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Solar wind signatures associated with magnetic clouds
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Abstract. Magnetic clouds are commonly observed in association with bidirectional
fluxes of electrons and ions, and in some cases also with shocks and helium
enrichments [Gosling, 1990; Richardson, 1997]. In this work we use satellite data in
the solar wind near Earth to study 71 magnetic clouds observed between 1967 and
1984 in order to find possible differences in the characteristics of clouds when they
are or they are not associated with shocks and with helium enhancements. In our
sample we find that 51% of the clouds were preceded by an interplanetary transient
shock and that 65% were associated with a helium enhancement observed before,
inside, or after the cloud. To investigate the characteristics of magnetic clouds
we consider the spatial profiles of magnetic field and plasma parameters (bulk
speed, density, temperature, 3, and pressure) inside them, observed as temporal
variations as clouds pass plasma and magnetic field detectors on board satellites in
near-Earth orbit. The mean magnitudes of these parameters inside the cloud were
also considered. We find that the profiles of the magnetic field strength and plasma
parameters are different depending on whether the cloud is associated or not with
a shock and/or a helium enrichment. The mean values of magnetic field strength,
bulk speed, temperature, and pressure are higher for shock-associated clouds than
for clouds without a shock. Mean values of bulk speed, density, temperature, and (3
are different for clouds associated with helium enrichments and for clouds without
this signature. Mean values of the magnetic field strength and pressure are very
similar for both types of clouds. Some of these results were previously obtained by

other authors.

1. Introduction

Magnetic clouds are commonly observed in associa-
tion with other transient interplanetary signatures such
as shocks [Klein and Burlaga, 1982], helium enhance-
ments [Borrini et al., 1982a], bidirectional fluxes of
suprathermal electrons [Gosling et al., 1987, bidirec-
tional fluxes of ions [Marsden et al., 1987], and decreas-
es in the energetic (> 1 MeV) particle intensity [Cane
et al., 1997]. The characteristics of magnetic cloud-
s (MCs) in association with interplanetary shocks has
been studied by Klein and Burlaga [1982], who found
that shock-associated clouds tend to move faster than
clouds that are not associated with a shock, and by
Zhang and Burlaga [1988], who found that in shock-
associated clouds the decrease in cosmic ray intensity
is larger than in clouds without a shock. In a previous
work [Bravo and Blanco-Cano, 1998], where we stud-
ied a sample of 40 MCs preceded by a shock, we found
that 72% were associated with helium enhancements.

'Deceased September 7, 2000.
Copyright 2001 by the American Geophysical Union.

Paper number 2000JA900132.
0148-0227/01/2000JA900132$09.00

However, possible differences in the general characteris-
tics of clouds associated and not associated with shock-
s (S) and/or with helium enrichments (A(He), where
“A” means abundance) have never been studied. In this
work we study 71 MCs observed between 1967 and 1984
at 1 AU, and we investigate such possible differences.
Our data set consists of 51 magnetic clouds taken from
the literature and 20 from hourly averaged OMNI tape
data maintained by the National Space Science Center.
To identify magnetic clouds from the OMNI tape data
we looked for regions where the magnetic field is high-
er than in the average solar wind and rotates smoothly
through a large angle within a plane. We performed
a minimum variance analysis (for a description of this
technique, see Appendix A of Bothmer and Schwenn
[1998] to determine if the field rotation was on a plane,
and we consider that this occurs when Aa/A3 > 2 (Ao
and )z are the eigenvalues corresponding to the direc-
tions of the intermediate and minimum variance). The
choice of 2 is based on the analysis of Lepping and Be-
hannon [1980]. The last column in Table 1 gives the
value of \g/A3 for the 20 MCs identified from OMNI
tape data. The boundaries of the 51 MCs taken from
the literature are considered as reported by the authors
who identified the cloud. To determine the boundaries
of the 20 MCs identified from OMNI data we consid-
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Table 1. IP Magnetic Clouds Used in This Study and Their Association with IP Transients®.

Cloud Cloud Morphology 1P Transients
No. Date Ref® At Ar B v n T(10% B P. S AHO Ats AAs
1967 _
1 Jan 13 9 33 036 C A+460 C- 5 E39 E 01 C5 Y 09
2 Dec.1S 9 27 026 B 13 C 390 F14 F-38 C-02 B 8§ N -
3 Dec.30 11,9 42 041 B 13 C-408 F- 4 B-62 G 01 B8 Y 04
1968
4 Jam2 9 36 037 B 10 F 45 C5 B 114 E+02 B 5 N -
5 Jan.27 9 21 022 F 6 F 427 C5 E 71 C 04 A+2 Y 20
6 Feb.27 9 18 014 D11 D324 D2 G- 55 G 04 D7 N -
7 Jun.25 9 17 014 F+ 6 D366 B12 G- 86 G+1.8 B 3 N -
1969
8 Jan.23 9 27 026 D 9 D374 C7 E 109 C17 D5 N -
9 Feb.11 9 27 029 B 12 C452 C-4 A-23 E 0l B 6 Y 3
10  Mar.4 9 16 015 B 10 B 407 C+11 D-56 E 04 B 6 N -
1971
11 Apr.4 O,1 15 0.16 F+11 C466 F+14 G124 C 14 F+8 Y Y 04 10.9
12 Apr.8 9,1 17 014 A4 A35%2 DI3 E 24 G 08 A1 NN -
13 Jun.23 11 27 022 C9 A33% E 6 C-25 E 01 B N -
1972
14 Jan.15 9 13 011 C10 A352 E+19 D 86 E+07 B 6 N -
15 Feb. 10 9 18 016 B 10 A+382 E+15 D 48 E+ 32 B 6 N -
16 Feb.17 9,2 39 039 D 8 A 400 C 6 A- 48 E+ 03 A+3 N Y -
17 Mar.22 9 15 012 F 4 C 341 F15 E 37 G+19 E+12 Y 21
18  Mar.27 9,2 25 025 D 15 A+407 C 7 B-74 E 09 DI0O N Y -
1973
19  Jan.20 9,2 24 022 A+1l C 400 E 6 E+198 G 05 A 7 N N -
20 Ma.5 9 24 020 B 7 D358 D15 E 29 G+07 D 4 N -
21 Mar.31 9 27 029 D 17 A449 E 13 E 41 E 01 D4 N -
22 Apr.14 O,1 19 021 F 15 C465 C.23 G 94 C- 04 C+13 Y Y 29 5.7
23 May.2l 1,9 17 027 D12 B665 C-6 C- 94 C-06 F+7 Y Y 01
24 Jun.28 9 16 021 F+ 9 D547 B 18 D 215 F+ 14 F+ 8 N -
25  Sep.26 9,2 30 029 B 12 C415 B 14 A- 23 A-01 B 6 NY -
26 Nov.21 9 4 013 B 12 C379 B 15 B-59 G 05 B8 N -
1974
27 Jan.24 15 30 023 D 4 A3l6 D25 A 50 B-4 N -
28 Oct.12 O,1 35 036 B 15 A4 E 8 G-45 E 01 A+9 Y Y 07 21.0
29 Dec.2 0,219 017 D 10 D350 D16 E 38 E 02 D 5 N Y - 203
1975
30 Jan.7 14 21 031 C+ 14 CT725 E 7 G-125 Y Y 03
31 Mar.27 9 15 02 B 7 D608 B10 B 207 G+ 13 B 5 N -
32 Apr.20 9 20 022 F+ 10 D474 E+17 D 91 G+ 1.0 D7 N -
33 May.25 9 31 031 B 9 C421 D 9 E 34 E 02 B4 N -
34  Augl 9 21 018 B 12 C370 F+11 A- 20 E 01 D 6 N -
33 Nov.17 9 29 025 B 11 C-369 F 20 E 14 E 02 B 5 N -
1976
36  Jan 10 O,1 22 021 A+ 17 D20 F 41 E 01 B13 Y N 07 11.7
37 Dec.8 9 18 018 B 10 D415 A1l B 90 F 03 B S5 N -
1977
33 Jun.5 9 21 018 F+ 5 C364 F+13 A- 24 F 05 F 1 N -
39 Sep.22 0,1 32 049 B 7 A640 C 4 F-157 G 0.8 Y N 06 2.6
40  Sep.26 9,2 30 028 F+10 A38 Cl1l A- 27 E 04 B5 NY -
41 11725 O,1 20 0.15 B+ 14 A+314 C16 A 38 E+ 01 B9 Y N 03 251
1978
42 Jan.4 9,2 34 046 C+15 C578 F- 5 F 13 A+9 Y Y 16
43 Jan.16 9,16 48 030 A+ 1l F+320 F-18 G 18 F- 01 A+5 N -
44  Jan.29 O,1 18 022 B 17 D538 F 14 F+ 141 E+ 04 Bl4 Y Y 21 488
45 Mar.2 3 24 037 C 20 C450 F 7 F- 181 : Y 13
46 Apr.3 13 21 024 F+ 11 F464 D-10 D- 72 E+ 06 B 6 N -
47 Jun.5 13 20 022 F+ 9 C48 B 10 A- 30 A- 0.1 A+3 Y 2]
48 Aug.27 0,4, 24 026 B 18 F445 E+17 F+93 E-05 B+l6 Y N 15 93
12
49 Sep.29 O,1 23 042 B 16 C750 C 3 EI59 E-02 B12 Y Y 08 32
50 Oct9 0,4 24 022 F+ 8 B38 F 12 B 65 F 04 Ft4 Y 06 151
51 Oct.17 0,4 13 012 B 10 D3% C+17 D120 E+ 08 B 7 Y 20 203
52 Oct.29 0,4 36 034 D 10 C401 F 8 F 30 F 01 D5 N - 199
53 Nov.12 0,112 17 024 C 12 A+569 F 13 C188 C- 07 C10 Y Y 09 89

1979
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Table 1. (continued)
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Cloud Cloud Morphology IP Transients
No. Date Ref® At Ar B v n T(10% P S AMHe) Ats A/hs
54 Jan7  O,1 21 024 B 12 C523 BI10 F 39 C-02 B6 Y N3l 57
55 Feb.21 O, 24 030 B 15 BS23 F+17 B 96 F 03 BI12 Y Y 0l 1LS
4,12
56 Mar.22 O, 34 034 F 13 F 494 Y Y 12 69
4,12
57 Apr.03 6,7 29 034 C 15 C472 B 12 E 94 Y N 04
58 Apr.25 6,02 31 042 C 12 C575 C-7 E 47 E 01 C 8 Y Y 09
59  Sep.18 13 26 023 B 12 B368 C-10 E-26 E 01 C 6 N -
60 Oct.6 O,7 13 012 B 15 A406 C30 C- 66 E 09 B12 Y N 04 66
61 Dec.3 16 28 024 B 9 C353 F 7 A-19 F- 01 A+3 N -
1980
62 Feb.15 13 29 025 B 15 C372 F 6 A-21 E 01 B9 N -
63 Mar.19 16 51 039 B 13 C316 E 10 Y 09
64 May.8 8 40 03 B 13 A39% F+12 D 57 E+02 B7 N -
65 Jul.25 012 12 013 C ii A+ 462 C 16 Y 07 84
66 Dec.19 16 23 027 A+ 30 F 502 F- 8 F 49 C36 Y 08
1981
67 Feb.6 13 14 016 A+ 11 C495 C 6 A-18 Y 11
68 Mar.5 13 33 038 C 13 F 495 C 7 Y 09
69 Mayl8 12 15 025 C 12 C702 C 6 F 122 E 0.1 Y 08
1982
70 Jan.31 0,8 i5 018 B 12 C5i2 B 17 Y 11 86
24 C525 E 9 Y 05

71 Feb. 11 8,16 14 0.18 B

*IP, interplanetary; A, flat profile; B, profile with a maximum; C, descending profile; D, ascending profile; E, profile with
a minimum; F, oscillating profile; G, profile with two minima; O, OMNI tape.

® 1, Borrini ef al. (1982a]; 2, Borrini ef al., [1982b]; 3, Bothmer and Schwenn [1992]; 4, Bravo and Lanzagorta [1994]; 5, Burlaga

et al. [1981]; 6, Burlaga er al. [1987]; 7, Gosling et al. [1987];

8, Kahler and Reames [1991]; 9, Klein and Burlaga [1982]; 10,

Marsden er al. [1987]; 11, Marubashi [1986]; 12, Richardson and Cane [1993]; 13, Rust [1994]; 14, Webb ez al. [1993]; 15,

Wilson and Hildner [1986); 16, Zhang and Burlaga [1988].

ered the duration of the rotation of the magnetic field
and of the interval where the magnetic field was higher
than average.

We evaluate the average values of plasma and field
parameters using the corresponding data found in the
OMNI tape, and we analyze their variation inside the
various types of clouds. This data set was also used in
another paper where we studied the morphology of mag-
netic clouds in relation to their associated near-surface
solar events [see Bravo et al., 1999].

2. General Characteristics of Magnetic
Clouds

We consider an interplanetary (IP) signature to be a
magnetic cloud when its magnetic field is higher than
average and rotates smoothly nearly parallel to a plane
during a time interval of the order of a day [Burlaga
et al., 1981]. In this study no restriction was imposed
on the other parameters of the cloud such as veloci-
ty (v), density (n), temperature (7T), plasma beta (3),
and pressure (P), because we want to study how the
variations of these parameters are when the cloud is
associated or not associated with transient shocks and
with helium enhancements.

Table 1 shows the characteristics of the 71 magnetic
clouds studied in this work, indicating if they are asso-
ciated (Y) or not (N) with shocks and helium enrich-
ments. The first column in Table 1 is the number of the
event. The second column gives the date (month and
day) of the observation of the cloud at 1 AU. The third
column gives the reference in the literature where the
cloud was reported, according to the footnote below the
table. The fourth and fifth columns show the duration
(At) and radial extent (Ar) of the MCs in hours and
astronomical units (AU), respectively. Ar was obtained
as At times the mean speed of the cloud. The sixth to
eleventh columns give the average values and profiles
of the field and plasma parameters of the cloud (which
will be explained in section 3). The twelfth and thir-
teenth columns show the association of the cloud with
a shock (S) and with helium enrichments (A(He)). The
fourteenth column gives the time delay between the ob-
servation of the shock and the starting time of the cloud
for the cases where the MC was preceded by a shock.
The fifteenth column in Table 1 gives the ratio between
the eigenvalues of intermediate and minimum variance
directions. In all the columns, blanks mean a lack of
information. Following the definition by Borrini et al.
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[1982a], we considered that the plasma was helium rich
when He™ /HT > 0.08.

3. Values and Profiles of the Magnetic
Field and Plasma Parameters Inside
MCs

The inspection of the 71 MCs used in this study shows
that the plasma and magnetic field parameters are not
homogeneous inside a cloud but present different type-
s of profiles. Figure 1 shows two examples, where the
variation of the values of B,v,n, T, P, and 3 inside the
clouds observed on November 17, 1975, and on August
1, 1975 (from the list of Klein and Burlaga [1982]) can
be seen. The average values of the different parameter-
s within each cloud are given in the sixth to eleventh
columns in Table 1 in the following order: magnetic field
strength (in nT), proton bulk speed (in km s~!), proton
density (in cm™?), proton temperature (in K), 8 param-
eter, and pressure (in units of 107'% dyn ¢cm~?). The
spatial profiles of magnetic field and plasma, parameters
inside clouds, observed as temporal variations as clouds
pass detectors, are of different types: A, flat; B with a
maximum; C descending; D ascending; E with a min-
imum; F oscillating; and G, with two minima. These
types are sketched in Figure 2 and indicated in Table
1 beside the average value. When a plus sign is added
to the profile letter, it means that the cloud values are
mainly above the average value in the solar wind be-
fore the cloud (or before the shock, for shock-associated
clouds). A minus sign means that the cloud values are
mainly below the previous average. The types of pro-
files shown by the magnetic field strength and plasma
parameters inside the clouds in Figure 1 are indicated
on the right side of the figure.

We find that certain profiles are absent in some of the
MC parameters. The field strength and the bulk speed
never show a profile with one (type E) or two minima
(type G). The particle density never shows two minima,
profiles. The parameter 3 never shows a profile with
a maximum (type B) or ascending (type D). The pres-
sure never presents two minima profiles and only in one
occasion shows a one-minima profile. The temperature
may present any type of profile.

Some of the cloud parameters seem to be related:
while for the larger clouds with Ar > 0.3 AU, we find
that n < 12 and 8 < 1; for smaller clouds, with Ar <
0.3 AU, the plasma density and 8 reach greater values,
n < 30 and 8 < 3.2. That larger clouds have lower
densities and lower 3 can be understood if we consider
that these clouds have suffered more expansion while
traveling toward the Earth than clouds with smaller Ar.
Among the MCs with Ar < 0.3 AU, six had beta values
greater than unity, and in five cases, 1 < 8 < 2. We do
not find differences between the properties of these six
clouds and MCs with 8 < 1.

We also find that for fast clouds (v > 550 km s~')
B < 1.5 and n < 13, but for slower clouds (v < 550 km
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s71) the plasma 3 and density reach greater values, with
8 < 3.2 and n < 30. Although not a real correlation
exists, all clouds with v > 550 km s~! have sizes Ar >
0.22 AU.

4. Characteristics of Magnetic Clouds
Associated and not Associated With
Interplanetary Shocks

In our data set, 36 (51%) clouds were preceded by
a transient shock. The time delay between the pas-
sage of the shock and the appearance of the cloud was
between 1 and 31 hours with a mean value At, = 11
hours. This mean value is consistent with previous re-
sults by Bothmer and Schwenn [1998]. It is generally
believed that interplanetary shocks are generated by so-
lar ejecta propagating at large speeds with respect to
the solar wind. However, the large range of values that
we find for the time delay between the shock and the
MC suggests that clouds may not always be the pistons
of interplanetary transient shocks, although it is pos-
sible that the shock has outrun the cloud during the
transit to 1 AU or that the shock may be associated
with a different part of a complex ejecta that includes
the magnetic cloud.

4.1. Values and Most Common Profiles of
Magnetic Field and Plasma Parameters

Table 2 shows the range of average values (taken over
the entire duration of each magnetic cloud), the mean of
the average values (taken over the set of studied clouds),
and the most common profile for magnetic field and
plasma parameters of clouds associated with shocks and
of clouds without a shock. We see that the ranges of
average values of B, v, n, and P are wider for shock-
associated clouds than for clouds without a shock. The
mean values of B, v, T, and P in the sample are higher
for clouds preceded by a shock than for clouds without
a shock. The mean values of the n are similar for both
types of clouds.

The most common profiles for B, v, 8, and P are the
same for MCs preceded by a shock and for MCs without
a shock. However, the most common profiles for n and
T are different in both samples. For shock-associated
MCs the density presents most commonly a descending
type of profile, but clouds without a shock present most
commonly irregular density profiles. The temperature
in shock-associated MCs shows most frequently an ir-
regular profile, but the most common temperature pro-
file in clouds without a shock shows a minimum within
the cloud.

4.2. Duration and Radial Extent

Figures 3a and 3b show the distribution of the values
of At and Ar, respectively, for MCs with and without
a shock. The mean values are shown in each panel. No
cloud has a duration of less than 12 hours or more than
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Figure 1. Magnetic clouds observed on (a) November 17, 1975, and (b) August 1, 1975 (OMNI
tape data). The duration of the cloud is indicated by vertical lines. The type of each profile is

indicated on the right of each panel.
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Figure 2. Different types of profiles presented by the
magnetic field and plasma parameters inside the inter-
planetary magnetic clouds in this study. The dashed
line represents the value in the solar wind in front of
the cloud.

51 hours. The maximum durations were 51 hours for a
shock-associated cloud and 48 hours for a cloud without
a shock. The most frequent duration was in the inter-
val 20-25 hours for shock-associated clouds and in the
interval 25-30 hours for clouds that were not preceded
by a shock. The most frequent size was in the interval
0.20-0.25 AU for both types of clouds. The mean dura-
tion is similar (At ~ 25 hours) for both types of clouds.
However, the mean size of clouds preceded by a shock
(Ar = 0.27 AU) is larger than that of clouds without a
shock (Ar = 0.23 AU). This is a consequence of the fact

Table 2.
and for Clouds Without a Shock
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that the average speeds for the majority of clouds with-
out a shock span a shorter range of values (v ~ 400 km
s~!) than that for clouds preceded by a shock, as can be
seen in Figure 4. Shock-associated clouds have radial
extents in the range 0.12 — 0.49 AU, and Ar values for
clouds without a shock were in the range 0.11 — 0.39
AU.

5. Characteristics of Magnetic Clouds
Associated and not Associated With
Helium Enhancements

We looked in the literature and found helium infor-
mation for 26 of the studied clouds (see references in
Table 1). Of these clouds, 65% were associated with a
helium enhancement. Table 3 shows the date and du-
rations of 15 of the MCs associated with A(He). The
fourth and fifth columns display the date and start-
ing times for the helium events. We do not have the
durations of A(He) in many cases, but we know that
all helium enrichments lasted at least 2 hours [Borrini
et al., 1982b]. The sixth column in Table 3 indicates
whether the A(He) was observed before (b), inside (i)
or after (a) the magnetic cloud. We find that for clouds
without a shock, the A(He) was always observed insid-
e the cloud. In contrast, for shock-associated clouds
the helium enrichment can occur before, inside, or af-
ter the cloud. This is in agreement with previous find-
ings [Gosling, 1990; Burlaga et al., 1998; Bravo and
Blanco-Cano, 1998] that show that although common-
ly different signatures appear in a single interplanetary
transient event, they are not necessarily simultaneous.

5.1. Values and Most Common Profiles of
Magnetic Field and Plasma Parameters

Table 4 shows the range of average values, the mean
value, and the most common profile for the magnetic
field and plasma parameters of clouds with and without
helium enhancements. We can see that for B and v the
ranges of average values are larger for A(He) clouds than
for clouds without helium. For T, 3, and P the ranges of
the average values are similar for the two samples. We

Values of Parameters and Most Common Profiles for Clouds Associated with Shocks

Range of Average Values

Mean Values Most Common Profile

Shock No Shock Shock No Shock Shock No Shock
B, nT 4-30 4-17 13 10 B B
v, km s7! 314-750 316-608 497 394 C C
n, cm™3 3-30 5-20 11 12 C F
T 10* K 2.3-18.8 ©1.4-215 8.8 6.2 F E
0.1-1.9 0.1-3.2 0.45 0.57 E E
P,107'° dynes cm~? 2-36 1-14 10 6 B B
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Figure 3. Distribution of the values of (a) ¢ and (b) ér, of clouds in relation to their association

with interplanetary (IP) shocks.

find that the mean speed and temperature of MCs with
A(He) are larger than those of MCs without A(He). The
mean values of n and 8 are larger for clouds without
A(He), and the mean values of B and P are very similar
for both types of MCs.

Figure 5 shows the frequency of occurrence of profiles
for parameters inside clouds with and without A(He).
The most common profile for B, n, 3, and P is the same
for clouds with and without A(He). The magnetic field
and the pressure have most frequently a maximum (type
B) profile. The most common profile for the density was
a descending profile (type C), and the most common
profile for the # was a minimum (type E) profile. The

Shock

300 400 500 600 700 800
v (km/s)

Figure 4.

most common profile for v and T is different for both
types of clouds. The speed inside MCs with A(He) most
commonly shows a descending profile (type C), while in
MCs without A(He) the speed profile is most frequent-
ly flat (type A). The temperature of MCs with A(He)
shows a similar frequency of occurrence of profiles with
a minimum (type E) and with two minima (type G).
5.2. Duration and Radial Extent

Figure 6 shows the distribution of the values of At
(Figure 6a) and Ar (Figure 6b) for MCs with A(He)

and without A(He). The mean values are shown in
each panel. No cloud has a duration of less than 15

No Shock
15¢ [
o 10} ]
=
St 1
oL o

300 400 500 600 700 800
v (km/s)

Distribution of velocities for shock-associated clouds and for clouds without a shock.
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Table 3. Time of Observation of MCs and Helium Enrichments®

MC A(He)
Number Date Duration, UT Date Time, UT  Occurrence
Associated With Shock

22 April 14, 1973 0700-0200° April 13, 1973 1700 b
23 May 21, 1973 0400-2100 April 21, 1973 2100 a
28 Oct. 12, 1974 2000-0800¢ Oct. 13, 1974 1500 i
42 Jan. 4, 1978 1000-2000° Jan. 5, 1978 1700 i
44 Jan. 29, 1978 1600-1000° Jan. 30, 1978 1300 a
49 Sept. 29, 1978 0500-0400° Sept. 30, 1978 0500 a
53 Nov. 12, 1978 1000-0300° Nov. 12, 1978 1600 i
55 Feb. 21, 1979 0400-0400° Feb. 21, 1979 1600 i
56 March 22, 1979  2030-0630°¢ March 22, 1979 1600 b

March 23, 1979 0800 i
58 April 25, 1979 0900-1600° i

Without Shock

16 Feb. 17, 1972 0600-2100° Feb. 18, 1978 1400 i
18 March 27, 1972  1700-1800° March 27, 1972 2100 i
25 Sept. 26, 1973 0000-0600° Sept. 26, 1973 1600 i
29 Dec. 2, 1974 0000-1900 Dec. 2, 1974 1200 i
41 Sept. 26, 1977 2100-0300°¢ Sept. 27, 1977 0700 i

2MCs, magnetic clouds; A(He), helium enrichments; b, before magnetic cloud; a, after magnetic cloud;

i, inside magnetic cloud.

bFinal time corresponds to 1 day after starting time day.
“Final time corresponds to 2 days after starting time day.

hours or more than 39 hours. The maximum durations
were 39 hours for a cloud with A(He) and 32 hours for
a cloud without A(He). The most frequent duration
was in the interval 15-20 hours for A(He) clouds and in
the interval 20-25 hours for clouds without A(He). The
mean duration and radial extent are larger for A(He)
clouds (At = 0.25 hour, Ar = 0.30 AU) than for clouds
without a helium enrichment (At = 0.22 hour; Ar =
0.24 AU). A(He) clouds have sizes in the range Ar =
0.16 — 0.46 AU, and the sizes for clouds without A (He)
were in the range Ar = 0.12 — 0.49 AU.

Table 4.

6. Discussion and Conclusions

In this paper we perform a statistical analysis of mag-
netic cloud characteristics and find that magnetic field
and plasma parameters (B, v, n, T, 3, and P) inside
MCs have different spatial profiles. We find that the
mean values of the various magnetic field and plasma,
parameters can be different depending on the associa-
tion of magnetic clouds with shocks and with helium
enhancements. Our study reveals that the mean val-
ues of B,v,T, and P are higher for shock-associated

Values of Parameters and Most Common Profiles for Clouds Associated With

Helium Enhancements and for Clouds Without Helium®

Range of Average Values

Mean Values Most Common Profile

A(He) No A(He) A(He) No A(He) A(He) No A(He)
B, nT 8-24 4-18 13 12 B B
v, km s7! 350-750 314-640 513 444 C A
n, cm™3 3-23 4-30 11 14 C C
T, 10*K 2.3-18.8 2.4-19.8 8.7 8.3 G F
0.1-1.4 0.1-0.9 0.44 0.49 E E
P, 10'° dyn ¢cm™2 3-14 1-16 9 9 B B

@A, flat profile; B, profile with a maximum; C, descending profile; D, ascending profile; E, profile
with a minimum; F, oscillating profile; G, profile with two minima.



BLANCO-CANO AND BRAVO: SOLAR WIND SIGNATURES AND MAGNETIC CLOUDS 3699

A(He)

B

Number
CaN W bd U

Number
oON » O @

Number
ON » OO @

Number
C- N W dW

Number
oON b O @

Number
O=-N Wb U

D

E F G

NA(He)

B 55%

Number
O—= N W d» O

Number
O~ N W d WU

C 33%

Number
N WD

e

o

Number
O = N W bW

Number

O—= N W& d W

B 67%

Number

O - N W dOn

A B CD E F G

Figure 5. Observed types of profiles for MC parameters for helium enhancement assoclateu
clouds (left) and for clouds without helium enhancement (right).

MCs than for clouds without a shock. Tables 2 and 4
show that the magnetic field magnitude and pressure
profiles have maxima for all event types (this is MCs
with or without shock and MCs with or without he-
lium); the most common profile for the velocity was

descending for all types of clouds except for the clouds
with no helium. The most common profile of the densi-
ty was also descending in all cases except for the clouds
that are not associated with a shock. All event types
most commonly show plasma beta profiles with distinct



3700
AlHe)
a) .|
D)
0
£
z
0 1020 30 40 50 60 70
At{nrs)
A(He)
5{_-L_w__»4_;m*447
b) |

~

C.50 4
§
i
i
]

i
!

i
;
!
|

BLANCO-CANO AND BRAVO: SOLAR WIND SIGNATURES AND MAGNETIC CLOUDS

Number

Figure 6. Distribution of the values of (a) At and (b) Ar of clouds in relation to their association

with helium enrichments.

minima. The most common profiles for the tempera-
ture, although assigned to different categories, all show
evidence of low-temperature behavior. This is consis-
tent with the fact that the interplanetary counterpart
of coronal mass ejections (CMEs), of which magnetic
clouds are a subset, is generally assumed to be an ex-
panding structure. This, in turn, results in profiles that
typically have low proton and electron temperatures,
declining velocity profiles, and high magnetic field mag-
nitude, which when combined with low temperature,
results in a low plasma beta.

As noted above, the most common profile for density
for shock-associated clouds is descending, which can be
interpreted as the result of compression effects taking
place at the front of the cloud owing to the shock. In
contrast, for MCs without a shock the most common
profile for density is of the irregular type.

One particular interesting result of our study is that
the average speed of shock-associated clouds can have
a wide range of variation (314-750 km s~'), which is
not observed for clouds without a shock, whose speeds
are constrained to values ~ 400 km s~!. That shock-
associated magnetic clouds tend to be faster than clouds
without a shock agrees with the findings of Klein and
Burlaga [1982], but the fact that clouds without a shock
have speeds in such a narrow range had never been re-
ported. Near the Sun the outward speeds of CMEs, of
which magnetic clouds are a subset, span a wide range

of values. The slower events often have speeds < 100 k-
m s™!, while the faster can have speeds > 1200 km s~!.
Moreover, the Solar Maximum Mission (SMM) obser-
vations indicate that CME speeds close to the Sun are
roughly the same at all heliographic latitutes, and as
pointed out by Gosling et al. [1994], it seems that the
basic acceleration process for many CMEs is essentially
the same as that for the normal solar wind. In agree-
ment with our results, at low latitudes, CMEs near 1 AU
have speeds greater than 750 km s~!, and they never
have speeds less than the minimum solar wind speed of
~ 280 km s™!'. Thus the fastest CMEs (magnetic clouds
in this case) at low latitudes are decelerated in IP space
as they interact with slower plasma ahead, while the
slowest CMEs observed in the corona are accelerated
further by the time they reach 1 AU [Gosling, 1997].
The fact that clouds without a shock have speeds in a
very narrow range may be a consequence of slow coro-
nal mass ejections being accelerated by the same forces
as the slow solar wind as suggested by Gosling [1997].
These clouds seem to be just carried by the solar wind
flow. .

In our data set, 65% of magnetic clouds are associ-
ated with helium enhancements. Because we are us-
ing single-spacecraft observations, it is possible that in
some cases the magnetic cloud is associated with a he-
lium enrichment which is not detected by the space-
craft, and therefore this percentage of association has
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to be taken as a lower limit. We find that when cloud-
s without shock are accompanied by helium enhance-
ments, the helium is always inside the cloud. In con-
trast, when clouds associated with shocks are accompa-
nied by helium enhancements, the helium may appear
before, inside, or after the cloud. The fact that helium
enhancements are always inside shock-associated cloud-
s suggests that both signatures correspond to the same
solar large-scale structure and that the cloud is not to-
tally formed when ejected but that it forms away from
the Sun, incorporating the helium-enriched plasma. In
fact, we observe that clouds with helium enhancements
have larger durations and extents.

The fact that for shock-associated clouds the helium
enhancements can appear before, inside, or after the
cloud, suggests that helium rich plasma may be released
before, at the same time as, or after the plasma that
will constitute the cloud. When helium is observed be-
fore the cloud, it can not come from low-altitute regions
below the coronal cavity but must be released from a
nearby place in a previous (most probably related) even-
t. Another finding is that the time delay between the
shock and the cloud varies from 1 to 31 hours, which
coincides with our previous results in a smaller sam-
ple [Bravo et al., 1997; Bravo and Blanco-Cano, 1998].
This suggests that clouds cannot always be the pistons
of transient interplanetary shocks. Although an alter-
native explanation could be that the shock may have
outrun the ejecta during the transit from the high coro-
na to 1 AU, or that the shock may be associated with
a different part of a complex ejecta that includes the
magnetic cloud.

Further work considering a larger sample of clouds
would be very interesting to evaluate the significance of
the results obtained in this study, and a careful analysis
of these results must be made in order to obtain their
physical implications. Also, Solar and Heliospheric Ob-
servatory (SOHQO) observations combined with more
theoretical efforts would be very valuable to understand
the origin of different types of magnetic clouds and their
associated signatures.
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