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Abstract Coronal mass ejections (CMEs) drive space weather throughout the heliosphere so knowledge of
their internal properties is key to understanding and eventually forecasting their effects. Typically observations
are limited to single-spacecraft encounters sampling one path that may or may not be representative of the
overall structure. Many catalogs exist listing the observed boundaries of a CME ejecta and any CME-driven
sheath. Often there are large differences in the reported boundaries across different catalogs. We introduce the
Living List of Attributes Measured in Any In sitt CME Encounter (LLAMAICE), which collects and collates
existing near-Earth catalogs into a new meta-catalog. We have added a new set of boundaries, building upon the
existing information that includes additional mixed regions containing mixed signatures of the pristine sheath
and ejecta core (EC). This first version of LLAMAICE covers February 1995 to December 2006, corresponding
to 1,516 entries for 396 unique CMEs. We use LLAMAICE to quantify the variation in mean sheath/ejecta
properties from using boundaries from different catalogs and/or data from using ACE versus Wind data. We also
reconstruct flux rope (FR) orientation for each set of bounds/spacecraft, which are well-known to be quite
sensitive. For both studies, the cross-catalog variations exceed the cross-spacecraft variations. The
reconstructed FR handedness agrees 77% of the time between spacecraft but only 47% across catalogs. The
orientations vary between spacecraft by 2.2°/3.4° in inclination/longitude but 4/10 times that between catalogs.

Plain Language Summary Coronal mass ejections (CMEs) are large eruptions in the solar
atmosphere that travel out into the solar system. When they hit a spacecraft we can measure their internal
properties, like magnetic field, velocity, temperature, and density, which are important to understanding their
space weather effects. Many catalogs exist listing the observed boundaries of CMEs, but quite often they do not
agree with one another. Understanding these events is hard because it is difficult to interpret what a spacecraft
observes during a single pass through such a large, complicated object. We have made a new catalog combining
the results of existing catalogs, facilitating comparison of all the existing information. We add our own set of
boundaries that builds upon the existing catalogs but allows for uncertain regions with a mixture of signatures.
We use this meta-catalog to understand how sensitive derived results are to the chosen CME boundaries. First,
we look at how the average CME properties vary across different catalogs. Second, we use a common method to
reconstruct the CME orientation from the observations. This technique is known to be sensitive to the
boundaries and we are able to better quantify the uncertainty in the reconstruction.

1. Introduction

Coronal mass ejections (CMESs), large explosions of material propagating outward from the Sun, drive the most
significant space weather effects at Earth and throughout the solar system. Understanding the physics behind their
eruption and evolution is important for fundamental physics research and predicting their effects is critical for
space weather predictions. Building this knowledge depends on interpreting projected remote images combined
with limited single-pass in situ spacecraft observations, and often accounting for an observational gap between the
two. Given these limitations, researchers often do not reach a consensus on the interpretation of the in situ sig-
natures of a CME and any CME-driven shock.

While singular, historical events have recorded CME observations as early as the 1860s (e.g., Eddy, 1974),
consistent scientific observations began a century later. The Interplanetary Monitoring Platform (IMP) series of
spacecraft, launched between 1963 and 1973, provided some of the earliest continuous near-Earth in situ ob-
servations. These in situ observations not only provided insights into the continuous solar wind (SW) but also the
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transient CME events. More recently the Wind (Ogilvie & Desch, 1997) and Advanced Composition Explorer
(ACE,; Stone et al., 1998) spacecraft, both at the first Lagrange point (L1) roughly 0.01 au upstream of Earth, have
provided three decades of largely-continuous in situ measurements. The launch of the twin Solar Terrestrial
Relations Observatory (STEREO; Kaiser et al., 2008) provided an opportunity for near-1 au in situ measurements
at longitudes away from the Earth, but also potential simultaneous measurements of the same CME from spatially
separated spacecraft (e.g., Lugaz et al., 2024; Mulligan et al., 2013).

The earliest semi-routine remote observations of CMEs in the white-light corona started in the 1970s with the
Orbiting Solar Observatory 7 (OSO-7) and Skylab, slightly later than the routine in situ measurements. Similar in
timing to ACE and Wind for in situ observations, the Solar and Heliospheric Observatory (SOHO; Domingo
et al., 1995) began routine observations in 1995 and has been a critical asset for remote CME observations ever
since. The STEREO spacecraft presented an opportunity for multiple remote perspectives of the same event
(e.g., Colaninno & Vourlidas, 2015), allowing for the development of numerous stereoscopic reconstruction
techniques (e.g., Millward et al., 2013; Thernisien et al., 2009).

Continuous remote and in situ observations enabled a better understanding between the white light CME
structures and their interplanetary counterparts. A simplified picture developed with the bright leading edge and
dark cavity seen in white light remote images corresponding to a pile up of coronal plasma and the magnetically-
dominated erupting flux rope (FR), which matches the density enhancement and magnetic structure often seen in
in situ measurements (Schwenn, 2006, and references within). In some instances a shock can be observed ahead of
the bright leading edge of the CME (e.g., Vourlidas et al., 2003) and the corresponding shock signatures are not
uncommon in 1 au observations.

While this simplified picture is a useful model for the general physical processes at play, many additional effects
take place during a CME's propagation that can alter the resulting in situ profiles. CMEs can deform or pancake
(e.g., Davies et al., 2021; Savani et al., 2011), deflect (e.g., Kay et al., 2015; Wang et al., 2004), and erode
(e.g., Dassoetal.,2007; Ruffenach et al., 2015) in addition to interacting with other CMEs (e.g., Lugazetal., 2017;
Scolini et al., 2020) or high speed streams (HSSs) (e.g., Palmerio et al., 2022; Webb & Howard, 2012). In situ CME
catalogs often classify events based on how well their profiles fit an idealized structure. In particular, L. Burlaga
etal. (1981) and Klein and Burlaga (1982) defined a magnetic cloud (MC) as aregion with properties representative
of the idealized structure of a magnetic FR. This includes an enhanced magnetic field strength (B), smooth rotation
in the B vector, linearly decreasing plasma speed profile, as well as a decrease in temperature (T) and plasma beta
(). Other common signatures include bidirectional electrons (BDEs; Gosling et al., 1990) and composition/charge
state variations (e.g., Aguilar-Rodriguez et al., 2006; Lynch et al., 2003). For further information on in situ CME
signatures see reviews by Zurbuchen and Richardson (2006) and Kilpua et al. (2017).

Often observations do not include an idealized MC so various terms are used to refer to the FR-like magnetic
portion, which is typically separated from the sheath of piled-up material preceding it. These terms include
magnetic obstacle, (complex) ejecta, shock driver, piston, and magnetic blob. The term interplanetary CME
(ICME) is also used, but sometimes this definition also includes the sheath region. One must be cautious when
comparing across different catalogs to match different terminology for the same region. In this paper we will refer
to this region as the ejecta core (EC) for simplicity, regardless of whether the in situ signatures exhibit all, some, or
barely any of the expected idealized MC/FR behavior.

Many theoretical models exist to produce the enhanced, smoothly rotating magnetic signatures of an idealized FR.
While the precise equations differ between models, they are all constrained by a set of parameters defining the
orientation and FR properties. For observed events, one can combine the in situ profile with minimization
techniques to infer the optimal input parameters (Hu & Sonnerup, 2002; Lepping et al., 1990; Sonnerup &
Cahill, 1967). This methodology has been extensively used to reconstruct the in situ orientation of observed
events and compare to the orientation expected from remote images (Al-Haddad et al., 2013; Mostl et al., 2009).
Quite often these two orientations are not in agreement, suggesting either significant interplanetary evolution or
large uncertainties in at least one of the reconstructions (Al-Haddad et al., 2018; Palmerio et al., 2018). This may
be partially due to the expectation for real-world CMEs to match oversimplified global-scale cartoons when they
likely exhibit significant local variations (Al-Haddad & Lugaz, 2025; Owens et al., 2017), where even small
longitudinal separations between spacecraft have been found to result in significantly different event observations
and properties (e.g., Davies et al., 2020; Palmerio et al., 2024; Regnault et al., 2024). However, in situ
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reconstructions have also been found to vary significantly for small changes in the precise boundaries used for
reconstructions (Al-Haddad et al., 2019; Lynch et al., 2022; Riley et al., 2004). Further analysis is needed to
determine the extent to which single-pass in situ reconstructions can be used to describe the large-scale
configuration of CMEs.

A large number of catalogs exist for both remote CME reconstructions and CME boundaries from in situ ob-
servations. Kay and Palmerio (2024) established the Living List of Attributes Measured in Any Coronal
Reconstruction (LLAMACoRe), combining remote CME catalogs into a single meta-catalog with entries collated
for each real-world event. LLAMACoRe was meant to be the first component of a larger LLAMAVERSE (Living
List of Attributes Measured in Any Verified External Resource for Solar Events), a repository where all the
existing but isolated data sets can be combined.

This work further builds the LLAMAVERSE with the Living List of Attributes Measured in Any In situ CME
Encounter (LLAMAICE) using the existing catalogs of in situ CME boundaries near 1 au. In this work, we focus
on near-Earth CME detections by Wind and ACE over the range 1996-2006—that is, approximately from the
launch of Wind until the launch of STEREO. Ultimately we intend for it to include all events observed near-Earth,
but begin with this first set and will expand it in future work. In Section 2 we describe the individual source
catalogs used to build LLAMAICE, how we combined them and created a new set of boundaries, and provide a
general overview of the results. Sections 3 and 4 use LLAMAICE to illustrate how sensitive average CME
properties and reconstructed orientations are to the chosen boundaries and spacecraft.

2. LLAMAICE

We set to compile all the existing near-Earth in situ CME boundary catalogs into a single meta-catalog. We first
introduce the source catalogs before discussing the collation of events and LLAMAICE boundaries. We note that
we have both a LLAMAICE catalog and LLAMAICE boundaries. The catalog refers to the collated collection of
all the existing catalog boundaries. The boundaries refer to a new set of boundaries generated by this team based
upon the existing catalog information as well as the in situ observations themselves.

2.1. Individual Source Catalogs

We list the existing sources used to build the LLAMAICE catalog. The text in bold represents the shorthand name
we will use for that catalog throughout this work, followed by a brief description of the boundaries each catalog
includes and any criteria provided by the authors for selecting those boundaries.

1. CDAW—The Coordinated Data Analysis Group (CDAW) held a series of meetings, including one dedicated to
FR observations. They established a catalog of boundaries of shock-driving CMEs from solar cycle 23,
selecting from the events within Gopalswamy et al. (2010) those with source region within 15° of the central
meridian (as seen from Earth). They report a shock time and an “ICME” start and end. The ICME boundaries
are set to the region of “proton temperature depression” following the shock. The list can be found at https://
cdaw.gsfc.nasa.gov/meetings/2010_fluxrope/LWS_CDAW2010_ICMEtbl.html

2. DREAMS (Chi et al., 2016)—The Data REseArch and More in Space physics (DREAMS) catalog includes in
situ events observed by Wind during 1995-2015. Each entry includes a shock time (when appropriate) and an
“ejecta” start and end. They consider six different criteria (enhanced B, smoothing rotating B components,
declining solar wind speed profile, low proton T, low plasma f, and BDEs). Events are classified as an ICME if
three or more criteria are satisfied. The catalog can be found at https://space.ustc.edu.cn/dreams/wind_icmes/i
ndex.php.

3. Jian (Jian et al., 2006)—This catalog collects events between 1995 and 2004 and reports an event start and the
start and end of a “magnetic obstacle” (MO). The event start corresponds to the “outer distinct plasma and
magnetic field discontinuities” and will correspond to either a shock, a pile up in front of the ejecta, or
potentially the ejecta itself if there is no sheath. We assume the presence of a sheath when the event start occurs
before the MO start. Both Wind and ACE measurements are considered but boundaries are reported using the
Wind timing whenever possible. Jian et al. (2006) visually identify events using the “total perpendicular
pressure” as well more traditional plasma signatures (low proton T, enhanced B, smooth B component rotation,
enhanced helium abundance, BDEs).

4. Lepping (Lepping et al., 2006, 2020)—This catalog represents a set of papers identifying MCs in Wind ob-
servations and fitting their profiles with a static, force free, cylindrically-symmetric, Lundquist FR model. The
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catalog does not include a shock time. The primary factors in determining the flux rope boundaries are the
proton f, proton T, average speed and speed profile, B intensity and orientation, and in some cases the results
of the FR fitting procedure.

5. RC (Richardson & Cane, 2010, 2024)—This catalog is a regularly-updated list of CMEs primarily observed by
ACE but also referring to IMP8, Wind and OMNI as needed during data gaps. It includes a “disturbance” time
and an “ICME” start and stop time. The disturbance time corresponds to the onset of geomagnetic storm
commencement, often corresponding to the CME-driven shock impacting the Earth, which will occur shortly
after it passes ACE at L1. The ICME times are rounded to the nearest hour. This catalog includes columns for
MC start and stop times as taken from either Huttunen et al. (2005) or the Lepping catalog. Only a small
portion of the RC entries include MC values, and many of these are duplicates of the Lepping list so we do not
use these MC times in this study. We infer the presence of a sheath for the RC events when the disturbance time
is earlier than the ICME start time. Richardson and Cane (2024) provide the details of their identification
algorithm with regions initially identified by a low proton T (as compared with the expected temperature based
on the speed), then further investigating the intensity, smoothness, and rotation of B, any associated shocks,
energetic particle measurements, compositional/charge state measurements, and BDEs. Not all signatures are
required for an event to be included in the RC catalog but the authors do indicate whether each event contains
the signatures of a FR.

6. Wind (Nieves-Chinchilla et al., 2018)—The Wind ICME catalog is another continually-updated list based on
Wind observations. It includes an “ICME” start time, a “MO” start time, and a “ICME/MO” end time for each
event. We set the ICME time as a sheath/shock time when it differs from the MO time. The MOs were selected
for “clear signatures of an organized magnetic structure” in order to facilitate FR reconstructions.

The source catalogs contain CME boundaries based upon in situ observations from either Wind or ACE. Both
spacecraft are near Earth so the timing of observed features is typically similar, but not precisely the same. This is
particularly true before mid 2004 (i.e., most of our sample) when Wind underwent 67 petal orbits sampling the
magnetosphere and several Lissajous orbits before settling into an orbit around L1 (see the orbital trajectory in
Figure 1 of Wilson et al., 2021). At its maximum displacement from ACE, roughly 500 earth radii when at L2, an
average CME of speed 500 km s~! transient structure would have a time lag of 1.8 hr between the spacecraft. At
L1, Wind's orbit still has a larger displacement than ACE, but Ridisser et al. (2025) show that this causes an
average timing difference of only 6.5 min between arrivals at Wind versus other L1 spacecraft.

We note that the LLAMAICE event visualizations also include information from two HSS catalogs (Grandin
et al., 2019; Xystouris et al., 2014). We have not analyzed these HSS results in any fashion, we merely show the
regions that they have identified as HSS for comparison since the catalogs were readily available and may help
interpret the in situ signatures.

2.2. LLAMAICE Catalog and Bounds

After collecting the individual catalogs, the first step is to determine which entries correspond to the same real-
world events. Matching entries tend to be straightforward for isolated, clear events. However, CMEs often
interact with other CMEs or HSSs before arriving at 1 au, leading to complex in situ signatures. Often at 1 au one
can disentangle various features corresponding to different physical structures before the streams fully merge at
greater distances (e.g., L. F. Burlaga et al., 1986). We will refer to interacting events as complex systems (CSs),
which can be thought of as the progenitors of the largely-merged compound streams observed at farther distances.
Decomposing these CSs can be ambiguous, introducing complications with some catalogs treating them as single
entries and others breaking them into multiple entries.

We make an initial pass at grouping events using their start times and durations. We then visually inspect the
events boundaries overlaid on Wind/ACE data and reassign source catalog events as necessary. This creates a
“master list” of LLAMAICE event IDs. During this process we tend to favor identifying long events as a CS and
only split them apart with separate LLAMAICE IDs if there is an unambiguous separation between adjacent
CMEs. The team confers on these decisions and attempts to remain consistent across events, but it is still a
subjective process. Tending toward CS-labeled events means there are many in situ events with a single LLA-
MAICE ID but multiple sets of boundaries from an individual source catalog.

LLAMACORe, the first component of the LLAMAVERSE in which LLAMAICE also resides, combined
properties from remote reconstruction of CMEs from different source catalogs to get overall values, such as the
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average latitude or angular width. While we could also mathematically average the boundary times, the plasma
profile at this new time will typically no longer exhibit the specific features expected at a shock/FR boundary. As
such, the team inspects each LLAMAICE case and the existing boundaries and comes to a consensus on what they
believe to be a new “optimal” set based on the in situ plasma and magnetic field observations. Much like the other
catalogs without boundaries defined by quantifiable algorithms, these are still subjective values, which we
comment upon further in the discussion. The team tends to use boundaries from existing catalogs as much as
possible but will pick a completely new time as needed. This project provides a comprehensive overview for a
large number of events, not detailed studies of single cases, so we do not make any micro-adjustments to existing
boundaries on the scale of a few minutes. We note that we set all our new boundaries to the timing of Wind
observations as more of the source catalogs report Wind times than ACE, but switch to ACE as needed during data
gaps. This means that the reported times may differ by a few hours from the arrivals at L1 due to Wind's ex-
cursions before mid 2004. We use Wind Solar Wind Experiment (SWE, Ogilvie et al., 1995) and Magnetic Field
Investigation (MFI, Lepping et al., 1995) and ACE Solar Wind Electron Proton Alpha Monitor (SWEPAM,
McComas et al., 1998) and Magnetometer (MAG, Smith & Ness, 2022) data to examine the magnetic field in-
tensity (B), vector, and angular direction, as well as the proton speed (v), temperature (T), number density (n), and
plasma . We did not consider energetic particles, composition, or BDEs.

We explicitly define the regions we will assign as we believe discrepancies in definitions can explain some of the
difference between the boundaries in different catalogs. It is not to say that one particular set of boundaries,
including ours, is the “correct” one, just that one should be cautious when comparing across catalogs or selecting a
catalog for a specific purpose. We define our regions based upon the plasma and magnetic field in situ signatures
and a very generic, idealized picture of a CME, such as the canonical cartoon of Zurbuchen and Richard-
son (2006). The ejecta can be pictured as curved tube of twisted magnetic field lines, turbulent ambient SW is
swept up ahead of it into a sheath or pile-up region, and potentially a CME driven shock at the front of the sheath.

To identify a sheath region, the team looked for a shock/discontinuity across all plasma parameters followed by a
turbulent region of enhanced B, n, and T. We also include a sheath region when an event is missing many of the
other signatures but does have an obvious enhancement in n ahead of the ejecta and flag these as a pile-up. Many
of the front sheath boundaries are proper shocks but others are weaker discontinuities or simply the start of a pile-
up region (see, e.g., Salman et al., 2020). Rigorous identification of shocks would be a useful addition to the
LLAMAICE catalog but is beyond our current scope. Future revisions to LLAMAICE will incorporate existing
shock catalogs, of which numerous are available, such as the Harvard—Smithsonian Center for Astrophysics
Interplanetary Shock Database https://lweb.cfa.harvard.edu/shocks/ or the Database of Heliospheric Shock
Waves maintained at University of Helsinki https://ipshocks.helsinki.fi/database.

Many people treat the ejecta as a magnetic FR, which would imply a specific set of characteristics for the cor-
responding in situ observations. These signatures, however, are often not present in the in situ observations.
Whether this is due to observational effects (i.e., glancing blows), aging effects, or a misunderstanding of the
CME structure itself is of open debate. To avoid existing terminology with precise definitions, such as FR or MC,
we will refer to this portion of the in situ signature as the ejecta core (EC). This is the region that exhibits the most
FR-like or MC-like characteristics and should correspond to the twisted magnetic field portion of an idealized
CME cartoon, regardless of how non-idealized it appears in a real world event.

To identify a EC region, the team looked for relatively smooth rotation in an enhanced B, a smoothly varying v
profile (though not necessarily decreasing), as well as low T and f (relative to the sheath or surrounding ambient
SW). For cases with a sheath region, we look for a decrease in n relative to the sheath values (but not comparing to
the ambient SW). These are the traditional signatures of a FR or MC, but we are not requiring all to be present,
simply looking for evidence that this is the main core of the ejecta that we can separate from the ambient SW and
any sheath.

Some catalogs, such the RC catalog, include boundaries for both an ICME and a smaller MC within the event.
Other catalogs report just a MC, or just an ICME. The distinction between MC/ICME is often made using
different signatures, such as compositional/charge state versus magnetic and plasma observations. We focus only
on plasma/magnetic field, but find even with only these parameters there are regions within an event that do not
fall into our main categories of sheath, EC, or ambient SW. These regions occur between the sheath and EC or
between the EC and trailing ambient field and display a mixture of signatures from the adjacent regions. We refer
to these as mixed regions (M1/M2 for the front/back), but emphasize that this only implies a mixing of
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observational signatures, not necessarily an actual mixing of plasma due to reconnection effects. These are dy-
namic, propagating structures with regions that evolve for a variety of regions including draping of magnetic field,
compression, and reconnection at the boundaries (see, e.g., Kilpua et al., 2013). In many cases, the difference
between our EC and mixed regions may be analogous to that of others MC and ICME, but we have not explicitly
investigated this for this work. In other cases, these mixed regions correspond to the back portion of an EC that has
been altered by the shock of a closely trailing CME.

To identify a mixed region, the team looked for signatures representative of both the sheath and EC (M1) or the
EC and ambient SW (M2). For M1 this often means the appearance of rotation in B and/or a decrease in T/f while
remaining fairly turbulent. For M2 there is often a discontinuity across multiple parameters and increased tur-
bulence, but the rotation in B and < 1 continue for some time before becoming indistinguishable from the
ambient SW. We will also use M2 to indicate when the shock from a trailing event clearly disturbs the back
portion of the preceding EC, a different form of mixed observations signatures. While including the mixed
boundaries helps to more accurately describe the regions within an event, setting precise bounds between mixed
and pristine regions is often highly subjective.

LLAMAICE boundaries include up to five boundaries corresponding to four different regions (sheath, M1, EC,
M2). We only add LLAMAICE boundaries for events with an identifiable EC region, so our new boundaries have
at a minimum an EC start and end time. We will not add boundaries for just a sheath or mixed region encounter,
which may differ from the approaches of the source catalogs. The LLAMAICE catalog contains numerous events
that exists in one or more source catalog but do not have new LLAMAICE boundaries, either because the team
feels it is a ICME encounter that does not sample the EC, the plasma and magnetic field signatures are sufficiently
weak such that the team cannot confidently add boundaries, or the team feels the signatures correspond to some
other transitory structure (implying a disagreement with that source catalog). We note that team tends toward the
conservative side when including the new boundaries, preferring to mistakenly omit a weak case as opposed to
erroneously labeling ambient SW or a HSS as an event. Of the 94 cases where the team did not provide new
boundaries, 55 of them correspond to events that appear in only one other catalog and 28 appear in only two. We
include all source catalogs and any new boundaries in the LLAMAICE catalog so that a user can form their own
opinion.

2.3. LLAMAICE Visualizations and Sub-Catalogs

Figure 1 shows an example event from the LLAMAICE catalog. All events are accompanied by a figure in this
format, and we have created a Python tool to show this information in an interactive window, which we describe
in Supporting Information S1. The LLAMAICE catalog includes both an integer ID and a date ID (YYYY-MM-
DD-HHMM), corresponding to the earliest LLAMAICE boundary time. Events without LLAMAICE boundaries
are identified by the earliest time in a source catalog. The integer IDs may change in the future as this is a living
list, so we encourage use of the date IDs, or to include the LLAMAICE version number with an integer ID. The
example in Figure 1 shows event 236 or 2001-08-17T1103. The panels show, from top to bottom, B, B,, B,, and
B, in Geocentric Solar Ecliptic (GSE) coordinates, the corresponding latitude (6) and longitude (¢) angle of the
GSE B vector, v, T, n, and . Wind observations are shown in black and ACE in gray. We note that for ¢ we do not
connect adjacent points on opposite sides on the 0°/360° circular boundary if they are both within 45° of the
boundary.

The source catalog boundaries are shown as vertical, dashed lines with a legend on the right side showing the
color associations. We note that there are instances when the catalog boundaries overlap and cannot be distin-
guished in the figure. This is true for the example shown and numerous events in the LLAMAICE data set. There
is no way to visually separate these overlapping bounds without resorting to a variety of line widths and styles that
unnecessarily complicate the figure. We note that the Python tool does print text listing all the boundaries, which
clearly displays the overlapping times. The LLAMAICE regions are shaded in red, yellow, and blue corre-
sponding to sheath, mixed, and EC, respectively. The top bar above the panels shows the extent of any HSS from
those source catalogs as labeled in the legend. We note that these HSS regions are labeled according to their
source catalogs with no judgment of their quality from the LLAMAICE team. A LLAMA-style analysis of HSS
catalogs would be a worthwhile endeavor. The bottom text shows comments from the LLAMAICE team. Each
comment starts with a code indicating the team's confidence in the event being a CME and not some other
transient structure. The options are yes (Y), probably yes (PY), maybe (M), and probably not (PN). This is
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Figure 1. Example of the standard LLAMAICE visualization. The panels show B, B,, B, B, in GSE coordinates, 8, ¢, v, T, n,
and f from top to bottom. Each panel includes both Wind (black) and ACE (gray) data. The vertical dashed lines show
boundaries from the source catalogs, colored according to the legend on the right side. The shaded regions show the bounds
determined by the LLAMAICE team, also explained in the legend. The yellow bar at the top represents the times identified as an
HSS according to an external catalog. The four bars with endcaps show how the LLAMAICE mixed regions are incorporated
into either the sheath (dashed) or EC (solid) region when we compare the LLAMAICE variants with the source catalogs. The
bottom of the figure includes comments from the team about the event.

followed by any additional flag codes, which can be complex system (CS), pile-up (PU), small FR in sheath
(SFRIS), driverless shock (DLS), shock in ejecta (SIE), and shock in the previous CME (SIP). Not all events will
include a flag code and some may have multiple. Following these codes are any comments from the team
explaining their decisions or general uncertainties.

We show 2001-08-17T1103 as an arbitrary but fairly clean event that exhibits all four regions. The shock creates
an obvious jump in B, v, T, and n and we find that all source catalogs are in relative agreement for this boundary.
The source catalogs show a larger spread for both the EC start and end. The RC catalog EC front aligns with the
rotational discontinuity in B seen at ACE, the Jian and Wind front aligns with the start of an extended f < 1 region
and less turbulent B, and the DREAMS catalog falls just slightly later when B becomes the most smooth. We
interpret this event with M1 starting near the RC boundary (but shifted to Wind data) and ending at the Jian/Wind
boundary since the plasma parameters are still enhanced and turbulent but B is beginning to rotate. For the EC end
boundary, DREAMS aligns with the return to # > 1 in the Wind data, Jian/Wind vary slightly from one another
but align with the drop in B and T to ambient-like values. The RC includes almost an extra day compared to the
other catalogs. We interpret this region as potentially a weak glancing encounter, possibly of a leg. RC include this
region because they consider additional parameters such as the charge state, BDEs, and a lower than expected
temperature. We assign the LLAMAICE EC end to the DREAMS boundary and add M2 until the Wind boundary
since it retains some FR properties but is more turbulent. The comment at the bottom of the figure acknowledges
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Table 1 that the region between our M2 and the RC end could potentially be an
List of the Individual Catalogs Within LLAMAICE extension of this event, but the team was not confident enough to incorporate
Name Time range nEvents Sheath M1 EC M2 itiinto our bounds.
1 CDAW 01/1997-08/2006 59 X X — This example highlights the importance of a meta-catalog such as LLA-
2 DREAMS 02/1995-12/2015 293 x _ x _ MAI'CE. The team has made an effort to .glve a best set of .bouncliarles,
building upon the knowledge that already exists, but these are still subject to
3 Jian 01/2007-12/2011 229 X — X — . . . . . . .
our interpretations. By including multiple interpretations together one can
4 Lepping 02/1995-12/2015 105 - — X — better understand which boundaries are well-known (the shock in this case)
5 RC 05/1996—present 309 X - X — and which are more uncertain (all other bounds). We encourage any LLA-
6 Wind 02/1997-present 219 X — X — MAICE users to consider all sets of boundaries before making their own
7 LLAMAICEA 02/1995-12/2006 302 X X X Xx  interpretations.
8 LLAMAICEB 02/1995-12/2006 140 X X X —  The set of four dashed + solid bars with endcaps has been added just for
9 LLAMAICEC 02/1995-12/2006 137 X — X X Figure 1 and is not part of the standard LLAMAICE visualization. In this
10 LLAMAICED 02/1995-12/2006 80 X X — work, we want to compare LLAMAICE boundaries to those in the source

catalogs, but LLAMAICE is the only set with mixed regions. We define four
subsets of LLAMAICE labeled A-D, which represent different ways of incorporating the mixed regions into the
more limited sheath and FR regime. The bars show which regions are considered sheath (dashed) and EC (solid)
when we compare that option to the source catalogs. Option A represents the most pristine FR-like version where
we do not include any mixed regions to the EC region. For A, M1 becomes part of the sheath and M2 is dropped.
Option B adds M2 to the EC but keeps M1 as part of the sheath. Conversely, option C adds M1 to the EC but
excludes M2. Option D represents the most generous interpretation with both M1 and M2 included with EC. All
sets of LLAMAICE boundaries will have an A option but may or may not have B—D depending on the presence of
M1/M2.

We note that the LLAMAICE visualization will show any previous CMEs (ones that occurred shortly before) or
trailing CMEs (ones that occurred shortly after), as appropriate. These will be shown in the same format as the
event of interest but the regions will be shaded with lower opacity, all catalog boundaries shown in gray, and a flag
added in the legend. We also point out that if using the interactive Python window one can click within a panel and
get the corresponding time stamp and y-value for that point.

2.4. Catalog Overview

This first LLAMAICE catalog release (v1.0), covering February 1995 through December 2006, contains 1,516
sets of boundaries for 396 events across seven different catalogs (including the LLAMAICE boundaries). If we
include the B-D options for LLAMAICE boundaries, the total increases to 1,873 sets of boundaries. Table 1 lists
the full time range of each catalog, the number of events included within LLAMAICE v1.0, and the boundaries
included for each source catalog. We also include the LLAMAICE A-D options.

Figure 2 shows a visual overview of the complete meta-catalog. Each panel corresponds to a different year
(labeled on the y-axis) and each line represents the full extent of an event with different colors representing
different catalogs. The catalogs appear in the same order from top to bottom in a panel starting with CDAW
(orange) then DREAMS (pink), Jian (maroon), Lepping (yellow), RC (blue), Wind (red), and LLAMAICE
(black). Multiple events in quick succession can appear as a long continuous line. Solar cycle variations are
evident in Figure 2. The maximum of Solar Cycle 23 occurred around 2000-2001 and Figure 2 shows an increase
in in situ detections during maximum and the adjacent late-rising and early-declining phases.

3. General Properties

Since we have over 300 events with multiple sets of boundaries, we use LLAMAICE to illustrate how sensitive
commonly calculated quantities are to the specific boundaries that are used. In this section we explore the effects
on the average plasma properties within the different regions. We seek to compare results between ACE and Wind
for every set of catalog boundaries, however, some of Wind's excursions cause it to sample the magnetosphere
and both spacecraft experience significant data gaps at various times. Through visual inspection we remove the
cases where the Wind B is enhanced (30-100+ nT) and well beyond what is seen at ACE or when there are data
gaps of more than a few hours in either set of observations. This leaves us with 297 events with average magnetic
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Figure 2. Timeline showing the distribution of events for both the source catalogs and LLAMAICE. Each color represents a
different catalog and the lines extend over the full duration of the boundaries (sheath + EC and mixed for LLAMAICE).
field values and 277 with plasma values for the EC region. Not all events have a sheath so we find 239 and 223
events with magnetic and plasma sheath averages.
We acknowledge that to some extent this is an “apples and oranges” comparison, such as using boundaries that
may have been based upon Wind with ACE data, or comparing a catalog that selectively isolates pure FR structure
versus a more inclusive ICME catalog. This is intentional as such comparisons occur in the field when one does
not carefully compare the methodology of different sources. By performing these comparisons over a large data
set we aim to quantify the variance one may expect between values reported for different analyses of the same
event. We first compare the differences from using different spacecraft, knowing that only one of the two
spacecraft is appropriate for each reported set of boundaries. We then compare the effects of boundaries from
different source catalogs.
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Figure 3. Scaled probability distribution functions (PDFs) for the average properties in the sheath (left) and EC (right) using
either Wind (black) or ACE (gray) data. All panels have been normalized such that the overall maximum (from either Wind
or ACE) is set to 1.
3.1. ACE/Wind Comparison
For each set of boundaries, we determine the mean values of B, By, B, B, v, log T, n, and log $ within the sheath
and EC regions using both ACE and Wind 5-min resolution observations. We collect all the values across all
catalogs and determine the probability distribution functions (PDFs) for the sheath/EC for each spacecraft. We
use a skew normal distribution since many of the parameters exhibit asymmetric profiles. Figure 3 shows scaled
versions of these PDFs (ScPDFs) where we have normalized each PDF. We determine the maximum value in the
PDFs across all profiles within a panel. This maximum value is then used to normalize all profiles within a panel,
which puts all panels on the same y-range but keeps the relative distributions the same within a panel. The left
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Table 2
ACE/Wind Comparison Metrics

Sheath EC

Parameter MWUp MAE r RZA2W R?A2W MWUp MAE r RZ A2W  R?> A2W

B, (nT) 0.805 0.90 0.878 0.761 0.748 0.836 046  0.978 0.956 0.953
B, (nT) 0.865 0.96  0.959 0.914 0.905 0.799 042  0.983 0.965 0.964
B, (nT) 0.697 1.03  0.873 0.754 0.737 0.924 0.46  0.976 0.952 0.949
B (nT) 0.802 0.66  0.969 0.938 0.936 0.982 036 0975 0.951 0.948
v (km/s) 0.885 11.17  0.942 0.876 0.888 0.859 5.31 0.997 0.993 0.994
log T (K) 0.046 0.12 0913 0.728 0.784 0.649 0.08 0.945 0.870 0.889
n (cm~?) 0.874 2.18  0.895 0.766 0.798 0.539 126  0.890 0.764 0.783
log p 0.014 1.27  0.357 —2.561 0.046 0.313 0.44  0.574 —0.246 0.287

column shows ScPDFs for the sheath region and the right column the EC, with Wind results in black and ACE
results in gray. Each panel is labeled with the parameter and its units.

The ScPDFs are quite similar between ACE and Wind for most panels. In addition to the spacecraft not being co-
located, these differences result from variations between the individual instruments and how the raw data is
processed (e.g., taking moments, fitting Maxwellians) to derive the physical parameters. The strong similarities in
Figure 3 show that, on the scale of about 250 events, any effects from the small differences in spacecraft location
are largely washed out by both spacecraft sampling from the same distribution of possible sheath/EC properties.

The most significant differences are: (a) a shift in the most probable ACE T to higher values but countered by a
weaker tail at the highest values, (b) a broader distribution of densities seen by ACE for both the sheath and EC,
and (c) a slightly narrower distribution in the sheath f observed by ACE, accompanied by a slight shift to a lower
most probable value. In applying all sets of boundaries to both sets of observations, we are more likely to
introduce a misalignment with the ACE data since more source catalogs are Wind-based. This could explain why
the sheath has more low density cases for ACE than Wind if the ACE sheaths are more likely to values repre-
sentative of the EC or ambient SW due to the misalignment. This reasoning, however, would also imply a shift in
the ACE temperatures to lower values if it is less likely to contain pure, hot sheath. We observe the opposite,
which may suggest a instrumental or processing effect, though we note there is only a minor shift to higher T in
the EC.

We support our qualitative comparison between ACE and Wind with more rigorous metrics. Often a r-test is used
to compare two different populations. The null hypothesis assumes that the two samples are drawn from the same
parent populations and a metric is calculated that determines whether the null hypothesis can be rejected or not.
The standard #-test requires that the populations are independent and have a normal distribution with similar
variances. Since our distributions exhibit significant skew, we opt for the Mann—Whitney U test (Mann &
Whitney, 1947), which provides a similar metric without the assumption of a normal distribution. We calculate
the p-value between the ACE and Wind PDFs using the mannwhi tneyu function from the SciPy stats package.
The p-value represents the likelihood that the two distributions come from the same parent population, with a low
value (typically below 0.05) suggesting the null hypothesis can be rejected. Table 2 lists the Mann—Whitney U
p-values (MWU p) for the sheath and EC in addition to other metrics explained below. We find two statistically-
significant values—for the T and S in the sheath with values of 0.046 and 0.014, respectively. f combines the
effects of the differences in n, T, and B to produce the most significant differences between the populations
observed by ACE and Wind. Every other p-value is well above the critical limit. The lack of any significant
difference between ACE and Wind values is an expected result, but good to confirm with quantitative data,
particularly when the majority of the Wind observations occur before it arrived at its L1 orbit.

We see essentially no differences in the overall distributions but this does not mean the ACE/Wind values match
for individual cases. Figure 4 shows the Wind value versus the ACE value for each parameter for each event.
Sheath values are shown in maroon and EC values in blue. The dashed line shows a one-to-one correlation
between ACE and Wind. For all parameters we see that the majority cases fall close to the equivalency line and are
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Figure 4. Scatter plot comparing mean values of various properties between Wind and ACE. Sheath values are shown in
maroon and EC values in light blue. The dashed line shows a one-to-one equivalency.
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highly correlated, but there is some scatter. If the excursion and data gap cases are not excluded this figure in-
cludes many more outlier points far from the equivalency line (not shown). There are no systematic variations in
the magnetic properties but we do find some in the plasma properties. At high temperatures, the ACE values are
consistently higher than Wind values. The populations match below about 10 K for both the sheath and EC but
have a noticeable shift under the equivalency line that increases as the T increases. We see a similar effect of
higher ACE values for the speed above 800 km s~! but it is much weaker and there are fewer events in this regime.
The n and f values show the most scatter about the equivalency line.  shows some evidence of the larger values at
high values, as would be expected as it is derived from T.

To support this with metrics, for each parameter we calculate the mean absolute error, the correlation coefficient
(r), and the coefficient of determination (R-squared/R?) from ACE to Wind and Wind to ACE, given in Table 2.

The mean absolute error (MAE) is a useful measure that represents the standard uncertainty one can expect for
each parameter. Most parameters are strongly correlated, indicating few disagreements between the two space-
craft on whether a parameter has a “small” or “large” value. We do not include the p-values for the correlations as
they all show statistical significance well beyond any common limit and are essentially 0. The weakest corre-
lations are the sheath f but even it has p-values of the order 108, The R? metric is typically used to quantify the
amount of variation in a set of observations that can be explained by a model, but we can use it to quantify the
variations between ACE and Wind. For example, the ACE to Wind (A2W) values are calculated by treating
the ACE values as model results used to explain the “true” Wind values. The resulting number is the fraction of
the Wind variation explained by the ACE “model.” The R? has a maximum value of one for a perfect model and
negative values indicate worse performance than assuming a simple model that always returns the mean of the
true values. We see positive R? for all combinations of parameter, region, and A2W/W2A, except for . The
magnitude of these values varies, with the majority of cases falling between 75% and 90%. We do not see any
consistent trends in A2W values being larger or smaller than the W2A values, suggesting that the spacecraft
exhibit an equal amount of variation when the excursions and data gaps are accounted for.

3.2. Cross-Catalog Comparison

We now shift to comparing the individual catalogs. One reason for performing such a comparison is because
different catalogs are used to validate or even train different space weather models. This is important for both
arrival time studies but also for critical parameters such as magnetic field and velocity, and particularly true for
machine learning models that require large data sets with easily digestible parameters. While we cannot quantify
the effects on the end results of other studies, we can at least look for important differences in the data sets they
rely on.

Figure 5 compares the ScCPDFs between different catalogs. As we found minimal differences between ACE and
Wind in Section 3.1, we only show Wind results. Each panel shows a different parameter with Figure 5a showing
results for the sheath and Figure 5b the EC. The legend displays the color for each catalog. Again, the PDFs are
normalized using the maximum value in the PDF across all profiles within a panel. Note that we have fewer sheath
profiles since the Lepping catalog does not define a sheath region, and we also omit LLAMAICEB and LLA-
MAICED as they have the same sheath regions as LLAMAICEA and LLAMAICEC, respectively.

The ScPDFs behave fairly similarly across different catalogs, although we see more variation than in the ACE/
Wind comparison (Figure 3). Comparing the sheath ScPDFs for different catalogs, we see that most parameters
show the same general shape with only a few noticeable variations resulting from the criteria each source catalog
uses. B, and B, are centered around 0 with slight variations in the distribution widths. The same is true for B, with
the exception of the CDAW catalog (orange) that shows a noticeable shift toward negative B,. This catalog has the
smallest sample size (of the catalogs with sheaths) and focuses on Earth-impacting events, and clearly exhibits
some bias toward geoeffective events. We calculate the MWU p-values between distributions and none of the B
components have statistically-significant variations, including the CDAW B values due to the small sample size.
We see some spread in the B distributions with the largest catalogs tending to include more of the low B events
and the more selective, smaller catalogs shifted toward higher values. LLAMAICEC (teal) has a more “pure”
sheath than LLAMAICEA (black) as it excludes the M1 region. The distributions of the B for these variants peak
near the same value, but then we observe a much stronger tail at high values for LLAMAICEC. The variation
between CDAW and LLAMAICEA is statistically-significant due to the variations between the most restrictive
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Figure 5. ScPDFs, analogous to Figure 3, but comparing results from different source catalogs. Panel (a) shows results for the
sheath and (b) shows results for the FR. Only results using Wind data are shown.

and most inclusive sheath definitions. The CDAW and RC distributions also show statistically significant dif-
ferences, presumably as ACE observations and the “disturbance time” are not exactly aligned with the Wind
observations.

The sheath velocity distributions all have similar tails at the fastest values but more variation in the location of the
peak and the probabilities at slow speeds. The CDAW distribution has fewer low speed sheaths and a peak at
higher values, which again shows the effects of a smaller catalog focusing on more energetic events. The T
distribution shows a significant range in peak locations, likely due to the selection criteria of the individual
catalogs. The n distributions are fairly similar to one another. We do see a slight tendency of the RC catalog to
include lower n, which we attribute to their boundaries being based on ACE so we have introduced slight sheath
misalignment in using them with Wind. Finally, the f distributions show minimal variation, with the exception of
LLAMAICEC that includes more high-f values since it is more selective on excluding the M1 region with po-
tential low-f signatures.

The right half of Figure 5 shows the distributions for the EC. The magnetic properties are relatively similar for all
catalogs except for CDAW (orange) and Lepping (yellow). These are the smallest two catalogs with the Lepping
catalog being even more selective than CDAW as its purpose is to identify regions for which an idealized FR fit
can be performed. The CDAW and Lepping catalogs have lower peaks at zero for each of the vector components
but broader distributions at strongly positive and strongly negative values. The Lepping catalog shows an un-
expected skew toward positive B,, which is the result of one outlier case in a small sample and using a skewed
distribution. The Lepping catalog contains a single entry (2005-05-15T02:10) with an average B, of —30 nT due
to very selective boundaries relative to most other catalogs. All other B, values are between —10 and 10 nT, so this
extreme value throws off the fitted distribution. However, the MWU p value shows that the distribution is not
significantly different from the others due to the sample size. In contrast, the more selective nature of the CDAW
and Lepping catalogs for stronger events does create statistically-significant distributions for the total B. These
two catalogs are not statistically-different from one another, but they are from every other catalog.

The velocity distributions behave very similarly to one another with the exception of the CDAW catalog. The
CDAW catalog has a more prevalent tail at high speeds due to favoring more energetic events than the larger
catalogs. This variation is statistically significant. The Lepping catalog, despite its small, relatively restrictive
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sample, behaves similar to the others, suggesting that its rigorous criteria are more strongly based on the B
properties. We find only small shifts in the n distributions with only marginally significant differences between
the distributions with the most extreme low (Dreams) and high (Jian) densities.

The T distributions show the most significant variations, both visually in Figure 5 and in terms of the MWU
statistics. The CDAW, RC, Wind, and all LLAMAICE variants are similar to one another, but statistically-
different from the Dreams, Jian, and Lepping catalogs. Dreams and Lepping are similar to one another with
low T but, with the highest T, Jian is statistically different from all other catalogs. These effects, combined with
the B and n variations, cause there be noticeable shifts in the f distributions. The visually apparent differences in
the figure do correspond to statistically-significant differences.

Overall, we find that different catalogs can produce systematically different variations in the distribution of
observed properties in both the sheath and EC. The most significant variations occur for B and T, which also
translates into variations in 3. These differences result directly from the criteria set by the catalog creators, both in
the events included in a catalog and how specific boundaries are selected. This does not provide insight into the
physical nature of CMEs so much as the catalogs themselves, but if a researcher is using an existing catalog to
constrain results from a physical model they should be cautious about the implications of their chosen catalog.

4. Flux Rope Orientation

We next use LLAMAICE to quantify the sensitivity of reconstructed FR orientations to the chosen EC bound-
aries. These reconstructions are notoriously sensitive to the chosen boundaries (e.g., Al-Haddad et al., 2013), so
LLAMAICE provides a novel opportunity of a large data set that we can use to quantify these variations. Ideally,
one should identify what is a proper FR (not just our vague EC region) and only fit that portion, but in practice
people pull boundaries from the literature and may not fully consider these details. There are also larger questions
of how one should optimally fit a FR. Should the boundaries be fixed so that the model is forced to use the exact
start/stop time it has been given or should the model flux rope be allowed to extend beyond them and only fit to the
optimal part? If what we refer to as mixed regions exhibit some FR-like behavior should they be included? We
emphasize the aim of this section is to better understand the sensitivity of the reconstructions, not to answer the
specific questions above or even to provide new values to be blindly used in other studies.

We use every set of EC boundaries within LLAMAICE (again, excluding the Wind excursions and data gaps) and
compare the variations between ACE and Wind and across all the source catalogs. This includes using the
LLAMAICE subsets with known, systematic variations. We note that we will be introducing error by using
catalog boundaries based on Wind timing with ACE measurements, and vice versa, but it is beyond the scope of
this work to manually adjust each catalog to the matching features in the alternate spacecraft data. The un-
certainties we find between ACE/Wind are a combination of not adjusting the boundaries and the variation in the
in situ profiles themselves.

We reconstruct a FR for each set of boundaries using the expansion-modified force-free model (EFF; Farrugia
et al., 1993; Yu et al., 2022) used in Palmerio et al. (2025). This code requires the flux rope boundaries and
chirality as well as an initial guess of the FR orientation, then employs non-linear least squares minimization from
the Python 1mfit package. The code returns the optimal flux rope inclination/latitude (), longitudinal angle
(¢), impact parameter, axial magnetic field strength, and expansion time (describing the self-similar CME
expansion rate). In this work, we will only focus on the axial orientation (6 and ¢) results.

To automate the FR fitting process, from each set of boundaries and spacecraft we determine the average observed
magnetic field vector over an hour in the middle of the time range and set this as our initial guess at the orientation.
This will not be the exact center if the CME is expanding, but it is a sufficient approximation. To ensure that the
EFF code converges to the overall optimal fit, as opposed to getting stuck in a local minimum, we run it nine times
with all combinations of 8 €[8, — 20°, 6,, 6, + 20°] and ¢ €[¢p, — 30°, ¢y, ¢, + 30°], where 6, and ¢,
represent the initial guess. These + values were found to be sufficient offsets to test for convergence through trial
and error. The EFF code also requires the handedness of the FR. We explored options using an automatic guess
but ultimately found a brute force approach of running both options to work best. From the 18 different iterations
of the EFF code, we use the reconstruction with the lowest y> error. We apply this algorithm to every set of EC
boundaries for both ACE and Wind, yielding a set of 1,271 reconstructions for each spacecraft.
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Figure 6. Scatter plots comparing the reconstructed 8 (left) and ¢ (right) using either Wind or ACE data. Each point is colored
according to its catalog the same as Figure 2 and the dashed line shows a one-to-one equivalency. The bottom panels show
histograms of the mean absolute difference between the Wind and ACE values.

4.1. Comparison of Discrete Properties

Before comparing 0 and ¢, we consider the handedness and general inclination of the reconstructions. We
categorize each fit as low (6 < 35°), moderate (35°< 6 < 55°), or high-inclination (6 > 55°), using the same ranges
as Palmerio et al. (2018). We only find matching handedness between ACE and Wind 77.2% of the time (982
events), highlighting how sensitive these reconstructions can be. The general inclination tends to be more
consistent with 92.4% of cases (1,175 events) in agreement for whether an event is low, moderate, or high
inclination. We note that the data set is heavily weighted toward low inclination events for both ACE and Wind
(roughly 90% compared to 5% for each of the other categories).

We also compare these properties between the different catalogs for the same event. Using Wind observations, we
have 264 events with multiple sets of boundaries. Only 123 of these (46.6%) have a consistent handedness across
all reconstructions, though an additional 62 (23.5%) have three or more sets of boundaries and only one recon-
struction with a differing handedness. The general inclination varies more between catalogs than in the ACE/
Wind comparison with 160 events (60.6%) fully consistent and 49 “one-off” cases (18.5%). We find similar
metrics for the ACE-based reconstructions.

4.2. Comparison of Orientation

We now compare the numerical variation between different reconstructions of the orientation. Figure 6 compares
the Wind- and ACE-based reconstructed 6 (left panels) and ¢ (right panels) for every set of boundaries. The top
panels show a scatter plot where each point is colored according to the source catalog in the same manner as
Figure 5. In addition to the dashed, black one-to-one equivalency line we include dashed gray lines at differences
of £10° for A@ and +20° for A¢. The bottom panels show a histogram of the absolute difference between the
ACE and Wind values (A8 and A¢).

In the scatter plot panels, the majority of points fall close the dashed one-to-one equivalency line, but we also see a
lot of scatter. The ¢ panel exhibits two box-like features due to the reconstruction model favoring orientations of
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Figure 7. Scaled PDFs of the standard deviation, o, in € (left) and ¢ (right) for both Wind (top) and ACE (bottom). The black
line shows the ¢ in the reconstructed values when using the same boundaries but comparing ACE/Wind. The gray line shows

o across all boundaries for a single event. The remaining colored lines compare LLAMAICEA values with those from one of the
other variants (LLAMAICEB, LLAMAICEC, or LLAMAICED).

0°, 180°, and 360°. These tend to be the values that minimize the error when the model is not quickly converging
to a good fit. Similarly, the 6 panel shows increased density around the & = 0° lines, but this is less prominent
than the ¢ effect. We note that we have accounted for the circular nature of ¢ and visualize points such that the
difference between the ACE/Wind values is always less than 180°, which is why there are some points below
0° and above 360°.

The histograms confirm that most reconstructions are in close agreement between ACE and Wind. We truncate
the range of the histograms due to the limited number of cases at higher values. We find 64.5% of cases have a A@
less than 5° and 78.8% are less than 10°. For A¢ we find 51.1%, 65.0%, and 72.4% for limits of 5°, 10°, and 20°.
The median differences are 2.7° for A@ and 4.8° for A¢. We infer that in most cases the difference between the
ACE and Wind in situ profiles only cause minor variations in the reconstruction of the orientation, but there is still
a significant population where the variation is much larger. We have not investigated whether the larger variations
can be attributed to the 2 hr or less differences in the time of arrival at the different spacecraft locations (most
catalogs are Wind-based) or if the profiles are significantly different beyond a temporal shift.

For each event we compare variation in the orientation across the different sets of boundaries. For each case with
two or more sets of boundaries, we calculate the standard deviation, o, in € and ¢. Figure 7 shows the ScPDF of ¢
for different data sets. The top and bottom rows show Wind and ACE values and the left and right columns show 6
and ¢. The black line represents the ACE/Wind comparison, which is equivalent to the histograms in Figure 6

divided by \/5 to convert from an absolute difference to the standard deviation between two points. The gray line
represents the standard deviation between all sets of boundaries for each event. The three colored lines represent
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comparisons between LLAMAICEA and one of the three other LLAMAICE variants (B, C, or D) as indicated in
the legend.

The ACE/Wind comparison (black) has the highest SCPDF at low values of ¢ indicating those reconstructions
tend to be the most similar. The set of all bounds (gray) tends to have the largest values of ¢ across all panels. If we
compare the median value of all ¢ over the full sample we see the all bounds values are about 4 times higher than
the ACE/Wind for the inclination—9.8° within Wind and 10.3° within ACE versus 2.3° for ACE versus Wind
(converting the ACE/Wind difference between two values to ¢ and using only the multi-catalog events). The
cross-catalog variations are roughly 10 times larger than the spacecraft comparison for the longitudinal angle
(43.0°and 37.5° compared to 3.4°). We see a peak in all bounds for the ¢ distributions near 50° for which we have
no explanation, but note this would be close to ¢ calculated if one has two points differing by 90°. We do not see
that significant of a difference between the LLAMAICE variants despite their boundaries having known, sys-
tematic variations. There is a slight hint at LLAMAICED having the largest variations from LLAMAICEA,
which makes sense as it incorporates both of the mixed regions into the FR reconstruction. The ACE results
suggest that LLAMAICEB is more similar to LLAMAICEA than LLAMAICEC, suggesting that including the
back mixed region into the FR causes less changes than including the front mixed region, but this is not evident in
the Wind profiles. Overall, we see that the variation between different catalogs is more significant than the
variation from using different spacecraft data, but cannot conclude anything about the specific factors influencing
the variation between catalogs.

5. Discussion

We have presented a new meta-catalog collecting the existing repositories of near-Earth in situ CME boundaries.
From this collection we have added our own new set of informed boundaries, building upon the existing in-
formation. Each event was initially looked at by all team members individually, followed by the team meeting
together to discuss extensively and come to a consensus on the boundaries. Our team believes that our sets of
boundaries are “best” and represent the criteria we set when establishing our catalog. We also acknowledge that
every group responsible for one of the source catalogs likely believed the same about their own work. We
emphasize that the power of LLAMAICE is in the collection of results, which should enable the community to
better make their own informed decisions. We do not suggest that any set of boundaries from the literature,
including our own, should be thought of as the standard and preferred choice for any specific research project.
Rather, it is critical to look at what factors were considered when forming a catalog and decide whether it is a
suitable match to a particular use case. This warning extends beyond just in situ boundary catalogs and we
encourage more thoughtful use of any catalogs readily available on the internet or within the literature.

This work has combined catalogs based on in situ observations from both ACE and Wind, which were not co-
located at L1 for much of this time period. The physical separation of up to 0.01 au correspond to time lags of
roughly 2 hr (assuming basic kinematic propagation of a 500 km s! structure). The spacecraft are not necessarily
radially aligned, so it is likely that each samples slightly different portions of a CME. In situ measurements
represent a single path through a CME. The community is just starting to understand the scales upon which
variations occur. The basic comparisons in this work show that ACE and Wind are largely sampling the same
distributions of CME properties, but there are often non-negligible variations on a case by case basis. The recent
conjunction of STEREO-A with L1 spacecraft provided an opportunity to study the meso-scale structure of CMEs
(e.g., Banu et al., 2025; Lugaz et al., 2024) over a range of separations and has reinforced the idea that single-pass
measurements may not be representative of the global structure. We believe that the single-spacecraft mea-
surements can still be useful, especially when we do not have consistent multi-point measurements sampling a
range of scales, but we caution the community to be aware of the uncertainties and not overly emphasize the
significance of the results.

6. Conclusion

LLAMAICE combines existing catalogs to create a new meta-catalog with 1,516 sets of in situ CME boundaries
for 396 unique events between February 1995 and December 2006. Catalogs define their boundaries using a
variety of different signatures, which can cause misalignments between what different catalogs report as a CME
boundary. Other times, the signatures themselves may just be confusing with portions displaying characteristics
representative of multiple region types. In addition to collating the existing catalogs, the LLAMAICE team has
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developed a new set of boundaries, building upon the existing work and adding additional mixed regions between
the sheath and ejecta core (EC) front and the EC end and the ambient SW to account for some of the various
observed phenomena. These mixed regions represent specifically a mixture of signatures and not necessarily a
mixture of plasma, though that is one possible interpretation in addition to compression, magnetic draping, and
other evolutionary effects. In some instances the mixed regions may reflect the difference between what is
typically labeled an ICME versus a magnetic cloud.

LLAMAICE's collection of boundaries provides an opportunity to explore how sensitive derived results are to a
chosen catalog or spacecraft observations. We illustrated two such studies: (a) a comparison of the average
properties within the sheath and EC regions, and (b) a comparison of reconstructed orientations. For both studies
we see more variation across different boundaries of the catalogs than we do from switching between using either
Wind or ACE data. These large statistics corroborate the smaller-sample results obtained by Lugaz et al. (2018)
and Ala-Lahti et al. (2020), who determined the typical scales of magnetic coherence between ACE and Wind
measurements for ECs and sheaths, respectively. Comparing the mean sheath and EC properties across the
different catalogs, we find the largest variations occur for the total magnetic field strength and temperature and are
a direct result of the criteria used to define the boundaries. The smaller catalogs tend to focus on more energetic
events, which can lead to biases in the distributions of their properties relative to the larger, more inclusive
catalogs.

Finally, we quantify the generally-known limitations of in situ CME reconstructions. The reconstructions
maintain the same handedness 77% of the time when one switches between ACE and Wind data. This decreases to
47% when one compares different catalogs using the same spacecraft data, though an additional 29% have three or
more sets of boundaries and only one set in disagreement. We also consider the general inclination (e.g., low,
moderate, or high) and find more consensus than for the handedness. The general inclination agrees 92% of the
time between spacecraft and 61% across catalogs (with 19% “one-off”). We further quantify the variation in
orientation, finding relatively small median deviations between ACE and Wind (2.7° in inclination and 4.8° in
longitude) but note a significant number of extreme outliers. Compared to the cross-spacecraft variation, the
cross-catalog variation is about 4 times larger for the inclination and 10 times larger for the longitudinal angle.
While still useful, we suggest relatively large uncertainties be adopted for any single-encounter in situ CME FR
reconstruction.

The two studies in this work are examples of the types of analysis that can be performed with a meta-catalog such
as LLAMAICE. We encourage the community to use this data set for additional meta-catalog analysis, helping
build our understanding of how the subtle differences between catalogs can significant implications on scientific
research.
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