving three-dimensional spatial vari-
locally stationary. The estimates are refined iteratively by aations was an important motivation for the Cluster mission,
least squares method. comprising four identical spacecraft launched in 2000. De-
We show that GALS is not very sensitive to the space-scriptions of methods for analyzing multi-spacecraft data,
craft configuration and resolves structures much smaller thafor example the curlometer method, the wave telescope
the characteristic size of the spacecraft distribution. Furthertechnique, and the discontinuity analyzer, are collected in
more, GALS requires little user input. Paschmann and Da({1998. In this study we will compare
GALS has been tested on synthetic magnetic field data anALS to the curlometer and to a single spacecraft method
data from the Cluster FGM instrument. GALS will also be (LUhr et al, 1996.
useful for other types of data. The results indicate that GALS From four simultaneous measurements in space we can
is robust and superior to the curlometer method for estimat-obtain reasonable estimates of the spatial derivatives. For
ing the current from magnetic field measurements. example, the curlometer methoRdbert et al. 1998 esti-

K ds. S | hvsics (E . tal and math mates the rotation of the magnetic fieldx B, and (neglect-
eywords. Space plasma physics (Experimental and ma ‘ing the displacement current) the corresponding current den-

emat_ical techniques; Instruments ar!d techniques) B Genergﬁtyj, can be calculated. However, the curlometer cannot

?rlgwlscellaneous (Techniques applicable in three or MOr&stimate spatial variations on length scales smaller than the

ields) spacecraft configurationDe Keyser et al(2007) recently

described a method based on least squares fitting for calcu-

lating gradients from multi-point observations. This method

1 Introduction is demonstrated to be very robust, and it can provide reliable
error estimates.

The fundamental equations of space physics, such as the Gradients with scalelengths significantly shorter than the
MHD equations, Maxwell's equations, and the Vlasov equa-distance between spacecraft can be resolved by combining
tion, are all first order differential equations relating the tem- @ discontinuity analysisfunlop and Woodward199§ to
poral evolution to spatial gradients of physical fields. To determine the orientation and velocity of the boundary with
compare in situ observations with theory we must hence béingle spacecraft techniquessifr et al, 1999 to compute
able to calculate gradients from measurements. In spac@radients. The spatial resolution of these methods is deter-
physics the calculation of space and time gradients frommined by the data sampling frequency and the velocity of
satellite measurements is not a trivial problem. Using a sinthe spacecraft relative to the discontinuity. These methods

gle spacecraft we can determine how a measured field varieg@n produce very good results under favorable conditions,
but their application requires significant effort and skill.

Correspondence tavl. Hamrin This paper presents a method called GALS (Gradient
(hamrin@space.umu.se) Analysis by Least Squares), which in many cases can
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@) time this reference frame, time variations at nearby points are also

A minimized, although they cannot be completely eliminated.
As will be explained below, the usually rather high time res-
olution obtained from in situ satellite measurements may in
this optimal frame of reference be converted into a spatial

> space sampling along the gradient at distances much shorter than
the satellite separation.

At

2 Method

(7]
it

So S3 Sy
~L = charac. size of Let the position of satellite at timer be given byr ;=R (¢).
spacecraft config. In the following, the satellite subscriptwill be omitted un-
(b) time lessitis needed for clarity. Assuming a clusteScfatellites,
sS4 A we will estimate the space and time gradients of a physi-
S3 \\ cal field F along the trajectorR., (=1 >"5_; R, (t) of the
5152 \ center of mass of the satellites. At the reconstruction tine

the gradients are determined at the poj&R,,, (¢,,). Trans-

» space forming to a frame of reference moving with the velocity
Atu P,=d;R.(t,) of the center of mass, we introduce the new
coordinates
T=1t—1p, Q)
xXC(t) =1 — rp,—1tP,. 2)
A . . . . .
- Here, 7 is the time relative to the reconstruction time and

xO(z) is the corresponding spatial coordinates relative to
the reconstruction point, moving with velocityP,. Us-

ing these substitutions, the functidn(r, r) describing the
field in the original coordinate system is in the new system
replaced byFO(x°, 1)=F (xO(t)+r ,+1P,, t,+7)=F(r, 1).
The first derivatives of FO form a linear approximant

FPO, 1)=F,+x%-9% F)+0, F) to the exactF®, valid for
estimate spatial gradients on length scales shorter than the 0 L .
mall x* and r. Considering a reference frame moving
characteristic size of the spacecraft configuration. Since’
with velocity u relative to the satellites and introducing the
GALS is based on weighted least squares similar to those 0
new coordinates=x"—ur, we find that the approximant is
used byDe Keyser et al(2007), it is possible to produce er-
. , - . transformed into
ror estimates of comparable quality. However, in this first
study we will not discuss error estimates. Instead, we will Fl'(x*, 1) = F;,’ + X" . Byu FIL; + 19, FIL; ()
focus on describing how GALS combines the best features
of the curlometer and thBe Keyser et al(2007) methods  where F;‘=F§=F,, and dyu FPMZBXOFSZB)(FP are indepen-
with the high resolution of the discontinuity analysis/single dent of the reference frame, but the time derivatives are re-

Fig. 1. (a)A current sheet passing four satellites:s, in the frame
of reference moving with the satellite¢b) The current sheet and
the spacecraft in the reference frame moving with the sheet.

spacecraft techniques. lated by d. Fj=0, F19-|-u~8XoF19. From this we see that by
The gradients of scalar physical fields are invariant unde€h00sing a velocity
Galilei transformations. A simple consequence of Galilei in- 3, FO 3, F
variance is that there almost always exist a frame of reference = _W 4)
X

where the local time derivative is zero. The only exception is

the case when the spatial gradient vanishes. In that particulae can always find a reference frame Whee! =

case the time derivative cannot be transformed away. As illustrated in Fig.1, we can convert the temporal res-
The quality of the gradient estimates that can be obtainedlution of the observations into a spatial resolution by trans-

from spacecraft observations of the field depends cruciallyforming to a reference frame whetg F;=0. Figure la

on the choice of frame of reference. The best possible estishows the situation in the center of mass frame of reference.

mate is obtained in the frame of reference where the field lo-The satellites sample the field at the discrete timesi At,

cally appears stationary. Notice that “stationary” here means:=0, 1, ..., +N. Atthe timer, satellites is atx_?nzx?(rn)

that the partial time derivative of the physical field is zero at and observes the fleIEm_FO(xm, 7,). The spatial coordi-

the point in space-time where the gradient is computed. Imatesx?n of the satellites are essentially independent,of
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and take on only four distinct values. While the satellites are3 Results

at rest, a point of constarﬁtf moves to the right with velocity

u, thatis, FO(zu, 1)~ F,. In this section we present the capacity of GALS as an esti-
Figuredb illustrates the same scene in the reference framdnator for the current density. The performance of GALS is

moving with velocityu. At x“=0 the value ofF* is now time investigated by using both synthetic and real magnetic field
independent and™ (0, 7)~F, to first order ir%r. Since the data, and the GALS results are compared with what can be

field is as stationary as possible, the distortion caused by tim@Ptained with two other tools for estimating the current: the
averaging is minimized in this reference frame. The satellitesCfJrlom‘aterRObert et a‘-.199?5, Dunlop et al. 2002 and the
moving through the structure now provide measurements apingle-spacecraft technlqubL(_hr etal, 1998

the coordinates”, =x —uz,, with a spatial separatianAr T_he_curlometer uses multi-spacecraft, e.g. Cluster, mag-
along the gradient direction. In many cases, this will allow netic f|e_ld data to cglculate the current ‘?'e“S'ty, f_r@m_B

us to resolve the gradient with higher resolution and bette@SSuming that the displacement current is negligible in Am-

statistics than using only four points with separations deterP€'€'S law). The current is estimated from four simultane-
mined by the satellite configuration. ous measurements of the magnetic field, and the curlome-

The field and its derivatives at the reconstruction point areter therefore captures the instantaneous current density as a

estimated by minimizing the weighted least sauares proble snapshot in time. Since the curlometer technique is based on
y 9 9 q P Mhe assumption that the current is constant over the tetrahe-

dral volume defined by the four spacecraft, the spatial reso-
2 lution of the curlometer current density depends directly on
Z [F,'f + X5y - O Fly + 1000 F)y — an] W' (X{,. ). (5)  the satellite configuration.
si The single spacecraft technique can very efficiently re-
o ) ] ] ] solve, e.g., thin current sheets when it is combined with a
In this first study, this problem is solved by a simple itera- method such as the discontinuity analyzer for obtaining the
tive method, described in the Appendix. The Maxwell equa-ye|ocity of the spacecraft relative to the sheet. Consider-
tion V-B=0 is used as constraint in our least squares roujng the sheet to be stationary, the observed total derivative
tines. The weight functio is initially an isotropic Gaus- s interpreted as a spatial gradient and the resolution is deter-
sian whose width is determined by the characteristic spacemined by the data sampling rate rather than by the size of the
craft separatiorL, but its width along the gradient will be  gatgljite tetrahedron. The quality of the velocity estimate is of
adjusted in the algorithm to a value<L whenever possi-  ¢rycial importance when determining the full current density
ble. vector with the single-spacecraft technique. When analyzing
The GALS method is designed to optimize the resolutiona convecting, planar, current sheet passing all four spacecraft
in the direction of the gradient by transforming to a referencethis is generally not a problem, but investigations of more
frame whered; F;=0 and reducing\. The resolution in the  general current density structures with the single-spacecraft
plane perpendicular to the gradient is still determined by thetechnique are limited by the lack of good velocity estimates.
satellite separation, but since this is a plane of minimal field The least squares method for gradient calculation devel-
variations the resolution is not critical. oped byDe Keyser et al(2007) is more robust than the cur-
Structures in the observed field will in practice have a finite lometer, but they did not explicitly exploit the advantages
lifetime. By specifying a parameter, which we call the coher- of a moving reference system. In the absence of signifi-
ence timeT,, the user can to some extent tune GALS to the cant correlations between the spacecraft, GALS will calcu-
problem and the data at hand. In the algorithm, a time win-late gradients by a method very similar to thaef Keyser
dow is created by restricting thevalues tor,<7./2. The  etal.(2007. However, whenever a coherent structure can be
optimal choice will depend on the data at hand, but also orfound, GALS will automatically attempt to determine its ve-
the physical phenomenon of interest.7}f is chosen longer locity and and estimate the gradients by a method related to
that the actual coherence time of relevant structures in théhe single spacecraft technique. We will show that GALS
field, it may be impossible to find a meaningful velocity. On combines the robustness of the least squares method with
the other hand, i, is chosen too short, the GALS algorithm the high spatial resolution of the single spacecraft technique.
may not be able to interpret data from separate spacecraft a&/e will also show that it is possible to tune the behaviour
a single, coherent, structure. For a particular feature in theof GALS to the problem at hand by changing the coherence
data, it is often possible to estimate a suitalildy inspect-  time, 7.
ing when and how well this feature is reproduced in the data The setup for a test run of GALS on synthetic magnetic
from the other spacecraft. In practice, it often makes senséield data is shown in Fig2. Four identical spacecraft ob-
to use the rule of thumb thét is chosen to match the “clus- serve a Gaussian current sheet that is infinite inythend
ter transition time”, i.e., the approximate time from when the z directions. The spacecraft and the current sheet approach
first spacecraft enters the structure until the last spacecratach other along the direction with a relative velocity of
leaves it. 20km/s. The current sheet width ®=20km, which is
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In Fig. 3d we see that GALS identifies the structure in
the B, data and obtains the correct velocity20, O, 0) km/s
with respect to the satellites in the neighborhood of the cur-
rent sheet. Further away the magnetic gradient is weak, and
the velocity is not well defined. Figur@e shows the res-
olution A in the reconstruction oB, and how it adapts to
the data. In the region of the strong magnetic field gradi-
ent A(By)~4km, indicating that GALS resolves the struc-
ture on scale lengths much shorter tHanThe exact value
of the resolution is determined by details in the GALS algo-
Vsat:5km/S rithm. Since the results presented here are based on a pro-
’ ol totype code, the detailed behaviour of the resolution will not
be discussed further in this article.

Next we will illustrate GALS capacity to resolve struc-
tures on various scale lengths by using real magnetic field
data from the FGM instrumenBg@logh et al.1997) on board
the Cluster satellites. Figures 4 and 5 show a Cluster magne-

L=200km topause crossing with a thin current sheet on 30 March 2002.
This magnetopause crossing has already been investigated in
some detail in the literatureddg Keyser et a).2005 Panov
Fig. 2. Setup for a test run on synthetic magnetic field data. Rela-et al, 2006. In this paper we present this sample event just
tive to a fixed reference system, the spacecraft and the structure atgy show the capabilities of GALS, and not to investigate any
moving with+5 km/s and-15 km/s, respectively. specific physical details of the event.
In panels (a—c) of Figs. 4 and 5, we show they and

o . magnetic field components as observed by the four space-
small compared to the characteristic size of the satellite tetras 9 P y P

B ) craft (red, yellow, blue, green). We see that the main con-
222:;2,1;;2:08 ;(g] (-P'Q;ir:i':zinhne:;%n§;;:écérfgatlon and pla-yqy tion to this current sheet comes from tBe compo-

Panel (a) of Fig3 shows theB, component of the mag- nent. The magenta curve in the same panels correspond to
o Y ' _the GALS reconstructed magnetic field along ihe andz
netic field samplgd by. the four spacecraft. The qther f'elddirections. Panels (d—f) contain the current estimated with
components are identically ZerB’“.EBZEO' The Sql'd & ihree different methods: 1) The GALS current (magenta);
genta line and the dotted black line shovv_ the field recon'2) The curlometer current (dark green); 3) The current from
structed by GALS and the true magnetic field at the centerthe single-spacecraft method (red, yellow, blue, green). The

of mass of the satellites. It is evident that GALS reconStrUCtSsingle-spacecraft current is calculated using a current sheet

By correctly although the current sheet is narrow and COUIdveIocity of (—23, —11, —4) km/s, derived by a timing anal-

?g d”‘“‘"%“ dt_o rtestIt\)/e;[hThe.gt?]he;?r?Ci.“ﬁ.g |rs]tcgose;|n as ysis of the encounter of the gradient®. The results from
S: as Indicated by the width of the highlighted YelloW T€- o ach satellite are time-shifted to make the peaks coincide. In

gron. the last three panels of Figs. 4 and 5 we show the GALS es-

Panels (b) and (.C) shqw the two hon-zero Componentstimated velocity components,, u, andu, (red, green and
of the current density estimates, and J,, obtained from blue) for each magnetic field componers, ( B, and B.).

GALS, the curlometer and the single-spacecraft method, re; .
N . R . ' "“No pre-pr ing of th w rform h
spectively. As indicated in Fig2, the true current is along 0 pre-processing of the data was performed but the output

S = Il meth th 2 lidi i s
the z-direction. However, the curlometer (dark green line) rom all methods were smoothed by a 0.25 sliding window

d tificial.. which is bi-ool d bl In the GALS reconstruction in Fig. 4 we have used a rather
produces an arti '9' x W .'C IS bi-polar and comparable .| \ajue of the coherence timg&;=0.6 s, indicated by
to the true current in magnitude. The correspondipdgrom

) ) he highlighted yellow region. The result is that the current

GALS (magenta) is three orders of magnitude smaller an : -
A AL h I h I It.
not visible in Fig.3b. In panel (c) we see that GALS (ma- rom GALS is smooth and similar to the curlometer result

. pe ) " Choosing a small value df,., only very few observations
genta) correctly identifies the magnitude and position of the 9 c y very

h t sheet (black dotted i The sinal from a short time interval are included in the GALS least
ru?hcudrre?lls. eeth( kac 0 (Ia i me).l 'te s:cnzgoek-sp/)acelcrafgquares problem. GALS will then not be able to determine a
method, utiizing the known relative velocity 0 mis, aiso meaningful velocity, and the resulting current will be similar

clearly identifies the narrow current sheet for each satelllteto the curlometer result, which can be viewed as a snapshot

crossing. In contrast, the curlometer cannot properly resolv&-}-n time of the current along the satellites’ center of mass.
this narrow current sheet, and underestimates the peak cur- In Fig. 5, the same event is analyzed with the coherence

rent density by more than a factor of two. time T.=6 s according to our rule of thumb. The coherence
time is indicated by the highlighted region. Using a larger

\

-
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| oo True GALS Curl SCy SCa
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15:01:10 15:01:20 15:01:30 15:01:40
24-Dec-2006

1 1
15:01:00

Fig. 3. (a) Magnetic field y-component for the narrow current sheet in Zigs observed by the four satellites. The reconstructed field from
GALS (magenta) and the true field (black, dotted) are also sh@w#t) Current density/x andJ,; from GALS (magenta), the curlometer
(dark green), and the single-spacecraft method (red, yellow, blue, and green). The true current is shown with the black datf¢sAinS.
estimated structure velocity,, uy andu, (red, green and blue) for the, component(e) Resolution parametex (By) obtained by GALS

in the reconstruction oBy. The highlighted time window indicates the used coherence Iirael 2 s.

value ofT,., more space-time observation points are includedcoherence timel,=6s as in Fig. 5, we see in panel (i) that
in the GALS least squares problem. The extra informationthe velocity around the time of the current sheet crossing
from the included time domain is used to improve the spa-(about 13:11:46.50) is approximately consistent with the re-
tial resolution. Of course, this requires that the shape of thesult from the timing analysis <23, —11, —4) km/s. On the
investigated convective structure is approximately stable orother hand, using a smallé&:=0.6 s as in Fig. 4, the veloc-
these time scales. In this case, the GALS current will there-ty estimate in theB, reconstruction does not stabilize on a
fore be more similar to the result from the single-spacecraftspecific value during the magnetopause crossing. However,
method, which is highly capable to resolve small scale strucdit should be noted that the velocity estimated by GALS is not
tures. In panels (d—f) of Figh we clearly see that the GALS necessarily closely related to the velocity of a current sheet
result rather closely follows the single-spacecraft currentsor some other physical structure in the magnetic field. In
The curlometer, on the other hand, fails to resolve the smalmany cases it is completely unrelated to the velocity of large
scale variations. Notice that the estimated thickness of thescale field structures. As discussed in Sect. 2, the velocity
current sheet is about 50 km, which is of the order of theobtained by GALS describes the motion of the frame of ref-
proton gyroradius (in the magnetosheath plasma the gyroraerence where the field signal is locally stationary. In that
dius is about 50 km and in the magnetospheric plasma abowgense, the GALS velocity should rather be regarded as a lo-
25km). cal phase velocity than as the velocity of a physical structure.

Panels (i) of Figs. 4 and 5 show the structure velocity
obtained in the GALS reconstruction of tl data which
causes the dominant part of the current sheet. Using a large

www.ann-geophys.net/26/3491/2008/ Ann. Geophys., 26, 3483-2008
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13:11:45 13:11:50 13:11:45 13:11:50
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Fig. 4. Cluster crossing a thin magnetopause current sheet on 3Fig. 5. Same event and panels as in Fig. The only difference
March 2002. The colour coding is the same as in Bida—c)Mag- is that a longer coherence timE,, is used in the GALS run. The
netic field By, By, and B, components in the GSE coordinate sys- highlighted time window indicates the used coherence e s.
tem observed by the four spacecraft (red, yellow, blue, green) to-
gether with the reconstructed magnetic field from GALS (magenta).
(d—f) Current densityJy, Jy, and J; components from GALS
(magenta), the curlometer (dark green) and the single-spacecraft
method (red, yellow, blue, green). The highlighted time window in- L .
dicates the used coherence tiffie=0.6 s used in GALS(g—i) The Above we have shown tha_t it is possible to tune GALS to the
GALS velocityuy, u, andu; (red, green and blue) obtained for the Problem at hand by changing the coherence tifaeChoos-
magnetic field component,, B, andB. ing a small value off,, the current resulting from GALS

Summary and discussion

Ann. Geophys., 26, 3498499 2008 www.ann-geophys.net/26/3491/2008/
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becomes similar to that from the curlometer while a lafier  Appendix A
improves the spatial resolution and makes the current more
similar to the result from the single-spacecraft method. ThisThe GALS algorithm
demonstrates that GALS is a tool that easily can be applied
to large amounts of data and yet provides a resolution comAl Initial setup
parable to the single-spacecraft method. . )
We have applied the GALS method to synthetic magnetic-€t @=nA7, n=0,£1,..., £N, be the discrete times at

field data and data from the FGM instrument on board theWhich the satellites sample the field. At the timesatellite

0 _0 8 00
Cluster satellites. The results indicate that GALS is a ro-3 1S @tX;,=X;(z,) and observes the fielf,=F"(X;,, w).

bust method to obtain high-resolution spatial gradients from! N€ field sampled by the satellites can be expressed as a Tay-
multi-spacecraft observations. Furthermore, GALS is sim-1OF €xpansion

ple to use since the user needs to specify only a single pa;, __ .o, .0 0 )
rameter, the coherence tinig. This makes GALS comple- Fon % B 4%, - 00, + T F, (AL)

mentary tq the discontinuity ana.lyzer/5|ngle—spacecraﬁ techw here FO and its derivatives at®—0 andr—0 are five un-
nigue, which demands substantial user input. P

Comparing GALS with the curlometer and the single- known parameters. The field and its derivatives at the re-

spacecraft method, we find that GALS resolves thin curren construction point are estimated by minimizing the weighted

sheets better than the curlometer. GALS can resolve struc-e ast squares problem

tures on scales considerably smaller than the characteristic 2
size of the satellite configuration, and our tests indicate thatit » | L,F[S) + X0, 0 F) + 1,0 Fp — an] WO, ),
is less sensitive to the spacecraft configuration than the cur—~y<n<

lometer. The single-spacecraft method and GALS provide *=*=

similar resolutions, but the single-spacecraft method requires (A2)
a separate calculation of the velocity of the current sheet. - :
. where the weight function

GALS is related to the method &fe Keyser et al(2007) g
in the sense that they are both based on a weighted least o _ [_ 0 (OT T _ .2 2]
squares fit to the data. HowevBe Keyser et al(2007) does % (%, 7) = exp[ =X - &7~ (k)" - X v (A3)
not take advantage of the freedom to choose a frame of ref- ) ] ) 0
erence moving with convecting structures in the field. In the!S SPatially isotropic. The matrix™ is
absence of coherent convective structures, GALS will com- -1 0 0
pute gradients on scale lengths determined by the spacecrafy 0 -1 0 (Ad)
separation, similar to thBe Keyser et al(2007) method. - 0 o0 L-t ’

However, when a coherent structure is found, GALS will au-
tomatically determine its velocity and produce gradients with,\ hare . is the characteristic size of the spacecraft configu-

resolution similar to the single-spacecraft technique. ration (Paschmann and Dalg998 andQ=1/7,. The co-
. . . . - Cc
Current sheets are important in space physics, since theéj{grence timer.. is a user-defined parameter that designates

are ubiquitous at boundaries between plasma populationgne time scale during which the local structure of the field is
Here, we have illustrated the principles behind GALS USINg ey nected to retain its approximate shape.

current sheets, but it should be clear from the design that nei-

ther a current nor a sheet is essential. However, the methOﬁites frame of reference. The spatial coordinat%;of the
requires that the surface of constantis not t0o strongly  gateliites are essentially independentiofi.e., time), and

curved within the volume spanned by the spacecraft configyaie on only four distinct values. Although the spatial res-

uration. Without this assumption, which is implicit in the | tion will be as low as if we used only one observation per

curlometer as well as the single-spacecraft methods, it Seem&)acecraft, minimizing EqAQ) will give us a first estimate
impossible to derive meaningful information about gradients. ¢ 0 4 oF9, andd, FO. These estimates can then be im-
pr "X55 p? p’

Moret_)ver, GALS. requires that the life time of relevant struc- proved by iteration.
tures in the field is not too short.
We consider our results promising and we expect that thea2  Iterative improvements

GALS method will be useful when reliable high resolution

estimates of spatial gradients are needed. In the future, w&he initial estimates of the field and its gradients can be im-

intend to develop reliable error estimates, investigate the caproved by choosing a new frame of reference that follows the

pacity to separate spatial and temporal variations, and applfield structure rather than the satellites. As long as the gra-

the method taVv #4 spacecraft. dient does not vanish, we can always find a velocity, parallel
to the gradient, such that the field at a point moving with that
velocity has a constant value. To obtain an estimate of this

Figure la illustrates the sampling of the field in the satel-

www.ann-geophys.net/26/3491/2008/ Ann. Geophys., 26, 3483-2008
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velocity we introduce foi>1 a unit vectom’ parallel to the I. Transform to the frame of reference moving with veloc-
estimated spatial gradient, ity u’ by defining
RV X =x0—zu, F'(X, ) = FOX +7U’, 7). (A9)
it = (A5)
di-1Fp~ Il. Solve the weighted least squares problem
o . . . , _ . . 2
Assumingu =0, the velocity, relgtlve to'the.: satellites, of the Z [lez + Xl - 3 Fl + 1,0 F), — an] Wi 7,
field structure at the reconstruction point is then determined "
as (A10)
, _ _ 3, Fi—1 ) to obtain estimates df,; F}, andd, in? in this reference
u=uta - — 22— | (A6) frame.

8Xi—1F[i,71‘
[ll. Calculate a refined velocity estimate according to

The velocityu’ describes how a plane, tangent to a surface Eq. (A6).
of constant¥” at (r », 1,), moves along the gradient. In some These calculations are repeated until the velocity update falls
simple cases, such as the magnetic field generated by a cORelow a threshold. The final results are then transformed

vecting plane current sheet, will be closely related to the  pack to the initial frame of reference according to
velocity of the current sheet. However, in more complicated

situationsu’ may be completely unrelated to the motion of  F = dx F', OF =0, F —(P,+u) 0.F". (All)
large scale field structures. Notice tléshould not be inter-
preted as the velocity of a physical object, but is more similar
to a locally defined phase velocity.

To improve the resolution, an anisotropic weight function
is used in the iterations. Introduce two orthogonal unit vec-
tors?’ andw’ in the plane perpendicular #. In this plane

The GALS algorithm is applied to each timestep indepen-
dently. For the case of magnetic field observations, GALS
treats each componens,, By, andB;, and it obtains esti-
mates of the velocity and resolutiom\ along the spacecraft
orbit for structures in each field component. However, the

the field will be slowly varying, and a resolutionL is ac- three field components are coupled together with an addi-

. : tional constraint in our least squares routines by the use the
ceptable. To resolve the gradient as well as possible we focuﬁ/I .
. .~ “Maxwell equationv-B=0.
on measurements taken close to this plane through the origin

and within the coherence timérf|<T./2). Hence, we de- Acknowledgementsie acknowledge S. Buchert for help with

fine the weight functiow’ as FGM data and J. De Keyser for fruitful discussions.
Topical Editor 1. A. Daglis thanks J. De Keyser and
Wi(x ) = exp[—x b (Ki)T VA TZQZ] (A7) U. Motschmann for their help in evaluating this paper.
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