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Abstract we reexamine the magnetic cloud (MC) event during the period of 21-23 May 2007. In this event,
the axis of the MC has a high inclination to the ecliptic plane and the heliospheric current sheet happens to be
on the ecliptic plane. Therefore, we can use the feature of zero north-south component of interplanetary
magnetic field to identify the MC boundaries. Inside the MC, there is an enhanced pressure/density region
enclosed by two discontinuities. We verified these discontinuities through multiple spacecraft in situ
observations. The front one is a forward fast shock, which is a quasi-perpendicular shock at STEREO B but a
quasi-parallel shock at Wind location. The discontinuity at the rear part of the enhanced pressure region
resembles a reverse slow shock. However, we verify it is a tangential discontinuity (TD) using multispacecraft
observations. Furthermore, we analyze the successive TDs inside the MC based on the TD signature of no
normal magnetic field component to estimate the magnetic field morphology along the spacecraft
trajectories. A novel method to evaluate the uncertainties of those TDs in this study has been given. It is found
that the errors of the TD normal are much smaller than that calculated by conventional methods.

1. Introduction

Interplanetary coronal mass ejections (ICMEs) are the manifestations of coronal mass ejections (CMEs) in the
interplanetary space. A typical structure of ICME consists of a leading shock, a transiting sheath, and a main
body (Gosling et al., 1975; Kilpua et al., 2017; Sheeley Jr et al., 1980). The ICME can be further classified into an
ejecta or a magnetic cloud (MC) depending on the magnetic field structure of the main body (Rouillard,
2011). According to Burlaga et al. (1981), a MC is characterized as (i) the smooth rotation of magnetic field
during an interval of about one day, (ii) the stronger magnetic field than ambient solar wind, and (iii) the
lower proton temperature and density compared to the surrounding plasma. The signature of smooth field
rotation across an MC, indicating the helical magnetic fields wrapping around a central axis, is described as a
magnetic flux rope. The feature of stronger magnetic field together with lower plasma density and tempera-
ture correspond to the smaller plasma beta inside an MC. Besides the large-scale MCs, some MCs are found to
have smaller size lasting few hours (Crooker et al., 1996; Feng et al., 2007; Feng, Wu, et al., 2008; Moldwin et al.,
2000; Yu et al., 2014). Parts of these small-scale MCs have different origin and mechanism from the large-scale
MCs and thus excluded in this study.

Multispacecraft in situ observations provide a good opportunity to understand the magnetic field topology
and the evolution of MCs. In combination with the near-Earth measurements (e.g., IMP 8, Wind, ACE, and
STEREO spacecraft) and the measurements other than 1 AU (e.g., Helios, MESSENGER, Ulysses, and Voyager
spacecraft), the radial variations in the interplanetary space of MC properties as well as the global dynamics
of MCs are investigated extensively (e.g., Bothmer & Schwenn, 1998; Burlaga et al., 1990, 2001; Du et al., 2007;
Good et al,, 2015; Leitner et al., 2007; Liu et al., 2006; Nakwacki et al., 2011; Riley et al., 2003; Rodriguez et al.,
2008; Skoug et al., 2000). It is common that MCs undergo expansion when propagating in heliosphere. The
radial expansion of ICMEs was found to slow down beyond 1 AU and to maintain a constant width beyond
15 AU (Jian et al., 2008; Richardson et al., 2006; Von Steiger & Richardson, 2006). Moreover, owing to the
launch of STEREO spacecraft (Kaiser et al., 2008), multipoint observations at different longitudinal locations
around 1 AU can be utilized to examine the MC flux rope structure and field properties at different segments
of the flux rope (e.g., Farrugia et al., 2011; Kilpua et al., 2009, Kilpua et al., 2011; Liu et al., 2008; M&stl, Farrugia,
Biernat, et al., 2009; Mostl, Farrugia, Miklenic, et al., 2009; Mostl et al., 2012; Ruffenach et al,, 2012).

The boundaries of MCs can be identified by several signatures, such as the decrease of plasma B, tempera-
ture, and density (Burlaga et al., 1981), the bidirectional streaming of superthermal electrons (Gosling et al.,
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1987), or the structure of tangential discontinuity (TD; Feng et al., 2006). Wei et al. (2003) suggested that the
MC boundaries usually display the properties of a reconnection layer. Identifying MC boundaries correctly is
important not only because it is related to the solar eruptive events or the interaction with ambient solar
wind but also because the MC-associated shock/discontinuity structures or the southward magnetic fields
can affect the geomagnetic environment dramatically. However, it is difficult to obtain consistent results
between different definitions, especially for the rear boundary. Many different approaches have been
performed to reconstruct the magnetic field pattern on the MC cross section, such as the force-free field
modeling (e.g., Burlaga, 1988; Goldstein, 1983; Lepping et al., 1990), the velocity-modified flux rope model
(Wang et al,, 2015), the minimum variance analysis (e.g., Lepping et al,, 1990), the non-force-free field
modeling (e.g., Hidalgo, 2002; Mulligan & Russell, 2001), and the Grad-Shafranov (GS) reconstruction (e.g.,
Hu & Sonnerup, 2002). It is suggested that the cross-section shape of an MC can be deformed into oblate
instead of a circular shape when interacting with ambient solar wind structures (e.g., Démoulin et al., 2013;
Farrugia et al.,, 1995; Liu et al., 2006; Mulligan & Russell, 2001; Owens, 2006; Riley et al., 2003; Wang et al.,
2018). Note that either the different approaches with the same front and rear boundaries or the usage of
different boundary selections in the same approach can produce different cross-section shapes. The
comparison of various models can be found in Riley et al. (2004) and Al-Haddad et al. (2013).

In addition, some specific structures such as discontinuities, shocks, and pressure pulses are reported to
appear inside MCs. Previous works mainly focus on the statistical properties of these internal structures or
to study their possible causes through the interaction with ambient solar wind (e.g., Collier et al., 2007;
Lepping et al., 2006; Tsurutani & Gonzalez, 1997; Wang et al., 2003), but rarely discuss their connections with
the whole MC structure. In this study, we propose that we can deduce the portions of magnetic field mor-
phology on the MC cross section along the spacecraft trajectories from the internal TDs of the studied MC.
Theoretically, a TD is characterized as the boundary separating different magnetic field and plasma environ-
ments at both sides with no normal plasma flow and no normal magnetic field component across the discon-
tinuity surface. And the total pressure of thermal plus magnetic field remains invariant across a TD. The helical
magnetic field configuration inside an MC, as described by the force-free flux-rope model (Goldstein, 1983),
indicates the feature of no radial magnetic field component. It means that an MC taken as a flux rope is com-
posed of a series of specific structures surrounding the MC center axis with no magnetic field across these
structures. Therefore, according to the magnetic flux rope model, there should be multiple cylindrical TD
planes wrapping around the central axis of an MC.

We reexamine the MC event occurred during 21-23 May 2007 in this study. This MC is likely to have an axis
highly inclined to the ecliptic plane around 1 AU and was passaged by the Wind, ACE, and STEREO spacecraft.
Based on the analysis of magnetic field topology on the MC cross section, several studies suggest that
STEREO B transited the MC central region but Wind encountered the east side of the MC (Hidalgo, 2013;
Kilpua et al,, 2009; Kilpua et al,, 2011; Liu et al.,, 2008; Méstl, Farrugia, Miklenic, et al., 2009). STEREO B and
ACE observed the feature of bidirectional suprathermal electrons within the MC (Chollet et al., 2010; Kilpua
etal,, 2009). The solar origin of this MC event was reported to be associated with a CME and prominence erup-
tions (Kilpua et al, 2009; Mostl, Farrugia, Miklenic, et al, 2009). Here we perform the detailed
discontinuity/shock analysis by proposing new views of the MC rear boundary and the discontinuity/shock
uncertainty estimations. We also suggest the possible passages of spacecraft through the MC via the analysis
of internal TDs.

2, Identification the Major Discontinuities of the MC

Figure 1 shows the averaged positions of STEREO and Wind spacecraft in GSE coordinate on 22 May 2007,
where the STEREO B locates at (x, ¥, 2)gse = (—1,056, 1,345, —126) Rg, Wind locates at (x, ¥, 2)gse = (239, 90,
15) Rg, and STEREO A locates at (X, y, Z)gse = (1,363, —2,344, 26) Rg. It is thought that STEREO A only passed
through the flank of the studied MC due to the unclear magnetic field rotation in STEREO A observations
(Kilpua et al., 2009; Liu et al., 2008; Mostl, Farrugia, Miklenic, et al., 2009). We thus focus on the properties
observed by STEREO B and Wind in the following contexts. The separation between these two spacecraft
is about 0.07 AU. Those discontinuities, which can be identified in both spacecraft measurements, are
referred to the major discontinuities of the MC. We will characterize the natures of these major discontinuities
in the following subsections, starting from the STEREO B observations due to the clearest MC signatures. In
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Figure 1. Averaged position of STEREO B (blue), Wind (green), and STEREO A
(red) spacecraft on 2007 May 22 in GSE coordinate.

comparison with the measurements between multiple spacecraft, all the
quantities derived from STEREO B have been transferred to the GSE coor-
dinate in this study.

2.1. In Situ Observations of STEREO B Spacecraft

Figure 2a presents the STEREO B in situ observations of the MC event dur-
ing 21-23 May 2007, where the magnetic field and plasma data with 1-min
resolution are derived from the IMPACT (Luhmann et al., 2008) and
PLASTIC (Galvin et al., 2008) instruments, respectively. From top to bottom
show the magnetic field components in GSE coordinate (B,, B, and B,), the
magnetic field strength (|B|), the corresponding magnetic field azimuth ()
and latitude (0) angles, the proton bulk speed (V,), the total pressure of
thermal and magnetic pressures (Py), the proton number density (Np),
the proton temperature (Tp), and the plasma beta (B). One can see that
the magnetic field started rotating at ~04:20 UT on 22 May and was likely
to finish at ~04:00 UT on 23 May, although the magnetic field rotation
seemed to be interrupted by a high pressure/density structure embedded
in the period of 17:30-22:00 UT on 22 May. The signature of field rotation
along with the depressed plasma beta satisfies the MC characteristics. By
combining with the feature of counterstreaming suprathermal electrons
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Figure 2. (a) Magnetic field and plasma observations of STEREO B during 21-23 May 2007. From top to bottom are mag-
netic field components in GSE coordinate (By, By, and B,), magnetic field strength (|B|), magnetic field azimuth angle (¢) in
GSE coordinate, magnetic field latitude angle (6) in GSE coordinate, proton bulk speed Vo), total pressure (Py), proton
number density (N), proton temperature (T), and plasma beta (). The magnetic field and plasma data are derived from
the IMPACT and PLASTIC instruments with 1-min resolution. The gray area indicates the Bz variation of +5 nT. The black
vertical lines denote the times when STEREO B encountered the major discontinuities (FB, D1, D2, RB1, and RB2). The gray
vertical lines indicate the time of other internal TDs, which are discussed in section 3. (b—e) Total pressure observation of
each major discontinuities except for RB2. The vertical lines indicate the transition time of the discontinuities.
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within an MC (see Figure 7 in Chollet et al., 2010), we identify the MC front

boundary observed by STEREO B to be at 04:20 UT on 22 May and the rear
e boundary to be 04:09 UT on 23 May, as labeled by FB and RB1 with vertical
lines in Figure 2a, respectively. Both FB and RB1 are TDs with a constant
total pressure across the boundary, as shown in Figures 2b and 2e.

Note also that the B, component outside the MC is very small, as denoted
by the gray area in Figure 2a, which implies that the background solar
wind is a heliospheric current sheet (HCS) lying on the ecliptic plane.
According to the description of force-free flux rope, the magnetic field
magnitude theoretically reaches to the maximum at the MC central posi-
tion. By examining the magnetic field latitude angle (6) in STEREO B obser-
vations, we find that the magnetic field vector has an inclination of ~60°
when STEREO B located around the maximum |B| region, suggesting that
the studied MC is highly inclined to the ecliptic plane. It should be men-
tioned that other methods can provide different results of inclination
angle with different identification of rear boundary. For example, Mostl,
Farrugia, Miklenic, et al. (2009) showed that the inclination angle is in the
range of 44°-63° derived by different models. Due to the high inclination
Figure 3. Sketch of the highly-inclined MC embedded in the HCS lying on  Of MC axis to the edliptic plane, the B; profile can be explained as the
the ecliptic plane. The helical line denotes the MC magnetic field. MC passing through a HCS seen by STEREO B, which is sketched in
Figure 3. It was shown that the high-inclination MC possibly has an elon-
gated cross section (e.g., Crooker & Intriligator, 1996). We also identify
another boundary RB2 at 06:00 UT on 23 May to be the rear boundary of
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Figure 4. (a) Magnetic field and plasma observations of Wind spacecraft during 21-23 May 2007 with the same format as
Figure 2. The magnetic field and plasma data are derived from the MFl and SWE instrument with 92-s resolution. (b—e) Total
pressure observations of each major discontinuities measured by Wind except for RB2. The format is that same as Figure 2.
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Figure 5. (a-b) STEREO B observations across the D1 and D2 on 22 May 2007, where the magnetic field data have 8-Hz reso-
lution. (c-d) Wind observations around the D1 and D2 on 22 May 2007 with the 11-Hz magnetic field data. The vertical line
denotes the transit time of the shock/discontinuity structure.

the whole structure embedded in the HCS based on the feature of long-lasting small B,. The interval between
RB1 and RB2 is the transition region from the MC main body to the background HCS. In addition, two other
obvious shock/discontinuity structures inside the MC are found, which are the D1 at 17:29 UT on 22 May and
D2 at 22:03 on 22 May. Apparently, D1 and D2 are the boundaries enclosed the high pressure/density region.
The total pressure across the D1 and D2 are shown in Figures 2c and 2d and will be analyzed in detail in the
section 2.3.
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Figure 6. High-resolution (8 Hz) magnetic field observations of STEREO B around the FB on 22 May 2007. The solid (dashed)
lines enclose the time interval of side 1 (side 2) for TD normal calculation.

2.2. In Situ Observations of Wind Spacecraft

Figure 4a presents the Wind observations of the MC event during 21-23 May 2007, where the magnetic field
and plasma data with 92-s resolution are derived from the MFI (Lepping et al., 1995) and SWE (Ogilvie et al.,
1995) instruments, respectively. One can see that the magnetic field started rotating at 22:14 UT on 21 May
along with the decrease of plasma beta, which is identified as the FB. The field rotation seemed to end at
22:49 UT on 22 May (i.e,, RB1), although a high-density region was found during 13:39-15:55 UT on 22
May. Both FB and RB1 are TDs according to the feature of constant total pressure across the boundary shown
in Figures 4b and 4e. Moreover, with the help of the background HCS structure denoted by the gray area of B,
in Figure 4a, we suggest that Wind spacecraft encountered the RB2 at 02:14 UT on 23 May. The large mag-
netic field fluctuations appeared between RB1 and RB2 is an indicator of the transition region from MC to
HCS. Based on the large-scale relationship between MC and background solar wind shown in the temporal
variation of magnetic fields, we thus conclude that both STEREO B and Wind spacecraft observed the same
event when the MC propagated in the interplanetary space.

Besides FB, RB1, and RB2, the high-density region is enclosed by two discontinuities, that is, D1 at 13:39 UT on
22 May and D2 at 15:55 UT on 22 May. The total pressure profiles across the D1 and D2 observed at Wind are
shown in Figures 4c and 4d. Note that there is no apparent pressure change across the D2. Moreover, no cor-
responding high-pressure region is found at Wind position. Such different features in Wind and STEREO B
observations can be due to the inhomogeneity of pressure pulse possibly produced by local magnetic field
structures. The increased density appeared at both spacecraft may indicate that they come from the same
source. Therefore, when two spacecraft passed through different parts of the pressure pulse region, they
can measure different pressure profiles. This MC event has also been reported in some event lists (http://
www-ssc.igpp.ucla.edu/~jlan/ACE/Level3/ICME_List_from_Lan_Jian.pdf, https://wind.nasa.gov/2007.php,
and http://space.ustc.edu.cn/dreams/wind_icmes/). However, most of the previous studies use D1 as the rear
boundary (e.g., Kilpua et al., 2009, and reference therein), which is different from this study. The details of the
comparison between different identifications of MC rear boundary will be discussed later. These five struc-
tures (FB, D1, D2, RB1, and RB2) are referred to the major discontinuities in this study. But since RB2 is the
boundary between transition region and HCS and is not directly related to the MC main body, we focus on
the properties of four remaining structures in the following section.
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Table 1
Normal Directions of Shocks/Discontinuities Observed by STEREO B and Wind in GSE Coordinate

Obs. time N, ep () Ny, espy ()

STEREO B Wind STEREO B Wind STEREO B Wind

FB 22 May 2007 04:20 21 May 2007 22:14  (0.88, 0.42, 0.23), 2.0 (0.10, —0.03, 0.08), 3.7 = =
D1 22 May 2007 17:29 22 May 2007 13:39  (0.17, —0.05, 0.98), 4.3 (0.14, —0.05, —0.986), 35.0  (0.97, —0.14, 0.19), 20.5  (0.85, 0.32, 0.42), 44.1
D2 22 May 2007 22:03 22 May 2007 15:55  (0.69, —0.29, —0.67), 15.5  (0.83,0.18, —0.53), 31.6 (0.22,0.96, —0.18), 11.1  (0.41, —0.83, 0.37), 6.1
RB1 23 May 2007 04:09 22 May 2007 22:49  (0.91, —0.40, 0.04), 10.6 (0.79, —0.53, —0.30), 8.7 = =

2.3. Shock/Discontinuity Analysis of D1 and D2

Figures 5a and 5b display the STEREO B observations across the D1 and D2, where the IMPACT magnetic field
data have a high-resolution of 8 Hz and the PLASTIC plasma data have 1-min resolution. Similarly, Figures 5¢
and 5d present the high resolution plots of D1 and D2 measurements by Wind, where the MFI magnetic field
data have 11-Hz resolution and the 3DP plasma data have 3-s resolution. For D1, STEREO B observed a clear
increase in magnetic field strength, proton bulk speed, proton number density, and proton temperature at
~17:30 UT. All quantities then approached to a steady state. It is suggested that D1 is a forward fast shock
based on the Rankine-Hugoniot (R-H) relations. Wind spacecraft also observed a clear increase in magnetic
field strength and plasma quantities at ~13:40 UT but with more turbulent fields at both sides of D1. All para-
meters then change to a different state at ~13:42 UT. We thus suppose that the D1 structures seen at Wind
and STEREO are different types of fast shock, which will be discussed in detail in the later section.

For D2, both spacecraft observed similar profiles that the magnetic field strength enhanced sharply, the pro-
ton bulk speed increased slightly, and the proton number density and temperature decreased. However, the
total pressure did not have the clear change pattern across the D2. Since the contributions of electron and
helium components and the anisotropy of the thermal pressure in solar wind are not taken into account in
the total pressure calculation, we cannot determine the D2 as a slow shock accurately. It is thus suggested
that D2 is possibly either a reverse slow shock or a TD (Feng, Lin, et al., 2008; Lin et al., 2009).

To solve the ambiguity of D2 structure and to confirm that all the shocks or discontinuities are identified cor-
rectly, we further determine the normal direction of each shock/discontinuity and also estimate its propaga-
tion time from Wind to STEREO B. By assuming that the shock/discontinuity is an infinite plane surface
moving with the speed V in the normal direction n, the propagation time can be calculated by

n
=AR— 1
T v’ (1

where AR is the displacement vector between the two spacecraft.

Knetter et al. (2004) found from Cluster observations that almost all the analyzed discontinuities except
shocks have very small normal component of magnetic field regardless of the discontinuity type. It implies
that the TD normal direction nrp determined by the cross product of the magnetic fields on both sides,

~ (B1 XBz)
namely, npp = im,
and B, are the averaged magnetic fields on sides 1 and 2, respectively, which are determined from the
high-resolution data by selecting the time interval with relatively steady magnetic field variations without
obviously large fluctuations. As illustrated in Figure 6, the vertical solid lines enclose the selected time interval

can represent the normal of all types of discontinuities except shocks. The B,

Table 2
Comparison of Observed and Estimated Propagation Time

trp To (Min) Trp (Min) Atrp (%) tsH TsH (min) Atsy (%)
FB 22 May 2007 03:10 366 296 19.1 - -
D1 22 May 2007 22:27 230 528 129.6 22 May 2007 17:06 207 10.1
D2 22 May 2007 19:47 368 232 37.0 23 May 2007 07:39 944 156.8
RB1 23 May 2007 07:02 320 493 54.1 = =

LIN ET AL. 7
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of side 1 and the dashed lines enclose the interval of side 2. The TD propa-
gating speed, Vip, is then calculated from the component of solar wind
velocity in the TD normal direction

Vip = Vi or 2-N1D, (2)

where V; o, ; are the averaged solar wind velocity on side 1 or side 2. For a
shock structure, the normal direction nsy is obtained from the coplanarity
theorem by Ry = +(ByxBg)x (By — Bg)/| (ByxBg)x (B, — Bg) | (Colburn
& Sonett, 1966), where B, and B4 represent the upstream and downstream
magnetic fields, respectively. And the shock speed is derived from the

mass continuity equation

~ ngVgq — nyV,)n

Vou=VspNsy = M’ (3)
Nq — Ny

where the nq (n) and V4 (V) are the number density and solar wind velo-

city at the shock downstream (upstream) region.

Table 1 summarizes the normal directions of four identified structures in
GSE coordinate obtained from STEREO B and Wind measurements by tak-
ing FB and RB1 as TDs and by assuming D1 and D2 as TDs or shocks. The
estimation uncertainties of the corresponding normal directions are pre-
sented in terms of the error cone angles erp and &sy. In short, the error
cone includes the possible variations of normal directions caused by mag-
netic field fluctuations within a certain time interval around a TD or a
shock. The derived normal direction (nyp or nsy) is the central axis of the
corn with the uncertainty (erp and &sy) as the size of the cone angle.

Figure 7. (a) lllustration of TD planes (TD1-3) wrapping around the center  Different methods are applied for e1p and &sy estimations due to the differ-
axis of flux rope. (b) Sketch of the spatial relationship between the internal  oqt properties of TDs and shocks. We thus do not compare the error cone

TD plane, TD normal, and spacecraft trajectory. The blue curve represents a

sizes between TDs and shocks. It can be seen in Table 1 that the estimated

segment of the TD cross section on the ecliptic plane and the red dashed line

denotes the spacecraft trajectory. The dashed gray line indicates the line erp are relatively small except for D1 and D2 derived by Wind observations.
tangent to the TD plane at the spacecraft position, which is perpendicularto ~ Moreover, we obtain the larger values of gsyy. We suggest that the error
the TD normal direction nrp (black arrow). estimation for TDs provided here is smaller than that using the convention

method (e.g., minimum variance analysis and cross product). The detailed
derivations of sy and eyp are given in Appendices A and B.

We further calculate the arrival times (typ and tsy) of these four structures at the STEREO B. Their propagation
times, Trp and tsy, from Wind to STEREO B and the corresponding errors compared with the measured pro-
pagation time (t,) are also given in Table 2. The estimated error of propagation time is defined by Atrp = |t
1D — To|/To OF ATsy = [tsy — To|/To- We found that the estimated error is much larger if the D2 is taken as a
reverse slow shock or the D1 is taken as a TD. We thus conclude that D2 is a TD rather than a reverse slow
shock. In other words, it is difficult to distinguish a structure is a TD or a slow shock only based on single-
spacecraft observations as pointed out by Feng, Lin, et al. (2008). We propose that such ambiguity can be
resolved by multispacecraft measurements.

3. Internal TDs for MC Configuration Construction

Since the helical field topology of an MC can be described by a force-free flux-rope model with the feature of
no radial magnetic field component, an MC can be regarded as the structureas the structure of multiple of
multiple cylindrical TDs wrapping around the central axis of the cloud, as sketched by the cylindrical blue
planes in Figure 7a. When a spacecraft passes through such an internal TD, the orientation of TD normal
derived from the spacecraft measurement should be perpendicular to the local tangent surface at the space-
craft location, as denoted by the dashed gray line in Figure 7b. In other words, the normal estimations of
internal TDs enable us to deduce the possible topologies of MC along the spacecraft trajectory.

LIN ET AL.



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Journal of Geophysical Research: Space Physics

10.1029/2018JA025225

N I 00 LL

15:20
UT (hh:mm)

15:18

18:22
UT (hh:mm)

Figure 8. Magnetic field observations of (a) TDsg9 on 22 May with a resolution of 8 Hz and (b) TD\y15 on 22 May with a
resolution of 11 Hz. The solid and dashed lines enclose the time intervals of sides 1 and 2 for the TD normal calculations,
respectively. The blue dots indicate the magnetic field and plasma data with 1-min resolution.

According to our scenario, a spacecraft is supposed to detect numerous TDs during the passage of the MC.
Among these successively TDs, we arbitrarily select some cases based on the high-resolution magnetic field
measurements of STEREO B and Wind. In general, the temporal variation of low-resolution data (e.g., 1 min)
should have consistent tendency with the high-resolution one. But the high-resolution data should provide a
more reliable determination of the TD normal direction. Figure 8 illustrates two examples, TDsg9 and TDy 15,
showing different situations when using high-resolution (black curve) and 1-min resolution (blue dot) mag-
netic field data for TD normal estimation, where the subscripts SB and W represent the TD observed by
STEREO B and Wind, respectively. Note that unlike the major discontinuities, all the internal TDs are identified

independently at two spacecraft. The vertical solid and dashed lines
indicate the side 1 and side 2 regions of the TD in high-resolution

Table 3
Selected TDs Inside the MC Observed by STEREO B data. It can be seen that the magnetic fields at both sides of TDsg9
. are relatively stable. We thus obtain very similar TD normal usin
D Obs. time firo e 020 o Y . . i ; J
either the 8-Hz or 1-min resolution data. However, TDy 15 is followed
TDsg1 22 May 2007 06:25:48  (0.53, 0.63, 0.57) 10 10.2 by a fine structure at ~18:23 UT giving a large difference of magnetic
TDsg2 PNy AVT TGS (W, W, Oen) 28 6D field profiles between the 11-Hz and 1-min data. This fine structure
TDsg3 22 May 2007 09:47:52 (0.97, —0.26, 0.01) 3.0 14.2 i i X . X i
TDeg4 22 May 2007 09:4937 (099, —0.04, —0.02) 26 156 will be included in the normal estimation of TDy15 when using 1-
TDsg5 22 May 2007 10:19:39  (0.12, 0.99, —0.05) 3.0 0.8 min data, which results in the unreliable TD normal direction.
TDsg6 22 May 2007 11:49:05  (0.95, —0.30, 0.02) 34 7.3 Therefore, we use the high-resolution magnetic field data to deter-
TDsg7 22 May 2007 12:39:05  (0.83, —0.52,0.21) 20 52 mine the normal orientations of internal TDs in this study.
TDgg8 22 May 2007 12:41:12 (077, 0.38, —0.51) 29 36
TDsg9 22 May 2007 15:19:08  (0.98, —0.20, —0.02) 16 374 The internal TDs identified from STEREO B and Wind are listed in
TDsg10 22 May 2007 15:41:54 (072, 0.36, —0.60) 9.2 26 Tables 3 and 4 and also denoted as the gray vertical lines in
TDsgl1 23 May 2007 00:15:25 (085, 0.35, ~0.39) 44 538 Figures 2a and 4a. The gp in Tables 3 and 4 represents the error cone
TDsg12 23 May 2007 00:47:16 (0.77,0.12, —0.62) 5.6 327 | f th di ™ d the 0.+ indicates th |
TDsgl3 23 May 2007 02:3251  (0.82, 0.58, 0.05) 12 78  angle of the corresponding U and the Yy, Indicates the angle
TDsg14 23 May 2007 02:43:25  (0.79, —0.37, —0.50) 53 134 between magnetic fields at two sides of TD (i.e, B; and B,). A ten-
TDsg15 23 May 2007 03:48:54  (0.92, —0.34, —0.22) 4.1 154 dency is found that the estimation uncertainty erp is small for large
TDs16 23 May 2007 03:57:37 (091, —0.35, ~0.23) 8.7 228 015, and the grp is getting larger when the 6,, becomes smaller, as
TDsg17 23 May 2007 03:58:25 (0.91, —0.35, —0.23) 85 538

expected from the cross-product calculation result.

LIN ET AL.
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Table 4 ) Figure 9 shows the temporal variations of normal directions of internal TDs
Selected TDs Inside the MC Observed by Wind projected on the ecliptic plane. The top panel shows the normal variation
ID Obs. time nmo erp () 612)  of TDsg1-17 and the bottom panel is for TDy1-15. The gray area indicates
TD,1 21 May 2007 23:12:56 (091, 0.32, 0.26) 21 147 the time interval when the spacecraft transited the high pressure/density
TDw2 21 May 2007 23:44:37  (0.82, —0.53, —0.20) 22 33 region. Since these internal TDs are supposed to be warping around the
TDw3 21 May 2007 23:55:15 (0.82,0.43, 0.38) 1.8 4.7 MC central axis, the normal directions of successive TDs should vary gradu-
TDy4 21 May 2007 23:56:10  (0.96,0.12, 0.26) 3.8 25 ally without changing abruptly between adjacent TDs. However, we notice
TDw> 22 May 2007 00:54:23 (0.75, 0.56, 0.26) 74 129 that in Figure 9, for instance, the orientation of TDgg5 is quite different
TDW6 22 May 2007 05:13:37  (0.74,0.14, —0.66) 8.7 109 9 ’ ’ s8> 15 4 o
D, 7 22 May 2007 07:31:22 (0.52, —0.84, 0.16) 29 18 from that of TDSB4 and TDSB6. We suggest that this abnormal direction
TDw8 22 May 2007 07:52:59  (0.82, —0.57, —0.06) 4.8 36.8 of TD orientation is probably associated with the surface wave or distur-
TDW9 22 May 2007 09:34:18  (0.74, —0.47, —0.48) 24 123 bance on the TD plane (Hollweg, 1982). As illustrated in Figure 10, even
D10 22 May 2007 10:35:30  (0.84, —0.14,0.52) 2 - though three adjacent disturbed TD planes are parallel, the measured nor-
TDw11 22 May 2007 16:05:23  (0.62, —0.47, —0.63) 3.1 10.3 | of TD<s5 be diff tf the oth hen th ft
TD,12 22 May 2007 16:06:16 (041, —070, —0.59) 33 135 mal of IUsg- can be difrerent irom the others when the spacecratt passes
TDw13 22 May 2007 17:5417  (0.84, 0.12, —0.53) 6.0 6.0 through the different parts of local disturbed region. Therefore, instead of
TDy14 22 May 2007 18:07:03 (0.88-0.13-0.46) 6.4 222 using individual TD normal, we suggest using the most representative TD
TDw15 22 May 2007 18:22:17  (0.45, 0.86, —0.24) 44 353 within a certain time interval to deduce the MC topology when spacecraft
passage a certain section of the MC.
4, Results
4.1. Determination of a Common TD Normal
Based on the idea that the adjacent TDs inside an MC have similar orientations and there is no normal mag-
netic field (B,,) across a TD, the strength of magnetic fields along the normal direction of an internal TD should
approach to zero. Moreover, such feature should last for a certain period of time around the TD. In this study,
we examine the time variation of B,/ | B| by imposing the normal direction of a specific TD to the whole MC
period. Once the evaluated B,/ | B| remains close to zero for a sufficiently long time interval, this TD is deter-
mined as the common TD for this period when spacecraft passage a certain section of the MC. It is expected
that several sections with different but gradual changes of TD orientations are detected during the MC transit.
By combining all the identified common TDs, we can infer the MC magnetic field topology along the space-
craft trajectory from the TD orientations varying from one section to another section.
(a) Variations of TD Normal Orientations for TDsg1-17
! ! ! !
2007-05-22 2007-05-22 2007-05-22 2007-05-22 2007-05-23
04:00 10:00 16:00 22:00 04:00
(b) Variations of TD Normal Orientations for TDw1-15
L ! ! !
2007-05-21 2007-05-22 2007-05-22 2007-05-22 2007-05-22
20:00 02:00 08:00 14:00 20:00
Figure 9. Normal orientations of identified (a) TDsg1-17 and (b) TD\1-15 projected on the ecliptic plane, where the num-
ber labels the TD ID in Tables 3 and 4. The gray area denotes the time interval when spacecraft passed through the high
pressure/density region and the horizontal dotted line indicate the spacecraft trajectory.
LIN ET AL. 10
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Figure 10. (a) lllustration of abnormal TD normal direction due to local fluc-
tuation on the TD plane. (b) Side view of (a). The arrow indicates the normal
direction measured along the spacecraft trajectory (dotted line).

Figures 11a and 11b show the variations of B,,/|B| estimated from differ-
ent normal directions of the common TDs measured by STEREO B and
Wind, respectively. The gray area indicates the time interval of the high
pressure/density region. We find that TDsg3 is the common TD before
STEREO B encountered the high pressure/density region, as shown in the
top panel of Figure 11a. The B./|B|= 0 (yellow area) lasts few hours with
an average of —0.07 and fluctuation size of +0.08 till the front boundary of
high pressure/density region (i.e, D1) is observed, where B, now is the
magnetic field component in the direction of TDsg3 normal. It means that
the normal orientation of the TDs inside this region deviates from TDgg3
with an averaged angle of —4° and with a £5° fluctuation angle, implying
that the TDs in this time period have very similar orientations. After
STEREO B passed through the high pressure/density region, our result
shows that TDsg11 becomes the common TD of this section, as presented
in the bottom panel of Figure 11a. The averaged B,,/|B|in this section is
0.04 with the fluctuation size of +0.18, which means that the common
TD normal deviates from the TDsg11 normal with an averaged angle of
2° and with a £11° in fluctuation angle. After examining the averaged
deviation and fluctuation angle from all the identified TDs, we confirm that
TDsg3 and TDsg11 can represent the orientations of the TDs inside the MC.
Consequently, the MC in STEREO B observation can be roughly divided
into two sections that the TD orientation before high pressure/density
region is close to the TDsg3 direction and then changes to the TDgg11
direction after the passage of the high pressure/density region.

In the same manner, the MC in Wind observation can be divided into four
sections. Panels from top to bottom in Figure 11b display the B,/
| B| variations derived from the normal directions of TD\y3, TDw6, TDw8,
and TDw11, respectively. The averaged deviation angles from the normal
directions of common TDs in each section are 3°, —1°, 0°, and 1°, respec-
tively. The corresponding fluctuation sizes are +8°, £11°, £4°, and +12°,
showing that we identify the appropriate common TDs in each section.
The continuous connection of time interval between adjacent sections
implies that the orientation of the internal TDs varies gradually from the
TDw3 direction to the TDy11 direction.

4.2. Magnetic Field Configuration of the MC Along the
Spacecraft Trajectories

After determining the common TD and its normal direction in each section
from the B,/ | B| = O criterion, we further trace the variations of TD orienta-
tions along the spacecraft trajectory. Remembering that the internal TD
should be tangent to the flux-rope cross section at the spacecraft location,
as illustrated in Figure 7b, the intersection between the common TD plane
and the ecliptic plane should be a tangent to the MC magnetic field con-

figuration on the ecliptic plane at the spacecraft location. Figure 12a shows the temporal variations of these
intersection lines when spacecraft passage different parts of the MC from FB to RB1. One can see that before
the high pressure/density region, the TD planes almost have the same orientation in STEREO observations,
while the TD planes in Wind observations apparently turn into another direction after ~06:00 UT on 22
May. The TD planes still have different orientations between STEREO B and Wind even after the high
pressure/density region. In particular, STEREO B detected quiet different TD orientations before and after
the high pressure/density region with the line slope in Figure 12a changing from positive to negative.
Such differences may imply that these two spacecraft passed through the different parts of MC and thus
observed the different variation patterns of flux-rope structure.

LIN ET AL.
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Figure 11. (a) Time variations of B,/|B|measured by STEREO B, where the B,, values are estimated from (top) TDsg3
and (bottom) TDsg11. (b) Time variations of B,/ | B | measured by Wind. The By, values from top to bottom are calculated
from TDw3, TDw6, TDw8, and TDy11, respectively. The yellow area indicates the time interval of small B,/ |B|, and the
gray area denotes the time interval when spacecraft transited the high pressure/density region. The red arrows in each
panel indicate the time of the corresponding common TDs.

According to the description provided by Richardson et al. (1998), the interplanetary magnetic fields at
1 AU can be considered as planar structures within a distance of 10 Earth radii. Since the separation
between STEREO B and Wind is ~0.07 AU, corresponding to more than 100 Earth radii, it is reasonable
to assume that the MC observed both by STEREO B and Wind has the curvature morphology of mag-
netic fields, although we cannot reconstruct the MC large-scale morphology from our TD derivations.
Note that the TD orientations detected at STEREO B show the “hill” variation pattern in Figure 12a, while
those detected at Wind have the “valley” variation pattern. By assuming that the cross-section shape of
MC has simple geometry without deforming during the propagation, it can be explained that STEREO B
and Wind passed through two different sides of MC central axis regardless of the MC cross-section shape
(e.g., circular or elliptical), as sketched in Figure 12b. Such interpretation is correct only for the RB1 being
as the MC rear boundary. If the MC rear boundary changes to the D1, however, STEREO B is supposed to
transit the MC central area according to the same orientation of TDs derived before the high
pressure/density region. The Wind spacecraft should transited away from the MC central area based
on the valley variation pattern of TD orientations, as sketched in Figure 12c. In other words, the mag-
netic field morphology on the MC cross section strongly depends on the determination of
MC boundaries.

LIN ET AL.
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Table 5

Calculated Shock Parameters of D1
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Figure 12. (a) Sketch of the variations of common TDs projected on the ecliptic plane. The gray area represents the location
of the high pressure/density region, and the horizontal dotted line indicates the spacecraft trajectory. (b) Sketch of the
spacecraft passages across the internal TD (blue circle) when RB1 is the rear boundary of MC. The black line indicates the
tangent plane of the TD at the spacecraft position. (c) The case with the D1 or D2 as the rear boundary.

5. Discussion

We have identified five major shock/discontinuity structures observed by both STEREO B and Wind space-
craft. They are the boundaries of the MC (FB and RB1), the boundaries of the high pressure/density region
(D1 and D2) inside the MC, and the rear boundary of the whole structure embedded in the background
HCS (RB2). Generally, it is difficult to identify the rear boundary of a MC exactly due to the unclear end time
of magnetic field rotation or the unclear signature of the discontinuity. For the studied MC event in 2007
May, previous literatures have different definitions on the rear boundary. Liu et al. (2008) identified the D1
as the MC rear boundary according to the discontinuities in proton density, bulk speed, and magnetic field

strength. But Kilpua et al. (2009) determined the rear boundary to be the

D2 based on the end of magnetic field rotation. In this study, by suppos-

ing that the MC boundaries are TD structures (Feng et al., 2006) and

using the feature that the studied MC is inclined and embedded in the

Spacecraft Nsy esH () Ogn (O na/ny Mg
HCS, we suggest that the MC rear boundary is RB1 and the interval
STEREOB  (0.83, -0.54,0.11) 14 81 1.4 11 petween RB1 and RB2 is the transition region from the MC body to the
Wind (0.97,0.22, 0.13) 28 33 1.1 1.1
background HCS.
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Feng, Lin, et al. (2008) and Lin et al. (2009) argued that TDs sometimes are possibly misinterpreted as slow
shocks by single-spacecraft measurements. They proposed that such ambiguities can be resolved through
comparing the estimated propagating time of a structure between two distinct spacecraft with the in situ
observations. From the shock/discontinuity analysis in this study, we find that D2 can be a reverse slow shock
with a normal mainly in the ygse direction or a TD with a normal mainly in the xgsg direction. By combining
with the error estimation of propagation time listed in Table 2, we verify that D2 is a TD structure with the
normal direction similar to FB, RB1, and D1.

We further calculate the shock parameters of D1 from both STEREO B and Wind measurements. The results
are summarized in Table 5, where 0g, is the angle between shock normal and upstream magnetic field
and M is the fast Mach number at the upstream region. The M; > 1 together with the in-phase changes in
the magnetic field and plasma density across the D1, as shown in Figure 5, characterize that D1 is a fast shock
structure. In addition, we find that D1 is a quasi-perpendicular shock with 0z, = 81° when passing through the
STEREO B spacecraft but it is a quasi-parallel shock with g, = 33° encountered by Wind. It is also confirmed by
the magnetic field variations presented in Figure 5 that an overshoot behind the ramp is observed at STEREO
B corresponding to the signature of quasi-perpendicular shock. On the other hand, more turbulent fields at
both upstream and downstream regions observed by Wind are consistent with the feature of a quasi-
parallel shock.

Kilpua et al. (2009) indicated that the solar source of this MC event was associated with a prominence erup-
tion. When a whole bunch of material moved outward from the Sun and propagated in the interplanetary
space, the interaction between prominence material and ambient plasma may produce the D1 observed
both by STEREO B and Wind. After D1 formed, the high pressure/density region developed in the down-
stream of D1. This region may undergo an expansion and hence triggered D2 behind the shocked expansion
region. However, the expansion only induced a TD instead of a shock. Our speculation can be confirmed by
the similar normal direction of D1 and D2 since the direction of expansion is supposed to be roughly parallel
in two sides of the expansion. In addition, the local magnetic field structures can cause the pressure inhomo-
geneity, resulting in the different pressure profiles at STEREO B and Wind.

According to the assumption that MC consists of multiple TDs surrounding the MC axis, we attempt to
deduce the general picture of the MC field morphology along the spacecraft trajectories directly from the
in situ observations of two spacecraft by arbitrarily selecting internal TDs and tracing their B,/
| B|variations. Although we cannot reconstruct the large-scale magnetic field configurations on the MC
cross section and determine the cross-section shape, our results are comparable with the previous results
derived from GS reconstruction. As illustrated in Figure 12, the internal TDs at STEREO B almost have the same
orientation before the high pressure/density region. One possible interpretation is that STEREO B passed
through the MC central area if it encountered the MC rear boundary before the high pressure/density region.
It is qualitatively consistent with the GS reconstruction results presented in Liu et al. (2008; see Figure 5),
Kilpua et al. (2009; see Figures 1 and 6), and Méstl, Farrugia, Miklenic, et al. (2009; see Figure 4) by imposing
the period of FB and D1 or the period of FB and D2 to the reconstruction. However, any approach of estimat-
ing the MC magnetic field topology strongly depends on the selected boundaries. In this study, for example,
if the MC rear boundary is determined to be at RB1, we propose the other possibility that STEREO B transited
the MC region away from the central area based on the hill variation pattern of our common TDs.

6. Conclusions

Using the in situ observations of STEREO B and Wind, the shock/discontinuity analysis is implemented to the
MC event during 21-23 May 2007 in this study. Both spacecraft encountered five major discontinuities, that
is, FB, D1, D2, RB1, and RB2. Owing to the large inclination of the MC axis to the ecliptic plane, we suggest that
the MC boundaries (FB and RB1), which are recognized as TDs, can be distinguished from the ambient regions
by showing the background solar wind happens to be a HCS lying on the ecliptic plane. The D1 and D2 are
the structures associated with the high pressure/density region embedded in the MC. Based on further exam-
ination of the propagation times between two spacecraft, we conclude that D1 is a forward fast shock but D2
is a TD that resembles a reverse slow shock. We also provide different methods to evaluate the uncertainties
of normal directions of TDs and shocks. In addition, we estimate the local magnetic field morphology on the
MC cross section at spacecraft locations by analyzing the orientations of TDs inside the MC. Based on the

LIN ET AL.
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different variation patterns of TD orientations at STEREO B and Wind, it is supposed that these two spacecraft
transited the different parts of MC. Moreover, we propose two possibilities of STEREO B passage through the
MC depending on the MC rear boundary near or after the high pressure/density region.

Appendix A: Error Cone Angle for Shock Normal

In this study, we obtain the shock normal direction nsy from the averaged magnetic fields in the upstream
and downstream regions based on the coplanarity theorem (Colburn & Sonett, 1966). The corresponding
field fluctuations are used to derive the uncertainty of shock normal estimation, which is expressed as the
error cone angle &gy .

The size of the error cone is derived based on the concept of Monte-Carlo calculation method. We first select
10 successive data points on each side of a shock covering the interval of magnetic field fluctuations. The var-
iation of shock normal direction nsy due to field fluctuations is then evaluated via the following equation:

(Bu(i)<Ba() * (Bu(i) - Batl))
Nsy = 7= P e~ ~
| (Buti)xBa())) x (Bu(i) — Ba()))

) (A1)

where By refers to the magnetic field data array selected in the upstream region with the data point index
i=1,2,...,10 and By is the downstream field array with the data point index j =1, 2, ..., 10. Therefore, we
have 100 possibilities for the shock normal variation, as represented by the angle between nsy and nsy.

¢ = cos ' (Rsy-Rsy) (A2)

where k=1, 2, ..., 100. Suppose that the size of the error cone should contain the ¢k distribution with a pos-
sibility 0.95. As a result, the error cone angle sy is evaluated via:

SN (4 — 0)?

N (A3)

EsH :20d =2

where N is the amount of total data points in this time interval and o4 is the standard deviation of ¢k with
respect to the estimated shock normal direction (i.e., b, = 0°).

There are also other methods, for instant, by combining the magnetic field and plasma parameters, to derive
the shock normal directions and errors (e.g., Abraham-Shrauner, 1972; Lepping & Argentiero, 1971; Lin et al.,
2006). The method provided here will result in a relatively large uncertainty; namely, we may overestimate
the size of error cone gsp.

Appendix B: Error Cone Angle for TD Normal

Based on the property that no normal component of magnetic field across the TD surface, a well-defined TD
should have very small amount of the normal component for a sufficient time interval. In this study, we
propose that the accuracy of a TD normal estimation can be determined from the amount of the magnetic
field deviation from the TD normal direction within a certain time interval, as presented by

(B
o; = sin (\B|)7 (B1)

where B, and | B| indicate the magnetic field normal component and strength, respectively. Subscript t repre-
sent the data indices within the chosen time interval. Considering the MHD length scale, a 5-min window
with the analyzed TD at the central time is used for w, calculation.

Since the size of the error corn is supposed to contain the o, distribution with a possibility 0.95, the error cone
angle &gy is evaluated by

z{V=1 (@ — 0)2

N ) (B2)

&mp = 2(5d =2
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Figure B1. (a) TDy,11 observation from Wind. Panels from top to bottom presents the magnetic field components in GSE
coordinate (By, By, and B,), magnetic field strength (|B|), and the time variations of B,/ |B|. The vertical line indicates the
transition time of the TD\y 11 and the gray regions denote the time interval of side 1 (side 2) for TD normal calculation.
(b) D2 observation from Wind with the same format as (a).

where N is the amount of total data points in this time interval and o4 stands for the degree of deviation
relative to the normal direction (i.e., ; = 0°). We would like to mention that the errors caused by the small-
scale perturbations on the TD surface is not considered in this study.

Figure B1a shows the detail plots of the TDy, 11, where the gray areas indicate the magnetic field data used for
TD normal estimation. The projected magnetic fields on this normal, B, divided by the magnetic field
strength, | B|, are shown in the last Small value of B,,/ | B| implies that the uncertainty of the derived TD nor-
mal is small. During the 5 min around the TD\ 11, there is no noticeable MHD disturbances observed.
However, when there are cases large variations across the discontinuities, large variation of B, can occur.
Figure B1b shows the detail plots of the D2 from Wind's observation. The error cone of this discontinuity is
much bigger than the other TDs. It is due to a large change before time 14:55 UT. The realistic error cone
for D2 should be much less than 31.6°.
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