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Abstract We report on the first comprehensive study of the coronal mass ejec-
tions (CMEs) associated with ∼ 25 MeV solar energetic proton (SEP) events in
1980-2013 observed in the low/inner corona by the Mauna Loa Solar Observatory
(MLSO) Mk3 and Mk4 coronameters. Where possible, these observations are
combined with spacebased observations from the Solar Maximum Mission C/P,
P78-1 SOLWIND or SOHO/LASCO coronagraphs. The aim of the study is to
understand directly-measured (rather than inferred from proxies) CME motions
in the low to middle corona and their association with SEP acceleration, and
hence attempt to identify early signatures that are characteristic of SEP acceler-
ation in ground-based CME observations that may be used to warn of impending
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I. G. Richardson et al.

SEP events. Although we find that SEP events are associated with CMEs that
are on average faster and wider than typical CMEs observed by MLSO, a major
challenge turns out to be determining reliable estimates of the CME dynamics
in the low corona from the 3-minute cadence Mk3/4 observations since differ-
ent analysis techniques can produce inconsistent results. This complicates the
assessment of what early information on a possible SEP event is available from
these low coronal observations

Keywords: Corona mass ejections, solar energetic particles, coronagraphs

1. Introduction

Since the discovery of coronal mass ejections (CMEs) in the early-1970s and
their association with solar energetic particle (SEP) events later that decade
(Kahler, Hildner, and Van Hollebeke, 1978), researchers have sought to expand
our understanding of the connection between these phenomena. The low solar
corona (< 2.5 RS , where RS is in units of solar radii and is measured from Sun-
center) is the region in which the initial maximum CME acceleration occurs (e.g.,
Zhang et al., 2001)and where direct observations and type II radio observations
suggest that the formation of CME-driven shocks occurs (e.g., Wild, 1950; Ray-
mond et al., 2000; Ciaravella et al., 2005). Furthermore, several lines of reasoning
suggest that the SEPs with the hardest spectra arise from this low coronal region
(e.g., Kahler, 1994; Reames, 2009; Gopalswamy et al., 2012, 2013). It is therefore
a key location for investigations of SEP acceleration by CME-driven shocks.

Observations very low in the corona are necessary to detect the rapid CME ac-
celerations that lead to shock formation and to assess the speeds of CMEs before
they reach the middle corona. However, the necessary direct CME measurements
of the initial acceleration are difficult to make with most spacebased corona-
graphs. Externally-occulted coronagraphs such as SOHO-LASCO C2 (Brueckner
et al., 1995) have an inner field-of-view beginning at ∼ 2.5 RS . CME trajectories
measured by this and similar instruments are usually well characterized by a
single (constant) speed: e.g., ∼ 80% of the speeds for the Solar MaximumMission
(SMM) CMEs and SOHO LASCO CMEs discussed by Hundhausen, Burkepile,
and St. Cyr (1994) and St. Cyr et al. (2000), respectively. It is also well-known
that the extrapolation of space borne coronagraph measurements back to the low
corona is subject to large errors (e.g., MacQueen, 1985). Thus, there is a need to
combine low coronal measurements with those from space borne coronagraphs to
cover the range of altitudes necessary to fully characterize the motion of CMEs
from their initiation to the outer reaches of the fields of view of spacebased
coronagraphs.

This paper summarizes an observational investigation comparing the charac-
teristics of SEP events with spacebased and groundbased observations of their
associated coronal mass ejections (CMEs). In particular, it exploits Mauna Loa
Solar Observatory (MLSO) Mark 3 and Mark 4 coronameter observations that
are able to image directly the early evolution and motion of CMEs close to the
Sun, below the field of view of spacebased coronagraphs; such low-altitude CME
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dynamics have previously generally been inferred using proxy observations. (The
distinction between a “coronameter” and “coronagraph” is that a coronameter
scans the corona using a 1-D sensor to build up an image (see section 2.1 for
further details) whereas a coronagraph takes an image using a 2-D sensor.)
Since the most energetic SEPs appear to be accelerated close to the Sun (in the
region imaged by MLSO), combining direct observations of CMEs from MLSO
with spacebased coronagraphs allows us to determine the development of CMEs
from their initiation and may lead to new insights and understanding into the
production of energetic particles.

As a motivation for this study, St. Cyr, Posner, and Burkepile (2017) discussed
an SEP event on January 1-2, 2016. A fast CME associated with this eruption
was first detected by the SOHO LASCO C2 coronagraph when the leading edge
of the CME was at a height of 2.7 RS ; the CME could be tracked out to 29 RS

in the C3 coronagraph field-of-view. The CME was also observed closer to the
Sun by the K-Cor coronagraph at the Mauna Loa Solar Observatory. These
MLSO observations indicated that a high initial acceleration of ∼ 1500 m/s2

was measured in the first few minutes of CME formation, and the combined K-
Cor and LASCO C2 height-time measurements indicated an average acceleration
(∼ 370 m/s2) that was far larger than that inferred from C2 alone, with a final
speed in C2 of ∼ 1700 km/s at 6.5 RS . This example illustrates how combining
direct measurements of CMEs from MLSO with a space borne coronagraph may
significantly enhance our understanding of their motion in the low corona.

Another aim of St. Cyr, Posner, and Burkepile (2017) was to draw attention to
both the utility and the availability of near-real-time coronagraph observations
of fast CMEs, particularly in the low corona, as warnings for possible SEP
events. Furthermore, Thompson et al. (2017) have described an automated CME
detection scheme based on archival data that has been implemented at MLSO to
monitor real-time coronal images. It is well known that SEP intensities tend to
be correlated with the CME speed as observed by space-based coronagraphs
(e.g., Kahler, Hildner, and Van Hollebeke, 1978; Reames, 1999; Richardson
et al., 2014), and this relationship has been exploited by using the observed
properties of CMEs as a “predictor” of SEP event intensity and spectra (e.g.,
Richardson, Mays, and Thompson (2018); Bruno and Richardson (2021); see
Whitman et al. (2022) for a recent review of SEP prediction methods). However,
the association between the properties of SEP events and CME motions in the
low corona as measured directly by coronagraphs remains largely unexplored. As
St. Cyr, Posner, and Burkepile (2017) note, MLSO observations may be used
to infer CME motions before the arrival of SEPs at Earth, whereas SEPs may
already be arriving by the time the CME enters the field of view of a spacebased
coronagraph.

The importance of exploring the use of groundbased CME observations for
SEP prediction (and other space weather uses) is underscored by the need to
maintain CME observations if the ability to monitor CMEs from space is ever
lost. This situation is hardly hypothetical: The aging SOHO spacecraft car-
ries the workhorse LASCO coronagraphs (Brueckner et al., 1995), which have
revolutionized space weather forecasting, primarily by proving their utility in
forecasting the timing of major geomagnetic storms. As reported by Fleck and
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St. Cyr (2014), the field of space weather forecasting was substantially trans-
formed by the SOHO mission. But SOHO was launched more than 26 years ago,
and the LASCO C1 coronagraph viewing the low corona did not survive the
temporary loss of the spacecraft in 1998. The twin STEREO spacecraft carrying
coronagraphs designed to observe CMEs from viewpoints well-separated from
Earth were launched in 2006 (Howard et al., 2008), but contact with STEREO B
was lost in 2014. The Compact Coronagraphs to be carried on the NOAA Space
Weather Follow on mission, due to be launched in 2025, and on GOES-U, sched-
uled for 2024, will provide future capabilities to observe CMEs above 3.0 and
3.7 Rs, respectively. Nevertheless, a potential loss of continuous near-real-time
spacebased coronagraph data is a real threat both to many fields in heliophysics
(e.g., St. Cyr, Fleck, and Davila, 2014) and to NASA’s plans to expand human
presence beyond low-Earth-orbit in the near future. As an example, we note that
21 out of 38 SEP prediction models in Table 10 of Whitman et al. (2022) use
spacebased coronagraph observations as an input.

The work reported here is the first comprehensive study of the association
between SEP events and CMEs observed by MLSO. Several generations of white-
light coronal instruments have operated at MLSO beginning in 1980. In this
study we consider observations made by the Mark 3 and Mark 4 coronameters
covering the period 1980 to 2013 and with an observing cadence of 3 minutes.
Since K-Cor, installed in 2013 and still in operation, used by St. Cyr, Posner,
and Burkepile (2017), is of a different design with a higher (15 s) cadence, SEP-
associated CMEs observed by K-Cor will be discussed in a future study. In
Section 2, we first describe the MLSO and spacebased coronagraphs and the
SEP data sets used in this study. We then discuss the identification of SEP
events during this period and their association with CMEs observed by the
MLSO Mk3/4 coronameters, provide a table of these events, and summarize
the properties of these SEPs and the related solar events. In Section 3, we
summarize the relationships between CME dynamics in the low corona and
SEP properties, including details of methods to determine the CME motions.
Section 4 summarizes the conclusions of this study. The results are discussed
in Section 5, in particular focusing on how well SEP properties may be related
to CME motions in the low corona and whether the results support the idea of
establishing a world-wide network of coronagraphs for real-time monitoring of
the low corona, as well as directions for further work.

2. Observations

2.1. Coronal Observations

This work makes use of the archive of observations from coronal imaging in-
struments installed at MLSO (https://www2.hao.ucar.edu/mlso). Groundbased
imaging of the white-light corona was realized at MLSO with the installation of
the Mark 3 K-coronameter (hereafter referred to as Mk3) in 1979. First science
images were made on January 2, 1980 and nominal observing began on February
4, 1980 (Fisher et al., 1981). A brief history of the development of the MLSO
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coronal imaging instruments can be found in St. Cyr et al. (2015). Mk3 used
novel internal-occultation techniques to image the low corona at 1.12-2.44 RS

in linearly polarized light in order to detect the faint coronal signal above the
brightness of the sky. The Mk3 coronameter utilized a 1 × 2048 diode array to
acquire a scan of the corona every 0.5◦. Scans alternated between clockwise and
counterclockwise directions, with each rotation taking three minutes. A rotating
1/2 wave plate and dual beam splitter were used to simultaneously capture two
different linear polarization states on different halves of the diode array. Mk3
was deployed in time to complement the middle corona field of view (∼ 2-5 RS)
of the externally-occulted coronagraph/polarimeter on NASA’s Solar Maximum
Mission (SMM C/P; MacQueen et al., 1980). Mk3 operated more-or-less contin-
uously through the 1980s and 1990s until it was upgraded to Mk4 in September
1999 (Elmore et al., 2003) with a field of view of 1.12–2.8 Rs. Mk4 was retired and
replaced in late 2013 with K-Cor (de Wijn et al., 2012), the currently operating
instrument. K-Cor (not used in the present study) has significant improvements
in spatial resolution (including uniformity over the field of view) and temporal
cadence (15 s, compared to 3 minutes for earlier coronameters) and includes
an operational automated detection scheme for CMEs (Thompson et al., 2017).
The MLSO coronal instruments typically operate more than 200 days per year,
from local sunrise (∼ 17 UT) until sky conditions preclude coronal observations
(∼ 02 UT). While a single groundbased facility cannot provide as complete
temporal coverage as is achievable by a spacebased platform, the sheer longevity
of MLSO observations and the ability to complement these with observations
from spacebased instruments make them ideal for this study.

We combined the MLSO CME observations with spacebased observations
from the P78-1 SOLWIND coronagraph (Sheeley et al. (1980); https://lasco-www.
nrl.navy.mil/solwind transient.list), the SMM C/P coronagraph (https://www2.
hao.ucar.edu/mlso/solar-maximum-mission) and the LASCO coronagraphs on SOHO
(Brueckner et al. (1995); https://lasco-www.nrl.navy.mil) with the aim of char-
acterizing CME motions from the low into the mid corona as discussed below.
When possible, we tracked CMEs out to ∼ 10 Rs.

Although CME parameters (e.g., plane of the sky speed, angular width and
direction) obtained using MLSO or spacebased coronagraphs are available from
the above sources and linked catalogs, we chose to remeasure the CME height-
time profiles for this study using the original images to provide a uniform set
of parameters derived in a similar way, for example, to ensure that the same
morphological feature was tracked from the low to the mid-corona. (Also, as
noted by Richardson, von Rosenvinge, and Cane (2015), the speeds and widths of
SEP-associated CMEs reported in the many available spacebased CME catalogs
typically are not in agreement.) To estimate the (plane of the sky) CME speed
and acceleration to be used in the analyses discussed below, we required at least
four estimates of the CME leading-edge height from MLSO observations. We
also considered the spacing of the measurements in time to ensure that they
were relatively uniform across the CME’s transit through the field of view. This
was necessary because, as described above, Mk3/Mk4 acquired observations
by scanning a linear diode around the inner corona, first rotating clockwise then
counter-clockwise, with each rotation requiring three minutes. For the CME
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Figure 1. MLSO Mk4 coronameter image of the exceptionally fast (∼ 2500 km/s) CME on
September 7, 2005 at 17:56:39 UT. The image is formed by scanning a linear diode clockwise
starting from the south east (red line/arrow). By the time the scan was completed 3 minutes
later, the CME, which was directed close to the scan start/end line, had moved away from the
Sun significantly, resulting in the discontinuity in the image on the CME southern flank. The
CME front had moved beyond the field of view in the following counterclockwise scan (not
shown). This circumstance of a fast CME close to the scan start/end line is very rare (another
case occurred on December 28, 2001) but illustrates how images obtained with the scanning
technique used by Mk3/4 differ from those produced by K-Cor and spacebased coronagraphs.

height-time measurements, the azimuth of the point measured on the CME
front relative to the azimuth of the scan start was used to obtain the offset
of the observation time from the start of the scan. Thus, features near the initial
scan azimuth position were observed twice in quick succession (followed by a
gap of nearly six minutes), and measurements derived from these observations
are too close in time to be considered as independent estimates of the CME
height. Unfortunately, for many SEP-associated CMEs, this four image require-
ment could not be met due to image quality, cloud cover or instrumental issues.
However, where at least two or three images were available, we did estimate the
speed and if possible, the acceleration, but did not use these in further analysis.

A rare issue with observing fast CMEs with Mk3/4 is illustrated by what
appears to have been the fastest CME detected by any of the MLSO coroname-
ters in the inner corona, an East limb event on September 7, 2005 that was also
associated with an SEP event (Cane, Richardson, and von Rosenvinge, 2010;
Ling et al., 2014). Figure 1 shows a Mk4 coronal scan for this CME, which also
happened to be directed close to the starting/ending location for this clockwise
scan as indicated in the figure. In the 3 minutes between the start and end of
this scan, the CME moved further out in the field of view (FOV), resulting in
a line of discontinuity at the southern flank of the CME. Unfortunately, the
front of the CME had left the FOV by the time the next (counterclockwise)
scan was completed, nearly 6 minutes after the initial imaging of the front in

SOLA: MLSOSEP.tex; 22 August 2023; 1:23; p. 6



SEPs and Mauna Loa CMEs

Figure 1. As a result, the speed of the CME front, estimated to be 2500 km/s,
can only be determined from the image shown, when the front was at 1.68 Rs

and a previous scan completed just a few seconds earlier when the front was
at 1.63 Rs. Although the CME speed is uncertain because only two closely-
spaced measurements are available, a 2500 km/s CME would travel 1 Rs in
4.6 minutes, which is consistent with the CME front leaving the Mk4 FOV (at
2.86 Rs) between the scans separated by ∼ 6 minutes. In addition, three height-
time measurements of a trailing prominence associated with this CME indicate
that the prominence was traveling at 2600 km/s, confirming the extremely high
speed inferred from the two-point measurement.

Considering the maximum average speed of a CME that might be observed
by Mk3/4 under ideal (but unlikely) conditions where the CME is observed
entering the FOV, extending 1.12-2.44 Rs (1.12-2.8 Rs) for Mk3(Mk4), in one
scan and exiting in the next scan 3 minutes later, this is ∼ 4600 km/s for Mk3
and 5900 km/s for Mk4. Requiring four images to analyze the CME dynamics
would increase the minimum time in the field of view to ∼ 9 minutes for a
nominal 3 minute cadence, reducing these respective maximum average speeds
to ∼ 1500 or 2000 km/s.

The individual CME height-time (h-t) measurements from MLSO and space-
based observations, either separately or in combination, were used to provide an
estimate of the average CME linear velocity (average acceleration) determined
by a first-order (second-order) least squares polynomial fit to all the individual
h-t measurements with their associated uncertainties. Such estimates are similar
to those typically cited in CME catalogues (e.g., Gosling et al., 1976; Howard
et al., 1985; Burkepile and St. Cyr, 1993; Yashiro et al., 2004), and frequently
used in the heliophysics research community.

There are also numerous ways to utilize these height-time data to extract
peak speed and acceleration values, from simple differencing of the individual
raw measurements to increasingly complex techniques to smooth the measure-
ments before deriving the higher-order velocity and acceleration values. Since
the results obtained with “point to point” estimates can be noisy, we smoothed
such estimates over three points as in Gopalswamy et al. (2013). More complex
mathematical techniques include fitting exponential expressions to smoothed
measurements (Vršnak, 2001; Shanmugaraju et al., 2003). The most successful
method appears to be cubic spline interpolation (CSI) as applied by Maričić et al.
(2004) to inner corona height-time measurements for the 15-May-2001 CME ob-
served by multiple MLSO instruments and SOHO LASCO. Vršnak et al. (2007)
then applied this technique to an expanded sample of more than 20 MLSO and
LASCO CMEs, and provided details of the smoothing technique in an appendix.
CSI was also applied to more than 90 STEREO CMEs by Bein et al. (2011) and
to 59 STEREO CMEs by Majumdar et al. (2020). The CSI technique is attractive
because the smoothed curve remains continuous at the tie points (the “knots”),
hence the first and second derivatives can be derived. Future researchers may
consider using the CSI technique in near-real-time applications of CME height-
time analysis, although they will have to overcome the obstacles to optimal
placement of the knots. When applying CSI, we also required measurements
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Figure 2. Comparison of the GOES > 10 MeV (orange) and > 30 MeV (magenta) proton
fluxes (in pfu) and SOHO/EPHIN 7.8-25 MeV (blue) and 25-40.9 MeV (cyan) proton intensities
((MeV s cm2 sr)−1) for a period in 2012. Note that many more SEP events (with identified
sources, e.g., Richardson et al., 2014) are evident in the EPHIN data and that the widely-used
“SEP event” definition of > 10 pfu at > 10 MeV based on GOES data only identifies a small
subset of these events.

from higher altitudes, where the CME velocity has become nearly constant, to

optimize the fit.

Other techniques previously used for estimating CME speeds and acceler-

ation in the inner corona rely on measurements made in the middle corona

(e.g., by LASCO C2 and C3) combined with various assumptions about the

unseen motions of the CME in the inner corona. Gopalswamy et al. (2012)

provided several estimates for a set of CMEs associated with SEP “ground

level enhancements” (GLEs) based on flare and CME properties in the middle

corona. One such technique was described by Zhang et al. (2001) as the “flare-

proxy” (F-P) method. This is based on the CME speed measured in the middle

corona and the assumption that the CME is accelerated to this speed during

the duration of the rising phase of the associated soft X-ray flare, giving an

estimate of the (constant) CME acceleration. In a subsequent paper, Zhang and

Dere (2006) applied this technique to a sample of 50 LASCO CMEs, and based

a correlation between the F-P technique and direct height-time measurements

on nine CMEs where the main (peak) acceleration was < 500 ms−2. A tenth

event with direct CME measurements available was much more impulsive and

gave disparate accelerations of 4.4 km s−2 for F-P compared with 7.7 km s−2 for

the direct observations. In this paper, we compare the directly-measured CME

speeds/accelerations with those obtained by the F-P method.
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2.2. Solar Energetic Particle Event Observations

To identify SEP events associated with CMEs observed by the MLSO Mk3/4
coronameters, we examined SEP observations over a wide energy range (typi-
cally ∼ 1-100 MeV protons and near-relativistic electrons, as available) made by
instruments on several spacecraft near the Earth during the period of operation
of these coronameters (1980-2013). These instruments included: the Goddard
Medium Energy (GME) instruments (McGuire, von Rosenvinge, and McDonald,
1986) on IMPs 7 and 8 in Earth orbit, covering October 1972-December 2005;
the VLET and HET (von Rosenvinge et al., 1978) on ISEE-3/ICE (launched
in August 1978 to L1 before departing for comet Giacobini-Zinner in December
1983 following a ∼ 1 year period predominantly in the geomagnetic tail (Tsu-
rutani and von Rosenvinge, 1984)); the EPHIN (Müller-Mellin et al., 1995) and
ERNE (Torsti et al., 1995) instruments on SOHO, the EPACT instrument (von
Rosenvinge et al., 1995) on Wind (Wilson III et al., 2021), and the SIS (Stone
et al., 1998) and EPAM (Gold et al., 1998) instruments on ACE.

Following past studies (e.g., Van Hollebeke, Ma Sung, and McDonald, 1975;
Cane, Reames, and von Rosenvinge, 1988; Cane, Richardson, and von Rosenvinge,
2010; Richardson et al., 2014; Richardson, von Rosenvinge, and Cane, 2017), we
focused on SEP events including at least ∼ 20 MeV protons that were detectable
above the instrumental background, typically ∼ 10−4 (MeV cm2 s sr)−1 for
the above instruments. Note in particular that we do not adopt the widely-
used definition of an “SEP event” based on GOES spacecraft observations,
i.e., > 10 pfu (1 pfu=1 (cm2 s sr)−1) at > 10 MeV as followed for exam-
ple by the NOAA solar proton event list (https://umbra.nascom.nasa.gov/SEP/,
ftp://ftp.swpc.noaa.gov/pub/indices/SPE.txt). As illustrated in Figure 2, the dif-
ferential energy channels of the science instruments used, such as SOHO/EPHIN
shown here (blue and cyan graphs) for a period in 2012, generally have much
lower backgrounds than the integral fluxes from the operations-oriented GOES
proton instruments (orange and purple graphs) and hence can detect a larger
number of SEP events covering a wider range of intensities. Even the smallest
events in Figure 2 have identified solar sources (Richardson et al., 2014) and
several are associated with MLSO CMEs. In addition, the standard definition
identifies only a small subset of relatively high intensity SEP events, although
these are of most concern for space weather. Another reason for choosing a
definition based on ∼ 20 MeV protons rather than > 10 MeV is that SEP event
onsets are typically easier to identify than at lower energies where particles
associated with interplanetary shocks can obscure the onsets (cf., Figure 1 of
Richardson, von Rosenvinge, and Cane (2017)). The GOES integral fluxes also
mix low and high energy protons. For the current study, major advantages are
the greater likelihood that an SEP event will be identified at the time of a
MLSO CME than when just GOES proton observations are considered, and
that these events will cover a larger range in intensity, allowing a more complete
investigation of the relationship between SEP and MLSO CME parameters.

We then selected the subset of SEP events with onsets in or close to the
nominal MLSO observing window (17 UT-02 UT). We checked the online MLSO
observations to see if data were available for the day of each SEP event. If so,
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all images on that day were scanned as both direct and differenced images to
confirm whether there was a CME with timing consistent with the SEP onset. In
some cases, initial associations were rejected on closer examination of the timing
of the SEP onset and CME, for example if the SEP onset was clearly before the
CME eruption. Observations of near-relativistic electrons, which arrive ahead of
protons (Posner, 2007) were especially useful for inferring and confirming the
time of the associated solar eruption. If a CME was identified, measurements of
its location, size, and motion were made.

Many of the solar events associated with the SEP-associated MLSO CMEs
have been reported in existing SEP catalogs (e.g., Cane, Richardson, and von
Rosenvinge, 2010; Richardson et al., 2014; Papaioannou et al., 2016; Miteva,
Samwel, and Costa-Duarte, 2018, and the NOAA SEP event list) or were estab-
lished for prior studies (e.g. Cane, Reames, and von Rosenvinge, 1988). In other
cases, or when rechecking the reported associations, we referred to solar flare
observations, e.g., from Solar Geophysical Data for the earlier events and on-
line sources e.g., Solarmonitor.org (https://solarmonitor.org/), GOES X-ray flare
reports (https://swpc-drupal.woc.noaa.gov/products/goes-x-ray-flux), the Helio-
physics Event Knowledgebase (HEK; Hurlburt et al. (2012); https://lmsal.com/
hek/) and the Solarsoft latest events archive (https://www.lmsal.com/solarsoft/
latest events archive.html) for evidence of an associated H-α, EUV, and/or soft
X-ray flare consistent with the CME time and direction (for example, a CME
above the west limb is unlikely to be associated with an eastern hemisphere
flare). In some cases, no flare was observed, possibly indicating a far side source
- as Richardson et al. (2014) noted using STEREO spacecraft EUV observations
of the far side, around 25% of ∼ 20 MeV proton events originate from eruptions
beyond the limbs of the Sun with respect to the observer. When available,
we also examined solar radio observations from spacecraft such as Wind and
STEREO A/B for evidence of type II and type III radio emissions around the
time of the CME that may be indicative of particle acceleration (e.g. Cane,
Erickson, and Prestage, 2002; Laurenza et al., 2009; Richardson et al., 2014;
Winter and Ledbetter, 2015; Richardson, Mays, and Thompson, 2018) and can
help to confirm the CME-SEP event association.

In general, the SEP/CME/solar event associations could be made more re-
liably for well-connected western SEP events with relatively prompt/fast rising
onsets. than for slower rising, possibly poorly-connected events. In a few cases,
SEP observations from a spacecraft away from Earth could be used to verify that
an SEP event was associated with a CME that was poorly-connected to Earth.
In particular, a few SEP events associated with MLSO CMEs were identified in
observations (e.g., Kallenrode, 1993) from Helios 1 and 2 (in heliocentric orbits at
0.3-1 AU from the Sun and observing in December 1974- February 1986), Ulysses
(in a heliocentric orbit extending to high latitudes and out to ∼ 5 AU, observing
in October 1990-October 2006, e.g., Lario and Pick (2008)), or STEREO A
and B in heliocentric orbits near 1 AU (October, 2006-present) (Richardson
et al., 2014). It is also likely that some MLSO CMEs associated with SEPs were
overlooked because a high SEP background from previous events obscured the
new particle event.

SOLA: MLSOSEP.tex; 22 August 2023; 1:23; p. 10

https://solarmonitor.org/
https://swpc-drupal.woc.noaa.gov/products/goes-x-ray-flux
https://lmsal.com/hek/
https://lmsal.com/hek/
https://www.lmsal.com/solarsoft/latest_events_archive.html
https://www.lmsal.com/solarsoft/latest_events_archive.html


SEPs and Mauna Loa CMEs

The 84 identified SEP events associated with MLSO Mk3/4 CMEs are listed
in Tables 1 to 3. The first column of each table gives the date of the event.
Bold type indicates that the SEP event was a ground level enhancement (GLE;
https://gle.oulu.fi) observed by neutron monitors. Column 2 gives the location
of the related solar eruption. Estimated or observed farside locations are from
studies such as Cane, Richardson, and von Rosenvinge (2010) or Richardson
et al. (2014). Where no location is listed, this indicates either that the eruption
is at some unknown location on the far side of the Sun, the CME onset time
is not consistent with any reported flare, or the location is uncertain. Columns
3 and 4 give the peak intensity and onset time of the associated soft X-ray
flare, from the GOES spacecraft. Columns 5 to 7 give, for the MLSO CME,
the time of first detection, the plane-of-the-sky central position angle and full
angular width. The first detection time is corrected to take into account the
direction of CME relative to the start/end of the Mk3/4 scan, as discussed in
section 2.1. Columns 8 and 9 show the height range over which the CME was
tracked below 3 Rs and the number of height-time points available. In a few cases,
indicated by ‘*’, the extreme point has been taken from observations made by
a spaceborne instrument. In particular, the lower height measurement contains
points from SOHO/EIT, SOHO/LASCO C1 or SDO/AIA, while the highest
points below 3 Rs contain measurements from SMM or SOHO/LASCO C2.
Columns 10-12 give the CME average velocity, average acceleration, and the
velocity determined using the derived acceleration at the final measurement point
(the “final velocity”). At least four height-time measurements are required except
for the average velocity. Column 13 indicates whether a spacebased coronagraph
also detected this CME and the time of first detection. Finally, columns 14 and
15 give the SEP proton spectral index γ at ∼ 5 to 60 MeV and intensity at
20 MeV. The proton intensity is measured near Earth except in a few cases as
indicated in the table. Some of these parameters will be explained further in
Section 3.

SOLA: MLSOSEP.tex; 22 August 2023; 1:23; p. 11

https://gle.oulu.fi
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SEPs and Mauna Loa CMEs

Figure 3. The times of 84 MLSO CMEs associated with SEP events shown relative to the
daily adjusted Penticton 10.7 cm solar radio flux. W (E) indicates 59 (20) cases where the solar
event was on the western (eastern) hemisphere with respect to the observing spacecraft, and G
that the SEP event was a “Ground Level Enhancement” (GLE) observed by neutron monitors.
The bottom panel shows the annual number of SEP-associated CMEs observed by Mk3 (red)
or Mk4 (blue); in 1999 (purple), both instruments observed the CMEs. The performance of
Mk4 was greatly reduced after a lightning strike in 2009.

Figure 3 summarizes the distribution in time of these 84 SEP events asso-
ciated with MLSO Mk3/4 CMEs over four solar cycles (21-24) as indicated by
the 10.7 cm solar radio flux (https://www.spaceweather.gc.ca/forecast-prevision/
solar-solaire/solarflux/sx-en.php) in the top panel. As expected, these events are
predominantly associated with higher solar activity levels. The number (59) of
western hemisphere events with respect to the observing spacecraft, indicated
by ‘W’ exceeds that of eastern events (‘E’) (20). As discussed above, this largely
reflects the greater ability to associate CMEs and SEP events unambiguously for
western events (events originating behind the respective limb are also included
here) in addition to the western bias introduced by the connection of the spiral
interplanetary magnetic field to the western hemisphere. ‘G’ indicates five SEP
events that are GLEs and occurred at the peak of cycle 22 or during the ascending
and declining phases of cycle 23.

The annual number of SEP-associated CMEs in the bottom panel of Figure 3
is also influenced by other factors. Considering MLSO operations, Figure 4 shows
the MLSO observing periods on the days when SEPs-associated CMEs were
detected. In 2003, an additional observer was added to the Observatory staff,
resulting in an extension of the daily observing time from ∼ 5 hours to ∼ 9 hours
as is evident in the top part of the figure. Another factor is that, in the 1980s
until 1991, large format tapes (recording one hour of observations/20 images)
were used to transport Mk3 observations to HAO for processing; the tapes were
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Figure 4. Daily observation periods at MLSO on days when SEP-associated CMEs were
detected, expressed as Universal Time versus Year. Note the increase after an observer was
added in 2003.

then returned to MLSO for reuse. Due to the high costs of tape transport, after
the failure of SMM in September, 1980, only two images/day were retained if
the on-duty observer did not notice a CME in the data for that day. However,
without the benefit of subtraction images or movies, it is likely that some CMEs
were overlooked. St. Cyr et al. (2015) give details of the influences on the Mk3
duty cycle and how discarding data has severely impacted the Mk3 CME archive.
This policy was changed in 1989, when all images were gathered. The use of more
compact tapes from 1991 also increased the data coverage. Another factor is the
improved capabilities of Mk4 (the blue histogram in Figure 3) relative to Mk3
(red histogram). However, the performance of Mk4 was degraded following a
lightning strike in 2009 that “fried” the detector and damaged ancillary elec-
tronic equipment. The optics were moved in 2010 to try to improve the signal
but this caused the outer field-of-view to shift down to 2.5 Rs. Unfortunately,
the signal continued to seriously degrade from 2010 through 2013 with increased
electronic noise level in the detector and impact on the ability to provide an
absolute brightness calibration.

There were ∼ 900 ∼ 25 MeV proton events during the period in Figure 3 (cf.,
Richardson, von Rosenvinge, and Cane, 2017, and references therein), suggesting
that around 9% of these events could be associated with an MLSO CME. This
is reasonably consistent with the ∼ 20% expected taking into account both the
∼ 9 hours (or less) MLSO daily observing time and typically ∼ 200 days of
observations/year, with further reductions, for example, for instrumental and
operational issues, poor viewing conditions and the greater difficulty of making
reliable SEP associations for eastern events.
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Webb and Howard (1994) determined instrument-specific “visibility func-
tions” to compare CME rates deduced from different coronagraphs and combined
those results with their respective duty cycles (e.g., MacQueen and St. Cyr,
1991). This concept was recently updated for modern coronagraphs by Vourl-
idas et al. (2020). Because of the longevity and high duty cycle of the SOHO
LASCO coronagraphs, we can determine the Mk3/Mk4 visibility function for
SEP-associated CMEs by comparing the 1997-2013 observations from both sets
of instruments. There were around 499 ∼ 25 MeV proton events in May 1997-
May 2013 (cf., Cane, Richardson, and von Rosenvinge, 2010; Richardson et al.,
2014) although no LASCO observations are available for 45 of these events. Most
of these SEP events have an associated SOHO and/or STEREO CME as well
as an identification of the associated solar source region. We then selected a
subset of 187 SEP events where the associated CME appeared between 17-02
UT, the nominal observing window for MLSO. (Since 9/24 hours of observations
per day is a duty cycle of ∼ 38%, we might expect ∼ 190 CMEs, which agrees
well with the number actually observed.) Of these 187 SEP events, 111 events
occurred during MLSO data gaps. For another 64 events, MLSO made at least
one observation of the CME, and in a further 6 cases, MLSO observed the CME,
but no measurements of the CME were possible. Finally, in 6 cases, MLSO was
observing but the CME was not detected. Thus, when making observations,
Mk3/4 detected at least 70/76 (92%) of the SEP-associated CMEs observed by
SOHO/LASCO in 1996-2013. Also, four of the six missed events occurred after
the lightning strike in 2009 which degraded the performance of Mk4 and so these
could also be reasonably removed from this comparison. This analysis indicates
that if a ∼ 25 MeV proton event occurs and MLSO is making observations, then
the associated CME is highly likely to be observed in the low corona.

2.3. Examples of SEP events associated with MLSO CMEs

Figure 5 shows an example of how MLSO can observe CME motion well before
the onset of an SEP event, even if this event is a GLE. In this case, we show
GLE 67 (e.g., Mishev et al., 2021, and references therein) on November 2, 2003
associated with an X8.3 flare at S14◦W56◦. At the top of the figure are examples
of difference images from MLSO Mk4 (gray) and SOHO/LASCO C2 (orange) re-
lated in time by the arrows to the SEP observations during the two-hour interval
shown below. The SEP observations are from several neutron monitors (see the
figure caption for more details), near-relativistic electrons from ACE/EPAM and
25-53 MeV protons from SOHO/EPHIN. The GOES soft X-ray intensity is also
shown. The CME leading edge height is shown in the top panel of the main figure
using a logarithmic scale that emphasizes observations close to the Sun. Note
that MLSO provides several measurements of the CME height and speed (black),
commencing before the GLE particles and near relativistic electrons arrive at
Earth. The first CME height estimate is available at 17:17 UT (corrected for
CME direction relative to the scan stop/start location). The height-time profile
is then extended using the LASCO C2 and C3 observations. The energetic proton
intensity observed by SOHO/EPHIN finally rises above the existing elevated
background nearly an hour after the CME was first observed at MLSO. An
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Figure 5. MLSO Mk4 coronameter (gray) and SOHO/LASCO C2 coronagraph (orange)
observations of the CME associated with GLE 67 on November 2 2003. The coronal images are
base-difference images obtained by subtracting a pre-event image at the times indicated. The
main figure shows: the plane of the sky height of the leading edge of the CME in Mk4 (black)
or LASCO C2 (red) and C3(green); The percentage counting rate increase (1 minute averages,
normalized at 17:00UT) in several neutron monitors (Oulu, Fort Smith, South Pole, South Poles
Bares and Terre Adelie) from https://www.nmdb.eu/nest/; Near relativistic electron intensities
(5 minute averages) from ACE/EPAM; 25-53 MeV proton intensities (5 minute averages) from
SOHO/EPHIN; and the GOES 10 soft X-ray intensity. Note that the CME was observed in
several MLSO images before the onset of the particle event was detected at Earth. All times
shown are as observed at Earth with no corrections for propagation time from the Sun.

SOLA: MLSOSEP.tex; 22 August 2023; 1:23; p. 18
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interesting aside is that Mishev et al. (2021) conclude that the GLE particles
had a bidirectional (sunward/anti-sunward) flow during onset. Such flows often
occur in interplanetary coronal mass ejections (e.g. Richardson and Cane, 1996;
Richardson et al., 2000), and we note that the onset of this SEP did indeed occur
during passage of an ICME (Richardson and Cane, 2010).

A first-order fit to the CME leading edge height vs. time from the combined
MLSO and LASCO coronagraph observations gives an average CME speed in
the low-mid corona of 1922 ± 274 km/s, compared with a mid-corona speed of
2598 km/s (with no error quoted) in the CDAW CME catalog (https://cdaw.
gsfc.nasa.gov/CME list/) which is based on a manual fit to LASCO data alone.
The second-order MLSO-LASCO fit gives a final speed of 2100 ± 271 km/s
and an average acceleration of 81 ± 28 m/s2. This contrasts with the CDAW
catalog deceleration of -32.4 m/s2 in the LASCO field of view, illustrating the
effect of including the low corona observations on the inferred CME motions.
Using a cubic spline interpolation (CSI), we estimated a maximum CME speed
of 2487 km/s, and a maximum acceleration of 6.03± 0.67 km/s2 (considerably
larger than the average acceleration) at a height of 2.29±0.65 RS . The combined
MLSO-LASCO height-time observations for GLE 67 have also been discussed by
Gopalswamy et al. (2012) (see their Figure 15). Assuming a second-order fit to
the MLSO and initial LASCO observations, they obtained a smaller acceleration
of 2.4 km/s2, or 2.79 km/s2 when including a correction for projection due to
the flare longitude. Considering just the six observations below 3Rs, we obtained
(Table 2) an average velocity of 1507± 220 km s−1 and average acceleration of
1.01±2.43 km s−2. These disparate results illustrate the considerable variations
in the CME motions inferred by applying different fitting techniques to the
observations, as will be discussed further in Section 3.

Figure 6 shows an example of a CME associated with an SEP event early in
our study period, on March 25, 1981, observed by the MLSO Mk3 coronameter
and SOLWIND coronagraph. This event was associated with an X2.2 flare at
W87◦ peaking at 20:48 UT. The CME was first observed by Mk3 at 20:43 UT
and tracked over 1.25-2.1 RS through nine images giving an average speed of
798± 17 km/s and average acceleration of 80± 130 m/s2. ISEE–3/ICE detected
the onset of 0.22-2 MeV electrons in the 15 minute average at 21:15-21:30 UT,
around 39 ± 7 minutes after the CME was first observed by MLSO. The CME
was first observed by SOLWIND at 21:41 UT and tracked over 4.2-7 RS with an
average speed of 712 km/s, and acceleration of 138 m/s2. This event illustrates
that, notwithstanding the poorer performance of these earlier instruments, CME
motions can still be inferred in the low-mid corona from these observations.

The CME shown in Figure 7 was observed by Mk3 and the SMM coronagraph
on November 7, 1987. In this case, the images from each instrument shown are
nearly coincident in time, illustrating the complementary observations from the
ground and space. The CME and SEP event were associated with an M1.2
flare at W90◦ with peak intensity at 20:30 UT. MLSO first observed the CME
at 19:51 UT and tracked it over 1.84-2.36 Rs. From the four MLSO frames
available, we estimate a speed of 603 ± 22 km/s and an acceleration of 0.45 ±
0.07 km/s2. Unfortunately, we could not estimate the CME speed from the
SMM observations. The IMP 8 GME proton data (30 minute averages) show
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Figure 6. MLSO Mk3 coronameter (top left) and SOLWIND coronagraph (top right) obser-
vations (at 20:51:11 and 21:41:30 UT, respectively) of a CME associated with an SEP event
on March 25, 1981. The ISEE–3 observations (bottom panel) show that 0.22-2 MeV electrons
were first detected by ISEE-3 at 21:15-21:30 UT, around 39 ± 7 minutes after the CME was
first observed by Mk3 at 20:43 UT, followed by protons extending to at least ∼ 50 MeV.

Figure 7. MLSO Mk3 coronameter (center) and SMM coronagraph (right) observations of a
CME on November 7, 1987 associated with an SEP event detected by IMP 8 (left).
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Figure 8. MLSO Mk4 observations of the SEP-associated CME on June 16, 2005. In the first
(top left) image at 19:57 UT (with the image at 19:39 UT subtracted), the CME is barely
visible in the field of view above the west limb at a position angle of ∼ 270◦. In the next image
(20:00 UT, with the 19:42 UT image subtracted), the CME is again just visible at a similar
height. In the image (bottom left) at 20:06 UT (with the 19:42 UT image subtracted), the
CME has started to expand rapidly. By 20:28 UT (bottom right, with the 19:42 UT image
subtracted), the CME leading edge has left the Mk4 field of view. The skirt of the CME and
a bright prominence knot at about 1.7 Rs, with a current sheet trailing behind it, are evident.
A prompt SEP electron onset (not shown) was detected at Earth at 20:26 UT.

an energy-dispersive onset that extended to at least 50 MeV, commencing at
around 21 UT following a data gap.

A final example of an SEP-associated CME, observed by MLSO Mk4 on June
16, 2005 and related to a flare at the west limb, is shown in Figure 8. The
associated prompt SEP electron onset at Earth was at 20:26 UT. The CME is
just visible above the west limb at a similar height in the differenced images
at 19:57 UT and 20:00 UT in the top row. In the image at 20:06 UT (bottom
left), the CME has started to expand rapidly (following the onset of soft X-ray
emission at 20:01 UT; Table 3), and by the time of the bottom right image at
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Figure 9. First order (left) and second-order (right) fits to the Mk4 height-time profile for
the June 6, 2005 SEP-associated CME in Figure 8. The strong acceleration in the low corona
following an initial interval of slow expansion is evident.

20:28 UT, the leading edge had left the Mk4 field of view; there is evidence of a
prominence knot and a trailing current sheet (Webb and Vourlidas, 2016) in this
image. Overall, seven estimates of the CME height are available from the Mk4
observations. No LASCO mid-corona observations are available for this event
due to a data gap, so this event gives an example of how MLSO observations
alone can provide information on the dynamics of an SEP-associated CME. In
particular, this is a clear example of a CME that initially expands slowly and
then accelerates substantially in the low corona. Figure 9 shows first-order (left)
and second-order (right) fits to the CME leading edge height-time profile from
Mk4. The first-order (linear) fit gives an average speed of 554 ± 35 km/s but
this is clearly a poor fit to the height-time profile for this strongly-accelerating
CME. The second-order fit gives an acceleration of 1.004 ± 0.202 km/s2 and a
speed at the final point of 1247± 165 km/s that is substantially higher than the
average speed.

3. Results

3.1. General properties of SEP events associated with MLSO Mk3/4

CMEs

We first summarize the characteristics of the SEP events associated with MLSO
Mk3/4 CMEs. Figure 10 demonstrates that these SEP events cover a wide range
of peak proton intensities at 20 MeV and are associated with GOES soft X-ray
flares ranging from B (10−7 − 10−6 W/m2) to X (> 10−4 W/m2) class. In
Figure 10 (and also column 15 of Tables 1–3), the 20 MeV proton intensity
is derived from an inverse power law in energy fit (dJ/dE ∼ E−γ) to peak
intensity observations in selected instrument channels, for example covering 4.2-
63 MeV for the IMP 8 GME (with poorly calibrated channels removed), 4.3-
53 MeV for SOHO/EPHIN and 8-67 MeV for SOHO/EPHIN. For most events,
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Figure 10. Peak 20 MeV proton intensity vs. peak soft X-ray intensity (W/m2) of the
associated flare from GOES for the SEP events associated with MLSO Mk3/4 CMEs. The
SEP events cover a wide range of intensities and are associated with B to X10 class flares.
Events at all longitudes are shown.

the power-law fit is a good representation of the peak intensity spectra in these
energy ranges. In occasional cases where there is a spectral break in this energy
range, the fit is restricted to include the energy channels that best represent
the spectrum at around 20 MeV. Where spectra are available for the same event
from different spacecraft, we generally use the spectral fit with the smallest error.
Values of the power law index γ are shown in column 14 of Tables 1–3. The fit
is then used to calculate the intensity at 20 MeV.

For 18 SEP events, likely to be from the far side, no associated flare was
recorded so they do not appear in Figure 10. In addition, in 8 cases, the peak
proton intensity spectrum could not be obtained. Reasons include data gaps,
a subsequent unrelated, more intense event obscured the peak of the event in
question, or, in a few cases, the SEP event was detected by a spacecraft away
from 1 AU, so the peak intensity will be influenced by the spacecraft location
and is not plotted. Of the 84 SEP events associated with MLSO CMEs, 22 (26%)
were associated with X-class flares, 29 (35%) with M-class flares, 17 (20%) with
C-class flares and 1(1%) with a B-class flare while, as already noted, 18 (21%)
had no associated flare and probably originated on the farside of the Sun. Thus,
the SEP events associated with CMEs detected by MLSO Mk3/4 are related to
a wide range of solar eruptive events and are not, for example, strongly biased
towards major flares, though such events are certainly well represented in our
sample. Note also that the 20 MeV proton intensity in Figure 10, even though
events at all longitudes are included, shows the typical positive correlation with
flare soft X-ray intensity (e.g., Cane, Richardson, and von Rosenvinge, 2010;
Richardson, von Rosenvinge, and Cane, 2017)).

Figure 11 shows the Fe/O ratios for the SEP events associated with MLSO
CMEs, when available, and their variation with the proton intensity at 20 MeV
and the longitude of the associated flare. The ratios at ∼ 14 MeV/n are taken
from ACE/SIS as in Cane, Richardson, and von Rosenvinge (2010) with a few
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Figure 11. Fe/O ratio vs. (left) peak 20 MeV proton intensity ((MeV s cm2 sr)−1) and (right)
flare longitude at ∼ 3 MeV/n (top) and ∼ 14 MeV/n (bottom). The SEP events associated
with the MLSO CMEs cover a wide range in Fe/O and show, in both energy ranges, the
typical decrease in Fe/O with increasing peak proton intensity and tendency for Fe-rich events
to originate on the western hemisphere.

later additions. Those at ∼ 3 MeV/n are generally from Wind/EPACT at 2.4-3.1

MeV/n with a few cases from STEREO/LET at 4-6 MeV/n where the event is

better observed at STEREO. The ratios are calculated using peak intensities, or

as close as possible if the peak is missed, also avoiding abundance variations due

to transport effects early in the event and local intensity peaks associated with

interplanetary shocks. The main point here is to again illustrate that the SEP

events associated with the MLSO Mk3/4 CMEs have a wide range of properties.

In particular, they show (left panels) the typical general decrease in Fe/O with

increasing proton intensity, including events that are Fe-rich compared to the

typical ratio of ∼ 0.1 for large “gradual” SEP events (e.g., Reames, 1999) and

(right panels) the tendency for Fe-rich events to originate on the western hemi-

sphere (e.g., Cane et al., 2006). Though not shown here (but discussed later in

Section 3.4), the electron to proton intensity ratios also cover a wide range from

above 106 to below 104 where, following Cane, Richardson, and von Rosenvinge
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(2010), the e/p ratio is calculated using ∼ 0.5 MeV electron and ∼ 25 MeV
proton intensities.

3.2. Properties of SEP-associated MLSO Mk3/4 CMEs

Figure 12 summarizes some of the basic properties of the SEP-associated CMEs
observed by Mk3/4. The top left panel shows the distribution of the apparent
(in the plane of the sky) central position angle (PA) of the CMEs. The position
angle is measured anti-clockwise with 0◦ directed to the north. The western
(PA∼ 270◦) bias, due to preferred IMF connection to the western hemisphere
and selection bias, is clearly evident. In contrast, a general population of more
than 500 Mk3 CMEs reported in St. Cyr et al. (1999) and St. Cyr et al. (2015)
shows an equal division between eastern and western events. The middle left
panel shows the CME central latitude. For our selected events, there is a bias to-
wards the northern hemisphere. This apparently reflects when the selected events
occurred in relation to the time-varying northern-southern hemisphere asymme-
tries in SEP event sources during solar cycles (e.g., Richardson, von Rosenvinge,
and Cane, 2016, 2017) and is not a general property of SEP-associated MLSO
CMEs. The bottom left panel shows the distribution of CME full angular widths
as measured in Mk3/Mk4. The mean width is 73◦, compared to 37◦ for the
general population of Mk3 CMEs, suggesting that MLSO CMEs associated with
SEPs are on average wider than is typical. The widest SEP-associated CME had
a width of 258◦, and no cases of full halo (360◦) CMEs were found, which is not
unexpected for an instrument measuring polarized Brightness (pB) in the inner
corona.

The top right panel of Figure 12 shows the distribution of average appar-
ent velocities in the MLSO field of view for the subset of 62 SEP-associated
CMEs with at least four height-time measurements available. Where possible, the
MLSO white-light measurements were augmented by those from other telescopes
when it was clear that the same CME feature could be tracked. The instruments
providing measurements near the inner boundary of the field-of-view included:
SOHO LASCO C1 (1 event); SOHO EIT (20 events); and SDO AIA (5 events).
Also, some spacebased coronagraph measurements were included if they were
inside the ∼ 3 RS outer boundary of the MLSO field of view, including SMM
C/P (2 events) and SOHO LASCO C2 (22 events). Although many of the post-
2010 SEP-associated CMEs were also observed by the SECCHI instruments on
STEREO A and B, these observations were not included in this study since
the angular separation between the STEREO spacecraft and Earth was already
> 70◦. Combining those unique observations with MLSO and other measure-
ments into 3-D views will be addressed in a future study. The mean average
velocity is 650 km/s for the SEP-associated CMEs, compared with 390 km/s
for the general Mk3 CME population (St. Cyr et al., 1999, 2015), indicating
that SEP-associated CMEs on average have higher speeds in the MLSO field of
view. The distribution has a tail reaching to velocities of ∼ 1600 km/s but, on
the other hand, there are cases of SEP-associated CMEs with average velocities
of only ∼ 200-300 km/s. The bottom right panel shows the average CME ac-
celerations (black) or decelerations (hatched) in the MLSO field of view. Note
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Figure 12. Summary of the properties of the SEP-associated CMEs observed by the MLSO
Mk3/4 coronameters. Left panel: Top: The apparent central position angle with 0◦ = north,
and measured anti-clockwise. Note the excess of western events (PA∼ 270◦); Middle: The CME
central latitude showing, for these events, a bias towards the northern hemisphere; Bottom:
The apparent angular width (mean=73◦, maximum=258◦). Right panel: Top: The average
apparent velocity. The mean value is 650 km/s; Bottom: The average apparent acceleration.
Note the semi-logarithmic scale and that the CMEs may be accelerating or decelerating in the
MLSO field of view, with accelerations of the order of km s−2.

that the scale is semi-logarithmic to accommodate the wide range of values.
Both the accelerations and decelerations in the low corona tend to be of the
order of km s−2, indicating that large changes (increases or decreases) in the
CME velocity may occur, as was also found for the general population of CMEs
observed by Mk3 (St. Cyr et al., 1999) where around a third of the CMEs were
found to be decelerating.

We have also quantified the brightness of each of the MLSO SEP-associated
CMEs, as described in St. Cyr et al. (2015). The categories are “Very Faint”
(only detected in difference images and assigned “1” numerically); “Faint” (ini-
tially detected in difference images, but then identified in direct images, “2”);
and “Bright” (easily seen in direct images, “3”). There are several factors that
influence CME brightness including distance from the sky-plane and solar cycle
variations in CME mass (e.g., MacQueen et al., 2001; Vourlidas et al., 2010).
It has also been reported that SEP-related CMEs are brighter than the general
population (e.g., Kahler and Vourlidas, 2005). In addition, the MLSO polarized-
Brightness observations are more sensitive to distance from the limb than those
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Figure 13. Average MLSO SEP-associated CME brightness (top panel) and average width
(bottom panel) as a function of distance from the sky-plane. The number of events in each 15◦

bin is shown in the top panel connected by the dashed line. Horizontal error bars indicate the
range of longitudes over which the average was derived; Vertical error bars are the standard
deviations of the averages. The average CME brightness falls off with distance from the limb
while the average projected CME width increases.

of most spacebased coronagraphs that observe total-Brightness (B) (see Ap-
pendix A in Hundhausen, 1993). The black points in the top panel of Figure 13
show how this rudimentary brightness measure decreases as distance from the
limb, based on the longitude of the associated solar event, increases. The more
limited visibility of CMEs in groundbased pB observations is also reflected in the
smaller number of events in each bin as distance from the limb increases, as in-
dicated by the crosses and dashed line in the top panel of Figure 13. The bottom
panel shows that the average plane-of-the-sky size of these events increases with
distance from the limb. Although there were no full-360◦ halo CMEs detected by
Mk3/Mk4, the decreasing average brightness and increasing average size when
the associated activity is located closer to the Sun’s central meridian are both
obvious in Figure 13.

Another aspect to consider is where the CME appeared in latitude with
respect to the location of the photospheric activity, as discussed by Harrison
et al. (1990) and Yashiro et al. (2008). Figure 14 shows the CME apparent
central latitude (dot) and width (vertical bars) plotted against the latitude of
the related photospheric activity. The line indicates where CME central latitude
equals the flare latitude, and it is clear that some part of the CME passes through
this line for almost all events. The exceptions can be explained by noting that
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Figure 14. The CME apparent central latitude (vertical axis) versus the latitude of the flare
(or other associated activity; horizontal axis). The dashed equality line passes through almost
all of the CME widths (shown as the vertical bars). Events where the associated activity was
> 50◦ from the sky-plane are circled and tend to lie away from this line.

the circled points are events where the associated activity was > 50◦ from the
sky-plane, so the CMEs appear extremely foreshortened and displaced.

For 42 of the MLSO SEP-associated CMEs, there are estimates of the mass
from LASCO observations reported in the CDAWCME catalog. About a quarter
of these estimates are considered to be “good”, while the remainder are “uncer-
tain”. The average mass density for these 42 events is 3.5 × 1013 gm/degree,
which is well above the average for all CMEs in the catalogue, and intermediate
between those of CMEs classified as “SEP-poor” and “SEP-rich” in Table 4 of
Kahler and Vourlidas (2005). (We also note that in that study, the proton intensi-
ties (also at 20 MeV) of the SEP rich and poor events, defined relative to a CME
speed-intensity fit, span a similar range to those of the MLSO CME-associated
SEP events.)

We have also examined (Figure 15) whether there was any relationship be-
tween the peak soft X-ray flux measured by GOES for the flare associated with
a MLSO CME and the CME average velocity in the inner corona. The CMEs
indicated by solid data points were accelerating while the cross-hatched were
decelerating. There does not appear to be a clear distinction between those
two populations, and overall, there is only a weak correlation between the CME
average velocity in the inner corona and X-ray flare intensity. In particular, while
the fastest CMEs in this sample do appear to be associated with predominantly
more intense X-ray flares and not with weak flares, relatively slow CMEs are
associated with a wide range of flare sizes. Thus, the occurrence of a strong flare
is not necessarily associated with a SEP-associated CME with a high average
speed in the low corona.

We have also combined MLSO and spacebased CME observations to compare
the CME parameters in the low-mid corona with those in the low corona. Space-
based coronagraph observations were available for 72/84 (86%) of the MLSO
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Figure 15. GOES soft X-ray flare peak intensity vs. average CME speed in the low corona.
Solid (cross-hatched) points indicate accelerating (decelerating) CMEs.

Figure 16. Left: Comparison of the central position angle of the MLSO SEP-associated CMEs
in the inner vs. middle corona. The error bars represent the width of the CME. Shock wings (see
text) have been removed in the spacebased observations. Right: Comparison of the apparent
angular width of the MLSO SEP-associated CMEs in the inner vs. middle corona. Angular
expansion is evident for almost all events.

SEP CMEs, and all of the MLSO SEP-CMEs were detected in the middle corona
when spacebased measurements were available. For 68 of the events, we could
measure the position angle in both MLSO and spacebased observations. For
66 events, we were also able to measure a width, and for 55 events, we were
able to combine the height-time measurements from MLSO and the spacebased
instrument. When the time gap was too large or when the feature being tracked
could not be reliably identified in both instruments, no attempt was made to
combine the height-time information. Rather than rely on catalogued values for
the characteristic quantities for the spacebased CME detections, we measured
each event in the middle corona to ensure that the same morphological feature
was matched in observations from each instrument.
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Figure 17. Comparison of the apparent angular width of the MLSO SEP CMEs in the inner
(black circles) versus middle corona (red circles) as a function of distance from the limb. Here
the MLSO events are compared with the subset of SOHO LASCO measurements.

The left panel of Figure 16 compares, for 68 CMEs, the plane-of-the-sky
central position angles for CMEs observed by MLSO and for the same CMEs
observed by spacebased coronagraphs. The spacebased observations are from
SOHO/LASCO in 56 cases, with nine (three) other cases using observations
from SMM (SOLWIND). The CME directions in the low- and mid-corona are
generally similar despite, for example, the different dynamic ranges of MLSO
and the spacebased instruments, illustrating that the MLSO and spacebased
CME observations can be confidently associated for the majority of our sample
of events. The error bars indicate the width of the CME. Because of the tendency
for fast CMEs to generate shock “wings”, compressive waves extending beyond
the boundaries of the CME driver, in the middle corona, CME catalogues often
show a significant number of “halo” events in the middle corona, particularly in
the CDAW LASCO catalog (e.g., Gopalswamy et al., 2010). For this study we
have excluded obvious deflections/extensions in the angular width measurements
in LASCO, measuring only the extent of the primary flux rope, thus reducing
the number of CDAW catalogued entries of “halo CMEs” from 27 down to four.

The right panel of Figure 16 shows that, with a few exceptions, the plane of
the sky CME width is equal or larger in the mid-corona than in the low corona,
suggesting that the CMEs may still be expanding as they exit the low corona and
enter the middle corona; the difference between instruments measuring B and
pB may also contribute. The red cross indicates the average of the widths in the
low- and mid-corona. Additionally, Figure 17 shows that the increase in angular
size for these SEP-associated CMEs as a function of limb distance found in the
inner corona (black points in Figure 17, from the bottom panel of Figure 13) is
even more magnified in the middle corona (red points). This is also likely to be
due to a difference between B and pB measuring instruments - the full width
extent of the CME may be too faint to be seen by MLSO in pB, and therefore
the width may be underestimated, for events near disk center where LASCO is
observing severely-projected CMEs.

Figure 18 compares, where possible, the apparent linear speed of the SEP-
associated CMEs in the low to mid-corona, from a fit to MLSO and spacebased
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Figure 18. Comparison of the apparent linear speed of the MLSO SEP-associated CMEs in
the low versus low plus middle corona. A line of equality is shown for reference.

observations, with that in the inner corona from MLSO observations. A line of

equality is shown for reference, with 33 (22) CMEs lying above (below) the line

having accelerated (decelerated) between the inner and mid-corona; the average

change in speed from the low to mid-corona for the accelerating (decelerating)

CMEs is 385 km/s (-126 km/s). There is not a clear correlation between the

average CME speeds in the low and low-mid-corona. While the fastest CMEs

in the inner corona tend also to be fast in the mid-corona, the converse is not

always the case. In particular, CMEs with moderate speeds (∼ 500 km/s) in the

inner corona can have a wide range of speeds in the middle corona.

Figure 19 compares histograms of the apparent average CME accelerations

(green) or decelerations (red) in the inner corona from MLSO (top, from Fig-

ure 12) and in the low-middle corona from combined MLSO and spacebased ob-

servations (bottom), using a semi-logarithmic acceleration scale. These distribu-

tions clearly illustrate that the CMEs typically have larger accelerations/decelerations

(∼ 0.1 − 10 km s−2) in the inner corona than in the low-mid corona (typically

less than ∼ 0.2 km s−2) where, as noted previously, CMEs tend to reach their

terminal speeds. The average accelerations in the low and low-middle corona for

individual CMEs are compared in Figure 20, again illustrating the larger accel-

erations/decelerations in the low corona. In particular, 86% (23%) of the inner

(middle) corona accelerations/decelerations exceed ±0.1 km s−2. In our sample,

the SEP-associated CMEs that accelerated in the inner corona outnumber those

that were decelerating by approximately two to one (40 to 22).

Finally, Figure 21 compares the average speeds inferred from combined MLSO

and spacebased CME observations with the CME speeds in the middle corona

reported in the CDAW CME catalog for the same CMEs. While these speeds

tend to be correlated, as expected, the CDAW speeds do trend higher for the

faster CMEs, often by several hundred km/s.
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Figure 19. Histograms of the MLSO SEP-associated CME apparent accelerations (green)
or decelerations (red) from MLSO observations (top, from Figure 12) and in the low-middle
corona from combined MLSO and spacebased observations (bottom). The horizontal scale is
semi-logarithmic. Note that CME accelerations/decelerations are typically larger in the low
corona.

3.3. Estimating CME dynamics

As discussed in Section 2.1, we have explored several methods of analyzing CME
dynamics in the low-mid corona. The results above use the average apparent
(plane of the sky) speed or acceleration in the coronameter/coronagraph fields
of view obtained using a least-squares-weighted polynomial fit. Other methods
outlined in Section 2.1 include point-to-point determination (P2P) and cubic
spline interpolation (CSI), as well as the flare proxy method using only observa-
tions of the CME in the middle corona and the rise time of the associated soft
X-ray flare.

Unfortunately, as already noted in Section 2.3 in relation to the CME asso-
ciated with GLE 67, we find that the different methods can give quite different
results for CME speeds/accelerations. For example, Figure 22 compares the peak
velocities in the inner corona determined by CSI and P2P for subsets of events
where these methods can be applied. Although there is some correlation between
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Figure 20. Comparison of the average acceleration of the SEP-associated MLSO CMEs in the
inner corona (horizontal axis) versus the low-middle corona (vertical axis). A line of equality
is shown for reference. 86% (23%) of the inner (middle) corona accelerations are larger than
±0.1 km s−2.

Figure 21. Comparison of the apparent linear speed of the SEP-associated MLSO CMEs
in the inner+middle corona with CDAW catalogue values in the middle corona for the same
CMEs. A 10% uncertainty is assumed for the CDAW CME speeds. A line of equality is shown
for reference.

the points, as indicated by the fitted dashed line, in general they do not lie along
(and can differ significantly from) the line of equality (dotted line). Figure 23
compares the peak acceleration in the inner corona determined as by CSI and
P2P for the subset of events where both methods can be applied. Again, while
there is some correlation between the points, in general they do not lie along
the line of equality. There are also large errors, in particular in the largest CSI
accelerations.

The left panel of Figure 24 compares the maximum CME speeds below 3 Rs

inferred from P2P (blue points) or CSI (red points) with the average speed.
Again, there is some correlation between these speeds, and as expected, the
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Figure 22. Comparison of the peak CME velocities in the inner corona obtained from cubic
spline and point-to-point fitting. The dashed and dotted lines indicate the fit to the points and
the line of equality, respectively.

peak speeds exceed the average speeds (the black line indicates equality). How-
ever, there also are large differences and uncertainties for individual events, in
particular for faster CMEs. The right panel of Figure 24 compares the peak
acceleration from CSI (red points) or the initial CME acceleration from the flare
proxy method (green points) with the peak acceleration from P2P, showing the
generally poor agreement between these different estimates of the CME accel-
eration. In particular, initial accelerations derived from the flare proxy method
are typically lower than the other estimates.

Our overall conclusion from such comparisons and considerable experimen-
tation in fitting the observations is that we were unable to determine which,
if any, of these methods consistently gives the most reliable estimates of CME
parameters such as the peak speed or acceleration, and associated heights, in
the MLSO field of view. We will therefore continue to focus in this paper on
average speeds or accelerations, as well as the final speed of the CME, inferred
from the MLSO Mk3/4 observations. In addition, using average values has the
advantage that they can be derived for a larger subset of our events than when
other fitting methods are used.

3.4. CME dynamics and SEP event properties

We now examine the dynamics of a subset of 25 “best case” SEP-associated
MLSO CMEs, originating near (within 35◦ of) the west limb, where CMEs tend
to be brighter (Figure 13) and projection effects in the plane-of-the-sky CME
motion are reduced, and with a sufficient number of measurements available. We
will then consider whether there is any relationship between the CME dynamics
and the properties of the associated SEP events.
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Figure 23. Comparison of the peak CME accelerations obtained from cubic spline and point
to point fitting. The dashed and dotted lines indicate the fit to the points and the line of
equality, respectively.

Figure 24. Left: CSI (red points) and P2P peak CME speeds (blue points) vs. the average
speed at < 3 Rs. Right: The peak acceleration from CSI (red points) and the initial acceleration
from the flare proxy method (green points) vs. maximum acceleration from P2P, showing the
generally poor agreement between different estimates of the CME acceleration in the low
corona. Black lines indicate equal values of the parameters.

The right panels of Figure 25 compare the peak proton intensity at 20 MeV
with the average CME speed in the low corona (top panel) or the final CME
speed in the MLSO field of view (bottom panel). Green (red) points indicate
accelerating (decelerating) CMEs. There is an indication of a trend towards
higher SEP proton intensity with increasing CME speed, in particular for the
final speed estimates. However, the limited number of particularly fast CMEs
(e.g., > 1000 km/s) in this sample of near-west limb events precludes a clear
conclusion as to whether a fast CME in the low corona may be predictive of a
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Figure 25. The SEP proton spectral index (γ; left panels) or the peak 20 MeV proton intensity
(right panels) vs. the average (top plots) or final speed (bottom plots) in the low corona
for events originating within 35◦ of the west limb. Green (red) points indicate accelerating
(decelerating) CMEs. The dotted lines in the right panels indicates the intensity-mid-coronal
CME speed relationship from Richardson et al. (2014). There is an indication that faster CMEs
in the low corona are associated with more intense and harder SEP proton events, but the
sparse data, in particular for fast CMEs, precludes a clear conclusion.

large SEP event, as is typically found in studies using mid-corona CME speeds. In
addition, the relatively slow CMEs in the low corona are associated with a range
of SEP event sizes including some that are nearly comparable to those associated
with relatively fast CMEs. Whether the CME was accelerating or decelerating
in the low corona also does not appear to be a significant factor relating to SEP
intensity, though we note that CMEs that were deccelerating would have, at
some point in the low corona, reached speeds that were higher than suggested
by the average or final speeds. Thus overall, this limited sample of events suggests
that the average speed in the low corona of an SEP-associated CME may not
be a clear predictor of the peak intensity of the associated SEP proton event
at ∼ 20 MeV. The dotted lines in these panels indicate, for comparison, the
proton intensity-CME speed relationship obtained by Richardson et al. (2014)
using mid-coronal CME speeds.

We next consider the hardness of the SEP proton spectrum for the near west
limb events. The left panels of Figure 25 show the SEP proton spectral index
(γ) vs. the average (top panel) or final (bottom panel) CME speeds in the low
corona. (As described in Section 3.1, γ is obtained from a power law spectral fit
(dJ/dE ∼ E−γ) to proton observations at energies of ∼ 5 − 60 MeV.) There is
an indication of a trend towards lower values of γ (i.e., harder proton spectra)
with higher CME speeds, but again the limited number of fast CMEs makes it
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Figure 26. SEP peak proton intensity at 20 MeV vs. CME acceleration (green symbols) or
deceleration (red symbols) in the inner corona for near west limb events.

difficult to assess whether the CME speed in the low corona may be used to
predict the SEP spectral index. We do note that the two CMEs with the highest
average speeds in the low corona and among the hardest spectra are associated
with GLEs. (Although five MLSO CMEs associated with GLEs were identified
in Section 2.2, only two meet the criteria to be included in this sample of near
west limb events.) Also, there is an indication, especially in the “final speed”
plot, that, for a given CME speed, the decelerating CMEs tend to be associated
with harder proton spectra. Again, presumably, the speeds of these CMEs in
the low corona would have been higher than indicated by the final speed, which
might help to account for the harder spectra if the highest energy SEPs are
accelerated low in the corona as suggested for example by Kahler (1994) and
Reames (2009).

Considering the CME acceleration in the inner corona, Figure 26 suggests
that the average CME acceleration (green symbols) might show a correlation
with the peak SEP proton intensity at 20 MeV, but the data are too sparse
to reach a definite conclusion. The CME deceleration (red symbols) appears to
show no relation with the proton intensity. While two of these events with the
highest proton intensities also have the largest decelerations, the uncertainties
in these decelerations are also large. Figure 27 suggests, in the right panel, that
the proton spectral index γ might decrease with increasing CME acceleration
(as has also been reported by Gopalswamy et al. (2016) using the flare proxy
method), but does not show any relationship with the CME deceleration (left
panel). However, again in our view, the data are too sparse to come to a clear
conclusion.

Figure 28 compares the SEP electron/proton ratio (top panels) and Fe/O at
∼ 3 MeV/n (from Figure 11; bottom panels), which may provide insight into
the SEP acceleration process, with the average CME speed in the low corona.
Results for events at all longitudes are shown in the left panels, and for western
hemisphere events in the right panels. In addition, here we use CME speeds from
Tables 1-3 even if less than four height-time measurements are available. No
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Figure 27. SEP proton spectral index vs. CME acceleration (right) or deceleration (left) in
the inner corona for near west limb events. Note the logarithmic acceleration scale.
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Figure 28. The electron/proton ratio (top) and Fe/O at ∼ 3 MeV/n (bottom) vs. average
CME speed at< 3 Rs for all flare longitudes (left) and western longitudes (right). No significant
correlations with the average CME speed are evident.
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Figure 29. Left: Delay in the arrival at the observing spacecraft of near-relativistic electrons
relative to the first CME observation by MLSO Mk3/4 for 50 events with delays less than 100
minutes. In all but four of these cases (92%), the CME is observed before the electron onset.
Right: The corresponding delays for the first CME detection by spacebased coronagraphs for
44 events. For 25 of these events (57%), the electrons arrived before the first CME detection.
Note that data latency is not included here.

significant trends are evident, as indicated by the small correlation coefficients.
As noted in relation to Figure 11, there is a source longitude-dependence in Fe/O,
but just considering events with western hemisphere sources (bottom right panel)
does not reveal any clearer relationship between the CME speed and Fe/O than
considering events at all longitudes (bottom left panel). Similarly for the e/p
ratio, where the top right panel shows results for western events, while events at
all longitudes are included in the top left panel. We have also examined whether
there is any relationship between the CME acceleration/deceleration and these
SEP parameters (and also the Fe/O ratio at ∼ 14 MeV/n). Again do not find
any significant correlations, so the related figures are not shown here.

3.5. Comparison of MLSO CME first observation and SEP electron

onset times

As discussed in Section 1, a motivation for using MLSO observations is that
MLSO should detect a CME and provide estimates of its properties earlier than
spacebased coronagraphs, and potentially before the onset of the associated
SEP event (St. Cyr, Posner, and Burkepile, 2017). To demonstrate this, Fig-
ure 29 compares (left) the distribution of the interval between the first MLSO
observation of a CME and the onset of the associated SEP near-relativistic
electron increase at the observing spacecraft, with similar results (right) for
spacebased coronagraphs. Here, a positive (negative) interval indicates that the
first CME observation is before (after) the electron onset. We use the electron
onset time because, as is well-established, SEP electrons arrive before protons
(e.g., Richardson et al., 2014), and may be used as a forewarning of a proton
event (Posner, 2007), and so provide the earliest detection of an SEP event
except in rare GLE events (cf., Figure 5). In Figure 29, only events where the
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delay can be calculated (i.e., with electron observations available without a data
gap at SEP event onset) are included, and a few events with large SEP delays
beyond the range shown are excluded.

Figure 29 clearly demonstrates the advantage of MLSO over spacebased coro-
nagraphs as proposed by St. Cyr, Posner, and Burkepile (2017) since, for 92%
of the events, the CME is first observed by MLSO before the SEP electron
onset. At least another ∼ 9 minutes would then be required to acquire the four
MLSO Mk3/4 images we require to estimate the CME dynamics (neglecting
issues related to scanning discussed in relation to Figure 1), but this would
still occur before the SEP onset for 39 (78%) of these events. In contrast, SEP
electrons arrived before the first CME observation by spacebased coronagraphs
in 25 (57%) of the events in the right panel. Other events have delayed SEP
onsets that are later than the first spacebased observation of the CME. Note
that data latency, the interval between an observation being made and becoming
available for analysis, is not considered here. For example, for MLSO, as noted
in Section 2.2, this might include the time taken to ship tapes to HAO for
processing.

In four cases in Figure 29, the SEP electron onset apparently preceded the
first MLSO CME observation. Briefly summarizing the circumstances of these
events: The May 3 1980 SEP onset at Earth (35 ± 15 minutes before the first
CME observation at 20:50 UT) was not associated with an identified flare, so
it may have been from a solar event behind the west limb. It might also have
been a delayed onset associated with an earlier, larger SEP event observed at
Helios 1 (onset at 14:00 UT ±7 minutes) that is unrelated to the MLSO CME
but may have been associated with an M2.1 flare at E43◦ relative to Earth with
a peak at 13:04 UT. So the SEP-CME association may be uncertain for this
event. For the September 9 1989 event, the CME was already at 1.68 Rs when
first observed by MLSO, and the ±15 minute uncertainty due to SEP averaging
is comparable to the 23 minute delay between the estimated SEP onset and
first CME observation. For March 17, 2003, the first MLSO observation was
also made when the CME had reached 1.68 Rs, 4 ± 1 minutes after the SEP
onset, and only two images are available (the second at 2.15 Rs). Therefore, the
MLSO coverage was poor. For the November 2, 2003 event (GLE 67), the EPHIN
electron channels show a counting rate increase at 17:15 UT, while the MLSO
observation window opened at 17:16 UT and the first estimate of the CME
leading edge height may be made at 17:17 UT (taking into account the CME
direction relative to the scan start/end location) when the CME was at 1.30 Rs.
However, examining the EPHIN intensity-time profile, it appears that the initial
increase in the electron channels is due to contamination from the associated
strong (X8.3) flare (see Posner (2007) for a discussion of issues with determining
SEP onsets with EPHIN). As Figure 5 shows, the ACE/EPAM electron onset
was well after MLSO first observed the CME. It is possible that a few other
electron onset times in Figure 29 are affected by similar issues, but nevertheless,
this does not change the main conclusion that MLSO typically observes CMEs
before the onset of the associated SEP event.

Figure 30 shows the dependence of the interval (if positive) between the
first MLSO CME observation and the near-relativistic electron onset on the
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Figure 30. SEP near-relativistic electron arrival delay relative to the first CME observation by
MLSOMk3/4 vs. the longitude of the associated flare relative to the observing spacecraft (West
(East) = positive (negative) longitudes). The smallest delays tend to be for well-connected
western hemisphere flares.

flare longitude with respect to the observing spacecraft. The shortest intervals
between CME observation and electron onset occur for well-connected western
hemisphere (positive longitude) events. This is consistent with previous obser-
vations showing a general increase in SEP electron onset delays with increasing
difference in longitude between the solar event/flare and the footpoint of the
magnetic field line passing the spacecraft (e.g., Richardson et al., 2014). In most
cases, the minimum intervals are around 9 minutes which, as noted above, would
be just sufficient to acquire the four Mk3/4 images that we require for analyzing
the CME dynamics. The error bars generally reflect uncertainty in the SEP onset
time due to the time-averaging of the SEP data used or in estimating the onset
time for a slowly rising event.

4. Summary

• The work reported here is the first comprehensive study of the relationship
between CMEs observed by the MLSO Mk3/4 coronameters in 1980–2013
and SEP events, and covers two full (22, 23) and two partial (21, 24) solar
cycles.

• The SEP observations used were predominantly from near-Earth spacecraft,
with a few events observed by more remote spacecraft including Helios 1/2,
STEREO A/B and Ulysses. We consider ∼ 25 MeV proton events observed
by instruments on scientific spacecraft rather than just the operations-
oriented GOES proton detectors, which have much higher backgrounds,
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resulting in a more comprehensive list of MLSO CMEs associated with
SEP events, with a larger dynamic range in SEP intensity, than would be
possible using GOES data alone.

• Eighty-four CMEs associated with SEP events that extend to at least ∼
25 MeV have been identified in the MLSO Mk3/4 coronameter observations
during their period of operation in 1980-2013.

• These SEP events have a wide range of properties such as peak intensity,
spectral index, Fe/O and electron/proton ratios, and peak soft X-ray inten-
sity of the associated solar flare. In particular, MLSO does not just observe
the CMEs associated with, for example, the largest SEP events and most
energetic solar eruptions.

• The requirement for MLSO to be operating and viewing the Sun (nominal
viewing window 17-02 UT) considerably limits the number of SEP events
that can be associated with MLSO CMEs. We estimate that only ∼ 9% of
the ∼ 25 MeV proton events in our study period could be associated with
a MLSO CME. However, when operating, MLSO detected at least 92% of
the SEP-associated CMEs observed by the SOHO/LASCO coronagraphs,
and most of the missed events occurred after lightning degraded the perfor-
mance of Mk4. The detectability of CMEs by MLSO also falls with distance
of the source from the limbs of the Sun.

• SEP-associated CMEs are on average faster (650 vs. 390 km/s) and wider
(73◦ vs. 37◦) compared to a survey of around 500 MLSO Mk3 CMEs.

• CME average accelerations/decelerations are larger in the inner corona (∼
km s−2) than in the middle corona observed by space-based coronagraphs,
where the CMEs are nearly at their terminal velocity.

• Methods to refine the CME dynamics in the low corona, such as point-
to-point estimation or cubic spline interpolation, do not generally produce
consistent results with the three-minute cadence Mk3/4 images. This com-
plicates efforts to identify parameters characterizing the CME dynamics in
the inner corona that may be related to the properties of the associated
SEP events.

• Estimates of CME dynamics in the low corona inferred from the flare proxy
method appear to be inconsistent with those estimated directly from the
MLSO CME observations. We also note that the flare proxy method may
lead to accelerations that are beyond the range of the calibration of this
method (∼ 0.5 km/s2), as was noted by Zhang and Dere (2006).

• Considering events originating within 35◦ longitude of the west limb (to
reduce projection effects), there is an indication of a correlation between the
CME average or final velocity in the inner corona and SEP peak intensity
at ∼ 20 MeV, but the data are too sparse (including a limited number of
fast (> 1000 km/s) CMEs) to make a definitive conclusion and to quantify
this possible correlation.

• The SEP proton spectral index (at ∼ 5–60 MeV) shows evidence of an anti-
correlation with the average CME speed or acceleration in the low corona,
but again, there are insufficient data to come to a definitive conclusion.

• The two GLEs in the near-west-limb sample have hard spectra and are
associated with the highest average CME speeds in the low corona. This
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may be consistent with the proposal that the highest energy SEPs are
accelerated by CME-driven shocks low in the corona.

• The SEP Fe/O and electron/proton ratios do not appear to be correlated
with the average CME speed or acceleration in the low corona.

• For ∼ 92% of the selected events, MLSO Mk3/4 first observed the CME
before the arrival of non-relativistic SEP electrons at 1 AU.

5. Discussion

As outlined in Section 1, the main motivations for this first comprehensive study
of the association of SEP events with CMEs observed in the low corona by the
MLSO Mk3/4 coronameters were (i) to assess whether MLSO CME observations
can be used to provide insight into the acceleration of SEPs in the low corona,
(ii) to determine whether there are characteristics of CMEs in the low corona
that may be predictive of an SEP event, and hence (iii) to assess whether a
network of ground-based coronagraphs might be able to provide a useful early
warning of SEP events before the associated CMEs have entered the field of view
of spacebased coronagraphs.

Although we have identified a significant sample of 84 CMEs observed by
MLSO Mk3/4 that were associated with SEP events with a wide range in peak
intensities, we have been able to address these motivations only to a limited
extent. We encountered several significant problems:

(i) It is difficult to obtain consistent estimates of the CME dynamics in the
low corona from the 3 minute cadence Mk3/4 observations. Estimates of the
CME speed and acceleration can differ significantly using different techniques
(e.g., P2P, CSI) to fit the observations, and these methods may only be applied
to limited subsets of the events. Therefore, we have focused in this paper largely
on average speeds and accelerations in the low corona;

(ii) CMEs often have substantial accelerations or decelerations (∼ km/s2)
in the low corona, in contrast to the near-terminal speeds found in the mid
corona. Thus, the average and final speeds in the MLSO field of view can differ
significantly, and for a strongly decelerating CME, neither speed may reflect
a much higher but undetermined maximum speed that might be relevant for
understanding particle acceleration in the low corona.

(iii) The majority of our SEP-associated CMEs have average speeds well below
1000 km/s in the low corona. The sparseness of exceptionally fast CMEs in our
sample (even more so when selecting subsets of events, such as those close to
the west limb) makes it more difficult to assess whether there is any relationship
between CME speed in the low corona and SEP peak intensity similar to that
found for mid-corona CME speeds that might be the basis for an SEP intensity
prediction scheme similar to, for example, SEPSTER (Richardson, Mays, and
Thompson, 2018). In addition, if protons at moderate energies (e.g., a few tens of
MeV) are predominantly accelerated by shocks in the mid-corona above several
Rs (e.g., Kahler, 1994), then we might not expect a simple relationship between
CME speeds in the low corona and the peak proton intensities at ∼ 20 MeV
considered in this study. Unfortunately, none of the SEP events in 2006-2014
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with high energy (∼ 80 MeV-few GeV) proton spectra from PAMELA reported
by Bruno et al. (2018) occurred at a time when MLSO Mk4 was making obser-
vations. Therefore, we could not compare the CME dynamics in the low corona,
where the higher energy SEPs are believed to be accelerated, with the parameters
of the PAMELA proton spectra.

There is a suggestion in our results of a relationship between SEP proton event
hardness (measured by the spectral index γ) and CME speed or acceleration in
the low corona, possibly similar to that reported by Gopalswamy et al. (2016),
but there is not a sufficiently large range in these CME parameters to make
a conclusive case. Since we have made a comprehensive search for CMEs that
are associated with SEP events, it is unlikely that additional events remain to
be identified that might help to improve the statistics. Comparing with a large
general sample of MLSO CMEs, the SEP-associated CMEs are, on average, wider
and faster than typical CMEs. Hence, the speed and width of an MLSO CME
may provide some indication as to whether or not it is likely to be associated
with an SEP event. However assessing whether CME speed/width in the low
corona provide a useful discriminator of SEP/non-SEP-associated CMEs would
require a further study including a “control” set of MLSO CMEs without SEP
events.

Considering whether a network of ground-based coronagraphs might be used
for SEP monitoring, we first note that the availability of MLSO Mk3/4 obser-
vations from a single site significantly restricted the number of MLSO CMEs
associated with SEP events identified in this study. We estimate that only ∼ 9%
of the ∼ 25 MeV proton events in our study period could be associated with
CMEs observed by Mk3/4. Thus, if Mk3/4 had been used as monitoring instru-
ments, the CMEs associated with a large majority of our SEP events would not
have been detected. The major limitations resulted from operational constraints,
in particular only ∼ 200 days of observations/year due to lower staffing prior
to 2003, instrumental problems with Mk4 following a lightning strike in 2009
and poor sky conditions. Since that time, MLSO has employed a full staff
to maximize operations and has made significant upgrades to the electrical
and grounding systems and observatory infrastructure. Nevertheless, from 2014
through 2022, K-Cor only acquired, on average, 264 days of observations a year,
though it has been providing unique near-real-time CME observations to the
CCMC SEP Scoreboard (https://ccmc.gsfc.nasa.gov/scoreboards/sep/). Thus, we
conclude that, in addition to requiring a worldwide network of observatories to
provide 24 hour coverage due to the limited daily solar observation time of a
single observatory, multiple overlapping observatories will be required to provide
cover for weather and operational interruptions at individual observatories. More
positively, when operating, Mk3/4 did observe the vast majority of the SEP-
associated CMEs also observed by LASCO, so the detection of SEP-associated
CMEs by Mk3/4 was not an issue.

Work is ongoing to add SEP-associated CMEs observed by K-COR since 2013
to our sample of events and to assess whether the higher instrument cadence
will allow the CME dynamics to be determined using techniques such as P2P
and CSI. Though beyond the scope of this paper, we show in Figure 31 an
example of a height-time profile obtained from 15 s cadence K-Cor observations
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Figure 31. Example of a CME height-time curve derived from 15 s MLSO K-Cor images, for
a north-eastern CME on June 13, 2022. Measurements are made at a position angle of 65◦.
First-, second- and third-order fits are indicated in black, red and blue, respectively.

for a CME on June 13, 2022 associated with an M3.4 flare at N15E45 and
with a > 20 MeV proton event observed at spacecraft including STEREO A
and near-earth spacecraft. This clearly shows an initial slow rise followed by
a rapid acceleration at ∼ 1.6 Rs to a higher ∼terminal speed. First- to third-
order fits are shown, with the third-order fit (blue) indicating a final speed of
1137 km/s that is comparable to the speed of 1150 km/s in the mid corona
given in the CDAW LASCO CME catalog. The K-Cor height-time profile also
shows finer-scale features that might be fitted by other methods. A combined K-
Cor-LASCO height-time profile is also shown in St. Cyr, Posner, and Burkepile
(2017). Such results indicate that K-Cor observations are able to provide more
detailed information on the dynamics of CMEs in the low corona than is possible
using Mk3/4. While solar cycle 25 promises to provide additional events for such
analysis, at the time of writing, lava flows from the Mauna Loa volcano eruption
on November 28, 2022 have cut power and access to the observatory, so no MLSO
observations will be possible at least for the near future.
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