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Abstract. In this study we analyze 53 magnetic clouds lower (0.76) forVg s vs. Vg v, as expected. The individ-
(MCs) of standard profiles observed in WIND magnetic field ual values ofVg from all three means are usually well be-
and plasma data, in order to estimate the speed of MC exlow the local Alfven velocities, which are on average (for the
pansion {g) at 1 AU, where the expansion is investigated cases considered here) equal to 116 km/s around the inbound
only for the component perpendicular to the MCs’ axes. Aboundary, 137 km/s at closest approach, and 94 km/s around
high percentage, 83%, of the good and acceptable qualitghe outbound boundary. Hence, a shock upstream of a MC
cases of MCs (N(good)=64) were actually expanding, wheres not expected to be due to MC expansion. Estimates re-
“good quality” as used here refers to those MCs that had relveal that the errors on the “vector” method of estimatifig
atively well determined axial attitudes. Two different esti- (typically about+-7 km/s, but can get as large &25km/s)
mation methods are employed. The “scalar” method (whereare expected to be markedly smaller than those for the scalar
the estimation is denotéd: ) depends on the average speed method (which is usually in the range(15<20) km/s, de-

of the MC from Sun-to-Earth<€Vs_i,_g>), the local MC’s  pending on MC speed). This is true, despite the fact that
radius Ro), the duration of spacecraft passage through thegCA| (on which the vector method depends) is not always
MC (at average local speedV>), and the assumption that well determined by our MC parameter fitting model (Lepping
<Vs_to—e>=<Vc>. The second method, the “vector deter- et al., 1990), but the vector method only weakly depends on
mination” (denotedVg v), depends on the decreasing value knowledge of CA|.

of the absolute value of the Z-component (in MC coordi- : .
Keywords. Interplanetary physics (Interplanetary magnetic

nates) of pliasma velocny‘(ZD_ across t_he MC, the closest fields; Solar wind plasma) — Solar physics, astrophysics, and
approach distance’(), and estimate® ; the Z-component L
. astronomy (Flares and mass ejections)

is related to spacecraft motion through the MC. Another esti-
mate considered here’,,{:yv, is similar toVg vy in its formu-
lation but depends on the decreasjig| across part of the
MC, that part between the maximum and minimum points{ |ntroduction
of |Vz| which are usually close to (but not the same as)

the boundaries points. The scalar means of estimating  |n the past, observations of the speed profile of the solar wind
is almost independent of any MC parameter fitting modelyithin an interplanetary magnetic cloud (MC) at 1 AU were
results, but the vector means slightly depends on quantitiegsed in determining whether the cloud was expanding or not
that are model dependent (e|§.A|=|Yo|/Ro). The most |gcally (e.g. Burlaga, 1990; Farrugia et al., 1992a, b, 1993).
probable values o¥g from all three means, based on the gor MC expansion the speed must show a marked, and ap-
full set of N=53 cases, are shown to be around 30 km/s,proximately linear, decrease across the cloud or across most
but Vp has larger average values efVp g>=49km/s,  of it; see Fig. 1. Earlier studies have, in fact, shown that it
<Vg,y>=36km/s, andVy ,, >=44 km/s, with standard de- \yas not uncommon for MCs at 1 AU to be expanding (e.g.
V|a.t|0ns of 27 km/S 38 km/S and 38 km/S I’eSpeCtlve|y TheBur|aga 1995 H|da|go 2003 2005) and |t was determ|ned
linear correlation coefficient fovg s vs. V, £y 150.85butis  from WIND data that a large percentage of MCs seen at
1 AU are expanding (Lepping et al., 2002). Briefly, a MC
Correspondence tdR. P. Lepping was defined empirically by L. Burlaga and coworkers as a
(ronald.p.lepping@nasa.gov) (usually large) interplanetary structure having enhanced field
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800 Shoek [ — ~MC Was the MC actually expanding or not?). For the MC fitting
\Y | e itself (Lepping et al., 1990) only an average MC speed was
200 ‘ T T required, in order to transform from the time domain to the
30 ! % | space domain. Then the resulting estimated radius, called
B | Ro, from the static flux rope modeling is assumed useful
‘ ‘ p g
9% ‘ ‘ for carrying over to the actually expanding cases by view-
ing Rp as a weighted average of a continuum of radii during
60 ‘ ‘ cloud passage. The view was (and is) that at first encounter
_920 ‘ the flux rope’s radius was at a minimum and expanding to a
B | maximum upon departure. It is also assumed that any non-
0 ‘ - circular cross-section effects are less important, even though
TIME it is very likely that cases of perfectly circular cross-sections
at 1 AU are probably rare; see, e.g. Riley and Crooker (2004).
Fig. 1. A cartoon stressing the profile of the observidg,|  1here have been many hypotheses concerning the true nature

(=IVz.cL) gradient of velocity as the spacecraft passes through &0f this radial expansion of MCs and how it is detected (e.g.
MC that is expanding; the subscript CL refers to the MC coordinateMarubashi, 1986, 1997; Farrugia et al., 1992a, b; Burlaga,
system (see Sect. 2), where tkg -axis is aligned with the esti- 1995; Osherovich et al., 1993, 1995; Mulligan and Russell,
mated local axis of the MC. Also shown (in green) are the magnetic2001; Berdichevsky et al., 2003). In such studies usually
field magnitude, field latitude angle, and proton plasma beta. Theonly one or two examples of MCs are examined in deter-
duration of the MC passageTsand the interval from the MAX o mining the nature of the velocity profile, but the results may
MIN of [Vz cL|is Ar". A upstream shock ramp is indicated for this ot pe characteristic of interplanetary MCs in general. Mod-
MC, even though not all MCs possess upstream shocks. The red ) 65 of MC parameter fitting usually take into consid-
dashed curve fofVz,cL | holds for a case where the MAX and/or eration MC expansion, as well as other important features

MIN points for this quantity are markedly different from its values h h d babili fa MC havi ircul
at the boundaries, and the black curve|éy ¢ | holds for the case such as the good probability of a aving a non-circular

when its MAX and MIN values are at or very near to the boundaries. Cr0SS-Section; see, for example, Hidalgo et al. (2002), Riley
et al. (2004), and Nieves-Chinchilla et al. (2005).

In this study we aim: (1) to estimate quantitatively the rate

. . L . . of expansion of a large number of MCs at 1 AU using two
magnltude1 a relatively smooth change in field direction aSyifferent methods and compare the results of the two meth-
the observing spacecraft passes through the MC, and lowegg anq (2) to ascertain the importance of expansion in MC
proton temperature (and proton beta) than the surrounding, .o meter fitting models, for the practical purpose of modi-
solar wind. MC prope_rtles were first discussed by Burlagafying such a model, which assumes a MC is a simple static
et al. (1981), Goldstein (1983), and Burlaga (1988, 1995).tyce free structure with a circular cross-section. And we ex-

Many believe that eruptive prominences are the mai_n SOUrC& mine a large number of cases. We deal here only with MC
of MCs (e.g. Bothmer and Schwenn, 1994). Also it is be- o nangion that is perpendicular to the MC axis. It has been

lieved that MCs are essentially the “core” of Interplanetary yetarmined that MC expansion in actuality is also along the
Coronal Mass Ejections (ICMEs); e.g. see Gopalswamy ey, ayis as well, as it must be for full 3-D expansion, but

al. (1998), and also see early reviews by Gosling (19904 is much more difficult to determine empirically and ac-

1997) that compare CMEs to large magnetic flux ropes ing,aiely- see Berdichevsky et al. (2003), who describe such
the solar wind which are usually the essence of MCs. expansion and give examples of it. We argue that if the ex-
The main purpose of this study is to analyze quantitativelypansion is approximately isotropic in 3-D at 1 AU, then by
MC expansion using WIND magnetic field and solar wind determining the 2-D expansion, i.e. the expansion perpendic-
velocity data. The ultimate goal of the study is to use ourular to the MC axis, we are obtaining important information

resulting understanding of MC expansion to modify, as ac-on the axial expansion as well.

curately as possible, a static MC parameter fitting program

(Lepping et al., 1990) to accommodate 3-D expanding MCs,

as well as to accommodate other features (e.g. non-circula2 Coordinate system utilized

cross-section), in a systematic production mode; the original

fitting program (using only a static model) was also capablelt is necessary to carry out this analysis in what we refer to
of working in a production mode. For this study 100 WIND as Cloud (CL) coordinates, where thec -axis is aligned
MCs, covering the 11-year period from early 1995 to aboutwith the estimated local axis of the MC and positive in the
August 2006 have been identified and parameter-modeledjirection of the magnetic field along that axi&g is the
and after “editing” in two stages was reduced\is53 cases.  positive projection of the trajectory of the passing spacecraft
The two stages consist of, first, quality editing, described inon the cross-section of the MC, aN&| =Z¢| xXcL. [Note
detail below, and then a test for appropriateness (i.e. we askhat since the MC moves directly outward from the Sun, the
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relative path of the spacecraft through the MC is positive in-we think of Rp, as estimated by the model of Lepping et
ward toward the Sun, and therefore, is parallel toXkge al. (1990) as being the average of these two axes lengths, i.e.
axis. For example, for the special case of a MC whose axis

is parallel to either (+Ygsg or (—)Ygsg We see that the Ro =< (RmiN + Rmax)/2 >, @)
+ZcL axis is exactly parallel to theXgsg axis, i.e. posi-  where the brackets > further represent a time average over
tive toward to the Sun. Then within the MC the plasma ve- A¢ which is the time delay from the first sightingz{;, the
locity exactly along the-Xgsg axis, for this case, is along  time of the front boundary crossing) to the rear boundary (at
—ZcL and should be expressed a¥zc..] The follow- ;.. the exit crossing), i.eAr=tzx—tgy, where the clock
ing Website shows how to develop the specific orthonormalstarts when the MC lifts off the Sun. (Notice then thay is
matrix needed to transform any data from geocentric solafyst the Sun-to-Earth travel time for the MC.) g in this
ecliptic (GSE) coordinates to CL coordinates for any partic- case is identified a®, the duration of the spacecraft passage
ular MC: http://lepmfi.gsfc.nasa.gov/mfi/ecliptic.htrbuch through the MC, and sometimes simply called “duration”.
a matrix, as expected, depends on knowledge of the latitudgye acknowledge that the approximation in Eq. (1) is usually
(f4) and longitude ¢4) of that MC's axis and on the po- 3 source of error in our estimates Bf, but not usually a
larity of the +ZcL axis with respect to the GSE system, as gjgnificant one in the vector method.

described above.

3.1 The scalar derivation ofg

. We start with the formulation of thestalar derivation” of
3 The formulation V. Farrugia et al. (1992a, b) show that

. L . -1
We will develop two means of estimating a MC’s expansion VE,s = ro(ten + At)™ 7, 2)
velacity, one (called thecalar means) which depends on the where all quantities are measured in a frame of reference

size (i.e. radiusRy, in this case), the duratiorf'j of the ‘where the MC's average velocity is zero, and wheseis
MC passage, aqd the average local MC speed, we call thI'lsne radius of the MC as initially observed at the MC's front
expansion velocity,Vg 5. The other technique (called the boundary at timezy (at 1AU in our case). Simply put,

vector means) depends on the gradient of the speed aCTO%¥is formula is derived from the fact that a relatively small

the MC (strictly on the gradient dfz ci across most of the structure, the MC at the Sun, must expand when going from
MC (more on that below) and on the relative closest approacqhe Sun to Earth, since its cross-section is observed to be

distancelYo|/Ro (=|CAl); we denote this expansion veloc- a large fraction of an AU at 1 AU, and it was further as-

ity as Ve.v. Finally, we compare t/he values 8fz.s and o e that it does so uniformly at constant speed over 1 AU.

Ve,v (and a modified form, called; ,,, explained below, = o 4 \ve assume that the average speed from the Sun to Earth

will b_e_ considered) for our S(_et of 53 MCs. Below we give the (<Vs_to_e>) is almost the same as the average spetd=

specifics of these two techniques. of the plasma within the MC, as observed at 1 AU. Hence,
Some of our results will obviously depend on the tech-

nique employed (vector or scalar) and on the MC parameter< Vs—to—g >~< V¢ > . ()

fitting model, because that is how we obtain needed quanti-, .
ties: MC axis direction (especially for the coordinate trans- (We assume that Eq. (3) holds, even though it has been es

. S . ) tablished that there is some acceleration or deceleration of
formation), Z¢ -direction, Yo, andRp; these are especially . . )
. ! ejecta generally (see, e.g. Gopalswamy, 2000), since this ap-
needed for the vector technique. For the scalar technique .
. o L parently occurs mainly near the Sun, and therefore does not
only Ro is need from the MC fitting model, which is usu- negate the good approximation of Eq. (3).) Then
ally well determined (if there is not a gross deviation from a g g P q-(9)-
circular cross-section), so this technique is only weakly de-<Vg_q_g>tpy &< Ve > gy ~ 1 AU,
pendent on the model.
Since modern techniques of estimating MC fitting param—Or
eters and global models of MC tend to agree that most MCs,y ~ 1 AU/ < V¢ > . (4)
do not have circular cross-sections, we do not demand that
such be the case either; see e.g. Lepping et al. (1998), Varl3ence, from Egs. (2) and (4), we see that
das et al. (2002, 2006), Vandas and Romashets (2003), Ri‘—, ~ (R % 1AUYA LT <V, 1AL (5
ley et al. (2004), and Nieves-Chinchilla (2005). However, es™ (Ro <Ve >/ A+T < Ve >/ )0
we assume that the semi-minor axi®n) and semi-major  where we identifyrp as approximatel\Rp. As mentioned
axis (Rmax) of the MC’s cross-section are not vastly dif- above and confirmed her&; s depends on MC duration,
ferent from each other. (We will think of the cross-section speed, and size, all scalars. We now chégks for rea-
as oval, but not necessarily an ellipse, centered at the MC'sonableness by using typical values, for a low speed MC
axis.) That is, we assume thBjyax/Rvin <2, or so. Then case, on the right side of Eq. (5), i.e. by using values such
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as Rp=0.125 AU, <V¢>=450km/s, T=20 h; see e.g. Lep- this average is the same, or almost the same, regardless of
ping et al. (2006) which provides these average values. Thisvhether the average was taken over the full MC or over only
gives Vg s=46 km/s, which is within a typical range of val- Af’ (giving <V’> ; only case (f) shows any noticeable dif-
ues for the MC expansion speed at 1 AU for the slower MCsference. However, thA Vs (and theA|Vz|s, discussed later)
(see, e.g. Lepping et al., 2002). For MCs moving at, say,can differ significantly between the black and red (taken over
650 km/s and keeping all other values in Eq. (5) the sameAt’) type of averages; note especially case (f) wheke is

we obtain aVg s of 62km/s. Both of these are markedly 149 km/s (black) and the other (red) is 229 km/s. In almost
lower (by a factor of about two) than the value of 114 km/s all cases the red cases af are larger than the black, and
derived by Burlaga (1995, p. 100) for the expansion speedor the one exception (case e) the two quantities are close
of a particular case (14/15 January 1988) under somewhah value. Notice also that these six examples cover almost

similar circumstances. all major “types” of MCs as described by Lepping and Wu
(2007), where two (cases b and d) have nearly a full interval
3.2 The vector derivation of i/ of southward field, two other cases (c and f) are nearly all

northward, and remaining two (cases a and e) are about half

We now provide theVector derivation” of the expansion ve- northward and half southward. Most important is the fact that
locity, calledVg v, which will depend on the gradient of the - the velocity gradients usually come close to covering the full
speed across the MC (i.e. strictly on the comporiéat.  MCs. In fact, in case (e) all three types of gradient end-points
across the part of the MC where the gradient is smoothesére in very close agreement. Only in case (f) is there dramatic
and steepest), so it depends strictly on local and relevandisagreement in the position of the vertical lines, in the front
measured plasma velocities after coordinate transformatiomegion; even for this case the end of the gradient shows re-
and to some extent on MC modeling results, but to a lessemarkable agreement for the three estimates. Front vs. rear
degree. disagreement is evenly divided among these six examples.

Figure 1 shows the portions of th€z c| | profile (in black  In three cases we see that the speed reaches a minimum sev-
and red dashed lines) that may be used for finding the “gradieral hours before the estimated rear boundary of the MCs;
ent” of |Vz.cL| across the MC; actually only a vector differ- these are cases (b), (c), and (d). This is apparently due to
ence will be used, not the gradient itself. The MC expansionthe increased speed of the external plasma ramming into the
is assumed to be perpendicular to the MC axis, i.e. 2-D, andCs. This phenomena was first pointed out by Lepping et
further it is assumed to be isotropic. The three panels belowal. (2003b) where the superposition of many MCs were used
|Vz cL| (in which green curves are shown) in Fig. 1 give pro- to find this peculiar feature that occurs for many, but not all,
files of the magnetic field (magnitude and latitude angle, inMCs.
a GSE system, for example) and proton plasma beta that are As the cases in Fig. 2 exemplify, the V-profile within a
commonly seen in interplanetary MCs at 1 AU, in order to MC is not always simple or well behaved, and sin¥g|
put the associated change|#y ci | in context. As Fig. 1is  (now understood to be in CL coordinates) is directly related
meant to indicate, and we stress here, there are two distinab v (as discussed in Sect. 2), we will translate this assess-
types of|Vz cL|-profiles, where the maximum (MAX) and ment directly to the componehvz|. For example]Vz| is
minimum (MIN) values occur at the boundaries (the black not always smoothly decreasing from spacecraft entrance to
curve) or somewhere within those boundaries (the red dasheexit and, even whenz| does smoothly change in time, the
curve). We will treat each type separately below, but first weMAX and MIN of |Vz| are not always at the entrance and
give a few examples of expanding MCs. exit points, respectively, as was briefly discussed for Fig. 1.

Figure 2 shows six examples of speéd=(V|) profiles, Hence, we found it necessary to filter th&;| values by use
emphasizing the gradient of plasma velocity, as the WINDof a running average of 2-h length, slipped every minute, to
spacecraft passes through a MC that is expanding. Alsdind the maximum value ofVz| (|Vz max|) and the mini-
shown are the magnetic field magnitud®)(and field lati-  mum value of|Vz| (]Vz.min|), On the basis of initially one
tude angled, in GSE coordinates). Black solid vertical lines minute “sample rate” data. This was done in order to obtain
indicate the identified start and end times of the MC, as giverthe low frequency variation diVz| for analysis. From these
by Lepping et al. (2006) and depend only on magnetic fieldfiltered{V;| values, we find the MAX and MIN values, and
quantities; dotted vertical (blue) lines indicate identifications, from 15-min averages (from the smoothed 1-min averages)
made through visual inspection, of the positions of MAX and centered on the MAX and MIN positions. This approach
MIN in the speed profile; and dashed (red) vertical lines arewill be utilized below in one way of findind’g,y. In an-
points of MAX and MIN chosen automatically, as described other approach, we use the closest 15-min averageg,of
in Fig. 2's caption. (a) is the MC with start day of 4 Febru- to the boundaries. In both approaches we decrease any pos-
ary 1998, (b) is for 8 November 1998, (c) is for 21 Febru- sible errors due to peculiar noise-fluctuation$Vg| (that is
ary 2000, (d) is for 22 April 2001, (e) is for 29 April 2001, unrelated to the actual measure of the gradient) either at the
and (f) is for 15 May 2005. We note that the average speed&oundaries or at MAX and/or MIN. In this way, any damage
for these MCs range from 323 km/s (a) to 880 km/s (f), anddue to noise-fluctuations is at least minimized.
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Fig. 2. Six examples of the profiles of plasma spe&d(V|), magnetic field magnitudeB), and field latitude angled§ as the WIND

spacecraft passes through a MC. All data presented in 10-min average form. Black solid vertical lines indicate the identified start and end
times of the MC; dotted vertical (blue) lines indicate choices, through visual inspection, of the points of MAX and MIN in the speed profile;

and dashed (red) vertical lines are points of MAX and MIN chosen automatically, via computer searchirig jgfsroothed via a running
average of 2 h length. Average speed is given in the V-paneklas for an average over the full MC and asV’> (in red) for theAr’
region, both in units of km/s. Panels (a) through (f) are ordered according to(dpiethe MC with start day of 4 February 1998) is for
8 November 1998(c) is for 21 February 200dd) is for 22 April 2001,(e) is for 29 April 2001, and{) is for 15 May 2005. In each-panel
the regions where the magnetic field goes southward are in yellow and when northward they are in blue.
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Cross—section of flux rope (MC) which is theZ¢ -component of the velocity difference the
across the MC. We choos&(AVz)cL to be positive in all
cases (as well as botAVz gy.cL| and |[AVz gx.cL| in-
dividually), where there is actual expansion. And since
ZcL -1x cseis always negative, we must use absolute values
in EqQ. (6).

From Fig. 3 it is ascertained that

VE,v €cOSy = A(AVz)cL/2, (7

where the factor of 2 arises from the fact tatA V)¢ it-

self is twice the horizontal projection of the expansion speed,
since values were taken at the two boundaries, rather than
one at the center and the other at one of the boundaries.
Sincez2+Y3=R?, and coy=./(Z% /R%)=,/(1~-Y3/R),

as also seen in Fig. 3, then

Fig. 3. The cross-section of an ideal MC (circular for convenience) VE,v = A(AVZz)cL/2 cosy

where the spacecraft passes at a closest approach digtarioem = A(AVz)cL/(2y/(1 — Y%/R%)),
the axis, where=tgy is the entrance time ang-gx is the exit

time; these times are separatedfw=T, the “duration” of time that or

the spacecraft spends inside the MG is the expansion velocity

_ _ 2
perpendicular to the MC's axis and shown for the entrance time,VE-V = A(AVZ)eL/ (2L~ ICA), (®)
tg N The magnitude of g ideally holds for ally angles. where|CA|=|Yo|/Ro, is the relative closest approach pa-
rameter.

It is important to point out that the gradient of velocity

Figure 3, which shows the cross-section of the ideal MCwithin most MCs tends to be greatest in the central regions
(circular for convenience) giving the relationship of expan- of the MCs, i.e. the points oz uax.cL| and|Vz min.cL|
sion speedVg (moving out radially from the axis) and the generally are not exactly at the boundaries of the MC. It
velocity of the internal plasma relative to the motion of the appears that the times ¢¥z max.cL| and|Vz min.cL] (i-e.
center of the MC. Figure 3 indicates the passage of theyax andun, respectively), are the proper places to es-
spacecraft from the initial contact point, where the veloc-timate the values of velocity to use in our vector formula-
ity is Vgy, to the exit point where the velocity Mgy oc- tion, since a gradient that is calculated based on velocities at
curring over timeAr=T. As pointed out above, the rele- the times of the actual MC boundaries (and using real dura-
vant velocity-gradient of interest is that of the Z-componenttion) is often much smaller than a realistic one, as a broad
as rendered in CL coordinates (as in Fig. 1). The MC'sreview of many MCs reveals. We believe that the proper
center-velocity can be thought of as the average across thgradient then isAVz c /At’, where At is determined by
MC, called <V¢>, taken along the spacecraft’s path; this using the difference between the times|®f vax.cL| and
is hopefully a good approximation, since the spacecraft doesv; yin cL|, i.e. At’=tmin —tmax ; See Fig. 1 which gives the
not usually go exactly through the MC’s center. This av- pictorial representation ak:’. This is the portion of the MC
erage is transformed to CL coordinates to giv¥c>cL,  where expansion is actually occurring and apparently would
and theZc-component obtained, calledV;>cL. We then  be so throughout the MC, if it were not for front and rear in-
form AVz en,cL=(Vz,en—<Vz>)cL (for inbound com-  teraction with the solar wind. Hence, with this consideration
pared to average) aniVz gx cL=(Vz ex—<Vz>)cL (for  Eq. (8) becomes
outbound compared to average), whéve gy cL| is the
ZCL—componenr'z of velocity of tge)MC’s plasma usually near VE,V = A(AVz)e /(21— |CA|2))’ ©)
IVzmax cLl, and|Vz ex.cLl is the Zc-component of ve-  whereA (A V), is now understood to be based on
locity usually near|Vz min.cL|, both in an inertial frame
of reference. HenceAVz py.cL and AVz gpx.cL are the  A(AVZ)gL = (IAVZmax | — [AVZmiNDet, (10)
Vz.cL-components of the MC’s boundary velocities, essen-; o pased onVzmax.cLl, [Vzmin.cLl, separated byAr'.

tlally “inbound” and “OUtbO%”r‘]d*r'; respectively, mdthg MC’S e assume that Eqg. (9) will usually be the proper means of
mz\_/mg referencE fraPe (W;]t L; averagf) speed), 'r? CL CO'estimating vector velocity expansion, and it will be used for
ordinates. We then form the difference between these WQp 4 egtimate. But for comparison, we will also estimate ex-

differences pansion based on Eg. (8), understanding that it is almost al-

ways going to give a lower bound to the estimate. And, of
A(AVZ)eL = (|AVZz en| — |AVZ ExDeL, (6) course, our assumption will be tested.

Ann. Geophys., 26, 1919933 2008 www.ann-geophys.net/26/1919/2008/



R. P. Lepping et al.: Estimates of magnetic cloud expansion at 1 AU 1925

Finally, we should stress that it is clear that the positionsable to accurately transform into the CL coordinate system
where|Vz max.cLl @and|Vz min.cL| occur should not be con-  which requires obtaining accurate estimates of the latitude
sidered to be indicators of the MC boundaries, in any caseand longitude of the MC’s axis. Th¥'=64 cases were indi-
because many other physical indicators are much better atidually inspected to see if there was a gradient across each
determining MC boundaries, e.g. changed8h protontem-  MC, or across a major part of it, indicating that the MC is,
perature, proton plasma beta, directiorBofand indications indeed, expanding at the time of the observations. Another
from model fitting, etc.; see Lepping and Wu (2007). And, 11 cases were dropped because they did not have such a gra-
as expected from what we have said above, those other (radient, i.e. they were not good cases of expanding MCs where
liable) quantities often disagree, even if only slightly, with both A(AVz)cL and A(AVz) were positive. Hence, we
using velocity as a means of determining the boundary. Everarrive atN=53 good cases for analysis. So a high percentage,
when velocity does appear to agree with these other mean83%, of the eligible 64 cases were actually expanding.
its change is usually not sharp enough, at the start or end of Table 1 shows, for the full 53 MCs, the start time, du-
the gradient, to pin down very well the time of occurrence of ration (T'), At’, Rp, |CA|, and various relevant speeds and
the boundary. As we see, Egs. (8) and (9) depend oZ¢he  velocity components, needed for use in Egs. (5), (8) and (9),
component of a velocity change, and on the relative closesincluding <V¢>, the difference quantitiesh(AVz)cL for
approach (which depends df, the magnitude of the clos- both conditions (MAX/MIN) and for the boundaries, and the
est approach vector). last three columns provide the estimates of expansion speed:

We now check Vé v for reasonableness by using Vg, Vg v, and V[E v» in that order; all quantities are de-
typical values on the right side of Eqg. (9), such as fined in the footnotes. At the bottom, in red, are the averages
A(AVz)g =60km/s,Rp=0.125 AU, andrp=0.05AU. This  and standard deviations ) for each quantity. It is clear that
gives V}{:’V:33 km/s, which, likeVg s (test), is withinatyp- Vg s (=V” in Table 1) is on average (as well as for most in-
ical range of values for the MC expansion speed at 1 AU,dividual cases) closer tU,{:’V (=VP) thantoVe y (=V°).
especially for the slower moving MCs. But it appears that Also there is a relatively small spread Bf; s values (with
using VI/E,V is generally going to give lower estimatesof ao=27 km/s) compared to its average (49 km/s), i.e. a ratio
than usingVg s, and usingVg v (as in Eqg. 8), on average, is (=avgi) of 0.55. This is especially so with regard to that
expected to give even slightly lower values thégyv. ratio for Vg, y, which is 1.06, or forV‘{:’V, which is 0.86.

In the four cases wher€g s was unusually large, say over
85km/s, Vg v and V,{: v were also very large. This is very
noticeable in the case whelg; s is largest (i.e. case 2001,
Most of the 100 MCs initially considered in this study (i.e. 11, 24); there we see th#z s=151km/s,Vg =262 km/s,

82 of them) are parameter fitted and discussed by Leppingnd Vé v=213km/s, but in this case the latter two (although
et al. (2006), based on data from WIND/MFI (Lepping et clearly being very large) are not very believable. In Fig. 4 we
al., 1995) and WIND/SWE (Ogilvie et al.,, 1995). The show a scatter diagram &% s vs. Vg v, based on the values
start/end times of the full 100 MCs, along with their var- in Table 1, with a least-squares fitted straight line; the c.c. for
ious derived and estimated characteristics are provided othis correlation is 0.76. So &g v increases so also does
the WIND/MFI Website with URL ohttp://lepmfi.gsfc.nasa. Vg s, and the correlation is more-or-less linear. It is interest-
gov/mfi/magcloud S1.htmland referred to as Table 2 on that ing that the majority of the values féfz v lie between 5 and
site. Of these only MCs of relatively good quality were used, 70 km/s, and foWg s they are mainly within 10 and 80 km/s,
meaning the MCs that possess quality indicesQgf=1,2 as Table 1 reveals. We now investigate the distributions of the
(where 0 =3 is poor), whereQ, depends on the follow- Vg sandVg v values.

ing MC parameters: the value of the chi-squared of the pa- Figure 5 shows histograms of the values derivedVigrs
rameter fit, a comparison of two independent means of esti{black solid line) andVg y (red dashed line) based on
mating the MC's radius, where only one means depends oriEgs. (5) and (8), respectively. The peaks for both are at
At’ (or on duration,T), the value of closest approach (CA) 30km/s (with bucket widths of 20 km/s), and the averages
distance, reasonableness of the estimated diamefep)X2 and standard deviations Y are shown for the two sets. Note
reasonableness of profile-symmetry, comparison of the MQChat both distributions are skewed, so that the average value
axis alignment to what an axis in the MC'’s flanks (viewed for Vg y is higher than its most probably value (30 km/s),
globally) would be, and a check of the sign/strength of theand for Vg g the average is quite a bit higher than its most
axial-field component in the CL coordinate system. (See Ap-probable value (also 30 km/s). In fact, as pointed out above,
pendix A of Lepping et al., 2006, for a rigorous definition there is one value oVg y as high as 263 km/s (not shown
of Qp). After this quality editing the set oN=100 MCs in the histogram). There is obviously larger uncertainty on
is reduced toN’'=64 cases. The reason for restricting our this large estimate, calling in doubt the fact that it is actu-
analyses to those of qualit® p=1,2 is because, as we saw, ally so high, but it is likely that there are some actual expan-
certain model quantities and abilities are required in our esti-sion velocities much higher than 30 km/s; see Burlaga (1995,
mation of Vg, such asRg, Yo, (and indirectlyT’), and being  p. 100).

4 The data and results
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0 e Fig. 5. Histograms of the values derived fo; s (black) andvg v
0 50 100 150 200 (in red) based on Egs. (5) and (8), respectively, i.e. where the latter
Vey (km/s) is based on the actual boundary value¥gfof the MCs. The peaks

for both are at 30 km/s for bucket widths of 20 km/s and the averages
Fig. 4. A scatter diagram o¥/ s vs. Vg y showing a linear cor- and standard deviations Y are shown for the two sets. (Note that
relation coefficient (c.c.) of 0.76. (Note that there is one value of there is one value oV y of 263 km/s that occurs off-scale and
VE.v of 263 km/s that occurs off-scale and therefore is not shown.therefore is not shown.)
This value was included in the least-squares fit and in the calcula-
tion of c.c., however.)

bucket widths of 20km/s) and the averages and standard

deviations §¢) are shown forVg v: <V,’5’V>:44 km/s and
o(Vé’V):38 km/s (the comparable values fetVg s> are
given in Fig. 5). Note that both distributions are skewed, so
that the averaged value fUIL-’V is higher than its most prob-
ably value (30 km/s), and again ok s (< Vg s>=49 km/s)

the average is quite a bit higher than its most probable value
(30km/s), as discussed in connection with Fig. 5. There is
obviously larger uncertainty on the very high values, e.g.
hose above 100 km/s, again calling into doubt that they are
really so high.

Figure 6 is a scatter plot ofg s vs. Vé’v, which is similar
to that of Fig. 4, excepVg v of Fig. 4 is replaced by |,
in Fig. 6; notice, however, that the scales are also different
As we see, there are similarities in the values in the two fig-
ures, but the c.cs are significantly different, i.e. c¢.c.=0.85
and 0.76 for Figs. 6 and 4, respectively. This improvement
in correlation is not unexpected, since we postulated that th
MAX/MIN means was expected to give a more faithful rep-
resentation of the gradient of velocity across the MC (and
therefore better represent expansion) than the boundary value
means. We now investigate the distributions of the values; cqtimates of errors
V/E,v and again showg s for comparison.

Figure 7 shows histograms of the values derived forFor the scalar determination &f, which depends oRy,
VEe.s (black solid line) andV]{:,V (red dashed line) based <V¢>, andT7, the net error orVg results from the com-
on Egs. (5) and (9), respectivelWr s is again shown bined errors from each of these three quantities. The error on
for comparison. The peaks for both are at 30 km/s (with Ry is greatest, since:Vc> andT are generally quite well
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Table 1. Magnetic cloud parameter values.

Start time @ AP RS cad ve yhooye yhooylooyl vk AyloAymooynoyo yp
Year M D H (Hours) (AU) (Km/s)
1995 02 08 58 19.0 137 0108 049 407 401 411 427 408 427 379 19 47 37 11
1995 04 03 7.8 270 176 0152 071 300 299 294 338 257 336 261 8 75 38 58
1995 08 22 213 220 156 0126 048 359 358 357 371 342 374 343 29 31 40 16
1996 05 27 153 400 316 0175 011 368 333 368 374 345 373 310 29 62 48 15
1996 07 01 173 170 164 0086 0.16 353 353 352 368 341 364 339 27 25 27 14
1996 08 07 123 225 96 0106 046 345 338 347 351 343 352 333 9 19 32 5
1996 12 24 2.8 325 324 0143 047 349 347 349 398 306 405 309 92 95 40 52
1997 01 10 53 21.0 17.0 0095 011 437 402 440 427 381 427 379 47 48 34 24
1997 06 09 23 21.0 90 0093 053 373 240 370 244 229 253 222 15 32 29 9
1997 07 15 88 150 112 0064 000 364 359 364 362 352 369 339 11 30 21 6
1997 09 22 08 165 149 0117 003 419 375 414 407 334 423 331 73 92 42 36
1997 10 01 163 305 289 0198 044 451 355 451 377 328 375 325 50 50 67 28
1997 10 10 238 250 236 0.114 057 397 397 396 429 373 428 368 57 60 37 35
1997 11 07 158 125 7.8 0110 016 423 394 416 405 371 413 371 34 42 42 17
1997 11 08 4.9 100 48 0058 048 385 359 382 376 322 368 340 54 28 20 31
1998 01 07 3.3 290 240 0119 002 381 327 385 352 313 351 302 39 49 36 19
1998 02 04 45 420 395 0147 089 324 321 323 354 293 354 281 61 73 37 67
1998 03 04 143 400 353 0163 006 344 303 347 334 202 337 275 42 62 44 21
1998 06 02 106 53 43 0035 020 400 38 399 398 366 390 375 32 15 14 16
1998 06 24 168 290 217 0104 023 461 266 466 308 279 303 235 29 69 38 15
1998 08 20 103 330 245 0107 013 317 305 311 320 276 330 278 44 53 27 22
1998 09 25 103 27.0 27.0 0204 057 645 521 645 594 460 609 462 133 147 93 81
1998 11 08 238 255 182 0.23 0.6 459 451 461 489 426 495 409 63 86 44 32
1999 08 09 108 290 279 0135 026 342 331 343 367 308 366 311 59 54 38 30
2000 02 21 98 275 247 0134 022 386 375 389 423 374 421 331 49 89 42 25
2000 08 12 61 230 202 0142 001 577 575 580 637 581 639 526 57 113 62 28
2000 10 03 171 21.0 121 0.092 0.23 409 366 406 377 351 379 350 26 29 31 13
2000 10 13 184 225 218 0.119 011 400 300 400 314 276 311 288 38 23 39 19
2000 11 06 231 190 147 0138 019 536 490 526 514 418 537 420 96 117 59 49
2001 03 19 233 190 160 0.083 0.19 411 296 411 322 277 323 277 45 46 29 23
2001 04 04 209 115 97 0191 086 734 721 727 765 677 767 666 87 100 118 85
2000 04 12 7.9 100 3.7 0124 068 636 401 632 435 419 415 389 16 26 69 11
2001 04 22 09 245 210 0132 005 357 357 360 382 344 389 329 38 60 40 19
2001 04 29 19 11.0 110 0116 039 638 580 638 618 539 616 536 79 80 63 43
2001 05 28 119 225 225 0125 0.37 457 352 457 389 323 388 323 66 65 47 35
2001 07 10 17.3 395 244 0127 051 350 331 352 365 335 364 312 29 52 33 17
2001 10 31 213 370 240 0.140 009 337 329 342 369 310 375 304 59 71 36 30
2001 11 24 158 215 198 0.280 0.80 737 730 730 943 627 880 625 316 255 151 263
2002 03 24 38 430 193 0215 008 437 423 435 458 405 455 395 53 60 65 27
2002 04 18 43 220 220 0159 053 480 360 480 403 341 390 336 62 54 61 37
2002 05 19 39 195 158 0212 095 460 446 456 453 415 472 405 38 67 83 60
2002 08 02 7.4 137 132 0127 011 493 448 494 473 419 474 423 53 51 54 27
2003 08 18 116 168 95 0144 012 487 461 471 460 428 511 395 32 117 59 16
2003 11 20 108 155 134 0.090 0.03 594 583 606 677 541 690 511 136 178 44 68
2004 04 04 28 360 284 0197 048 431 439 436 519 399 515 379 120 136 66 68
2004 07 24 128 245 128 0177 030 551 549 546 578 527 587 491 50 96 74 26
2004 11 08 34 132 105 0086 027 684 504 681 485 468 534 468 17 67 50 9
2004 11 10 36 75 75 0075 041 730 665 730 706 626 710 624 80 86 48 44
2005 05 15 57 166 123 0195 075 879 881 871 878 743 958 729 135 230 133 102
2005 05 20 7.3 220 142 0090 034 456 420 446 437 382 444 387 54 57 33 29
2005 06 12 156 155 11.3 0.131 0.28 483 433 486 458 424 451 415 34 36 54 18
2005 07 17 153 125 103 0.074 044 426 426 428 455 400 445 399 55 46 29 31
2006 02 05 191 180 180 0.068 001 340 335 340 350 308 354 307 42 47 20 21
Average 226 17.7 0130 033 458 417 457 449 391 453 381 58 72 49 36 44
o 92 81 0046 025 128 125 127 140 109 143 107 47 48 27 38 38

Footnotes on next page.
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Table 1. Continued.

& T is the duration in hours

b At' is the interval between the points¥hax andVyn in hours

€ R is the estimated radius of the MC, whichais< (Rpin +Rmax /2>

d|CA| is the relative closest approach distanc&s|/R ¢ (in %)

V€ =<V > is the average (oveF) speed of the MC locally

v =<|Vz cL|> is the average of absolute value ("“ABS”) of the Z-component of the velocity across the full MC

V9 :<|V2CL|> is the average of ABS of Z-component of the velocity acras's

yh =|Vz max .cL| is ABS of the Z-component of the velocity at the maximum-point in CL coords.

Vi =|Vz MmN cL! is the ABS of Z-component of the velocity at the minimum-point in CL coords.

1% =|Vz. o.cL| is the ABS of Z-component of the velocity at the MC entrance-point in CL coords.

vk =|Vz ex.cL| is the ABS of Z-component of the velocity at the MC exit-point in CL coords.

AV =A(AVz)cL is the equal tolVz o.cLI—IVz Ex.cL|). i.e. the difference value of the Z-velocity component between the entrance and
exit points. Equation (6) is equivalent to this.

Ay :A(AVZ)E:L is equal to [Vz max .cLI=1Vz miN.cLl ), i.e. the difference value of the Z-velocity component between the MAX and
MIN points. Equation (10) is equivalent to this.

VN =V g is the scalar estimate of expansion speed basedign> andT

V0 =V y is the vector estimate of expansion speed base®gm ci|, [Vz gx.cLl andT

VP =v , is the vector estimate of expansion speed basegdgmax . cLl, |Vzmin,cL| andAr’

720 1o 2 L B B B B structure of Eq. (5) is such that it propagates errors most se-
] riously for large errors irf’, not so much forRp. Here we
attempt to estimate the typical impact of these errors. First,
we will assume that: (1xVc¢> is well known and essen-
tially error free (or very small compared to the errors of the
. other two quantities), (2Y is known to an uncertainty of
10%, (3) the assumption that the average speed across the
MC, <V >, is approximately equal te:Vs_to—g > (EQ. 3)
is a very good one, and (&) is known to an uncertainty of
] about 30%. Hence, using the example at the end of Sect. 3.1,
- whereT is 20 h andRp is 0.125 AU, and where two values of
<Vc> were used, 450 km/s and 650 km/s, we see that these
uncertainties yield these specific ranges for the three relevant
quantities: <V¢>=450km/s,Ry: (0.0875-0.163) AU, and
] T: (18-22)h. Then from Eq. (5) and fatV¢>=450 km/s
i we obtain for the MAX valueVg s=61.3km/s and a MIN
value of 31.8km/s, oWg s is 47+15km/s. But for a MC
moving on average at V¢ >=650 km/s we obtailVg s to be
63+20km/s. As we see, the error is dominated by the error
] ] on T which is usually fairly small. However, the assumption
(0 ) IR AR BRI IR that <Ve>~<Vs_to—g> may not be good in all cases. For
0 50 100 150 200 250 example, if there were a marked deceleration of a MC (which
Ve, (km/s) is believed to occur occasionally near the Sun), then this as-
sumption may not be very good, and therefore, be another
Fig. 6. A scatter diagram o¥ s vs. V}. |, showing ac.c. of 0.85. ~ SOUrce of error, one not easily estimated. Therefore, any es-
’ timated error orVg_s, as done above, must be considered a
minimum estimate.

L c.c.= 0.846 N = 53

150

100

Ves (km/s)

50

determined. The sources of errorRy are: (1) it is model- For the vector determination dfz, which depends on
dependent with all of the model’s sources of errors and (2)Rp andYy, (giving |CA|=|Yo|/Ro), and on the difference-
a simple value folRy (=<(Rmin+Rmax)/2>) may not be  velocity A(AVZ)/CL (where we recall that the prime refers
adequate for a MC with an oval cross-section, as briefly disto obtaining the difference from the MAX and MIN
cussed in the beginning of Sect. 3. But as we will see thecomponents of velocity). This difference-velocity, obtained
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straightforwardly from measurements, should be quite well 30 \ \

determined, but not completely error-free. Bl | andRo | N = 53 \Y;
are sources of error, especialfy), which is, unfortunately, v
one of the most poorly estimated quantities in the Lepping et
al. (1990) fitting program; see Lepping et al. (2003a). How-
ever, the structure of Eq. (8) is such that the net errdrgn

L. <Ves>=49.4 km/s

will not depend strongly on the error |CA|, as we will see. I <V, >=43.7 km/s
Here we attempt to estimate the typical impact of these two '
errors (in|CA| and A(AVz)¢ ). The error inA(AVz)g, is 20 i o(V.s)=26.7 km/s

about 5% of its value, due only to the fact that the gradient
is not always ideal (as in Fig. 1) nor measured exactly (e.qg.

n A
= o(Vey')=37.9 km/s
(]

choices of what intervals to use in obtaining the needed av- 3
©
O
pd

erages, etc. require judgement). We will also consider the
typical uncertainty orfCA| to be 60%, which is large, but
the resulting uncertainty oWg y (for primed or un-primed)

is not strongly dependent oi€A|. From Table 1 we see
that the average\(AVz), is 71km/s, so for a 5% error
we will have a range on this quantity of: (67.5-74.6) km/s.
And a range onCA| is: 0-0.6. Hence, from Eq. (9) we ob-
tain for the MAX vaIuerg y=46.6 km/s and a MIN value of
33.7km/s, orVg is 407 kmi/s. It is evident that for small
percent errors iNA(AVz),, as we have here, there will
be small errors orV,{: v distinctly smaller than foVg s in I
general, which were typically in the rangg15-20) km/s or 0 L. L
larger, if <Ve>~<Vs_to_g> iS a poor assumption for any 0 50 100 150 200
given case. Let us consider what the error would be for an Ve (km/s)

unusually large\ (AVz), of say 255 km/s, our largest value )
(see colAV™ of Table 1), at the same 5% level. This yields

5'4&2,1'(”1{;’ I'e'f Wlttr:] an elgo,r Comp%riblef to or SIIg}I’.]tIy (in red) based on Egs. (5) and (9), respectively, and Where the lat-
arger than those 1or the scaldf, s error, but, or course, tnis ter is based OHVZ,CL(MAXH |VZ,CL(M|N) 11, separated byn'].

is a highly unusual case. The peaks for both are at 30 km/s for bucket widths of 20 km/s and
the averages and standard deviatiensdre shown for the two sets.
(Note that there is one value (W v of 213 km/s that occurs off-

6 Comparisons ofVg to local Alfvén speeds scale and therefore is not shown.)

10 -

Fig. 7. Histograms of the values derived f&§; s (black) andV

We now compare the MC expansion speed to various rele-

vant local Alfven speedsWss). In particular, we examine 7 Summary and discussion

V4 for three points within the ideal MC: the entrance-point

(seer=1gy of Fig. 3), the closest approach-point, {atc4),  Here we have investigated expansion speed of arse58)

and the exit-point (see=tgx of Fig. 3). Table 2 shows the of well chosen WIND magnetic clouds that occurred over
Alfv én speeds calculated for these three positions and conthe period from early 1995 to April 2006 by using two sep-
pares them to the value M,{: v~ Inalmost all cases thg,s arate means of estimation, scal&z(s) and vector Vg v)

are Iargertharvg v (@andrecall that th&; |, estimate isusu- methods. Only expansion with respect to the MCs local
ally comparable to thé’g s estimate). There are a few ex- axis was considered. The “scalar” method uses a well es-
ceptions, however, and for those tigis usually close to the tablished means of estimation that depends on the average
value ofVé v+ These local Alfén velocities are on average speed of the MC from Sun-to-Earth {s_to—g>), the lo-

(for the 53 MCs considered here) equalig ;y=116km/s  cal MC's radius Rp), the duration 1) of spacecraft pas-
around the inbound boundary ¢4=137 km/s at closestap- sage through the MC (at average local spegd->), and
proach, and/4 gx=94 km/s around the outbound boundary; the assumption that Vs _t_g>~<Vc>. We actually for-
see average values at the bottom of Table 2. Recall that thewulated two vector means of estimatiig by: (1) using the
average values of scaldfz s(<Vg s>=49km/s), and vec- decreaseifiVz| (in MC coordinates, where the Z-component
tor Vé,v (< v,g,v>:44 km/s), are well below these average is related to spacecraft motion through the MC, as described
Alfvén speeds, and, in fact, it is rare that any individualin Sect. 2) over the full duratior?() and (2) depending only
Alfv én speed at these positions is smaller than the associatexh the decrease iV | between théd/z max andVz min val-

VE. ues, occurring ovent’ (usually a shorter interval thah —
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Table 2. Alfv én speedsW4) compared to thé’é v expansion speed.

Start time Vpy? B, Nen  Vaen  BS Nc  Vac BYy Nex  Vagx
Year M D H (km/s) (nT) (no/em3)  (kmis) (nT) (noemt3) (km/s) (nT) (notenm3)  (kmis)
1995 02 08 58 27 11 5 11 12 10 85 8 9 60
1995 04 03 78 53 8 6 71 10 4 107 7 3 95
1995 08 22 21.3 17 8 16 43 10 10 72 6 19 31
1996 05 27 15.3 31 8 5 76 10 12 63 13 32 49
1996 07 01 17.3 12 7 22 31 14 14 82 9 17 46
1996 08 07 12.3 10 4 11 29 6 10 45 6 9 43
1996 12 24 28 54 6 9 42 12 8 92 6 18 31
1997 01 10 523 24 14 2 211 14 6 124 20 63 54
1997 06 09 23 18 11 16 62 13 17 69 7 11 48
1997 07 15 88 14 8 23 38 12 7 104 9 12 59
1997 09 22 08 46 14 25 50 17 6 149 10 3 134
1997 10 01 16.3 28 8 9 61 10 7 84 11 3 143
1997 10 10 23.8 36 13 13 79 12 6 101 8 9 60
1997 11 07 15.8 21 14 10 97 17 8 134 14 8 106
1997 11 08 4.9 16 13 5 130 15 4 159 9 9 68
1998 01 07 33 24 16 9 14 19 6 166 12 22 57
1998 02 04 45 80 7 11 48 13 11 89 6 14 34
1998 03 04 143 31 8 17 43 12 12 77 6 27 23
1998 06 02 10.6 7 9 6 78 12 8 95 9 9 62
1998 06 24 16.8 35 9 18 46 13 19 63 16 5 155
1998 08 20 10.3 26 14 5 137 15 5 150 8 6 67
1998 09 25 10.3 89 19 2 283 11 5 113 9 1 187
1998 11 08 23.8 43 20 15 12 14 11 91 10 5 101
1999 08 09 10.8 28 9 5 89 9 8 74 13 11 81
2000 02 21 98 45 15 19 73 16 9 117 10 8 78
2000 08 12 6.1 56 25 8 189 24 12 151 15 13 90
2000 10 03 17.1 15 14 7 121 17 13 99 11 6 99
2000 10 13 184 11 12 17 65 11 7 94 13 6 117
2000 11 06 23.1 59 15 1 293 22 9 158 21 11 138
2001 03 19 233 23 13 14 75 18 5 167 17 18 84
2001 04 04 209 98 14 6 129 8 2 133 7 3 95
2001 04 12 7.9 18 20 2 340 14 2 234 7 1 135
2001 04 22 09 29 11 9 76 13 10 88 9 13 56
2001 04 29 19 43 9 3 107 10 4 118 6 5 64
2001 05 28 119 34 9 4 93 9 5 96 8 4 91
2001 07 10 17.3 30 5 5 48 7 4 72 9 6 83
2001 10 31 21.3 35 12 15 71 12 20 56 7 8 53
2001 11 24 158 212 10 5 94 15 2 259 10 1 227
2002 03 24 38 30 10 12 63 18 2 314 10 16 56
2002 04 18 43 31 11 4 19 12 2 208 10 1 205
2002 05 19 3.9 107 21 9 147 11 4 121 7 4 84
2002 08 02 7.4 25 12 12 77 13 5 117 11 6 100
2003 08 18 11.6 58 15 3 178 14 2 209 13 4 154
2003 11 20 10.8 89 24 22 111 37 40 127 12 18 60
2004 04 04 28 77 11 2 149 18 11 119 18 7 148
2004 07 24 1238 50 22 2 394 20 2 291 22 9 153
2004 11 08 3.4 34 44 11 286 17 1 314 7 1 163
2004 11 10 36 47 32 11 207 23 7 196 17 5 164
2005 05 15 5.7 173 47 22 220 45 4 524 21 3 287
2006 05 20 7.3 30 11 9 7 17 7 142 7 4 76
2005 06 12 15.6 18 20 16 107 14 2 228 10 8 73
2005 07 17 153 25 13 10 85 12 16 67 7 13 43
2006 02 05 19.1 23 10 21 49 10 14 61 6 14 33
Average 44 14 15 116 11 10 137 8 10 94
o 38 8 6 82 4 6 85 6 10 55

Where:
a V]’E,V is the vector estimate of expansion velocity basethgnmax .cLl, [Vz MmN, cLl andAr

b EN refers to the entrance point in Fig. 3
€ C refers to the CA point in Fig. 3
d EX refers to the exit point in Fig. 3.
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SeecolumnSWithfOOtﬂOtesaandbinTablel)_mev- 507\\\\\HH‘HH\HH‘\HHHH‘H\\HH\‘\HHHH?
method also depends on the closest approach dist&@ge ( [ c.c.= 0.862 N = 53 1
and the MC’s radiusKo). i

The scalar means of estimatiig: is only weakly de- i 1
pendent on any MC parameter fitting model results, but 40 F ]
the vector means does depend on quantities that are model L 1
dependent (e.giCA|=|Yo|/Rp) and the ability to accu-
rately putV into the proper CL system. The most prob-
able values ofVg from both means of estimation are r
shown to be around 30km/s, bufz has larger aver- 30 -
age values of<Vg s>=49km/s, <Vg y>=36km/s, and -
<V} ,>=44km/s, with standard deviations of 27, 38, and <
38 kml/s, respectively. The correlation between the two sets, -_
Ve sVs.Vj y, givesac.c. of 0.85. (The linear correlation be- =
t\NeenVE,s’and VE.v is significantly lower, c.c.=0.76.) The 2071
average values dfg are usually below the local Alen ve- L
locities, which were for the cases examined here equal to
115km/s around the inbound boundary, 137 km/s at clos- i
est approach, and 94 km/s around the outbound boundary. 10
Therefore, a shock upstream of a MC (or any nearby shock)
is clearly not expected to be due to MC expansion. Esti-
mates reveal that the errors on the “vector” method of esti-
mating Vg (typically about+7 km/s, but can get as large as

j:25km/S)areexpectedtobemarkedlysma"erthanthose O7\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\7
for the scalar method (which is usually in the rang€l5— 0 10 20 30 40 50
20) km/s, depending on MC speed). This is true, despite the T (hr)

fact that|CA|, on which the vector method depends, is not
aIway; well determined by our MC parameter fitting model Fig. 8. A scatter diagram oA’ vs. T showing a c.c. of 0.86.
(Lepping et al., 1990). This is because the vector method

only weakly depends on knowledge |@A|. It is assumed
that vy ,, based omA(AVz)¢, , a well determined quantity,
probably gives the most faithful estimate of the three mean
of estimatingVg, and our error analysis confirms this.

slow down, causing the MAX to occur later within the MC.
And sometimes the solar wind behind a MC is moving faster
than the rear-end of the MC which will speed up the plasma
In Fig. 8 we show a scatter diagram af’ vs. T for the  just within the rear boundary, forcing the MIN point to oc-
full set of 53 MCs, in order to see how well correlated thesecur earlier. We do not suggest that these interactions fully
guantities are, since they alone differentiate the means of obexplain the lack of agreement of the boundary positions with
taining Ve v and Vg ,,; see Egs. (8) and (9). As we see, the MAX and MIN positions, however. Could there also be
even thoughAr’ is almost always smaller thah (i.e. true  an association with the MCs’ birth conditions? This deserves
in all but six cases), they are fairly well correlated having further study.
a c.c. of 0.86. Nevertheless, we see that it is important to Finally, local Alfven speedsW,s) were examined for
distinguish between these two intervals for at least two reathree points within the ideal MC: the entrance-point (see
sons. First, it tells us that not all of the cross-section of everyr=tgy of Fig. 3), the closest approach-point, (@&ttc4),
MC is expanding, which is interesting in itself and suggestsand the exit-point (at=tgx). This was done to compare
a “core” and “annulus” structure with respectWg for such  these speeds with the expansions speeds, to see if they ex-
MCs, and, second, it provides different estimated/pf as ceed ourVg-estimates; see Table 2. In essentially all 53
we have shown. We then must ask why are the MAX andcases studied here thié&s are larger thaiVg s, Vg v, or
MIN positions not usually in coincidence with the bound- VI/S,V‘ However, there are a few exceptions, but the violations
aries? We believe that it is at least partially answered by thavere slight. These local Ali&n velocities are on average
fact of the MC’s interaction with the surrounding solar wind equal toV4 gx=116 km/s around the inbound MC boundary,
for most cases. That is to say, we know that most MCs areV4 ¢4=137 km/s at closest approach, aig g x=94 km/s at
moving faster than the upstream solar wind causing upstrearthe outbound boundary. As we have seen, the average value
shock waves in many cases. This accounts for the lack of coef Vg from all methods is aroune Vg, s>=43 km/s, which
incidence at the front of such a MC, since the slower solaris well below these average An speeds. And hardly any
wind will cause the plasma in the front-end of the MC to individual Alfvén speed at these key positions, for the full
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set, is smaller than the associatégd. Hence, we should not Gopalswamy, N., Hanaoka, Y., Kosugi, T., Lepping, R. P., Stein-
generally expect a shock to be driven by the relatively rapid berg, J. T., Plunkett, S., Howard, R. A., Thompson, B. J., Gur-
expansion of any MC at 1 AU. This is consistent with the re-  man, J., Ho, G, Nitta, N., and Hudson, H. S.: On the relationship
marks of Burlaga (1995, Sect. 6.5.1) who studied this effect between coronal mass ejections and magnetic clouds, Geophys.
for earlier cases of MCs at 1 AU. However, upstream shock _ Res: Lett., 25, 2485-2488, 1998. _
waves at MCs are observed, of course, and these obvious(foPa/SWamy, A. Lara, R, Lepping, P, Kaiser, M. L.
Berdichevsky, D., and St. Cyr, O. C.: Interplanetary accelera-
are_ due to the larger bulk speed of those MCs compared to tion of coronal mass ejections, Geophys. Res. Lett., 27, 145-148,
their upstream fast mode speeds. 2000.
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