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[1] We present a comprehensive survey of 125 small- and intermediate-sized
interplanetary magnetic flux ropes during solar cycle 23 (1995-2005) using Wind in situ
observations near 1 AU. As a result, we found the following: (1) The annual number
of small- and intermediate-sized interplanetary magnetic flux ropes is not very sensitive
to the solar cycle, but its trend is very similar to that of magnetic clouds (MCs).

(2) Average speeds of the individual small- and intermediate-sized interplanetary magnetic
flux ropes varied from 289 to 790 km/s with a mean value of 420 + 86 km/s. Most
small- and intermediate-sized interplanetary magnetic flux ropes were found to have

a propagation speed similar to typical slow speed solar wind speed, and only a few
small- and intermediate-sized interplanetary magnetic flux ropes had speeds comparable
to the typically high speed solar wind. (3) Average magnetic field strength for small-
and intermediate-sized interplanetary magnetic flux ropes is less than the average
magnetic field strengths of MCs, while it is larger than that of background solar wind.
(4) The distributions of the axial orientations for small- and intermediate-sized
interplanetary magnetic flux ropes are also similar to that of MCs. The results show
that small- and intermediate-sized interplanetary magnetic flux ropes and MCs have
many similar (or relative) characters. So we suggest that both MCs and small-

and intermediate-sized interplanetary magnetic flux ropes originate from solar eruptions.
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1. Introduction

[2] Magnetic clouds (MCs) are an important subset of
interplanetary coronal mass ejections (ICMEs), which are
interplanetary manifestations of transient events with large
amounts of material ejected from the solar atmosphere [e.g.,
Hundhausen, 1998; Kahler, 1988]. A MC was originally
defined empirically in terms of in situ spacecraft measure-
ments of magnetic fields and particles in the interplanetary
medium at ~1 AU, viz., it has the following necessary
properties: (1) the magnetic field direction rotates smoothly
through a large angle during an interval of the order of
1 day; (2) the magnetic field strength is higher than average;
and (3) low proton temperature compared to the ambient
proton temperature [Burlaga et al., 1981, 1990; Burlaga,
1995]. MCs, as a kind of large-scale interplanetary magnetic
flux rope (IMFR) structure [Goldstein, 1983; Burlaga,
1988; Lepping et al., 1990; Farrugia et al., 1995; Burlaga,
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1991], have been investigated and studied by many authors
for decades. Some authors found that expansion is a
common feature of MCs in the heliosphere, namely the
radial size of MCs increases with radial distance from the
Sun [e.g., Burlaga and Behannon, 1982; Bothmer and
Schwenn, 1998]. The diameters of MCs are about 0.20 to
0.40 AU near the Earth. Some authors searched for the solar
origin of the MCs [e.g., Smith and Phillips, 1997; Bothmer
and Schwenn, 1998; Leamon et al., 2004; Mandrini et al.,
2005a] and offered evidence that MCs are the interplanetary
manifestations of coronal mass ejections (CME). Bothmer
and Schwenn [1996] have examined shock events measured
by the Hellos | spacecraft during the years 1979—-1981 for
which the associated CME has been directly observed with
the coronagraph onboard the P78/1 satellite. They found that
41% of interplanetary manifestations were magnetic clouds.
Some other researches focus on the identification of con-
figuration and boundaries of MCs. For example, Lepping et
al. [1990] identified the cloud axis by minimum variance
analysis (MVA) and flux rope fitting (FRF); Hu and
Sonnerup [2002] obtained the axial orientation on the basis
of the Grad-Shafranov equation; Riley et al. [2004] identi-
fied the cloud configuration with MHD simulation; Wei et
al. [2003] defined the magnetic cloud boundary as a
boundary layer formed through the interaction between the
magnetic cloud and the ambient medium; Feng et al. [2006]
identified the magnetic cloud boundaries in terms of the flux
rope configuration of MCs. In addition, geoeffectiveness of

1 of 12


http://dx.doi.org/10.1029/2008JA013103

A12105

the MCs is another concern [e.g., Wu and Lepping, 2002;
Hidalgo, 2003; Zhang et al., 2004]. Wu et al. [2000] studied
the interactions between MCs and the magnetosphere and
found that the position of the bow shock oscillates quickly
in the Sun-Earth line direction during the MCs passage. It is
well known that MC is one of the main sources of intense
magnetic storms [Echer and Gonzalez, 2004].

[3] In addition to large-scale MCs, Moldwin et al. [2000]
found evidence for the existence of small-scale IMFRs (with
duration of ~1 hour) at 1 AU. These small magnetic
structures are similar to MCs, and their structures can be
fitted with constant-alpha (where J = aB), force-free,
cylindrically symmetric flux ropes of low plasma beta.
Moldwin et al. [2000] suggested that these small IMFRs
do no originate from the coronal region, instead, the small
IMFRs could result from magnetic reconnection at the
heliospheric current sheet. The evidence for this argument
include as follows: (1) No intermediate-sized events (dura-
tions of several hours) have been reported. (2) There is
absence of expansion signature within the flux rope.
(3) There is a difference in plasma characteristics such as
the proton temperature compared to MCs. Recently, Feng et
al. [2007] provided the size and energy spectrums of
IMFRs, which include many small- and intermediate-sized
interplanetary magnetic flux ropes. Small- and intermediate-
sized interplanetary magnetic flux ropes are defined empir-
ically in terms of magnetic field at ~1 AU in the solar wind.
They have the following properties: (1) the magnetic
configuration can be described approximately with constant
« force-free flux ropes and (2) the durations are not more
than 12 hours, and the diameters are usually less than
0.20 AU. Both small- and intermediate-sized interplanetary
magnetic flux ropes and MCs are subsets of IMFRs, but
they have different sizes. In order to succinctly describe
small- and intermediate-sized interplanetary magnetic flux
ropes, we will use small magnetic clouds (SMCs) to
describe small- and intermediate-sized interplanetary mag-
netic flux ropes throughout this paper. One of the properties
that define MCs is that magnetic field directions rotate
smoothly through a large angle during an interval of the
order of 1 day, therefore the time durations are usually as
long as tens of hours with an average of ~21 hours
[Lepping et al., 1990]. For more than three decades, the
studies of IMFRs concentrated on MCs with large structure,
but there were few studies of SMCs. We expect that the
study of SMCs would provide a new aspect to reveal some
of the significant physical processes occurring in interplan-
etary space.

[4] In this paper, we undertake a comprehensive study of
a solar cycle of SMC activity, which help demonstrates the
general characters. We list 125 SMC events and give their
statistical properties, and we also compare their statistical
properties with that of MCs.

2. List

[5] For the present study, we use 1 minute averaged
plasma and magnetic field data from Wind [Ogilvie et al.,
1995]. The main data that we routinely use for the identi-
fication of potential SMCs are solar wind magnetic field
observations in the GSE Cartesian coordinate system, where
x is along the Earth-Sun line and points to the Sun, y points
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to the dusk in the ecliptic plane (opposing planetary
motion), and z points to the ecliptic north pole. The reason
is that smooth and slow rotation of the magnetic field is the
essential character of IMFRs. Here we identify a SMC
through the following steps: (1) The candidate SMC was
selected by identifying the rotation of magnetic field direc-
tion and enhanced magnetic field strength (compared to the
ambient medium) by eye; The rotations include bipolar
signature, increasing slowly from minimum to maximum
or/and decreasing maximum to minimum. For the potential
events, y and z components always have obvious rotations;
sometimes, the x component also has a rotation. (2) Then we
use the geometric parameter of the flux rope to identify the
possible events, namely we defined it as the magnetic field
variation which can be fitted to the cylindrical constant-
alpha force-free field. When the difference between the
model geometry and the observation data was larger than a
criterion value (\/X_ =0.3), the case was not considered as
a flux rope. The deviation can be expressed by the mini-
mum chi-square x> (see equation (2)). Last we identified
125 SMCs, which are listed in Table 1. However, we do not
rule out the possibility that we missed some events due to
data gaps or noise.

[6] Using the model first established by Goldstein [1983],
we consider the constant alpha force-free field configuration
an approximation for the SMCs, i.e., the SMCs can be
described with Lundquist [1950] solution:

Br=0 (Radial component)

Br = HByJ,(aR) (Tangential component) (1)

B4 = BoJo(aR) (Axial component)

where J,, is the n-order Bessel function, // = £1 denotes the
right and left handedness of the field twist, respectively, By is
the field intensity at the axis of the rope, and R is the radial
distance from the axis. For a magnetic flux rope, if the axial
vector (m) and the spacecraft trajectory (denoted by unit
vector s) are given, one can set up the so-called rope
coordinate system (/, m, n): m axis is along the rope’s axis;
the cross product m x s is the n axis; the cyclic triad I, m, n
forms a right-hand set. The flux rope configuration can be
displayed in the rope coordinate system by measured mag-
netic fields. Notice that the profiles of all the three magnetic
components depend on only dy/R, where d is the minimum
distance between the spacecraft trajectory and the cloud axis,
and Ry is the rope’s radius. If the spacecraft crosses near (or
through) the axis, the / component is zero at the center and
slowly increases to the maximum at the boundary, the m
component is zero at the boundary and slowly increases to
the maximum at the center, and the n component approxi-
mately keep a small value (or zero). If the spacecraft
trajectory considerably departs from the axis, the profiles
of the / and m component will not change, but the n
component is a smaller value (not zero) at the boundary
and slowly increases to the maximum at the center [Feng et
al., 2007]. Lepping et al. [1990, 2003] and Moldwin et al.
[2000] fitted MCs and small-scale IMFRs respectively using
the method of Lepping et al. [1990]. We also fit SMCs here
using this method, i.e., the least squares fit. Because of the
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Table 1. Fitting Parameters and Average Values of SMCs, 1995-2005 (Observed Data From Wind)

No.* Start® End® At? o4 0, \E do/Ro" 2 R, By H* V! N B"
001 199503070400 199503070803  4.05 263  —50  0.2075 0.83 0.0712 121 -1 414 46 7.2
002 199503072317 199503080043 143 285  —11  0.1222 0.66 0.0183 108 1 445 53 7.1
003 199503241131 199503241615 473 327  —68 02131 031 00373 108 -1 328 161 8.2
004 199505020438 199505020534  0.96 228 23 0.2231 0.73 0.0123 193 1 472 161 129
005 199505131050 199505131625  5.58 176 19 0.1744 0.95 0.0469 177 -1 327 134 101
006 199505291347 199505291628  2.68 146 26 0.2471 0.63 0.0232 159 —1 416 199 116
007 199506172143 199506180437 690 334 23 0.2037 0.03 0.0307 5.8 1 350 168 10.5
008 199506180646 199506181529 872 273  —13 02369 0.13 0.0946 115 1 333 148 55
009 199508110441 199508110556 125 298 33 0.1466 0.85 00255 99 -1 479 57 5.8
010 199508151419 199508151720  3.02 277  —66  0.1966 0.66 00552 90 -1 568 25 5.8
011 199508172056 199508180158  5.03 205  —78  0.1979 0.70 0.1059 137 -1 404 131 8.9
012 199509201300 199509201401 .02 217 16 0.1640 0.00 0.0059 8.6 1 374 307 6.6
013 199509210255 199509210454 198 216 13 0.1317 0.62 0.0151 9.2 1 396 184 59
014 199509271355 199509272102  7.12 327 48 0.2746 0.51 00667 169 —1 403 150 134
015 199602030238 199602030405 145 282 72 0.0651 0.97 0.0714 104 -1 487 3.6 4.9
016 199602101741 199602102208  4.45 41 —74  0.2025 0.90 0.1025 163 -1 424 9.1 9.9
017 199603031338 199603031451 122 319  —21  0.1240 0.85 0.0150  11.0 1 367 108 65
018 199603080028 199603080636  6.13 78 —44  0.1571 0.01 0.0507 6.3 1 346 165 6.0
019 199603081947 199603090231 6.73 100 —11  0.2890 0.07 00515 58 -1 320 98 55
020 199603090919 199603091350  4.52 128 32 0.2038 0.53 0.0379 48 -1 338 205 64
021 199603130941 199603131021 067 327 69 0.0928 0.32 0.0096 136 -1 570 5.0 9.6
022 199605020543 199605020647 107 318 7 0.1826 0.05 00137 7.1 -1 389 158 49
023 199605170101 199605170950  8.82 286  —1 0.2061 0.01 0.0863 79 -1 422 6.1 7.2
024 199607201843 199607201958 125 330 —26  0.1384 0.60 0.0108 94 -1 449 8. 6.5
025 199609281302 199609281405 105 265 15 0.1556 0.44 00130 7.3 —1 465 37 5.0
026 199703180720 199703180842 137 325 —19  0.0923 0.88 0.0164 7.3 1 370 9.8 3.8
027 199704261041 199704261144 105 314  —27  0.1195 0.64 0.0092 3.3 1 346 102 22
028 199705090457 199705090853 393 221 -39 0.2866 0.52 0.0277 73 1 306 11.8 5.6
029 199705111141 199705111401 233 335 31 0.2601 0.05 0.0116 5.6 1 326 99 5.0
030 199705120524 199705120742 230 267 41 0.2101 0.52 00197 52 1 300 119 42
031 199705160615 199705161324  7.15 319 15 0.1625 0.49 0.0665 109 —1 490 35 7.9
032 199705230620 199705231218  5.96 145 9 0.2403 0.00 0.0258 29 1 303 7.4 2.3
033 199705240222 199705240730  5.13 337 20 0.2257 0.01 00366 60 -1 318 154 52
034 199705251915 199705260244 748 317  —61  0.1496 0.00 0.0508 84  —1 311  10.1 5.6
035 199706190531 199706191557  10.43 231  —52  0.1925 0.01 0.0830 9.4 1 358 8.0 8.3
036 199707200842 199707201022 167 273 =37  0.1635 0.66 00265 100 -1 492 338 6.4
037 199707201049 199707201210 135 323 —25 02648 0.01 0.0107 7.3 -1 475 29 6.2
038 199707232054 199707232214 133 310 20 0.1459 0.61 00118 79 -1 363 116 5.1
039 199707240700 199707240727 045 211 13 0.2463 0.81 0.0039 154 1 394 164 99
040 199707240731 199707240902 152 209 —12 0.1769 0.56 0.0067  13.4 1 405 140 98
041 199709031324 199709032038  7.23 281 -6 01227 0.37 0.0743 170 1 403 137 138
042 199709271514 199709271654 167 315 44 0.2624 0.25 00137 108 1 395 120 89
043 199801081544 199801082107 538 328 41 0.1780 0.41 0.0976  20.3 1 361 127 9.8
044 199801251254 199801251857  6.05 114 —51  0.1872 0.13 00577 76 -1 404 96 6.2
045 199802182111 199802190756  10.75 25 —39 02188 0.63 0.0972 156  —1 409 2.1 10.4
046 199802270540 199802270828 280 219 -9  0.1584 0.49 0.0159 9.5 1 316 10.1 6.3
047 199803061429 199803062204  7.58 318  —41  0.1827 0.00 0.0506 5.9 1 333 116 53
048 199803251328 199803251618  2.83 123 11 0.1721 0.28 0.0242  13.1 1 402 89 9.6
049 199803282247 199803290211 340 248 3 0.2262 0.56 0.0430 128 1 466 43 8.8

050 199805152147 199805160154 4.12 359 —61 0.2694 0.00 0.0328 13.9 -1 381 10.8 12.9
051 199806021030 199806021556 5.43 70 15 0.0498 0.10 0.045 11.8 -1 400 7.2 10.9
052 199806260004 199806260749 7.75 330 20 0.2002 0.42 0.0594 16.4 -1 470 9.7 12.7
053 199811080442 199811081434 9.87 221 -30 0.1929 0.51 0.1259 413 -1 515 159 21.7
054 199902170713 199902170958 2.75 206 17 0.1471 0.62 0.0173 21.3 -1 622 8.9 9.2
055 199905240936 199905241028 0.87 214 —34 0.1838 0.24 0.0132 8.3 -1 447 12.4 6.7
056 199909212026 199909220546 9.33 270 12 0.1588 0.49 0.0923 15.1 -1 357 12.8 11.6
057 200002121340 200002130032 10.87 201 =51 0.1387 0.55 0.0688 13.9 —1 546 6.4 11.4
058 200004181521 200004181743 2.37 276 —-22 0.1849 0.57 0.0285 6.3 1 405 5.4 4.8
059 200004210709 200004210932 2.38 252 40 0.1146 0.73 0.0401 93 1 488 32 6.3
060 200004271522 200004271828 3.10 200 78 0.1519 0.14 0.0299 8.0 1 402 9.7 7.0
061 200004271900 200004272314 423 224 57 0.2449 0.00 0.0374 11.0 -1 395 14.2 10.2
062 200005050404 200005050609 2.08 223 —40 0.1042 0.89 0.0376 10.7 -1 411 43 5.5
063 200007260414 200007260832 4.30 221 -25 0.1927 0.59 0.0355 14.7 —1 371 8.8 11.0
064 200008230923 200008231201 2.63 316 57 0.0815 0.80 0.0299 18.6 -1 304 10.7 10.7
065 200009190906 200009191309 4.05 319 =51 0.2375 0.15 0.0576 10.1 -1 661 6.3 8.2
066 200012231555 200012232137 5.70 45 5 0.2946 0.59 0.0360 9.1 1 300 11.8 7.1
067 200101082059 200101082352 2.88 80 28 0.2115 0.00 0.0279 7.8 1 402 9.8 7.5
068 200101090044 200101090224 1.67 296 6 0.2594 0.40 0.0277 7.0 -1 411 9.2 6.6
069 200101090242 200101090320 0.63 218 —47 0.1307 0.01 0.0055 8.7 404 8.4 6.7

1
070 200101090929 200101091417 4.80 204 38 0.2075 0.86 0.0658 7.1 1 409 35 4.5
071 200104081553 200104081958 4.83 220 52 0.1335 0.94 0.2083 28.0 1 789 6.8 16.3
072 200104120750 200104121754 10.67 205 23 0.1474 0.78 0.1364 21.8 1 637 1.6 15.0
073 200108252007 200108260003 3.93 231 3 0.1999 0.92 0.0794 20.0 1 419 17.9 11.2
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Table 1. (continued)

No.? Start” End® Atd o 0,f % do/Ro" 2 Ry By H* \% N™ B"
074 200109261024 200109261715 6.85 300 45 0.1578 0.87 0.1833  23.0 1 590 5.7 12.2
075 200110051801 200110052144 3.73 195  —24  0.1089 0.78 0.0265 6.4 1 392 95 4.6
076 200110150833 200110150912 0.66 12 4 0.1876 0.68 0.0022 5.4 —1 458 5.0 4.5
077 200112051518 200112051730 3.21 334 —41  0.25% 0.01 0.0243 9.5 1 429 52 8.5
078 200112150914 200112150955 0.69 169 -2 0.1449 0.87 0.0022 158 1 329 259 110
079 200201192108 200201192145 0.61 252 =55 0.188l 0.90 0.0140 102 1 423 269 8.0
080 200201250840 200201251149 3.15 50 24 0.1523 0.71 0.0285 120 -1 330 167 8.3
081 200202182145 200202190249 506 292 —47  0.2406 0.46 0.0464  12.1 1 350 224 96
082 200202282100 200203010259 6.00 194 15 0.2466 0.82 0.0340  21.0 1 387 173 13.0
083 200203070135 200203070221 0.77 177 1 0.1916 0.79 0.0011 7.4 1 624 29 49
084 200203171932 200203172116 1.74 335 10 0.1741 0.77 0.0086 9.6 -1 289 115 5.8
085 200203270250 200203270408 131 42 -1 0.2280 0.02 0.0104 4.0 1 494 3.0 3.3
086 200204070948 200204071140 1.89 175 3 0.2005 0.61 0.0024 100 1 411 52 7.9
087 200205101732 200205101956 1.39 360 39 0.2818 0.01 0.0085 101 —1 403 221 100
088 200206021828 200206022141 3.20 76 -5 0.1723 0.44 0.0339 117 -1 409 8.1 9.5
089 200206072030 200206072324 289 230  —21  0.2296 0.73 0.0238 7.5 1 202 9.1 5.1
090 200206190401 200206190543 1.67 100 12 0.1970 0.01 0.0167 144 1 420 208 122
091 200207011302 200207011554 2.8 55 19 0.1622 0.84 0.0459 134 1 434 13 8.2
092 200207050251 200207050352 1.03 163 -3 0.2631 0.00 0.0026 6.9 1 353 241 5.0
093 200207120410 200207120905 4.90 166 -5 0.2234 0.59 0.0156 167 1 418 156 127
094 200208191249 200208191405 129 232 24 0.1179 0.81 0.0229 139 1 522 124 8.1
095 200209191514 200209191558 0.73 265 -5 0.2804 0.10 0.0088 6.7 -1 502 8.0 7.1
096 200209241941 200209242139 1.97 199 —12 0.0917 0.72 0.0095 125 -1 371 2.0 8.3
097 200210030956 200210031732 7.60 174 1 0.1221 0.86 0.0174 195 1 457 8.3 11.3
098 200210310221 200210310351 1.50 345 -5 0.2795 0.47 0.0050 9.3 —1 448 5.0 8.4
099 200211102307 200211110058 1.56 32 17 0.1300 0.88 0.1560 262  —1 408 8.6 8.2
100 200211112007 200211112105 0.97 309 —24  0.1565 0.18 0.0127 9.6 1 655 4.8 6.9
101 200211141450 200211141628 1.67 51 -7 0.2170 0.49 0.0162 9.8 —1 453 7.8 7.8
102 200211240703 200211240832 1.48 352 18 0.2049 0.01 0.0054 72 —1 454 5.0 7.0
103 200212222104 200212230038 3.58 175 —18  0.1418 0.00 0.0136 195 1 494 183 149
104 200212261828 200212261923 0.91 275 23 0.2581 0.01 0.0102 143  —1 468 151 113
105 200301121429 200301121719 2.86 101 -8 0.0648 0.88 0.0514 156 -1 362 4.7 9.0
106 200301141310 200301141540  2.51 60 48 0.1425 0.64 0.0286 129 -1 387 7.9 8.8
107 200301170922 200301171332 4.18 237 —13  0.1449 0.66 0.0369 123 1 327 188 8.3
108 200302060600 200302060726 1.43 241 =39 0.2476 0.67 0.0198 123 -1 528 152 7.7
109 200302110525 200302110741 226 215 5 0.1523 0.65 0.0176  11.0 1 420 8.6 6.9
110 200304291648 200304291852 2.08 42 —29  0.1000 0.89 0.0452 6.2 -1 544 32 11.9
111 200307221011 200307221138 146 292 7 0.1204 0.71 0.0201 8.5 1 435 3.1 6.2
112 200308050824 200308051021 1.96 354 42 0.1375 0.76 0.0224 130 -1 457 8.4 8.7
113 200309292209 200309300124 3.27 346 —68  0.2254 0.47 0.0247 5.8 1 297 135 4.6
114 200403050241 200403050412 1.54 334 29 0.0762 0.77 0.0168 8.1 1 471 49 5.4
115 200404080357 200404080611 2.24 76 -7 0.1411 0.63 0.0310 48 —1 460 47 6.4
116 200406090651 200406090911 2.35 291 9 0.0970 0.02 0.0237 8.0 1 444 44 72
117 200408022338 200408030100 135 93 41 0.1755 0.68 0.0176 7.2 -1 398 5.7 44
118 200410081618 200410082003 3.76 97 15 0.1470 0.51 0.0355 123 -1 342 11. 9.1
119 200410110232 200410110602 3.51 334 -8 0.2877 0.01 0.0156 8.3 —1 404 5.6 7.3
120 200502200009 200502200441 4.54 53 54 0.2119 0.03 0.0515 102 -1 506 4.0 9.0
121 200503050729 200503050924 1.92 171 —44 01772 0.43 0.0145 7.6 1 404 151 6.3
122 200504181802 200504181945 1.72 73 -7 0.2328 0.59 0.0179 5.6 —1 365 5.9 41
123 200507310048 200507310222 1.57 92 83 0.1628 0.49 0.0205 8.0 —1 473 5.6 6.3
124 200510162014 200510162147 1.54 163 13 0.2805 0.55 0.0058 9.2 1 363 6.8 7.7
125 200511110011 200511110058 0.78 160 16 0.2135 0.74 0.0042 49 1 351 183 49

“The code number of the SMC.
The beginning of the SMC (UT).
“The end of the SMC (UT).

9The At is duration of the event (h).

“The longitude of the rope’s axis measured counterclockwise in an ecliptic coordinate system, where ¢, = 0° represents toward the Sun.

"The latitude of the rope’s axis in an ecliptic coordinate system.
£The square root of the chi-square value.

hThe ratio of the closest approach distance to the Radius.

‘The diameter of the SMC (AU).

JThe rope’s axial magnetic field strength (nT).

XThe sign of the handedness of the rope.

"The average speed for the SMC (km/s).

MThe average proton density for the SMC (cm ™).

"The average magnetic field magnitude for the SMC (nT).

great value of the x-GSE component of the solar wind
velocity, the path of the spacecraft relative to the flux rope
is almost parallel to the x-GSE direction [Hidalgo and Cid,
2002]. Combining the axial direction (i.e., by 05, ¢ the

latitude and longitude of the axis, given with respect to the
ecliptic plane), one can set up the rope coordinate system.
Then the observed field (unit normalized) in the GSE
coordinate system is transformed into the rope coordinates
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Figure 1. Interplanetary magnetic field data measured by the Wind spacecraft in the GSE coordinate
system. FB' and RB’ are the estimated front and rear boundaries, respectively.

that can be found through a series of iterations to finally
reach the minimum chi-square:

N

2 2 2
S {(Bg, ~ B+ (B2~ BY) (89 BY) }/m,
i=1
@)

where N is the number of field vectors (hour averages were
used to fit MCs by Lepping et al. [1990] and minute
averages were used to fit small-scale flux ropes [Moldwin et
al., 2000]; here we take N = 25, i.c., 25 share-averages, the
duration of the SMC was divided into 25 equal shares), and
the subscript ¢ refers to the cloud coordinate, superscripts M
and O refer to the model and observed fields. The least
squares analysis can provid e axial orientation (A4, ¢,) and
do/Ry. On basis of the fitting axial orientation (6, @), we
can set up the final rope coordinate system. In the final rope
coordinate system, a single least squares fit to B (the field
strength on the axis of the rope) is done. Namely the
observed field (without normalizing) transformed into the
final rope coordinates that can be found through variance B,
to reach the minimum chi-square (similar to equation (2)).
The more detailed descriptions can be found in the work of
Lepping et al. [1990, 2003]. The fitting parameters of all the
125 SMCs are listed in Table 1.

[7] The identification of boundaries of IMFRs has been
an important problem in the investigations related to
IMFRs, however, the boundaries of flux ropes are not
always evident. We confirm the boundaries through the
following steps: At first, the boundaries can be estimated
using the rotation of magnetic field and enhanced magnetic
field strength. Second, the orientation of the axis is con-

firmed using flux rope fitting, and the final rope coordinate
system can be established by the obtained axial orientation.
Last the interplanetary magnetic field data, which are
measured in GSE coordinate and are converted into the
final rope coordinate system. In the final rope coordinate
system, the global structure of the flux rope can be dis-
played clearly and the boundaries can be easily identified. It
is necessary to point out that in using this method a certain
degree of subjectivity seems unavoidable. However, the
estimated boundaries should not depart significantly from
the actual rope boundaries. In the following paragraph, we
will introduce an IMFR as example. The detailed descrip-
tion of this method is in the work of Feng et al. [2006].
Given the boundaries of SMCs, one can calculate the mean
speed ¥, density &V, magnetic field strength B in each of the
SMCs. The identified front and rear boundaries, duration,
mean density and magnetic field strength are also listed in
Table 1.

[8] The data of the interplanctary magnetic field of the
22-23 December 2002 SMC event are shown in Figure 1
(in the GSE coordinates). From top to bottom, the panels
show the x, y, z components of the magnetic field (Bx, By,
Bz), and the magnitude of the total magnetic field (Bt),
respectively. As seen in Figure 1, the total magnetic field
magnitude begins to enhance at 21:04 UT on December 22
(denoted by the vertical solid line FB1), in which the
smooth field rotations seem to begin, too. In addition, the
total magnetic field magnitude decreases to a minimum at
01:03 UT on December 23 (denoted by RB1). So we take
FB1 and RB1 as the potential front and rear boundaries to
fit the potential SMC event. The fitting results display that
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Figure 2. Variation of magnetic field components in the rope natural system, coordinate system
associated with primal fitting axial direction (65, = —16°, ¢, = 173°). FB and RB are identified front and

rear boundaries, respectively.

the minimum chi-square X2 =0.0213, dy/Ry = 0.04, and the
axial direction is (65 = —16°, @5 = 173°). On the basis of
the fitting axial direction, the final rope coordinate system
was established, and the interplanetary magnetic field data,
which are measured in GSE coordinate and are converted
into the final rope coordinate system (Figure 2). From
Figure 2 one can find that there is an apparent flux tube
profile between FB and RB. Around RB, the m component
slowly increases to the maximum at RB, and the / compo-
nent decreases to the minimum. So it is proper to identify
FB and RB as the rope’s boundaries.

[9] Once the boundaries were confirmed, we can fit the
observed flux rope again. The new fitting results are that the
minimum chi-square x> =0.0201, dy/Ry = 0.00, and the axial
direction is (05 = —18°, ¢ = 175°). The transformed
magnetic fields are shown by solid curves in Figure 3. The
dashed curves are the least squares fitting results of the
constant alpha flux rope model based on the observed data.
It can be found that the model fits well to the observed data
except that the Bn component is only slightly mismatched. In
addition, we can find that the fitting results are at close range
with different selected boundaries. So the veracity of initially
estimated boundaries is not important, one can select differ-
ent potential boundaries to fit in an iterative manner.

3. Statistical Properties
3.1. Occurrence Rates

[10] The annual numbers of SMCs from 1995 to 2005 are
given in Table 2. In Figure 4, we also show the occurrence

rates of SMCs and MCs. The MCs have been identified using
Wind data in the literature [Feng et al., 2007; Wu et al., 2007]
and published on the Website of Wind MFI team http://
lepmfi.gsfc.nasa.gov/mfi/mag_cloud S1.html. According to
general expectation, the yearly number of MCs should
increase from solar minimum to maximum. However, the
statistical results reveal that the occurrence rates did not
continuously increase from solar minimum to maximum.
However, from Figure 4, one can easily find that the trends of
two sets of curves are very similar except for the maximum
number of SMCs in 2002. This implies that both the MCs
and SMCs originate from solar eruptions. And as for the high
occurrence rate of SMCs in 2002, we cannot find the direct
origin from the data of both solar and space spacecraft. The
high occurrence rate of SMCs in 2002 may result from the
specifically eruption conditions in the solar corona, where
the SMCs are easy to produce. From Figure 4 we can see that
not only for MCs, but also for SMCs there is a temporary
clear decrease in the occurrence rate in 1999, and then the
rate increases again in the following year. Actually the same
phenomenon also occurs for ICME, and the unusually low
occurrence rate in 1999 was first noted by Cane et al. [2000].
Then Cane and Richardson [2003] gave an explanation that
the decline is associated with an increase of corotating high
speed streams from low-latitude coronal holes and the
restructuring of the near ecliptic solar wind in 1999. How-
ever, Wu et al. [2006] showed that the number of observed
CME:s does not decrease in 1999, instead, it increases during
the years 1996 to 2002. Gopalswamy et al. [2003] explains
that the drought of ICMEs/MCs at and around 1999 is due to
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associated with fitting axial direction (A5 = —18°, ¢, = 175°) and the flux rope fitting curves (dashed
curves). FB and RB are identified front and rear boundaries, respectively.

a migration of the sources of CME on the solar surface. The
sources move to higher latitudes such that the associated
ejecta will not reach the Earth. In general, the number of the
CME:s observed at low solar latitude has a good correlation
with the number of ICMEs/MCs observed at 1 AU. There-
fore the decline of occurrence rates of SMCs in 1999 may be
related to the solar activity. In addition, from Figure 4 we can
find that the number of SMCs was much larger than that of
MCs as well.

3.2. Average Properties of SMCs

[11] Table 2 lists the average properties of the SMCs and
their variation as a function of years. Average speeds of the
individual SMCs varied from 289 to 790 km s™' with a
mean value of 420 = 86 km s~ '. The annual average speeds
are higher around solar maximum and lower around solar
minimum. However, there is no continuous increase from
solar minimum to maximum. Figure 5 shows a histogram in
50 km s~ bins for the average speeds V (derived from the
protons only). Most SMCs were found to have a propaga-
tion speed similar to that of typically slow speed (300—
500 km s~ ') solar wind. Only a few SMCs had speeds
comparable to the typically high (700—800 km s~ ') speed
solar wind. The peak of the speed distribution in Figure 5
lies in the range 400—450 km s~'. The distribution for
average speed of SMCs is similar to that of MCs, which
were obtained using the Helios data for the period 1974—
1981 by Bothmer and Schwenn [1998]. However, unlike the
MCs that have decreasing velocity profiles, the velocity
profiles in SMCs are always flat (i.e., no expansion) and

consistent with the immediately surrounding solar wind. For
a few events, there are some fluctuations in the velocity
curves.

[12] The averaged magnetic field strength of the SMCs
varies from 2.2 to 21.8 nT with a mean value of 8.1 £3.1 nT.
In contrast with the averaged magnetic field strength
(12.9 nT) of the MCs, which is derived from the Wind
observations for the years 1995-2003 [Wu and Lepping,
2007], the averaged magnetic field strength of the SMCs is
small. However, the averaged magnetic field strength of the
SMCs is larger than that of the averaged solar wind (6.1 nT),
which is derived from Wind observed solar wind data for
the years 1996-2003 [Gopalswamy, 2006]. An IMFR
usually has an enhanced magnetic field strength, and an
MC, as a larger-scale flux rope, usually has a higher
magnetic field strength. So it is not surprising that the

Table 2. Average Properties of SMCs

Year No. Average V (km/s) Average N (cm ®)  Average B (nT)
1995 14 408 + 67 13.7+74 8.6=+27
1996 11 416 = 74 99 +5.6 6.6 1.7
1997 17 374 + 64 10.1 £4.0 6.5+3.0
1998 11 405 = 60 9.4 +3.8 10.5+4.5
1999 3 475 £ 134 11.4+2.1 92+24
2000 10 429 + 109 8.0+34 83+24
2001 12 472 £ 131 9.0+6.7 9.1 £4.1
2002 26 433 + 85 11.9+73 8.6+28
2003 9 417 £ 84 93+55 8.1+2.0
2004 6 420 + 48 6.1 £2.6 6.7+1.7
2005 6 410 + 64 9.8+59 6.4 +1.7
All 124 420 + 86 103 £ 5.8 8.1+3.1
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Figure 4. Comparison of the year average number of SMCs and MCs as observed by wind over solar

cycle 23.

averaged magnetic field strength of the SMCs is less than
that for the MCs, but larger than that of the background
solar wind. The distribution of the averaged magnetic field
strength for SMCs is also shown in Figure 6. It can be seen
that for most cases the averaged magnetic field strength is
between 4 to 12 nT, while there are only 18 SMCs with an
averaged magnetic field strength out of the interval.

[13] The average densities of SMCs varied from 1.7 to
30.7 cm > with a mean value of 10.3 + 5.8 cm73, which is
slightly more than the average density for MCs (9.4 cm )
[Wu and Lepping, 2007]. The proton density in MCs is

consistently lower than the ambient solar wind, but the
density changes very little across SMCs. We suggest that
SMCs also have lower density originally. However, the
magnetic field is weaker inside SMCs, and the ion gyrora-
dius is larger. So the densities in SMCs easily diffuse and
mix with the ambient solar wind during their propagation in
the solar wind.

3.3. Diameter Distribution of SMCs

[14] On the basis of the model fitting, the ninth column of
Table 1 gives the calculated diameters of these SMCs. The
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Figure 5.

The distributions for the average proton speeds of SMCs in bins of km s~ .
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Figure 6. The distribution for the average magnetic field strength of SMCs.

distribution of the diameters for the SMCs is shown in
Figure 7. One can find that most diameters of SMCs are
much smaller than that of MCs (0.2—-0.4 AU) [Burlaga,
1988]. The peak of the distribution lies from 0.01 to
0.02 AU. Although the number of flux ropes for 0—
0.01 AU is smaller than that for 0.01-0.02 AU, the rough
trend of distribution shows that the occurrence rate of SMCs
decreases with the diameter. There are Alfvénic fluctuations
[Mariani and Neubauer, 1990], shocks and other small-
scale structures associated with large variations in the
magnetic field direction [Marsch, 1991] in the solar wind.
In addition, Alfvén waves and other small-scale fluctuations

are likely to interfere with the identifications of small-scale
flux ropes. So the number of identified flux ropes for 0.00—
0.01 AU is smaller.

3.4. Axial Orientation of SMCs

[15] In this section we discuss the axial orientation for the
125 SMCs. Both SMCs and MCs are magnetic flux ropes, if
they all come from the CME eruptions, they may have
similar statistical results. The frequency distribution of the
fitted longitude orientations is shown in Figure 8. For ease
of comparison with other previous statistical results of MCs,
all longitudes greater than 180° had 180° subtracted to force
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0
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Figure 7. The distribution for diameters of SMCs.
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Figure 8. The distribution for the longitudes of the axes of SMCs.

all cases falling in the first two quadrants. From Figure 8 we
can find that the distributions of axial longitude are scat-
tered and have no obvious tropism, which is in agreement
with the statistical results of MCs shown in Figure 7 of the
work of Lepping and Berdichevsky [2000] and also in
agreement with Figure 4 of the work of Marubashi
[2000]. However, the latitudinal distribution of the axial
orientations has a directional tendency that, as can be seen
in Figure 9, the cases with small latitudinal inclinations
dominate the distribution. From Figure 9, we can find that
the latitudes were predominantly within +50°, and the
distribution is Gaussian like. Lepping and Berdichevsky

[2000] showed the similar results for MCs. Therefore we
demonstrate that the axial orientations of the SMCs and
MCs have a similar character.

4. Conclusions and Summary

[16] In the past more than two decades, there are a
number of investigations for large scale flux ropes (viz.
MCs; see section 1). However, there are only a few of
studies in the literature for SMCs. Previously, Moldwin et
al. [2000] reported several events. In this paper, we under-
take a comprehensive study of SMC, and we also compared
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Figure 9. The distribution for the latitudes of the axes of SMCs.
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their statistical properties with that of MCs. Using the
interplanetary plasma and magnetic field data measured
by Wind, we have identified 125 SMCs near the Earth
during 1995 to 2005. The results show that the number of
SMCs is much larger than that of MCs. We fitted all the
identified SMCs by use of constant alpha force-free field
model and provided the corresponding fitting parameters.
The statistical properties were obtained and compared with
that of MCs, the results appear that they have similar (or
relative) characters as:

[17] 1. Both SMCs and MCs have the unusually low
occurrence rate in 1999, and their trends of occurrence rate
are approximately consistent.

[18] 2. Average speeds of the individual SMCs varied
from 289 to 790 km/s with a mean value of 420 + 86 km/s.
Like MCs, most SMCs were found to have a propagation
speed similar to that of typically slow (300—500 km/s) solar
wind; only a few events had speeds comparable to the
typically high (700—800 km/s) speed solar wind.

[19] 3. Average magnetic field strength of the individual
SMC varies from 2.2 to 21.8 nT with a mean value of 8.1 +
0.3 nT, which is less than the average magnetic field
strengths of MCs, however, the mean value is larger than
that of the background solar wind.

[20] 4. For both the SMCs and MCs, the distributions of
axial longitude are scattered and have no obvious tropism,
however, the distributions of axial latitude have a prominent
tropism and were predominantly within +50°.

[21] These similar characters may imply both the MCs
and SMCs originate from solar eruptions, like MCs are
interplanetary manifestations of ordinary CMEs, the SMCs
are the interplanetary manifestations of small coronal mass
ejections produced in small solar eruptions. In fact, in a
recent work, Mandrini et al. [2005a, 2005b] have provided
some direct evidence for a small eruption observed on the
solar disc center linking to a SMC (no. 50 in Table 1). This
evidence includes the timing, the same magnetic field
direction and magnetic helicity sign in the coronal loop
and in the rope, and comparable magnetic flux measured in
the dimming regions and in the rope. In particular, the pre-
to postevent change of magnetic helicity in the solar corona
(the coronal magnetic helicity was estimated using Berger’s
[1985] model) is found to be comparable to the helicity
content of the rope. It should be noticed that the SMCs have
two obvious differences from MCs although they have
similar (or relative) characters. One is the difference in
proton density behavior. The proton density in MCs is
consistently lower than the ambient solar wind but the
temperature changes vary little across SMCs. The other
one is the lack of apparent expansion of the SMCs, but MCs
usually are still expanding at 1 AU. One possible explana-
tion is that the magnetic field is weaker inside these small-
scale structures, on the other hand, both density and
temperature change very little across SMCs. Therefore
SMCs are close to pressure balance with the surrounding
solar wind, SMCs have no apparent expansion signature.
Finally, it is necessary to point out that the present work
cannot absolutely exclude the possibility of the interplane-
tary origin of SMCs, although this study interprets the
“different but similar™ characteristics of SMC and MC as
suggesting a common source mechanism, there are differ-
ences that aren’t readily explained. Perhaps, SMCs have
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two formation mechanisms: some are small-scale CME and
others have an interplanetary origin. However, currently it is
difficult to distinguish between the two formation mecha-
nisms and further observations are needed.
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