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Abstract

We have analysed energetic storm particle (ESP) events in 116 interplanetary (IP) shocks driven by front-side full and partial halo
coronal mass ejections (CMEs) with speeds >400 kms ™ 'during the years 1996-2015. We investigated the occurrence and relationships
of ESP events with several parameters describing the IP shocks, and the associated CMEs, type Il radio bursts, and solar energetic par-
ticle (SEP) events. Most of the shocks (57%) were associated with an ESP event at proton energies >1 MeV.

The shock transit speeds from the Sun to 1 AU of the shocks associated with an ESP event were significantly greater than those of the
shocks without an ESP event, and best distinguished these two groups of shocks from each other. The occurrence and maximum intensity
of the ESP events also had the strongest dependence on the shock transit speed compared to the other parameters investigated. The cor-
relation coefficient between ESP peak intensities and shock transit speeds was highest (0.73 4+ 0.04) at 6.2 MeV. Weaker dependences
were found on the shock speed at 1 AU, Alfvénic and magnetosonic Mach numbers, shock compression ratio, and CME speed. On aver-
age all these parameters were significantly different for shocks capable to accelerate ESPs compared to shocks not associated with ESPs,
while the differences in the shock normal angle and in the width and longitude of the CMEs were insignificant.

The CME-driven shocks producing energetic decametric-hectometric (DH) type II radio bursts and high-intensity SEP events proved
to produce also more frequently ESP events with larger particle flux enhancements than other shocks. Together with the shock transit
speed, the characteristics of solar DH type II radio bursts and SEP events play an important role in the occurrence and maximum inten-
sity of ESP events at 1 AU.
© 2022 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Energetic storm particle (ESP) events are defined as

_ enhancements in energetic ion and electron intensities
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observed during an interplanetary (IP) shock passage
(Bryant et al., 1962; Rao et al., 1967). IP shocks are primar-
ily driven by coronal mass ejections (CMEs) and their
interplanetary counterparts (ICMEs) (e.g., Lindsay et al.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.asr.2022.12.014
http://creativecommons.org/licenses/by/4.0/
mailto:dheyaa.abdulsada@uobasrah.edu.iq
mailto:eino.valtonen@utu.fi
mailto:dr.amjad@scrdiraq.gov.iq
mailto:rami.vainio@utu.fi
https://doi.org/10.1016/j.asr.2022.12.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asr.2022.12.014&domain=pdf

D. Ameri et al.

(1994); Berdichevsky et al. (2000)) and sometimes by
stream interaction regions (e.g., Jian et al. (2006) and refer-
ences therein).

The time-intensity profiles of ESP events differ from
event to event. Two categories of ESP events based on
the observed particle intensities were proposed by Sarris
and Van Allen (1974): spike events and classic events. In
spike events, the time profiles show a rapid change in par-
ticle intensities. The maximum energy at which the proton
intensity increases is rarely observed to exceed 5MeV.
These events are a result of the shock drift acceleration at
quasi-perpendicular shocks. In classic events, the time-
intensity profiles of particles change gradually. These
events can last for several hours and particles may arrive
ahead or behind the shock. The maximum energy at which
the proton increases are observed in classical events is
higher than in spike events, extending to well above
~20MeV. The source of the classic ESP events is diffusive
shock acceleration at quasi-parallel shocks (e.g., see
Tsurutani and Lin (1985); Kallenrode (1995); Lario et al.
(2003); Lario et al. (2005); Ho et al. (2003); Cohen (2000)).

Many studies have investigated the characteristics of
ESP events and their dependence on the solar sources
and shock parameters. Ho et al. (2008) investigated the
occurrence of ESP events for a large sample of IP shocks
in solar cycle 23 based on the EPAM instrument onboard
the Advanced Composition Explorer (ACE) spacecraft.
They found ion flux enhancements in the 47-68keV and
1.9-4.8 MeV energy ranges in 64% and 32% of the shocks,
respectively, and 20% of the shocks were associated with
an electron flux enhancement in the 38-53keV energy
range. In a statistical analysis of SEP events during solar
cycle 23, Dierckxsens et al. (2015) collected a list of 90
SEP events in the proton energy range 7.23-10.45 MeV,
which were associated with solar flares of at least magni-
tude M1. In 45 (50%) of these events an ESP component
was 1dentified, associated with a shock at 1 AU.
Giacalone (2012) found that all strong interplanetary
shocks (with compression ratio >2.5 and Alfvénic Mach
number >3) observed by ACE in 1998-2003 were able to
accelerate protons up to energies 47-65 keV. Lario et al.
(2005) studied the characteristics of ESP signatures for
191 fast forward transient shocks observed by the ACE
spacecraft. They showed that more energetic shocks have
greater effects on local particle fluxes, but the characteris-
tics of the ESP events were not strongly dependent on
the shock parameters. In a statistical study of ESP events
observed by SOHO/ERNE above 1.5MeV, Huttunen-
Heikinmaa and Valtonen (2009) found that the ESP events
were observed in only 40% of the fast forward shocks.
They also showed that the high-energy ESP-effectiveness
of the fast forward shocks had a solar cycle dependence
with the yearly effectiveness being about five times higher
during solar maximum compared to minimum.

Mikeld et al. (2011) investigated the occurrence and
characteristics of ESP events associated with shocks driven
by CMEs. They found that the CMEs were significantly
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more energetic and Alfvénic Mach numbers significantly
higher in the CME-driven shocks producing ESP events
compared to those without an ESP event. They also
observed that the ESP events occurred more frequently
and had higher intensities in the shocks with radio type
II bursts in the metric-to-kilometric wavelength range com-
pared to shocks without these type II bursts, and that the
maximum intensities of ESP events showed strong positive
correlations with the CME speeds and the shock speeds at
1 AU. In the study of significant in situ shock acceleration
of He ions of 1-10MeV at 258 IP shocks observed by the
Wind spacecraft, Reames (2012) showed that the probabil-
ity of a significant acceleration and ESP peak intensity were
strongly dependent on the shock speed and weakly depen-
dent on the shock compression ratio, while there was no
dependence between the ESP peak intensity and the
shock-normal angle. Ebert et al. (2016) studied the fluxes
of 0.1-20MeV O and Fe ions during seven multi-
spacecraft ESP events and the associated IP shock proper-
ties at 1 AU. They showed that the O and Fe time-intensity
profiles varied significantly between longitudinally sepa-
rated spacecraft observing the same event, and that the O
and Fe peak intensities had weak to no correlations with
the shock parameters. In a recent study Dayeh et al.
(2018) investigated the relations between the ESP charac-
teristics and both IP shock and IP CME (ICME) proper-
ties. They concluded that spectral and compositional
relations strongly supported a rigidity-dependent accelera-
tion mechanism. The shock speed and ICME sheath tem-
perature showed moderate to poor correlations with the
ESP characteristics.

High-energy particle radiation in space is a significant
constituent of space weather. Temporal changes in near-
Earth radiation environment are a major concern due to
the presence of humans in space and increasing sensitivity
of space flight equipment to radiation (Cohen, 2006).
Unexpected occurrence of ESP events can cause sudden,
orders of magnitude increases of particle intensities (see
e.g., Reames (1999); Reames (2004); Turner (2001),
Cohen (2006)). Our investigation aims to finding signatures
in various environmental parameters associated with ESP
events that could be used as warning signals of strong
ESP events.

In this article we investigate ESP events at proton ener-
gies >1MeV associated with the passage of IP shocks dri-
ven by front-side full and partial halo CMEs with speeds
>400 kms~'. The selection of data is described in Section 2.
The statistics of the selected IP shocks and the associated
ESP events are presented in Section 3.1. The characteristics
of the IP shocks and their associations with solar events for
shocks with and without an ESP event are discussed in Sec-
tion 3.2. The correlation analysis of the maximum intensi-
ties of the ESP events with the shock parameters and the
properties of the associated CMEs and solar energetic par-
ticle (SEP) events at the Sun are carried out in Section 3.3.
The results are summarized and discussed in Section 4.
Conclusions in Section 5 complete the article.
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2. Data sources and event selection

The CME catalog of the SOHO Large Angle Spectro-
scopic Coronagraph (LASCO) (Brueckner et al., 1995) at
https://cdaw.gsfc.nasa.gov/CME_list/ was used to select
the CMEs. To identify the solar locations of the CMEs
we assume the CME launch sites to coincide with the loca-
tions of the associated GOES soft X-ray flares given at
https://hesperia.gsfc.nasa.gov/goes/goes_event listings/.
For this investigation we selected full and partial (angular
width >120°) halo CMEs with speeds >400 kms ™ 'launched
from the front side of the Sun during the period from the
beginning of 1996 to the end of 2015. For CME widths
and speeds we use the sky-plane widths and linear speeds
as given in the LASCO CME catalog.

The occurrence times and characteristics of the IP
shocks that we associated with the selected CMEs were
obtained from the online IP shock database of the Wind
and ACE spacecraft (https://lweb.cfa.harvard.edu/shocks/
). In this database, the shock parameters are estimated by
using eight different methods as described by Kasper
(2003). The median value and the standard deviation of
those eight methods were used in the analysis as the shock
parameters and their uncertainties, respectively. For a few
events we discarded clearly unphysical results from the
median and its standard deviation. The shock speed
(Vg), Alfvénic Mach number (M), magentosonic Mach
number (M), compression ratio (CR;), and shock normal
angle (0,,) were used in our investigation. Alfvénic and
magnetosonic Mach numbers were calculated by using

the formulas M,= V,,/V, and M,,= V,,/\/ V7 + VZ(e.g.,

Lario et al. (2005); Edberg et al. (2010)). The upstream
plasma speed (V,,), the Alfvén speed (V,), and the sound
speed (V,) were obtained from the IP shock database.

For associating CMEs with IP shocks we estimated the
arrival time at 1AU of an ICME corresponding to an
observed CME by using the drag-based model of Vrsnak
et al. (2013). If the observed IP shock time was within a
+24h time window from the predicted arrival time of the
ICME, the related CME was associated with the IP shock.
If the IP shock time occurred within the arrival time win-
dows of several ICMEs, the CME with the closest arrival
time to the shock time was assumed to be the source of
the shock. If more than one shock was seen within the arri-
val time windows, the CME-shock couples were chosen
based on their temporal sequence. We also used the list
of CME-driven shocks observed at 1AU from
Gopalswamy et al. (2010a) and the online catalog of
SOHO/CELIAS (http://umtof.umd.edu/pm/) to assist
associating CMEs with IP shocks at 1 AU.

For searching the energetic particle events related to the
CME-driven shocks we used the European Space Agency
(ESA) Solar Energetic Particle Environment Modelling
(SEPEM) database (http://www.sepem.eu/) (Crosby
et al., 2015). The cleaning of the datasets derived from
the many GOES missions has been carried out in this pro-
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ject. For more details about the features of the SEPEM ser-
ver see Crosby et al. (2015). The SEPEM Reference Data
Set (version 2.01) has eleven energy channels extending
from 5-7.2 MeV (nominal energy 6.2 MeV) to 200—
289 MeV (248 MeV). We also used the proton measure-
ments of the Energetic and Relativistic Nuclei and Electron
experiment (ERNE) (Torsti et al., 1995) aboard the Solar
and Heliospheric Observatory (SOHO) spacecraft. The
SOHO/ERNE has two detectors, low and high energy
detectors, covering an energy range from 1.58 MeV to
131 MeV. We define an ESP event as an increase of particle
intensity at the shock passage at least 20% above the
observed background intensity. The ESP peak intensity
often occurred within a £2 h time window from the
observed shock time. The background intensity was esti-
mated during a time period before the start of the ESP
event (see, Mikeld et al. (2011); Reames (2012)). Thus,
the background was either the intensity of the ongoing
SEP event before the start of the ESP event or the quiet-
time particle intensity. Most of the ESP events were pre-
ceded by SEP events. To record an SEP event, the particle
intensity should increase by a factor of 3 above the pre-
event background intensity within a few hours (<3 h) after
the launch of the CME (e.g., Kouloumvakos et al. (2015)).
The corrected ESP peak intensity was estimated by sub-
tracting the background from the observed total intensity.
Fig. 1 shows the time-intensity profile of the energetic par-
ticle event on July 25, 2004 provided by the SEPEM server
at four energy ranges.

We used the online catalogs provided by the Wind and
STEREO data center (https://solar-radio.gsfc.nasa.gov/
winddata_products.html)  for  decametric—hectometric
(DH) type II bursts and Solar Geophysical Data (SGD)
for metric (m) type II bursts to associate solar type II radio
bursts with the events. For event dates with no reported m
type II bursts in SGD, we further checked the radio
dynamic spectra provided by Hiraiso Radio Spectrograph
(HiRAS), the Radio Solar Telescope Network (RSTN),
Bruny Island Radio Spectrometer (BIRS), Green Bank
Solar Radio Burst Spectrometer (GBSRBS), and Nancay
Decameter Array (NDA).

3. Data analysis
3.1. Statistics

The starting point of the study was front-side full and
partial halo CMEs with speeds >400 kms 'from the
LASCO catalog. All CME:s fulfilling our selection criteria
(see Section 2) and and followed within 1 to 4 days after
launch by an IP shock at 1 AU were selected for further
investigation. In a few cases we also selected CMEs fol-
lowed by shocks at 1 AU slightly later than 4 days. The
drag-based model was used to identify the definite CME-
shock pairs as explained in Section 2. We found 130 CMEs
driving IP shocks at 1 AU. We then investigated the parti-
cle intensities to establish ESP association. In 14 shock pas-
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Fig. 1. Proton intensities provided by the SEPEM server as function of time during the CME-driven shock launched on July 25, 2004. The nominal proton
energies from top to bottom are 6.2,13, 18.8, and 27.2 MeV. The solid black line is the launch time of the CME from the Sun and the dashed green line its
predicted arrival time at 1 AU. The shaded area represents the £24 hour time window centered on the predicted arrival time of the ICME. The dashed

black line is the observed time of the interplanetary shock.

sages large fluctuations in particle intensities prevented a
reliable judgement whether an ESP component was present
or not. These 14 events were not included in further analy-
sis. Sixty-six of the remaining 116 events (57 %) were iden-
tified as ESP events, while 50 (43%) shocks did not have
associated ESPs.

All shocks associated with ESPs were fast forward
shocks. Furthermore, 45 of the 50 (90%) shocks not asso-
ciated with ESPs were fast forward shocks. Of the rest,
three were slow forward and two fast reverse shocks.

We estimated the maximum energy at which an ESP
event was observed. All ESP events (66 events) were
observed at 6.2MeV nominal energy. At higher nominal
energies the number of events were 61 (92%) at 9MeV,
51 (77%) at 13MeV, 42 (64%) at 18.8MeV, 24 (36%) at
27.2MeV, 14 (21%) at 39.3MeV, 7 (11%) at 56.9MeV, 3
(5%) at 82.1MeV, and 1 (2%) at 118.9 MeV.

Type II radio bursts were associated with 88% of the
CMEs with an ESP event and 54 % of the CMEs without
an ESP event. SEP events were associated with 77% of
the CMEs with an ESP event whereas only 28% of the
CMEs without an ESP event were associated with SEPs.
The SEP events were associated with 51/66 (77 %), 38/51
(75%), 30/42 (71%), and 17/24 (71%) of the ESP events
at energies 6.2, 13.0, 18.8, and 27.2MeV, respectively.

3.2. Characteristics of IP shocks and solar events

3.2.1. Transit speeds of IP shocks

Shock transit speed (V) represents the mean speed of
the transport of a shock in IP space from the Sun to 1
AU. We estimated Vz; by using the following formula:

2524

Vi = . (1)

The transit time of an IP shock (T,) is defined as the
time from the CME launch (onset time) at the Sun to the
observed IP shock time at 1 AU. The shock transit times
for our sample extend from 1.18 days to 4.32 days.
Fig. 2a shows the distribution of the transit speeds for
shocks with (black bins) and without (gray bins) an ESP
event. The bin widths in Fig. 2a are 100 km s~ 'and each
bin includes the events with the speed greater than or equal
to the bin value but smaller than the next larger bin value.
The transit speeds of the shocks with an ESP event extend
from 510 km s~ 'to 1468 km s~ 'with the maximum in the
distribution at the bin 800 km s~'. For shocks without
an ESP event the transit speeds of most of the shocks are
in the range of 400-800 km s~'. On average, the transit
speeds of the shocks with an ESP event were significantly
(p-value = 4.4x107"") greater than those of the shocks
without an ESP event as shown in Table 1.

3.2.2. Shock parameters at 1 AU

The shock speed (V,), Alfvénic Mach number (M),
magnetosonic Mach number (M,,), shock compression
ratio (CRy;), and shock normal angle (6;,) are the most
important parameters describing the shock properties at
1AU. The distributions of these parameters for shocks
with (black bins) and without (gray bins) an ESP event
are presented in Fig. 2b-f.

The range of the shock speeds for all events was from
222 kms 'to 1086 kms 'with an average of 572 =+
17 kms™'. The distributions of the shock speeds in
Fig. 2b show that most of the shocks with an ESP event
have speeds >400 kms'with only 4 shocks at speeds
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Fig. 2. The distributions of the shock transit speed, shock speed, normal angle, Alfvénic Mach number, magnetosonic Mach number, and compression
ratio at 1 AU for IP shocks driven by CMEs with (black bins) and without (gray bins) ESP events. The averages with standard deviations are shown in the
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panels. The bin-widths are 100 km s~ 'in panels (a) and (b), 10° in panel (c¢) and 1.0 units in panels (d)—(f).

Table 1

Average values with standard errors of parameters characterizing the IP shocks, CMEs, type II radio bursts and SEP events in the two groups.
Parameter With ESP event Without ESP event P-value
Shock transit speed (km s™}) 911 + 29 647 + 22 4.4x1071
Shock speed (km s~ 651 + 23 467 + 17 2.3%x107°
Alfvénic Mach number 3.95+0.23 2.51 £0.14 8.1x1077
Magnetosonic Mach number 2.96 + 0.15 2.03 +£0.12 5.7x107¢
Shock compression ratio 292 £0.14 1.97 £ 0.07 3.5%107%
Shock normal angle (°) 67 £ 2 60 £ 3 0.047
CME linear speed (kms™") 1390 + 63 913 + 67 1.0x107°
Halo CMEs 89% 70% e
Angular width of partial CMEs (°) 221 £ 20 188 + 13 0.21
Solar longitude of western CMEs (°) 38+4 36 + 6 0.79
Solar longitude of eastern CMEs (°) —-25+4 -33+5 0.25
Metric type II bursts 62% 44% ...
Metric type II duration (min) 9+1 12+ 1 0.12
Metric type II starting frequency (MHz) 104 £ 9 108 £+ 18 0.86

DH type II bursts 86% 40%

DH type II duration (h) 209 + 2.0 39+13 5.7 x10710
DH type 11 lowest frequency (MHz) 0.62 + 0.24 1.46 £ 0.36 0.061
SEP events 77% 28% .

SEP peak intensity at 6.2 MeV (pfu MeV™") 137 + 24 204 £ 9.3 2 %1073

<400 kms~'. The maximum of the distribution is at
600 kms~'. On the other hand, most of the shocks without
an ESP event have speeds <600 kms™'and the maximum
of the distribution is at 400 kms~'. The average speed of
the shocks with an ESP event (651 4+ 23kms ™) was signif-
icantly (p-value ~ 107%) higher than that of the shocks
without an ESP event (467 + 17kms ™).

The distributions of M, and M, are presented in Fig. 2d
and e, respectively. The range of M, for shocks with an
ESP event was from 1.3 to 10 with a maximum at 3.0
whereas most of the shocks without an ESP event had
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M 4 <4.0 and maximum at 2.0. The range of M,,, for shocks
with an ESP event was from 1.11 to 6.0 with a maximum at
2.0 whereas for shocks without an ESP event the range was
from 0.068 to 4.85 with a maximum at 1.0. Few shocks
without an ESP event had M, and M,,,< 1, while no shocks
with an ESP event were found with Mach numbers <I.
Note that Mach number values less than 1 for fast mode
shocks are not physical and these values reflect the uncer-
tainties in the determination of interplanetary shock
parameters. Therefore, Mach numbers less than one were
not included in the analyses. On average M, and M, for
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shocks with an ESP event were significantly (p-value
~ 107°) higher than for shocks without an ESP event as
shown in Table 1.

Most of the shock compression ratios were in the range
of 1.0-4.0 with a few shocks without an ESP event <1 and
few with an ESP event >4 as shown in Fig. 2f. CR;,< 1 are
also not physical and were not included in the analyses.
The distribution of CRy;, for the shocks with an ESP event
has a maximum at 2.0, while for the shocks without an ESP
it is at 1.0. On average the CR, for the shocks with an ESP
event (2.92 + 0.14) was significantly (p-value ~ 10~%)
higher than that of the shocks without an ESP events
(1.97 £ 0.07). The distribution of 6;, shows a clear peak
at 70° for the shocks with an ESP event, while most of
the shocks without an ESP event are almost uniformly dis-
tributed within the range 40°— 80°(Fig. 2¢). On average 0,,
for shocks with and without ESPs are similar.

3.2.3. CME characteristics at the sun

The CME characteristics at the Sun can affect the ability
of the related IP shocks to accelerate particles at 1 AU. The
CME linear speed (Vgﬁg’), angular width, and solar longi-
tude were used to describe the CMEs at the Sun. The dis-
tribution of V7" related to the identified IP shocks is
presented in Fig. 3a. The range of V7" in ESP events
was from 501 to 2861 kms™', while for events without
ESPs it was 408 to 2285 kms™'. As expected, the average
linear CME speed for ESP events (1390 + 63km s~ ') was
significantly higher than for the events without an ESP
component (913 + 67km s™'). Fifty-nine out of 66 (89%)
CMEs associated with ESP events were halo CMEs. For
non-ESP events the percentage was 70% (35 out of 50).
The widths of the partial halo CMEs were similar for the
two groups (221° + 20° for ESP events and 188° 4 13° for
non-ESP events). For both groups of events the solar lon-
gitudes of the CME launch sites covered the whole longi-
tude range of +90° to —90°. For events associated with
ESPs 43 out of 66 (65%) CMEs were launched from the
western hemisphere compared to 23 out of 50 (46%) for
non-ESP events. There were no significant differences in
the longitudes of the western CMEs (38°+4° vs.
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36° + 6°) or the eastern CMEs (—25° +4° vs. —33° 4+ 5°)
for the two groups of events.

3.2.4. Type II radio bursts

Solar radio type II bursts can play an important role in
describing the strength of a shock producing an ESP event
at 1AU. Type II bursts were associated with 88% of the
ESP events and 54% of the non-ESP events. To study the
characteristics and to compare the associations of type 11
bursts in metric and hectometric wavelengths with ESP
events, we investigated m and DH type II bursts separately.
We found that 62% of events with an ESP event and 44 %
of events without an ESP event were related to m type 11
bursts. The average starting frequency and duration of
the fundamental lane of m type II bursts were similar for
the two groups of events as shown in Table 1. DH type
II bursts were associated with 86% of the ESP events while
only 40% of events without ESPs were associated with DH
type II bursts. The times, frequencies, and solar sources of
the associated CMEs of our DH type II bursts are in agree-
ment with the list of Gopalswamy et al. (2019). The distri-
butions of DH type II end frequencies and durations are
presented in Fig. 3b and c, respectively. For most of the
DH type II bursts related to CME-driven shocks with an
ESP event (47 out of 56), the end frequencies were in the
range 0.01-0.4 MHz. In nine events the end frequency
was > 0.5 MHz. For all events without an ESP event,
the end frequencies were > 0.1 MHz. We also found that
the DH type II durations for the CME-driven shocks with-
out an ESP event were short (<9h) with the exception of
one event with duration of 25.5h. For the events with ESPs
the durations were from 0.1h to 49.7h. On average the
durations of DH type II bursts for events with ESPs
(20.9 + 2.0h) were significantly (p-value ~ 107'%) longer
than for events without an ESP event (3.9 + 1.3h). We also
investigated the ESP peak intensities at 6.2 MeV for events
with and without m and DH type II bursts. The average
ESP intensity for events with DH type II association (662
+ 209 pfu MeV ") was significantly (p = 0.003) higher than
for events without DH type II bursts (23 + 6 pfu MeV ™).
For events with and without m type II bursts the average
intensities were similar (588 + 263 pfu MeV 'and 554 +
220 pfu MeV !, respectively).

mWith ESP m Without ESP
Aver.+std. = 1390 £ 63 kms™!
Aver.+std. = 913 + 67 kms™
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Fig. 3. The distribution of the CME linear speeds, lowest frequencies, and durations of DH type II bursts for IP shocks driven by CMEs with (black bins)
and without (gray bins) ESP events. The averages with standard deviations are shown in the panels. The bin-widths are 300 kms™'in panel (a) and 6 h in

panel (c).
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3.2.5. Solar energetic particle events

In the investigation of SEP events we found that they
were associated with 51 out of 66 (77%) ESP events while
SEPs were associated with only 14 out of 50 (28 %) CME-
driven IP shocks without ESPs. We also found that the
average peak intensity of SEP protons at 6.2 MeV associ-
ated with ESP events (137 & 24pfu MeV ') was signifi-
cantly (p = 2x 107°) higher than that of the events
without ESPs (20.4 + 9.3pfu MeV™'). On the other hand,
when we compared the ESP peak intensities at 6.2 MeV for
events with and without an SEP event, we found that the
average ESP peak intensity in association with an SEP
event (835 =+ 252 pfu MeV ™) was significantly (p = 0.01)
higher than that of the events without an SEP event (130
+ 39 pfu MeV™!).

3.3. Correlation analysis

We carried out correlation studies of the logarithm of

the ESP peak intensities (log;o(I%%)) with various parame-
ters describing the IP shocks, CMEs, and SEP events. In
each case, we used four proton energy ranges: 5.0—
7.2 MeV (nominal energy 6.2MeV), 10.5-15.1MeV
(13.0MeV), 15.1-21.9 (18.8MeV), and 21.9-31.6 MeV
(27.2MeV) provided by the SEPEM server. We estimated
the Pearson correlation coefficients and their uncertainties
by using the bootstrapping method of resampling with
replacement. In this method samples are chosen at random
from the original data. Each sample has the same size as
the original, but replacement means that the same data
point may be selected many times or left unselected in a
sample. The random selection was repeated 1000 times,
with the correlation coefficient determined for each sample.
The given correlation coefficient is the average of those
1000 samples, with the standard deviation of the derived
distribution representing the uncertainty. We also took
into account the effect of the uncertainties in the data on
the correlation coefficients. The estimated uncertainties of
the data points were assumed to represent Gaussian one-
sigma uncertainties. The correlation coefficients were esti-
mated by randomly altering the data points according to
a Gaussian distribution with the most likely value equal
to the observed value and the standard deviation equal to
each point’s uncertainty. The correlation coefficient was
calculated for each sample once again, and the average
value and standard deviation of the distribution obtained
after 1000 repetitions represent the estimated correlation
coefficient and its uncertainty. Table 2 presents the Pearson
correlation coefficients with their uncertainties for each
parameter in the four energy ranges. Also given are the
p-values, based on Student’s t-test, associated with the cor-
relation coeflicients.

At each energy of 6.2, 13.0, 18.8, and 27.2 MeV there
were respectively 66, 51, 42, and 24 events for which all
IP shock parameters were known. We found strong corre-

lations between loglo(Iﬁ‘;‘jf) and shock transit speeds at each
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energy with very low p-values as shown in Table 2. The
correlation coefficients at 6.2, 13.0, 18.8, and 27.2MeV
were 0.73 + 0.04, 0.65 + 0.04, 0.64 + 0.05, and 0.61 +
0.07, respectively. We also found strong to moderate corre-
lations between logw(I’E’eS‘jf) and V, with correlation coeffi-
cients 0.62 + 0.05 at 6.2MeV, 0.51 4+ 0.05 at 13.0MeV,
0.45 £+ 0.06 at 18.8MeV, and 0.44 + 0.08 at 27.2MeV.

Fig. 4 shows the scatter plots of log;o(I%%) as function of

Vz(upper panels) and Vg(lower panels) at 6.2, 13.0, and
18.8 MeV. Most of the data points of the relationship of
logo(I%%) with both Ty, and V,, are closely around the lin-
ear regression lines at 6.2 MeV, but at higher energies there
is a larger scatter of the data points as shown in Fig. 4. The
correlation coefficients are decreasing with increasing
energy of the observed ESP events.

In the investigation of the dependence of log;o(I2%) on
M, and M,,, we found only weak to moderate correla-
tions. The correlation coefficients were highest at
27.2MeV (0.59 £ 0.10 and 0.55 + 0.12, for M, and M,
respectively) while lower correlations were found at
6.2MeV (0.26 + 0.06 and 0.26 + 0.07). The scatter plots
of logm(IfS’jf) as function of M, and M,,, at 6.2, 18.8, and
27.2MeV are shown in Fig. 5. The logo(I5%) were also
found to be weakly correlated with CR,with the p-value
about 0.05. The highest correlation (0.33 4 0.12) was found
at 27.2MeV. No significant correlations were found
between logo(I255) and 0,,.

The dependence of logo(I25x) on the CME parameters
was also investigated. The CME linear speed (Vi) and
space speed (V). the solar connection angle (A¢), and
the angular distance from the disk center (o) were used as
CME parameters. We use the space speeds only for the
halo CMEs (59 out of 66) as given in the CDAW halo
CME list (Gopalswamy et al., 2010b). We found weak to
moderate correlations between log;o(I2%s) and V™ and
Vi - The correlations were highest at 18.8MeV (0.50 +
0.04 and 0.51 £ 0.04, respectively). All correlation coeffi-
cients are presented in Table 2. The scatter plots of log(-
%) as function of CME linear speed at 6.2, 13.0, and
18.8 MeV are presented in Fig. 6 (upper panels).

The solar connection angle is defined as the longitudinal
distance (A¢) of the flare from the footpoint of the Parker
spiral leading to the spacecraft near 1 AU. The longitudinal
distance was estimated using the following formula:

QGrs/c

A=y — (2)

where ¢, is the solar flare longitude, 2nQ' = 24.47d is the
equatorial period of the solar rotation, /. is the radial dis-
tance of the spacecraft from the Sun, and u,, is the average
solar wind speed. The solar wind speed was observed by the
SOHO spacecraft and averaged over the period of five
hours centered at the hour of the ESP peak time. The solar
connection angle is positive for flares to the west from the
footpoint and negative for flares to the east. The connec-
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Correlation coefficients at four energy channels between the logarithm of peak intensities of ESP events and various IP shock and CME parameters, and
SEP peak intensities. The p-value of the null-hypothesis that there is no correlation between the variables is given in parentheses under each coefficient.

Parameter 6.2 MeV 13 MeV 18.8 MeV 27.2 MeV
Shock transit speed 0.73 + 0.04 0.65 + 0.04 0.64 + 0.05 0.61 + 0.07
(<1074 (<1074 (<1074 (<1073
Shock speed 0.62 + 0.05 0.51 + 0.05 0.45 + 0.06 0.44 + 0.08
(<107 (<107 (0.0014) (0.016)
Alfvénic Mach number 0.26 + 0.06 0.46 + 0.07 0.47 + 0.07 0.59 + 0.10
(0.018) (<1073 (<107%) (0.0012)
Magnetosonic Mach number 0.26 + 0.07 0.40 £+ 0.08 0.40 + 0.09 0.55 +£0.12
(0.018) (0.0018) (0.0043) (0.0027)
Compression ratio 0.20 + 0.09 0.23 £+ 0.09 0.24 £ 0.11 0.33 £ 0.12
(0.054) (0.052) (0.063) (0.057)
Shock normal angle 0.05 + 0.07 0.02 £+ 0.08 0.10 £+ 0.09 0.10 £+ 0.10
(0.35) (0.44) (0.26) (0.32)
CME linear speed 0.37 £+ 0.04 0.44 £ 0.04 0.50 £+ 0.04 0.47 £+ 0.06
(0.001) (<1073 (< 1073) (0.01)
CME space speed 0.47 + 0.04 0.49 + 0.04 0.51 + 0.04 0.46 + 0.06
(<1074 (<1073 (<1073 (0.016)
Connection angle 0.13 £ 0.02 0.27 £ 0.02 0.39 £ 0.02 0.11 £ 0.03
(0.15) (0.028) (0.006) (0.3)
Angular distance —0.21 + 0.03 —0.15 4+ 0.03 —0.01 + 0.03 —0.01 + 0.04
(0.044) (0.14) (0.47) (0.48)
SEP peak intensity 0.44 + 0.04 0.55 + 0.03 0.57 + 0.03 0.61 £+ 0.03
(<1073 (<1074 (<1074 (0.0046)
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Fig. 4. Scatter plots of the logarithm of the ESP peak intensities as function of the shock transit speeds (upper panels) and shock speeds (lower panels) at
6.2, 13.0, and 18.8 MeV. The best-fit linear regression lines are shown by the black dotted lines. The error bars of the data points indicate the uncertainties
in the estimated shock speeds. The calculated correlation coefficients with their standard deviations are shown in the panels.

tion angle for the ESP event on September 25, 2011 (—164)
was discarded from the analysis as an outlier. The highest
correlation coefficient of 0.39 + 0.02 (p-value = 0.006)
between 1og10(lgg‘;f) and A¢ was found at 18.8 MeV. How-
ever, at 27.2 MeV there was no significant correlation. Also
at lowest energies the correlation was weak (see Table 2).

The scatter plots of log;o(I2%%) as function of A¢ at 6.2,

18.8, and 18.8MeV are shown in Fig. 6 (lower panels).
For the relationship between loglO(Iﬁgﬁ‘) and o« we found
a negative weak correlation (—0.21 £ 0.03) at 6.2 MeV with
p-value of 0.044 and no significant correlation was found at
higher energy ranges as presented in Table 2.

Finally, we investigated the relationship between the
ESP peak intensities at 1 AU and the SEP peak intensities.
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SEPs are accelerated at or close to the Sun and are identi-
fied as the significantly earlier rise of the particle intensities

compared to ESPs. We found that the correlation between
log (124 and logo(15%%) was energy dependent: highest at
27.2 MeV (0.61 £+ 0.03) and lowest at 6.2 MeV (0.44 +
0.04). Fig. 7 shows the scatter plots of logw(l’;f;f) as func-

tion of loglo(IfS‘if) at 6.2, 13.0, and 27.2MeV.
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3.4. Dependence between shock parameters at 1 AU, shock
transit speed, and CME speed

In Section 3.3 we showed that the shock parameters at
1AU that have the highest correlation coefficients with
the ESP maximum intensity were the shock speed and
Mach numbers. We further investigated the dependence
of these shock parameters (Vy,, My, and M,,,) at 1 AU on



D. Ameri et al.

Advances in Space Research 71 (2023) 2521-2533

5.0 40 " "
- sspsgnfd.z ngeo\: — SEPEM 13,001\/253v _ 30 SEPEM 27.2 MeV
3 cc= 0440, ES cc= 0.55=0. = = 0.61=
3 40 o 3 30 oo ° 3 20 cc= 0.61=0.03 . ®
2 o &° 2 ° ° = o
2 30 ° ° ° € 20 ° 2
= oo © = ° - F 210 8
z o °Lo %.° 2 ° K A 2
E 20 b .. e 2 10 ° ...‘___..J ° % 001 ° e
H R 3 .g °, = § . ®
5 10 o ooy s 00 e ®70 o Bi0] . L °
: . % g Y S . o0 % ° .
e ° = ° @
$ 00 o o © £-10 . 220 1 hd
= = s

-1.0 T 20 T T T -3.0

4 0 1 2 3 4 2 4 1 2 3 > 1 0 1 2

Log:o [SEP peak intensity (pfu MeV-")]

Logs: [SEP peak intensity (pfu MeV-")]

Logss [SEP peak intensity (pfu MeV-')]

Fig. 7. Scatter plots of the logarithm of ESP peak intensities as function of the logarithm of SEP peak intensities at 6.2, 13.0, and 27.2 MeV. The best-fit
linear regression lines are shown by the black dotted lines. The calculated correlation coefficients with their standard deviations are shown in the panels.

Virar and V. First, we found that the shock transit speed
was only weakly dependent on VI with correlation coef-
ficient of 0.34 4+ 0.05 as shown in Fig. 8a. This dependence
was also similar for shocks with and without ESP associa-
tion. This indicates that the transport of a CME-driven
shock in IP space from the Sun to 1 AU may experience dif-
ferent levels of acceleration or deceleration. The shock
parameters V;,, My, and M,,, were not significantly corre-
lated with V7. The correlation coefficients were 0.12 +
0.05, 0.02 + 0.07, and —0.08 +0.09, respectively (see
Fig. 8b for V, vs. VI7¢) On the other hand we found that
V,;, was strongly dependent on Vzz with correlation coeffi-
cient of 0.66 & 0.05 (p-value <10~*) as shown in Fig. 8c.
The Mach numbers M, and M,,, had a weak correlation
with V7(0.31 £ 0.05 and 0.23 + 0.06) and V(0.31 £+
0.08 and 0.32 + 0.08).

4. Summary and discussion

We have investigated the occurrence and relationships
of high-energy ESP events with several parameters that
describe interplanetary shocks driven by CMEs at 1AU
and the associated CMEs, solar type II radio bursts and
SEP events. We analysed 116 IP shocks driven by front-
side full and partial halo CMEs with speed >400kms ™ 'and
their associations with high-energy protons during the time
period 1996-2015. Based on the time-intensity profiles of
protons at energies >1MeV observed by SOHO/ERNE

or found in the data provided by the SEPEM server, we
identified 66 out of the 116 (57%) IP shocks to be associ-
ated with an ESP event observed during the shock passage.
For 50 (43%) IP shocks we did not find an enhancement of
the proton intensity related to the shock passage. For fast
forward shocks driven by CMEs, Ho et al. (2008) found
that 64% and 32% of the shocks were associated with an
ion flux enhancement at 47-68keV and 1.9-4.8MeV,
respectively. Mikeld et al. (2011) reported that 75% of
their selected shocks had an ESP signature in the proton
intensity observed at 0.11-0.19keV, while at 1.9-4.8 MeV
the percentage had dropped to 45%. Huttunen-
Heikinmaa and Valtonen (2009) found that 46% of fast
forward shocks, irrespective of their origins, did not show
any signs of an ESP event. The differences in these results
can most probably be explained by different event selection
criteria.

4.1. Occurrence of ESP events

The occurrence of ESP events is dependent on the tran-
sit speed (V) of IP shocks from the Sun to 1 AU. The dis-
tribution of Vz in Fig. 2a shows a bi-modal structure with
a maximum at 800 km s~ 'for shocks with an ESP event and
600 km s 'for shocks without an ESP signature. The
shocks with an ESP event had transit speeds >700 km s~ -
in 77% of the cases, while 74% of the shocks without an
ESP event had transit speeds <700 km s~'. On average
the transit speed of shocks with an ESP event (911 +
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Fig. 8. (a) Scatter plots of the CME linear speed as function of the shock transit speed, (b) the CME speed as function of the shock speed at 1 AU, and (c)
the shock transit speed as function of the shock speed at 1 AU. The best-fit linear regression lines are shown by the black dotted lines. The calculated
correlation coefficients with their standard deviations are shown in the panels.
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29 km s~ ') was significantly higher than of shocks without
an ESP event ((647 + 22 km s™'). Thus, the shocks with
faster transit speeds seem to be more frequently capable
to accelerate particles at 1 AU compared to shocks with
slower transit speeds.

The distributions of the parameters V,, My, M,,;, CRy,
and 0, with and without an ESP event were significantly
overlapping (Fig. 2 b-f). However, on average all shock
parameters, with an exception of the shock normal angle,
had significantly greater values in shocks associated with
an ESP event compared to those without an ESP event
(Table 1). The average M, of shocks with an ESP event
is 1.57 times higher than that of shocks without an ESP
event. For the other parameters the difference is somewhat
smaller (1.46 for M,,,, 1.48 for CRg, and 1.4 for V). The
average shock normal angle between the two groups
showed an insignificant difference, but we note that the dis-
tribution of shock normal angles for ESP events has a peak
around 70°, which is missing from the distribution of
shocks without an ESP event. The characteristics of IP
shocks at 1 AU play an important role in producing ESP
events. As expected, our results show that IP shocks that
produce an ESP event have greater strength than those that
do not.

The distributions of linear speeds, angular widths, and
solar longitudes of CMEs associated with IP shocks with
and without an ESP event were significantly overlapping
(see Fig. 3 a for Vg’,fjgr). The averages of the angular widths
and solar longitudes of CMEs were similar for shocks with
and without an ESP event. However the average of CME
linear speeds related to shocks with an ESP event (1390
+ 63 kms™') was significantly higher than for shocks with-
out an ESP event (913 + 67 kms™'). Our findings are in
agreement with the results reported by Mikeld et al.
(2011). They found that the average of M,(3.46), and
CME speed (1088 kms™') for shocks accelerating ESPs
were significantly higher than for shocks without an ESP
event (2.22, 771 kms ™', respectively).

Type 11 radio bursts were associated with 88 % and 54 %
of the CME-driven shocks with and without an ESP event
respectively. Mikeld et al. (2011) found that 52% of radio-
loud (RL) shocks and only 33% of radio-quiet (RQ) shocks
produced an ESP event at proton energies >1 MeV. In our
study, 67% of RL shocks and 27% of RQ shocks were
associated with ESP events. Thus, full and partial halo
CME-driven RL shocks are significantly more likely asso-
ciated with an ESP event than RQ shocks. We further stud-
ied the associations and properties of m and DH type II
radio bursts separately. Metric type II bursts were associ-
ated with 62% of shocks with an ESP event and 44% of
shocks without an ESP event. The starting frequencies
and the durations of the fundamental lane of m type II
were similar for the two groups. At DH wavelengths we
found that 86% of shocks with an ESP event were associ-
ated with DH type II bursts whereas only 40% of shocks
without ESPs had this association. On average the end fre-

2531

Advances in Space Research 71 (2023) 2521-2533

quency (0.62 + 0.24 MHz) was significantly lower and the
duration (20.9 + 2.0h) longer for DH type II bursts asso-
ciated with shocks with an ESP event compared to shocks
without an ESP event (1.46 = 0.36 MHz and 3.9 &+ 1.3h,
respectively). We also found that the average ESP intensity
at 6.2MeV for events associated with DH type II burst was
significantly higher than that of events without DH type 11
burst. Gopalswamy et al. (2019) found a significant differ-
ence between the lowest frequencies of DH type II bursts in
solar cycles 23 and 24. Solar cycle dependence was visible
also in our DH type II bursts, but the average maximum
intensities of the associated ESP events were similar for
the two solar cycles.

When investigating associations between ESP and SEP
events, we found that 77% of shocks with an ESP event
were associated with an SEP event whereas only 28% of
shocks without ESPs were associated with an SEP event.
In another way, 79% of CME-driven shocks associated
with an SEP event were also associated with an ESP event
at 1 AU whereas 29% of CME-driven shocks without an
SEP event produced an ESP event. On average the SEP
peak intensity at 6.2MeV associated with IP shocks that
produced an ESP event was significantly higher than for
shocks without an ESP event. Also the average ESP peak
intensity at 6.2MeV for events associated with SEPs was
significantly higher than that of events without SEPs. Con-
sidering DH type II radio bursts and SEP events together,
our results show that IP shocks driven by CMEs related to
energetic (long durations and low end frequencies) DH
type II bursts and high-intensity SEP events tend to pro-
duce more frequently ESP events with larger particle flux
enhancements than IP shocks with weak or without DH
type II burst and SEP event. It appears that DH type II
bursts and SEP events could provide useful means for pre-
dicting the occurrence of ESP events at 1 AU.

4.2. ESP peak intensities

We calculated the Pearson correlation coefficients
between the IP shock and solar parameters and ESP peak
intensities at proton energies 6.2, 13.0, 18.8, and 27.2MeV.
The highest correlation coefficient was found between
logo(I24%) and Vg at 6.2MeV (0.73 + 0.04) while at higher
energies the correlation was decreasing. According to our
knowledge the relation between ESP peak intensities and
shock transit speeds has not been reported previously.
We conclude that the transit speeds of shocks driven by
CME:s play an important role in the occurrence and inten-
sity of ESP events at 1 AU.

Concerning the parameters describing the shocks at
1 AU, we found the highest correlation between 1og10(lg§",f
and Vg, at 6.2MeV (0.62 £ 0.05). Thus, the correlation
with Vg, was strong, but still weaker than with V. As
for Vz, the correlation with V,, was decreasing with
increasing energy as presented in Table 2. The highest cor-
relations with M4(0.59 + 0.10), M,(0.55 £+ 0.12) and
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CR(0.33 £+ 0.12) were found at 27.2MeV while at
6.2MeV the correlations were lower (0.26 £ 0.06, 0.26 +
0.07, 0.20 £+ 0.09, respectively). Contrary to the correla-
tions of Vi and Vg, the correlation of M, M,,, and CR -
were increasing with energy. No correlation was found
between log o(I25%) and 0,, at any energy. Mikeli et al.
(2011) found that the correlations between the shock speed
and the ESP peak intensities at proton energies 0.114—
0.190keV and 1.89-4.75MeV were 0.59 and 0.70 respec-
tively. Reames (2012) investigated the peak intensities of
He ions at 1.65-2.00 MeV and reported the correlation
coefficients of 0.81, 0.35, and 0.12 for V,, CRy,, and 0,,,
respectively.

As expected log;o(In) showed only moderate correla-
tions with Ve and V¥ (Table 2). The connection angle
(A¢) showed very weak to moderate correlations with

loglo(l‘;‘}f) while the angular distance () showed weak cor-
relations at low energies to no correlations at high energies.
Mikeld et al. (2011) found surprisingly high correlations
between CME speed and ESP peak intensity at 0.114—
0.190keV (0.60) and 1.89-4.75MeV (0.69) compared to
our results.

In general our results of the dependence of the ESP peak
intensities on the IP shock parameters at 1 AU and the
CME linear speed are in agreement with the correlations
of the SEP peak intensities with coronal shock parameters
and the CME linear speed reported by Kouloumvakos
et al. (2019). The coronal shock parameters were derived
by 3D reconstruction techniques. Kouloumvakos et al.
(2019) found strong correlations with the Mach numbers
and moderate correlations with V@ng", Vg, and CR;-
whereas 0, did not show correlation with SEP peak inten-
sities at three proton energy ranges (20-26 MeV, 40-
60 MeV, and 60-100 MeV).

In our study, the correlations between SEP and ESP
peak intensities were from moderate at low (6.2 MeV)
energy (0.44 4+ 0.04) to strong at highest (27.2 MeV) energy
(0.61 £ 0.03). Luhmann and Mann (2007) also showed that
the SEP and ESP peak fluxes appeared to be correlated at
proton energies near 1, 10, and 50 MeV. As mentioned in
Section 4.1 the IP shocks driven by CMEs related to SEP
events tend to produce more frequently ESP events. Our
findings also indicate that for an SEP-ESP pair related to
the same CME-driven shock the ESP maximum intensity
at 1 AU is proportional to the SEP maximum intensity
with the correlation increasing with energy at least up to
27.2 MeV nominal energy.

5. Conclusions

Sixty-six (57 %) of the 116 IP shocks at 1 AU driven by
full and partial halo CMEs with speed >400 km s~ 'anal-
ysed in this investigation were associated with energetic
storm particles at >1 MeV proton energies. In general,
most of the parameters investigated indicated that shocks
associated with ESPs are stronger than those without ESPs.
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However, the shock transit speed from the Sun to 1 AU
turned out to be the parameter best distinguishing shocks
capable of accelerating ESPs from those that did not have
ESP association. The distribution of transit speeds of
shocks with ESPs concentrates in the region above
700 km s~ !, while most of the shocks that did not produce
ESPs had transit speeds slower than 700 km s~'. The shock
speed at 1 AU did not as clearly separate these two groups
of shocks. The peak intensity of ESPs also more strongly
depends on the shock transit speed than on the shock speed
at the time of the shock passage. The correlation between
ESP peak intensity and shock speed at 1 AU is what one
could expect, but even stronger dependence on the shock
transit speed is less obvious. An explanation could be that
many shocks with slow transit speeds have already signifi-
cantly weakened when reaching 1 AU, although could have
been capable to accelerate particles still somewhat closer to
the Sun. These would be shocks not associated with ESPs
or in some cases associated with ESPs reaching the obser-
ver already slightly before the shock arrival. On the other
hand, shocks with fast transit speeds have retained their
strength and are therefore more often associated with
ESP events.

Decametric-hectometric type II radio bursts were asso-
ciated with 86% and solar energetic particles with 77% of
the shocks producing ESPs, while only 40% and 28% of
the shocks without ESPs had these associations. The dura-
tion of DH type II bursts was significantly longer and the
end frequency significantly lower for shocks producing
ESPs compared to those without ESPs. The peak intensi-
ties of SEPs and ESPs related to the same CME-driven
shock were strongly correlated at high energies. Thus,
DH type II radio burst and SEP observations could pro-
vide warning signals for strong ESP events.
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