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Abstract.

Interaction mechanisms in the solar wind affect the evolution of magnetic structures, thereby mediating the properties
acquired during their formation processes at the Sun as they propagate outward. Using remote-sensing and in-situ obser-
vations across multiple spacecraft with-complimentary-methods-ef-analysis;-we investigate a Magnetic Cloud-Like-structure
Cloud-Like structure (MCL) observed-detected in-situ on 3-4 July 2007 near the ecliptic at different longitudes with OMNI,
STEREO-A and -Bal-within—15"Jtengitude-of Earth)—, The MCL is entrained in a Corotating Interaction Region (CIR)
originating in the Northern heliospheric sector, to-ereate-creating a Merged Interaction Region (MIR). This-event-alows-the

A orn—-ofF-MIR
a v

es-The changes in the MIR across
the three spacecraft, separated by 17 ° in longitude, show the differences in the radial progression of the interaction

between the CIR and MCL from West to East due to increased radial distances. Local negative expansion speeds of
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ients—indicate compression increasing
further downstream. Differences in size, the formation of the sheath, the presence of forward and reverse waves, and

the small-scale structuring demonstrate the progression of the interaction. This multi-spacecraft approach highlights
the intricate nature of solar wind structures and their interactions at 1 AU._

1 Introduction

The heliosphere is formed by the continuous outflow of the solar wind (Parker, 1958), in which we observe both small and
large-seale-large-scale transients. Coronal Mass Ejections (CMEs) and their heliospheric counterparts (Interplanetary CMEs,
ICME?), are large-scale transients known to drive interplanetary shocks (Gosling et al., 1975). ICMEs with Magnetic Clouds
(MCs) are a subset of ICMEs with distinct magnetic field characteristics: an enhanced magnetic field and smooth, large-scale
rotation of the magnetic field vectors (Burlaga, 1984, 2001). Marubashi (1986) and Bothmer and Schwenn (1998) suggest that
a twisted magnetic flux tube can approximate the global magnetic structure of a MC, and fitting models to the magnetic field
time series may provide an estimate of its large-scale topology (Lepping et al., 1990; Bothmer and Schwenn, 1998). A MC is
usually identified when a spacecraft passes near its cloud axis. Magnetic Cloud-Like-struetures-Cloud-Like structures (MCLs)
are magnetic structures identified using the same definition as a MC, except that a traditional flux-rope model cannot be fitted
(Lepping et al., 2005; Foullon et al., 2007). Wu et al. (2006) found that the occurrence rate of MCLs and joint sets (MCs plus
MCLs) are related to both the solar activity and the CME occurrence rate. This correlation is not observed with MCs alone. It
is possible that all ICMEs contain flux-ropes but that some are not recognised as MCs only because the spacecraft trajectories
skim the flanks (Marubashi, 1997; Kilpua et al., 2012, 2017).

Identifying ICMESs from in-situ data is a challenging and somewhat ambiguous task; there are around two dozen recognised
signatures (Zurbuchen and Richardson, 2006), each with its ewn-limitations (Richardson, 2014), and longitudinal separations
of a few degrees between spacecraft can still result in significantly different observations and event properties (Davies et al.,
2020). Single spacecraft in-situ observations enable limited analysis as they are only able to measure a single track through
the ICME as it passes over the spacecraft, leading to discrepancies or incomplete knowledge of the instantaneous structure and
composition of ICMEs (Russell and Mulligan, 2002; Howard, 2011; DiBraccio et al., 2015). According to Kilpua et al. (2012),
‘ICME-like’ transients are defined as lasting more than three hours but not meeting the maximum magnetic field criteria of
(Bmaz) > 7 0T and duration of more than 10 hours to be classed as an ICME. ICME-like transients, which are smaller
than full ICMEs, fit within the continuous size distribution of magnetic flux-ropes, ranging from small (0.004 AU) to
intermediate (0.6 AU)-sized structures (Feng et al., 2007). The identification becomes even more challenging in the case
of flux-ropes in complex solar wind environments (e.g. Rouillard et al., 2009b; Winslow et al., 2021). In such cases, multi-
spacecraft observations become key to disentangling features to give a more accurate estimation of flux-rope properties and
structure of ICMEs at different points, permitting the development of a more accurate implied 3D structure (e.g. Foullon et al.,

2007; Mostl et al., 2009; Palmerio et al., 2019).
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Stream Interaction Regions (SIRs), sometimes referred to as Corotating Interaction Regions (CIRs), are regions in which the

ambient plasma is compressed (Pizzo-and-Gosling; 1994; Richardson; 2048)-(?Pizzo and Gosling, 1994; Richardson, 2018) as
a result of fast wind or High-Speed Stream (HSS) emerging behind slow wind from adjacent longitudinal sources interacting

as they are brought into radial alignment by solar rotation. They are common high-density structures observed in situ dur-

ing solar minimum (Gazis, 1996). Since coronal holes, the source of the fast wind at the Sun, tend to be long-lived, CIRs
are the subset of SIRs observed at regular intervals of approximately the solar rotation period (for instance by a single
observatory in-situ). Conventionally SIRs and CIRs are associated with the streamer belt and its embedded Heliospheric
Current Sheet (HCS), which can extend north and south of the solar equator to heliographic latitudes of about +30 °. Fer

or-the- HES—The interaction of CIRs with transients, such as CMEs, . Kay et al., 2023). Complex
structures arising from flux-rope interactions, including interactions with HSS, CIR/SIR, or HCS, are a type of Merged

Interaction Regions (MIRs, e.g. ?

increasingly focused on MIRs within or at 1 AU, primarily examining large structures with radial extents of 2 to 4 AU
(e.g. Burlaga et al., 2003; Rouillard et al., 2010b; Rodkin et al., 2018), their impacts on_geomagnetic and ionospheric
.g. Farrugia et al., 2011), as well as solar wind propagation (e.g. Shugay et al., 2018).

We focus on small-scale ICMEs or ICME-like transients, likely associated with small-scale transients at the Sun. In a
study by Rouillard et al. (2008), Heliospheric Imager (HI) images from the Solar Terrestrial Relations Observatory (STEREQ)
were used to attribute CIR-associated waves to continual release of small-scale transients in the slow solar wind, which are
subsequently compressed in CIRs. The formation of plasmoids, or magnetic ‘blob’ islands, in the solar wind is a complex
process influenced by several mechanisms. The seemingly quiescent slow wind consists, at least in part, of transient
events from magnetic reconnection generated either at the cusps of streamers or between the coronal hole boundaries
and the cusps of streamers (e.g. Wang et al., 2000). Crooker and Intriligator (1996) first reported the observation of a
flux-rope transient ‘in the HCS”, showing an ICME forming a highly distended flux-rope *‘occlusion.” Less obvious

transient signatures are generally detected as multiple field reversals and smaller coiled features, which give a layered
earance to the HCS (e.g. Crooker et al., 2004; Foullon et al., 2009). A multi-spacecraft study of the HCS

for a 2008 event looked at the slow solar wind around the HCS as a boundary layer (Foullon et al., 2011). The stud

allowed the observation of evolution from East to West in heliospheric longitudes, showing evidence of the continuous
releases of plasmoids and a differential rotation-driven evolution leading to asymmetry by interchange. The transient
release of density blobs and flux-ropes through sequential magnetic reconnection at the tip of the helmet streamer

has been observed with STEREQO remote sensing (Sanchez-Diaz et al., 2017) and with the Parker Solar Probe in-situ
(Lavraud et al., 2020).

is not uncommon (e.

. While much is known about MIR formation beyond 1 AU, recent studies have

In the present study we investigate complex structures of the sector boundary observed in-situ on 3-4 July 2007. Using
remote-sensing and in-situ observations across multiple spacecraft near the ecliptic with eemplimentary-complementary meth-
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Table 1. Spacecraft positions on 4 July 2007.

Spacecraft Latitude (°) [HEE] Longitude (°) [HEE] Radial Distance (AU)
STEREO-A 0.12 939-10.12 0.96

OMNI (Earth) 0.00 0.00 1
STEREO-B -0.26 -6:39-6.46_ 1.08

ods of analysis, we demonstrate the presence of a MCL embedded in a CIR, resulting in a MIR. We-address-(1)-the-presence

R nd-ho hic combine h tha N\ nd arvad NR ha o+ 1ag o ha an nad N\
a W s S—W V a v as—a—1v a vVa < a v

of the transients focusing on how they interact with the CIR to form the MIR (Sect. 3); a multi-spacecraft combined view of
dynamics and evolution, using modelling and predictions derived from remote sensing observations and a comparative analysis
of MIR observations at different longitudes with-a-smal-separation-angle—(Sect. 4); followed by a summary of our findings
(Summary).

A contemporaneous solar event was presented in Maunder et al. (2022), where the multi-spacecraft study of a mid-latitude
CME revealed by a unigue orbital configuration permitted the analysis of remote-sensing observations from the twin STEREQ
-A and -B spacecraft and of its subsequent in situ counterpart outside the ecliptic plane, at Ulysses. Here our study focuses on
near-ecliptic in-situ observations.

2 Near-ecliptic observations

2.1 Spacecraft Data and Configuration

We include data sets from the STEREO (STEREO-A and STEREO-B, Kaiser et al., 2008) Sun Earth Connection Coronal and
Heliospheric Investigation (SECCHI) HI-1 and HI-2 cameras, with respective elongation ranges of 4—24 ° and 18—88 ° in the
ecliptic plane (Eyles et al., 2009), the Pla i
In situ Measurements of Particles And CME Transients (IMPACT Luhmann et al., 2003) Magnetometer, the IMPACT
Solar Wind-Plasma-Eleetron-Wind Electron Analyzer (SWEA Luhmann et al., 2008), and the Plasma and Suprathermal Ion
Composition (PLASTIC) investigation (Galvin et al., 2008). We also use in-situ observations from the OMNI virtual observa-

tory, which combines multiple near-Earth (L1) data sets, including the Advanced Composition Explorer (ACE) (Stone et al.,
1998) and Wind (Lepping et al., 1995); see King and Papitashvili (2005).

The spacecraft positions on 4 July 2007 are given in Table 1 in Heliographic Earth Ecliptic coordinate system (HEE) coor-
dinates, and are shown in Fig. 1 as seen from above the North pole (panel (a)) and from-90°Jengitude-in a 3d view to the East
of the Sun-Earth line (panel (b)). On a heliospheric scale, we can consider OMNI’s position as Earth (rather than the adjusted
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Figure 1. Spacecraft positions on 04 July 2007 s;—obtained with the Solar MAgnetic Connection Haus (Solar-MACH) tool
Gieseler et al., 2023): (a) view from above the solar north pole including Earth’s orbit (1 AU), (green-dashedtine)—b) +-3d view from

96°lengitude-to the East of the Sun-Earth line —showing the spacecraft above the equatorial plane (grey shaded). Magnetic connections

1

in interplanetary space are obtained by the classic Parker Heliospheric Magnetic Field for solar wind speeds of 600 kms_ .

Earth bowshock nose location). This-eventThe event under study was observed very early into the STEREO mission, where
both spacecraft are close to Earth; STEREO-A and STEREO-B have a longitudinal separation of 9-4>-ane-5-8>-10.12° and
—6.46 ° [HEE] from Earth respectively. Given their HEE latitudes, we will refer to the STEREO-A, OMNI, and STEREO-B

in-situ observations as ‘near-ecliptic’.

2.1 ICME and ICME-like transients

Figures 2, 3, and 4 show the structures observed at OMNI, STEREO-A, and STEREO-B respectively. Further observations
from ACE are shown in Fig. 5 to complement those at OMNI (as the ACE data are not shown in the same time frame, similar
observations to those in Fig. 2 are shown for context). The MCL boundaries are indicated by magenta vertical lines and specific

MCL properties are given in Table 2. A CIR is also observed across all spacecraft and Table 2 gives the arrival time of each
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Figure 2. The MIR observed on 3 - 4 July 2007 by OMNI. (a) Magnitude and (b-d) normalised components of the magnetic field vector
(GSE); (e) proton speed; (f) proton temperature (black), expected temperature calculated from the observed solar wind speed (blue); half the
expected proton temperature, (purple); (g) proton density; (h) total pressure (black), magnetic pressure (purple) and proton pressure (navy);
(i) proton plasma beta with a threshold of 1 (blue). Magenta vertical lines labelled ‘MCL’ and ‘FW2CIR’ represent the leading and trailing
edges of the MCL, respectively; the black vertical line labelled ‘RW’ representrepresents the reverse pressure wave behind the compression

region.

Figure 3. The MIR observed on 3 July 2007 at STEREO-A. Captions for panels and labels are as those in Fig. 2 with the magnetic field
vector shown in the RTN system and the addition of (j) the electron pitch angles at 272 eVand—HFW-+—, the black vertical line labelled
"FW1’ representing the pressure wave in front of the sheath -and the label ’FW2’ coinciding with the magenta vertical line *CIR’ to
represent the pressure wave created by the fast wind propagating into the back of the MCL.

part of the transient and CIR combined, which we refer to as the MIR. The combined ICME-CIR structure will be discussed
as an MIR in Sect. 3.

Panels (a)-(d) shew-of Fig. 2-5 show the magnitude and normalised components of the magnetic field vector. For the twin
STEREO observations, they-the components are presented in the Heliographic Radial Tangential Normal (RTN) system of
reference (Burlaga, 1984) and normalised. In this coordinate system, R points from the Sun to the spacecraft, T" is the Sun’s
rotation vector crossed into R (thus towards west for a spacecraft near the ecliptic) and IN completes the right-handed system.
The magnetic field components of the OMNI and ACE observations are given in the Geocentric Solar Ecliptic (GSE) system
of reference. In the OMNI and ACE data, the correspondence between GSE and RTN is then Bx = —Bgr, By = —Br,
Bz = By for the magnetic field components and so we refer to the transformed components for ease of comparison. The
MCL is identified by an enhanced magnetic field followed by a clear rotation in the By and By vectors in STEREO-A and
-B and in the — Bz vector in OMNI —The-fluxrope-and ACE. The flux-rope leading edge (labelled "MCL’) is-first-observed
arrives first at STEREO-B at 04:00 UT on 3 July, then at OMNI at 11:00 UT and at-STEREO-A at 16:16 UT the same day
(time ?p7¢r). The MCL, identified between time tj;c7, and the trailing edge at time #7y2tc R, has a mean magnetic field
intensity (averaged over the time range between ¢ /¢, and try2tcg) (B) =17,9,7nT in STEREO-A, OMNI, and STEREO-
B respectively. The structures at STEREO-A and STEREO-B meet the ICME criteria proposed by Kilpua et al. (2012); only
the MCL structure at OMNI lasts less than 10 hours and can therefore be classified as an ICME-like structure.

In panel (e) of Fig. 2-4, the MCL is characterised by a consistent and relatively slow proton speed (e.g. Lepping et al.,
1990) with a mean solar wind speed (and standard deviation) of 337 (& 6.8), 362 (& 14.1), 411 (£ 32.9) km s~! at STEREO-
A, OMNI, and STEREO-B respectively (again averaged over the time range between tj;cr and trwatcorr). The proton
temperature, in panel (f) is below the expected proton-temperature FREO-A-and- OMNI - indicative of-a- MCbut-matches
approximately-the-expeeted-solarsolar wind temperature T, (over plotted in blue, Richardson and Cane, 1995; Lopez, 1987)

aeross-al-three-near-ecliptiespaceeraftfor STEREQO-A and OMNI, indicative of a MC, but matches approximately T, . for
STEREOQO-B. Panel (g) shows a drop in proton density. Panel (h) shows the total pressure (black), magnetic pressure (purple)
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Figure 4. The MIR observed on 3 - 4 July 2007 by STEREO-B. Captions for panels and labels are as those in Fig. 3.

Figure 5. The MIR observed on 3 - 4 July 2007 by ACE. Captions for panels (a)-(fe) are as in Fig. 2:-; (f) magnetic pressure (purple) as in
anel (h) of Fig. 2; caption for panel (g) as in panel (j) in-of Fig. 3.

and proton pressure (navy); here we observe a drop in proton pressure, consistent with the passage of a MC (Gosling, 1994;
Gosling et al., 1994).

The proton-beta, /3, in panel (i), is consistently less than 1 across the MCL (0.01-0.38, 0.04-0.27, 0.03-0.67 in STEREO-A,
OMNI, STEREO-B respectively) and we see a distinct drop in comparison with the surrounding plasma. This is a convincing
signature at-for all three spacecraft. For STEREO-A and -B we present the suprathermal electron pitch angle distribution, in
panel (j). The ACE electron pitch angle data is shown in panel (g) of Fig. 5 (OMNI does not include pitch angle data). This is
predominately anti-sunward in STEREO-A and ACE with some spreading in STEREO-B.

At STEREO-A, we observe a preceding forward pressure wave (FW1) at 07:40 UT on 3 July, characterised by a-pressure
and speed increases. This wave, 8:36 hours before and a result of plasma build-up-build-up at the leading edge of the MCL, is
not evident in the other near-ecliptic spacecraft observations. Instead, if a pressure wave is present at OMNI and STEREO-B,
it coincides with the start of the MCL (this time is shown between-in brackets in Table 2). Similarly, the trailing edge of the
MCL at STEREO-A (labelled *CIR’ - see below) coincides with a second forward wave (FW2); this is less evident at the
other spacecraft. At all near-ecliptic spacecraft, a CIR achieving speeds above 600 km s~! runs into the back of the MCL. At
STEREO-A, this interaction drives the forward wave (FW2) at the front of the eempression—region;-the-latter-being-the CIR-
CIR (compression region). At all spacecraft, a reverse wave (RW) propagates back into the fast wind behind the CIR, marking
the rear of the CIR.

Thus FW1 and FW2 are reasonably clear at STEREO-A but not obviously present in STEREO-B and OMNI data. The
front sheath (FS, between '"FW1’ and "MCL’) and the MCL at STEREO-A form an ICME. The ICME at STEREO-B and
the ICME-like transient at OMNI contain only the MCL. The MCL is followed by two distinct boundaries, ’CIR/FW2ane
RW’ and 'RW’: at STEREO-A, they are the forward and reverse waves from a CIR, while at STEREO-B and OMNI, FW2
"CIR’ only marks a boundary between the MCL and CIR and RW-"RW’ marks the location of a reverse wave. Comparing
the speed profile at STEREO-B with those at the other spacecraft, it is possible that the wave driven by the CIR compression
(CFW2’) has propagated through the front of the MCL. In other words, the MCL is more entrained at STEREO-B than at the
other spacecraft. The reverse wave RW is detected at 08:00 UT, 08:10 UT and 22:00 UT 04 July, in STEREO-B, OMNI and
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Table 2. MIR and MCL (STEREO/OMNI) ~MEHysses)-Properties: the arrival time of the wave front tFw 1, flux-rope leading edge
tmorortare, second-forward-wavetrnCIR leading edge ¢, trailing reverse waves trw, the mean-average velocity (V') within
the MCL, veloeity Varer—orVarcleading-edge-veloeity-maximum total magnetic field strength Bpq. -and average magnetic field (B)
within the MCL. Brackets for ¢ ryvy giving £y/cr values at OVMINI and STEREOQ-B indicate that, if present, the pressure wave 'FW1’

Spacecraft trwi trrorrrtivern. trweztcir. trRw Varc
STEREO-A 03 Jul 07:40 03 Jul 16:16 04 Jul 07:00 04 Jul 22:00 350
OMNI (03 Jul 11:00) 03 Jul 11:00 03 Jul 19:00 04 Jul 08:10 346
STEREO-B (03 Jul 04:00) 03 Jul 04:00 03 Jul 14:10 04 Jul 08:00 360

Table 3. Magnetic sector and electron pitch angle characteristics for each part of the transient and flux-rope orientations for the ME(E)-MCL

at each spacecraft.

Magnetic Sector and Electron Pitch Angle Characteristic:

Before MEEMEMCL After
STEREO-A Away, 0° Towards, 180° Towards 1
ACE (OMNI) Away, 0° Towards, 180° Towards, 1
STEREO-B Away, 0° Towards, 180° Towards, 1

with brief reversals, 0 — 180°  (with spreading) (with sprea

2.2 Magnetic orientation

In Figs. 3-4, between the leading and trailing edges of the MCL, we distinguish a clear coherent rotation of the magnetic
field vector with a low level of magnetic field-magnitude fluctuations, and low values of proton plasma beta. Although a
MVA analysis did not reveal reliable axis orientations, these are clear signatures of MCE-MCLs and support the flux-rope
interpretation. We adopt the method proposed by Bothmer and Schwenn (1998) and Mulligan et al. (1998) to deduce the
magnetic configuration of the MCLs, and the sign of helicity, the helicity being a measure that describes how the magnetic
field lines are wound around each other (applied in the same manner as Dasso et al., 2006; Foullon et al., 2007; Kilpua et al.,
2017). The method assumes that a MC (or MCL as in this case) possesses a specific magnetic configuration, of which the
sense of the rotation indicates the sign of its helicity. We also use the suprathermal electron pitch angle characteristics from
STEREO-A, -B, and ACE (see Fig. 3, 4 and 5) to assist in the interpretation of the magnetic topology of the field lines local to

the spacecraft. The flux-rope orientation and characteristics are listed in Table 3.
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At STEREO-A, the local orientation of the MCL normalised magnetic field vector, as shown in panels (c,d) of Fig. 3, turns
from North (Bpn > 0), to West (B > 0), to South (B < 0) on the cloud’s axis. This flux-rope cloud can be interpreted as
a North-West-South (NWS) cloud with left-handed (negative) helicity. In panel (c) the (normalised) Br component of the
magnetic field is mostly negative during and after the MCL. In panel (j) we find the streaming of electrons at a pitch angle of
180 ° during the MCL and CIR, and behind those structures, which confirms that STEREO-A is in the towards sector, North
of the HCS, at this point. The lack of counter-streaming in the MCL suggests that the magnetic field lines are open, thus only
one end of the magnetic field lines which form the flux-rope are rooted at the Sun. A magnetic field reversal with electrons
reversing in pitch angle from 0 to 180 © appears close to the start of the MCL. Thus, the reversal is likely to be a crossing of
the HCS (see Crooker et al., 1993). This can indicate that the MCL is acting as an occlusion in the current sheet.

At OMNI, the normalised magnetic field, shown in panels (c,d) of Fig. 2 turns from North (Bz > 0) to West (-By > 0)
to South (Bz < 0) in the MCL, again indicating a NWS cloud with left-handed (negative) helicity. The ACE electron pitch
angle data in-panektg)-of Fig-5-showsand magnetic field vector data in panels (g) and (b-d) of Fig. 5, respectively, show a
similar result to STEREO-A, with outward magnetic field and streaming at 0° before the MIR event (Away sector) and inward
field and streaming at 180 ° during and after the event (Toward sector), indicating that ACE had crossed the HCS close to the
start of the MCL and is likely north of the HCS when the MCL is observed.

Similarly, at STEREO-B, in panels (c,d) of Fig. 4, we observe the normalised magnetic field turn from North (Bpn > 0)
to West (Br > 0) to South (B < 0) indicating a NWS cloud, a bipolar flux-rope with a low-inclination and left-handed
(negative) helicity. The (normalised) B, component of the magnetic field (panel (b)) is mostly negative during and after
the MCL, again indicating that the magnetic field within the MCL is predominantly orientated towards the Sun. We observe
electrons streaming unidirectionally at a pitch angle of 180 © along field lines (panel (j)), albeit with some spreading, indicating
a location predominantly in the towards sector of the Sun, north of the sector boundary. While again the HCS crossing appears
to coincide with the start of the MCL, ahead of the MCL there are magnetic field sign changes associated with brief pitch angle
reversals, indicating more structure in the field and electron data than at the other spacecraft. A main field reversal, seen first
in Bp turning negative, is observed around 18:30UT on 2 July, about 9.5 hours ahead of the MCL, with electrons streaming at
180°. From 21:00 UT, the magnetic field turns back and forth while the electrons are counter-streaming. From 3 July, another
main reversal is observed with By turning back to positive and with electrons streaming at 0°. Those field reversals suggest

multiple folds in the magnetic field.
2.3 MIRs

3 Analysis of Combined MCL-CIR Structures: MIRs

In this sectionwe-address-, we address in more detail the presence of a-the CIR, observed at all three near-ecliptic spacecraft and

focus on how this combines with the transient presented earlier to become an MIR.
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3.1 Interaction Regions

In the near-ecliptic spacecraft observations, it is clear that, in addition to the presence of a MCL, the in-situ observations
resemble a CIR (Pizzo and Gosling, 1994). Despite the lack of CIR forward waves at STEREO-B and OMNI, we are able to
match distinct magnetic field rotations and pressure waves across the observations. There is one missing property, however.
CIRs traditionally show high plasma beta (Borovsky and Denton, 2006). Here we observe a low plasma beta, which is a distinct
signature of ICMEs and MC(L)s.

One piece of evidence to indicate the presence and influence of a CIR is given by the arrival timings. This evidence is
provided by the observation that the MCL arrives at STEREO-B first, then Earth and STEREO-A, even though STEREO-B
is the furthest of the near-Earth-near-Earth spacecraft from the Sun. We expect, and in this case observed, timings consistent
with a CIR in the solar wind for a MCL that is greatly influenced by its surrounding solar wind. In cases where CMEs are
compressed by HSSs, we can reasonably expect that the magnetic field lines joining the leading edge of the CME to the Sun
are forced to co-rotate due to the high pressures induced by the compressive effects of the HSS.

These complex interactions offer a probable explanation as to why the event is relatively short, with little compression ahead
of the MCL (an ICME front sheath region can only be found at STEREO-A), and why it is also difficult to disentangle the
structure in the in-situ data without comparison across different spacecraft. The transients are not reported by any in-situ ICME
catalogues relating to the near-ecliptic spacecraft as it is unlikely to have been spotted by usual automated methods and the
event duration may be too short to meet catalogue criteria. Kilpua et al. (2012) found that ICME-like transients (in contrast to

ICMEs) occur closer to CIRs.

3.2 Length Scale and Expansion Speed

Analysis of the MIR signatures near the ecliptic shows that they have two to three distinct regions: (1) a front sheath FS (at
STEREO-A only), (2) a MCL, and (3) a subsequent compression region created by the interaction between the MCL and a
HSS. In order to compare these, we calculate the length scale of each region for each set of observations by taking the mean
velocity of the region multiplied by the duration of the region. with the standard deviation included for reference. Durations

10



Table 4. Length scales given with standard deviation for the FS, MCL, and CIR, their total and the expansion velocity V.., at each of the

Spacecraft | FS MCL CIR Total Vewn
(10° km) (= AU) | (10° km) (=AU) | (10°km) (= AU) | (10° km) (=AU) | (kms ")
STEREO-A | 108 £08 | 007 179 £036 | 012 268 £40 | 018 555, £123 | 037 L
OMNI 9 103 £041 | 007 238 £32 | 016 343 £67 1023 2225
STEREO-B 9 151 £120 | 010 36l £24 024 SL2. £08 | 034 763

can be obtained from Table 2 and the estimated length scales for each of the regions at each spacecraft are presented in Table
270 4.

~A

The MCL extents are relatively short across all observations, ranging between 0.07-0.12 AU; the compression is due to the
CIR. This is much smaller than the 0.2-0.3 AU MC average at | AU (Lepping et al., 1990; Owens et al,, 2005).
Additionally, for the MIR or ICME-CIR as a whole, we estimate the length scale of the disturbance to be 0.23-0.37 AU.
There is significantly more disturbance and a larger front sheath (FS) region at STEREO-A (there is no front sheath at OMNI
275 and STEREO-B).
Finally, the mean expansion speeds, V., calculated as half of the difference between the speed of the leading and trailing
edge of the MCL, is negative for all spacecraft, indicative of compression (see Table 4). The measure of compression is

increasing from West to East (V.,,, = [—7, —22.3, —76.5] km s~ '). Such compression is common in transients entrained in
CIRs.

280 4 Multi-Spacecraft Analysis of Dynamics and Evolution
4.1 Modeling and Predictions from Remote Sensing Observations

To investigate connections to the Sun, Figure 6 displays various Carrington maps at the time of the event (Rotation
2058). Panels (c-e) show maps derived from the photospheric magnetic field (panel (a)) using a potential field source
surface (PFSS) model with a spherical source surface at 2.5 Rc,. For ease of comparison, panel (b) presents a map of

285 coronal emission, identifying bright active regions and dark coronal holes. The subsequent maps represent simulated
coronal holes (panel (¢)), the global magnetic field configuration of the corona (panel (d)), as well as the associated radial
flow at 5 R¢, (panel (e)). These maps are from the “MHDweb” project of the Predictive Science Modeling Support for
SECCHI and IMPACT (PREDSCI) ' (Maps (a) and (d) use photospheric field from the Global Oscillations Network
Group (GONG); maps (c) and (e) use photospheric field from Mount Wilson Observatory).

290 During this period near solar minimum, the toward sector (sunward interplanetary magnetic field) is connected to the

northern solar magnetic hemisphere, while the away sector (anti-sunward interplanetary magnetic field) is connected

Uhttp://www.predsci.com
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Figure 6. Carrington (synoptic) maps for Rotation 2058 showing (a) the photospheric magnetic field from GONG, (b) 195A EUV emission
from SoHO/EIT (Hess Webber et al.. 2014) (c) coronal hole polarities (blue negative, red positive) with Earth mapped back to the Sun (solar
wind ballistic mapping in green using OMNI), (d) the PFSS model-derived global magnetic field configuration. and (¢) radial flow at 5 Ry
together with the projected neutral line on the source surface from PREDSCI/MHDweb. The dashed vertical line indicates the approximate
Carrington longitude and time corresponding to the source of the 600 km s HSS in the corona,

to the southern hemisphere. Assuming that it travelled to 1 AU with the HSS speed of about 600 kms ", the relevant
coronal hole plasma parcel for the in-situ observations will be seen at the Sun 2.9 days earlier on July 1, 2007 (dashed
vertical line in Fig. 6). On this date, an active region is centred on the disk (panel (a)), located across the field inversion
295 neutral line, thus at the base of the helmet streamer belt (panels (d,e)). Coronal holes with inward and outward IMF
polarity are on either side of the heliospheric current sheet. Solar wind ballistic mapping using OMNI shows that the

HSS is associated with an equatorial coronal hole from the northern sector (panel (c)).
Since the possible source region of the MCL and HSS is centred on the disk and the STEREQ spacecraft separation
is relatively small, we cannot have a side view of their evolution in any coronagraphs operating at the time. However,

300 we can still learn about the likely behaviour of disturbances (blobs entrained in a CIR) from the contemporaneous
observations of adjacent heliospheric longitudes. As seen in Fig. 7, the time—elongation maps, or J-maps, from STEREO/SECCHI-

HI-A extending ferm-thefrom 19 June to the-5 July 2007 show a nest of converging tracks, which can be interpreted as
a pattern of CIR-entrained blobs. We believe the MCL-structure-is-associated-with-likely behaviour of the MCL structure
resembles that of one of those disturbances. One cannot be more specific, but for reference, we can take one of the CIR distur-
305 bances, HSITR_ST A_20070623_100341, reported in the HELCATS STEREO SIR/CIR Catalogue (Plotnikov et al., 2016)2.
The nest of tracks overplotted in Fig. 7 corresponds to a set of blobs all travelling with the same speed as the HELCATS CIR
disturbance, which is found to have a speed of 30221 kms~! (see Rouillard et al., 2010a, for more details on the uncertainty
value). The timings are derived relative to that CIR with the knowledge that one of the blobs therein was fitted to be travelling
at 64 £ 6° angular separation from the Sun-spacecraft line. The CIR is predicted to arrive at STEREO-B at 15:15 UT on 3
310 July and at STEREO-A at 03:13 UT on 4 July 2007. This is similar to the observed earlier arrival time for STEREO-B and

separation of ~12 hours.

Figure 7. STEREO/SECCHI/HI-A J-maps for the period from 19 June to 5 July 2007 constructed in the ecliptic at a PA of 280 °: (Left)
without and (Right) with tracks superimposed. The tracks eerresponds—correspond to a set of blobs all travelling with the same speed as the
blob that corresponds to HELCATS CIR HSTR_ST A_20070623_100341, which travels at 64° angular separation from the Sun-spacecraft
line. The trajectories are derived from 180° to 0° separation angles from the Sun-spacecraft line, in steps of 10 degrees. Each blob is tracked

over a somewhat arbitrary time of 10 days.

Zhttps://www.helcats-fp7.eu/catalogues/wp5_cat.html
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315

320

325

330

335

Figure 8. Sketch of the MIRs observed at different longitudes near the ecliptic, at STEREQ-B, Earth and STEREQ-A. The view is from the
solar north pole. The MIR is shown as the result of the MCL interacting with both the CIR and the HCS. The MCL flux-rope with the main
axis (black arrow) pointing Westward is embedded between the toward Northern sector (blue) and away Southern sector (red) field lines. The
MIR variations across the spacecraft demonstrate the progression of the interaction between the CIR and MCL from West to East.

Another sten

haracteristic signature of the MIR, related to
the MCL nature, is the identification of the sector boundaries in the magnetic field and the near-ecliptic electron pitch angle

data (Figures 3-5). The data shew-shows that the magnetic field is anti-sunward before and sunward during and after the MCL
and CIR, which is consistent with the crossing of the HCS near the start of the MCL. Sector boundaries are often found just
upstream of CIRs or having just been swept up by the forward waves of CIRs since they are embedded in the slow wind into
which the fast wind is running inte-to create the CIR (Pizzo and Gosling, 1994). The proximity of the sector boundary crossing

to the start of the MCL is also consistent with a flux-rope, originating from the streamer belt below the sector boundary as a

result of reconnection, locally replacing the HCS, while expanding outwards (Crooker and Intriligator, 1996; Crooker et al.,
1998, 2004; Foullon et al., 2011). It is thus likely that this MIR is the result of the MCL interacting with both the CIR and the
HCS near the ecliptic.

4.2 Comparative Observations Across Spacecraft

The in-situ measurements are consistent with one or more structures developing between spacecraft, suggesting that
MCL signatures may not correspond to the same structure. About two to six streamer blobs per day are recorded

respectively (e.

period of solar minimum, there could be two blobs released with a 12-hour offset between them, from the base of the
same streamer. The 12-hour difference observed between the arrival of the MCLs at STEREQ-B and STEREO-A could
potentially support a scenario where for instance STEREQ-B or OMNI (Earth) and STEREO-A encounter different
blobs from the same streamer. The transient observed at STEREO-A is then the younger and most likely equivalent
perturbation to the one observed at STEREOQ-B in a family of blobs.

during solar minimum and maximum conditions . Rouillard et al., 2010a, at solar minimum). In this

13



However it is also more likely that we are presented with the same blob. Fig. 7 shows a few significant families of

340  tracks (each family being associated with the passage of a single CIR). Tracks that propagate beyond 60 ° of elongation
indicate transients entrained by a HSS. Taking the family of tracks highlighted as an example, it is not clear that one

can observe a set of density perturbations with a 12-hour interval beyond 60° of elongation, but this could be due to

STEREO-A, OMNI (Earth) and STEREO-B are separated by 0.11 AU radially and less than 16.6° in

longitude (less than 0.32 AU in the East-West direction). The magnetic orientation analysis (Sec. 2.2) indicates that, for
each spacecraft observation, the MCL's cloud axis is in the ecliptic plane and its major size extends in the longitudinal
direction,
aspect ratio of MCs is estimated to be no smaller than 6:1. Applied to our case, MCL transverse extents for all
three observations are estimated to range between 0.42-0.72 AU at the minimum, which is larger than the East-West
350 spacecraft separation.

Thus our event allows the comparison of MIR observations at different lengitudes—radial distances due to the small
structures across a radial distance of 0.11 AU. The in-situ measurements are not to be interpreted as observing the
exact same structure crossing all three spacecraft at different longitudes for the same radial distance, but they are

355 consistent with different cross-sections of the same structure or of potentially two equivalent structures evolving from
the same family, crossing all three spacecraft. This allows us to infer the evolution of such structure radially. In Fig. 8,
the MIR is shown as the result of the MCL interacting with both the CIR and the HCS. From-Moving from West to East (right
to left)the-different-observations-providein-turn-, observations from different locations provide snapshots of the extent-ef-the
interaction between the CIR and MCL;progressing-as-we-move-, As we move downstream from STEREO-A to OMNI (Earth)

360 to STEREO-B, we can see the extent of this interaction. In-

Moreover,

345

while its cross-section is compressed along the HCS. According to the findings of Liu et al. (2006), the cross-section

At the earlier stage of interaction, specifically at STEREO-A, a forward wave and front sheath are produced ahead of the
MCL and a reverse wave is found at the back of the CIR as a result of the interaction with the HSS.

In the next stages, at Earth and STEREO-B, the MCLs are smaller and more turbulent, and the main sector boundary crossing
appears to coincide with the start of the MCL (ro-without a sheath). Finathy-

365 Finally, in the later stage at STEREO-B, the MCL appears to be fully entrained in the CIR(noting-, Notably, the higher speed
of the MCL at STEREO-B compared to the other spacecraft );-ahead-is observed. Ahead of the MCL, small-scale structures in
the field and electron data are indicative of multiple magnetic folds, that-may-result-possibly resulting from greater interactions
with the HCS (e.g. produced by interchange reconnection with the HCS). Henee

Therefore, the MIR variations 4

370

—between spacecraft

demonstrate the radial evolution of the MIR, with the HSS increasingly catching up with the MCL from STEREO-A to
Earth and STEREO-B.
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490 TheyeHow shade-indicates-the-modeled-CME-

5 Conclusions

495  Using remote-sensing and in-situ observations and across multiple near-ecliptic spacecraft, along with complementary analysis
methods, we have investigated a MCL observed in-situ on 3-4 July 2007 near the near-eetiptie-observations show-elear
signatures-of-a-MEL-whieh-support-the ecliptic. The MCL was found to be entrained in a CIR from the Northern toward
sector which created a MIR; The MCL showed negative mean expansion speeds indicative of compression increasing from

500  This type of small-scale MC/CIR system is not uncommon, and the prevalence of small flux-ropes caught within the
leading edge of CIRs observed in situ is discussed by Rouillard et al. (2009b). They confirmed that HI observes CIRs in

difference images via small-scale transients caught up in the compression region. In fact, Rouillard et al. (2009b) reported on

a small-scale transient entrained by a CIR that has parallels with our event. Their event was observed later on 20 July 2007.
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530

535

Resemblances between the two events include similar flux-rope interpretation;-only-one-end-of-profiles observed at STEREO-A
with a clear reversal of the polarity of magnetic field lines whi

angle charaeteristies-at-THysses show
from 0° to 180° at the start of the MCL. For the event presented by Rouillard et al. (2009b), there is no corresponding MC or
MCL at the other spacecraft during the even ichs-evidenee-of 4 ed-magneti in-the Asistent-with-the
q . . M i 12022} The Uiy s ’ 1 the Heli hie REN  ref

thana-glebal-system—same CIR passage, except for a peak in the magnetic field ahead of the CIR, which may be related
to a shock driven by the interaction.

In our case, the MCL/CIR system appears more complex and extended, qualifying as a small-scale MIR, based on
Burlaga et al. (2003)’s criteria for MIR terminology at 1 AU. We observed clear MCLs at STEREO-B s-and-those-at-Venus

)
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MNI, which were smaller and more turbulent than at STEREO-A. H-the-two-events-at Ulysses and-neareeliptic-are

ortentations—are—consistent—with-this—At all spacecraft, the local orientations of the MCL magnetic field vector turned from
North to West, to South on the cloud’s axis, indicating a North-West-South (NWS) cloud with left-handed (negative) helicity.

5.1 Distertien

OMNI/ACE, and STEREO-B with less than 16.6° separation angle in longitude (less than 0.32 AU in the East-West
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direction), the study mapped interactions of these structures across 0.11 AU in radial distance. This event allowed for the
comparison of MIR observations at different longitudes showing differences in size, (negative) expansion speed, formation

of sheath, presence of forward and reverse waves and small-scale structuring, and providing a sequence of different interaction

stages progressing

radially.
Thus, the study demonstrated the radial evolution of the MIR, with the HSS increasingly catching up with the MCL from
STEREO-A but-is-net-evident-near-Earth-(OMND-to Earth and STEREO-B. Hewever-the-modelling-methods-have-caveats

undergo interactions with the HSS, resulting first in shock waves and front sheath, then with increasing compressions from the
HSS, leading to increased turbulence and magnetic folds (possibly from interchange reconnection with the HCS—We-~eencladed
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The findings emphasise the complex nature of solar wind structures and their interactions, particularly the formation
and evolution of MIRs at 1 AU, contributing to our understanding of the formation processes starting at the Sun. The

highlight the importance of using a comprehensive multi-spacecraft approach, which is essential for distinguishin
between remainskey-to-disentangling MCs/MCLs fronrand their solar wind environmentsand-to-determine-, and for identifyin

connections between events observed in the heliosphere. Useful-For this specific event, we have observed a simultaneous

event as presented in Maunder et al. (2022), where a multi-spacecraft study of a mid-latitude CME allowed for analysis
of remote-sensing observations from the twin STEREO -A and -B spacecraft, as well as its subsequent in-situ counterpart

outside the ecliptic plane, at Ulysses. Connecting these two events has posed challenges (Maunder, 2023). Potential exten-
sions, but beyond the scope of this study, could be-te-consider-include considering energetic particle effects and interplanetary

scintillation observations (e.g. Richardson, 2018, and references therein). NeverthelessHowever, the study demenstrates-thatin
comparison-shows that, as compared to the identification of ICMEs and MIRs, the origin and formation of ICME-like transients

and ICME substructures are less well understood.
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