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Abstract. We present a statistical study of propagation timesnetospheric substorm$&érgeev et al.1986 Lyons 1996

of solar wind discontinuities between Advanced Compo-Lyons et al, 2003. The study of such interactions requires
sition Explorer (ACE) spacecraft orbiting the L1 libration an exact timing of the IMF change at the Earth’s dayside
point and the Cluster quartet of spacecraft near the Earth’snagnetopause.

magnetopause. The propagation times for almost 200 events A challenge in this connection is that solar wind measure-
are compared with the predicted times from four different ments are usually taken at large distances away from Earth,
models. The simplest model assumes a constant convectiier example by the Advanced Composition Explorer (ACE)
motion of solar wind disturbances along the Sun-Earth line,spacecraft, and has to be time shifted in order to be repre-
whereas more sophisticated models take the orientation ofentative for the Earth’s upstream magnetopause. For ACE,
the discontinuity as well as the real positions of the solarthe typical time shift to the Earth is of the order of one hour,
wind monitor and target into account. The results show thatdepending on the solar wind speed. Although many studies
taking orientation and real position of the solar wind moni- have used one hour as a rule of thumb, a more careful ap-
tor and target into account gives a more precise time delayroach requires observations from the solar wind, and then
estimation in most cases. In particular, we show that re-time shift the observations accordingly to be representative
cent modifications to the minimum variance technique canfor the conditions at the frontside magnetopause.

improve the estimation of propagation times of solar wind  Earlier studies, e.g.Ridley (2000; Horbury et al.
discontinuities. (2001ab); Weimer et al.(2002 2003; Weimer and King

Keywords. Interplanetary physics (Discontinuities: Inter- (2008 have emphasized that not only the solar wind speed,
planetary magnetic fields; Instruments and techniques) ?uttﬁlso the or|$nta(t:i|o;’1 of the IMF plays an important role
or the propagation delay.

Horbury et al (20013 used data from the ACE spacecraft
orbiting the L1 libration point and the Wind spacecraft closer
to the Earth to study the propagation times of IMF disconti-
Disturbances in Earth’'s magnetosphere, like e.g. auroram."ﬂes.' Although they only.considered IMF discontinuities
magnetospheric storms and substorms ére often associat\"\ﬂth distinct southward 'Furnl_ngs, they found_that t_he best_es-

N : AR . fimates of the propagation times were obtained if the orien-
with disturbances in the solar wind, in particular directional tation for each discontinuity was calculated from the cross
changes in the interplanetary magnetic field (IMF). At therproduct of the upstream and downstream magnetic field.

Earth’s dayside magnetopause, a southward directed IM ) Cn . .
can reconnect with the geomagnetic field, and allow energy, Weimer et al(2003; Weimer angl King2009 took a dif-
ferent approach. They emphasized that knowledge about

and momentum to be transferred from the solar wind into the

magnetosphere, and set up a large scale circulation of plasmtge IMF direction is important for any time intervals — not

. only during intervals with distinct discontinuities. In partic-
in the magnetospher®(ngey 1961). It has also been ar- L .
9 P Ungey ) ular, the concurrent IMF direction (and partly also the time

gued that sudden northward turnings of the IMF can alter theh. ¢ f th | ind i f the Earth’
magnetospheric equilibrium, and act as a trigger for mag- istory of the solar wind) upstream of the Earth's magne-

topause is used to parameterize magnetic field modsis (
Correspondence td3. Mailyan ganenkp2002ab) and simulation models (e.@gino et al,
(bagratmailyan@yahoo.co.uk) 1994 Gombosi et al.2000. Likewise, statistical studies

1 Introduction
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of magnetospheric convection (elapitashvili and Rich  instrument (MAG — se&mith et al, 1998, at 16-s resolu-
2002 Weimer, 2005 Ruohoniemi and Greenwgld005 and  tion and plasma data from the ACE solar wind instrument
references therein) sort the results according to concurrentSWEPAM — seeMcComas et a).1998. at 64-s resolu-
IMF direction. Weimer et al.(2003 applied a running min-  tion. These data sets were downloaded via the Coordinated
imum variance analysis technique to determine the orientaData Analysis Web (CDAWeDb) facilityhftp://cdaweb.gsfc.
tion of the IMF for each data point in a continuous time se- nasa.gov/about.html

ries of magnetic field data. The obtained normal, together To check the IMF near the Earth’s upstream magne-
with the solar wind velocity and spacecraft position is thentopause, we have utilized observations from the Cluster satel-
used to predict the time delay between a monitor and a tartites. Cluster is a European Space Agency (ESA) project
get for each data point. A large data set shifted accordingzomprising four identical satellites flying in close formation
to this procedure (although with some modifications — seearound the Earth. Cluster has a nearly @fclination el-
Sect.3.2.3below) is now available in electronic form through  liptical polar orbit, with perigee at aroundrf; and apogee
NASAs OMNIWEB system [ittp://omniweb.gsfc.nasa.gov/ around 2QRr geocentric distance, and an orbital period of
html/ow_data.htm). To our knowledge, the first large scale approximately 57 h. This orbit takes Cluster into the up-
usage of this method to time shift IMF data were the convec-stream solar wind during apogee in the months January to
tion studies byHaaland et al(2007) andForster etal(2007.  March every year. Our study is therefore focused on this sea-
More recently,Tsurutani et al(20095 used measurements son. All Cluster measurements are obtained withirYase
from ACE and Cluster to study the evolution of 7 distinct in- range between-8 to +8Rg, and Xgsg positions between
terplanetary magnetic field decreases and discontinuities preapproximately 14 and Cluster’'s apogee around Rg.
ceeded by long periods of strong afvic wave activity. 6 of Since we focus on IMF discontinuities, we have primar-
the 7 events were observed at both ACE and Cluster so thqty used measurement from the magnetic field Experiment
the propagation time could be established. Although the)’(FGM—seeBangh et al,2001), but also data from the Clus-
primarily focused on the steepening of the wave front duringier 1on Spectrometry (CIS) ExperimerR&me et al.2001)
the propagation from ACE to Cluster, they also noted thatyyere inspected to verify that Cluster was located in the solar
the structures were essentially convected with the solar windying. The Cluster data used are the official prime parame-

speed. The difference between the observed popagation timgrs with approximately 4-s time resolution, provided by the
and the time predicted from a convective motion were lessciyster Data Center System (CSDS).

than a minute for all 6 cases. . Our motivation was primarily to study the solar wind prop-
In the present work, we have used data from Cluster mis-,

. i _ agation delay, and not the evolution or properties of the solar
sion and the ACE solar wind _mom_tgr to study .the Propaga-y,ind discontinuities as such. We have therefore not utilized
tion delay of almost 200 well identified solar wind disconti-

- ) . Clusters four-spacecraft capability in this study, and most of
nuities. In particular, we test out the modelsfééimer etal.  yhe clyster measurements are taken from the C3 spacecraft.
(2003; Welmgr and ng(ZOOE) on these events. . However, some of the events included in this work has also

The paper is organized as follows; In SeZtwe give @  peen studied bynetter et al.(2004 and Knetter (2004,
brief overview of the data sources used in this study. Secyhere the nature of the discontinuity as well as a comparison
tion 3 contains an overview of the procedures for calculating single- and multi spacecraft methods are discussed in de-

the time shift, as well as a brief description of the methodsyyj| |y particular, these authors concluded that results based
used to find the boundary normals of solar wind discontinu-o four-spacecraft triangulation agreed fairly well with the
ities. In Sect4, we show a case study and present the statis¢qgg product method, which we have also used.

tical results of the study. Sectid@summarizes the paper.

2 Data sources 3 Methodology

Our primary data sources for this study have been the Ad-To calculate the exact propagation time of a plasma structure
vanced Composition Explorer (ACE) spacecraft in the solarone needs to be able to uniquely identify the same structure
wind and the Cluster spacecraft quartet near the Earth’s magat two locations in space. In practice, a reliable identification
netopause. of a structure is only possible if the obeservations exhibit a
ACE was put into an approximately 4@0 Ry Lissajous  distict signature which does not change much between the
orbit around the L1 libration point some k80P km up-  two locations. Interplanetary discontinuities, characterized
stream of the Earth in 1998, and have since been frequentlpy sharp changes in the direction or magnitude of the mag-
used as a solar wind monitor. The expected lifetime of ACEnetic field are particularly suitable for this purpose. Since
is until 2022, so ACE is going to be an important monitor the beginning of space age, discontinuities have been exten-
of the solar wind also the next decade. In this work, we sively studied both from a theoretical view (el@andau and
have used IMF data obtained from the ACE magnetic fieldLifshitz, 1960 Hudson 1970, but also experimentally (e.g.
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Colburn and Sonettl966 Siscoe et a).1968 Turner and  the solar wind monitor away from the Sun-Earth line. The

Siscoe 1971, Smith, 1973. estimated time delaygat, is then given by
The actual definition of the term discontinuity depends ~ Ax 1
both on the measurements used (plasma, magnetic field or'fat= Vi’ @)

combination of these) as well as the required change of tha\'ivhere Ax is the distance between the solar wind monitor
parameter. In the following we use the term discontinuity to 5 the target along the Sun-Earth line, andis the mea-

describe events where we observe pronounced changes in th€eq solar wind speed. As the solar wind propagation is

magnetic field direction within a time interval of less than a predominantly along th& s direction, the approximation
minute. As our intention is to study the propagation time, |Vx|~|V| is often used.

we did not specifically check whether these distinct changes gjnce the method relies on the solar wind velocity only.
matched the criteria used by, €lgurutani and Smitll979 it can in theory be applied to any time interval where the
or Lepping and Behannof1989 to identify discontinuities.  measurements of the velocity is available — not only time in-

We first identified a large number of time segments con-tervals containing distinct IMF discontinuities.
taining distinct magnetic field rotations in the Cluster mea-
surements when spacecraft quartet was located in the up3-2 Taking IMF direction into account
stream solar wind. A number of these events could also

be identified in the ACE magnetic field measurements. The/*S Pointed outin e.gWeimer et al(2002 2003, variations
events were initially selected by visually examining Clus- N the IMF are often contained in planar structures which are

ter quick look plots (available dtttp:/Aww.cluster.rl.ac.uk/ tlted at arbitrary angles with respect to the Sun-Earth line.
csdsweb-cgi/csdswetick). To avoid discontinuities asso- (Weimer et al.2003 refers to these tilted planar structures as

ciated with magnetopause crossings or bow-shock activity,lMF phase planes). As illustrated the lower panel of Hig.

we also checked the Cluster nominal position and the IS Solar wind monitor displaced from the Sun-Earth line will
ion spectrogram. Only periods with Cluster positions on theMéasure the IMF at a different time (later or earlier, depend-
dayside, outside the bow shock location which displayed ion"d ©N the tilt direction of the phase plane) than it would if it
temperatures around 1keV were considered. Cases wheféd Peen located on the Sun-Earth line.

the same discontinuity could be observed at both ACE and A more realistic calculatiqn of the propaga?ion d_elay
Cluster were recorded and examined in more detail: The ob¥Would therefore have to take into account the orientation of

dhese IMF phase planes as well as the real position of the
solar wind monitor and target. Also, since the solar wind
flow direction can have a significant Y or Z component, the
full solar wind velocity vector should be used. Noting that

During the years 2001-2007, a total of 198 events withyhe rientation of a planar structure or discontinuity can be
unambiguously matched signatures observed at both ACHjescribed by its boundary norma, the time delay can be
and Cluster could be identified from this visual inspection of expressed as:

the data. We should emphasize that these 198 events by no

means constitute the complete set of discontinuities for this,, _ (rtarget— "'monitor) - " @)
period, but is a sufficient subset for our study. At this stage, Vsw - n

we did not filter out any events, even if we suspected that oneqere, riarget IS the position of the target (typically the up-
or more of the methods would fail or give poor results. stream magnetopause position at arofigke=10—-15R ),

For time delay calculations, we tested four different meth-7monitor iS the position of the solar wind monitor, in our case
ods, hereafter referred to as flat delay, cross product, minthe ACE spacecraft orbiting the L1 libration point, awd,,

imum variance and constrained minimum variance. In theiS the measured solar wind velocity.
following, we give a brief description of each method. There are several methods to infer the boundary normal of

a plasma boundary. The typical IMF orientation is aligned
along the Parker spiral, approximately°46 the solar wind
flow direction.Horbury et al (20013 calculated propagation
times using both normals parallel and perpendicular to the
This is the simplest way to estimate the solar wind propaga-Parker spiral, but found that these assumptions often gave
tion time between a monitor and a target near the upstrearpoorer results than simply assuming a flat delay. More so-
magnetopause. It assumes that a plasma element and the ephisticated methods require in-situ measurements and then
bedded IMF is convected at a constant speed along the Surtrying to estimate the normal from multi spacecraft timing or
Earth line (i.e. antiparallel to the ggg axis) to the Earth’s  gradient methods (e.¢Horbury et al, 2001h Knetter et al,
magnetopause. This approach, illustrated in the top panel 62004, or use the local field or plasma measurements from a
Fig. 1, is purely one-dimensional, and does not take into ac-single spacecraft (see e.g. overviewSonnerup et al2006
count either orientation of the IMF nor any displacement of Volwerk, 2006).

served time shift between the ACE and Cluster observation
were noted and compared to the time shift predicted by vari
ous models.

3.1 Flatdelay

www.ann-geophys.net/26/2383/2008/ Ann. Geophys., 26, 238842008
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Fig. 1. lllustration of the two principal methods to calculate the solar wind propagation deldylat delay: A planar structure is assumed

to propagate with a constant velocity along the Sun-Earth line. Both the solar wind monitor (ACE) and the target (typically the Earth's
upstream magnetopause) are assumed to lie on the Sun-Eartfb)ifi¢ne real position of the solar wind monitor as well as the orientation

of the IMF phase front, represented by its boundary nowmmahd the actual solar wind velocity vectog,, are taken into account. is the

angle between the phase front normal and the solar wind velocity/éimer et al. 2003 the angle is measured between the normal and

the Sun-Earth line).

3.2.1 Discontinuity orientation from cross product In our study, we have calculated the downstream average
(B1) from 10 magnetic field samples ending approximately

The cross product method can be used to get the orientas.5 min before the center of the discontinuity. Likewise, the

tion of a tangential discontinuity (TD — see e@plburn and  upstream averaggB») is calculated from 10 samples start-

Sonetf 1966 Smith 1973, i.e. a discontinuity where there is  ing approximately 3.5 min after. These time intervals are in-

no net plasma flow across the discontinuity {-n=0), and  dicated in the example shown in Fi@).

where the average magnetic field is tangential to the discon-

tinuity ((B)-n=0). If these conditions are satisfied, or nearly 3.2.2  Minimum variance of the magnetic field — MVAB

satisfied, an estimate of the boundary normal is given by:

(B1) % (B2) Minimum variance of the magnetic field (MVAB — see e.g.

Mcross= (B = (B2 (3)  Sonnerup and Cahjlll967 Sonnerup and Scheibl@998

! 2 and references therein) is perhaps the most frequently used
where(B1) and(B>) are the average magnetic field upstream method to obtain the orientation of a discontinuity. MVAB is
respectively downstream of the discontinuity. based on a one-dimensional model of a current sheet. From
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the magnetic field vector measurements during the transver-, ssof
sal of a discontinuity, one tries to find the apriori unknown di- o0} E
rection in which the magnetic field has no variance. In prac-  , f— /" ~— ———— |
tice, however, this ideal case does not exist, and one seek

to find the direction with minimum variance of the magnetic

¢ . b ' \ . b) F + + + + t 4 4 H
field. Mathematically, this is achieved by first constructing a s W W
magnetic covariance matri,,, from the measurements,

Vx ACE [kms]

-500 |

B ACE [nTIl

and thereafter finding the eigenvectors and eigenvalues ol
this matrix. In the present work, we have used a covariance | 1ok
. :

matrix of the form i ' ' ' ' ' ' '
Mvp, = <B/LBV> - (Bu><Bv> (4) 0 |
5H“ | N% 5o : ]

where (...) denotes averaging over a number of measure- -k
ments. This corresponds to the standard covariance matriy

B Cluster [nT]

I 1 1 1 1 1 1 .
00:10 00:30 00:50 0110 UT
B m——A—1 B2

introduced inSonnerup and Cahil1967. Other types of o 10F . x ; . _

covariance matrices are .also.qoncelvab_le. For exa}lﬁmﬁe, st i“\\/: =
coe et al.(1968 used a simplified covariance matrix of the o - w
form sk =z
M v — (B/L Bv> (5) oE 00‘:08 00:12 00;16 OO:I20 00;24 ’ uTt

for the study of discontinuities in the IMF observed by the 1of—

Mariner 4 spacecraft. A similar approach was used by sm
Snekvik et al.(2007) to establish the orientation of the tail 0

e e W g |

B Cluster [nT1

current sheetWeimer et al.(2003 initially used a covari- 5F
ance matrix of the form T : . . , 3
00:52 00:56 01:00 01:04 01:08 01:12 UT
My, = (BuBy) — N(B,)(B) (6) Time Interval [UT] Normals
A 00:12:30-00:19:30  ncross [0.73—0.60—0.30]
where N is the number of samples used to form the aver- B; 00:09:50-00:12:30  npmvaB [0.74—-0.58—-0.33]
ages. As pointed out in a later correctioNgimer, 2004, Bz 00:19:30-00:22:10  nmyaB-o0 [0.71-0.64-0.30]

this matrix is dominated by the mean magnetic field, and re-
sults in negative elgenvalue_s. The elgenvef:tor Correspondlngig_ 2. Example of an IMF discontinuity observed by both ACE
to the smallest, non-negative eigenvalue is nearly orthogo-

i . ) and Cluster on 30 March 2003. The panels sh@ythe X compo-
nal (but not completely — see discussions3argatze et al.  hont of the solar wind speed measured by AGE magnetic field

2005 andHagIand et a).2000 to the mean magneFic field, 4t ACE, (c) magnetic field at Clustetd, €) Same as panels (b) and
and thus similar to the cross product method described abovge), but zoomed in and centered around the main magnetic field ro-

The variance matrix used I8iscoe et al(1968 andSnekvik tation. In panel (d), the marked intervalis the time segment used

et al.(2007) has a similar property. to calculate the IMF orientation as described in the S&#2and
Weimer et al(2003 provided a recipe-like procedure for 3.2.3 Similarly, By, B; are the corresponding upstream and down-

establishing the phase front orientation; first, a short time in-stream time intervals used for the cross product calculation — see

terval of approximately 8 min was used to construct a covari-S€ct-3.2.1 Black, red and green line colors indicate the X, Y, re-

ance matrix. Thereafter, an eigenanalysis was performed ofPectively Zsg components of the magnetic fields. The bottom

this matrix. If the resulting eigenvalue ratio was poor (i.e. part of thg figure Sh.ows th.e exact time intervals used and the nor-

Aint/Amin<10), the calculation was discarded and a Iongermals obtained for this particular case.

time interval of approximately 28 min was tried. For the long

time intgrva}l,Weimer et al.('2003 also reduced the eigen- ¢ 4 good compromise which ensures sufficient data points
value criteria, so that a ratibint/Amin>2 was accepted. If \yithin and on both sides of the discontinuity. With 16-s time
both time intervals failed, the previous valid normal was used,eso|ytion in the ACE magnetic field observations, this inter-

for the delay calculation. val contains 28-30 samples.
However, since we use a different covariance matrix, we
cannot directly adapt the criteria frovideimer et al(2003. 3.2.3 Constrained minimum variance — MVAB-0

In our calculations we have therefore used a fix 7-min inter-

val centered around the magnetic field rotation to establisHf one has apriori knowledge about the nature of a disconti-
the phase front normal. This time interval is marked in nuity, it may be desirable to impose constraints to the mini-
Fig. 2. The choice of 7 min seems arbitrary, but was found tomum variance analysis. For example, an ideal TD has zero

www.ann-geophys.net/26/2383/2008/ Ann. Geophys., 26, 238842008
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magnetic field along the normal. One can then constrain perror ellipses around the normal exist (elggpping and Be-
form the analysis so that the predicted normmalis guaran-  hannon 198Q Khrabrov and Sonneryd998 Sonnerup and
teed to be perpendicular to the direction of the average magScheible 1999. A similar approach can in theory also be
netic fieldb=<B>/|<B>|. Such a constraint can easily implemented for the cross product method. However, error
be imposed to the variance analysis by replacing the abovestimates of this character are purely statistical and mainly
covariance matrixM,,, by the projectiorQ'=P;x M, P,;, depends on the number of samples used to establish the nor-
where the projection matrix is given by mal. Errors due to e.g. breakdown of the underlying model
assumptions are not taken into account by such error esti-
mates. We have therefore not performed any detailed error
analysis of this sort in our study. However, we are able to
formulate a set of quality criteria which can be used to deter-
we introduce a known quantity (the vectd), the lowest mine whether a particular method makes sense for a specific
eigenvalue will be zero, whereas its eigenvecky=b. The event.
eigenvectop(Z Corresponding to the lowest, non-zero eigen- For the MVAB based I'ESU|tS, the ratio between the inter-
value will now be the normal predictor, and the third eigen- mediate and minimum eigenvalue provides a rough quality
vector completes the right handed, orthogonal system. control of the result. As a rule of thumb, an eigenvalue ratio,
An alternative procedure to obtain a discontinuity normal Aint/Amin>10 has often been used as a criteria for a valid nor-
orthogonal to the mean magnetic field is givenBargatze ~ mal determination, although this is rarely achieved without
et al.(2009. Their method uses a variance matrix based onfine tuning of the time interval used for analysis. In our data
B, (t)=B(t)—B);, whereB, is the magnetic field parallel to ~ Set, and using the variance matrix as described in Sexf,
the average magnetic field of the 8 or 28 min time interval less than 20% of of the discontinuities had an eigenvalue ra-
mentioned inNVeimer et al(2003. tio Aint/Amin>10. We have therefore required an minimum
Experience has shown that constrained variance analysigigenvalue ratio ofint/Amin>3.
often referred to as MVAB-0, provides more stable results, It should be emphasized, however, that a high eigenvalue
also for discontinuities of Alfénic nature $onnerup et al.  ratio in itself is no guarantee for a correct normal estima-
2009. tion. Normals obtained from minimum variance and normals
In a survey,Knetter et al.(2003 2004 applied multi-  obtained from multi spacecraft methods can in some cases
spacecraft timing methods to a number of discontinuitiesbe widely different, despite high eigenvalue ratigaétter
observed by Cluster in the solar wind, and concluded thakt al, 2004 Haaland et a).2004 Sonnerup et al.2008.
most of the observed discontinuities could be classified as\lso, the eigenvalue ratio only describes the statistical un-
TDs. Also, in a recent publicatioiyeimer and King2008, certainty in the eigenvector determination. As with some of
adapted the MVAB-0 method, and performed a thoroughthe error estimates, the eigenvalue ratio does not account for
check of the method, and basically confirmed its usefulnessreakdown of the model assumptions.
for propagation delay calculations. Although the abundances  ror the constrained minimum variance, the lowest eigen-
of rotational and tangential discontinuities in the so!ar wind yalye is per definition zero, and the only sensible eigenvalue
have been debatetNéugebauer et 31984 Tsurutani and  yatig is Aax/Aint. Since the maximum variance direction is
Ho, 1999 Ridley, 200Q Knetter et al. 2004 Neugebauer typically well defined for a 1-D or 2-D structure, this ratio
2009, it seems that the assumption that solar wind disconti-js ysyally much higher (typically a factor 10 or more) than
nuities are TDs is justified for this purpose. the above.int/Amin ratio. In our data set, the majority of the
events had eigenvalue ratidgax/Aint>60, so we decided to
require a minimum eigenvalue ratio of 10 for this quality pa-
rameter.

Pij = 3ij — bib; (7

whereé;; is the delta operato$(;=1 for i=j, O otherwise).
The eigenvectors d@’ now have a different meaning; since

3.3 Error sources and quality criteria

The “observed” delay in our study is established through vi-

sual inspection of the data, and trying to line up the ACE For the cross product methods, we checked the angular

and Cluster magnetic field measurements as shown irgFig. difference,¢, between the upstream and downstream mag-

Since most of our events are manifested as distinct and sharpetic field (i.e. the field rotation). Values arountdd@ 180

rotations in the magnetic field, we estimate the determinaindicate parallel or antiparallel fields, and thus a poorly deter-

tion of the observed propagation time to be accurate to withinhined cross product. In our study, we have required that the

+1 min or less. With only one solar wind monitor available, orientation of(B1) and(By) differs at least 30 This crite-

we cannot say anything about the planarity of the discon-fiais similar to the definition used lyepping and Behannon

tinuities, so in the following, we assume that the observed(1986.

discontinuities are planar. In addition to the above, we also required that the calcu-
For the model calculations, the most critical parameter islated normal should be withii=+70° of the solar wind ve-

the orientation of the discontinuity. For MVAB based meth- locity direction (see Figl). A similar criteria was used by

ods, analytical expressions for the errors in the form of er-Weimer et al(2003.

Ann. Geophys., 26, 2382394 2008 www.ann-geophys.net/26/2383/2008/
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4 Results We did not apply any filters to the flat delay, so this is equal
in the top and bottom panels. As seen from the distribution,
During the period February 2001 to April 2007, we found the predicted arrival time of the the discontinuities at Cluster
a total of 198 clear discontinuities that could be unambigu-are within 10 min in most cases, and a substantial number
ously identified at both ACE and Cluster. For each event, weof events even arrive at Cluster withih5 min of the time
first plotted the ACE magnetic field, solar wind velocity, the predicted by the flat delay method.
corresponding Cluster magnetic field, and recorded the po- For the cross product method, the majority of discontinu-
sition of ACE relative to Cluster. Thereafter, we calculated ities arrive at Cluster withint5 min of the predicted time,
the time delays as well as the quality parameters for the fouregardless of whether we consider the filtered or unfiltered

methods. set. For the filtered data set, an arrival accuracy®»min is
obtained for almost 30% of the cases.
4.1 Example In our data set, the MVAB method perform worse than

the simple delay of cross product method. Still, most of the

Figure2 shows an example of a single event. On 30 Marchdiscontinuities arrive withint:10 min of the predicted time.
2003, the ACE spacecraft observed a series of distinct magReémoving events which do not satisfy the quality criteria,
netic field rotations. At about 00:16 UT the IMF direc- resultsimproves the relative accuracy, and more than 50% of

tion turns from a predominantly southward direction to a the cases arrives withi5 min.

more Parker spiral like orientation. Prior to the rotation, ~Forthe constrained minimum variance method, 65% of the

the IMF is fairly stable with a solar wind velocity of about Cases have a timing accuracy-% min or better, and more

435 kms1. The same magnetic field rotation is seen at Clus-than 30% have an arrival accuracy-62 min or less. For the

ter about 01:02 UT, i.e. around 46 min later. Cluster was lo-filtered dataset, the results are even better — more than 35%

cated around 1&; upstream, and the average separation inOf the events arrive within theé:2 min of the predicted time,

Y-direction between Cluster and ACE was only aboug3 ~ and 82% arrive withint5 min of the predicted time.

in this case. In summary, the constrained minimum variance analysis
The calculated normals from the three methods MVAB, gives the best performance, but the cross product also pro-

MVAB-0 and cross product are very similar, and have a Sig_vides a fairly accurate estimate of the arrival time in most
nificant Xgse component. All methods, including the flat de- ©2S€S-

lay method, were able to predict the propagation time from
ACE to Cluster to within 4 min for this event. The poorest
perfo'rmance was the ﬂ‘f"t delay, which predicted a Propagag o of the motivations foweimer et al.(2003 was to de-
tion time of 51 min in this case, whereas the best prediction

: . . X vise a method that takes into account the lateral displace-
was obt_amed W'.th _the MVA_B'O method, which predicted the ment, i.e. primarily sg separation between the monitor
arrival time to within one minute.

, , , and the target. In Figd we have plotted the timing errors
Although our selection of events may be biased, this ex-ot gach method as function of the spacecraft separation dis-
ample is by no means atypical; due to the high velocity ofi5ce in y-direction:AY=ACE Ygse — Cluster Ysse. The
the solar wind compared to the available time resolution of \cE orpit alone takes the spacecraft out to approximately
the data, most events are manifested as sharp transitions HDRE away from the Sun-Earth line, whereas for the seasons
the IMF yvhich allows for a fairly precise determination of we have studied, Cluster is maximunRg away from the
the real time delay. Sun-Earth line. BothWeimer et al(2003 andHorbury et al.
(20013 additionally used the Wind spacecraft, and partly the
4.2 Stz_itistk_:al deviations between observed and predicteghterplanetary Monitoring Platform (IMP-8) and the Geotail
arrival times spacecraft, so their data set and discussion had significantly
larger lateral separations.
In the following, we discuss the deviations between predicted As shown in Fig4, the best prediction of the arrival time,
and observed arrival times of the discontinuities in a statis-.e. aAr~0 is typically obtained when both ACE and Cluster
tical sense. For all 198 events, we calculate a timing errorare located roughly on the samedg position. In particular,
for each method, defined as/=fmoder—Zobservea and try to  the flat delay method shows large spreads in the results when
find correlations with quality parameters, IMF orientation the lateral separation is more thanRp. For large positive
and spacecraft separation distances. separationg\s tends to be negative, (i.e. the calculated time
Figure3 shows the relative distribution of the timing errors delay is smaller than the observed), whereas the opposite is
for the four models. To show the effect of the quality param- the case for large negative distances. This is as expected for
eters discussed above, we also show the distributions frona typical Parker spiral like orientation of the IMF.
a filtered data set (lower panels). Depending on method, a From Fig.4, it also appears that some of the events with
number of events fall below our quality criteria. large timing errors are common to several methods (e.g. the

4.2.1 Spacecraft separation effect
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Fig. 3. Distributions of timing errors for each of the four tested methods. Top panels: results from the full data set, containing 198 events.
Bottom panels: results from the filtered data set, i.e. events not satisfying the quality criteria described3r88ace been removed. The
horizontal axes indicate the time differena®s=rmodertobservedOr €ach method, and the vertical axes, common to all panels in that row,
show the relative distribution within thats range. Note that the horizontal axes are non-linear; the center bin (marked 0) fr@ahsnin,

the next bind-2—-5 min, thereaftet-5-10 min etc. Also, the horizontal scale is limited#@5 min, but a few events from each method had
larger discrepancies. These are indicated in each panel as (% outside scale).

two data points witlh¢~22 min seen in the panels for cross  To check the reliability of our normal estimations, we
product and MVAB-O0 results). This could either mean that checked the correlation between the quality criteria described
both methods fail to give correct orientations, or that otherin Sect.3.3and the timing errors:
effects such as non-planarity or scale sizes of the discontinu- For the minimum variance methods, we checked the de-
ity also affect the results. pendence on the eigenvalue ratigg/Amin for MVAB and

In this sense, the results dfsurutani et al.(2005 are Amax/Aint for MVAB-0. The bottom panel of Fig5 shows
somewhat exceptional. Although theiry’ were in the range  the timing errors as function of these two ratios. As ex-
28-39R, the observed arrival times were less than a minuteplained in Sect3.3, the eigenvalue ratios for MVAB and
from the flat delay predictions. MVAB-0 are not directly comparable; the MVAB-0 eigen-
value ratioAmayx/Aint IS typically a factor 10 higher than the
ratio Aint/ Amin from MVAB. We have therefore used two hor-
izontal axes and color coded the results in the lower panel of
Fig. 5. The plot shows a clear dependence; low eigenvalue
ratios, which typically indicate poorly determined normals,
gives a larger difference between the predicted and observed
time delays. From the plot, one would conclude that an
eigenvalue rati@int/Amin>10 for MVAB andAmax/Aint=>100

4.2.2 Influence of IMF orientation

A critical factor for time shift estimations relying on the
MVAB, MVAB-0 and cross product method is the discon-
tinuity orientation. The top panel of Fi§.shows the timing
error as function of thé angle, which is the angle between
the discontinuity normal and the solar wind velocity (also il-
lustrated in the lower panel of Fig). A large angle indicate would be desireable for optimal results. Unfortunately, very
a slant discontinuity orientation, whereas the typical Parker,

'few of our events have such large eigenvalue ratios.

spiral like orientation would give & angle around 45 For For th q hod | hecked th

all three methods, a deterioration is seen for large angles. or the cross product method, we also checked the cor-
relation between the timing error and theangle (i.e. the

field rotation between the upstream and downstream B-field).
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Fig. 4. Arrival time errors as function of the separation between ACE and Cluster indhg ¥irection. The vertical axis, common to all
panels, shows the time differencAs=rmoder‘observed @nd the horizontal axes show the;¥g separation between the ACE and Cluster
spacecraft AY=Yace—YcLusTER for each method. Since the Cluster orbit in our data set has only has a maxirggmp¥sition of
+8 R, this plot can roughly be interpreted as the dependence of the A§dg [Wosition. The blue line in the panel for flat delay indicates
the linear trend calculated from the data points.

However, we could not find any correlation here, and only a This is also exactly what happens to our data set. Our qual-

few events had field rotations of less thert 30 ity criteria for the cross producpE30° — see Sect3.3) fails
for more than half of the events, and a reliable cross product
4.3 Cases with no discontinuities normal can only be obtained for 63 of our 198 events. Of

these, arrival times withig=5 min are obtained for 41 events,

So far, we have focused on time intervals which contain acompared to 84 events for a simple flat delay. The MVAB
distinct discontinuity, observed as a clear rotation in the magased propagation times also performs worse for this data
netic field. Despite the frequent occurrence of discontinuitiesSet- The eigenvalue ratios are often very low which indicate
in the solar wind, a more typical situation is a fairly stable PoOrly determined normals.
IMF, often aligned along the Parker spiral. As pointed out The performance of the MVAB-0 method is also reduced,
above, the knowledge of the IMF conditions at the Earth'sbut this methods still gives the the overall best estimate of
magnetopause is also important for such cases, and is one #1e propagation delay. Approximately 71% of the calculated
the key aspects addressed by the methodSVefrer et al, ~ Propagation times are within 10 min of the observed time, but
2003 Weimer and King2008. a few of the predicted times are very much longer than the
To test the ability of the various methods to predict propa-Observed- However, the flat delay method, not relying on the

gation times under such conditions, we repeated the calculdMF orientation performs equally well as for the data set with

tions from Sect3, but now using a time interval 7 min later. dlscqntlnwtles. With almqst 70% of the cases arriving W|th|n

This interval typically does not contain any distinct discon- 10 min of the observed times, it performs only marginally

tinuity (although it may). In most of our cases, the changeWorse than the MVAB-0 results.

in the solar wind velocity between the upstream and down-

stream of the discontinuity was small, and the changes in

separation between ACE and Cluster within 7 min are also® Summary and conclusions

negligible. The flat delay results are therefore similar, and the

true propagationsps from the data set with distinct discon- We have done a statistical study of the propagation times of

tinuities can therefore still be used as a reference for benchMF discontinuities between the ACE solar wind monitor or-

marking. An alternative method would have been to pick outbiting the L1 libration point and the Cluster quartet of space-

random time intervals for this test, and tried to establish thecraft close to the Earth's bow shock. The two spacecraft are

true time delay from e.g. cross correlation, but we did not try separated between 0 agd8 R in the Ygse direction.

this out. For 198 distinct discontinuities, we calculated the time
In this displaced time interval, one would expect that the shift as predicted by four different models, and compared this

methods relying on the orientation would fail or deteriorate to the observed time delay.

since there is no clear rotation of the field any more, and the The results can be summarized as follows:

assumptions implied by both minimum variance (a quasi 1-

D current sheet) and the cross product method (a tangential — The most precise determination of the arrival of a dis-

discontinuity) would fail. continuity at a target near the Earth’'s magnetopause is

www.ann-geophys.net/26/2383/2008/ Ann. Geophys., 26, 238842008
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30 — The arrival predictions using flat delay deteriorates, but
not significantly, if the solar wind monitor is far away
from the Sun-Earth line. This argument may not be
very important in cases where the ACE spacecraft with
its maximum=+40 R g displacement from the Sun-Earth
line, but should be kept in mind if the IMF observations
are taken other solar wind monitors with larger lateral
displacements are used.
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