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Abstract

We present the results of a comparative study between automatic and manually compiled
coronal mass ejection (CME) catalogues based on observations from the Heliospheric Im-
agers (HIs) onboard NASA’s Solar Terrestrial Relations Observatory (STEREO) spacecraft.
Using the Computer Aided CME Tracking software (CACTus), CMEs are identified in HI
data using an automatic feature-detection algorithm, while the Heliospheric Imagers Cat-
alogue (HICAT) includes CME:s that are detected by visual inspection of HI images. Both
catalogues were compiled as part of the EU FP7 Heliospheric Cataloguing, Analysis and
Techniques Service (HELCATS) project (www.helcats-fp7.eu). We compare observational
parameters of the CMEs from CACTus to those listed in HICAT, such as CME frequency,
position angle (PA), and PA-width. We also compare CACTus-derived speeds to speeds de-
rived from applying geometric modelling to the majority of the HICAT CMEs, the results of
which are listed in the HELCATS Heliospheric Imagers Geometric Catalogue (HIGeoCAT).
We find that both CACTus and HICAT catalogues contain a similar number of events when
we exclude events narrower than 20°, which are not included in the HICAT catalogue but are
found to be identified by CACTus. PA-distributions are strongly peaked around 90° and 270°,
with a slightly larger CME frequency northwards of the equatorial plane (particularly for the
STEREO-A versions of both catalogues). The CME PA-widths in both HICAT and CACTus
catalogues peak at approximately 60°. Manually derived speeds from HIGeoCAT and auto-
matically derived speeds by CACTus correlate well for values lower than 1000 kms™!, in
particular when CME:s are propagating close to the plane of the sky.

Keywords Coronal mass ejections - Heliosphere - Space weather

1. Introduction

The advent of wide-angle imaging of the inner heliosphere has revolutionised the study of
the solar wind and, in particular, coronal mass ejections (CMEs: e.g. Webb and Howard,
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2012) and stream/co-rotating interaction regions (SIRs/CIRs: Belcher and Davis, 1971;
Pizzo, 1978; Richardson, 2018). CMEs comprise enormous plasma and magnetic-field
structures that are ejected from the Sun and propagate through interplanetary space, while
SIRs are characterised by extensive swathes of compressed plasma and magnetic field that
form when the fast solar wind (emanating from coronal holes) catches up with the slow so-
lar wind ahead of it. CIRs are SIRs that persist for more than one complete rotation period.
CME:s are the main source of intense space-weather effects at the Earth (Gosling, 1993;
Koskinen and Huttunen, 2006).

The zodiacal-light photometers onboard the Helios spacecraft (Leinert et al., 1975) were
used to infer the propagation of solar disturbances into the interplanetary medium in the
1970s and 1980s (e.g. Jackson, 1985; Webb and Jackson, 1990). These observations paved
the way for the more recent developments of wide-angle heliospheric imagers, starting with
the Solar Mass Ejection Imager (SMEI: Eyles et al., 2003) onboard Coriolis, followed by
the Heliospheric Imager (HI: Eyles et al., 2009) onboard each of the pair of Solar Terrestrial
Relations Observatory (STEREQ) spacecraft. A new perspective on the inner heliosphere
was then provided by these instruments. Data from STEREO/HI have revealed the nature of
solar-wind activity over a region of the heliosphere centred on the ecliptic plane and extend-
ing out from around 4° to 90° elongation; this provides a unique resource for investigating
CME and SIR/CIR evolution. As STEREO has moved around the Sun, it has provided van-
tage points away from the Sun—Earth line, which have allowed the HI instruments to clearly
observe, in particular, Earth-directed CMEs. At the time of writing, only STEREO-A is op-
erational, since STEREO-B lost communication with the Earth in 2014. The STEREO/HI
instruments, in the same way as similar heliospheric imagers on previous (Coriolis) and sub-
sequent missions (Parker Solar Probe and Solar Orbiter), detect Thomson-scattered light in
order to observe CMEs and other solar-wind disturbances, from close to the Sun and up to,
and beyond, 1 AU.

The most comprehensive view of CMEs has been obtained from observations by the
Large Angle Spectroscopic Coronagraph (LASCO: Brueckner et al., 1995) coronagraphs
onboard the Solar and Heliospheric Observatory (SOHO) spacecraft. These events are listed
in the SOHO/LASCO CME catalogue (Gopalswamy et al., 2009), which contains CMEs
from 1996 onwards, manually incorporated by a human operator. In an effort to overcome
some of the problems related to manual catalogues, Robbrecht and Berghmans (2004) intro-
duced the Computer Aided CME Tracking software (CACTus), which analyses the LASCO
data and produces a full catalogue of CMEs in an autonomous manner, without human in-
tervention. Both manual and automatic catalogues include relevant CME properties such
as position angle (PA), width (or extent), speed, etc. Previous works have dealt with the
analysis of these parameters (e.g. Yashiro et al., 2004; Cremades and St. Cyr, 2007, and
references therein). Furthermore, several works have been aimed at the comparison of man-
ual and automatic catalogues (e.g. Yashiro, Michalek, and Gopalswamy, 2008; Wang and
Colaninno, 2014; Robbrecht, Berghmans, and Van der Linden, 2009; Lamy et al., 2019),
with results that have been used in order to further infer properties of CMEs. CACTus has
also been applied to the COR2 coronagraph onboard STEREO (Howard et al., 2008), and
now to STEREO/HI (Pant et al., 2016, and this work), and these CACTus catalogues are
available at www.sidc.be/cactus.

In the framework of the three-year (2014 —2017) EU-funded Heliospheric Cataloguing
Analysis and Techniques Service (HELCATS) project, both manual and automatic CME cat-
alogues based on STEREO/HI observations have been created. The HICAT catalogue (Har-
rison et al., 2018) is based on visual detection of CMEs in images taken by the inner (HI-1)
cameras of the HI instruments onboard STEREO. It contains information on the date and
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time of first identification of the CME in the HI-1 images, and its PA-limits and -extent.
Kinematic properties were then added with the creation of the HIGeoCAT catalogue (Barnes
et al., 2019), based on the application of geometrical modelling to the majority of HICAT
CME:s. Barnes et al. (2020) subsequently used these catalogues to identify 273 CMEs that
were observed simultaneously by the HI instruments on both spacecraft and applied the
Stereoscopic Self-Similar Expansion (SSSE) technique (Davies et al., 2013) to infer their
propagation throughout the inner heliosphere.

CME:s are intrinsically difficult to identify and track in heliospheric-imager data. Further-
more, to do so in an automated way represents an even bigger challenge. Webb and Jackson
(1990) created the first catalogue of CMEs in the interplanetary medium, using Helios-
2 data. This catalogue was used to establish their heliospheric characteristics, to compare
them with those of CMEs observed near the Sun, and to determine the frequency of occur-
rence of CMEs from 1976 through 1979. Tappin et al. (2012) created a CME catalogue in
heliospheric-imager data using SMEI data and the Automated Interplanetary Coronal Mass
Ejection Detection (AICMED) technique, however some features in the data led to a high
number of false detections. Barnard et al. (2015) reported on a semi-automatic method (J-
tracker) using STEREO/HI data. Kirnosov, Chang, and Pulkkinen (2016) presented results
in automatic tracking of CMEs using COR2 and HI-1 images. All of these methods were
applied to a reduced set of events. Under the auspices of HELCATS, Pant et al. (2016) suc-
cessfully applied an automatic CME detection method to images from the STEREO/HI-1
cameras. This method consists of a modified version of the CACTus algorithm (Robbrecht
and Berghmans, 2004). We have now applied this automatic method to the STEREO/HI-1
data available from 2007 until August 2020, creating the first automatic catalogue of CMEs
in STEREO/HI data (we call it hereafter the CACTus catalogue for simplicity). In this work,
we analyse the CME properties contained within this automatic catalogue and compare them
with the same properties contained in the manual CME catalogues HICAT and HIGeoCAT,
described above. In this way, we aim at validating the extension of the CACTus technique
into the heliospheric-imagers domain. This will be done by comparing an extended set of
events, covering more than 13 years of data. The comparison of manual and automatic cata-
logues is important in order to assess the performance of the event-identification techniques
used, which can prove helpful not only for the analysis of past data but also for future appli-
cations.

In the next section, the catalogues will be described. In Section 3 we will explain the
results found, and in Section 4 conclusions will be drawn.

2, Catalogue Descriptions

The twin-spacecraft of the STEREO mission are in near heliocentric ecliptic orbits, with
the STEREO-A(head) spacecraft leading the Earth in its orbit by around 22.5° per year and
the STEREO-B(ehind) spacecraft lagging Earth in its orbit by a comparable amount. The
HI instruments on STEREO provide wide-angle white-light imaging of the heliosphere out
to 1 AU and beyond (Eyles et al., 2009; Harrison et al., 2009). The HI instrument on each
STEREO spacecraft comprises two cameras: HI-1 and HI-2. The angular fields of view
(FOVs) of HI-1 and HI-2 are 20° and 70°, respectively. With boresights of 14° and 53°
elongation in the ecliptic plane for HI-1 and HI-2, respectively, the combined FOV extends
from 4° to almost 90° near the Ecliptic in nominal operations. The extensive HI FOV allows
us to observe CMEs propagating over vast distances of interplanetary space (Davis et al.,
2009; Harrison et al., 2009).
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The kinematic properties of manually detected CMEs are listed in the HELCATS HI-
GeoCAT catalogue of Barnes et al. (2019), which is an extension of the HICAT catalogue
(Harrison et al., 2018). HICAT comprises a list of every CME that is identified in HI-1 im-
ages, excluding events that are narrower than 20° in PA. HIGeoCAT was compiled by ap-
plying further analysis to a large subset of the HICAT CME:s to determine their kinematic
properties based on combined HI-1 and HI-2 data. The same CME kinematic properties as
in HIGeoCAT are also included in the automatic CACTus catalogue, albeit calculated in a
slightly different manner. That said, for both HIGeoCAT and CACTus speed is determined
by tracking the CME through multiple frames taken by HI.

The speeds in the manual HIGeoCAT catalogue are determined using three different
geometric-fitting techniques (Davies et al., 2012), which all assume that CME propagation
speed and direction are constant and that the CME retains a certain morphology. To gener-
ate HIGeoCAT, the CME is manually tracked using time—elongation maps (J-maps: Sheeley
et al., 1999, 2008) constructed from HI-1 and HI-2 data along a fixed PA. The selected PA
corresponds to the leading part of the eruption, except in the case of faint CMEs where the
PA corresponding to the most visible part is used in preference.

The three fitting techniques used to generate HIGeoCAT are based on the fixed-¢ (FP:
Kahler and Webb, 2007; Rouillard et al., 2008; Sheeley et al., 2008), the self-similar expan-
sion geometries (SSE: Davies et al., 2012; Mostl and Davies, 2013), and the harmonic-mean
(HM: Lugaz, Vourlidas, and Roussev, 2009; Lugaz et al., 2010) geometries. The first tech-
nique considers the CME as a radially moving point source, the third as a radially propagat-
ing expanding circle still attached to the Sun, and the second is an intermediate case between
the first and third, with the CME assumed to be a radially propagating circle expanding with
constant half-width [A] of 30°. In fact, all three of the geometries can be described by the
same SSE equation from Davies et al. (2012):

rosin(e(?))(1 + sin(}))

RO =0l =)= Ge + @) +sin)

ey

where R is the radial distance of the CME apex from Sun-centre, r( the distance between
the spacecraft and Sun-centre, € is the elongation angle (the angle from Sun-centre, which
corresponds to the tangent line to the assumed circular form of the CME in the case of SSE
and HM geometries and to the point-source CME for the FP geometry), ¢ is the spacecraft—
Sun—CME angle, and ¢ is time. The half-width angle is 0° for the FP model and 90° for
the HM model, by definition, and, as noted above, is set to 30° for the HIGeoCAT imple-
mentation of the SSE-based modelling. After manually selecting points coinciding with the
leading edge of the CME signature in the J-map constructed from HI-1 and HI-2 data along
the selected PA, a fitting algorithm, based on inverting Equation 1, is applied to the resul-
tant time—elongation profile for each of the three assumed geometries to constrain the radial
speed and direction relative to the Sun—spacecraft line of the CME apex in the plane defined
by the selected PA. As mentioned above, the fitting techniques assume a constant CME ra-
dial velocity along a fixed direction. More details on this process can be found in Barnes
etal. (2019).

The CME speed in the CACTus catalogue is calculated differently (Pant et al., 2016) from
that for HIGeoCAT. Instead of using a specific PA, CACTus considers the CME as a cluster
of points, forming a map. Each cluster is associated with a velocity (see Figure 4 in Pant
et al., 2016). For each cluster of points in a CME map, and thus for each CME, we identify
the maximum velocity at each PA. Therefore, for each CME, CACTus provides upper and
lower bounds of the velocity and a median velocity value. By using the expression from
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Pant et al. (2016),
R =rytane, ?)

we assume that the CME is directed in the plane of the sky (POS), i.e. at 90° from the
Sun-spacecraft line. This makes it a special case of the FP version of Equation 1.

To compare the geometrical and kinematic properties of CMEs by CACTus with those
in HICAT and HIGeoCAT, respectively, it is necessary to identify CMEs common to both
catalogues; in the next section we will explain how this was carried out.

3. Results
3.1. CME Frequency

CMEs in both the manual HICAT and automatic CACTus catalogues between 15 April 2007
and 31 August 2020 are considered (see Figure 1). The manual catalogue contains a compa-
rable number of events for both STEREO spacecraft (965 for A and 936 for B), during the
period prior to superior conjunction, from April 2007 to September 2014, when both space-
craft were still operational before the loss of STEREO-B. Note that these numbers represent
all CMEs in HICAT, including good, fair, and poor events. The automatic catalogue contains
approximately 20% more events from STEREO-B (1826) when compared to STEREO-A
(1525) during the same period. The greater number of events identified by CACTus in HI-1B
images relates to the fact that HI-1B undergoes sporadic movements due to an inadequacy
in the mounting of the camera focal-plane assembly (Tappin, 2017). This compromises the
background subtraction for some intervals, causing residual background (mainly F-corona)
to be identified as CMEs by CACTus, resulting in the greater number of detections seen in
Figure 1d. Manual cataloguing is less prone to such misidentifications, but this effect may
account for the fact that marginally fewer CMEs are identified by eye in HI-1B images, be-
cause the residual background could mask faint and relatively small CMEs (Harrison et al.,
2018).

For the entire period under consideration, from 15 April 2007 to 31 August 2020, the
total number of events detected in STEREO-A by the automatic method is much higher
than in the manual case (2195 vs. 1319, respectively). Note that HICAT was compiled only
for events with a PA-extent of at least 20°, and so this difference in the number of events
is resolved if we set the automatic algorithm to detect only events with a PA-width larger
than 20°. By doing so, the total number of events in the automatic catalogue reduces to
1442 and becomes comparable with the number of events in the manual catalogue during
the interval under study. This means that a significant fraction (around one third) of the
CME:s identified by CACTus have a narrow angular width (<20°). As noted above, such
events are not included in the manual catalogue. The number of CACTus CMEs detected by
STEREO-B with a PA-width of at least 20° is 1524 (compared to the total of 1826), which
is still much greater than the 936 from HICAT; as discussed above, this discrepancy is due to
the erroneous detections made by CACTus when applied to HI-1 data from STEREO-B. For
the rest of the article we will only make comparisons between CMEs wider than 20°, and
for the time period cited above (15 April 2007 to 31 August 2020).

In order to find events common to both catalogues, we have searched the HICAT and
CACTus catalogues for CMEs that first appear in the HI-1 images within a two-hour time
window of each other. We consider all HICAT CMEs, including poor events, and exclude
CACTus CMEs with a PA-width lower than 20°. If there is more than one CME within that
two-hour window, the closest one in time is taken. In this way, we identified 746 events com-
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Figure 1 Daily averaged CME count, binned by calendar month from HICAT for STEREO-A (a) and -B (b)
and from CACTus for STEREO-A (c¢) and -B (d). The monthly sunspot number is shown in Panel e (source:
SILSO, Royal Observatory of Belgium). The shaded histograms in Panels a and b represent the fraction of
good (dark grey), fair (medium grey), and poor (light grey events). The lighter and darker distributions in
Panels ¢ and d represent CMEs with PA-width < 20° and > 20°, respectively. Data gaps represent periods
where the STEREO spacecraft are out of contact with Earth.

mon to both HI-1A catalogues and 474 common to both HI-1B catalogues. Figure 2 shows
an example of a common CME, observed on 25 February 2010 by HI-1 on STEREO-A. The
left panel shows the manually detected CME and the right one the automatically identified
CME (the pre-processing of the images is different in both cases). Both methods give sim-
ilar results for the PA-extent of the CME, the northern and southern PAs are 145° and 80°,
respectively, in the manual catalogue and 136° and 84° in the automatic one. The angles in
the manual catalogue are quoted with a resolution of 5°; for the automated catalogue (as
described by Pant et al., 2016) the resolution in angle was kept at 2°.
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Figure 2 Example of a CME observed in HI-1 data from STEREO-A on 25 February 2010, in the HICAT
manual catalogue (left) and in the automatic CACTus catalogue (right). Both panels extend from the Sun up
to 20° of elongation. The lines mark the most northern and southern PAs.
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Figure 3 Distributions of CME central PA for CMEs detected by STEREO-A (a) and -B (b). Distributions of
CME PA-width for CMEs detected by STEREO-A (c) and -B (d). In each panel, the distributions for HICAT
and CACTus are represented by white and grey, respectively.

3.2. CME Observational Characteristics

Figures 3a and b show the distributions of CME central PA, for both catalogues, from each
spacecraft. The central PA is taken as the mid-point between the northern and southern PA.
Both the STEREO-A distributions are strongly peaked around 90° and both the STEREO-B
distributions peak around 270°. These values correspond to equatorial latitudes, which is
consistent with CME behaviour established in a number of existing catalogues (e.g. Howard
et al., 1985; Burkepile and St. Cyr, 1993; Yashiro et al., 2004; Gopalswamy et al., 2009)
and, indeed, Harrison et al. (2018) in their discussion of HICAT. For those events that extend
beyond the northern and/or southern extent of the HI-1 FOV, the northern or southern PA
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and the PA-width will be artificially truncated in both the manual and automatic catalogues.
Similarly, the central PA of those CMEs, calculated as the mid-point between the upper and
lower PA-limits, is likely to be biased towards PAs closer to the Equator than in reality. This
effect is particularly significant if only the northern or southern edge of the CME extends
beyond the HI-1 FOV. Note that both catalogues exhibit a slightly larger CME frequency
northwards of the equatorial plane (except HICAT for STEREO-B).

Harrison et al. (2018) performed an analysis of the manually detected HI-1 CMEs and
compared them with CMEs observed in COR-2 coronagraph images, based on the COR-
2 catalogue described by Vourlidas et al. (2017). They found that coronal CMEs have a
much larger range of central PAs than heliospheric CMEs and that CMEs become more
constrained to equatorial PAs (equivalent to lower latitudes) as they propagate outwards
from the Sun. The authors suggest that this can be explained by the tendency for CMEs
to be driven towards the Equator when interacting with the large-scale solar magnetic field
(Plunkett et al., 2001; Kilpua et al., 2009; Byrne et al., 2010; Harrison et al., 2012). The pres-
ence of an overlying helmet streamer guides the eruption to lower latitudes, with a stronger
helmet streamer’s magnetic field resulting in more equatorward deflection (See Zuccarello
etal., 2011).

Figures 3c and d show the PA-widths of CMEs in both catalogues. Both the manually
identified HICAT STEREO-A and -B CME width distributions peak at approximately 60°,
as shown by Harrison et al. (2018). However, for STEREO-A, the CACTus distribution peaks
in the narrowest bin (20 —30°) and decreases steadily for CMEs of increasing width. These
distributions suggest that a number of narrower CMEs may be missed during manual de-
tection, because it is in the narrower bins that the distributions diverge. Similar behaviour
was noted when CACTus for LASCO was compared with the CDAW SOHO CME catalogue
(Robbrecht, Berghmans, and Van der Linden, 2009). A scale-free nature of CMEs was ob-
served in the PA-widths estimated by CACTus, but this behaviour was not present in the
manual catalogue. The STEREO-B CACTus distribution intimates a similar scale-free be-
haviour although peaking at around 50°, but many of these events are erroneous detections,
so it is difficult to draw meaningful conclusions. A second peak is visible at the upper end
of the distributions for the HICAT catalogues, which is not observed by CACTus, presumably
because CACTus CMEs tend to be narrower. These secondary HICAT peaks, as mentioned
above, are due to the artificial limit imposed on those CMEs that are wider than 140°, due
to the restricted PA-extent of the HI-1 FOV. There is a lack of wide events (>125°) in the
automatic catalogue and an excess of small events (<50°). Pant et al. (2016) found a sim-
ilar discrepancy while analysing a reduced set of events, including 15 common CMEs. A
possible explanation for this is that the flanks of a CME are often fainter than its leading
edge, and thus they may not be sufficiently bright to trigger a detection by CACTus. Another
possible reason could be that CME shocks may be present in some of the events, and they
tend to be wider but fainter than the CME itself, again not triggering the CACTus threshold
for detection while potentially being visible to a manual observer. Finally, a known CAC-
Tus issue is that it tends to identify a large faint event as several narrower events. As noted
above, this discrepancy in angular width is also present when comparing manual with au-
tomatic CME detections in coronagraph data (Robbrecht, Berghmans, and Van der Linden,
2009). Lowering the intensity thresholds in CACTus would help to resolve this problem, but
it would also increase the number of false detections.

Figure 4 shows a direct comparison of the CME PA-widths from the distributions in
Figure 3, only for CMEs that were matched between the two catalogues. We see a good
correlation in both panels of Figure 4, particularly for CMEs detected in HI-A. The lack
of wide events (>125°) in the automatic catalogue, and an excess of small events (<50°),
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Figure 4 Scatter plots comparing PA-widths of CME:s identified in HICAT and CACTus from STEREO-A
(left) and STEREO-B (right). The regression line between the two data sets is over-plotted in both cases
as a red line with error bounds indicated by red-dashed lines, with the correlation coefficient printed in the
top-right corner, and the black-dotted line is the identity line.

described above, can also be seen in the scatter plot of CME PA-width shown in Figure 4,
where the vast majority (82%) of common CME widths are below the diagonal. On the
contrary, there are a few events where CACTus is detecting wide events (around 100°) that
are seen as narrow events (& 50°) in the manual HICAT catalogue.

3.3. CME Kinematics

In Figures 5, 6, and 7 we compare the speeds of the CMEs in CACTus and HIGeoCAT. The
latter contains a large subset of the HICAT CMEs, in particular those that were classified
as fair or good and excluding the poor events, or ones that could not be clearly tracked
throughout the combined HI-1 and HI-2 FOVs in order to record their observed elongation
as a function of time (Barnes et al., 2019). The comparison of speed between CACTus and
HIGeoCAT has been performed for matching events (using the same criteria for the matching
of events between CACTus and HICAT). The speed has been calculated using each of the
FP, SSE, and HM fitting techniques for the manually generated catalogue. This refers to a
radial speed, whereas CACTus always gives a POS speed. The results from the three fitting
methods do not vary significantly, although the difference depends on the direction of the
CME relative to the Sun—spacecraft line.

In each case, the comparison between manual and automatically derived speeds using
STEREO-A data is good for low speeds (less than 1000 kms~"). For larger speed values,
the correlation is poor. This is a consequence of the fact that higher-speed CMEs result in
fewer images in which the CME is present, and therefore fewer data points with which to
fit Equations 1 and 2. This increases the errors in the measurements of both the manual and
the automatic methods, however, the manual method uses both HI-1 and HI-2 data, so it is
less susceptible to this error. Nevertheless, HIGeoCAT requires a longer track in order to be
accurate, because it uses the curvature to provide an estimate of speed and direction. There-
fore, a short track will give erroneous results due to degeneracy. These effects are apparent
in Figures 5, 6, and 7, where, in all the scatter plots, the values based on shorter tracks (blue)
tend to lie further from the identity line than those based on the longest tracks (red). For
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Figure5 The top panels show the distributions of CME speeds from CACTus (grey) and speeds derived using
FP fitting from HIGeoCAT (white); this is done for the two catalogues separately. The left- and right-hand
panels correspond to STEREO-A and -B, respectively. The bottom panels show scatter plots comparing the
CACTus and HIGeoCAT speeds for the matched events, with regression lines over-plotted in red. The colour
of the symbols represents the maximum elongation to which the HIGeoCAT CME was tracked, as shown on
the colour bar.

STEREO-B, a large number of events detected using CACTus are found to have speeds well
in excess of 1000 kms~!. This is a result of trying to fit speeds to erroneously identified
CMEs, which causes the distributions to have a second peak at around 1800 km s

Both catalogues show the same general characteristics in their speed distributions for
STEREO-A, with CME speeds starting at 200 kms~! and peaking at 350 —400 kms~'. In
general, CACTus CME speeds tend to be higher than HIGeoCAT speeds between 200 and
800 km s~!, while the opposite is true for higher velocities. The derived speed is dependent
on the propagation direction, which is estimated in the manual catalogue but assumed in
the POS in the CACTus catalogue. Thus, for ¢-values close to 90° the estimated velocities
should be in better agreement with each other (assuming the derived ¢ is accurate), but if the
CME is directed away from the limb, meaning that ¢ is not close to 90°, the POS assumption
will lead to an underestimation of the true radial speed, as shown by Barnes et al. (2019).
This is also shown in a limited sample analysed by Pant et al. (2016). Similarly, if a shock
is detected as the leading part of the CME by the manual observer but not by the automated
detection method, the manual velocity would likely be higher than the CACTus velocity.
Overall, the FP-fitting technique matches the values from CACTus the best. This is likely
because the geometry of the FP-method is equivalent to the geometry assumed for CACTus
and, for a given CME, the speed retrieved from the FP-method is invariably lower than those
from SSE or HM. The correlation between STEREO-A CME speeds between HIGeoCAT
and CACTus is best (0.70) for this case (FP) and worst (0.60) when using the HM fitting. For
STEREO-B CMEs, the correlation between speeds determined by HIGeoCAT and CACTus is
poor for all of the fitting methods, due to the problem with HI-B CME detections in CACTus.
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Figure 6 The top panels show the distributions of CME speeds from CACTus (grey) and speeds derived using
SSE fitting with a half-width of 30° from HIGeoCAT (white); this is done for the two catalogues separately.
The left- and right-hand panels correspond to STEREO-A and -B, respectively. The bottom panels show
scatter plots comparing the CACTus and HIGeoCAT speeds for the matched events, with regression lines
over-plotted in red. The colour of the symbols represents the maximum elongation to which the HIGeoCAT
CME was tracked, as shown on the colour bar.

4. Summary and Conclusions

A comparative study was performed between STEREO/HI CME catalogues, namely the HI-
CAT and HIGeoCAT manual catalogues and the CACTus automatic catalogue. It is important
to compare manual and automatic catalogues, in order to assess the quality of the techniques
used. Constant validation against data is the most transparent way of validating automatic-
detection methods.

The number of recorded events by CACTus is much higher than those recorded in the
manual catalogue over the same period. A reason for this is that CACTus often detects a
single CME as multiple separate events. Moreover, the manual catalogue employs a 20°
minimum-width threshold. Analysis was performed on common CMEs, which are defined
as CMEs that appear in both catalogues with less than a two-hour time difference. This
results in a list of 746 common CMEs in HI-1A and 474 in HI-1B. There is, in general, a
good agreement between both catalogues in terms of the derived CME central PAs and PA-
widths. The speeds of CMEs detected using STEREO-A agree well between the manual and
automatic catalogues (for speeds lower than 1000 kms~'); however, the speeds of CMEs
detected using STEREO-B data show poor agreement, resulting from the problems with
HI-B data that particularly affect CACTus CME detections.

The central-PA distributions in both catalogues are centred around the Equator. For some
cases, CMEs will have a central PA listed closer to the Equator than its true value, due to one
of its edges extending beyond the FOV of HI-1. The difference in CME central PA between
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Figure7 The top panels show the distributions of CME speeds from CACTus (grey) and speeds derived using
HM fitting from HIGeoCAT (white); this is done for the two catalogues separately. The left- and right-hand
panels correspond to STEREO-A and -B, respectively. The bottom panels show scatter plots comparing the
CACTus and HIGeoCAT speeds for the matched events, with regression lines over-plotted in red. The colour
of the symbols represents the maximum elongation to which the HIGeoCAT CME was tracked, as shown on
the colour bar.

the two catalogues is small, showing that they are in fairly good agreement. CMEs are listed
with PA-widths ranging from 20° to 140°, with PA-widths in both catalogues peaking at
around 60°. However, CMEs are more likely to be listed with a smaller apparent width in the
CACTus catalogue, due to the CME edges possibly being too faint to be detected by CACTus,
or the width of a preceding (wider) shock wave being taken as the CME width by the manual
observer. Moreover, structuring of the brightness inside the CME can cause CACTus to list
the CME as multiple separate, narrower, events. CME speeds in both catalogues start at
around 200 kms~', with most events having a speed of approximately 400 kms~!. Since
CACTus assumes the POS approximation for calculating the speeds, the catalogues are more
likely to be in agreement for near-limb events (where the direction of the CME relative to
the Sun—spacecraft line is close to 90°). The speed of slow CMEs agrees better between the
catalogues than faster ones; this is a consequence of having fewer frames to calculate CME
speeds in fast events, leading to larger errors in both catalogues (but mainly in the automatic
catalogue, since it uses only HI-1 data, while the manual one also includes HI-2 data in its
speed estimation). For CMEs away from the limb, CACTus underestimates the 3D speed
found using the fitting techniques in the manual catalogue.

The EU FP7 HELCATS project has created a wealth of relevant catalogues of CME (and
CIR)-related science, not only using observations but also physics-based heliospheric mod-
els, for example several catalogues were created using the 3D MHD code ENLIL (Odstrcil,
Riley, and Zhao, 2004); they can be accessed from the HELCATS website www.helcats-
fp7.eu. All of these catalogues remain available for future use. For example, the EU H2020
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project EUropean Heliospheric FORecasting Information Asset (EUHFORIA) 2.0, among
others, is making use of the information collected by HELCATS in order to improve the
3D MHD model EUHFORIA (Pomoell and Poedts, 2018). Furthermore, most of these cat-
alogues are still being constantly updated (CACTus in near-real time), even after the end
of the project. These efforts are important in terms of improving and validating operational
forecasting services, which tend to become more automated with time. In that sense, they
are very relevant for the upcoming ESA Vigil mission, which will enable improved forecasts
of space-weather phenomena at Earth, through real-time monitoring of the Sun and solar
wind from the L5 vantage point. This marks the importance of projects such as HELCATS.
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