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Abstract

We have investigated the dependence of the peak intensities of energetic storm particles (ESPs) on various parameters characterising
the coronal mass ejections (CMESs) and associated phenomena. The aim of this study is to suggest empirical models for forecasting the
peak intensities of ESP events at 1 AU based on solar and interplanetary (IP) space observations.

For this study we searched for the associations of front-side full and partial halo CMEs with linear speeds >400 km s~'during the
years 1996-2015 with IP shocks at 1 AU and ESP events observed near the time when the shock passes the observer. We found 88
CME-driven IP shocks associated with ESP events at proton energy range 5.0-7.2 MeV (nominal energy 6.0 MeV) and 59 shocks at
the energy range 15.1-21.9 MeV (nominal energy 18.2 MeV). At these two energies 71% and 68% of the ESP events were associated
with solar energetic particle (SEP) events, 85% and 84% were associated with decametric-hectometric (DH) type II radio bursts while
67% and 66% were associated with both.

For each CME - shock pair we calculated the predicted shock transit speed (V) by using the method of Belov et al. (2022) and used
this as the primary parameter in the investigation. We performed correlation analyses between the logarithm of the peak intensities of the
ESP events (logo [Ig;al,k]) and the solar parameters related to the CMEs, solar flares, IP shocks, SEP events, and type II radio bursts.
When using a single explanatory variable, we found best correlation coefficients for V7z(0.68 +£0.05 and 0.71 +0.06), the CME space
speed (V<) (0.59 + 0.05 and 0.68 + 0.07), and the logarithm of SEP peak intensity (log;o [I5]) (0.55 & 0.08 and 0.70 +0.08) at
6.0 and 18.2 MeV, respectively. Weak to moderate correlations were found for the logarithm of the soft X-ray flux (log;o [SXRF])
and the logarithm of the duration of DH type II radio burst (log;o [Drr]).

Using linear combinations of two or more variables improved the correlations. The best two-variable combination explaining logg
(1227 was Vzcombined with logjo [I%%] and the best three- and four-variable combinations also included these two parameters. We
found two methods for forecasting ESP peak intensities, one of which can be used for long lead time and the other for medium lead
time forecasting. For long lead time forecasting Vz, Viyzand log;o [SXRF] are used. The correlation coeflicients between the calculated
and observed log) [Ig;al,k] were 0.71 £0.05 at 6.0 MeV and 0.74 £0.06 at 18.2 MeV. This method only depends on the coronagraph and
X-ray observations at the Sun. For medium lead time forecasting the four parameters used are Vi, logjo [I5], V2 (or log;o [SXRF]),
and log;o [Dz;]. The correlation coefficients were 0.80 £0.04 at 6.0 MeV and 0.84 £0.05 at 18.2 MeV. Coronagraph observations at the
Sun and solar energetic particle and DH type II burst measurements in IP space are required for this method. The medium lead time
forecasting provides an average warning time of 30 +16 h.
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1. Introduction

Energetic storm particle (ESP) events are defined as
enhancements in energetic ion and electron intensities
observed during an interplanetary shock passage (Bryant
et al., 1962; Rao et al., 1967). The interplanetary shocks
are primarily driven by coronal mass ejections (CMEs)
and their interplanetary counterparts (ICMEs) (e.g.,
Lindsay et al., 1994; Berdichevsky et al., 2000) and some-
times by stream interaction regions (e.g., Jian et al., 2000,
and references therein).

High-energy ESP events are an important constituent of
space weather effects. Occurrence of ESP events can cause
sudden, orders of magnitude increases of particle intensities
near the Earth (see, e.g., Reames, 1999; Reames, 2004;
Turner, 2001; Cohen, 2006). Temporal changes in near-
Earth radiation environment can be a major concern due
to the serious effects on the presence of humans in space
and the operation of spacecraft and satellites (Cohen,
2006). Our goal is to find forecasting models for the peak
intensities of ESP events by using parameters observed at
the Sun and in IP space.

Many studies have investigated the occurrence and par-
ticle fluxes of ESP events and their dependences on the
solar sources and shock parameters by using different sam-
ples of events. ESP events observed at a few tens of keV to
a few MeV proton energies have been found to be associ-
ated with ~32% — ~80% of the shocks and with ~20% —
~40% of the shocks at electron energies of a few tens of
keV (Ho et al., 2008; Huttunen-Heikinmaa and Valtonen,
2009; Mikeld et al., 2011; Dierckxsens et al., 2015; Ameri
et al., 2023). The characteristics of CMEs (CME speed)
and interplanetary shocks (shock speed, Alfvénic Mach
number, and compression ratio) associated with an ESP
event have also been found to be more energetic compared
to those without an ESP event. The ESP events occur more
frequently and have higher intensities in the CME-driven
shocks with type II radio bursts and SEP events compared
to CME-driven shocks without those associations (e.g.,
Luhmann and Mann, 2007; Maikeld et al., 2011;
Giacalone, 2012; Ameri et al.,, 2023). Luhmann and
Mann (2007) found a strong correlation between the ESP
peak intensity and the related SEP peak intensity at 1
and 10 MeV proton energies. They suggested to use the
peak intensity of the SEP events for estimating the peak
intensity of the ESP events. Wijsen et al. (2022) used an
energetic particle acceleration and transport model
together with a solar wind and CME model to simulate
the ESP event of 14 July 2012. They found that the simu-
lation results agree well with both the upstream and down-
stream components of the ESP event for energies below
1 MeV observed by the Advanced Composition Explorer.

The proton peak intensities of ESP events have shown
good to moderate correlations with CME speeds at the
Sun (0.37 — 0.69), and shock speeds (0.44 — 0.70) and Alf-
vénic Mach number (0.26 — 0.59) at 1 AU (Mikel4 et al.,
2011; Ameri et al., 2023). Ameri et al. (2023) found the
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highest correlations of the ESP peak intensities at different
particle energies with the observed shock transit speed.
Frequent association of ESP events with shocks producing
DH type II radio bursts (e.g., Ameri et al., 2023) indicate
that shocks can continuously accelerate eclectrons until
reaching Earth. Ameri et al. (2023) concluded that the
occurrence rate of ESP events and the correlations of the
ESP peak intensities with CME and IP shock parameters
were energy dependent. They found the highest correlation
of the ESP peak intensity with the observed shock transit
speed. This implies that shocks with high transit speeds
often maintain their strength up till 1 AU and are capable
to accelerate, not only electrons, but also protons which are
observed as ESPs.

In this article, we investigate the dependence of the peak
intensities of ESP events at two energy ranges (5.0-
7.2 MeV and 15.1-21.9 MeV) on the characteristics of their
solar sources and associated phenomena at the Sun and in
IP space. In Section 2 we describe the data sources and
event selection. The statistics of the events and the correla-
tion analyses using single and multiple explanatory vari-
ables with a brief discussion of the lead time of the
suggested ESP forecasting methods are presented in Sec-
tion 3. The main results are summarised and discussed in
Section 4, and the conclusions are presented in Section 5.

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://ngdc.noaa.gov/stp/space-weather/solar-data/solar-
features/solar-flares/x-rays/goes/xrs/. For this investiga-
tion 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. When selecting the events, we
used the widths and linear speeds given in the LASCO
CME catalog.

The occurrence times 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/ and http://www.ssg.sr.unh.
edu/mag/ace/ACElists/obs_list.html). We used the catalog
compiled by Gopalswamy et al. (2019) available online at
https://cdaw.gsfc.nasa.gov/CME_list/radio/waves_type2.h
tml to associate DH type II radio bursts with the events.

To associate CMEs with IP shocks we followed the pro-
cedures presented in Ameri et al. (2023), where the drag-
based model (Vrsnak et al., 2013) was used to identify
the definite CME-shock pairs (for more details see Section 2
of Ameri et al., 2023). The list of CME-driven shocks
observed at 1AU from Gopalswamy et al. (2010), the
online catalog of SOHO/CELIAS (https://space.umd.
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edu/pm/) and the recent list of CMEs and ICMEs provided
by Belov et al. (2022) were used 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). For details about the features of the SEPEM
server see Crosby et al. (2015). The SEPEM Reference
Data Set (version 2.01) has eleven energy channels
extending from 5.0-7.2 MeV (nominal energy 6.0 MeV)
to 200-289 MeV (240 MeV). The nominal energies are
calculated as the geometric mean of the upper (£, ) and
lower (E,;;) limits of the energy channels (E,,mina =
VEmin - Enax). 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, e.g., Mikeld et al., 2011; Reames, 2012). Most
of the ESP events were preceded 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 (see, e.g.,
Kouloumvakos et al., 2015).

3. Data analysis
3.1. Statistics

We identified 225 CMEs fulfilling our selection criteria
which we were able to associate with shocks at 1 AU. Of
these 88 were associated with ESP events at 6.0 MeV.
The number of ESP events diminished to 59 at
18.2 MeV. The 88 CME-driven shocks associated with
the ESP events at proton energies 6.0 and 18.2 MeV are
listed in Table A.2 in the Appendix.

Sixty-two (71%) out of the 88 events were associated
with SEP events, and 74 (85%) with DH type Il bursts at
6.0 MeV. At the higher energy SEP events and DH type
IT bursts were associated with 40 (68%) and 50 (84 %)
out of the 59 events, respectively. Both SEPs and DH type
I1 radio bursts were associated with 59 (67%) ESP events at
6.0 MeV and with 39 (66%) events at 18.2 MeV.

3.2. Predicted shock transit speed

Shock transit speed (V) represents the mean speed of
transport of a shock in IP space when travelling from the
Sun to 1 AU. In our previous study (Ameri et al., 2023)
we found that the observed Vipplayed a significant role
in explaining the variation in the logarithm of the peak
intensities of the ESP events (log;o [I%%4]). The highest cor-

relation coefficients of the log;q [I‘g‘;‘;f] at different energies
were found with the observed Vjcompared to other
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parameters related to CMEs at the Sun and IP shocks at
1 AU, but in order for the shock transit speed to be useful
for ESP forecasting, it needs to be predicted from solar
observations. In this work, we use the predicted shock tran-
sit speed as the primary parameter to forecast the peak
intensities of ESP events.

Travel times of coronal mass ejections to 1 AU can be
estimated using various methods (see, e.g., Gopalswamy
et al., 2001; Vrsnak et al., 2010; Corona-Romero et al.,
2017, and references therein), and the results are naturally
model-dependent. We estimate Vppfor our 88 events by
using the method recently presented by Belov et al.
(2022), which employs only CME data and solar X-ray
flare location, which is assumed to be the launch site of
the CME. Thus, an estimate of Vycan be obtained well
in advance of the shock arrival at 1 AU. The model of
Belov et al. (2022) is based on a collection of 288 events
for which the CME launch time and speed, solar longitude
of the CME launch site, and the associated shock arrival
time are reliably known. Using these events covering a wide
range of CME speeds and solar longitudes and for which
the transit speeds are known from the difference between
the CME launch times and shock arrival times, one can
estimate the transit speed of CMEs of interest as the
weighted mean of similar events selected under certain
conditions from the original database. For details of
the method, see Belov et al. (2022). When calculating the
transit speed, we used for the partial weight-factor,
which depends on the CME speed, the form s,
| 1— (Voi/Veue) |, where Vpare the CME speeds of the
events in the database in the vicinity of the event under
study.

Fig. | shows the scatter plot between the observed
Vzand the predicted Vyzof our events. It should be noted

2400
r=0.72 +0.05 with uncertainties
2200 4 r=0.79 £0.06 without uncertainties
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Fig. 1. Scatter plot of the observed shock transit speeds as function of the
predicted shock transit speeds. The best-fit linear regression lines are
shown by the black line for data points taking into account the
uncertainties in the predicted transit speeds and the gray line for the case
without the uncertainties. The calculated correlation coefficients with their
standard deviations are shown in the figure.
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that many of our events are the same as in the Belov et al.
(2022) database. The correlation coefficient between the
observed Vpand the predicted Vpis 0.79+0.06 without
taking into account the uncertainties in the predicted tran-
sit speeds. The correlation coefficient is slightly smaller
(0.72 £0.05) when taking into account the uncertainties.
The scatter plot and the correlation coefficient of our
events are similar to those presented by Belov et al. (2022).

3.3. Correlation analysis

We investigated the dependence of the peak intensities
of the ESP events at 1 AU on various parameters describ-
ing the characteristics of the CMEs and their associations
observed at the Sun or in IP space. These parameters
include the shock transit speed, the CME speed, the angu-
lar distance of the X-ray flare location from the disk centre
(), the soft X-ray flux, the peak intensity of the associated
SEP event, and the duration of the DH type II radio burst.
We carried out correlation studies of the ESP peak inten-
sity for 1, 2, 3, and 4 explanatory variables to obtain the
best correlations. The logarithmic scale was used for parti-
cle intensities, soft X-ray flux, and duration of DH type II
burst in the calculation of correlation coefficients. We esti-
mated the Pearson correlation coefficients and their uncer-
tainties by using the bootstrapping method of sampling
with replacement (for more details see Ameri et al., 2023).

The scatter plots of logy [I’g"s‘ﬁf] as function of the pre-
dicted transit speed at energies 6.0 and 18.2 MeV are pre-
sented in Figs. 2 a and b, respectively. The error bars in
Fig. 2 display the uncertainties in the calculated V. We
found strong correlation between log;o [I’;es‘}fC ] and the pre-
dicted Vpzas shown in Fig. 2. The correlation coefficients
were 0.68 + 0.05 at 6.0 MeV and 0.71 £ 0.06 at
18.2 MeV for the data points without taking into account

r=0.66 * 0.06 with uncertainties
r=0.68 + 0.05 without uncertainties

(a)
ESP at 6.0 MeV

Observed log,, [ESP peak intensity (pfu MeV-)]

T T T
1000 1200 1400

Predicted Vg (km s1)

T T
600 800

1600
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the uncertainties in the calculated V. Although the uncer-
tainties are large for some events the correlation coefficients
for the data with the uncertainties (0.66 + 0.06 at 6.0 MeV
and 0.69 + 0.07 at 18.2 MeV) were similar to those without
the uncertainties as shown in Figs. 2 a and b. For compar-
ison we also calculated the correlation coefficients between

logo [I%44] and the observed Vzfor the same events. They

were 0.73 4+ 0.04 at 6.0 MeV and 0.71 4+ 0.05 at 18.2 MeV.
This shows that the correlations of log;o [I24] with the pre-
dicted and observed Vjare equal within uncertainties. It
should be noted, however, that many ESP events in our
current sample are associated with the same solar events
as those in the Belov et al. (2022) database for predicting
VTR~

The dependence of log;o [IEX

ESP
was also investigated. The CME linear speed (Vii¥) and
the space speed (Viyg), and the angular distance from
the disk centre were used as the CME parameters. We used
the space speeds for the halo CMEs as given in the CDAW
halo CME catalog (Gopalswamy et al., 2010). For 12
partial-halo CMEs we used the cone model presented by
Xie et al. (2004) and the formula given by Gopalswamy

et al. (2010) to calculate the CME space speed. The corre-

lation coefficients of log;o [ ] vs. Vixaand log;o [Ien ] vs.

Vivewere 0.55+0.07 and 0.59 +0.05 at 6.0 MeV and
0.64 +£0.07 and 0.68 +0.07 at 18.2 MeV, respectively, as
presented in Table 1. At both energies the correlation of

] on the CME parameters

logjo [I2%] with V*was stronger than with VIt we
found insignificant very weak correlations between log
(127 and o(—0.23 £0.09 at 6.0 MeV and —0.09 +0.09 at

ESP
18.2 MeV). We also found a weak to moderate correlation

between log;o [IP%%] and the logarithm of soft X-ray flux

(log1o [SXRF]) for solar flares related to the CMEs with
the correlation coefficients of 0.32 +0.10 and 0.48 & 0.09

(b)
ESP at 18.2 MeV

r=0.69 + 0.07 with uncertainties
r=0.71 % 0.06 without uncertainties

34 oo °

Observed log,, [ESP peak intensity (pfu MeV-1)]

T T T
1000 1200 1400

Predicted Vqp (km s1)

T
800 1600

Fig. 2. Scatter plots of the observed logarithm of the ESP peak intensities as function of predicted shock transit speeds. The best-fit linear regression lines
are shown by the black lines for data points taking into account the uncertainties in the predicted transit speeds and the gray lines for the case without the
uncertainties. The calculated correlation coefficients with their standard deviations are shown in the panels.
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Table 1
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Correlation coefficients between the observed and calculated peak intensities of ESP events at 6.0 and 18.2 MeV using various parameters or combinations
of parameters. For briefness, the letter symbols from A to F defined on the first row are used for the parameters in more than one-variable combinations.
The p-value of the null-hypothesis that there is no correlation between the variables is given under each coefficient.

One explanatory variable:

Energy Vir[A] Vit [B] Vi [Cl logio[SXRF] [D] logio[1%5 ] [E] logio[D7] [F]
6.0MeV 0.68 +0.05 0.55+0.07 0.59 +0.05 0.32+0.10 0.55+0.08 0.43 +0.08
p-value 6.8 x1071* 3.9 x1078 1.6 x107™° 3.2 x1073 4.7 x107° 1.1 x107*
18.2MeV 0.71 = 0.06 0.64+0.07 0.68 = 0.07 0.48 +0.09 0.70 £ 0.08 0.32+0.13
p-value 2.5 x10710 4.5 %1078 3.4 x107° 1.1 x107* 3.0 x1077 0.01
Two explanatory variables:

Energy AC AD AE AF CE CD
6.0MeV 0.70 + 0.05 0.70 + 0.05 0.75 + 0.05 0.72 4 0.05 0.65 =+ 0.06 0.60 = 0.06
p-value 7.7 x10713 6.8 x10713 1.9 x1071 52 x10712 1.4 x1077 1.3 x107%
18.2MeV 0.73 = 0.06 0.72 4 0.05 0.80 = 0.05 0.70 £ 0.07 0.74 +0.07 0.69 £ 0.07
p-value 1.6 x107° 4.1 x107° 1.8 x1078 6.4 x1077 1.8 x107° 5.8 x1078
Energy CF DE DF EF

6.0MeV 0.64 + 0.06 0.58 +0.08 0.47 +0.08 0.62 + 0.08

p-value 1.7 x1078 1.1 x107° 1.8 x107* 1.3 x107°

18.2MeV 0.67 + 0.07 0.73 + 0.07 0.55 4+ 0.09 0.74 + 0.07

p-value 4.0 x107° 9.6 x1077 3.8 x107* 1.5 x107°

Three explanatory variables:

Energy ACD ACE AEF CEF ADE CDE
6.0MeV 0.71 £+ 0.05 0.76 4 0.05 0.79 = 0.04 0.70 + 0.06 0.76 £ 0.05 0.66 = 0.06
p-value 4.5 x10712 9.6 x107 " 2.4 x107M 8.9 x107* 1.1 x1071° 7.6 x1077
18.2MeV 0.74 = 0.06 0.82 4 0.05 0.83 +0.05 0.79 +0.05 0.81 +£0.05 0.76 £ 0.06
p-value 3.8 x107° 1.5 x1078 8.3 x107° 42 x1077 2.1 x107% 1.8 x107°
Four explanatory variables:

Energy ACDE ACEF ADEF

6.0MeV 0.77 + 0.04 0.80 + 0.04 0.80 + 0.04

p-value 4.8 x10710 9.4 x107!! 1.3 x10710

18.2MeV 0.83 +0.05 0.84 + 0.05 0.84 + 0.05

p-value 7.4 %1078 5.8 x1078 6.0 x107%

at 6.0 and 18.2 MeV, respectively. Figs. 3 a and b show the
scatter plots of log;o [I%n] as function of V&:‘and logo

[SXRF] at 18.2 MeV.
Ipeak

In the investigation of the dependence of logo [I}gp ] 0N
the logarithm of the peak intensity of the SEP events (log;o
[1%%7), we found a moderate correlation (0.55 + 0.08) at
6.0 MeV while there was significantly higher correlation
(0.70 £ 0.08) at 18.2 MeV as shown in Fig. 3c. We also
investigated the dependence of log, [I’,;‘;ii‘] on the character-
istics of DH type II radio bursts. The end-frequencies and
durations of DH type II bursts can be used as parameters
to describe the strength of shocks in IP space. We found a
moderate correlation at 6.0 MeV and weak correlation at
18.2 MeV between log;o [I244] and the logarithm of the
duration of DH type II radio burst (logio [Dz;]). The cor-
relation coefficients were 0.43 +0.08 and 0.32 +£0.13,
respectively (See Table 1). Fig. 3d shows that the highest
ESP peak intensities >100 pfu MeV ™~ '(log;o [I254] >2) were
associated with long duration DH type II bursts. The cor-
relation coefficients at 6.0 and 18.2 MeV demonstrate that
the correlations are energy dependent. With the exception
of logig [Dyzy] the correlation coefficients increase with
energy.

1054

3.4. Correlations for combinations of parameters

In addition to the single explanatory variable correla-
tions we also investigated correlations between the peak
intensities of ESP events and various combinations of
two or more explanatory variables. The most significant

correlations between log;o [I‘g‘;’; ] and various single param-
eters or combinations of parameters are summarised in
Table 1. It should be noted that the duration of DH type
IT bursts for some events was so long that their end times
exceeded the ESP peak time. In such cases forecasting
ESP peak intensities by using log;o [Dz;] would not be pos-
sible. For forecasting purposes we determined the upper
limit of the end time of the DH type II bursts to be 24 h
from the start time. This means that if the duration exceeds
24 h, then 24 h is used for forecasting logo [ ] We
selected the upper limit of 24 h based on that the strongest
CMEs need at least 24 h to reach 1 AU. When we applied
this upper limit for log;o [D7;] we obtained similar correla-
tion coefficients (0.43 £ 0.08 at 6.0 MeV and 0.30 £ 0.11 at
18.2 MeV) for logo [I%%] vs. logio [D;] as when using the
real durations. In general the predicted Vzpwithout uncer-
tainties, log;y [Dzy] with the upper limit of 24 h, and



D. Ameri et al.
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(b)
ESP at 18.2 MeV

Observed log,, [ESP peak intensity (pfu MeV-1)]
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Fig. 3. Scatter plots of the observed logarithm of ESP peak intensities as function of the CME space speeds (a), the logarithm of soft X-ray fluxes (b), the
logarithm of SEP peak intensities (c), and the logarithm of durations of DH type II bursts (d).

Vs were used in all multiple linear regressions. The corre-
lation coefficients presented in Table 1 are those between
the logarithms of the observed ESP peak intensities and
those calculated from the multiple linear regression
equations.

For two explanatory variable combinations at the two
energy ranges we found significant improvement in the cor-
relation coefficients when using Vzzand log;o [I24] while
there were slight improvement when using Vywith VZ77,
logio [SXRF], or log;o [Dz;] (see Table 1). It is clear that
the best two-variable combination explaining the peak
intensity of an ESP event is Vjcombined with logg

[[247] with the correlation coefficients 0.75=+0.05 at
6.0 MeV and 0.80 +0.05 at 18.2 MeV. An SEP event is
not associated with all ESP events. However, the number
of ESP events without an SEP event is relatively small
(~29%) and the average ESP peak intensity without an
SEP event is significantly lower than with an SEP event
(see, e.g., Ameri et al., 2023). Adding a third and fourth
parameter to the two variable combination slightly

improves the correlation coefficients. The best three vari-
able combinations were found to be Vz, log;o [I’;g‘jf], and
VSCPA%; VTR, IOglo [Igj;}f], and lOglo [DT]]]; and VTR; 10g10
[1247, and log,o [SXRF]. The highest correlation coeffi-

SEP
cients with three explanatory variables were found with
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the second combination (0.79 +£0.04 at 6.0 MeV and
0.83 +0.05 at 18.2 MeV) as presented in Table 1. On the
other hand the best three variable combination which only
depends on clectromagnetic observations of the Sun are
Vi, Vius, and logio [SXRF]. The correlation coefficients
of this combination were 0.71 £0.05 at 6.0 MeV and
0.74 +0.06 at 18.2 MeV as shown in Fig. 4. Fig. 4 shows
the logarithm of the observed ESP peak intensities as func-
tion of the logarithm of the ESP peak intensities calculated
from these three variables. The calculated values are based
on the multiple linear regression equation shown in each
plot.

Finally certain combinations of four explanatory vari-
ables also slightly improve the correlation coefficients com-
pared to the three variables combinations. The highest
correlation coefficients were found for Vg, log [I’S’Z“k],
Viés, and logy [SXRF] (0.77 £0.04 at 6.0 MeV and
0.83£0.05 at 18.2 MeV) and Vi, logio [IZ%], V¥(or
logio [SXRF)), and logio [Dz;] (0.80 +0.04 at 6.0 MeV

and 0.84 +0.05 at 18.2 MeV) as shown in Table 1 and
Fig. 5. Fig. 5 shows observed log;, [I’,’:-es",f ] as function of
logig [Igg“}f] calculated from these four variables. The calcu-
lated values are based on the multiple linear regression

equation shown in each plot.
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Fig. 4. (a) Scatter plot of the logarithm of the observed peak intensities of the ESP events as function of those calculated based on three explanatory
variable (Vr, Vi, and log;o [SXRF]) regression at 6.0 MeV. (b) as (a), but at 18.2 MeV. The regression equation, the calculated correlation coefficient
and its standard deviation are shown at the top of the panels. The black line is a linear fit line to the data points.
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Fig. 5. (a) Scatter plot of the logarithm of the observed peak intensities of the ESP events as function of those calculated based on four explanatory

variable (Vrz, logyo [I241, Vibice

and log;o [SXRF)) regression at 6.0 MeV. (b) as (a), but at 18.2 MeV. (c) as (a), but for Vg, log;o [IZ47], V¥ and log,

[Dzy]. (d) as (c), but at 18.2 MeV. The regression equation, the calculated correlation coefficient and its standard deviation are shown at the top of the
panels. The black line is a linear fit line to data points.

3.5. Wait and lead times for forecasting

For long lead time forecasting using only coronagraph

and X-ray observations (V, Vg,

space

and log;o [SXRF)),

the time required for measuring the CME speed determines
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the wait time before forecasting is possible. Consequently,
the wait time can be defined as the time from the first to the
last observation of the CME. The wait times for our 88
events range from 0.5 h to 7.9 h with the average and stan-
dard deviation of 3.1 1.5 h. At 6.0 MeV, the lead times,
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Fig. 6. (a) Distributions of the wait time and (b) the lead time for forecasting the peak intensity of ESP events by using the peak intensity of SEP events
(black columns), the duration of DH type II bursts (dark gray), and both together (light gray) at 6.0 MeV. The averages and the standard deviations of the

distributions are given in the panels.

from the time when the CME speed has been determined to
the ESP peak time, range from 17.6 h to 77.7 h with the
average and standard deviation of 47 +13 h. At
18.2 MeV the wait and lead times are similar.

For medium lead time forecasting, when using also SEP
or DH type II radio burst observations, the wait time is
defined as the time from the CME lift-off to the observa-
tion time of the SEP peak intensity or the end of the DH
type II burst. The lead time is then the time from the obser-
vation of the SEP peak intensity or the end of the DH type
II burst to the ESP peak time. Therefore the combinations
of multiple variables including log;, [I@;ﬁ‘] or/and log;
[Dyy] can be used for medium-lead time forecasting. We
present the distributions of the wait and lead times for
these cases at 6.0 MeV in Figs. 6 a and b. The bin widths
in Figs. 6 a and b are 4 h and 6 h, respectively. The distri-
butions of wait and lead times at 18.2 MeV are similar to
Figs. 6 a and b. For the duration of DH type II bursts
we used the upper limit at 24 h as explained in Section 3.4.
The wait times range from 2.5 h to 27 h for log;, [I’gg’f] and
from 0.38 h to 24 h for log;o [Dz;] with the average and
standard deviation 13 +6 h and 14 +10 h, respectively.
Roughly half of the events (52% out of 62 and 43% out
of 74, respectively) had the wait time <12 h as shown in
Fig. 6 a. When using log; [I4] and log,o [D7] together
the wait times are in the range 2.5 — 27 h with average
and standard deviation of 19 £6 h.

The lead times range from 12.4 h to 68.7 h with average
and standard deviation of 37 14 h by using log; [Ia]
and from —4.9h to 77.6 h with average and standard devi-
ation of 35 +£18 h by using log;o [D7;]. When using both
parameters together the lead times are in the range —4.9—
62.2 h with average and standard deviation of 30 +16 h.
When using log;o [I%24] for forecasting, all events had lead
times >12 h and 81 % of the events had lead times >24 h as
shown in Fig. 6. When forecasting using log;o [D7;] or DH

type II with logiq [I‘;;’jf] together and applying the upper
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limit of the duration of DH type II bursts of 24 h from
the start time there was one event with negative lead time
because the associated DH type II burst ends about 4.9 h
after the ESP peak time. This event was the very energetic
CME on 28th of October 2003 at 11:30 UT. Eight events
(11%) had a lead time less than 12 h because the DH type
IT bursts end close to the ESP peak time. In general the dis-
tributions of lead times are broad with a maximum at 24 h
and most of the events have lead times >12 h as shown in
Fig. 6 b.

4. Summary and discussion

We have investigated the relations between the peak
intensities of ESP events at 1 AU and parameters related
to the solar sources and their associations observed at the
Sun or in IP space. In addition to the primary parameter
of the predicted shock transit speed, we used several other
parameters, such as the CME speed and angular distance
from the solar disk centre, soft X-ray flux, peak intensity
of the SEP events, and duration of the DH type II radio
bursts to study their relations with the peak intensities of
ESP events. The purpose of this study is using these rela-
tions to suggest models for forecasting the ESP peak
intensities.

We searched for the associations between full and par-
tial halo CMEs with CME linear speeds >400 kms™'-
launched from the front side of the solar disk and IP
shocks at 1 AU. Then we investigated energetic particle
observations provided by SEPEM server at two energy
ranges, 5.0-7.2 MeV (nominal energy 6.0 MeV) and
15.1-21.9 MeV (18.2 MeV), in order to identify particle
enhancements at the time of these shock passages at 1
AU. We found 88 CME-driven IP shocks associated with
ESP events at 6.0 MeV during the time period 1996 —
2015. At the higher energy of 18.2 MeV the number of
events decreased to 59.
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We calculated the predicted shock transit speeds (Viz)
and their uncertainties for our events based on the model
of ICME transit speeds by Belov et al. (2022). As noted
in Section 3.2, the estimated arrival times are model-
dependent, and thus correlations with observed values
can also vary. Using the model of Belov et al. (2022) the
correlation coefficients between the observed and calcu-
lated Vywere 0.79+ 0.06 without taking into account the
uncertainties and 0.724+ 0.05 when the uncertainties were
included. Our results are similar with the findings (0.80 +
0.04) by Belov et al. (2022) for the events in their database.
It should be noted, however, that many ESP events in our
current sample are associated with the same solar events as
those in the Belov et al. (2022) database for predicting V.
This can to some extent explain the high correlation
between Vpxand log;o [Iﬁesﬁ‘], and the full validation of
our model on the part of Vpxis still pending on using an
independent set of ESP events.

We investigated which parameters characterising CMEs
and their associations best explained the observed log;q
[I2%%7 at 6.0 and 18.2 MeV. The highest correlation coeffi-
cient with a single explanatory variable was found between
logyo [1%5] and the predicted V. The correlation coeffi-
cients were 0.68 +0.05 at 6.0 MeV and 0.71 +0.06 at
18.2 MeV for the data points without taking into account
the uncertainties in the calculated Vzz. When using the
uncertainties the correlation was slightly worse (see
Fig. 2). The high correlation between Vizand logo [I254]
indicates that the transport conditions from the Sun to 1
AU significantly affect the strength of IP shocks driven
by CMEs and their ability to accelerate particles at 1 AU.

In comparison, the correlation coefficients between log;
[I24%] and CME speeds were 0.55+0.07 and 0.64 + 0.07
for CME linear speed and 0.59 £ 0.05 and 0.68 4 0.07 for
CME space speed at 6.0 and 18.2 MeV, respectively. Thus,
the correlation was slightly better when using the space
speed instead of the linear speed. Mikeld et al. (2011)
found that the correlation coefficient between log [I‘,}‘;‘}f]
and CME linear speeds is 0.69. We found only a very weak
correlation between log;o [I%4] and the angular distance of
the CME launch site from the disk centre (—0.23 40.09 at
6.0 MeV and —0.09 £0.09 at 18.2 MeV). There was also a
weak to moderate correlation between log; [Ilgg“;‘ Jand log;q
[SXRF]. The correlation coefficients were 0.32 +0.10 at
6.0 MeV and 0.48 4+ 0.09 at 18.2 MeV (see Table 1).

We investigated the correlations of log; [I"E’es’jf] with log;q
[Iggf;i‘] observed when the shock was near the Sun and log;o
[Dg;] observed in IP space. We found a significant correla-
tion between ESP peak intensities and the associated SEP
peak intensities (0.55 £0.08) at 6.0 MeV, and the correla-
tion coefficient still increased with energy being 0.70
+0.08 at 18.2 MeV. This indicates that if the shock is able
to accelerate particles near the Sun, it is often capable to
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accelerate particles also at 1 AU. The exact level of the
ESP peak intensities compared to the SEP peak intensities
varies depending on the effects of the transport conditions
from the Sun to 1 AU and on the strength of the shocks
driven by the CMEs (i.e. V). This result agrees with the
findings by Luhmann and Mann (2007) and Ameri et al.
(2023). For CME-driven shocks related to DH type II
radio bursts we found a moderate to weak correlation
between log;q [I’;@”}f] and log;q [Dy;] with correlation coeffi-
cients of 0.43 40.08 at 6.0 MeV and 0.32 £0.13 at
18.2 MeV. The relatively good correlation between logiq

[124] and logyo [Dyy] in particular at 6.0 MeV as shown
in Fig. 3 d implies that the characteristics of DH type II
bursts are related to the strength of IP shocks, and their
duration can be used as a parameter to describe the ESP
peak intensity in many cases.

The correlations of log;, [If;;'}f ] for various combinations
of two or more explanatory variables were investigated.
For two explanatory variables, combining Vzwith other
solar parameters led to improvements in the correlation
coefficients as presented in Table 1. The best two-variable
combination giving the largest improvement in explaining
the peak intensities of ESP events was Vcombined with
logio [Ing] at the two energies. The correlation coefficients
between the calculated log;q [I'g";,f ] from these two parame-

ters and the observed logj, [I2%4] were 0.75 +0.05 at
6.0 MeV and 0.80 +0.05 at 18.2 MeV. These results
demonstrate that for SEP — ESP events the log;o [I5%]
can be best estimated using Vpgand logo [I24]. Adding
one or two of the three parameters Vi, logo [SXRF],
or logjo [Dyy] to the combination of Vyand logyo [I5:%]
slightly improves the correlation coefficients as presented
in Table 1. Stepwise regression using every relevant vari-
able reveals that Vpand log;, [I§Z‘}f] are the strongest
explanatory variables for log; [If,;g",f‘]. When using a four
explanatory variable combination, the highest correlation
coefficients of observed and calculated logo [I2%4] were
0.77 £ 0.04 at 6.0 MeV and 0.83 £ 0.05 at 18.2 MeV when
the calculated log;o [I%4] was derived from Vi, logjo
[12457, Ve and logyy [SXRF] and 0.80 + 0.04 at
6.0 MeV and 0.84 + 0.05 at 18.2 MeV when using Vg,
logio [I247, V&< (or logo [SXRF]), and logo [Dyy] (Table 1
and Fig. 5).

Although there are strong correlations between the ESP
peak intensities and combinations of three or four explana-
tory variables, and our models can therefore be used for
forecasting the peak intensities, their predictive power for
the occurrence of ESP events is weak. Only 88 ESP events
at 6.0 MeV were observed for 225 CMEs associated with
shocks at 1 AU. The predictive power might, however, be
improved when using higher thresholds for the CME space
speeds or predicted shock transit speeds.
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In case of applying only solar observations obtained
close to the CME lift-off time the best relation for forecast-
ing of log;o [Iﬁ"s‘jf] is the three explanatory variable combi-
nation including Vg, V&, and logo [SXRF] with
correlation coefficient 0.71 4+ 0.05 at 6.0 MeV and 0.74 +
0.06 at 18.2 MeV (Fig. 4). In this case the average wait
and lead times with their standard deviations are typically
3.1 £ 1.5 h and 47 £ 13 h, respectively. If the combination
includes log; [I244] or logyo [D7y]), which are measured
when the shock is near the Sun or in IP space, the forecast-
ing of log;o [II;;“;‘] has longer wait and shorter lead times.
For all events at 6.0 MeV the average and standard devia-
tion of the wait times were 13 + 6 h for log;o [I%4] and 14
4 10 h for logyo [D7;], while the lead times were 37 + 14 h

for logo [1%%] and 35 + 18 h for log;o [Dz;]. When using

logo [12%7 and log,o [D7;] together the wait and lead times
were 19 + 6 h and 30 4+ 16 h (Fig. 6).

5. Conclusions

We investigated the correlations between ESP peak
intensities and various parameters characterising the coro-
nal mass ejections and their associations. We found the
strongest correlation with the predicted shock transit
speeds (0.68 + 0.05 at 6.0 MeV and 0.71 £+ 0.06 at
18.2 MeV). Moderate to strong correlations were found
with the CME space speeds and the SEP peak intensities
and weak to moderate correlations with the soft X-ray
fluxes and the duration of DH type II radio bursts. The
correlations were energy dependent.

Based on the combinations of three and four explana-
tory variables we suggest two empirical methods, which
can be used for long lead time and medium lead time fore-
casting of the ESP peak intensities. For long lead time fore-
casting the three parameters used as input for calculating
the logarithm of the ESP peak intensities are the shock
transit speed, CME space speed, and logarithm of the soft
X-ray flux. These three parameters can be measured or cal-
culated soon after the CME lift-off time. The correlation
coefficients between the observed and calculated logarithm
of ESP peak intensities were 0.71 £+ 0.05 at 6.0 MeV and
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0.74 £+ 0.06 at 18.2 MeV. Adding the logarithm of the
SEP peak intensity and the logarithm of the duration of
DH type II radio bursts together with the shock transit
speed and CME space speed (or logarithm of the soft X-
ray flux) significantly improves the correlation coefficients.
These four explanatory variable combinations can be used
as input for calculating ESP peak intensities for medium
lead time forecasting. SEP peak intensities and the dura-
tion of DH type II radio bursts are measured when the
shock is close to the Sun or in IP space. The highest corre-
lation coefficients were 0.80 + 0.04 at 6.0 MeV and 0.84 +
0.05 at 18.2 MeV. This medium lead time forecasting pro-
vides an average warning time, i.e. the time from the obser-
vation of the SEP peak intensity and DH type II burst till
the ESP peak time, of 30 +16 h. For long lead time fore-
casting using only coronagraph and X-ray observation,
the average warning time is 47 +13 h.
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Table A.2
List of CME-driven IP shocks with an ESP event at proton energies 6.0 and 18.2 MeV with associated solar flares, DH type II radio bursts, and SEP events during 1996-2015.

N:o CME Solar flare DH TII IP shock SEP peak intensity ESP peak intensity
Date and Time * Space speedb Class Location Duration® Date and Time" Observed Vi Predicted Vi 6.0 MeV 18.2 MeV 6.0 MeV 18.2 MeV
dd/mm hh:mm km s™! h dd/mm hh:mm km s~ km s™! pfu MeV~! pfu MeV~! pfu MeV ™! pfu MeV~!
1997
1 06/11 12:10 1604 X9.4 S18W63 20.17 09/11 10:03 W 510 696 +162 111 14.8 8.38 0.33
1998
2 20/04 10:07 2160" Ml1.4 S43W90 43.58 23/04 17:29 W 527 674 £144 133 — 11.3 —
3 27/04 08:56 1482 X1.0 S16ES0 0.67 30/04 08:43 W 581 742 +£171 — — 10.5 —
4 05/11 20:44 1335 M8.4 N22W18 34.00 08/11 04:41 W 751 757 £145 342 0.097 20.4 0.19
2000
5 10/02 02:30 1108 C7.3 N31E04 0.08 11/02 23:34 W 914 701 £120 — — 8.33 —
6 04/04 16:32 1217 C9.7 N16W66 0.25 06/04 16:32 W 869 682 +157 92.4 — 31.7 —
7 06/06 15:54 1348 X2.3 N20E18 41.67 08/06 08:41A 1021 757 £145 67.6 — 244 —
8 11/07 13:27 1260 X1.0 NI18E27 0.50 13/07 09:43 W 943 754 +£150 — — 23.8 0.107
9 14/07 10:54 2061 X5.7 N22W07 28.00 15/07 14:15A 1529 1000 +261 422 282 3200 900
10 25/07 03:30 900 MS8.0 NO6W08 — 28/07 06:38 W 555 561 £91 — — 8.64 0.51
11 09/08 16:30 1007 Cl1.0 N20W11 — 11/08 18:49 W 829 612 £112 — — 332 0.142
12 12/08 14:54 1110* C3.2 N13W46 — 14/08 21:36A 754 648 +141 31.9 — 2.66 —
13 12/09 11:54 1946 MI1.0 S17W09 24.33 15/09 04:27 W 646 893 +203 264 6.1 374 0.445
14 10/10 00:26 903 C6.7 NO1W14 — 12/10 22:33 W 590 553 £92 — — 0.716 —
15 01/11 16:26 960 C2.2 S17E39 — 04/11 02:25 W 718 629 +£126 — — 8.7 0.016
16 08/11 23:06 2023" M7.4 NI10OW77 12.67 11/11 04:12 W 786 673 +£146 706 403 93.1 6.71
2001
17 20/01 21:30 1647 M7.7 SO7E46 2.50 23/01 10:49 W 680 774 +£182 29 — 4.25 —
18 28/01 15:54 1140" M1.5 S04W59 1.25 31/01 08:35 W 644 673 £175 54.1 — 1.26 —
19 25/03 17:06 908 C9.0 N16E25 — 27/03 18:07 W 842 597 +£123 — — 47.6 0.04
20 29/03 10:26 1130 X1.7 N20W19 19.80 31/03 01:14 W 1075 715 £147 16.4 — 12 —
21 02/04 22:06 2840 * X20 N17W78 4.42 04/04 14:41 W 1025 851 +163 104 37.4 68.8 4.24
22 05/04 17:06 1476 M5.1 S24E50 — 07/04 17:56 W 850 743 £171 — — 47.5 0.193
23 06/04 19:30 1449 X5.6 S21E31 6.25 08/04 11:20 W 1046 820 +168 — — 38.7 0.13
24 10/04 05:30 2940 X2.3 S23W09 18.60 11/04 16:17 W 1199 1057 £275 107 2.47 188 7.47
25 15/04 14:07 1450 X14. S20W85 22.92 18/04 00:49 W 710 647 +144 176 — 5.1 —
26 26/04 12:30 1257 M1.5 N20WO05 40.33 28/04 05:00 W 1029 724 £119 — — 1040 0.15
27 24/09 10:31 2875 X2.6 S16E23 33.25 25/09 20:17 W 1232 1106 +180 321 74.5 4260 366
28 19/10 16:50 1051 X1.6 NI15W29 47.92 21/10 16:40 W 871 673 £138 3.84 — 6.1 —
29 22/10 15:06 1603 M6.7 S21E18 2.42 25/10 08:59 W 634 804 +152 16.9 — 4.92 —
30 04/11 16:35 2286 X1.0 NO6W18 42.50 06/11 01:25A 1262 956 +£215 143 112 5470 913
31 22/11 23:30 1577 M9.9 S17W36 27.83 24/11 05:51 W 1374 851 £201 363 181 8410 538
32 26/12 05:30 1720" M7.1 NO8W54 23.67 29/12 05:17 W 581 722 +164 99.3 23.4 452 1.74
2002
33 15/03 23:06 1297 M2.2 SO8W03 0.75 18/03 13:14 W 670 704 +£120 16.2 — 114 —
34 18/03 02:54 1223 MI1.0 S10W30 2.67 20/03 13:05A 775 710 £151 88.8 0.39 33.7 0.37
35 17/04 08:26 1417 M2.6 S14W34 43.50 19/04 08:25 W 866 809 £165 15.23 0.362 39.1 0.077
36 21/04 01:27 2396 X1.5 S14W84 22.50 23/04 05:00 W 809 820 £175 505 — 50.1 —
37 22/05 03:50 1718 C5.0 S30W34 — 23/05 10:44 W 1356 869 +203 130 2.57 1780 12.4
38 15/07 21:30 1560" MI1.8 N19WO01 7.75 17/07 15:55 W 981 825 +148 — — 506 3.43
39 26/07 22:06 1071 M8.7 S19E26 1.05 29/07 12:40A 658 646 +118 — — 3.58 —
40 16/08 12:30 1937 M5.2 S14E20 32.67 18/08 18:40 W 769 860 £169 7.5 — 12.6 —
41 05/09 16:54 2074 C5.2 NO9E28 47.45 07/09 16:22 W 878 894 +186 30.3 0.528 283 3.96
42 24/11 20:30 1212 C6.4 N20E35 0.67 26/11 21:10A 851 736 +£162 4.75 — 4.5 —

D 32 LWy q

£901-0S0I ($Z0T) L Yo4vasay 2ovdS ui saoupapy
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Table A.2 (continued)

N:o CME Solar flare DH TII IP shock SEP peak intensity ESP peak intensity
Date and Time * Space speedb Class Location Duration® Date and Time* Observed Vzz Predicted Vg 6.0 MeV 18.2 MeV 6.0 MeV 18.2 MeV
dd/mm hh:mm km s~ h dd/mm hh:mm km s~ km s™! pfu MeV™'  pfuMeV™!  pfuMeV™!  pfuMeV~!
2003
43 28/05 00:50 1701 X3.6 S07W20 23.50 29/05 18:38 W 998 815 £156 6.64 0.297 176 2.31
44 29/05 01:27 1407 X1.2 S06W37 6.83 30/05 15:53 W 1086 795 +£170 — — 23.8 0.072
45 28/10 11:30 3128 X17.0 SI16E08 33.75 29/10 05:58A 2044 1387 £416 488 193 11200 1130
46 29/10 20:54 2628 X10.0 S15W02 3.08 30/10 16:19A 2109 1330 +481 518 86 2050 125
47 02/11 17:30 2733 X8.3 S14W56 7.50 04/11 06:46 W 1117 898 +192 559 59 1320 7.57
48 18/11 08:50 2109 M3.9 NOOE18 — 20/11 08:35 W 874 897 +189 — — 14.1 0.19
2004
49 07/01 04:06 1850" M4.5 NO2E76 2.00 09/01 09:25 W 779 656 +157 — — 6.07 —
50 20/01 00:06 1248 C5.5 S13W09 — 22/01 01:04A 850 721 £123 — — 20.6 —
51 11/04 04:30 1930 " C9.6 S16W46 1.25 12/04 18:27 W 1095 791 +188 82.1 — 15.2 —
52 25/07 14:54 1544 Ml.1 NO8W33 31.42 26/07 22:25 W 1320 839 +185 53.1 2.09 2650 69.8
53 07/11 16:54 2218 X2.0 NOIW17 27.58 09/11 09:25 W 1029 943 +208 428 18.5 207 1.79
2005
54 15/01 23:07 3682 X2.6 N15WO05 25.00 17/01 07:15A 1297 1172 +£287 362 113.3 431 9.62
55 19/01 08:30 2178 X1.3 NI5SW5I1 14.67 21/01 16:47A 741 807 £174 — — 2470 7.13
56 13/05 17:12 2171 M38.0 NI12El1 33.17 15/05 02:10 W 1259 969 +234 380 11.1 7930 89.1
57 14/07 10:54 2115 X1.6 NI11W90 1.90 16/07 16:10 W 782 745 £167 432 — 28.6 —
58 22/08 17:30 2445 M5.6 S13W65 19.75 24/08 05:35 W 1155 836 +182 267 12.5 373 6.31
59 09/09 19:48 2311 X6.2 S12E67 2.25 11/09 01:00A 1051 813 £179 — — 1630 69.3
60 13/09 20:00 2445 X1.5 S09E10 33.67 15/09 08:36 W 1138 1033 £251 73 5.05 481 7.06
2006
61 13/12 02:54 2184 X3.4 S06W23 7.92 14/12 13:51 W 1189 927 +£202 41.9 24.7 1800 5.27
62 14/12 22:30 1139 X1.5 S06W46 1.17 16/12 17:34 W 965 694 £165 62.7 — 3.33 —
2010
63 01/08 13:42 1030 C3.2 N20E36 — 03/08 17:05 W 811 635 £126 — — 10.1 0.091
2011
64 15/02 02:24 960 X2.2 S20W10 4.83 18/02 00:49 W 592 601 £112 1.23 — 1.33 —
65 07/03 20:00 2223 M3.7 N31W53 12.50 10/03 06:10A 709 807 £172 24 1.86 38 0.54
66 04/08 04:12 1477 M9.3 NI19W36 36.75 05/08 18:40 W 1084 829 +183 42.3 3.08 194 3.05
67 22/09 10:48 1905 X1.4 NO9ES89 12.92 25/09 10:44 W 579 683 +£148 0.59 0.245 14.7 0.86
68 24/09 12:48 2018 M7.1 NI10E56 9.92 09/26 11:44 W 891 775 £164 — — 60.3 1.2
69 26/11 07:12 1001 Cl.2 N17W49 40.75 28/11 21:00 W 674 660 +154 108 0.67 18.1 0.084
2012
70 19/01 14:36 1269 M3.2 N32E22 11.75 22/01 05:33 W 662 760 +£141 6.33 0.084 19.2 0.077
71 23/01 04:00 2511 M8.7 N28W21 35.00 24/01 14:40 W 1206 1053 £219 236 115 3950 252
72 07/03 00:24 3146 X5.4 N17E27 42.00 08/03 10:30 W 1225 1104 £154 260 61 4670 234
73 14/06 14:12 1254 M1.9 S17E06 — 16/06 19:34 W 780 720 £119 — — 59.1 0.403
74 12/07 16:48 1405 X1.4 NI13WO01 16.25 14/07 17:39 W 853 669 +124 343 3.87 671 0.546
75 17/07 13:48 1195" M1.7 S28W65 14.33 20/07 04:30A 668 647 +£173 41.6 3.37 55.4 2.92
76 28/09 00:12 1093 C3.7 NO9W32 10.33 30/09 22:18 W 594 681 +147 6.44 — 4.89 —
2013
77 15/03 07:12 1366 Ml.1 NIIEI12 14.50 17/03 05:21 W 898 746 +£132 6.59 0.264 87.2 0.362
78 11/04 07:24 1369 Mé6.5 NO9E12 7.83 13/04 22:13 W 662 684 +127 28.5 — 2.26 —
79 22/05 13:26 1491 MS5.0 S18W70? 40.83 24/05 17:26 W 616 663 £163 430 — 23 —

(continued on next page)
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Table A.2 (continued)

N:o

18.2 MeV
pfu MeV~!

SEP peak intensity ESP peak intensity
18.2 MeV 6.0 MeV
pfu MeV~! pfu MeV ™!

6.0 MeV
pfu MeV~!

km s~}
788 £150

Predicted Vi

IP shock
Observed Vzz
km s™!

Date and Time"
dd/mm hh:mm

DH TII
Duration®
h

Location

Solar flare

Class

Space speed”
km s~

CME

Date and Time *
dd/mm hh:mm

260 460 1.57

107

815

02/10 01:16 W

23.12

N17W29

1.3

C

1370

29/09 22:12

80

2014
07/01 18:24

8.13

252
27.7

101 40.8

1015 +241

848
600
927
881
882

09/01 19:31A
20/02 02:51A
20/04 10:20 W

X1.2 SI5W11 26.45
S14W05

2246
790"

81

577 +£95
793 £158
821 +147
592 +121

C6.6

M7.3

17/02 05:12

82
83
84
85

0.59
3.61
0.293

335
668

2.07
1.06

57
9.1

9.75
18.25
0.38

S20W34
NI4E02
S14W25

1359
1652
906

18/04 13:26

12/09 17:17 W

1.6
1.0

X
M

10/09 18:00

61.4

23/12 11:30A

21/12 12:12

2015
15/03 01:48

36
2570
90.4

67

6.

615 +£126
810 £153
795 £153

830

17/03 04:00 W

S22W25
NI12E16

9.1

C

932
1740
1573

86
87
88

30.4

1055
980

22/06 18:08 W

18.78
3.

M2.6

21/60 02:36

0.2

Me6.5 N12W08 58 24/06 13:07 W

22/06 18:36
# Date and time of the first appearance in LASCO C2.

® *indicates a partial-halo CME.

¢ The time period from the start time to the end time of DH type II radio burst.

9 W and A refer to the Wind and Advanced Composition Explorer spacecraft in which the IP shocks were observed.
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