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Abstract.

WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY

We use data on an interplanetary coronal mass ejection (ICME) seen by

MESSENGER and STEREO A starting on 29 December 2011 in a near-perfect

longitudinal conjunction (within 3°) to illustrate changes in its structure via

interactiﬂﬂ'il the solar wind in less than 0.6 AU. From force-free field mod-

eling we it the orientation of the underlying flux rope has undergone

a rotation o1 ~80° in latitude and ~65° in longitude. Based on both space-

craft meatijents as well as ENLIL model simulations of the steady state

solar wind

find that interaction involving magnetic reconnection with coro-

tating structures in the solar wind dramatically alters the ICME magnetic

field. In p

lar, we observed a highly turbulent region with distinct prop-

erties WitiEe flux rope at STEREO A, not observed at MESSENGER,

which we mme to interaction between the ICME and a heliospheric plasma

sheet/c

ple of a

eet during propagation. Our case study is a concrete exam-

e of events that can increase the complexity of ICMEs with

heliocentrg' distance even in the inner heliosphere. The results highlight the

need for 1

tion at diff

cale statistical studies of [CME events observed in conjunc-

heliocentric distances to determine how frequently signif-

icant chanEes i flux rope orientation occur during propagation. These re-

sults also jigniﬁcam implications for space weather forecasting and should

serve as a cautjon on using very distant observations to predict the geoef-

fectivenes
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WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY X-3

1. Introduction

Coronal mass ejections (CMEs) are large eruptions of plasma and magnetic field into
interplanetary space originating in the Sun’s atmosphere [e.g., Cane & Richardson, 2003;
Zurbucheq&Jichardson, 2006]. The interplanetary counterparts of CMEs are known as
interplane@ronal mass ejections (ICMEs) and fast ICMEs are most often character-
ized by a leaadag shock wave followed by a dense sheath and a magnetic flux rope at the
center of the disturbance. ICMEs are common, passing over Earth at an approximate rate
of 1-2 pergh [Lynch et al., 2003; Richardson & Cane, 2010], although this number is
signiﬁcanmher near the maximum phase of the solar cycle.

At Eartae effects of ICMEs on the magnetosphere have been studied for many

decades [eﬁ, review by Singh et al., 2010]. Because ICMEs can be associated with strong

southwar planetary magnetic fields of long duration, high solar wind velocities,
enhanc wind dynamic pressures, and solar energetic particles, they are strong
drivers Q agnetic storm activity at Earth [e.g., Lindsay et al., 1995; Farrugia et al.,

1997]. Geomagnetic storms are caused by the transfer of momentum and energy from
the solar \h to the magnetosphere during times of southward-directed interplanetary
magnetic , when magnetic reconnection can occur between the oppositely directed
fields oﬁerplanetary magnetic field (IMF) and Earth [e.g., Russell et al., 1974;
Farrugia €t al., 1993]. Using space-based observations, Gonzalez & Tsurutani [1987] have
shown thaQIEs with southward-pointed magnetic fields greater than 10 nT and lasting
longer t@roximately 3 hours lead to intense (Dst < -100 nT) magnetic storms, where

the Dst index is a measure of the strength of the ring current around the Earth.
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X-4 WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY

The geoeffectiveness, or the storm-causing ability, of ICMEs strongly depends on the
magnetic field direction within them. ICMEs are strong drivers of geomagnetic activity, as
a statistical study by Zhang et al. [2004] showed that 70% of intense storms are caused by
ICMEs. However, only about 20% of Earth directed solar ejecta cause intense geomagnetic
storms [Jafuassdni et al., 1988]. The rest either do not have substantial southward-directed
fields or ‘@' ighly time-varying magnetic fields, i.e., do not have strong southward-
directed" s tor more than 3 hours. Thus, successfully predicting the occurrence and
intensity o@nagnetic storms based on magnetic field measurements relies on the ability
to measure, the orientation of the magnetic field in the ICME and its duration prior to
it reachin E!;?m, provided that the magnetic field direction does not change drastically
during th:aining propagation time. A recent proof-of-concept study by Kubicka et
al. [2016] m on one ICME event shows that such predictions are possible, although
further W@needed to establish the conditions under which they are valid.

ICM ties can change drastically as the ICME propagates through the solar
wind. , density, pressure, magnetic field, and shock structure can all change as
the ICMEﬂnds and interacts both with the ambient solar wind as well as with various
disturbanOthin it. In particular, through observational and modeling work, studies
have show t during propagation the flux rope may kink and deform [Manchester et
al., 200 ﬂmection/ erosion of internal ICME magnetic flux may occur [Lavraud et
al., 2014; ach et al., 2015], and the ICME may also get deflected [Manchester et al.,

2005; Kay et aly, 2013, 2015; Wang et al., 2014] and rotated [Kliem et al., 2012; Lynch et
al., 2009] ent CME event study by Nieves-Chinchilla et al. [2012] using both in situ

and remote sensing observations from STEREO, SOHO, MESSENGER and Wind showed
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WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY X-5
evidence for significant re-orientation of the flux rope axis. Similarly, Rouillard et al. [2009]
showed that the trailing part of a particular ICME displayed highly distinct magnetic
signatures at MESSENGER compared to measurements at Venus Express, despite the
very small (~1°) longitudinal separation between the two spacecraft. On the other hand,
an in sib“r by Good et al. [2015] of an ICME observed in near-perfect conjunction
at MercuTEREO B has showcased an event where the large-scale magnetic field
structure @ion in the magnetic cloud (MC) remains self-similar during propagation.
In situ mygtipgint measurements by Mostl et al. [2012] of a series of ICME events also
show similarifies between the flux ropes observed by Venus Express and STEREO B,
despite th@%O longitudinal separation between the spacecraft.
The va esults of these studies raise the question: what causes some ICME flux
ropes to CE drastically during propagation while others stay relatively self-similar?
These pas therefore highlight the need for further exploration of evolution of the

ICME E field structure during propagation. Now, with 5 years of MESSENGER
r

measu ear Mercury’s orbit as well as continuous spacecraft measurements at 1
AU, such itiies are possible for the first time in the innermost heliosphere. Also, a new
era of inn osphere exploration from in situ measurements is expected to begin with
the launch olar Orbiter [Miiller & St. Cyr, 2013] and Solar Probe Plus [Fox et al.,
2015] i -gxt three years. Due to their proximity to the Sun, these spacecraft (will)

e

present a e opportunity for observing ICMEs in more “pristine” conditions, well
before they reggh 1 AU.
In this we present a study of a CME launched from the Sun on 29 December 2011,

and we follow its propagation from the Sun to 1 AU. Due to the MESSENGER / STEREO
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X-6 WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY

A directed nature of the ICME, and the near-perfect alignment between these spacecraft at
this time, one would expect close agreement of flux rope parameters at the two locations.
Instead, due to the interaction of the ICME with the heliospheric plasma sheet (HPS) and
current sheet (HCS) between Mercury and STEREO A, a very different ICME magnetic
field strun*hﬁk observed at the two spacecraft. The observations and analyses present a
concrete of a scenario where ICME interaction with corotating structures in the
solar Wiﬁd@cantly alters the flux rope magnetic topology and increases the complexity
of the IC ring propagation. Based on these results, our paper is a caution on using
magnetic fieldgmeasurements close to the Sun for geomagnetic storm forecasting at Earth
when corotating structures are present in the Sun-to-Earth transit space. Large-scale
stafcisticaulgg

ies of ICME magnetic field changes from the innermost heliosphere to 1

AU are alE:essary to determine the frequency with which drastic alterations in flux

rope orie occur due to solar wind interactions.

2. 29 ]ﬁer 2011 CME

The CME was launched from the Sun at or around 15:52 UT on 29 December 2011 and
was obserm coronagraphs onboard both STEREOs and SOHO. STEREO A EUVI
observatioQow a filament eruption from disk center with the rising phase starting
around 15800 UT. At this time, STEREO A was ~107° west of the Sun-Earth line while
STEREUg_WE'ms ~111° east of the Sun-Earth line. The first observation by STEREO
A/COR—QE& CME was at 17:24 UT and appeared as a front halo CME, i.e. it
was dir@ STEREO A. The same event was also observed as a back-sided halo by
STEREO-B/COR2. SOHO/LASCO observed a wide western limb CME (first image 16:24

UT). Since it is a limb CME for LASCO, this instrument provides the best estimate of
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WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY X-7

the CME onset and speed, 15:52 UT and 750 kms™!, respectively. The COR-2 maximum
speeds were 540 and 780 kms~! for STEREO A and B, respectively.

Due to the near-perfect alignment (within 3° longitude) of MESSENGER and STEREO
A between the time of the CME launch on 29 December 2011 and its arrival at STEREO
Aonl iM 2012, the CME was observed in situ at both spacecraft. At this time,
Mercury’sntric distance was 0.42 AU, while the STEREO A heliocentric distance
was 0.98 Eﬂhth a speed of 750 kms™!, and assuming no deceleration, this CME
would arrU Mercury 23 hours after its launch, or at ~14:50 UT on December 30,
and at ~21:QQ UT on December 31 at STEREO A. Taking into account uncertainties
in the est@j;ed speed and the expected deceleration of the CME in the solar wind,
this CME he required timing characteristics to correspond to the ICME and shock
measured @SSENGER on December 30 starting at 16:27 UT (~1.5 hours “late”) and
to corresp@o the ICME measured at STEREO A arriving at 13:22 UT (~16.5 hours

“late”) Eﬂy 1st. We note that these arrival timing differences are quite minor given

the ass of constant velocity. Additionally, we perform a more complete analysis
of the C kinematics at the end of Section 3.

The gra d cylindrical shell (GCS) model [Thernisien et al., 2006, 2011] was designed
to reprodu e large-scale structure of flux rope-like CMEs and determines the initial
orientatghe flux rope soon after launch. To this end, we use the GCS fit from
the STE%ECCHI/CORQ CME Kinematic Database (KINCAT) of the Institute for
Astrophysics, Lniversity of Gottingen, Germany. The database is available online at

http://w fects-fp7.eu/helcats-database. The GCS fit of this CME as seen

from STEREO A (Figure la) and B (Figure 1b) SECCHI data (using white light images
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X-8 WINSLOW ET AL.. DEVELOPMENT OF ICME COMPLEXITY

from December 29 at 19:08 UT) finds that the flux rope longitude was 98° + 4°, the
latitude was 7° 4+ 2°, with a tilt angle of —36° + 22°. At this time, STEREO A was at
a longitude of 107°, so this implies that the CME initial flux rope orientation was only
9° away from the Sun - MESSENGER - STEREO A line, towards the east, i.e. towards
the Sun-Ml line. These results forecast the CME to be hitting MESSENGER and
STEREO rly head-on.

(i) The @udinal alignment between MESSENGER and STEREO A, (ii) the initial
direction g tlwg CME determined to be within ~10° of STEREO A, (iii) the arrival time
of the ICM atching quite closely with the expected arrival times at the two spacecraft,
and (iv) the same chirality of the flux rope observed at the two spacecraft (see Section 3
below) all ort the hypothesis that the measurements at MESSENGER and STEREO
A are of t&e ICME. Using the method of coplanarity [e.g., Schwartz, 1998], we have
determinem shock normal direction in heliospheric radial-tangential-normal (RTN)
coordin oth spacecraft and found n = (0.77, 0.20, 0.61) at MESSENGER and 1
= (0.71§68) at STEREO A, yielding a 5° difference between the two shock normal

directions! The very close agreement between the shock normals provides further evidence

that the U®rements at the two spacecraft are of the same ICME.

2.1. M@GER Data

At MeWhe ICME was observed in MESSENGER magnetic field data. Due to its

highly eccentris orbit, during this time MESSENGER typically spent 8-10 hours of its 12

hour or% interplanetary medium. Magnetometer sample rates in the interplanetary
medium were at least as high as 2 samples/s and a channel to record fluctuations at 1-10

Hz operated continuously to provide an uninterrupted measure of the field variability.
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WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY X-9

Although the MESSENGER payload included a plasma spectrometer [the Fast Imaging
Plasma Spectrometer (FIPS), see Andrews et al., 2007], the spacecraft was three axis
stabilized and FIPS had a limited field of view that did not allow for the recovery of

the solar wind density. Solar wind speed and temperature could be derived from the
measurcssjuusdbout 50% of the time that MESSENGER was in the solar wind [Gershman
et al., 201@_

In Wiﬁs@ al. [2015] we describe in detail the strict selection criteria used to identify
ICME evepds fgom only magnetic field measurements. Due to the strong magnetic field and
shock assogiated with this ICME and the smooth magnetic field rotation in the magnetic
ejecta (ME), an ICME is easily discernible in the data. Figure 2 shows the ICME event in
the MES R magnetic field data, displayed in RTN coordinates. The ICME shock
arrived onEmber 30th at 16:27:23 UT (first magenta vertical line in Figure 2), followed
by the shegtl r§eion and ME. The ME start time of 20:52:38 UT is ~3 hours later than our

initial Ewn in Winslow et al. [2015], yielding a total sheath crossing time of ~5

hours (

d

by the first two vertical magenta guidelines). After careful consideration,
in light offartial FIPS data of the solar wind, we revised the start of the ME such that
the sheat includes the highly turbulent region between ~19:45 and ~20:50 UT. A
simple a-nﬁ of the magnetic field latitude vs. longitude shows that this turbulent
region exXNIDILS a very clear planar structure (i.e. the magnetic field varies strictly in a
H
plane), whiskee expected for ICME sheaths [Palmerio et al., 2016]. Furthermore, the last
panel in Figurg 2 shows a fairly steady cumulative proton count from the time of the

ICME arr ntil ~20:45 UT, at which time there was a distinct and sustained drop in

the flux coinciding quite closely in time with the beginning of the smooth magnetic field
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X-10 WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY

rotation, signaling a transition from ICME sheath to ME. MESSENGER then crossed
Mercury’s magnetosphere between 22:25:12 UT and 01:12:02 UT on December 31. Once
MESSENGER re-emerged into the interplanetary medium, the proton flux was still low,
in agreement with the magnetic field measurements that MESSENGER was once again in
the ME p‘nﬁd of the ICME. The magnetic field in this [CME flux rope is characterized
by low mﬂuctuations, and a rotation of the magnetic field vector is observed in
the Br 'arE\; components, with Br being the dominant field component in the ME.

The end ttjME at 09:19:52 UT (last vertical magenta line in Figure 2) was marked

by a discoEtiﬁity, possibly a weak reverse shock.

2.2. STT A Data

In this ian, our aim is to focus on STEREO A data of the ICME only, while in
Section 4,g:cuss at length the STEREO A measurements prior to the ICME, as well
as the bac d solar wind both from data and simulations. At 1 AU, STEREO A data
show the I to be significantly more disturbed than at MESSENGER. The IMPACT
[Luhmann et al., 2008] and PLASTIC [Galvin et al., 2008] packages on the STEREO
spacecraft&ﬁna specifically designed to provide in situ measurements of ICMEs including
magnetic bservations and 3-D distributions of the solar wind plasma. Figure 3
shows S@ A data (magnetic field, suprathermal electron pitch angle distributions,
density, M, temperature, plasma (3, and the iron charge state distribution) of the
ICME. Su@rmal electron pitch angle distributions have been normalized at each time
step, an%ent cumulative electron fluxes over all energies between 45 - 2188 eV. Iron

charge state data are accumulated in 10 minute intervals, plotted at the beginning of the

interval. The ICME shock arrival at 13:23:44 UT on 1 January 2012 is marked by a clear
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WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY X-11
jump in the magnetic field magnitude, coincident with jumps in plasma density, velocity,
and temperature. Then STEREO A spent ~8.6 hours in the ICME sheath (between the
first two magenta vertical guidelines in Figure 3) where the magnetic field strength and
direction were highly variable. The suprathermal electron pitch angle distributions exhibit
an abruMe from the 180° strahl component to uni-directional flows in the opposite
direction @whock, followed by mostly uni-directional but also some bi-directional
flows in‘tEeath. A clear sustained drop in plasma density, the onset of sustained
bi-directiogml uprathermal electrons, and the start of smooth magnetic field rotations
indicate th ival of the ME portion of the ICME at 22:00:57 UT on 1 January 2012.

The ME portion of the ICME (between the second and third magenta lines, and shown
in higher ;‘cion in Figure 4), which lasted from 22:00:57 UT on 1 January 2012 until
18:57:45 omnuary 2012, exhibits a smooth rotation in the magnetic field direction and
low variatmﬂagnetic field in general, with Br and Br being the dominant magnetic
field co s. However, near the center of the ME crossing, a region with different
propert ared with the rest of the ME was encountered on January 2nd at 04:00:00
and lastedﬁtil 10:21:26 UT (marked by black vertical lines in Figure 3). This turbulent
region is c@;erized by high magnetic field fluctuations, high plasma density, an increase
in velocity uating temperature, and a small increase in the average iron charge state.
The incriise_m' average iron charge state implies a different source for the plasma in this
region thaj the rest of the ME, while the overall increased value of plasma 3 in the
region stroniI: implies plasma heating. We have also tested that this turbulent region

is not a p structure. Plasma velocity measurements show a change in polarity in

the tangential component of the velocity vector, vy (not shown here), just at the start
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X-12 WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY

of the turbulent region. A change in sign of the azimuthal flow angle, for which vy is
a proxy, indicates a stream interface [Gosling & Pizzo, 1999]. The measurements also
indicate that there is likely a slow mode shock near 06:00 UT due to the sharp increase in
density, temperature and velocity, along with a corresponding sharp decrease in magnetic
field magilh-dl. The combination of these data in this distinct region hints at signatures
of reconnhich likely occurred between the flux rope and the HPS/HCS that the
ICME o?re@ during propagation (see Section 4).

The strgmgegt case for signatures of reconnection in this region, however, is made by
the suprathegmal electrons. Within the ME, both before and after the turbulent region,
STEREO @;asured counter-streaming electrons, while within the region, the pitch angle
distributi s highly variable. There are clear intervals when bi-directional flows are
detected bﬁey are interspersed with sharp drop-outs to uni-directional flows only. This
alternatin(%@ture of short bursts of bi-directional then uni-directional flows implies the
successi sed to open field lines (i.e., both ends connected at the Sun or only one
end con indicating interchange reconnection. We discuss the implications of these
signaturestur_ther in Section 4 and 5 of the paper.

It is als th mentioning, that even though a return to the smooth rotation in the
magnetic fi irection, low plasma density, and decrease in plasma velocity and plasma (3
indicate'ﬁurn to the non-turbulent part of the ME at ~10:20 UT, sustained counter-
streamingjthermal electrons only return ~4 hours later, marked by the dashed verti-
cal line in Figyges 3 and 4. STEREO A then spent another ~8.5 hours in the ME, which
displaye war properties to those observed prior to the encounter of the turbulent re-

gion. The end of the ME passage (last magenta vertical guideline) was identified based
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WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY X-13

on the start of large magnetic field fluctuations and the end of the steady magnetic field
magnitude decrease. However, since there are no clear indicators in the plasma data, the
ICME end time carries some uncertainty.

Due to the interruption of the ME by the turbulent region, the question whether there
are actu*—ilo distinct flux ropes from two separate ICMEs, naturally arises. This
hypothesigh plausible at first sight, fails to explain several measurements. First,
MESSEN only observes one flux rope at Mercury. Second, if separated, the duration
of each flugsrome (excluding the turbulent region) at STEREO A (~6 hours and ~8 hours)
is much shortgr than the flux rope duration observed at Mercury (~12 hours), which is
contrary to the expectation that ICMEs expand as they propagate outwards in the solar
system. L ; if separated, neither flux rope would actually meet the definition of a flux
rope givelm neither on its own exhibits a smooth rotation in B. Thus, our initial

scenario, @ere is only one flux rope, which underwent reconnection with corotating

disturbE the solar wind, is the most likely scenario.

3. Force-free field fitting and ICME speed

Initial c&ﬁ!ﬂson between the large-scale magnetic field structure in the ME at MES-
SENGERQ‘G STEREO A shows that rotation in the magnetic field occurred during
propagati&. To quantify the change in the magnetic field direction, we determined the
flux rope‘!ﬁlgation at the two spacecraft by conducting force-free field fits to the data.
Here the a used is a non-expanding, constant « force-free field model as developed
by Burl{ﬁ)%] and we used a x? minimization procedure as optimized by Lepping et
al. [1990]. The flux rope axis orientation is first evaluated via minimum variance analysis,

which is then used as the starting point for the force-free field fits. For the fits at 1 AU,
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X-14 WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY

we did not include data during the highly turbulent interval in the ME between 04:06:45
and 10:20:50 UT.

The force-free field fits (Figure 5) yield a left-handed flux rope at both spacecraft,
with § = —12.3° +0.4°, ¢ = 131° &+ 1°, and By = 55.9 + 0.5 nT at MESSENGER, and
0= 6602M: 197°4+8°, and By = 12.3+0.5 nT at STEREO A, where the uncertainties
represent statistical errors. Here 6 is the angle between the flux rope axis and
the ecliﬁt@ne, ¢ is the angle from the anti-sunward direction anticlockwise to the

projectioncfje axis direction onto the ecliptic plane, and By is the field strength along

the flux ropegxis.

The NS(;@I;erence in latitude and ~65° difference in longitude of the flux rope axis
between NGER and STEREO A imply a significant rotation of the flux rope during
propagatiGe discuss in detail the likely causes of this rotation in the next section.
Although Me one of the simplest models for the magnetic field reconstruction, we
conside ult that the flux rope orientation changed between MESSENGER and
STERE‘EG: very robust. This is because the dominant component of the magnetic
field and the sense of rotation of the By and By components differ at MESSENGER and
STEREO shown in Figures 2 and 3.

The force-free fitting also yielded By oc 7~ 1% where r is heliocentric distance, in good
agreemeﬂ;vﬁ results obtained from the statistical study on all the ICMESs observed at
MESSEN by Winslow et al. [2015] and with other past studies using Helios data
le.g., Gulisang :t al., 2010]. The factor of ~5 decrease in the flux rope axial field strength

is a clear T tion of expansion of the cloud as it propagates from Mercury to 1 AU. An

impact parameter of ~0.5 was obtained at both spacecraft, where the impact parameter
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is defined as the distance of closest approach of the spacecraft to the flux rope axis
normalized by the radius of the flux rope. It is also worth mentioning that the fits had
low x? values of 0.09 at MESSENGER and 0.06 at STEREO A, indicating good quality
fits at both spacecraft.

From M of the CME launch at the Sun, the Sun-Mercury distance, and the arrival
time at M we can determine the average ICME speed between the Sun and Mercury.
We can 'si@y obtain an average ICME speed between Mercury and STEREO A. Our
results indjcamg an average shock speed from the Sun to Mercury of ~710 km s—!, while
from Mercyrgdto STEREO A we find an average shock transit speed of ~500 km s—!. At
STEREO ws yields a ~50 km s~! overestimate of the ICME shock speed, as Figure 3

shows the u measured speed to be ~450 km s~

We can Estimate the ICME speed from the drag-based model [Vrsnak et al., 2013]
available @ at http://oh.geof .unizg.hr/DBM/dbm.php. The drag-based model as-

sumes tEinitial CME acceleration, aerodynamic drag is the dominant force acting

on the e used the following parameter values for the drag-based model: CME
take-off d@d time 12/29/2011 21:11:00 at 20 Rgy,, initial CME speed of 750 km s,
solar win d of 350 km s~!, and v, the drag parameter, of 0.1 x 10~7. At Mercury, at
0.42 AU, t odel yields an ICME arrival time at 12/30/2011 16:29:00 with a speed of
663 kmﬂich matches the MESSENGER observed arrival time perfectly. Interest-
ingly, if w me the same drag parameter value throughout propagation all the way to
1 AU, we find gn arrival time of 01/01/2012 08:03:00 with a speed of 566 km s~ at 1 AU.
This yie@n

hours earlier arrival time than what was actually observed, and the speed

is about 100 km s~ faster than what is observed by STEREO A. This suggests that likely
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due to the ICME interacting with corotating structures in the Mercury-to-STEREO A
transit space, it may not be appropriate to use the same drag parameter for the entire
propagation distance. If we use a drag parameter value of 0.18 x 1077 for estimating the
ICME arrival to 1 AU, we find an arrival time of 13:31:00 with a speed of 500 km s™! at
STEREQ-F—’ﬂqis is only ~10 mins off the arrival time and 50 km s~! off the measured
speed. Aly, this scenario implies an ICME speed of 612 km s~! at MESSENGER,
which to‘g@with the previous scenario yields an upper and lower bound for the ICME
speed at ENGER of 640 & 25 km s~!. Taking the ICME speed at Mercury to be
640 km s™L the drag-based model and the ICME speed to be 450 km/s as measured
at 1 AU, v@: a speed decrease of ~30%, suggesting a significant speed decrease from

Mercury t U, in line with our statistical study presented in Winslow et al. [2015].

-

4. Back d solar wind conditions

The significant change observed in the flux rope orientation implies strong interaction
with the ind. In this Section, we discuss both the measurements and simulations
of the background solar wind in which the ICME propagated from MESSENGER to
STEREO Hst, through simple inspection of the magnetic field measurements we can
piece toge@a likely scenario. Magnetic field data at MESSENGER and STEREO
A show ﬂior to the ICME shock arrival, the IMF Bpi component was positive at
Mercurymggative at STEREO A (see Figures 2 and 3). This is evidence for the ICME
having enEered the heliospheric current sheet during propagation between Mercury
and 1 @hermore, the magnetic field data alone yield insight as to when this might
have happened. We can see that after the ICME passage, STEREO A re-emerges into the

interplanetary medium where the IMF Bgr component is positive. Thus just before the

DRAFT June 23, 2016, 5:59am DRAFT

This article is protected by copyright. All rights reserved.



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY X-17

ICME arrived at STEREO A the spacecraft was in a negative polarity IMF, while just
after the ICME passage the spacecraft was in a positive polarity IMF.

Further detail can be glimpsed from Figure 6, which shows STEREO A data a few
days before and after (including) the ICME. Vertical lines demarcate the boundaries of
the ICMMescribed in Section 2). Prior to the ICME shock arrival, there is a steep
decrease increase in density, increase in (3, as well as a slow decrease in velocity
starting" af ~03:00 UT on 1 January 2012. During the same time, the suprathermal
electrons gwhmgit a change first from somewhat bi-directional to mostly uni-directional
flow opposjtegto the strahl, and then back again to a strong strahl component. We also
note that @on charge state distribution shows a change from an average value of 10
to an ave alue of 12 near 03:00 UT on January 1st (see Figure 3). An important
property GC charge states is that they remain virtually constant after the freeze-in
point (Nl@, and thus they represent different sources for the plasma close to the
Sun. WEAte all of these changes to the vicinity of an extended heliospheric plasma
sheet (i smim the HCS is embedded). All these changes come at the tail end of a high

speed streim following a corotating interaction region (CIR) on 28 December 2011. The

combinati signatures observed at the time before the ICME arrival, specifically the
very low | B nT), increase in density and in 3, suggest that the spacecraft encountered
the HPS. TS 1s further supported by the change in sign of Bg and the clear change in

e

the suprajal electron strahl direction from 180° to 0° during the ICME passage.
These obseer:'ons are directly in line with those by Winterhalter et al. [1994] of the

HPS, whi w that on average, the HCS is displaced from the center of the HPS in
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which it is embedded, as is the case here. Thus the measurements suggest that the ICME
encountered and overtook the HCS and part of the HPS before reaching STEREO A.
The linearly decreasing speed profile on January 1, has raised the possibility that this
feature might be a small ICME as opposed to the HPS, with the measured low magnetic
field maMbeing due to over-expansion. This is unlikely, given the near-zero magnetic
field Valu@glcrease in plasma density, and the increased plasma . We have also
checked'foE&sible CME candidates that could have resulted in an ICME prior to the 29
December , with only two meeting the direction criteria. As these two CMEs (both
launched o December) are much smaller and fainter than the 29 December CME and,
as they originate from 15°-20° from disk center, they are unlikely to have resulted in strong
and/or logting disturbances in the solar wind at 1 AU as measured by STEREO A.
Steady Esolar wind simulation results from the ENLIL model [Odstrcil, 2003] are
shown in @3 Ta-b for two different times: just after the ICME reached Mercury and
just beECME reached STEREO A. The simulations were run at the Community
Coordi deling Center for Carrington Rotation 2118, with the MAS coronal model
[Linker et gl., 1999; Mikic et al., 1999] and magnetogram data obtained from the Kitt Peak
observatonOJth figures show normalized solar wind density in the ecliptic plane as a
function of itude. The IMF polarity is indicated as red (positive) or blue (negative)
coloring 0T the circular border, and we note that the HCS is marked by the white line in the
figures. Tjulation results clearly show an HCS between Mercury and STEREO A,
confirming thegcenario gleaned from magnetic field data. They indicate the HCS having
iﬂy prior to the ICME arrival, while at STEREO A, the HCS arrives just

passed by

after the ICME. The simulations also reveal that the HCS is embedded in the HPS, as

DRAFT June 23, 2016, 5:59am DRAFT

This article is protected by copyright. All rights reserved.



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

WINSLOW ET AL.: DEVELOPMENT OF ICME COMPLEXITY X-19

seen by the region of high density plasma following the HCS in Figure 7a-b. Based on
these data and the simulations, we have a clearer picture of the sequence of events which
transformed a relatively straightforward ICME and flux rope at MESSENGER into a
highly disturbed one at STEREO A:

1. Thedjeaaedl: is ejected into positive polarity IMF and relatively undisturbed solar

wind. Q

2. At Mercury, the passage of the HPS/HSC is observed in the magnetic field data at
~5:00 UTgn ™Y December 2011, ~1.5 days prior to the ICME arrival, so the ICME does
not interam'th it yet. Therefore, MESSENGER observes a fairly undisturbed ICME
with a strﬁorward flux rope that has a latitudinal orientation close (within ~20°) to

that expected trom the GCS model of the CME soon after launch.

3. Durigopagation from Mercury to STEREO A, the ICME catches up to part of
the HPS. m«ﬂy that the turbulent region observed within the flux rope at STEREO A
is highly essed plasma from the HPS that was engulfed by the ICME. This complex
structu U (especially in light of the suprathermal electron data), compared with
the measwms at MESSENGER, suggests that extensive magnetic reconnection took
place bethe ICME and the HPS/HCS magnetic fields. The ICME likely overtook
the HCSjEior to reaching STEREO A. The complexity in the ICME composition at
STEREOIé that arose due to the ICME interacting with the HPS and HCS is further
evidencedge iron charge state data.

Similarly, jg® recent paper, Prise et al. [2015] observe an ICME overtaking and merging
with a (ghough in their case this occurs further out in the solar system, between

Mars” and Saturn’s orbits. For our event, the observations and simulations paint the
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picture of an ICME with a fairly simple initial structure that was made significantly more
complex due to interaction with existing disturbances in the solar wind. Our example

provides direct evidence for solar wind induced alteration of the magnetic topology within

ICMEs.

e

5. Discum-and Conclusions

In thig paper we present a case study of the evolution of a CME ejected from the Sun
on 29 Deéﬂb‘!r 2011 as it propagates from the Sun to Mercury and then to 1 AU. At
MESSEN@ magnetic field measurements present a fairly simple ICME structure with
ordered rrwic fields indicative of a MC. Despite the near-perfect longitudinal align-
ment between JIESSENGER and STEREO A during the time the CME propagates from
Mercury EU, STEREO A data indicate a significantly altered and more disturbed
ICME.

The three most striking features of this ICME are: 1) the significantly changed mag-
netic top etween MESSENGER and STEREO A (seen both in the magnetic field
measurements and from the flux rope fitting); 2) the enclosed turbulent region within the
center of &HCME observed at STEREO A but not at MESSENGER; and 3) the clear
variation QEREO A from counter-streaming to uni-directional suprathermal electron
flows in_ti%e turbulent region, implying variation between closed and open magnetic field
lines as ﬁhspz!cecraft travels through this reconnection region. These features illustrate
the increaamplexity in ICME structure during propagation from 0.42 AU at MES-
SENG%M AU at STEREO A due to strong interaction of the ICME with the solar

wind.
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Significant alteration of the magnetic topology requires reconnection to occur either
within the ICME or between the ICME and the IMF. Gosling et al. [1995] first discussed
how sustained 3-dimensional reconnection close to the Sun between different sheared or
skewed coronal loops can alter the flux rope topology and produce field lines within CMEs
that arcwsjsssdnd/or are connected to the outer heliosphere at both ends. Their Figure
6 exemplieral different magnetic topologies that can arise in CMEs that have
undergqueEmensional reconnection. In addition, based on observational evidence and
theoretica@iderations, Fermo et al. [2014] showed that any deviation from the lowest
energy sta a flux rope, the so-called Taylor state, will result in reconnection occurring
within the iterior of the flux rope.

The IC ent presented in this paper likely has undergone 3-dimensional reconnec-
tion, Specml interchange reconnection [e.g., Lugaz et al., 2011; Masson et al., 2013],
and thus MConnection did not occur within the ICME itself but with the magnetic
fields O‘ES/HCS in the solar wind. The short duration, multiple successions of
bi-direc d uni-directional suprathermal electron flows in the turbulent region are
indicativeif;he spacecraft traversing a succession of closed and open field lines within
this short pmmme frame. We infer that most likely the closed field lines of the ICME;, inter-
change rec ted with the open field lines of the HPS in transit between ~0.4 and ~1
AU, theﬁgning up some of the closed ICME field lines. Figure 8 shows a simplified

-t

cartoon e of the possible reconnection scenario between the flux rope and the HPS

field line. It iis been shown both through observations [e.g., Dasso et al., 2006, 2007;

Mostl et a 08; Ruffenach et al., 2012] and MHD simulations [e.g., Schmidt & Cargill,

2003; Taubenschuss et al., 2010] that reconnection between the front of a magnetic cloud
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and the IMF alters the flux rope topology and causes erosion of the ICME. Through a
large statistical study, Ruffenach et al. [2015] showed that MCs can be eroded at both the
front and rear ends in similar proportions, i.e., reconnection between the flux rope and
the IMF can occur at the front or the rear of the ICME.

The eMcussed in this paper, however, seems to differ from these scenarios in that
the recongion between the HPS and ICME lies at the center of the ME as opposed
to the fr‘oEthe rear. A possible explanation is that due to reconnection between the
front of thcg/lE and the HPS magnetic field, not only did the overall magnetic topology
of the fluxroge change, but part of the wind stream within the HPS became enveloped
by the exp@g ME. The turbulent region observed within the flux rope at STEREO A
appears t n inclusion of HPS plasma. A possible way that this could have occurred is
that the IE“engulfed” the HPS by expanding around it in latitude. Due to the higher
density of @PS in the ecliptic, the front central part of the ICME likely interacted with
the HPEiS where the reconnection occurred, but the flanks of the ICME may have
been de round the HPS in latitude and later expanded back to the ecliptic. This
scenario cﬂexplain the relative central appearance of the reconnected region within
the flux r nd the large change in overall flux rope orientation. We note that it is
possibleﬁ some extent the relative central appearance of the turbulent region within
the METS Caused by a limitation in the observations due to the large-scale 3-dimensional
nature of ME compared to the 1-dimensional nature of the spacecraft crossing.
However, som: amount of envelopment of HPS plasma by the ME is required by the

measuremn egardless of the crossing geometry. Further modeling work is necessary to
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test whether the expansion of the ME, especially in latitude, can account for the relative
central appearance of the reconnection region within the flux rope.

The idea that complexity in ICME structure increases with heliocentric distance due to
prolonged interaction with the solar wind has been studied in the past. For example, the
fact tha‘MC fraction at 1 AU displays a strong solar cycle dependence [Richardson
& Cane, th the highest MC fraction observed at solar minimum when the Sun is
most quTeEn indication that the MC fraction does reflect to some extent interaction
between 1 and other solar transients in the solar wind during transit [Richardson &
Cane, 2004). JL'hus the relative decrease in MC fraction with heliocentric distance can be
used as a proxy measure of increasing complexity in ICMEs.

Analyzibsmall subset of inner heliospheric observations by the Helios spacecraft
between 1ﬁnd 1981, Bothmer & Schwenn [1996] found that 7 out of 17 (41%) ICMEs
exhibited @haraeteris‘cics. Indirect evidence suggests that a large fraction of the 61
ICMEs d by Winslow et al. [2015] betweeen 2011 and 2014 at Mercury’s orbit
are MC gh an exact number cannot be determined due to the lack of solar wind
plasma OWtions with MESSENGER. At 1 AU, over the solar cycle, approximately
one-third Es show MC signatures [Gosling, 1990; Richardson & Cane, 2010]. Be-
yond Earth’s orbit, Rodriguez et al. [2004] using Ulysses observations between 1 and 5
AU foulﬁglt of 148 (27%) ICMEs to be MCs. Overall, this is a modest drop in MC

-t

fraction fn 0.3 to 5 AU and a slight indication of increased complexity, incorporating

studies of var::rr]g statistical significance and during different solar cycles. Studying the

evolution plexity in ICMEs with heliocentric distance requires multipoint in situ

magnetic field and or plasma data, making such studies difficult to attain in the past due
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to lack of adequate measurements. The recently completed MESSENGER mission and
the upcoming Solar Probe Plus and Solar Orbiter missions to the innermost heliosphere
in the next few years should help in this regard. Our paper provides a concrete example of
increased complexity in ICME structure from Mercury to 1 AU solely due to interaction
of the [Gajdsmillth an HCS and HPS in the solar wind.

This in complexity and large change in magnetic topology during propagation
has not-oily_igniﬁcant implications for ICME evolution in the solar wind but also for
geomagnetg rm forecasting. The magnetic field direction and duration in the ICME
largely detergaines the likelihood of geomagnetic storm onset. Our results show that
depending on the timing of ICME eruptions and the presence of corotating structures
in the sol:d, magnetic field measurements in the innermost heliosphere may not be
accurate iEdicting ICME magnetic field direction at the Earth. However, the timing
and locat@ HPS’ and HCS’ can be modeled fairly accurately due their corotating
nature E&l., 2015]. Thus geomagnetic storm forecasting based on in situ magnetic

field da am of the Earth may still be accurate at times when corotating structures
are not prfent in the ICME transit path from the Sun to 1 AU. These results also highlight
the need f@tatistical study to evaluate the frequency of significant alterations in flux

rope ori@ during propagation between the innermost heliosphere and 1 AU.
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Figure wifmmd’OR2 STEREO A (a) and B (b) white light images (at 19:08:15 on 29
Dec. 201@&1& overlay in green of the GCS wireframe. Figure credit: http://www.

affectg—ipf .eu/helcats-database.

O

Figure 2WSSENGER measurements of the ICME on 30-31 December 2011. The first
four panew magnetic field data in RTN coordinates. The last panel shows FIPS data
of the pro ux over the same time period. Vertical magenta lines denote the crossing
time of thg/lE shock, magnetic ejecta, and ICME end. The data gap corresponds to
MESSEN s passage through Mercury’s magnetosphere. For this event, the ICME

end was ma by a small discontinuity or reverse shock (not visible at this scale on the

figure).
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Figure 3. STEREO A magnetic field and plasma data of the ICME on 1-2 January
2012. From top to bottom: the magnetic field magnitude, the magnetic field vector
components in RTN coordinates, suprathermal electron pitch angle distributions, the
proton density, velocity, temperature, the plasma 3, and the 10-minute averaged iron
charg?k%é'distribution over the time period. Vertical magenta lines denote the crossing
time OFQC.ME shock, magnetic ejecta, and ICME end, while the black vertical lines
- —

denote she start and end of the turbulent region. The black dashed line indicates the time

of the l@ to bi-directional electron flows in the magnetic ejecta.

S

Figure 4. § STEREO A magnetic field and plasma data of the magnetic ejecta. From
top to c’n: the magnetic field magnitude, the magnetic field vector components in
RTN cogrdimates, suprathermal electron pitch angle distributions, the proton density,
Velocityﬂera’cure,aﬂd the plasma S. The vertical black lines denote the start and end

of the t ent region, while the black dashed line indicates the time of the return to

M

bi-directional electron flows in the ME.
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{

Crip

Figureb.

clr Manus

Figure 5{ Force-free field constant « fits to binned MESSENGER (a) and STEREO A

g

(b) magwimmld data. The fit results yielded left-handed flux ropes at both spacecraft,
with flux ropglparameters at MESSENGER of § = —12.3° + 0.4°, ¢ = 131° 4+ 1°, and
By = 5% nT and at STEREO A of = 66°+5°, ¢ = 197°+8°, and By = 12.3+0.5

nT.
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Figure 6. STEREO A magnetic field and plasma data a few days before and after the
ICME. The panels are the same as in Figure 4, and the labeling of the vertical lines are
the same as in Figure 3. The highlighted yellow region marks the beginning portion of

the heliospheric plasma sheet (HPS).

e

Figu£e7._Panels a-b: ENLIL-MAS model simulated steady-state solar wind conditions
for two&-n—— steps: a) at 18:00 UT on 30 December 2011, just after the ICME reached
MESS@R, and at b) 12:00 UT on 1 January 2012, just before the ICME reached
STERm a) Shows that the HPS/HCS had passed by Mercury prior to the ICME

arrival, whif b) shows that the HPS/HCS is about to reach STEREO A, very close to

the timc the ICME also arrived.

Fig Panels a-b: Cartoon depiction of possible reconnection between the ICME

Ma

flux nd HPS field lines. After reconnection, the ICME magnetic topology is altered

and some HPS plasma is now on ICME field lines.

Author

DRAFT June 23, 2016, 5:59am DRAFT

This article is protected by copyright. All rights reserved.



2015ja022307-f01-z-.eps

Auth

This article is protected by copyright. All rights reserved.



ICME Shock
ICME ME

ICME End

1

—

5 107k

E -

< 1011

>

T

:+|: 1010

] | ALk | ] ] ]
16:48 19:12 21:36 00:00 02:24 04:48 07:12
12/30/2011 12/31/2011
uT
|

2015ja022307-f02-z-.eps

This article is protected by copyright. All rights reserved.

09:36




Turbulent
Region

vl|rwv

m:ml”'unm lh @Nﬂn M‘“H
T ‘ Mn HM

01/01/2012

<

1oo

18:00

00:00  06:00 1200 18:00
01/02/2012
uT

2015ja022307-f03-z-.eps

This article is protected by copyright. All rights reserved.



(nT)

BTo'tal
QOO IO O1T UIO 01 © U1

B, B
ST ()

)

1 “J‘il

B AR MmAL

\“w I
PM%

e 105 l } : { {
WWNMMWM

| | | | |
MWW% | |

00:00 03:00 06:00 09:00 12:00
01/02/2012
uT
e 2015ja022307-f04-z-.eps

<

This article is protected by copyright. All rights reserved.

15:00

18:00




™ ’m.’ .
BO [ sseon*™"™ e st E
s MMM
20— =
ok -
21:00 22:30 00:00 01:30 03:.00 04:30 06:00 07:30 09:00
12/31/2011 UTC
60 E
3 o
= :‘ o* S0u00,

o —28 - ) ; - e =
—40FE =
-60E =

21:00 22:30 00:00 01:30 03:00 04:30 06:00 07:30 09:00
12/31/2011 UTC
60 E- ' ' '
40E°
. 205"

2] 0=
38
-60 o~

21:00 22:30 00:00 01:30 03:.00 04:30 06:00 07:30 09:00
12/31/2011 UTC

60 E 3

40E —=

Z 20 E_ :"0”” — =

o (O)=n * e x R e o=
~20 5 E
RO e =

21:00 22:30This@otRE is pdtE&Qed b I righbABOightOEgdved.07:30  09:00

Fit to MESSENGER data

12/31/2011 uTC

BTok:l

Fit to STEREO A data

E— 0 000000000 —E
= e 000000000000000, =
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00
01/02/2012 uTC
W* ,.,.»o““”“w
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00
01/02/2012 uTC
é_ N.“o ~ $004999,9004 0000004 00000¢ 0y E
g__“‘““‘“‘m“ “w,o,.o,w“wn :E
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00
01/02/2012 uTC
W‘ s AN * ®od * _E
E * *e ‘o‘ e goes oo 5 :

00:00 02:00
01/02/2012

04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00
UTC



ICME Shock

ICME ME
[Turbulent
Region
ICME End

HPS

100 h lj i § r ’ Wk (] LT

350 -
|
6x10° "[Iw'l '

=)
@
)
—
[
o
=
. 0
o 450
€
=3
>
3
'_

O s 1 | Ao 1 A A A kit s H ]
«w 10%) AN T ' ; i
Ll | | | | |
00:00 00:00 00:00 00:00 00:00 00:00 00:00
12/28/2011 12/29 12/30 12/31 01/01/2012 01/02 01/03 01/04
uT

2015ja022307-f06-z-.eps

This article is protected by copyright. All rights reserved.



a) 2011-12-30T18 b) 2012-01-01T12

Ecliptic Plane

IMF polarity IMF polarity
- I + - I +
Normalized Solar Wind Number Density Normalized Solar Wind Number Density
RZN (cm™d) [ T R? N (cm™?)
0O 10 20 30 40 50 60 70 80 90 100 0O 10 20 30 40 50 60 70 80 90 100

2015ja022307-f07-z-.eps

This article is protected by copyright. All rights reserved.



Before Magnetic Reconnection

2015ja022307-f08-z-.eps

This article is protected by copyright. All rights reserved.



