N

N

Non-radial solar wind flows induced by the motion of
interplanetary coronal mass ejections
M. Owens, P. Cargill

» To cite this version:

M. Owens, P. Cargill. Non-radial solar wind flows induced by the motion of interplanetary coronal mass
ejections. Annales Geophysicae, 2004, 22 (12), pp.4397-4406. <hal-00317799)

HAL Id: hal-00317799
https://hal.science/hal-00317799v1

Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-00317799v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Annales Geophysicae (2004) 22: 438406 — "*—
SRef-ID: 1432-0576/ag/2004-22-4397 G Annales
© European Geosciences Union 2004 Geophysmae

Non-radial solar wind flows induced by the motion of interplanetary
coronal mass ejections

M. Owens!" and P. Cargill

1space and Atmospheric Physics, The Blackett Laboratory Imperial College, London SW7 2BW, UK
“now at: Center for Space Physics Boston University, Boston MA 02215, USA

Received: 22 December 2003 — Revised: 28 August 2004 — Accepted: 3 September 2004 — Published: 22 December 2004

Abstract. A survey of the non-radial flows (NRFs) dur- ficient (e.g. Cargill et al., 1995, 1996; $tiak, 2001; Cargill,

ing nearly five years of interplanetary observations revealed004), this in fact involves a number of complex stages.

the average non-radial speed of the solar wind flows to When the ICME speed exceeds the relevant magnetohy-
be ~30km/s, with approximately one-half of the large drodynamic wave speed (usually the fast mode) a collision-
(>100 km/s) NRFs associated with ICMEs. Conversely, theless bow shock forms in front of the ICME that deceler-
average non-radial flow speed upstream of all ICMEs isates, compresses and heats the solar wind plasma. Behind
~100 km/s, with just over one-third preceded by large NRFs.this shock there is a sheath region of dense hot plasma and
These upstream flow deflections are analysed in the contexhagnetic field that may be compressed and/or draped around
of the large-scale structure of the driving ICME. We chosethe ICME. Indeed, magnetic field draping ahead of ICMEs
5 magnetic clouds with relatively uncomplicated upstreamhas been directly observed in the outer heliosphere (McCo-
flow deflections. Using variance analysis it was possible tomas et al., 1988, 1989; Jones et al., 2002). The sheath is
infer the local axis orientation, and to qualitatively estimate also where the shocked solar wind flow must be deflected
the point of interception of the spacecraft with the ICME. For around the ICME. The need for deflection arises from the
all 5 events the observed upstream flows were in agreemerfact that the solar wind plasma and field are frozen together,
with the point of interception predicted by variance analysis.and thus cannot penetrate into the ICME. This is particularly
Thus we conclude that the upstream flow deflections in theselear for the case of magnetic clouds (e.g. Burlaga, 1988),
events are in accord with the current concept of the largewhere the ICME is treated as a large flux rope. Early work by
scale structure of an ICME: a curved axial loop connected toGosling et al. (1987) detected westward flow deflections with
the Sun, bounded by a curved (though not necessarily circua typical magnitude of-25km/s and they concluded that
lar) cross section. ICMEs are systematically deflected eastward by the mag-
netic stresses of the Parker-spiral IMF acting on the west
flank of ICMEs.

The magnitude and especially the direction of flow deflec-
tions measured by a spacecraft will depend on which part
of the ICME the spacecraft encounters. This point will be
1 Introduction expanded on in Sect. 3, but can be introduced here by con-

sidering a case where the ICME is a magnetic flux rope. The
It is well known that interplanetary coronal mass ejections!eading surface of such a flux rope has two radii of curvature:
(ICMEs) undergo a significant interaction with the solar wind one due to the rooting of its footpoints at the Sun (axial cur-
during their transit from the Sun to the Earth. The most obvi- vature), and one due to its finite cross section (cross-sectional
ous manifestation of this is their tendency to be decelerategurvature). Since one would expect the deflected flows to be
or accelerated towards the speed of the ambient solar winéPcally approximately parallel to the surface, the properties
(e.g. Gopalswamy et al., 2000, 2001;¥vek and Gopal- ©f the measured flows must reflect the ICME geometry.
swamy, 2002; Owens and Cargill, 2004). While the interac- It is thus clear that the detection of these deflected flows,
tion between an ICME and the solar wind can be described irand in particular a determination of their direction relative to

terms of an aerodynamic drag force and associated drag coethe surface of the ICME, is an important diagnostic of the
interaction between ICMEs and the solar wind. This paper

Correspondence tdvl. Owens presents an investigation of such flow deflections. In Sect. 2
(mjowens@bu.edu) we present a survey of non-radial flows in the solar wind at

Key words. Interplanetary physics (flare and stream dynam-
ics; interplanetary magnetic fields; interplanetary shocks)
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Fig. 1. The non-radial flow speed for 5 years of SWEPAM data. The grey shaded areas represent regions of solar wind identified as ICMEs
by Cane and Richardson (2003).

1 AU using several years of interplanetary data, and deter- The solid black lines in Fig. 1 shows the 5-min averaged

mine what fraction can be associated with ICMEs. This pro-|V;| between 1998 and 2002. To establish the connection

vides a broad overview of the occurrence of flow deflections.of |V,| with ICMEs, we draw on the ICME survey of Cane

In Sect. 3 we discuss how the flow deflection depends orand Richardson (2003). On the basis of magnetic field and

the curvature of the leading surface of the ICME and presenplasma data, they identified 214 ICMEs at 1 AU in the pe-

an analysis technique that can determine the flow deflectiomiod 1996—2002 from which we use the subset of 180 ICMEs

in the context of the spacecraft location with respect to theobserved in 1998-2002. Periods of solar wind identified as

ICME. Section 4 presents a number of case studies of flolCMEs are shown as the grey shaded areas in Fig. 1. One can

deflections. see at a glance that there appears to be some overlap between
high non-radial velocities and the presence of ICMEs.

Noting that the average magnitude of the non-radial flow

2 Survey of non-radial solar wind flows velocity in the solar wind for the period considered was

~30km/s, we can make things more concrete and define
We first examine the existence of non-radial flows in the so-a non-radial flow (NRF) as an interval of solar wind with
lar wind at 1 AU. If the magnitude of non-radial flows asso- |V,|>50km/s. Multiple NRFs occurring within 12 h are pre-
ciated with ICMEs exceeds that in the ambient solar wind,sumed to be driven by the same disturbance, and are treated
then such flows are likely to be a signature of ICME-inducedas a single event. Figure 2a shows a histogram of the max-
flow deflections. Solar wind plasma data from the SWEPAM imum non-radial speed associated with all NRF events ob-
instrument (McComas et al., 1998) on the Advanced Com-served in the 5 years of SWEPAM data. The light shaded area
position Explorer (ACE) spacecraft between 1 January 1998ndicates NRFs that occurred within 12 h of solar wind inter-
and 31 December 2002 are used. We work in GSE coordivals identified as ICMEs by Cane and Richardson (2003),
nates, so that a radial ICME motion translates into motionwith the solid line showing the fraction (0 to 100% from
in the —xgsg direction. We then define the non-radial (or top to bottom of plot) of NRFs in each speed bin associated
transverse) flow speedM,|) as \2=V2+V2, where \f and  with ICMEs. The dark shaded area and dashed line repre-
V z are the components of the flow velocity in thegy, and  sent a subset of fast ICMEs, defined as having average ra-
Zgsk directions, respectively. We note that the survey resultsdial speeds greater than 450 km/s. Approximately half of the
are very similar if the angle between the velocity vector andlarger 100 km/s) non-radial flows are readily associated
the radial direction is used in place of the non-radial flow with ICMEs. Indeed, both of the largest NREs300 km/s)
speed. are associated with fast ICMEs and from Fig. 1 appear to
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Fig. 2. Plot(a) shows a histogram of the maximum transverse flow Fig. 3. A sketch of the geometry of an ICME. The local axis of
speed of non-radial flows (NRFs) observed by ACE. We define athe magnetic cloud is in thepk direction, and the circular cross-
NRF as a period of solar wind witV,|>50 km/s. The light (dark)  section is in the ¥sg—zgsg plane. Vectors perpendicular (par-
shaded area indicates NRFs that occurred within 12 h of solar windhllel) to y; s are shown as solid (dashed) lines. Two spacecraft
intervals identified as (fast) ICMEs. The solid (dashed) line showstrajectories through the flux-rope are shown, and sketches of the ob-
the percentage of NRFs in each speed bin associated with (fas§erved magnetic field parameters are shown on the right-hand side,
ICMEs. Plot(b) shows a histogram of the maximum transverse with trajectory 1 (2) shown as the thick (thin) line.

flows speeds upstream of ICMEs (dark regions indicate fast ICMEs,

with the dashed line showing the percentage of all ICMEs that are

fast). The upstream region is taken to be the 12-h period ahead

the ICME leading edge. % Analysis of flow deflections

The results of Sect. 2 indicate the need to develop analysis
methods to examine flow deflections at individual ICMEs.
The magnitude and direction of the deflection must depend
occur at the boundaries between multiple ICMEs. on the geometry of the leading surface of the ICME and we
adopt the scenario that an ICME is a large magnetic flux
However, it is also clear from Figs. 1 and 2a that not all "OPE€, with both feet rooted in the solar surface (i.e. a mag-
ICMEs generate significant solar wind flow deflections, andnetic cloud). Then in the absence of magnetic reconnection
conversely, not all large non-radial flows can be readily as-between the ICME and solar wind magnetic fields (for details
sociated with ICMEs. We thus took the identified ICMEs see Cargill et al., 1996), the leading surface of the ICME is
in the Cane and Richardson (2003) data set, and examined curved flux surface through which plasma does not pene-
the magnitude of the upstream flow deflections. Here thefate, implying a deflected flow parallel to this surface. The
upstream region is defined as the solar wind in the 12-h pedirection and magnitude of the deflected flow will depend on
riod preceding the ICME leading edge. For each ICME, thethe orientation of the ICME surface and its speed relative to
maximum non-radial flow speed in this upstream region wasthe solar wind.
found and the results are shown in Fig. 2b. The light and dark The shape of this surface will be determined by two types
shaded areas represent all and fast ICMEs, respectively, withf curvature: axial curvature due to the rooting of the foot-
the dashed line showing the fraction (0 to 100% from top topoints of the ICME at the Sun and cross-sectional curvature
bottom of the plot) of ICMEs in that non-radial speed bin that due to its internal magnetic field structure. While each cur-
are fast. The mean value of the maximum transverse flowature is determined by different processes, there is some ev-
speed preceding all (fast) ICMEs is 101.3 km/s (137.0 km/s)jdence that they have similar scales (Russell and Mulligan,
with 38% (65%) of all (fast) ICMEs exhibiting a maximum 2002). Animportantissue is whether the local radii of curva-
non-radial flow speed greater than 100 km/s in the upstreanture are the same at all points on the surface. Early work (e.g.
solar wind region. Burlaga, 1988) suggested that magnetic clouds had a circular
cross section, but more recent experimental and theoretical
It is well known that a non-radial component to the solar work indicates that ICMEs can be elongated considerably in
wind velocity can be generated at the interface of two inter-a direction perpendicular to their direction of motion (Russell
acting solar wind streams. However, at least during period€and Mulligan, 2002; Cargill and Schmidt, 2002). This non-
close to solar maximum, a significant fraction of the non- uniformity of curvature can have important consequences.
radial solar wind flows at 1 AU are associated with ICMEs. As an example of the type of flow deflections expected,
The deflection of the ambient solar wind by the transientconsider the schematic picture of a flux rope shown in Fig. 3.
ejecta suggests a means for estimating both part of the ICMEor simplicity we present the situation at the ICME nose
encountered by the observing spacecraft, and the shape @fhere the flux rope axis and axial radius of curvature point
the ICME leading edge. In the following section we outline in the yssr and x;sg directions, respectively. Vectors per-
a method for interpreting the upstream flow deflections inpendicular (parallel) to ¢sg are shown as solid (dashed)
terms the large-scale structure of ICMEs. lines. If the spacecraft encounters the ICME aty=0 and
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for the flux-rope shown in Fig. 3 would bee(,., €,
€nin)=(—2cse, Yose, Xgsg)- In the variance coordinate
system, the chirality of the magnetic cloud is defined by the
sense of the rotation in the maximum variance magnetic field:
the positive to negative rotation shown in the example indi-
cates a left-handed rotation.

ot For “off-axis” crossings (trajectory 2 and thin lines in
. BV Fig. 3), the variance directions are not so well defined. This
v"/ g \i/ manifests itself in lower eigenvalue ratios, coupled with less

recognisable signatures in the behaviour of the variance mag-

Fig. 4. An explanation of the axis projections in terms of the large- netic field components (the t_h'n Iln_es in _F'g' 3)'_ Thus we
scale orientation of magnetic clouds. The curved line represents £OUPI€ the results of MVA with a visual inspection of the
magnetic cloud axis, the dot represents the nose of the cloud (th1agnetic field hodograms, and some judgement is required
effect of solar rotation has been ignored). The axis intersects thd0 establish the viability of MVA. The error in the axis ori-
ecliptic plane (shown as the grey panel), where local axis orientatiorentation estimated by variance analysis increases with the in-
(a) is the thick arrow. Projections of the axis onto the ecliptic and creasing closest approach distance of the spacecraft to the
XGsE—ZGsE Planes are shown as dashed lines, and are interpretedxis (d/|), but nominally this error is within 10(e.g. Burlaga
in terms of the ICME “flanks” in the two smaller diagrams on the and Behannon, 1982).
right-hand side. By requiring thepgz component of the axis to be For crossings through the flux rope axis;(=0 here),
positive, a positive (negative)ggg indicates an intersection east the magnetic field in the minimum variance direction,(B
(west) of the nose. Similarly, a positive (negativg)sz indicates is approximately zero. However, for off-axis crossings
an intersection north (south) of the nose. . ) ' o . ’
Bnin#0. This fact can be used to qualitatively infer the
spacecraft position relative the axis (icein Fig. 3), using
the handedness of the flux-rope and the polarity of thg, B
For example, trajectory 2 in Fig. 3 sees a positive to nega-
"GSE e tive rotation in B,,, indicating a left-handed flux-rope. It
f[hen replaced by-d, the defle_ctpn In the_(ZSE dweguon also measures a negativg,B. One can then infer that the
is reversed. If the spacecraft is displaced in thgydirec-  nqjtion of the spacecratft relative to the flux-rope axis (
tion, but remains atzsg=0, the deflection then acquires a has a negative value ef,. We term this type of ICME en-
component in the s direction. Finally, a displacement .o, \nter a5 a “negative” crossing (conversely, a crossing at a

ﬁwaygrﬁm bo.tT] ys£=0 and E.SEZHO Leadsdyo a generarl]de—.f position with a positives,,,, component would be termed a
ected flow with components in all three directions. Thus, if <o oitive” crossing). Note that @, ——2z¢:sz in this par-

or;e I;]nows the (local) orlent;atlonhof the flux ropfe EX'S’ andic lar case, the “negative” crossing actually translates to a
whether one is above or below the mid-point of the ICME g0 e craft interception “above” the axis relative to thez

cross section, one can predict the direction of the non-radiagjize tion. However, it is logical to work in the variance coor-
flow. However, the magnitude and direction of the flow will 46 system when defining the spacecraft crossing relative
also depend on the shape of the leading surface. to the axis, as the axis may (in principle) have any orientation
Turning first to the orientation of the ICME axis, this can wjith respect to the GSE coordinate axes.
be estimated USing Minimum Variance AnalySiS (MVA, see Based on the above discussion, we can write down gen-
Sonnerup and Cahill, 1967, for a general discussion angra| rules for the type of crossing. Defining the handed-
Bothmer and Schwenn, 1988, for application to ICMES). Forness (H) to be +{)1 for right-(left-) handed flux ropes,
the case shown in Fig. 3, the maximue,{,), intermediate  the “crossing”, as defined above, is given by the sign of
(&ins), and minimum €,,;,,) variance directions of the mag- _Hsgn(B,;,) where sgn(x) is 1£1) for x>(<)0. The cross-
netic field will be in the Zsg, Yose and Xsg directions,  ing location relative to thezsz=0 axis is given by the sign
respectively (Bothmer and Schwenn, 1998), subject to ampg —HsgN(Byin)SUNE€nax (2)).
b|gu|t|es discussed below. Note, in particular, that the axis We proceed with the ana|ysis of the flow deflection by
orientation is determined by the intermediate variance direcdefining a local axis vectad to lie alonge;,,, but to have
tion. Sketches of the magnetic field components for this eXg positive ¥sE component (|ef1 is either para||e| or anti-
ample are shown on the right-hand side of Fig. 3 for a spaceparallel toe;,,;: see Fig. 4 for a sketch). This definago
craft passing through the centre (thick lines) and a distance point in the direction of the flow deflection (in the ICME
above the axis (the thin lines). rest frame) resulting from axial curvature. The “flank” of the
There is a 18Dambiguity in the variance directions and it ejecta encountered by the spacecraft can be inferred from the
is therefore necessary to impose additional constraints. Wexis vector if the ICME is assumed to have the form of a
requiree;,; to be parallel to the axial magnetic field (in this curved axial loop rooted at both ends to the Sun, as shown
case to point in the positiveggg direction) and the min- in Fig. 4. To enable an intercomparison of ICME encoun-
imum variance direction to have a positivgg9g compo-  ters, we classify ICMEs based upon axis projections onto the
nent. Thus, the right-handed variance coordinate systenxgseg—Yose and X sg—2Zgsg planes. A positive (negative)

a distanced above the gsg=0 axis, the flow must be de-
flected in the positive zsg and x;sg directions. Ifd is
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Ygse component indicates an intersection east (west) of the
nose. Similarly, a positive (negative} zz indicates an inter-
section north (south) of the nose.

We now assume that the leading edge of the ICME is lo-
cally planar. Thus, the normal to the local leading edge ( o)
the incoming flow velocity (directed along; sz) and the di-
rection of the deflected flow velocity/(;) all lie in the same
plane, such thatVy=Ax (Rgse xN). For axial encounters
(i.e. d=0), cross-sectional curvature can be ignored, and the
normal to the leading edge is given bfi=a x (@ xXgsE)-
Thus, for spacecraft trajectories intersecting the axis, flow
deflections should be axis-aligned, as shown by the solid ar-
rows in the right-hand side of Fig. 4. (Whéns perpendic-
ular toxgsg, the direction of the deflected flow is undefined.
This is the stagnation point at the nose of the ejecta.)

Conversely, without axial curvature (i.e. a nose encounter)
the flow will be deflected around the cross section of the
ICME, perpendicular taz. We define a unit vectot to
lie in the plane of the leading edge, orthogonahtand to

have a pOSIta/eéGﬁE compoln.ent (see Flg. 5). Furthermore, Fig. 5. The normals to the leading edge of an ICME for different
we require that has a positive (negative),.. component closest approach distances of the spacecraft to the axis: trajectory

for “positive”A(“ne_gatiye”) sz_icec!’aft crossings, as defined 1 passes close to the axis, whereas trajectory 2 clips the outer edge
above. Thus¢ points in the direction of the flow deflection of the ICME cross section. For trajectory L>@nax, resulting in

resulting from cross-sectional curvature (see also Fig. 5). FOh— —e,,;,,. For trajectory 2, €>€,,;,, resulting in A> €4 .
spacecraft crossings near the nose of ejecta (where axial cur-
vature can be ignored) the normal to the leading edge is given
by: A=Cx (ExXgse). For spacecraft trajectories just above owing to its expansion. Additionally, matters are compli-
the axis relative ta,,,, (i.e. the closest approach distance cated if the expansion of the ICME is not completely cylin-
of the spacecraft to the axis is negligiblé}>e,,.., whereas  drically symmetric, meaning identification of the character-
t— e, for trajectories clipping the outer edge (i.e. the clos- istic ICME speed, and hence performing the correct frame
est approach distance of the spacecraft to the axis is compdransformation, is non-trivial.
rable to the radius of the flux-rope), as shown in Fig. 5. In this study we limit the analysis of the flow deflection
In general, both axial and cross-sectional effects are im+to the non-radial components of the flow, avoiding the need
portant, so the normal to the leading edgeiisax¢ and  for any transformation. This restricts comparison between
the direction of the flow deflection can then be written as:the expected and observed flows to projections onto the non-
Va=(ax8) x[Xgse x (@x8)]). Thus, the deflected flow di- radial (i.e. \6sE-Zgsk) plane. In the case studies of Sect. 4,
rection always lies between the vect@sand¢. Variance we use the angle between the upstream flow direction and
analysis can completely describe the axial vedtorHow- the axis vector, defined by c6s-|V;-€,;|/|€in:||Val, where
ever, without the use of a flux-rope model (and hence asonly the y and z components of the vectors are used. How-
sumptions about the cross-sectional shape of ICMESs), wever, the effect of projection must be taken into considera-
are unable to quantitatively estimate the closest approach didion. For spacecraft encounters through the ICME axisis
tance {), and therefore are unable to completely desctibe expected to lie along the non-radial projectioripivhereas
For “positive” (“negative”) axis crossings, our knowledge of for encounters at the very top or bottom edge of the ICME,
¢ is limited to the fact that it must always lie betweep, . V4 should be aligned with the projection ef,;,,. At inter-
ande,;, (—e..x ande,;,). Hence, we know the orienta- mediate distances from the axis,; should thus lie between
tion of € only to within 9C°. For a “positive” magnetic cloud the projections of ande,;,, with a positive (negatived,, .
encounter (i.e. above the axis relativeetp,,) the upstream component for “positive” (“negative”) spacecraft crossings.
flow deflection should lie betweed ande,,;,,, and have a Thus, the position of the observed flow deflection between
positivee,,,, component, whereas for “negative” crossings, the two extremes allows for a first-order estimate of the dis-
V, is again expected to lie betweé@nande,;,, but with a  tance from the axis at which the spacecraft intercepts the
negativee,,,, component. ICME. To quantify this parameter we calculate the ratio of
Finally, in order to apply the proposed analysis technigued to the angle between the projectionsacéinde,;,,, the lat-
it is necessary to transform the measured velocities (i.e. irter angle measured so as to include a positive (negajyg)
the spacecraft rest frame) into the rest-frame of the ICME,component for “positive” (“negative”) spacecraft crossings.
so that the solar wind flows toward the leading edge of theThe angle ratio is denote¥, and is expected to have a value
ICME in the positive s direction. However, there often between 0 (for axis aligned flows) and 1 (fey;, aligned
exist large velocity gradients through a radial cut of an ICME flows).

1
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Table 1. The five magnetic clouds with ordered non-radial flows in the upstream sheath region. The ICME number indicates the event
number in the Cane and Richardson (2003) ICME catalogue.

Event ICME number Year ICME Start(DOY) ICME End (DQOY) Sheath start (DOY) Sheath end (DOY)

A 35 1998 63.62 65.08 63.45 63.6

B 57 1998 268.3 269.4 267.97 268.26
C 136 2000 277.65 279.0 277.01 277.42
D 154 2001 102.35 103.29 101.55 101.92
E 186 2001 304.87 306.34 304.54 304.82

Table 2. Details of the flux-rope orientations and upstream flow deflections for the 5 case studies considered. Orientation parameters: the
three variance directions in s, YosE, Zgsg) format, maximum to intermediate and intermediate to minimum eigenvalue ratios, the
direction of the axis vector relative &,;, magnetic field strength in the,;,, direction (<B,,;,>) and its fractional contribution to the total

field strength &|B,,,;,|1>/<|B|>). The average flow in the upstream disturban¢ki¢ listed as (\k, Vy, Vz), in GSE coordinates.

€max €int €min AmaxDint a <Bin > <|Binl>/ V (km/s)
MintMmin (nT) <|B|>
A (0.19,0.45-0.87) (-0.53,0.80,0.30) (0.83,0.40, 0.39) 11.5,5.1-¢;,;, 0.98+0.77 0.09 —(381, 41, 36)
B (0.21,0.97-0.11) (-0.59,0.22,0.78) (0.78;0.10, 0.62) 145,48 -e,; —6.6£1.2 0.46 —(806, 135-33)
C (-0.34,0.27-0.9) (0.38,0.92, 0.13) (0.86,0.29,—0.42) 156,29 g, 2.8+2.6 0.19 —(463, 12,—74)
D (0.10,0.85-0.53) (-0.32,0.53,0.79) (0.94, 0.09, 0.32) 74,53 —e,; 4.1+0.8 0.45 —(677,53,—-157)
E (0,0.03-1) (0.16, 0.99, 0.03) (0.99;0.16, 0) 6.9,7.8 04813 0.09 —(366, 80, 16)

4 Examples of ICME-related flow deflections
The first example was of a fast magnetic cloud that oc-
We now use the analysis developed in the previous section teurred on day 63, 1998. Figure 6 shows ACE magnetic field
compare the orientations of ICMEs with the associated flowand plasma observations of this event, with the magnetic field
deflections. This analysis is performed for five events, all ob-presented in the minimum, intermediate and maximum vari-
served with the ACE spacecraft, and documented in the Canance directions, which are in turn listed in Table 2, along with
and Richardson (2003) catalogue. Of the 214 ICMEs listedthe eigenvalue ratios. The disturbance onset and ICME start
in the catalogue, 54 are listed as “magnetic clouds”, how-and end times are shown by the solid vertical lines. The MVA
ever 20 of these ICMEs occurred before ACE became operanalysis gives the most significant results when the ICME
ational. For the remaining 34 magnetic clouds we performedooundaries are taken at day numbers 63.62 and 65.08.
variance analysis on ACE magnetic field data (Smith et al., Figure 7 shows the variance vectors aidn a three-
1998). The event boundaries listed in the ICME cataloguedimensional representation (upper left), and projected onto
are used as a reference point, but we vary the interval conthe three planes of the GSE coordinate system (remaining
sidered so as to obtain the required signatures in the variangeanels). The magnetic field shows the characteristic posi-
directions, and to a lesser extent, maximise the eigenvalugive to negative profile of the maximum variance magnetic
ratios. It was possible to obtain satisfactory MVA axes ori- field of a left-handed flux-rope. The average value of the
entations for 21 clouds using both a formal analysis and arminimum variance magnetic field isB,,;,>=0.98:0.77 nT
inspection of the hodograms. (Table 2). The fraction of the ICME magnetic field strength
We next examined the flow deflections in the upstreamin the minimum variance direction (i.e<|B,,;,|>/<|B|>)
solar wind for these events. For three events there wass very small (0.09), suggesting a crossing close to the axis.
no identifiable disturbance, but in general the non-radialThe positive value 0kB,,;, > for a left-handed flux-rope in-
flow velocity in the sheath region ahead of the magneticdicates the spacecraft trajectory was a “positive” crossing, in
clouds was highly structured, containing discontinuities andthat the point of closest approach of the spacecratft to the axis
gradual rotations. Thus, for the majority of the events it has a positives,,,. component, but with a crossing below
is not immediately clear how to define the deflected flow the z;5£=0 plane. The spacecraft encountered the south and
velocity. For this reason we restrict this study to events withwest flanks of the ICME, so that—e;,,;, as shown in Fig. 7.
a relatively constant non-radial flow velocity throughout the  The maximum 5-min average non-radial flow speed is
sheath. We identified 5 such events with sheath and ICME55.3 km/s and occurs approximately 75% of the way into
properties in Table 1. the sheath. We note that this maximum flow is fairly
representative of the transverse flow velocity throughout
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Fig. 7. The top left panel shows the axis orientation, variance di-
rections and flow deflections of event A. P(a) shows the projec-
tions onto the ecliptic plane, pl¢ib) shows the projections onto the
XGSE-ZGsE plane. These projections should be compared to Fig. 4.
The spacecraft encountered the south and west flanks of the ICME.
Plot (c) shows flow deflections and variance directions of event A
projected onto the non-radial (i.eg¥r—2;sg) plane. Variance di-

e rections are shown as dashed lines, the axis vector is the solid arrow.
The maximum and average transverse sheath velocity unit vectors
are shown as solid lines. The observed flow deflections are consis-
tent with the “positive” crossing inferred by variance analysis (i.e.
they both lie between the axis and minimum variance directions,
Fig. 6. Event A, day 63 1998. Magnetic field data (magnetic field rotating through positivey, ;).

in variance coordinates) is shown in the top 3 panels, ion daga (V
Vy and V;z components of the proton velocity, and proton density)
are shown in the bottom 4 panels. The disturbance, ICME start and
end times are shown by the solid vertical lines. There is a small
non-radial flow in the sheath preceding the ICME.

The details of the remaining four events are summarised
in Fig. 8 where the projection of the variance vectors ¥pd
on the y-z plane are shown, as well as in Tables 1 and 2. For

_ ) each event, we find the following:
the whole sheath region, whereirVy>=—22.3 and

<V z>=-31.4km/s. The sheath velocity vector is shown in
the final column of Table 2, and Fig. 7 shows the projections
of the variance directions and upstream flow deflection onto
the Vgse-zgse plane. Both the maximum and average ob-
served transverse velocities in the sheath region agree with

— Event B is a well-defined magnetic cloud and has a pos-
itive to negative rotation of B,,, indicative of a left-
handed rotation of the flux-rope magnetic field, and is
a “negative” traversal. The minimum variance mag-
netic field accounts for a significant fraction of the to-

the flows expected for this ICME orientation.

As noted in Sect. 3, the direction of the flow deflection is
expected to lie betweah ande,,;,,. The “positive” crossing
means tha¥/,; should also have a positi,,, component,
as is the case. The angt® petween the maximum (average)
deflected flow direction and the axis vector is 20(34.3).
Correcting for projection (i.e. dividing by 203.8the angle
betweena and e,;,, and rotating through positive,,,.)
givesd, of 0.10 and 0.17 for the maximum and average flow
vectors, respectively. Thus, the close approach to the axis
suggested by the small minimum variance magnetic field is
supported by the small angle between the flow deflection
and axis, as projected onto the non-radial plane.

tal magnetic field of the ICME, suggesting that the dis-
tance of closest approach to the axis was much larger
than for event A. The spacecraft encountered the south
and west flanks of the ICME so that—e;,,,. There

is a large non-radial flow in the sheath region with a
maximum 5-min averaged speed of 139 km/s, occurring
78% of the way through the sheath. The average non-
radial flow components over the duration of the sheath
are <Vy>=-55.6 and<Vz>=—1.3km/s. When the
velocity and variance directions are projected onto the
non-radial plane (Fig. 8, top left panel), the observed
flow deflection falls within the range predicted by the
orientation and point of interception of the magnetic
cloud. The maximum (average) upstream flow makes an
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Fig. 8. The axis orientations, variance directions and flow deflec- Fig. 9. Thed, value (i.e. the “normalised” angle between the up-

tions of events B, C, D and E, in the same format as Fig. 7c.

stream flow direction and axis vector) as a function of normalised

magnetic field strength in the minimum variance direction, for the
5 events considered. Circles (crosses) shpwalculated from the

angle of 88.1 (72.7) with the axis vector. Dividing by
106.2 (the angle betweed& ande,,;, rotating through
negativee,,,.) giveso, values of 0.83 and 0.68 using
maximum and average upstream flows, respectively. We
note the larger angle between the axis and flow vector
projections compared with event A. This is also consis-
tent with the closest approach being quite distant from
the axis.

Event C has a smaller relative speed than in the previ-
ous two examples, and as a result the upstream distur-
bance takes the form of a bow-wave that has not steep-
ened into a shock front. Nevertheless, the same deflec-
tion of flow should still occur at the leading edge. In
the maximum variance direction, the magnetic field ro-
tates smoothly from negative to positive values, indi-
cating a right-handed flux-rope. In this cagese,;,
meaning ACE encountered the north and east flanks
of the magnetic cloud. The maximum non-radial flow
speed in the sheath is 75.3 km/s, occurring 72% of the
way through the sheath. The;yg and zsg veloc-

ity components averaged over the sheath duration were
—15.4 and 34.1km/s, respectively. The orientation of
the ICME compared with the upstream flow deflection
is shown in Fig. 8 (top right panel). The observed flow
deflection projected onto the non-radial plane lies be-
tween the axis and minimum variance direction, with a
negative maximum variance component, consistent with
the orientation and point of observation estimated by
variance analysis. The value@ffor the maximum (av-
erage) upstream flow direction is 0.40 (0.47), suggest-
ing a closest approach further from the axis than event
A, but closer than event B. The fraction of the magnetic

maximum (average) upstream flow direction.

field strength in the minimum variance direction agrees
with this interpretation.

Event D is an example with a strong non-radial flow
ahead of the fast moving magnetic cloud. It is also in-
teresting to note the presence of a large amplitude but
short duration NRF at the trailing edge of the mag-
netic cloud, the result of a high speed stream behind
the ICME. The flux-rope is right-handed, with a “neg-
ative” spacecraft crossing. The axis vectos—e;,;
here, indicating a south and west flank encounter. Aver-
aging over the entire sheath give¥/y>=—49.7 km/s
and <Vz>=48.4km/s. Again, we find the upstream
flow deflections are as expected for the orientation of
the ICME and point of observation of the spacecraft.
The flow vector is closer to the minimum variance di-
rection than the axis vecto#;, for the maximum (aver-
age) upstream flow direction is 0.79 (0.62), suggesting
the closest approach of the spacecraft was a significant
distance from the magnetic cloud axis. This is in accord
with the large magnetic field strength in the minimum
variance direction.

Event E has a clear non-radial flow in the sheath region,
flowed by a strong magnetic cloud signature. There is
a SWEPAM data gap for much of the ICME body, but
this does not affect our analysis of this event. Here the
Xgse and zsg components of the intermediate vari-
ance direction are very small, resulting in undetermined
flank encounters, and hence a 1&Mbiguity in the axis
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vector. Examination of the magnetic field in the maxi- spacecraft and axis increases, the magnetic field strength in
mum variance direction reveals a left-handed flux-rope,the minimum variance direction should increase, and the de-
and the small minimum variance field suggests a pos-lected flow should rotate away from the axis toward the min-
sible “positive” spacecraft crossing, though the smallimum variance direction. The 5 events considered in this
value of <B,,;,> is somewhat inconclusive. Thus, the study were consistent with these general trends (as shown in
point of interception of the spacecraft is likely to be Fig. 9), though further observations are required to quantify
close to the nose of the ejecta in both an axial and crossthis effect. Upstream flow deflections (in conjunction with
sectional sense. In the sheath region, the maximum 5modelling of the flux-rope magnetic field) provide a possible
min averaged transverse flow speed is 81.4 km/s, ocmeans to infer the cross-sectional shape and extent of ejecta,
curring 67% of the way through the sheath, and aver-and will form the basis of a future study.

aging over the whole sheath gived/y>=—52.5km/s Finally, we note the existence of significant non-radial
and<Vz>=—24.0km/s. Figure 8 (bottom right panel) flows in the body of ejecta, though the magnitude of such
shows the variance and the upstream flow directionsflows are nominally less than the preceding sheath region.
projected onto the non-radial plane. The flow deflec- Further study of the sense of these flows coupled with the
tion is in agreement with a spacecraft crossing abovel CME flank encountered is required to ascertain whether
the axis. We do not show an axis vector due to thethe systematic eastward deflection of ICMEs reported by
ambiguity in the ICME flank encountered. However, Gosling et al. (1987) is present in the ACE data set.

the flow deflection suggests ACE intercepted the ICME o .
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