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Abstract. Interplanetary magnetic clouds (MCs) have beenspecifically identified in terms of multi-parameter considera-
identified for the first 8.6 years of the WIND mission, and tions (i.e. any one or more of: increase in B, directional dis-
their magnetic field structures have been parameter-fitted bgontinuity, magnetic hole in B, drop in proton plasma beta,
a static, force free, cylindrically-symmetric model (Lepping B-fluctuation level change, proton temperature drop, etc.), as
et al., 1990) with various levels of success. This paper sumwell as through the application of the flux rope model. Also
marizes various aspects of the results of the model fittingpresented are examples of unusual MCs, as well as some
by providing: seven estimated model fit-parameter valuescommonly occurring relationships, such as the existence and
for each of the 82 MCs found, their objectively determined frequency (approx. 1/2 the time) of upstream interplanetary
quality estimates, closest approach vectors (in two coordinatehocks, and less frequent internal shocks.

frames), fit-parameterrorsfor the cases of acceptable qual- Keywords. Interplanetary physics (Interplanetary magnetic

ity (50 cases, or 61%), axial magnetic fluxes, axial currentﬁelds; Solar wind plasma) — Solar physics, astrophysics and
densities, and total axial current — as well as some exampleﬁstronomy (Flares and mass ejections)

of MC profiles for various conditions and “categories” for
each case (e.g..BN—S or S»N, etc.). MC quality is esti-
mated from a quantitative consideration of a large set of pa-
rameters, such as the chi-squared of the model fit, degree of
asymmetry of the B profile, and a comparison of two mean

Introduction

Lo . . L . NSrhis paper provides a comprehensive summary of the results
of estimating radius. This set of MCs was initially identi- of a WIND magnetic cloud (MC) study covering 8.6 years

fied by visual inspection of relevant field and plasma data. . . g d

. . . of interplanetary magnetic field (Lepping et al., 1995) and
Each resulting MC candidate is then tested through the use . o .
of the MC parameter model, for various adjusted durationssoIar wind plasma (Ogilvie et al., 1995) observations, start
to determine the best fit, which helps to refine the boundary-Ing in early 1995. Except for a few cases, MCs are revealed

times. The resulting MC set is called Set 1. Another, Iarger,to be generally large magnetic flux ropes (e.g. Priest, 1990;

L S Gosling, 1990; Lepping et al., 1990; Burlaga, 1995; Ku-
set (Set 2) of MCs is identified through an automated pro- ar ar?d Rust 199%)) ir?the solar wind. i.e glasma embed-
gram whose criteria are based on general MC plasma an§1 ! C

! - . ed strong magnetic fields of approximately helical struc-
f'.eld character_lstlcs at 1AU deterr_nlned t_hrpugh past €XPCiure. A MC was originally defined empirically in terms of
rience. Set 1 is almost fully contained within Set 2, whose. " _. L)

in-situ spacecraft measurements of magnetic fields and par-
frequency of occurrence better matches that of the sunsp ; ; . 2 o on
. . cles in the interplanetary medium, viz., it is a region in
cycle than Set 1. The difference-set (Set 2—Set 1) is referre . . o
. : e solar wind having: 1) enhanced magnetic field strength,
to as the magnetic cloud-like (MCL) set, whose members do . .
- ~"2) a smooth change in field direction as observed by a space-

not very well represent good flux ropes through modeling. .

. : ! 2" craft passing through the MC, and 3) low proton temperature

We present a discussion of how a MC's front boundary is :
(and low proton plasma beta) compared to the ambient proton
Correspondence tdR. P. Lepping temperature (Burlaga et al., 1981; Klein and Burlaga, 1982;

(ronald.p.lepping@nasa.gov) Burlaga, 1988, 1995).
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Fig. 1. Typical magnetic cloud (MC) field and plasma profiles in terms of magnetic field magri)dititude @p), and longitude¢p),
Bx,y,z(GSE) components, thermal speedr¢V, bulk speed (V), proton number density §N and proton plasma betg£) - in that order

from top to bottom. The vertical lines indicate start and end times of the MC, and the (red) dashed curves are model-fits to observations, to
be explained below. The regions shaded in yellow are where the obsenaahiponents are southwar(®) A case of a MC (starting on

10 October 1997 (Day 283) at 23.80 UT, with duratitai of 25.0 h) estimated to be closely aligned with thg g¢z-axis within about 2E

(this is a S>N type, i.e. Category 11 MC as described in Table 3), (B) another MC (starting on 9 August 1999 (Day 221) at 10:45 UT, with

a duration of 29.0 h) estimated to be strongly inclined (positively) with respect to the ecliptic plané gnd&inally a third(C) starting

on 8 November 1998Day 313 at 23:45 UT, with a duration of 25.5 h) estimated to be strongly inclined (negatively) with respect to the
ecliptic plane by-71°. All three of these MCs are classified ag<€) cases, to be described below. Notice that case (A) has a uniform proton
density, case (B) has an increase in density at the end of the MC, and case (C) has an increase in density in the early portion of the MC. This
irregularity of density generally in MCs is the reason for not including density in the definition of a MC.

Magnetic clouds are also understood tacitly to be largecontext positive and negative indicate the polarity of the field
structures, so that their durations are long, usually betweemlong the MC axis where, for example, positive (negative)
about 7 and 48 h at 1 AU, averaging about 20 h in durationmeans that the direction of the axial field is “northward”
for the better examples; this feature is to be part of our def-(“southward”) in GSE coordinates. All three cases satisfy
inition of an interplanetary MC. MCs have been observed atthe above definition of a MC but differ markedly with re-
distances other than at 1 AU, for example by the Helios (e.ggard to the profiles of the latitude of the magnetic fielgls (
Bothmer and Schwenn, 1998) and Voyager spacecraft (e.gorofiles), or B profiles. Notice that the proton density gN
Skoug et al., 2000; Burlaga et al., 2001). See Fig. 1 for ex-profiles in the three examples of Fig. 1 differ markedly: the
amples of field and plasma profiles of fairly typical MCs at first (A) is uniform, the second (B) shows a distinct increase
1 AU: (A) one (starting on 10 October 1997) whose axis is es-at the end, shown to be not uncommon for MCs (e.g. Burlaga
timated to be closely aligned with the;¥ ¢ -axis, (B) another et al., 1998; Lepping et al., 2003c), and the third (C) shows
(starting on 9 August 1999) estimated to be strongly inclinedan enhancement in the early part of the structure. The fact
(positively) with respect to the ecliptic plane, and (C) anotherof no apparent consistent pattern of the Nrofile within a
(starting on 8 November 1998) estimated to be strongly in-MC is the reason that Nwas not chosen to be part of the
clined (negatively) with respect to the ecliptic plane; in this definition of a MC (Burlaga, 1988). In some cases the N
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profile is very irregular, as we will see later. Figure 2 shows LT

sketches of three examples of different flux rope orientations AT T ‘5%5"{ wAl "|_ T

and their associated IMF Bprofiles in GSE coordinates. In -~ [ | | url. ra 7 11 :' 1

this view the flux ropes are propagating toward the viewer. % ”‘\E\_ I'\\\ ‘3?35' o Sl L,,'_,)'f j
. P

the one in the center corresponds to example (C) of Fig. 1.
Notice that all three examples in Fig. 2 have the same hand-
edness, right-handed. (The red dashed curves shown in Fig.
(and in several other figures) are MC model parameter-fitsto |
the magnetic field observations and will be explained below. =
They strictly hold only between the designated MC intervals,

but are shown extended outside of them for comparison, gen-
erally showing significant deviation from the observations in |
one or more field components in the extended regions.) Time —s

MCs are among the largest transient structures in the in-

terplanetary medium, but are smaller in size when com-Fig. 2. The profile of the IMF B within a MC can be understood in

pared to such very large solar wind structures as the im Z8LE S 2T R b el asso.
mense heliospheric current sheet, co-rotating interaction re-. P P )

. . . . ciated IMF B, (or 0p) profiles in GSE coordinates. The end-points
gions (CIRs), and merged interaction regions (MIRs), all be'of the boxes represent the boundaries of the MCs, and the shaded

ing quasi-periodic structures (see, e.g. Burlaga, 1995) at Regions are where the,Romponents are southward.
~ 27 day period in an Earth-fixed frame. However, MCs are

so large that, even at 1 AU, it is very likely that they origi-

nate at the Sun, and many studies have confirmed that this is o ) )
indeed the case (see, e.g. Burlaga, 1995; Larson et al., 199#sts of indicators are given by Cane and Richardson (2003)

Marubashi, 1997; Berdichevsky et al., 2000, 2002; Webb e@nd Berdichevsky et al. (2002). Abnormal plasma signatures
al., 2000); also see Farrugia (1997) on large-scale modelin&”d gnergenc particle shielding effect; in the mterp_lanetary
of MCs in various possible field line topologies favoring the Medium are often more pronounced in MCs than in other
flux rope structure. Many, but not all, examples of MCs have!€SS magnetically structured ejecta. The percentage of MCs
been shown to be related to disappearing filaments (or solafontained within ICMEs apparently depends on specific con-
erupting prominences as seen on the limb) on the Sun’s suditions (€.g. Richardson and Cane (2006), who show a solar
face (Bothmer and Schwenn, 1994). It has been suggeste%VC'e dependen_ce). But details on the relationship of MCs to
by Gosling (1990) that the initial stage of an interplanetary 'CMES do not directly concern us here. For the most part we
flux rope results from magnetic reconnection within rising, festrict our studies to properties of M@er seand in some
previously sheared, coronal magnetic loops, and Vrsnak ef€SPects to their upstream shocks.
al. (1991) have shown analytically that prominence fields Roughly speaking, it is the reconfigurations of relatively
should have helical structure. And see Chen (1996) for a thestrong, twisted, magnetic field-lines in restricted regions on
oretical treatment associating expected erupting prominencéhe solar surface (or lower corona), with magnetic recon-
conditions with a typically observed magnetic field profile of nection apparently participating (e.g. Antiochos and DeVore,
aMC at1AU. 1999), that play a major role in the occasional expulsion of
There is a consensus developing that MCs are usually conlarge flux rope structures and their related “cool” plasmas in
tained within interplanetary coronal mass ejections (ICMEs)the form of MCs. But theletailsof the solar birth and expul-
(see, e.g. Gopalswamy et al., 1998), which are one fornsion mechanisms of MCs/CMEs are still not agreed upon; see
of solar transient events, sometimes known as solar ejectaix proposed models for their origins listed by Rust (1999).
ICMEs are the interplanetary remnants of coronal mass ejecHowever, because of the strong magnetic fields and low pro-
tions (CMESs); see a review by Schwenn (1996). An excel-ton temperatures within them, MCs are regions of low (pro-
lent study of solar ejecta signatures at 1 AU was given byton) plasma bet#p (where gp=thermal pressure/magnetic
Goldstein et al. (1998). Other reviews on CMES/ICMEs arefield pressure=2nkTp/B?). Often Sp is very low &0.12
by Gosling (1990, 2000), and more recently by Zurbuchenon average and closer 80.08 in the MC'’s central region)
and Richardson (2006). Frequently used indicators of solaat 1 AU (e.g. Lepping and Berdichevsky, 2000) and, hence,
ejecta are average internal magnetic fields thataPeimes  the dynamic behavior of MCs, at least out to 1 AU, and prob-
the strength of the background field, steady orientated (ombly well beyond, is dominated primarily by their internal
smoothly varying) fields over a relatively extended interval magnetic fields. Typically a MC’s electron temperature is
of time (12 to 48 h or so), plasma composition abnormal-much higher than the proton temperature, and it is also usu-
ities, including enhanced plasma helium to hydrogen ratioally not markedly different from the electron temperature of
(Hirshberg et al., 1972), abnormally low proton temperaturesthe normal solar wind. (But typically the electron and pro-
(Gosling et al., 1973), and energetic particle intensity depreston temperatures combined are not high enough to provide
sion (e.g. Barden, 1972; Cane et al., 1996). More detailedh sufficiently high thermal pressure to compete dynamically

The one on the left corresponds to case (A) of Fig. 1 andL
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with the strong internal “field pressure” (Burlaga et al., 1981; updates the WIND part of the study, where N=82 MCs are
Burlaga, 1995)). Therefore, the electron temperature is nohow considered, and presents several new associated param-
as useful in helping to identify these structures. Hence, theeters.
net thermal pressure of a MC's internal plasma (from protons The goals of this paper are: 1) to provide a quantita-
and electrons) is usually low compared to the magnetic fieldive summary of the characteristics of the 82 MCs that have
pressure, and after equilibrium is achieved the poloidal andbeen parameter fitted by a modified version of the Lepping
toroidal magnetic field forces almost balance each other proet al. (1990) MC fit program as applied to WIND data for
viding an approximately zero net force condition. This mini- the years 1995 to August 2003 (8.6 years), 2) to describe
mum energy state is referred to as “static force-free”. In thisthe modifications that have been added to the parameter fit-
state, electrical currents flow only along the magnetic fieldprogram, 3) to describe the difficulties in identifying the
lines. This state is not unexpected for such structures in théoundaries of MCs, 4) to provide a scheme to quantitatively
solar wind, provided sufficient time passes from the time ofassess the “quality” of the model fitting, 5) to provide some
their solar formation to the distant observing point/time for average MC profiles as functions of various categories (e.g.
it to be achieved. Such a configuration theoretically yieldsby B, orientation and flux rope handedness), 6) to estimate
a magnetic flux rope, which has a geometry that is almosthe errors on the fit-parameters for most of the 82 MCs, i.e.
always consistent (to a good approximation) with what hasall but the ones considered of poor quality, to be quantita-
been ascertained from the actual magnetic field measureively defined later, and finally 7) to briefly describe the re-
ments in space at 1 AU for most such events, i.e. those satissults of a program that automatically identifies MC and mag-
fying the (empirical) definition of a MC (Burlaga et al., 1981; netic cloud-like structures in the solar wind at 1 AU, with
Burlaga, 1988). Various suggested magnetic field configuracomparisons to actual MCs. Parts 4) and 5) address two of
tions other than flux ropes, such as plasmoids, spheromaksnany ways of classifying MCs, i.e. by quality and field pro-
etc., have been introduced to account for these large regionfile (mainly IMF-B, profile in this case), respectively. Recent
of strong field intensity and “smoothly” changing field di- modifications to our MC-fit program were made to provide
rection, but with much less success, as pointed out by Osthe means of assessinbjectivelythe quality of each fit. In
herovich and Burlaga (1997). the pastsubjectivejudgement of quality was made, guided
Although there is not agreement as to the detailed naturenly by a few quantitative measures, such as the value of a
of the solar source of a MC, it is likely that in its coronal reducedy? of the fit, the degree of asymmetry, and whether
stage (and probably even in earlier stages) it is in the formor not the specific event appeared to satisfy cylindrical sym-
of a small flux rope which then expands into a large flux metry based on the expected global nature of MCs (to be
rope of relatively cool protons, as it moves out into the inter- clarified below). All of these measures are still applied, but
planetary medium (Burlaga, 1995; Marubashi, 1997). But,others have been added, one based on estimating the size of
of course, few MCs are pristine examples of flux ropes, andthe MC'’s cross-section in terms of the duration of the cloud-
some considerably violate this structural form, because ofpassage, and another based on considerations of the average
various reasons, such as likely anisotropic birth conditionsfield within the MC in “cloud” coordinates (defined below).
and subsequent expansion (common to most MCs), as well Itis hoped that the information in this paper will be helpful
as due to their interactions with the surrounding plasmasto researchers in solar, interplanetary, and magnetospheric
A MC expands until a near-equilibrium state with the sur- physics. In the past there have been many studies relat-
rounding pressure is established, usually beyond the distandag MCs to solar events, mostly with respect to timing or
of 1 AU from the Sun. Evidence of MC expansion is seen field chirality-matching, but with the extensive MC (i.e. in-
clearly at 1 AU by the observations of a (usually) slow de- terplanetary) results provided here, many more detailed con-
crease in bulk speed of the internal plasma as the MC passe®ctions should become available in relating a solar event
the observing spacecraft; also see Gopalswamy et al. (200@p a specific MC. Also, it is well known that strong, usu-
on the small degree of MC acceleration in the solar wind.ally long-lasting, negative IMF-Bfields (in GSE, or strictly
Occasionally we observe a flat speed profile within a MC,GSM coordinates), among other quantities, play an impor-
suggesting that internal pressure equilibrium was establishethnt role in geomagnetic storm generation (e.g. Kamide et
earlier than usual, somewhdretweerthe Sun and Earth. al., 1997). As first pointed out by Burlaga et al. (1981; also
Lepping and Berdichevsky (2000) reviewed their past MC see Burlaga et al., 1990), a MC is a natural candidate for trig-
studies, using WIND data (for N=28 cases of MCs, a muchgering of such a storm, because MCs always have intense in-
smaller sample than considered here) mainly for the solaternal fields (which is often also true for the region just ahead
“quiet” period, and compared the results with a MC study of the MC), and they almost always have extensive regions of
from an earlier “active period” of IMF data (spacecraft com- strong negative Bfields somewhere within their extent (see,
prising mainly IMP-8 where there were N=18 cases). Ine.g. Wilson (1990), Tsurutani and Gonzalez (1997), and Wu
particular, they presented a preliminary summary and com-and Lepping (2002a,b (and references therein), 2005), Wu et
parison of average MC characteristics for these two peri-al. (2004). Also see Burlaga et al. (1987), who discuss the
ods. Strictly speaking the spacecraft considered in the earmportance of MCs in generating historically large magnetic
lier study (solar active period) were: IMP’s 1, 2, 5, 6, 7, and storms, and Farrugia et al. (1997), who discuss the role of
8, ISEE 3, and Helios 1. This present study considerablyMCs in causing geomagnetic storms and various associated
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aspects, including how they facilitate the entry of solar en- 3QEWIND TShookT T Me oWl A .
ergetic particles into the Earths magnetosphere. Webb et 2= M" ?}““’“‘Q E
al. (2001) discuss the solar sources of both kinds of major = '§= 4 + N~
geoeffective solar wind structures, itansienf suichasMCs & 8 :

and ICMEs, andecurring, such as corotating interaction re-
gions.

2 Magnetic cloud identification and parameter fitting
model

The MC fit-parameter values for a much smaller number

of WIND MCs than are included here have appeared in an

earlier publication in only a summary form (Lepping and £ 3

Berdichevsky, 2000). These parameters (among others) arej-'i:ﬁ 3

presented here in detail and for completeness. T8
< 40
¥ 20 g

0
|
Shimazu and Marubashi (2000) have developed a means ofggg
detecting MCs in an automatic mode, which depends on cer- §§§
tain characteristics of the variation of the magnetic field be- >33
fore checking the candidate structure with modeling. Their  §3 : _
model also takes into consideration expansion of the MC. w:.:):g %ﬁ A2
They find that flux ropes can be classified into two types, ¢ e M- pom

high and low density. In our studies we do not discrimi- DOY of 2000
nate according to density, since we contend that it is an un-

reliable parameter for defining a MC (e.g. Lepping et. al., Fig. 3. An example of a MC starting on 3 October (Day 277), 2000

2003c), and it was not part of the original empirical definition &t hourt_17f_.1|§ive?_lin(thedsalmf Lo(rmgtdasr:hZ; of Eligllf'ltt" where th‘;
. .. _magnetic field profile (and related (red dashed) model fitting curves
(Burlaga, 1988). Recently an automatic program providing eems to demand one set of MC-boundaries, and the plasma quanti-

a means of identifying .MC.S hag be.en deve!oped (Leppllrllg eﬁes, especially proton temperature and proton plasma beta, require
al"_ZQ_OS) based on objective f:rlt(?rla followmg the gmplrlcal a slightly different set. We point out two forward shocks (shockl
definition of a MC. Upon application it was recognized that 54 jater shock2). The vertical arrows (on three of the bottom four
this program provided what we refer to as many “magneticpanels) at about mid-day of 3 October indicate whefg,\8, and V
cloud-like” structures (as well as both poor and high quality show noticeable change; in the case of V it is where the speed starts
bona fideMCs, the quality of which was measured by the to drop smoothly, and somewhat slowly, at least until the start of the
ability to fit them as flux ropes according to the model of MC. From the time of the arrows to near shock2 may be a region
Lepping et al., 1990). Hence, because of this, the automati€f ejected material (as denoted), delineated besty ¥nd whose
means of identification of MCs was not the means used tgearliest part reaches outside of the front of the MC. MCL refers to
provide the more restricted set of MCs principally studied 2 magnetic cloud-like regiop. The region shaded in yellow is where
here; we say more on this in Sect. 6. the observed Bcomponent is southward.

This section briefly discusses the usual difficulties in MC
identification and in particular difficulty in ascertaining their
exact boundary times; Sect. 6.0 extends discussion on MCChristmas 1996” MC, to help in its identification). The field
identification in general. The plasma-field quantities com-and plasma profiles are not always in agreement with regard
monly used in MC identification, and in particular MC to boundary identification, especially when considering the
boundaryidentifications, are proton plasma bef), pro- basic magnetic field profile based on the fundamental def-
ton temperature (), central or average speed (V), inter- inition of a MC, on the one hand, and proton plasma beta
planetary magnetic field (IMF) intensity, IMF-longitude and and/or proton temperature, on the other. And we must stress
latitude angles, and sometimes the speed profile. In particthat the model itself is used to help constrain the estimated
ular, the front boundary is easily determined if a directional location of the MC boundaries, in the sense that the full set of
discontinuity occurs in the magnetic field. This is also true magnetic field samples (in the form of reasonably chosen av-
for the rear boundary, but less commonly. Magnetic “holes” erages) throughout the MC participates in choosing the MC
may appear in the B-profile at the boundaries, as pointednterval, along with the resulting model parameter-fit “qual-
out by Burlaga (1995) (also see Farrugia et al. (2000), whaity” (defined below). In Fig. 3, we show an example of a MC
used the presence of magnetic holes at the boundaries of thgtarting on 3 October 2000 at hour 17.1 and lasting 21.1 h)

et

2.1 Identifying magnetic clouds and their boundaries from
plasma and field measurements

(#/ce) V.
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N

?

E\hm\\m\w

TR

N
N
o



220 R. P. Lepping et al.: A summary of WIND magnetic clouds for years 1995-2003

20E0ND : e g but after attempted MC fitting it does not show a good force
= E MM E free flux rope structure, so we refer to it as magnetic cloud-
s g?"“”"ﬂm«\u}"‘%@: mognetic noles => ¥ T e/ like. From the time of the vertical arrows (in three of the
e o bottom four panels) to the second shock the proton thermal
ol 5 - speed (M) is low, typical for MCs but also typical for ejecta
oo generally (and for ICMES). Hence, a possible interpretation
e TV ' for this region, besides those given above, may be that simply
€ A i : two MCs exist within a larger region of ejecta.
= 8F E In Fig. 4 we show magnetic field and plasma profiles for
§! §§ MW?“&M&\M&*M”MWJ" o _the MC startipg on 24 Decem_ber 1.996, ip ordt_ar to make a few
> 18 : : important points. First, the field intensity B is nearly sym-
gﬁg WM@“N&NWN E metrical within the MC, which is somewhat unusual (com-
§::g: MWMN; pare to typical Bs seen in Fig. 1), and, _second, magnetlc
2 2s0F : : E “holes” are seen at the MC boundaries in the B-profile, a
B g not uncommon feature of MCs. Third, the speed (V) profile,
e NW‘L i ,_,,f;_mw %?WMWWJ“ although showing a distinct gradient, is not smoothly chang-
82; nd S - 5 : 5 ing in this case, which contrasts to uniformly dropping speed

December 1996 profiles commonly seen within most MCs, as we saw in ex-
amples B and C of Fig. 1. Fourth, the V-gradient is of only
Fig. 4. Magnetic field and plasma profiles in the same format as thatmoderate strength, which is consistent with the MC having a
of Fig. 1 (but without the & y, z components) for the case of the 24 symmetric B-profile, in the sense that B is usually distorted
December 1996 MC, where again the dashed curves are model-fit§o more intense values in the front of many MCs (see ex-
Especially noticeable are: the nearly symmetrical magnetic fieldamples A and C in Fig. 1). This occurs when the plasma is
intensity within the MC, the magnetic holes at the MC boundaries relatively fast in the MC'’s front with respect to upstream so-

(seen in the B-profile), and the irregular patterns in thermal spee . . . . e N
and density. For example, the density profile differs dramaticallyciar wind speeds. Fifth, typically this speed-differential (i.e.

from those in A and B of Fig. 1, and is somewhat different from that the speed between the MCS. front and. the UpStr,eam sp(?ed)
in C of that figure. Notice that this MC is in the-NS Category (in appears to play a more prominent ro'? In th? MC'’s B-profile
contrast to the MC in Fig. 1A which is a-SN type — see Table 3).  distortion (from a temporally-symmetric profile) than the ef-
For an N—S type there is the possibility of predicting the point fect due to MC expansion (Lepping et al., 2002). Expansion
where B is min. (usually a southward field), based on the early is responsible for shifting the static model’s central peak in B
part of the MC, forD;, forecasting. Holes (when they exist) and to earlier times (e.g. Osherovich, et al., 1993b). Hence, most

directional discontinuities are very helpful in choosing the proper MCs have higher B values in their fronts than in the central
MC boundaries. The brief region shaded in yellow is where the or rear regions.
observed B component is southward.

2.2 The cloud-fitting model and recent modifications

where the field seems to demand one set of boundaries an . .
o . s mentioned, MCs at 1 AU are approximately force-free
the plasma quantities another, especially at the front bound- . . . :
) : : structures (Goldstein, 1983; Marubashi, 1986; Burlaga,
ary. The MC’s front boundary is probably well determined,

because of the sharp directional discontinuity in the field OC_1995). The MC's geometry is ideally that of helical mag-

curring there. This situation might arise because the MC isnetIC field @) lines confined to a flux tube, which is curved

. : . ; . on a scale of about 1 AU at 1 AU when considered globally
either or both expanding and interacting with the surround- . )

) . see bottom of Fig. 5). When examined locally, the struc-
ing plasma, and we stress that we are presently using a stat

model, so expansion is not yet considered. Other inadequa—ure is approximately cylindrically symmetric, and the pitch

cies of the MC model used are also apparently responsibl?ngle of the helical field lines increases with increasing dis-

. A e . ) ance from the axis of the MC, such that the field is aligned

for such incompatibilities; the model is highly idealized, as . . " .

we will see. It is interesting that in the case of the 3 Octo- with t_he axis O.f symmetry at the position of the axis and_per-
’ endicular to it on the MC’s boundary. See the top of Fig. 5

ber 2000 MC there is modest expansion, as seen by the ver% : :
radual drop in the speed V (which is somewhat irregular op) where_a spacecratt is shown moving through thg I_ocal
9 representation of the MC at some oblique angle. This is to

compared to .mos.t expar_1d|nlg MQS)’ but thqre 1S not a verybe envisioned in the context of the ideal representation of the
strong front-side interaction in this case, as indicated by the

absence of field compression in the early part of the MC. Butg.IObaI MC. (F_|g. S, bo'_[tom)._ A qseful anal_yt|cal approxima-
ion for this field configuration is the static, constant-alpha,

notice that there is a driven shock (shock1) just after the start L . ) :

of 3 October (DOY=277) at about 16 h before the start of the orce-free, cylindrically symmetric configuration (Burlaga,
i . 71988), given by the Lundquist solution of

MC. We point out another forward shock (shock?2) following

the MC. Between the end of the MC and this second shock ) )

there appears to be another possible MC (labeled MCL here)Y “B = —a“B, (1)
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Fig. 6. (Left) The Bessel function curves resulting from the Lepping
et al. (1990) model and (right) a sketch of the resulting vector fields.
Bp is the axial field, B is the tangential field, and =0 is the
radial field (with respect to the flux ropes axis). Thefield (shown
in the plane of the figure on the right) is in actuality normal to it.
Normally the MCs radius is determined to bg,Rut occasionally
Fig. 5. (Top) A sketch of a cylindrically symmetric flux rope repre- is shown to be Rgw (see text).
senting a MC locally, relative to the observing spacecrafts trajectory
through it. Four model fit-parametersRBg, tg, and closest ap-
proach distance (C.A.D.)) of the total of seven are shapy;0a, axial polarity), and in the special case where the MC pos-
(the MCs axial longitude and latitude, respectively) are two others,sesses dual axial polarity, where the outer radius is given as
and handedness (H) is the last. In this case, if the thumb of the righRygyw. That is, on (relatively rare) occasions we see exam-
hand is along th&o-direction and the fingers of that hand are par- ples of flux ropes with a core-annulus structure, where the
allel to the directior_1 of_ the tangential f_ield at the boundary, then _theinner radius, B separates the core from the annulus; this
MCs handedness is rlght-hgnded. If it toqk the left hand to satlsfywi" be exemplified below. For most cases a MC has only a
these alignments W't.h the fields, the MC is Ief.t'hanfmd' (Bottom) core with radius B. The scheme was applied to 82 identi-
A global representation of a MC anq its relationship to the local fied cases of MCs observed in the WIND data in the form
spacecraft passage (after Marabashi, 1997; also see Burlaga et al. ; ) .
1990). of _15 min, 30 min, or 1h averages, depending on the du-
ration of the specific event, such that there was an attempt
to keep the number of points in the range of N: 20-90, but
which results from assumintyo B and the use of Maxwell's  typically N=40. For example, a MC of 40 h duration would
equations (Lundquist, 1950), which we express in the In-require 1-h averages for the fitting, and a MC=ef0 h du-
ternational System (SI) of units. More accurate MC mod- ration would require 15-min averages, but 30-min averages
els have considered the possibility that MCs expand as thewere used most often. In the scheme the least-squares fit-
move away from the Sun (Burlaga et al., 1981; Farrugia etting is initially carried out using unit normalized magnetic
al., 1992; Osherovich et al., 1993b, 1995; Marubashi, 1997field data. That is, only the field’s direction is considered
Berdichevsky et al., 2003) and/or the possibility of a viola- at first. (A simple linear scaling of the model fields magni-
tion of cylindrical symmetry (Lepping et al., 1998; Vandas et tude to the observed fields magnitude is done after the least-
al., 2005a). We fit the Lundquist (1950) solution of Eq. (1) to squares fitting, as a final step.) A “reduced” chi-squared de-
averages oB (in GSE coordinates) using a modified method viation to the fit, x 2/(3N—n) (EXI%), where N is the number
of Lepping et al. (1990). The Lundquist (Bessel function) of time-averaged points and n=5 is the number of parameters
solution is: in this part of the fitting, is calculated to measure the quality
. : of the fit. The chi-squared gquantity parameter is dimension-
Ba(axial = BoJo(ar). Br(tangentia) = BoH Ju(ar), less since the maggetic fie?d wasyuﬁit normalized up to this
and Bg(radia) = 0, (2)  point; actually{x2/(3N-n)}¥2 (i.e. [xx|) is displayed. The

where for any given MC the values fopBx, and H are tobe ~ full set of 7 fitted parameters are:
determined, along with four other parameters described be-
low. See Fig. 6 (left) for a representation of the Bessel func-
tion curves and how the full vectors are envisioned (right of — H, the handedness of the field twist, right-handed
the figure) in the typical case, where the radius ¢q$tngle (H=+1) or left-handed (H=1);

— By, the axial field intensity;
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— Ry, the radius of the MC; 2.3 Recent modifications to the model

- ¢’A',9A’ the longitude and Iati.tude, respectively, of the pacent modifications were added to the MC fit-model, to
MC's axis (GSE coordinates); help us better judge the quality of the fitting. One of these

— to, the center time (|e the closest approach t|me), and is the use of the quantity check (Where the closer its value

) gets to zero the better), and is defined as
— Yo, the closest approach (CA) distance (often called the

impact parameter) and generally given below as a percheck= (Rat—Ro)/Ruo, )
centage of R (In that case, CA100 Yo/Rg %.) where

The last five parameters are the n=5 considered in the re-
duced chi-squared fit process. Note that we choose the (NoRA7 = \/[Yg + (SiNBcA Ve AT /2)2], (8)

mal, i.e. core) boundary of the MC such that the magnetic _ ) ]
field becomes purely azimuthal there, i.e. whereg=fee  andwhereAT is the observed duration of MC-passage. i¥

Fig. 6. Hence, the argument of the Bessel functions at thath€ center speed of the MC (being close to the average speed
point is «r=2.40 (i.e. R=2.40k at the core boundary), to @cross the MC) and taken at the 1/2-duration pofiaty is
three place accuracy. However, the exact end-points are ndfi€ angle between the clouds axis and the Sun-Earth line,
always evident in the data, and sometimes many trial-fitsdiven by Eq. (3), and ¥ is the closest approach distance.
are necessary. Figure 5 shows explicitly some of these fit-1 atis, the value of the quantity “check” tests for consistency
parameters. See Appendix A of Lepping et al. (2003a) forbetween _two d|fferent means of obtaining estimates of the
details on how the MC parameter fitting technique is carriedMC's radius: 1) directly from the modelsoRand 2) from
out. We refer to the analysis interval chosen for the fitting Ra7, which is based on the MC’s speed and duration, and
procedure as the “duration’AT=(end time — start time)] where we must account for the tilt of the MC’s axis (via sin-
of MC passage, which is not necessarily equal to twice thefca) and for the fact that the spacecrafts closest approach is
modelsestimatectenter time, ¢. By allowing  to be a free usually not zero (via ¥). Other useful quantities are:
par.ameter we are giviqg the moFieI a chance to tell us a bes&sf: (1 — 210/ AT)|x100% 9)
estimate of the center time even in cases wiaeF& may not
have been well chosen. In many cases, however, any naturghlled the “asymmetry factor” (where 0% is perfect sym-
distortion of the MC will causeygtand AT/2 to differ. metry), and consideration of the average field components
It is convenient to define a so-called cone angle A), (taken across the MC) in cloud coordinatesBx >y,
defined as the angle between the MCs axis and the Sun-EartaBy >¢;, <Bz>¢; (as described in Appendix A). The fol-
line (specifically theX g sg-axis, positive toward the Sun, as lowing URL, within the WIND/MFI Website, explains the
usual), i.e. basis for the CI coordinates and provides a matrix that will
3) transform from GSE coordinates to Cl coordinatdgtp:

] ) ) /Nepmfi.gsfc.nasa.gov/mfi/ecliptic.html
Now we derive the formulae used to estimate the axial cur- |, brief, in Cl coordinates th¥ ;-axis is along the MC’s

rent density (g) and the axial magnetic fluxio) according  ayis  nositive in the direction of the positive polarity of
to the MC model used here (Lepping et al., 1990). Sinceyq axial field, thez-axis is the projection of the trajec-
J=aB, then the axial current density,3«Bo, and therefore, (41 of the spacecraft [relative to the MC's velocity (essen-
Jo = 2.40By/Ro, (4) tially the X sg-axis)] onto the cross-section of the MC, and
Yci=ZcixX¢;. ldeally then,<Bx>¢; should be always
dpositive and<By>¢; should be zero, because of the funda-
mental field structure of the force free model (Eqg. 1) and this
definition of the Cl coordinate system. However, the expecta-
tion that<Bx >¢; should be always positive is not expected
®g = Flux = / B.dS= / BadS = Bof Jo(ar)2rrdr to hold for the special “core-annulus” cases, as mentioned
in Sect. 2.2. (Notice that thé¢;-axis is aligned with a line
2 that passes through the closest approach point and the MC'’s
= @7 Bo/« )/JO(X)de’ ®) axis. We often refer to this as the closest approach axis.)
over x: 0-2.40, where %« r and %=«R=2.40, at the MC’s These considerations will enter into evaluation of the model

boundary according to the model, and where Eq. (2), for thdts quality (Qv), along with some other fundamental aspects

axial field component (in terms of the zeroth-order BesselOf the fit, discussed below in Sect. 3.0. -
function, Jo), was employed. Hence Finally, in the MC parameter least-squares fitting proce-

9 dure it is imperative to provide flags to warn us of: 1) lack of
®o = 1.36B0Rg, (6) convergence (or at least poor convergence), denoted by the
again where B and Ry are quantities that are estimated di- F-flag, and 2) the inability to accurately estimate MC hand-
rectly. Obviously Eq. (6) does not hold for core-annulus edness (H), indicated by the f-flag. In particular, the f-flag
cases, if one desires the net axial flux. depends on examination of the sign of the;Xomponent

COSPBca = COSH4 COSp4 -

according to our choice of boundaky=2.40/R). Since B
and Ry are quantities that are estimated directly by the fiel
data fitting process,gJis a direct by-product of the fitting
process. The axial magnetic flux is defined as


http://lepmfi.gsfc.nasa.gov/mfi/ecliptic.html
http://lepmfi.gsfc.nasa.gov/mfi/ecliptic.html
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(8)

of the average magnetic field of the MC in Cl coordinates, ) I ) _
separately for the first and second halves of the MC, where ¢ i; ‘»"""ﬁ""*‘\'\w V. R SRR o W

the half-way point is assumed equal to the mid-point of the & : il SIS T S
estimated duration. From simple symmetry the average Y <3PSy 5] AMifme el
field component in these two halves of the MC should be of 3 " WMW‘W e W““JMM&%”/%
opposite sign (and ideally of equal magnitude), and this sign- <% i g e L Flldiia TR
phasing is independent of which side of the MC the observer ¢ 1 :
passes first. When these two average fields are shown, in factsssee
to have opposite signs, the f-flag is set equal to “OK” (no er- g '§ "
ror), but if they are of the same sign, the f-flag is set equal 2

Ll T T W
I s T

to “NOT OK” (giving a warning). [As we will see, 6 outof % 5EV i f e
82 MCs (i.e. 7%) will receive this warning.] Note that, ac- & A ’“""&’“wﬂ’“’
cording to our MC model, the axial field component(B;) 3 : T e -
is always positive in the Cl coordinate system allowing us to 2 '

ascertain H from B ¢; alone. i
Concerning the F-flag, in the least-squares iteration pro- '
cess of fitting the field of the MC we step-wise adjust the §
direction of the MCs axis by6g; (change of axial latitude) >33
andA¢; (change of axial longitude), finally taking note of the i
size of these changes for the last iteration (see Appendix A =23usa ; ey
of Lepping et al., 2003a). Usually these final angle-changes ** *° ™ot = 0 5% 250 2188 2L rtae = =00 1180
are very small, such as a few degrees, indicating proper con-
vergence, but we arbitrarily allow angle-changes as large a&ig. 7. Two examples of poor quality §>3) MCs, both from the
10°. If the last iteration required a change larger thaf 10 year 2000:(A) the event of 21-22 February Days 52 and 53 and
for either angle, we designate the process as non-convergerﬂ?) that of 1 August Day 214, presented in the same format as that
and the program shows an F-flag="NOT OK”. [As we will of Fig. 1. In the first one (A) the quality is poor, because of the

see, 3 of the 82 MCs will receive NOT OK designations (i.e. P00 parameter fit, whergg was high, 0.215, and in the second
4%)’ for the F-flag.] one (B) xg was acceptable (0.122), but the asymmetry factor (asf)

was large, 45.9%, i.e. the peak inyBpgL is far off center (and

notice that there was little change in the latitude of the field within

this MC making MC parameter fitting difficult). The regions shaded

3 Means of judging quality and some peculiarities in yellow in both cases are where the observed:Bmponents are
briefly southward.

The quantities that are chosen for estimating the “quality”

(designated @ of MC model parameter fitting are: Diam-

eter & 2Ro), xr <E (X,%)) CA (=Yo/Rp), asf, check, In Fig. 7 we show two examples of@®@3MCs. For the

<Byx>c1, <By>ci, <Bz>c1, the f-flag (for ability to deter- event in Fig. 7A, that of 21-22 Februgry ZOQO, the quality is
mine handedness: OK or NOT OK), the F-flag (for conver- POOT, because of the poor parameter fitting, i.e. where/as

gence: OK or NOT OK), and the cone angfg-4). Qo can high (0.223). Also, although not related to qualify, was

take on the values of 1, 2, 3, where 1 is good and 3 is poor. By'nusually large, 75 in this case. In Fig. 7B, showing the MC
quality we mean a measure of the MC models ability to fit the ©f 1 August 2000, the g was acceptable (0.121), but the asf

magnetic field data for any given event period, as well as to/Vas large (60.9%). Both MCs had moderate length durations,

satisfy some important consistency constraints. For example?/-> @nd 15.9, respectively. Notice that the curve of

one such constraint is that the two different kinds of estimateétig' 7B varies little across the MC indicating that the observ-

of the flux rope radius agree, i.e. thaheck is small (see N9 spacecraft was quite distant from the MCs axis at time of

Eq. 7). Specifically, the Qvalue is assigned according the Cl0Sest approach agreeing with our estimate of €82%

criteria based on magnetic field quantities, determined em{or this case. By comparison with these low quality cases

pirically and described in Appendix A. In Sect. 6, in another (Where @=3), all three examples in Fig. 1 are)€l cases,
context, we extend our concept of MC quality (through au- where we see that the parameter fittings and symmetries are
tomatic identifications of MCs) by including plasma quanti- "&ther good.

ties, i.e. proton temperature and proton plasma beta. As men- We have shown that €is not strongly dominated by
tioned above, we often tried various types of field averagesany one of the values of its input quantities. Quality’s
in the model fitting. The results of these various attemptedstrongest dependence, however, is on asf (correlation coeffi-
fittings for a given MC were compared, for some trial runs, to cient (c.c.) of 0.42) with the criteria related By >¢; (for

see if a particular type of average provided higher quality fitsseparating @=1 from =2 cases)<Bx>c;, xr, Icheck,

than the others, in which case the highest quality case woul@c¢ 4, and|CA| being of intermediate importance; they have
be the trial that was accepted. |c.c|s from only 0.35 to 0.22, dropping in the order shown.
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that a MC can have a “core-annulus” structure that we dis-
cuss below, and they should not be expected to have a small
check value. We now consider an unusual MC structure.
Figure 8A shows the magnetic field and plasma profiles
for the MC occurring on 4 and 5 February (Days 35 and 36),
1998. This is a special case of a core-annulus MC, where
the solid vertical lines in Fig. 8A denote its outer bound-
aries. In Fig. 8B we show the MC’s magnetic field pro-
file in Cl coordinates and its model fit (shown by the red
dashed curves). Again, two vertical solid lines indicate the
outer boundaries, and the traditional fitting interval (enclos-
ing the “core”) is given by dashed vertical lines. This struc-
ture is compatible with a solution of Eq. (1), but now the
outer boundary extends beyong=R2.40&, which is the ra-
dius of the core. On the right side of Fig. 6 there is a sketch
of the field structure of a core-annulus flux rope approxi-
mated by the MC profile of Fig. 8, where the outer radius
is taken to be Rew. In this case we cannot interpret “check”
in the same manner as a MC consisting of only a core. That
is, RaT in check [=(RaT—Ro)/Ro] depends on MC duration
(AT), which is compatible with th@uter boundary of the
f annulus, but the modelgRdoes not depend onT and is
' not directly related to it. However, we have found very few

6. () B(nT)

B, (nT)

8, (nT)

~ 10F . T E of such core-annulus cases. Possibly only four such cases
I e B W 3 exist in the WIND data, including one that is apparently an
'f - ya— annulus . RS 7 annulus-only-passage (that of 24 June 2000). Table 1 (to

5 . . .
February 1998 be discussed below) denotes which cases fall into the core-

annulus (or annulus only) category, by an asterisk (*) marked
Fig. 8. (A) The magnetic field profile (in GSE coordinates) of a so- on the “check” (ck%) value for that MC.
called core-annulus MC, in this case occurring on 4 and 5 February \e point out a characteristic property of the Lepping et
Days 35 and 36, 1998, where the (outer) annulus fitting interval isa|_ (1990) fitting program that is most helpful at times, i.e.

shown by two vertical solid lines, in the same format as Fig. 4 where: i ;
its ability to attempt to provide the correct output MC pa-
the red dashed curves are model-fits. The region shaded in yellow, y P P P P

: . rameter estimates, even though thkong analysis interval
is where the observed;Bzomponent is southwardB) The same . s - .
MC shown for the magnetic field only and in Cloud coordinates in .(|.e. Wrong start- or end-point) is chosen for the f|tt.|ng.. This
a Cartesian (R y 7 cL) format; again, the model field is shown as 1S more likely to happen when one of the boundaries is cho-
smooth red dashed curves. Now we show two sets of boundarie$€n correctly. For example, see Fig. 9 which shows such a
the inner (core) boundary and again the outer (annulus) boundangase, the MC of 27 May 1996. At the top of Fig. 9A the
The max and min in B ¢ (at the dashed vertical lines, which de- full (apparently correct) interval of the MC was employed,
termine the boundaries of the core) should be in phase with thatvhere the duration was a long 40 h (at a slow average speed
Bx,cL-polarity change — as we see they approximately are. Therepf 370 km/s), and this lead to a successful fit. At the bottom
were four examples of this type of MC among the 82 MCs; see thegf Fig. 9 (B) only part of the MC was used for the fitting with
asterisks (*) on check (ck%) in Table 1. the same model-program, where the duration was incorrectly
assumed to be 21 h. It is interesting that trial B provides
fit-parameters that are very similar to those of trial A. That
“Diameter” as a criterion simply addresses size-plausibilityis, for interval A, R=0.17 AU, |Y ¢/Ro|=10.5%, B=11.9nT,
(where very large MC diameters, e0.45 AU, are not be-  (¢4,04)=(12C, 32), Bca=115, and |xg|=0.181, and
lievable at 1 AU) but can be shown to have essentially nofor interval B, these were ¢20.15AU, |Yo/Rg|=4.5%,
correlation with Quality otherwise. The handedness flag (f)Bo=12.2 nT4,04=(108, 40°), Bc4=103, and|xg|=0.121,
and the convergence flag (F) when equal to NOT OK meanshowing relatively small differences from trial A, even
that all fit-parameters cannot be trusted. It will turn out thatthough the input “analysis interval” was almost halved from
32 out of the full 82 MCs had £3. Of these, 15 violated trial A to B. And it is obvious that both trials give very simi-
two or more “Q@=3" criteria. There were three cases that vi- lar field profiles for the shorter interval, and they continue to
olated four criteria of Appendix A. For the 32083 cases, agree upon extrapolation of trial-B’s model field (not shown)
consideration of asf was the most important of the nine crite-over the full length of trials interval. However, as should
ria listed; 13 violations fell into this category. Consideration be expected, “check” was vastly different between the two
of xg was second. There were also a lot of MC “checks” vi- trials: it was—0.07 (acceptable) for vs—0.40 (very poor)
olated, but as we shall see, some of them were due to the fador B.
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This difference in “check” is a warning that the B-interval 0)

. .. 20F
was probably incorrect, and similarly for asf (the asymme- 15 £VIND
try factor), where asf was 27.5% for interval A, but had a
ridiculous value of 122% for interval B, again as might be

expected.

8, (°) B (nT)

4  Average characteristics of magnetic clouds

The MCs studied here are from WIND data from early 1995
to August 2003, i.e. covering parts of both the quiet and ac-
tive parts of the solar cycle. They were initially identified _
by visual examination of magnetic field and plasma data by ¢
at least two members of the WIND/MFI team based on the =
Burlaga (1988) definition of a MC.

Ll

4.1 Summary of model-related magnetic cloud
characteristics

g i :
26 27 28 29 30

Lepping and Berdichevsky (2000) presents a preliminary
statistical examination of WIND MC parameters (for only
28 MCs), along with those for MCs from an earlier pe-
riod mostly observed by the IMP-8 spacecraft. Table 1 is
a summary listing of the full 82 WIND MCs with specific
event times, durations, model fit-parameters and various re-
lated quantities; in footnotes at the bottom of the table is the < ' L : :
particular quantity’s definition. All of the quantities needed 26 27 28 29 30 31

. . . . May 1996
to obtain @ (in last col., footnote r) are contained in Ta-
ble 1. Table 2 gives the averages and standard devlatlonéig. 9. Two attempts to fit the same MCA) Comparison between
for most of these quantities for the full 82 MCS for both the observed field and the force-free MC model fit (smooth dashed
the full set of 82 MCs and for the &21,2 set (i.e. exclud-  cyryes) to these data in terms or field magnitué)(and direction
ing poor cases) separately. These averages may be compargshgitude and latitude anglesg, 0g) (also shown: proton thermal
to those given in the Lepping and Berdichevsky (2000) pa-speed, bulk speed, and density) for the MC of 27 May 1996. The fit-
per, which showed preliminary values for WIND MC fit- ted curves hold strictly only within the vertical dashed lines, which
parameters for the early part of the mission (1995-1998)epresentthe estimated endpoints of the MC. The full interval of this
vs. those from Lepping et al. (1990) mainly from IMP 8 MC, where the duration was a long 40h, is fitted with moderately
(see Table 1 in that paper) for the earlier interval 1967—1982900d success(B) Now for convenience only 30 min.- averages of
primarily in a period of greater solar activity. Lepping and the field are shown. In (B) only part of the MC was fitted with the

Berdichevsky (2000) show that, from the active (IMP) to the same model, where the duration was incorrectly assumed to be 21 h,
’ which interestingly provided almost the same fit-parameters values

mostly quiet (WIND) period, B decreases by about 16% and as those from the (A)-interval fitting, including very nearly the same

MC SPeed decrgases b¥_11%- Our present Table 2 (Whergstimated radius. The model occasionally displays this robust fea-

there is overlap in quantities) supports most of the values in,e. Thisis a @=2 MC. The regions shaded in yellow are where

Table 2 of Lepping and Berdichevsky (2000), but apparentlyihe observed Bcomponent is southward.

is a little closer to the IMP set, except for the averageef

We note that on average these MCs are one day long, 1/4 AU

in diameter, show a slight preference for having axes closeMC speed (V), diameter (22, axial field magnitude (B,

to Y-axis(GSE) alignment, and carry an axial currenmt) (bf square-root of chi-squared of the fitg), asymmetry fac-

about a billion amps, wheret0.4321JoR§ derived fromthe  tor (asf(%)), relative closest approach distance CA(%), ax-

Lepping et al. (1990) model. The MCs have a broad range ofal magnetic flux (), current density on the axisg(J axis

speeds, but speed was typically around 400 km/s on averageone angle fc4) with respect to the X(GSE)-axis, radius-

early in WINDs mission (Lepping and Berdichevsky, 2000). “check(%)”, average of the MC’s field in Cloud coordinates,

It has climbed to significantly larger values recently, giving (<Bx>¢;, <By>¢;, <Bz>(¢;); see Sect. 2.2 for a defini-

an 8.6-year-average of 453 km/s. tion of magnetic cloud coordinates. We now discuss some
In Fig. 10 we display the distributions of the estimated features of the distributions in Fig. 10.

fit-parameters and other relevant quantities comprising the The AT-distribution is that of a severely skewed gaussian

following: Duration (AT), axis direction in terms of lon- (= Poisson) with a mode around 15h. Only one case went

gitude and latituded4, 64 in GSE coordinates), average above 50 h. The long durations are generally indicative of the

8. () B (nT)

(V]
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Table 2. Averages and's of MC fit-parameters of Table 1. Table 3. Magnetic Cloud® g (or B;) Categories*.
Full Set (N = 82) Q = 1, 2 Set (N=50) Categoryno.  Definition Categoryno.  Definition
1 N=S 11 S=N
Quantity Average 4 Average o 2 N = S, mostly N 12 S= N, mostly S
3 Almost all N 13 Almost all S

AT (Hours) 21.1 10.7 21.6 9.3 4 AlIN 14 AllS
. ()<180° 99 7 100 8 5 N = S, mostly S 15 S = N, mostly N
¢ ()2180° 265 7 263 8 * The Categories were qualitatively determined by visual inspection.
6. (% 6 38 8 39
184 (°) 31 22 32 23
Be(®) 95 32 96 26
vV (km/s) 453 124 455 129 measures — not variations in B-intensity, as we pointed out
2Ro(AU) 0.249 0.122 0.249 0.078 above) in our set. The asf(%)-distribution is of a simple form,
B.(nT) 17.8 6.9 17.1 5.9 such as 1/(K+asf) where K and k are constants, and k is ap-
Xe 0.138 0.053 0.124 0.040 parently close to unity. So a large percent of cases have rel-
asf(%) 222 29.6 121 91 atively good symmetry. The CA(%)-distribution is approx-
ICA(%) 434 33.3 36.0 263 imately normal (at least more so than any other distribution
h (10°) 8.57 5.72 8.57 447 in Fig. 10, excluding those of the averagesBoih the MCs
3 (10® Mx)  10.7 12.8 9.2 7.2 : . : .

in Cl coordinates). One might have expected a more uniform
Jo (pAmp/km?) 2.53 2.95 1.95 0.91 L . : . o
lcheck(%) 29.4 571 15.4 121 dlstr!but|qn, e_speually n‘. there is no bias in solar source ex-
I<Bx>la (nT)  7.20 4.49 825 4.90 pulsion direction. We point out that CA(%) is not an intrinsic
I<By>la (nT)  2.98 3.10 2.24 2.15 characteristic of MCs, so its observed (but unexpected) dis-
I<Bz>lg (nT)  4.19 3.40 3.88 2.87 tribution probably reflects an approximate realization of at
N 53.0 18.9 55.7 20.0 least the following two factors: 1) any natural focusing of

the path of the related ejecta toward (or possibly away from)
the ecliptic plane and more likely 2) any observer-selection

large cross-sections of some of these structures, but some a%fept, whereby the MCs with small CA(%) are easier to rec-
a reflection of the slow speeds of some MCs, as clearly seeR9Nize than those at or near 100%. The,-distribution
in Table 1. Thep,-distribution shows an obvious bimodal 'S @ slightly skeyved normal distribution where the peak is
structure due to the fact that when the MC is seen at or neaYery near 99 which should be expected for the typed,

its “nose”, globally speaking, and especially when having in-0a-distributions seen here and accordlng’j’tg\’s_ de.f|n|t|on
clinations not far from the ecliptic plane, the axis will likely (S€€ EQ. 3)pc should be somewnhat broadly distributed and
be nearp,=90° or 27C, as in fact we see in the histogram. peak near 9‘0 asitisseentodo. The dlstrlbptlonscm‘g and

But the histogram shows many cases between these modes sare Of similar structure and drop off rapidly, except for a
well. It is interesting that thé,-distribution is asymmetric, 0w number of cases in their long tails, i.e. there are only a
strongly favoring positive values which is likely due to the Small number of high values. The “check(%)"-distribution is
phase of the Suns dipolar field; however, this suggestion muslatively narrow and has a peak near zero, as expected. But
be subjected to critical analysis. The V-distribution shows aintérestingly, whericheck<100% (i.e. reasonable values),
broad peak around 400 km/s, ending at about 500 km/s. agheck very much favors negative values, which means that

we moved into the active part of the cycle we occasionallymost of the time f%r reasonable casestR Ro (see Eq. 6).
saw faster speeds, as Table 1 shows (in the V column), pro¥Vhenicheck>100%, it is observed that&>Ro, and then

viding the V-distributions long tail. The 2Rdistribution, ~ MOst of such cases are either core-annulus types [discussed
with a peak at about 0.20 AU, is similar in structure to the V- @P0ve in Sect. 3.0 (and see Figs. 6 and 8), and for which
distribution, but there is an abrupt drop aroung2®30AU; ~ We cannot depend on check for judging quality], or they are
this is not surprising since an expanding MC (which most of SIMPly poor cases. The distributions @B, >c;, <By>ci,

them are at 1 AU) would not have had enough time to expandnd<B:>c; in Cloud coordinates (see the last three panels)
to diameters greater than about 0.3 AU in going from the Surf'® all approximately normally distributed and appear to have
to 1 AU. At farther distances from the Sun we would expect '¢asonable peak values. Most of the cases whére>c; <0

there to be a higher percentage of larger cross-sections. THY® POOr cases, except where a core-annulus case is consid-
Bo-distribution is rather smoothly changing from the most €red:

probable value at about 13 nT to very high, but uncommon, Figure 11 shows most of the quantities in Fig. 10 as a func-
values, such as were seen in the second Bastille Day MQ@ion of year for the period from 1995 to August of 2003; the
when B reached a value near 50nT (e.g. Lepping et al.,last three panels of the two figures are different, which in
2001; Mulligan et al., 2001). Thgg-distribution displays Fig. 11 are: (panel n) handedness, H, (0) total axial current,
a rather restricted range of values between 0.05 and 0.2 withr, and (p) quality, Q. Many of the panels of Fig. 11 appear
only a few beyond that value, to 0.3. This is a measure of theo show a rough tendency of many of the parameters to split
rather narrow range of field directional variations (whjgh into three regions: early, middle, and late, where the middle
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Fig. 10. Histograms of various estimated fit-parameters, by the Lepping et al. (1990) MC model, and related quantities for the 82 MCs
for the period from 1995 to August 2003 given in pan@jsthrough(p), respectively as: DurationA(T), axis direction in terms of (GSE)
longitude and latitudeg(a, 6a), average speed (V), diameter @Raxial field magnitude (B), square root of reduced chi-squared of fit

(xr), asymmetry factor (asf(%)), relative closest approach distance CA(%), axial magneti®#uxclrrent density on the axisg)] axis

cone anglef¢ 4) with respect to the X(GSE)-axis, radius-check(%), average of the MC'’s field in Cloud coordiraBas>(;, <By >,
<Bz>()); see the text for a definition of Cloud coordinates.

region (most apparent ipa, panel (b), where<¢a> tends 4.2 Classified by Category and “State”

toward 180, whereas it was usually bimodal with peaks near

90° and 270. This middle region occurs over the interval We find it useful to categorize MCs according to a combina-
from late 1998 to early 2000. But part (or all?) of this differ- tion of handedness (H) artg profiles; see Fig. 4 of Lepping
ence in appearance, however, is apparently due to a paucitt al., 2005 that preliminarily examines MC profiles in these
of MCs in that time period. This apparent split is not easily terms. TheJg profiles can be putinto 10 different Categories,
quantified. In panel (n) handedness (H, or chirality, whereas shown in Table 3, and likewise H put into two. The dis-
+1is R and—1 is L) shows an apparent oscillation between tributions of these Categories for our 82 MCs is shown in
one type and the other for most of the mission but is of only Table 2 of Lepping et al. (2005); also see Figs. 10 and 11 of
H=L(—1) for the middle region. This temporal distributionis Lepping et al. (2003b), which show pictorially how the asso-
not completely understood, but clearly it depends on the vecciated MC flux ropes are oriented with respect to the Ecliptic
tor nature of the solar source regions (see Bothmer and RusBlane to create such Categories. Therefore we have a total of
1997) and on the specific origin of the MCs, where the H=R10x2=20 possible Categories. We then define a State func-
cases are expected to arise in the Southern Hemisphere §Pn as

the Sun and the H=L cases from the Northern Hemisphere

The quantity that shows the clearest pattern is speed, V, inS tate=CategoryxH, (10)

panel (d). The envelope of V markedly increases from 1995yhere H is +1 (Right-handed) or -1 (Left-handed) and “Cat-
to the end of the data, almost linearly, except for the Bastilleegory” is assigned, for example, 1 forNS, 11 for S>N,
Day event where V was near 1000 km/s. 3 for almost all N, etc.; see the top part of Fig. 12 which
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Fig. 11. Variation of various MC quantities vs. time for all 82 cases; the quantities match those of Fig. 10, except for the last three, where the
histograms in Fig. 10 okByx >c;, <By >, and<Bz>(;, respectively, are now replaced byr) handedness [H]0) total axial current

[I7]; and(p) quality [Qo].

defines 10 different Categories, 1, 2, 3, 4, 5 and 11, 12, 13and 11 should not be surprising, since they have been the
14, 15. Hence, State ranges ovet5to—11,—5to+5and  two most commonly occurring types of MCs, as the top of
+11 to +15, in increments of 1. In some notation schemes arFig. 12 shows.

S—N Category with H=+1 (right-handed) would be called
an SWN MC and a SEN MC is in a-SN Category with
e o ! S ATt T program el an e sign oo i Cloud

; ! . ’"coordinates, we are able to find the closest approach vector
Our notation allows us to examine a larger set of Categories.

. L fin GSE coordinates by an inverse transformation of the vec-
covering MCs that are steeply inclined. See the bottom o tor ¥o(Cloud coordinates). Table 4 gives details on Mg Q
Fig. 12 which gives State as a function of time and show- 0 ' 9

. . . . o .~ and State (see Eq. 9), as well as this vector information on
ing some obvious clustering of this quantity in at least five :

) . ; the closest approach of the spacecraft to the MCs axis for all
places; clustering here means a tightly grouped set of 3 o . . .
more MCs in a given State in a 14 month (or shorter) pe 2 cases. The table gives the closest approadtvector in

. gIve P GSE coordinates (yy,zapd the actuatlosest approach vec-
riod, but not exclusively of that State. Most of these (4 sets) - 4 . .

: . tor (again in GSE) in AU units (Y,Zand provides the scalar
are in the+11 State, i.e. from Category 118N types), closest approach, CA5YRy(%) (also provided in Table 1)
where two had H=-1 and two had H=+1, but two sets of A

. i ) -
MCs, in 1998 and around late 2000, have States of +4 (alf%;g;]nglr?t;]neesi’sgz\?:'(?z irgf?%rmgée;?izsetzilos)e:: daep
N) with H=+1. So sometimes there was a slight tendency” b = g ¢l

for the MCs to fall int ts of ticular Cateqory with of the MCs axis. Notice that since the MCs are assumed
orthe slofa 0 SEIS of a particuiar tategory 2 10 be moving locally along the X-axis(GSE), there aim@
fixed handedness, but with some small amount of intermix- . .
. ) X . x-componentin GSE coordinates for the closest approach
ing of other Categories as well. Clustering of Categories 4 : . . ) i )
vectors. This ability to provide CA in various forms and in

Since we have the ability to transform from GSE to Cloud
coordinates (as described in Sect. 2.3) and since our MC pa-
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both cloud- and GSE-coordinates is to be included in the liston an analysis of solar impulsive10-1—10% keV electron
of recent modifications to our MC fitting program, as well as events measured within the MC using data from the WIND
those discussed in Sect. 2.3. 3DP plasma instrument (Lin et al., 1995).

4.3 Consideration of magnetic flux in clouds
) _ o ) ~ 5 Error estimations of magnetic cloud fit-parameters
Panel (j) of Fig. 10 shows the distribution of axial magnetic

fluxes, @, for the 82 WIND MCs for the 8.6-year period of There are many possible sources of fit-parameter errors in
interest. When shown on a finer resolution the distributionmodeling MCs. We list the most obvious ones here: (#1)
shows a peak nean@(?OMx (or 9x10'°Gauss kif); Ta-  “nojse” fluctuations in the IMF within the MC (meaning any
ble 2 shows an average value of abouk10?°Mx. There  non-MC-model perturbing fields), (#2) incorrect choice of
is obvious severe skewness in tig-distributions. In Lep-  MC boundaries, (#3) not accounting for systematic features
ping and Berdichevsky (20003®o> changed from about n violation of the model (e.g. those due to MC expansion
13x 1079 Mx for the “IMP” set of 18 MCs (1967-1982) to  (Osherovich et al., 1993b; Berdichevsky et al., 2003), non-
10x10?°Mx for the early WIND set of 28 MCs, consistent circular cross-section (Lepping et al., 1998), effects of a pos-
with our present value for the larger set of MCs. We shouldsible interaction of the MC with surrounding plasma, etc.),
not be Surprised that the more active period has the hlgheénd (#4) measurement errorsBrand the velocity V) of the
MC flux associated with it. We now make use of this infor- MC. To these we could add the possible misidentification of
mation about a MCs typical axial magnetic flux in the follow- 3 solar wind structure as a flux rope in the first place, but
ing way, using the value of $010'° Gauss kri=®o(1AU).  this may be considered to be included in category (#2). We
We start by assuming that both ends of the MCs field linescan generally ignore this source of error, since there are gen-
are anchored at the Sun, at least for the period in which thexrally good means of providing assurance that the structure
MC transits from the Sun to 1AU. If we assume completejs a MC from the examination of the full plasma and field
axial flux conservation over 1AU and consider the value set together. Only the unusually short-duration cases present
of ®(1AU) to be typical, and assume 3R4x10*km to  dentification problems. But there is a possibility of incor-
be a typ|Ca| diameter of the MCs fOOtprint at either end rect|y |dent|fy|ng combined MCs as a Sing|e MC, or the op-
(see plate 2 of Martin and McAllister, 1997; Lepping et al., posite, the incorrect identification of multiple MCs when the
1997b), then from overall structure is really a single MC. We have taken pains
to avoid such misidentifications, but can not guarantee that

Do (Sun = Po(1AU) A1) hone have slipped through. In fact, we have discovered both
or kinds in our earlier list and corrected them. Category #4 can
almost always be ignored compared to source #1; measure-
Bg x Areag = By x Areag ment errors are relatively very small. Modification of our
BswR2 = ByrR2 = ®g (1 AU), (12) model to account for the systematic features listed in source

#3 is planned for a later time. Source #2 is usually important
where the subscript “S” refers to one of the footpoints at thealso, but we concentrated here only on #1 as being the most
Sun, and the subscript “1” refers to 1 AU. For the values oftractable, and usually the most important, especially if care is
®o(1 AU) and R given above, Eq. (12) yields a value for taken to use all available means to obtain proper boundaries
Bs of 80 Gauss. Such a value is not inconsistent with fieldto solve uncertainty #2.
intensities observed for prominence fields: values quoted for If there were any doubt about the choice of the bound-
field intensities for quiescent prominences are around 5 tary positions, we would try many reasonable attempts at
30 Gauss (typically 8 Gauss), but for active region promi- start/end times in the model parameter fitting, and then note
nences at the foot of the flux tubes the field intensity hasthe average and variation for the various output parameters,
been estimated to be as high as 200 Gauss, but typicallwhere the variations should reflect the degree of uncertainty
20 to 70 Gauss are expected (Tandberg-Hanssen, 1995). Sie to this source of error. This error source may be con-
80 Gauss is reasonably well bracketed by these values. Thisiderable for what may be called “unstable” cases (where
presumed connection of a typical MC to a solar source issmall estimated boundary changes give large changes in out-
therefore plausible, at least by this test. It is expected thaput parameter values), for which poor results are expected.
the MCs footprint-fields will eventually disconnect, perhaps The multiple trial method will not likely give a very accurate
through magnetic merging. It might not occur until many measure of this error, however, because we then do not usu-
days after the expulsion of the MC, but there has been in-ally have a quantitative measure of a “reasonable” attempt at
sufficient study in this area to be more quantitative. Larsonstart/end times. But there is usually no other choice, if the
et al. (1997), however, have given solid evidence for at leastiata set is restricted to a single spacecraft. (We should point
partial field disconnection occurring, and a major change ofout that the detailed features in the plasma parameters, es-
field line topology, for the WIND MC of 18—20 October 1995 pecially proton temperature and proton beta, and even bulk
case (and see, e.g. Lepping et al., 1997a), even as early apeed (although not part of a MCs definition), are useful in
the time when the MC reached 1 AU. Their work was basedchoosing the proper boundaries. And the presence of field
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directional discontinuities is usually definitive in choosing 35
boundaries, because a significant directional discontinuity
(DD) should not exist within the MC, and therefore the clos- 30
est DD may be the boundary. As mentioned above, some-
times a magnetic hole, i.e. a prominent dip in B (see, e.g.
Burlaga, 1995; Farrugia et al., 2000; Baumgartel et al., 2003) § 20
will be seen at one or both boundaries of a MC.) If one of a L-'j
series of boundary trials provided the highest Quality esti- © 15
mate (among @=1,2,3), that clearly would have been our Z°
choice. As stated above, source #3 is beyond the scope of 10
this study, but it is not completely independent of source #1,
because noise-fluctuations is a relative term, which, in fact,
depends on the choice of model.

The model fit-parameters were recently examined in terms €21®9°7Y 114 1 14
of level of fit-parameter uncertainty due to typical field fluc-
tuation noise (source #1), as seen generally in MCs. This is
described in a recent fit-parameter error study by Lepping et
al. (2003a, 2004) and implemented in a related program that
interpolates between the output parameter values developed
in the original Lepping et al. (1990) paper, to better enable
its use. This error-interpolation program is given by the URL 10
http://lepmfi.gsfc.nasa.gov/mfi/interpolatiomc.pra

The Lepping et al. (2003a, 2004) fit-parameter error pro-
gram was applied to the magnetic field within the interval of -10
each of the identified 82 WIND MCs, and the interpolation ‘ ‘ ‘ ‘ ]
process described above was employed. (See Appendix B, 1996 1998 2000 2002 2004
which provides some brief practical notes on background YEAR

and use of the Lepping et al. (2003a, 2004) fit-parameter eri:ig. 12. Histogram of MCs separated into various Categories de-

ror program.) To summarlze the .reSUIt‘?‘ of the WIND fit- fined in Table 3 (from Lepping et al., 2005). Bottom: State of the
parameter error study, Fig. 13 provides histograms of the paycs vs. time for the period from 1995 to August 2003, where
rameter output uncertainties ) for the cases whereoQs  state=Category H H (see Eq. (10) and text). See Table 3 for def-
1 or 2, in the left column, and for §&3 in the right col- initions of various MC categories. The State function takes into
umn, all for the following parametersi94|, g(cone), 64, account handedness, axial polarity, and the attitude of the MC axis.
CA(=Yo/Rp), asf(%), R, and B, where the error-cone-angle
(B(cone)) represents the statistically estimated angle between
the exact MC axisand the estimated MC axis$ (cone) As was pointed out in Lepping et al. (2003a), CA is usu-
should not be confused with the angle 4, which is that  ally the most poorly determined parameter of all of the seven
angle between the estimated MC axis ahsk e (see Eq. 3).  fit-parameters in the first place, so this big difference in the
Note that Handedness (H) is not included, since H is alwaydwo distributions should not be surprising. At the bottom of
correct, unless the f-flag gives a NOT OK, as seen in Table 1Fig. 13 we also see a dramatic difference in the distributions
Table 5 gives the individual fit-parameter uncertainties)(  and their means fos [Bo] between the @3 cases and the
for the specific MCs for the setsg@1 or 2, with the premise  Qo=1,2 cases. Obviously for somey€B cases B is quite
that some of the parameters for the Q=3 cases are too poorly determined. Usually Bis one of the best determined
poorly estimated to be quantitatively reliable, as the far rightparameter for the gx1 or 2 cases.
portions of most histograms in the right column of Fig. 13
(and their rmss) indicate. Specifically, the parameters given
in Table 5 areo Bo, o Ro, o0asf(%),0 CA(=0{Y ox100/Ry}), 6 Magnetic cloud-like structures
004, 08(cone)o|by4], as well as Qjust for comparison, and
in that order. We developed a program to automatically identify MCs
The mean and rms values for each histogram in Fig. 13(Lepping et al., 2005). When applied to WIND data from
are listed to the right of each panel. It is evident that thelaunch to about August 2003, the program not only identified
mean ofo [X] (where X is any one of B, Ry, etc.) is higher  most & 88%) of those events that were previously identified
for all parameters for the §3 cases with respect to the as MFI-MCs, which we list in a Table 1 (called set 1 here),
Qo=1, 2 cases, but not always markedly so, and just barel\but it found many other similar events, which we designate
so foro[asf]. However, foroc[CA%] there is a big differ-  magnetic cloud-like (MCL) structures. The full set found by
ence between the two distributions and their means; CA ighe automatic identification program is called set 2; there are
generally much more poorly determined for the=Q cases. 185 events in this set. The structures in set 2 (sometimes
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Table 4. Closest approach vectors and magnetic cloud state values.
See footnotes at bottom of page 22.

Start Time © cA(unit)® ca(Gse)d

Yr Mon Day Doy HR  Yo/Ro(%)P yy 2z Y(AU)  Z(AU) Q.2 sf
95 02 08 039 5.8 -49 0.31 -0.95 0.017  -0.050 2 -12
95 03 04 063 10.8 49 0.99 -0.10  0.040  -0.004 3 -5
95 04 03 093 7.8 -71 -0.38  -0.93 -0.040 —-0.100 2 s
95 04 06 096 7.3 -81 095 -0.31  0.032 -0.010 2 -3
95 05 13 133 10.9 -112 -0.47 -0.88 -0.025 -0.047 3 -4
95 08 22 234 21.3 -48 -0.03 1.00 -0.002  0.060 2 12
95 10 18 291 19.8 12 0.15  -0.99  0.002 -0.015 1 11
95 12 16 350 5.3 -84 -1.00 -0.00 -0.048 —-0.000 3 -15
96 05 27 148 15.3 1 -0.59 0.81 -0.011  0.016 2 -11
96 07 01 183 17.3 16 -0.10 0.99 -0.001 0.014 2 -11
96 08 07 220 12.3 46 0.81 -0.58  0.040  —0.029 1 13
96 12 24 359 2.8 -47 0.44  -0.90 0.030 -0.060 1 2
97 01 10 010 5.3 -11 0.02 1.00  0.000  0.010 1 1
97 02 10 041 3.4 120 -0.27 0.96 -0.039  0.139 3 14
97 04 11 101 56 -40 0.90  -0.44  0.047 -0.023 2 4
97 04 21 111 145 -23 -0.18 0.98 -0.003  0.016 3 1
97 05 15 135 9.1 24 0.00 1.00  0.000  0.022 2 -12
97 05 16 136 6.1 45 -0.66 -0.75 -0.011 —-0.012 3 -1
97 06 09 160 2.3 53 0.56  -0.83  0.027 -0.041 2 12
97 06 19 170 5.1 -15 -0.34 0.94 -0.003  0.009 3 14
97 07 15 196 8.8 0 N/A N/A 0.000  0.000 3 -13
97 08 03 215 14.1 83 -0.21 0.98 -0.005 0.024 3 -11
97 09 18 261 0.5 -61 0.89 0.46  0.090  0.046 3 12
97 09 22 265 0.8 3 -0.96 0.27 -0.003  0.001 2 -4
97 10 01 274 16.3 —44 0.71 -0.70  0.062  —0.061 2 -4
97 10 10 283 23.8 -57 -0.03 1.00  -0.002  0.065 1 1
97 11 07 311 158 -16 0.66 0.75  0.012  0.013 2 1
97 11 08 312 4.9 -48 0.99 0.12  0.027  0.003 2 4
97 11 22 326 15.8 -23 -0.81 0.59 -0.029  0.021 3 1
98 01 07 007 3.3 -2 096  -0.20  0.002 -0.001 1 -3
98 01 08 008 14.9 -39 0.86 0.51 0.018  0.010 3 12
98 02 04 035 4.5 -89 0.14  -0.99  0.018 -0.130 2 -11
98 03 04 063 14.3 -6 0.41 -0.91  0.004 -0.009 1 -11
98 05 02 122 12.3 -83 1.00  -0.01  0.191  —-0.002 3 -14

called the “joint” set) should at least resemble actual MCs,lar sources than set 1. However, many cases in the MCL
since the “automatic” program uses criteria that were basedet are less intense (i.e. lowerB>) and have relatively

on MC plasma and field characteristics determined from theshorter durations than those in set 1, and rarely do they repre-
study of the earlier visually identified cases of MCs, i.e. set 1,sent good flux ropes through force free parameter modeling.
in the first place. Strictly speaking, then the MCL set (called Nevertheless, many of the MCL structures are geoeffective
set 3 here) is defined as the difference-set (set 2—set 1), arfthving long periods of negative,Bbeing somewhat similar

it is even bigger than set 1 (#;=103). As Fig. 14 shows, to mostbona fideMCs in that respect. Some of their un-
the occurrence frequency of the joint set (set 2), in fact, bet-usual characteristics may be the result of distant spacecraft
ter matches that of the sunspot cycle than set 1, obviouslypassages (with respect to the MC axes) of actual MCs, but
indicating the joint set’s better association with ejecting so-some may be non-MC ejecta. The start and end times of
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Table 4. Continued.

See footnotes at bottom of page 22.

Start Time @ CA(unit)® cA(GSE)d

Yr Mon Day Doy HR Yo/Ro(%) P Yy 22 Y(AU) Z(AU) Q, sf
98 06 02 153 10.6 20 -0.60 0.80 —0.004 0.006 2 -1
98 06 24 175 16.8 -23 0.62 -0.78 0.015 -0.019 2 -3
98 08 20 232 10.3 -13 0.32 0.95 0.004 0.013 1 11
98 09 25 268 10.3 57 -0.89 —0.46 -0.104 —0.053 2 -3
98 10 19 292 5.1 93 -1.00 -0.10 -0.019 -0.002 3 11
98 11 08 312 23.8 16 0.96 0.27 0.019 0.005 1 1
99 02 18 049 143 -63 0.14 0.99 0.023 0.158 3 -13
99 04 16 106 20.3 46 0.45 0.89 0.022 0.042 3 -1
99 08 09 221 10.8 26 -1.00 0.03 -0.035 0.001 1 —4
99 09 21 264 21.1 63 -0.10 0.99 -0.003 0.028 3 -1
00 02 12 043 17.1 33 0.67 -0.75 0.008 —0.009 3 -3
00 02 21 052 9.8 -22 1.00 -0.05 0.029 -0.002 3 3
00 06 24 176 8.3 -127 0.74 -0.67 0.278 -0.251 3 —4
00 07 01 183 8.8 —-47 0.93 0.36 0.058 0.022 1 —4
00 07 1S 197 6.8 -95 -0.99 -0.14 —0.084 -0.012 2 -14
00 07 15 197 21.1 -17 0.82 -0.57 0.022 -0.016 2 -11
00 07 28 210 21.1 -53 -0.21 0.98 -0.013 0.059 2 -1
00 08 01 214 0.1 -82 -0.18 0.98 -0.015 0.081 3 1
00 08 12 225 6.1 -1 0.05 -1.00 0.000 —0.001 2 -11
00 09 18 262 1.9 116 0.99 -0.17 0.103 -0.018 3 —4
00 10 03 277 174 23 -0.61 0.79 -0.013 0.017 1 1
00 10 13 287 18.4 11 0.80 0.60 0.011 0.008 2 1
00 10 28 302 23.3 20 -0.44 0.90 -0.023 0.048 3 -14
00 11 06 311 23.1 -19 -0.17 -0.99 —0.004 -0.026 2 -11
01 03 19 078 23.3 -19 -0.78 0.63 -0.012 0.010 1 -1
01 03 20 079 17.8 —4 -0.50 -0.87 -0.005 —0.008 3 -11
01 04 04 094 20.9 -86 0.14 0.99 0.023 0.162 1 -1
01 04 12 102 7.9 68 -0.82 -0.58 —0.069 —0.049 2 4
01 04 22 112 0.9 5 0.98 -0.19 0.007 —0.001 2 -5
01 04 29 119 1.9 39 -0.57 0.82 -0.026 0.037 2 -11
01 05 28 148 11.9 37 0.27 0.96 0.013 0.045 1 -11
01 07 10 191 173 -51 0.17 0.99 0.011 0.064 2 11
01 10 31 304 21.3 -9 -0.05 -1.00 —0.001 -0.013 3 -11
01 11 24 328 15.8 -80 0.52 -0.85 0.118 -0.191 3 —4
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the events in set 3 (MCL set) can be found at the URL offor N— S casesThese are expected to be the most probable

http://lepmfi.gsfc.nasa.gov/mfi/MCL1.html

With some modifications the Lepping et al. (2005) pro-
gram, now used for automatically and objectively identify-
ing MCs generally, may also be used in a real-time mode fo
predicting the point where IMF-Bgoes to a minimum late
in a MC from information within the early part of the MC

type of MCs in the near future (starting about year 2007), as

Plans are to examine these against other lists of ejecteiscussed by Lepping et al. (2005). [And see Bothmer and
including ICMEs, the interplanetary counterpart to coronal Rust (1997), concerning the field configurations of MCs with

mass ejections (see, e.g. Kahler, 1987; Gosling, 1990, 1997yespect to the solar cycle, and Chen et al. (1997), who also
developed a scheme for predicting solar wind structures and

degree of their geoeffectiveness, based on solar wind mea-

;Surements made immediately prior to the prediction time, but

with no special concern for whether they were MCs or not.]
With such real-time information, forecasting of minimum


http://lepmfi.gsfc.nasa.gov/mfi/MCL1.html
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Table 4. Continued.

Start Time 9 CA(unit)® ca(ese)d

Yr Mon Day Doy HR  Yo/Ro(%)P vy 2z Y(AU)  Z(AU) Q.° st
02 03 19 078 229 -18 046  -0.89  0.009 -0.017 2 1
02 03 24 0835 3.8 8 -0.59 -0.81 -0.010 -0.014 2 11
02 04 18 108 4.3 -53 -0.61 0.80 -0.051  0.067 1 11
02 04 20 110 11.8 44 -0.74  0.67 -0.047  0.043 3 -1
02 05 19 139 3.9 -95 0.04 1.00  0.007  0.201 1 1
02 05 23 143 23.4 -113 0.70 072  0.244  0.252 3 11
02 08 01 213 119 -25 0.82 0.57  0.014  0.009 3 11
02 08 02 214 7.4 1 0.17  -0.99  0.002 -0.014 2 -1
02 09 03 246 0.3 36 -0.87 -0.49 -0.023 -0.013 2 4
02 09 30 273 22.6 -10 -0.29 -0.96 -0.002 -0.006 3 2
03 03 20 079 11.9 66 099  -0.13  0.068 -0.009 1 -14
03 06 17 168 17.8 -17 -0.79  0.61 -0.017 0.014 3 -1
03 07 10 191 19.9 -54 -0.89  -0.45 -0.047 -0.023 3 5
03 08 18 230 11.6 -12 -0.80  0.60 -0.014  0.010 2 14
Footnotes :

g Start time in Year, Month, Day of Month, Day of Year, Hour

b Y,/R, (in %) (a scalar quantity); this is along the Y—axis in Cloud coordinates
€ CA (unit) is Yo/IYol, a unit vector, in GSE coordinates, where the X—component (xx) is zero
d cA (GSE) is Y, expressed in GSE coordinates, in units of AU

? Quality, Q

State is defined by Eq(10) [State = Category x H, where H is handedness and Category is
defined in Table 3 (e.g., N = or S = N, etc.)]

Dy, (and its point of occurrence), for the expected type of 0.048 and duration of 5.5 h (withdof 3), and 2) the MC
N—S MCs, is possible many hours before it occurs, becausef 2 June 1998 with an gRof 0.035 and duration of 5.3h
of the large size of most MCs and also because of the approx@with Qg of 2). Some others with short durations did not nec-
imately 1-h lead-time from spacecraft at L1 to Earth, such asessarily have small §8, such as the MC of 20 March 2003
provided by ACE and WIND (presently). with an Ry of 0.101 and duration of 10.5 h, but theéA| was
70% and the speed was 650 km/s (with g @ 1). There
are other good examples of small flux ropes in the solar wind
(e.g. Moldwin et al., 1999) that are apparently not MCs for
many reasons, as argued by Moldwin et al.

There were at least 4 MCs with a core-annulus struc-

7 Some particular properties of magnetic clouds

In this section we review some findings by the WIND MFI
team in their general and specific examinations of WINDture (as defined by right side of Fig. 6), occurring on:

MCs e|th_ernot_g|ven above or given only brl_efly. Afewitems 1) 18 September 1997 (83), 2) 4 February 1998 (&2),
are a review of important properties determined by others, for . <
completeness. already discussed (see Fig. 8), 3) 8 November 199810
and 4) 24 June 2000 ¢23). Actually case (3) appears to be
7.1 Particular properties of magnetic clouds an annulus-only case. These four cases are marked by an *
in the ck% column of Table 1; often the ck% value for such
At 1 AU 56% of MCs drove interplanetary shocks, i.e. 46 out Cases is very large, although not among the largest of such
of 82 MCs (if we include 5 upstream pressure pulses apparvalues, which are explained in other ways.
ently caused by the MC as driver and appearing as shocks Any specific MC may be part of multiple or complex
in formation) (Lepping et al., 2002). And 10% of the total ejecta (Burlaga et al., 2002; Farrugia and Berdichevsky,
MCs had an interplanetary shock inside (e.g. Lepping et al.2004). There was no attempt to address this issue here, and
1997a; Collier et al., 2001, 2005); it is not yet clear why so likely some of our MCs were, indeed, part of such com-
many MCs have these internal shocks. plexes.
There were two very short duration MCs: both were esti-
mated to be small: 1) the MC of 13 May 1995 with a &
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. §§ T ot 2 e e Fig. 14. (Top) Monthly sunspot number (SSN, triangles) and num-
310 8" ber of CMEs (***) (Gopalswamy et al., 1998) vs. time over the
3 o period of 1995 through 2003; the CMEs are yearly-averaged. The
] 1 2 3 4 ) 1 2 3 4 5
PN (L1 GLa L.U) B js—deo-cza) s CMEs very well track the SSNs, as expected with a linear correla-
3 b rms= 1.1 g0 rms= 3.0 tion coefficient, c.c.=0.97. (Bottom) SSN (triangles) vs. time, and
s 'g s : yearly averaged occurrence of WIND MCs (dots-diamonds) and
° Seen® ° S joint set (MC+MCL) of events (solid-xs) vs. time for the same time

period; MCL refers to magnetic cloud-like structures that are deter-
mined by a program developed by Lepping et al. (2005) (see Sec-
tions 2.1 and 6.0). In this panel it is evident that the joint set much

- . better correlates with SSN than with the (MFI) MC set alone. In
0, =
%), Ro, and By), where the combined §21,2 cases (N=50) are in fact, the linear correlation coefficient for WIND MCs vs. SSN was

the first column and the @3 cases (N:32)_ are in the second col- only ¢.c.=0.12, but for MCLs vs. SSN it was ¢.c.=0.80.
umn, as noted. For any given case the designations of mean and rms
hold for the specific histogram shown to their left, and they have the

same units as that histogram, as shown below it. An rms for a give .
0,
histogram provides a measure of the spread in the parameter uncel- IND set of MCs 76% had such uniform speed decreases,

tainties across a particular set of MCs; as expected, gv8Qases if 9 (out of the full 82) borderline cases are included; here
show larger rmss than they®1,2 cases. a borderline case means the speed decreased across the MC
but not necessarily in a very uniform way. Hence, at least
to 1 AU most MCs are expanding, and probably many do so
Unusual composition is observed in MCs, as in ICMEs Well beyond 1 AU (e.g. Skoug et al., 2000). _
(e.g. Steinberg et al. (1997) where often'Henhancements  As exemplified by Fig. 4, magnetic holes are sometimes
were observed). Also see McComas et al. (1998) on ACEobserved at MC boundaries usually helping in the determina-
measurements of composition with respect to CMEs. tion of the MC boundary or boundaries (e.g. Burlaga, 1995,
There is a fairly high incidence of MCs occurring at sector and Farrugia et al., 2000). In the WIND set a preliminary ex-
boundaries (Crooker and Intriligator, 1996; Crooker et al.,amination finds that in about 60% of all cases there is a mag-
1998a,b), at least as measured by the high incidence of nedetic hole at either the front or rear boundary or both, even if
180 changes iy in the WIND magnetic field data. These they were sometimes shallow or somewhat broad in appear-

authors cogently explain the reason for this high correlationance. In other words, 31 cases clearly had no magnetic holes,
between MCs and sector boundaries. front or rear; a plasma data gap in one case did not allow any

The frequency of occurrence bbna fideWIND MCs is ~ determination. Few cases were as clear as those holes shown

given by the diamonds in the lower part of Fig. 14. They in Fig. 4.

clearly do not correlate well with the Sunspot number (given There is a strong tendency for the handedness (H) of
by triangles in Fig. 14). But the joint set (given by xxx, and the field in a magnetic cloud to be correlated with a given
comprised of WIND MCs plus the automatically found set, hémisphere of the Sun, independent of solar cycle, with
MCLs, resembling actual MCs) fairly well correlates with left-handed MCs being associated with the Northern Hemi-

Sunspot number, with a correlation coefficient of 0.80. This SPhere and right-handed with the Southern Hemisphere, just
must be investigated further. as found for solar filamentary structure (Rust,1994 and refer-

Relatively uniform speed decreases across most MCs (an8NCeS therein; also see Rust and Kumar, 1994; and Bothmer,
associated MC-expansions) at 1 AU are well known. In the2003).

Fig. 13. Histograms of the uncertainties §) for various MC pa-
rameters (in the ordeBl, Bca, 64,CA (=Yo/Rg, in %), asf(in
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7.2 What MC parameters tend to be approximately invari-MC derived parameter values, including these by-products,
ant at 1 AU? and Q, are also shown in Table 1. We have extrapolated the
axial magnetic flux back to the Sun, for a few observed MCs,
We ask, is there a tendency for the Sun to produce MCs withobtaining acceptable consistency with the expected values of
a narrow range of §&, or diameters, and/or other param- the flux of the solar magnetic arcades in the lower corona
eters (e.g. total axial currenty(l, J, ®o, and I%/Sn), as  (Lepping et al., 1997b).
measured by /Mean ands Median/Median (see footnote of Table 2 and Figs. 10 and 11 give a comprehensive
Table 6A for a definition), which areslative standard devi-  overview of our MC modeling results in terms of parame-
ations (r.s.d.s} And further, what is the specific values of ter distributions. We here summarize a few basic determined
these ratios for each parameter for a large number of casegftoperties: on average the WIND MCs are just under one day
In Tables 6A, B we show computed values for these ratioslong, are 1/4 AU in diameter, have a broad distribution of ax-
for these particular MC parameterso(BDiameter, etc.) for ial directions with a slight preference for alignment with the
the full set of N=82 MCs (in Table 6A) and for the best Y-axis(GSE), have axial fluxes of #bMx, have axial current
cases, where 1,2 (in Table 6B), both showing a clear densities of about 2A/km?, and carry a total axial current
trend among the parameters. The trends for the two differ{I7) of about a billion amps. Their speeds were typically
ent ratios is the same within the full set and similar for the around 400 km/s for the first four years of WINDs mission
Qo=1,2 set. For the apparently more reliablg=Q,2 set, itis  (Lepping and Berdichevsky, 2000), but they have climbed to
clear that the r.s.d.s forgBand diameter are rather narrow, but significantly larger values recently with some values between
for BS/BJT and &g they are broad, and for total axial current 600 and 800 km/s; the 8.6-year-average<ié>=450 km/s.
(I7) and @ they are intermediate in value. Hence, there is aSome of these values are expected to change as the MC is
tendency for the Sun to keep the axial magnetic field and sizeybserved at distances other than at 1 AU, as indeed, they have
of a MC more invariant than the MCs axidlg, and/or ES/Sn been observed to do (Skoug et al., 2000). Table 5 provides
(with total current andghs intermediate cases) — based onuncertainty estimates for theg@1,2 MCs for many of the
our model (Lepping et al., 1990) for the 8.6-years period ofkey MC fit-parameters of Table 1 based on a Monte Carlo
interest. Some of the reason for this is obviously due to thescheme (Lepping et al., 2003a, 2004). Model MC parameter-
manner in which parameter errors propagate. uncertainties are summarized in histograms for N=82 cases
separated according togQalues in Fig. 13.
We classified the full set of MCs not only according to
8 Summary and discussion Qo, but also by Category (i.e. profiles o8N, N— S, etc.;
see Table 3) an&tate(see Eq. (10) and Fig. 12), which re-
MCs usually have the field structure of very large mag- quires knowledge of H. (For a comprehensive understanding
netic flux ropes (with average durations of 21 h), with strongof MCs in general, State is important, among other physi-
magnetic fields, and containing relatively cool internal pro- cal quantities.) However, fareomagnetic storm forecasting
ton plasma. All of the many MCs considered here (N=82) knowing Category speed, and density are crucial, but know-
were analyzed according to a relatively simple static forceing Stateis less important. For example, for an-N\5 case
free cylindrically symmetric MC model (Lepping et al., (Category 1), we can predict,Bn the latter part of the MC,
1990). The relevant seven model-parameters are presenteghere B is mostly southward, based on observations from
in Sect. 2.2. Section 2.3 describes recent modifications tahe earlier part of the MC, in order to then forecast the re-
the program to help assess the “quality’p{@f the models  sulting stormD;, and its timing (e.g. Lepping et al., 2005).
parameter-fitting for any MC; also a scheme was developedence, knowing the particular Category of a MC may aid in
to estimate the uncertainties on the fit-parameters, which wasarrying outD;, forecasting. In summary, we have classi-
implemented for the good or fair quality cases. Examples offied MCs according to § Category, and State, each having
how boundaries are chosen were given, and there was dists own purpose. But for study of the expansion-field of a
cussion of the difficulties in determined these boundariesMC, classification according to CA [¥o|/Rg) may also be
especially when there are apparent inconsistencies betweatecessary, since the plasma radial speed in the MC frame of
requirements of the MC fit model (for a given magnetic field reference should depend on the spacecrafts CA (measured
data set) and the plasma data, such as when indicated by prérom the MC axis) at which the plasma speed was measured
ton temperature, plasnf and speed gradient. Examples of in the MC frame of reference; this frame of reference is de-
MC parameter fitting to the magnetic field, according to the scribed in the end of Sect. 2.2. Closest approach vectors of
model of Lepping et al. (1990) (given by red dashed curves)the observing spacecraft for the full set of MCs are given in
are shown in Figs. 1, 3, 4, 7, 8, and 9. Table 1 gives theTable 4; these may be especially useful for solar studies.
overall summary of the basic fit-parameters for all 82 cases. Recently we developed a programauotomaticallyiden-

A by-product of the modeling is its ability to estimate a tify MCs (Lepping et al., 2005). When applied to the first
MC'’s axial magnetic flux¢g), the axial current density ¢, 8.6 years of WIND data the program identified 88% of those
and total axial current {l), carried by a MC at the observing events that were previously identified through visual inspec-
spacecraft’s distance from the Sun. All such estimates havéion as MCs. It also found many other similar events, i.e.
been made for WIND, and a comprehensive set of variousfalse positives”, which we designate magnetic cloud-like



240 R. P. Lepping et al.: A summary of WIND magnetic clouds for years 1995-2003

Table 6A. Parameter variation measuredddMean andr Median/Median for all 82 cases.

Quantity Mean Median a o Median  ¢/Mean oMedian/Med  Trend
B. (nT) 17.8 16.6 6.87 6.97 0.386 0.420 +
Diameter (AU) 0.249 0.238 0.122 0.123 0.491 0.516 4
I, (10°Amps) 8.57 7.05 5.71 5.92 0.666 0.839 4
B.'/8m(nPa) 0.145 0.110 0.142 0.146 0.98 1.33 4
J. (uAmp/km?) 2.53 1.90 2.89 2.96 1.14 1.56 4
@, (10% Mx) 10.7 6.50 12.7 13.4 1.19 2.06 4

* ¢ Median (= o Med) is analogous fo g, where Median replaces the Mean in the computation.

Table 6B. Parameter variation measuredd®fMean and> Median/Median for @=1, 2 cases.

Quantity Mean Median o o Median’ o/Mean oMedian/Med  Trend*
Diameter (AU) 0.249 0.249 0.078 0.078 0.313 0.313 +
B, (nT) 17.1 16.6 5.91 5.94 0.345 0.358 +
J. (pAmp /km?) 1.95 1.90 0.913 0.915 0.468 0.481 )
I, (10°Amps) 8.37 7.28 4.47 4.60 0.534 0.632 )
B."/8n(nPa) 0.130 0.110 0.117 0.119 0.899 1.09 +
®, (10™ Mx) 9.21 6.70 7.24 7.67 0.786 1.15 +

+ Trend holds for oMed/Med (and approximately for o/Mean).

(MCL) structures. They differ fronbona fideMCs from there is sometimes unusual composition at or near MCs (e.g.
our point of view, because they were not properly fitted by Steinberg et al. (1997) where Hesolar wind enhancements
the Lepping et al. (1990) MC model, nor are they likely were observed); also see McComas et al. (1998) on unusual
to be well fitted by any reasonable flux rope model. Their ACE CME composition. Crooker and Intriligator (1996) and
somewhat unusual characteristics may be the result of dis€rooker et al. (1998a, b) call attention to the high incidence
tant spacecraft passages (with respect to the axes) of actuaf MCs occurring at or near sector boundaries.
MCs, but some may be non-MC ejecta. However, all are  Other models have been used to fit the (local) defining pa-
well worth investigating, especially with respect to possible rameters of MCs with various degrees of success (see Riley et
solar sources, and to see how they compare to ICME lists ofy. (2004) for a review of these and some comparisons of the
events, such as that by Cane and Richardson (2003). models’ features). Some of these models obtained a better
For a summary of “particular properties”, we point out fit of the field intensity in a MC/flux rope than the Lepping
that the ratiooc/Mean for the derived quantities takes the et al. (1990) model; for other recent MC/flux rope models
order (from min to max) as that shown here: 2By, J, see Hu and Sonnerup (2001, 2002); Hidalgo et al. (2002);
I7, B(Z)/8n (see Table 6B for the §x1,2 cases). We deter- Hidalgo (2003); Li et al. (2001); Mulligan et al. (1999); and
mined that in 56% of the total cases WIND MCs drove inter- Vandas et al. (2005a, b). The cylindrical force free flux rope
planetary shocks (including a small percentage of upstreanmodel for MCs has been challenged via comparison with
pressure pulses), and shocks internal to MCs have been olspheroidal models (spherical, oblate, and prolate) by Vandas
served about 10% of the time (Collier et al., 2005). Of our et al. (1993). In particular, they found that for 14 structures
82 cases there were several MCs that had short durationgpnsidered, primarily from IMP data, the spheroidal model
with two shortest cases having about 5h duration. Therdits were of comparable accuracy to the cylindrical model
were four core-annulus cases (marked by * in the ck% col fits, but the estimated diameters were generally larger for
of Table 1). Occasionally magnetic holes are seen at MCthe spheroidal models. Farrugia et al. (1995) compared the
boundaries usually making the identification of the bound-generic flux rope model to spheromak models, in order to
aries much easier. The reason for this association is noascertain which type gives the more accurate description of
yet agreed upon. Also it is possible that any specific MCactual MCs and found that flux rope models are more con-
may be part of multiple or complex ejecta (Burlaga et al., sistent with plasma thermodynamic constraints, according to
2002; Farrugia and Berdichevsky, 2004). Just as for ICMEsthe findings of Osherovich et al. (1993a).
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We plan to modify our MC fitting model to account present criteria represent a distinctimprovement in assessing
for internal expansion (e.g. Osherovich et al., 1993b;quality consistently It should be stressed that, by our crite-
Berdichevsky et al., 2003), non-circular cross-section (e.gria (magnetic field quantities only), a MC may well satisfy
Lepping et al., 1998), and interaction with the surround-the original Burlaga et al. (1981) definition of a MC and still
ing plasma, and probably in that order. However, we will not have good flux rope structure by the Lepping et al. (1990)
still view the fundamental MC structure as a distorted (andmodel, and therefore not qualify for &@f 1 or 2 evaluation.
in some cases severely distorted) cylindrical flux rope, and
we plan to continue with a production type of operation, in
which any general MC may be processed; this eliminatesApPpendix B: Notes on the fit-parameter error program
time consuming tailoring to each case. The results of this ) ] ]
new model, as applied to the same WIND data set of g.gEstimated errors in MC fit-parameters based on uncertainty
years, could be compared to the results of the Lepping egue. to typical field fluctuation noise within a MC (i.e. source
al. (1990) model shown here, where it is expected that theé*1 in Sect. 5.0) for each case are based on the three in-
field magnitude fit to the observations, at least, would bedependent variables CAfic,, and magnetic field (fluctua-
markedly improved. tion) noise level, called (in nT), as assumed by Lepping et

al. (2003a); also see the correction described by Lepping et

al. (2004). The results of the error analysis presented in Lep-
Appendix A: Criteria for estimating quality of magnetic ping et al. (2003a) provides useful “error-parameter curves”,
cloud fit in terms of CA,Bca4, v, given by Figs. 7a, b, ¢ (and see Ta-

ble 2) in that paper. For practical application some smooth-
We choose to quantify the quality ¢Q of the model ing of the data shown in those figures and described by the
parameter-fit of a given magnetic cloud (MC) into three pos-interpolation program discussed in Sect. 5.0 here, was nec-
sibilities, @=1,2,3, for good, fair, and poor, respectively, €ssary. This required linear fits to the curves (with respect
given below in terms of magnetic field quantities resulting to CA andfc4) and quadratic fits (with respect t9. This
from use of the MC model (Lepping et al., 1990). However, pProvided a broad range of useful mid-region interpolations
for the sake of compactness we often refer to Quality as dor these independent variables. Also, we hadxtrapo-
measure of the M@er se where it is understood that it is late to 30 for the cone anglegc4 (but now this angle is
the quality of the MQparameter-fithat is being estimated. ~ based on a modification of Eq. (3) (i.e. ng8¢a=|cos 64

We first describe the characteristics of those MC'’s thatc0S®al), where the absolute value is applied) before any in-
fall into the Q=3 (poor) category. This category arises terpolations were carried out. The extrapolatioto =30°
from satisfying any one of the following ¢3 criteria; ~ Was a simple linear one, because it was based on only two
Icheck>55%, |CA|>97%, <By>¢;< —1.5nT, either the POints Bc4=60" and 90 from Lepping et al., 2003a). Be-
f-flag or the F-flag=NOT OK, Diameter 0.45AU, asf> cause of the8c4 angle extrapolation to 30and the use of
40%, Cone anglef-a)< 25° or Bca> 155, and xz> various mirror symmetries in th8c 4-quadrants (by apply-
0.215. Notice thatyz=0.215 corresponds to a MC field ing the absolute value to Eq. 3), we extend coverage to the
noise level v of 4.0nT, according to Lepping et al. (2003a, five angles (30, 60°, 90°, 120°, and 150), before interpola-
2004), and this is the highest MC noise level that theytion. It is also important to note that the magnetic field noise
found acceptable. The remaining cases, comprising desigeVel, v (in nT), is obtained from the chi-squared of the MC
nated “Q=1 or 2", are next examined to differentiate the fit and use of Fig. 6 in Lepping et al. (2003a, 2004). Lep-
“good” cases (@=1) from the “fair” (Q=2) ones. The @1 ping et al. (2003a) also describe how to make an adjustment
cases must satisfy all of the following criteriacheck < to the uncertainty associated withy,Baccording to a sim-
20%, |<By>c;|< 3.0nT, asf< 30%, 45 <804 <135, and  Ple proportion with respect to theyBralue arbitrarily chosen
xr<0.165. These are the 421 set”. Notice thag=0.165 in the original statistical study, dstatistical)=16.4nT; i.e.
corresponds to a MC field noise level v of 3.0 nT, according Correcteds gy=op, xactual B/16.4 nT. Final remark: notice
to Lepping et al. (2003a; 2004). The remaining cases withinthatBca is equivalent to PhiE (the estimated axial longitude,
set 1,2, i.e. those not satisfying the=Q criteria, are putinto  Shown for 60 and 90) in the main Table 1 and Figs. 7a, b,
category @=2. c of Lepping et al. (2003a).

Obviously there are many ways that a MC can achieve
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