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We analyze radio bursts observed in events with interacting/non-interacting CMEs that produced
major SEPs (I, > 10 MeV) from April 1997 to December 2014. We compare properties of meter
(m), deca-hectometer (DH) type Il and DH type III bursts, and time lags for interacting-CME-
associated (IC) events and non-interacting-CME-associated (NIC) events. About 70% of radio
emissions were observed in events of both types from meters to kilometers. We found high correlations
between the drift rates and mid-frequencies of type II radio bursts calculated as the mean geometric
between their starting and ending frequencies for both NIC and IC-associated events (correlation
coefficient R* = 0.98, power-law index €=1.68+0.16 and R’ =0.93, £=1.64+0.19 respectively).
We also found a correlation between the frequency drift rates of DH type II bursts and space speeds
of CMEs in NIC-associated events. The absence of such correlation for IC-associated events confirms
that the shock speeds changed in CME-CME interactions. For the events with western source
locations, the mean peak intensity of SEPs in IC-associated events is four times larger than that in
NIC-associated SEP events. From the mean time lags between the start times of SEP events and
the start of m, DH type II, and DH type III radio bursts, we inferred that particle enhancements
in NIC-associated SEP events occurred earlier than in IC-associated SEP events. The difference
between NIC events and IC events in the mean values of parameters of type II and type III bursts
is statistically insignificant.

Keywords: Solar energetic particle events (SEPs): radio-loud CMEs: Solar flares:
m- and DH type II radio bursts: DH type III radio bursts

1. Introduction. Coronal mass ejections (CMEs) are the biggest eruptive
phenomena on the Sun. CMEs propagating in the solar corona and interplanetary
space have an energy up to 10*2ergs and a mass up to 10"kg [1,2]. The width
of a CME is also significant for its kinetic energy [3,4]. Full or partial halos
surrounding fast CMEs are most likely shock signatures [5-7]. Fast CMEs that
exceed the local Alfvén speed in the environment are capable of driving shocks
in the coronal and interplanetary (IP) medium [8]. CME-driven shocks can
accelerate protons and electrons to high energies. Accelerated electrons can excite
plasma oscillations and generate type II bursts at the local plasma frequency and
its harmonic.

A type II radio emission slowly drifts from higher to lower frequencies. The
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plasma frequency is directly proportional to the square root of the local plasma
electron density. The meter (m) type II bursts are observed in a frequency range
of 200-18 MHz by ground-based radio spectrographs. The deca-hectometer (DH)
type Il bursts are observed in a range of 14 MHz - 20kHz by space-born radio
instruments. The generation of type II radio bursts in various spectral domains
depends on the kinetic energy of the associated CME. The so-called "radio-loud"
CME are generally associated with type II radio bursts and, therefore, with
interplanetary shocks [9]. The lack of shock signatures for some fast and wide
CME:s is still under debate.

Type III radio bursts are fast-drifting features caused by electron beams
accelerated in solar flares [10-11]. Cane et al. [12] identified a new class of km
type I1I bursts observed by the ISEE-3 spacecraft. They found that some low-
frequency type III bursts had unique properties such as a strong intensity and long
duration when compared to normal type III bursts. This type of events was referred
to as shock-associated (SA) events [13]. Later, Cane et al. [14] studied relation-
ships between high-energy proton events, CMEs, solar flares, and radio bursts.
They pointed out that these intense long-duration low-frequency type III bursts
were caused by electron streams travelling from the Sun to 1 AU. They also
reported that almost all intense long-duration low-frequency type III bursts were
associated with CMEs. Having compared the type III intensity at 1 MHz in
impulsive and gradual SEP events during solar cycle 23, Cliver and Ling [15]
showed that almost 95% of DH type Il bursts were associated with gradual SEP
events. Winter and Ledbetter [16] analysed 123 DH type Il radio bursts observed
by Wind/WAVES and associated SEP and non-SEP events during 2010-2013.
They found that 92% of SEP events were associated with both DH type Il and
DH type I1I bursts and proposed that the peak intensity and duration of DH type
III bursts were the dominant factors among the properties of radio bursts. They
concluded that DH type III bursts accompanying DH type 11 bursts could be used
to forecast SEP events. Pappa Kalaivani et al. [17] also found for a set of events
a closer association of peak intensities of SEPs with properties of DH type III
bursts than with properties of DH type II bursts.

Pappa Kalaivani et al. [18] (herein after Paper I) suggested that CME-CME
interactions could enhance the peak intensity of SEPs. The seed populations in
interacting-CME-associated (IC) events and non-interacting-CME-associated (NIC)
events were found to be similar. A number of case studies reported that after an
interaction between CMEs the intensity of DH type II bursts increased [3,19,20].
However, there is no comprehensive analysis of (i) properties of type II and type
I1I bursts that accompany IC events and (i) their comparison with NIC-associated
events. The main objective of this study is to find if any differences exist between
properties of type II (m and DH) and DH type III bursts accompanying NIC
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and IC events. We present the event selection and analysis in Section 2 and discuss
the results in Section 3. Section 4 presents a summary and conclusions.

2. Event selection and analysis. We have utilized 143 major SEP events
(I,> 10 MeV) that occurred between November 1997 and December 2014 from
the catalog compiled by the Coordinated Data Analysis Workshops (CDAW) data
center'. A set of 125 major SEPs is considered by excluding 18 ground level
enhancement (GLE) events, as done in Paper I. Out of these 125 events, we
identified 70 major SEPs using simple selection criteria as follows: i) the data on
solar flares and CMEs must be unambiguous; the flare locations must be clear
and more than three height-time (h-t) data points must be observed for a CME,
and ii) flare-associated CMEs must be associated with both m-and DH type II
radio bursts. From type Il catalogues we have compiled the following data set:
i) the end time, start frequency, end frequency of m type Il radio bursts, and
estimated shock speeds reported by several ground-based spectrographs during
1994-2009 were taken from the online catalog’ that is maintained by the National
Geophysical Data Center (NGDC) and monitored by the National Oceanic and
Atmospheric Administration (NOAA). In addition, we compiled the data on m
type II bursts observed during 2010-2014 from dynamic spectra provided by the
Radio Solar Telescope Network (RSTN)’; ii) the end time, start and end
frequencies of DH type II bursts were taken from the Wind/WAVES website*. The
association of major SEPs of m and DH type II bursts was adopted from the
CDAW's major SEP event list.

To select shock properties, we preferentially consider the fundamental emission
of each m type II burst, if it has both fundamental and harmonic emissions. For
this set of 70 pairs of m-and DH type II bursts, a log frequency-time plot (drift
graph) is drawn for each event using the start and end frequencies and times of
both m and DH type II bursts using the method described by Prakash et al. [21].
Using the drift graphs, we composed a set of 58 DH type II radio bursts in Paper 1
as continuation of m type II bursts (hereinafter m-to-DH type II bursts) for our
further analysis. Furthermore, we have divided these 58 major SEP-associated
m-to-DH type II burst events into two categories by checking if a SEP-associated
CME (primary CME) interacts with a slow preceding CME (IC event) or not (NIC
event). We verified the CME interaction from the height-time (h-t) data in the

I https;//cdaw.gsfc.nasa.gov/CME_list/sepe

2 https://www.ngdc.noaa.gov/stp/space-weather/sol

ar-data/solar-features/solar-radio/radio bursts/reports/spectral-listings/Type Il/Type 11 _1994-2009
3 https://www.ngdc.noaa.gov/stp/space-weather
/solar-data/solar-features/solar-radio/rstn-spectral

4 http.//ssed.gsfc.nasa.gov/waves/data_products.html
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field of view (FOV) of the Large Angle and Spectrometric Coronagraph (LASCO)
on board the Solar and Heliospheric Observatory (SOHQO), and the overlap of
CMEs in the position angle (PA) in SOHO/LASCO movies. In addition, we
checked whether there are significant changes in the kinematics of both preceding
and primary CMEs from the h-t data. Due to the data availability of the Solar
Terrestrial Relations Observatory (STEREOQO) from late 2006, almost one-third of
CME interactions were further confirmed from different vantage points by the
overlap in PA in the movies of the COR2 coronagraph on board STEREO.

2.1. Analysis of DH type Il and DH type III radio bursts. This
subsection describes how the basic properties of DH type II and DH type III radio
bursts (i.e., peak intensity, integrated intensity, slope, and duration) are derived from
dynamic radio spectra. To derive the properties of the present set of 58 events, we
adopted the method of Winter and Ledbetter [16]. In general, DH type Il and DH
type III bursts are recorded by three detectors of the Wind/WAVES instrument,
RADI1 (20-1040kHz), RAD2 (1075-13825kHz) and TNR (4-245kHz) [22-23]. The
calibrated one-minute average data from these three detectors were downloaded as
IDL save files for each event. In each file, the ratio R to the background values
B in the units of uVHz'l/ % is recorded. We converted the R and B values to solar
flux units (1sfu=102Wm?Hz"') by using the relation J (sfu) = 10" (RB)/(ZA),
where A is the area of the antenna, Z is the impedance of free space. Additional
corrections were also made.

For a given DH type II burst, we plotted the dynamic spectra and picked up
the local peak intensity at each frequency. The corresponding frequency and time
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Fig.1. Example of a dynamic spectrum of DH type II and DH type III bursts. The white
solid lines represent the linearly fitted curve to the local peak intensities at each frequency.
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data were recorded. A linear function was then fitted to the 1/frequency and time
points to yield a slope (frequency drift). The result of the linear fit was transformed
back to the frequency-time space to trace the type II burst, which is shown by
the upper white curve in Fig.1. We estimated the slope and the integrated intensity
by integrating along the fitted line both in time and frequency between the points
where the flux decreased to 15% of the local peak intensity.

A similar method was used to estimate the peak intensity, integrated intensity,
and the slope of a complex DH type III radio burst. The time span when the
signal at 1 MHz exceeded 6 dB (fourfold the background value) [24,15] was taken
as the duration of the burst. Table 1 lists the derived parameters of DH type 11
bursts, DH type III bursts, and m type II bursts for completeness. The parameters

Table 2

MEAN AND STANDARD DEVIATION (o) OF DIFFERENT
PROPERTIES OF m TYPE II BURSTS, DH TYPE Il BURSTS, AND
DH TYPE III BURST FOR NIC AND IC-ASSOCOATED EVENTS

Events Properties NIC events IC events | Student
Mean c Mean G t-test
P value
Duration (min) 11 6 9 5 32%
m tvpe 11 Starting frequency (MHz) 101 47 108 58 61%
ype End frequency (MHz) 25 6 28 16 | 26%
Estimated shock speed (kms') | 957 427 1110 | 407 18%
Duration (min)® 412 834 925 847 37%

Starting frequency (kHz) 12100 | 4200 | 11500 | 4600 64%
DH type I1 Ending frequency (kHz)® 1043 | 2187 | 400 | 550 17%

Peak intensity (sfu) 2-10* 3-10* [1-10° | 5-10°| 22%

Integrated intensity (sfu Hz min)| 5-107 | 8-107 | 6-10’ 1-10% | 55%

Slope (MHz h™") 0.67 | 037 | 075 | 038 43%

Duration (min) 30 10 31 12 93%

DH type 11 Peak intensity (sfu) 4-1012 5-1012 7-10160 1-10170 14%
Integrated intensity (sfu Hz min)|[2-107|{2-10"|3-10 "[3-10 18%

Slope (MHz h') 21 7 20 8 61%

CME onset’-SEP start delay (min)®| 73 38 88 46 31%
Flare onset-SEP start delay (min)®| 78 38 96 51 23%
Time lags | m type II-SEP start delay (min)®| 65 39 77 46 44%
DH type II-SEP start delay (min)®| 51 41 65 50 38%
DH type III-SEP start delay (min)| 56 47 72 43 37%

The time lag analysis is presented only for NIC and IC events whose sources were located
in the western hemisphere (L > W30° ). Notations in Column 2: * means that the CME onset time
was estimated from the quadratic back-extrapolation to 1R, in the height-time plot. © These values
are sensitive to outliers (see Section 3.2).
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for IC and NIC events are presented separately. The start date of a SEP event
is given in column 1. Columns 2-6 list parameters of m type II bursts. Columns
7-12 list parameters of DH type II bursts. Columns 13-15 list parameters of DH
type III bursts.

2.2. Statistical analysis methods. Table 2 presents the mean and the
standard deviation o of the parameters for the m, DH type 11, DH type III radio
bursts, and the time lags found separately for NIC and IC events. Column 1 gives
the name of the object. Column 2 denotes the properties of the considered events.
Columns 3, 4 (NIC) and 5, 6 (IC) list the estimated mean and standard deviation
of the respective parameters. In Column 7, the statistical significance of the null
hypothesis (P value) from the Student's #-test is given in percent. The Student's
t-distribution has a higher kurtosis than normal distributions. It has a higher
probability for extreme values on either side of the distribution peak. This is due
to outliers which are observed in extreme cases or due to variability in measure-
ments and experimental errors. The outlier is an extreme value, being any data
point that lies over 1.5 IQR (inter quartile range) below the first quartile (Q))
or above the third quartile (Q,) in a data set. The inter quartile range is a measure
of the statistical dispersion. It is the middle 50% or the so-called H-spread. It
is obtained by the first quartile subtracted from the third quartile. If the P value
is less than 5%, then there is a 5% probability that the difference is accidental
and that the statistical significance is 95%. In the next section, we present the
results of the statistical analysis and discussion over the IC and NIC events.

3. Results and discussion.

3.1. Properties of m type Il radio bursts. In addition to the properties
of parent solar eruptions (Paper I), here we analyze the properties of m-to-DH
type II and DH type III radio bursts for IC and NIC events. Our estimates are
consistent with previous studies [25-27]. There is no significant difference between
the mean durations of NIC and IC-associated m type II bursts. For both sets
of events, the starting frequencies f range from 200 MHz to 30 MHz with a
standard deviation o of 50 MHz. The mean starting frequencies in NIC and IC
events are similar, being slightly higher than the value of 86 MHz found by
Prakash et al. [21] for m type II radio bursts associated with SEPs. We also found
no significant differences between the average ending frequencies f, of the m type
IT bursts in NIC and IC events. Table 1 does not contain the estimated shock
speeds for events 3 and 41, which are not reported in the online type II catalog,
and for event 22, where the radio emission structure was too complex. The Student
t-test shows that the difference between the NIC and IC events in the mean
parameters of m type II bursts and the estimated shock speeds is statistically
insignificant (see Table 2). Hence, he CME-CME interaction does not alter the
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properties of m type II radio bursts. This can be expected, because the projected
interaction heights of CMEs mostly exceed 4 R,, as discussed in Section 3.6.

3.2. Properties of DH type II radio bursts. In this subsection, we
present the differences in basic characteristics of DH type Il and DH type III
radio bursts for IC and NIC-associated events. The DH type Il radio bursts are
more closely associated with fast and wide CMEs. Furthermore, m-to-DH type
II radio bursts also replicate the energy of the associated CMEs [28,8].

The starting frequency of DH type II bursts does not affect both sets of events
because 62% of DH type Il radio bursts were observed with an upper cut-off
frequency by WAVES instruments (14 MHz for Wind and 16 MHz for SWAVES).
Hence, the difference between the mean starting frequencies of DH type II bursts
for NIC and IC-associated events is statistically insignificant. For the DH type
II durations, we obtained a mean value of 819 min with o =834 min for NIC
events and a mean value of 1036 min with =983 min for IC events. The
significance of this difference shown by the Student's #-test is due to a single outlier
(#44) with an exceptionally long duration. Without this outlier, the mean duration
for IC events is 925 min with o =847 min and the difference with NIC events
becomes insignificant. Because a typical event cannot determine the properties of
the whole set, we conclude that the difference between the durations of DH type
IT bursts in the two categories of events is not significant. We also found that
69% and 74% of NIC and IC-associated DH type Il bursts ending frequencies
were observed at below 300 kHz (km domain). The difference between the mean
ending frequencies for NIC and IC-associated events is statistically significant
(P=15%). After removing the outliers from NIC events (#3, #6, #19, #24, and
#33) and IC-associated (#40, #45, #48, and #52) events, the mean difference (293
and 169 kHz, respectively) is also statistically insignificant (P=20%). The outliers
were noted from the distribution plots not shown here.

For NIC events, the outliers associated with DH type II bursts (#3, #6, #18,
#24, and #33) have short durations (15, 15, 35, 15, and 24 min, respectively) than
the other events observed in the DH domain, and also, these outliers’ associated
SEP events have lower peak intensities (55, 12, 82, 26, and 22 pfu, respectively).
These outliers' sources are located near the west limb (longitude > W50°). Furthermore,
among the 5 outliers, #6 was associated with the slowest CME (478 kms™). It
is possible that the DH type II in this event had a short duration, likely because
the shock would have rapidly ceased. But #3 #18, #24, and #33 were related to
fast CMEs, whose speeds exceeded > 900 kms'. Similarly, for IC events, these
outliers' (#40, #45, #48, and #52) associated DH type II bursts have short
durations than other IC events. These DH type II bursts associated CMEs are
related to fast CMEs, whose speeds are larger than 1000kms™. The peak intensities
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of these events are 15, 28, 466, and 215 pfu, respectively. The source locations
of these events are on the western side expect #45. Note that the presence of
type II emission is considered as evidence of a shock, but the absence of type
II emission does not guarantee the absence of shock. The short durations of these
DH type IIs may be caused by emission propagation effects or unfavorable
conditions for the generation of radio emissions.

We derived the peak intensity, integrated intensity, and slope of DH type II
radio bursts for NIC and IC-associated events. On average, the peak intensity of
DH type II bursts associated with IC is one order larger than that of NIC-
associated events (see in Table 2). However, after excluding the outliers the mean
peak intensities of DH type II bursts for NIC and IC-associated events
(9-10° £1-10* sfu and 5-10° +6-10° sfu, respectively) are statistically insignificant.
For 74% and 81% of the 1C-associated DH type 1l bursts the peak intensity is
larger than 1000 sfu. The mean integrated intensity of DH type II bursts for 1C-
associated events is slightly larger than that of NIC-associated events. Interestingly,
52% of NIC-associated DH type II bursts have integrated intensity below 107 sfu
Hz min. But for IC-associated events, only 32% of DH type Il bursts have
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Fig.2. Correlation between the geometric mean frequencies and drift rates of m and DH type
II radio bursts for (a) NIC and (b) IC-associated events. The data points are fitted using the power-
law in the form of |df /dt|= A f°. Correlation between the slope of DH type II bursts and space
speed of the CME for (¢) NIC and (d) IC-associated events. Linear fits are shown before and after
the exclusion of the outliers (circled data points) by dark and light straight lines, respectively.
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integrated intensity less than 10"sfu Hz min. However, the difference between the
means rejects the null hypothesis (P=55%). The slope of DH radio bursts (type
IT and type III) indicates the nature of drift rate and shock speed of associated
shock in the interplanetary medium. The slope of DH type II bursts varies from
0.16MHzh' to 1.91 MHzh''. The slopes of IC-associated DH type 11 bursts are
slightly larger than the NIC-associated events. Mean difference also rejects null
hypothesis (P=43%).

We studied the frequency dependence of the drift rates for m and DH type
I1 radio bursts. The drift rate is estimated from the starting and ending frequencies,
and the duration of a type II burst. It is important that the drift rate calculated
in this way corresponds to the slope of the secant line of the type II trajectory
at a mid-frequency and not to the slope of the tangent line at the starting frequency.
We calculated the mid-frequency as the geometric mean between the starting and
ending frequencies f =m of each type II burst. As seen in Fig.2a, b, there
are distinct correlations between the drift rates and the mid-frequencies of type
I1 radio bursts for NIC and IC-associated events (R>=0.98 and R?=0.93,
respectively) with power-law indices of €=1.68+£0.16 and &=1.6410.19,
respectively. These correlation coefficients are considerably higher than 0.83 that
was obtained by Umubhire et al [29] for a set of events. The data points in the
metric range have a wider scatter relative to the DH range and to firm overall
trends. This overall trend is possible due to the consideration of radio bursts whose
trajectories continue from highest to lowest frequencies (m-to-DH type II bursts)
without jumps. Also, the reduced drift rate in the DH range in Fig.2b may possibly
be due to the two lowest-frequency outliers. If we exclude these two outliers from
the power-law fitting, then the correlation coefficient becomes 0.96 with an
increased index of 1.75+0.18. For a combined data set of NIC and IC-associated
events, we have obtained the frequency dependence for the drift rate with a power-
law index of 1.66 £0.21.

The speed of a CME may be correlated with a drift rate of a type II radio
burst. As we mentioned earlier in Sec.2.1, the slope (frequency drift) of the DH
type 1I bursts were estimated when the data are transformed into 1/frequency space
that are linear in time [30]. Using this dependence, we can refer to all of the
slopes of DH type II bursts for a geometrical mean frequency to 5 MHz for a
representative sample of a set of events with starting frequencies ranging from 16
to 2 MHz. The relationship between the slope of the DH type II bursts and
the space speed of CMEs is plotted in Fig.2c and 2d for NIC and IC-associated
events, respectively. It is interesting to note that a positive correlation for NIC-
associated events for these properties (cc=0.54), and the Pearson's correlation
coefficient increased as cc=0.71 after excluding the outliers. But, we found that
there is no clear correlation between the slope of the DH type II bursts and
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the speed of CMEs for IC-associated events (cc=0.39, after excluding an outlier).
The absence of correlation for DH type II bursts' properties and speed of CMEs
for IC-associated events might be due to the changes in shock speeds in the
interplanetary medium following the CME-CME interactions.

3.3. Properties of DH type III radio bursts. As we have discussed
earlier, many authors pointed out the importance of complex DH type III radio
bursts accompanying the DH type 1I bursts in relation with SEP events. Hence
the properties of DH type III bursts are also studied in the present paper. Some
of the authors studied the duration of complex DH type III bursts observed at
14 MHz and 1 MHz signals from the radio dynamic spectra. In our case, we
determined the duration of complex DH type III bursts at 1 MHz signal where
DH type III intensity exceeds 6 dB or four times of the background as discussed
in MacDowall et al. [24]. We are much aware of the duration of type III burst
as responsible for the electron acceleration from the reconnection site. But the
long duration of complex DH type III bursts at 1 MHz signal may also be
contributed by the associated CME-driven shocks [12,31].

The duration of NIC-associated DH type III bursts ranges from 11 to 65 min.
But for IC-associated events, it lies between 5 and 48 min. The shortest complex
DH type III duration at 1 MHz was on 2004 July 25 (5 min). Almost 51% and
65% of the durations of DH type III bursts are larger than 30 min for NIC and
IC-associated events, respectively. However, the mean duration of DH type III
bursts is similar for both sets of events. Most (89%) of the complex DH type
IIT bursts have a peak intensity below 1 MHz range. The intensity distribution is
almost symmetric on either side of the peak value for both sets of events. Winter
and Ledbetter [16] reported a mean peak intensity 10’sfu of a different set of
events which is larger than the mean peak intensity of DH type III bursts of all
58 events considered here. However, the mean difference between the peak
intensity of the DH type III radio bursts of NIC and IC-associated events is
statistically insignificant. We also derived the integrated intensity of complex DH
type III radio bursts and the mean value of NIC-associated events is found to
be only slightly lower than that of IC-associated events. On average, the slope
of complex DH type III radio bursts of NIC-associated events is similar to the
slope of the IC-associated events.

3.4. SEP dependency on source locations and time lags studies.
The SEP propagation in the interplanetary space along the Parker spiral deter-
mines reduced peak fluxes and longer rise times of SEPs from eastern solar
sources. The dependence of the SEP peak flux on the longitude of its source has
been established [32-35], but we are not aware of any expression of the longi-
tudinal dependence of temporal parameters of SEPs. Hence, we divided our sample
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of events based on the longitudes L: i) eastern side (L > E30°); ii) disk center
(E30°< L<W30°; and iii) western side (L>W30°). Fig.3 shows the distributions
of the source location for all major SEPs, NIC-associated SEPs, and IC-associated
SEP events.

Fig.3a gives the distribution of all 104 major SEP events during 1997-2014
(after excluding the backside events). Out of 104 events, 14% and 59% of SEP-
associated sources are located on the eastern and western side of the solar disk,
respectively and only 27% of events are from the disk center. The distributions
of the source locations for NIC and IC events are shown in Fig.3b and 3c,
respectively. The numbers of events from eastern and disk center sources in the
NIC and IC categories are insufficient for their separate statistical analysis. We,
therefore, consider only those events, whose sources were located on the western
side, and analyze SEP peak fluxes and their temporal parameters without any
longitudinal corrections.

le) 104 major SEPs 35 NIC associated SEPs fe) 23 IC associated SEPs
N

Fig.3. Source distributions of (a) all major SEPs (b) NIC-associated SEPs and (c) IC-
associated SEP events.

Almost 63% and 57% of NIC and IC-associated SEP events, originated from
the western side events. The rise time and duration of the NIC-associated SEP
events (570 min and 3 days, respectively) are slightly lower than the IC-associated
events (635 min and 4 days, respectively). The distribution of peak intensity of
the SEP events (which are from western side events) is presented in Fig.4. We
noted that the distributions of the SEP intensity are similar for NIC and IC-
associated events below 1000 pfu, while there is an excess of IC-associated events
above 1000 pfu, although their number is meager. The peak intensity of SEPs for
IC-associated events (1654 pfu) is three times larger than that NIC-associated SEP
events (492 pfu). But after excluding the outliers from NIC (#5, #10, #12) and
IC-associated (#41) events the mean peak intensity of SEPs for 1C-associated
events (559 pfu) is four times larger than that of NIC-associated SEP events (126
pfu). It is inferred that CME-CME interaction has played a vital role in the
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Fig.4. Distribution of peak flux intensity of NIC and IC-associated SEP events with western
solar sources.

enhancement of the peak intensity of the SEP events. But the mean sky-plane
speeds of the CMEs for both sets of events are similar.

The study of temporal association is also important to predict the occurrence
of SEP events from their associated parent solar eruptions. Hence, we examined
the various relative timings (time lags) between the start of SEP events and onsets
of CMEs, solar flares, m, DH type II, and DH type III radio bursts for both
sets of events. As we mentioned earlier, we have considered only those events from
the western side events. The CME onset times were adapted from the quadratic
back extrapolation to the solar surface as in Paper I. The time lag of CME onset
from the start of SEPs for NIC-associated event ranges from 24 min to 173 min
(after excluding an outlier #11). But the distribution of time lags for IC-associated
events is almost similar to NIC-associated events with a slight large o =46 min.
The mean time lag for NIC-associated events is less than that of IC-associated
events. The Student z-test shows that the difference in the mean time lag is
statistically insignificant (P=31%). For 48% of NIC events, particle enhancement
occurred within 60 min. But for IC-associated events, only 30% events started
within 60 min. We also observed that a similar kind of distributions for the other
time lags. The time lag between the onset of solar flares and SEPs for NIC-
associated events is lower than that of IC-associated events. The mean difference
between NIC and IC-associated events is statistically insignificant.

We have also considered the time lags on the start of type Il radio emissions
(m- and DH type IIs) and the onset time of SEP events. The average time lag
between the start of m type II/DH type II bursts and the onset of SEP events
for NIC-associated events is also lower than that of IC-associated events and,
however, the difference in the mean is statistically insignificant. From these time
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lag studies, we observed that NIC-associated SEPs started to enhance at least 10
min earlier than those in the IC-associated SEP events.

3.5. Characteristics of preceding CME. To understand the reasons for
small deviations in the derived properties of DH type 1I bursts between IC and
NIC-associated events, we also analyzed the characteristics of preceding CMEs in
IC-associated events. Mean sky-plane speed and mean width of preceding CMEs
are 505kms™' and 68°, respectively. The sky-plane speeds and widths of preceding
CMEs are respectively three and five times lower than that of primary CMEs (see
Paper I). Out of 23 events, 20 preceding CMEs (87%) have widths less than 100°
and the remaining three events (#51, #54, and #57) have widths larger than 100°.
Also, 87% of the preceding CMEs have a sky-plane speed less than 900 kms™ and
only three events (#37, #38, and #45) have sky-plane speed larger than 900 kms
(1040 kms™, 929 kms™, and 1052kms™, respectively). Also, 30% of preceding
CMEs were reported as poor for observation and one event (#46) was reported
as a streamer and its associated peak intensity of SEP event is 404 pfu. For each
event, we also considered the average speed of preceding CMEs at 20 R, . We found
that there are significant changes in the kinematic properties of preceding CMEs
from the h-t data. An average (median) speed of the preceding CME is considerably
increased as 724 kms"' (625kms”) at 20 Ry. It implies that slow and narrow
preceding CMEs gain some kinetic energy from the faster primary CMEs upon
interaction. It is in favor of the possibility of CME-CME interactions. It is also
found that most of the preceding CMEs are accelerated within the LASCO FOV
except for one decelerated event (#37).

It should be noted that CMEs' interaction time and height were estimated
when/where the leading edge of the preceding and primary CMEs get coincidence
(Note that h-t error was unavoidable due to projection effect for disk CMEs). The
projected interaction heights are widely distributed over the range between 3 Rg
and 28 R, . An average projected interaction height is 13+ 3 Ry . It is lower than
the mean projected interaction height for a set of SEP-associated events (21 Ry))
observed by Gopalswamy et al. [3].

We examined the time lags between the interaction time and start of SEPs/
starting time of DH type II bursts of IC-associated events. The time lags are
distributed from -129 min to 339 min. The particle enhancement started already
before the interaction of CMEs for six events (26%), and the remaining proton
flux events started to increase after the interaction of the primary and preceding
CME. We found a mean time lag of 63 =52 min. It implies that the shock
interaction has been already progressive in the interplanetary space before the
interaction of the leading edge of the CMEs. From these results, it may be
concluded that the particle acceleration was already started and CME-CME
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interaction helps to enhance the peak intensity of the SEP events. Also preceding
CMEs provide a significant number of seed particles to enhance particles accel-
eration much earlier than in the case of NIC-associated events.

4. Summary and conclusions. In Paper I [18], we compiled a set of 58
m-to-DH type II radio bursts (m-to-DH: DH type II burst is a continuation of
m type II burst) associated with major SEPs (I >10MeV) and solar flares for
IC and NIC events during the period April 1997 - December 2014. The results
obtained from the analysis of properties of solar flares, CMEs, and SEPs were
presented in Paper I. In the present paper, we have listed a complete data set
and comprehensively compared the properties of m, DH type II, and DH type
I1I bursts for both sets of IC and NIC-associated events. The results of the present
analysis of characteristics of m, DH type II bursts, DH type III bursts, and time
lags for NIC and IC-associated events can be summarized as follows.

The duration and starting frequency of m type II burst are found to be almost
similar for NIC and IC-associated events. The shock speed of m type II bursts
is slightly larger for IC-associated events than for the NIC-associated events. We
found that 69% and 74% of NIC and IC-associated radio emissions respectively
were observed in the m-to-km type II bursts. The difference in the mean end
frequencies between IC and NIC-associated events (400 kHz and 1043 kHz,
respectively) is statistically insignificant. For a combined data set, we found distinct
correlations between the universal law of drift rates and geometric mean frequencies
of type II bursts is 0.96 with a power-law index of 1.66+0.21 for a combined m
to DH domain. We also found a good positive correlation between the slope of the
DH type II bursts and space speed of CMEs for NIC-associated events (cc=0.71).
But, this correlation is weak in the case of IC-associated events (cc=0.39). From
these results we concluded that the shock speeds have been changed in the interplanetary
medium due to the CME-CME interaction.

The average time lag between the start of m, DH type IIs, DH type III radio
bursts, and the onset of SEP events for NIC-associated events is also lower than
that of IC-associated events. These time lags studies suggest that NIC-associated
SEP event particle enhancement happened at least 10 min before the 1C-associated
SEP events. It implies that the shock interaction and hence particle acceleration
have been already progressive in the interplanetary space before the interaction of
the leading edge of the CMEs.

We found that the peak intensity of SEPs for IC-associated events (559 pfu)
is four times larger than that of NIC-associated SEP events (126 pfu). In Paper
I, we reported positive correlations between peak intensity of SEPs and properties
of parent solar eruptions (solar flare and CMEs) for NIC events. But such
correlations were completely absent/weak in the case of IC events. Hence, from



386 P.P.KALAIVANI ET AL.

these results it is inferred that CME-CME interactions have played a vital role
in the enhancements of the peak intensities of the SEP events. But we have noted
the insignificant differences in the properties of DH type II radio bursts for NIC
and IC-associated events might be due to the interaction of the narrower/lower
speeds preceding CMEs.
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AHAJIN3 PAOWOBCIUIECKOB THUIIOB 11 W 1II,
CBA3AHHbBIX C SEP, OT HEB3AUMOJENCTBYIOLINX/
B3AUMOIENCTBYIOLLINX PAAMOI'POMKHUX CME

IL.T1.KAJIAUBAHU!, O.ITPAKALL**, A IHAHMYTAPAJIKY?, TN ®OH*,
JIEN J1¥4, B.TAH*Y, I MUXAJIEK?

AHaJIM3UPOBAHbI PaMOBCIUIECKHU, HAOIIOJaeMble B COOBITUSIX C B3aMMOJEIHCT-
ByIoIIMMU/HeB3anumoaeiicTByoimmmMu CME, KoTopble npuBesn K oCHOBHBIM SEP
(I,>10M>aB) ¢ ampesst 1997r. o nexabps 2014r. IIpoeneHo cpaBHeHHe CBOWCTB
MeTpoBbIX (M), neka-rektomeTpoBbix (DH) Bereckos Tumnos 11, 111 u BpemMeHHBIX
3amasfblBaHU JJIs1 COOBITUI, CBSI3aHHBIX KakK ¢ B3auMmopeiictByrommMu CME
(IC), Tak m ¢ He3anmonelictyomMu CME (NIC). Okomno 70% panrou3nydeHuid,
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CBSI3aHHBIX C COOBITMSIMM ODOOMX TUITOB, HaOMOJaauCh B BcIuieckax Ttumna II ot
METPOBBIX 0 KWJIOMETPOBBIX Arara3oHoB. OOHapykeHa BbICOKasl KOPPEJISILS MEXIY
CKOPOCTSIMU Jpeiicha U CpeTHUMU YacToTaMu PavoBCILIeCKOB Tua 1, paccuntaHHbIMU
KaK CpeHee IreOMEeTPUUYECKOe MEXIY MX HayaJbHOW M KOHEYHOI YacTOTaMM IJIst
co0bITHiA, cBs13aHHBIX KaK ¢ NIC, Tak 1 ¢ IC (koadduimeHT Koppeasiuu R> =0.98,
CTerneHHoi nHaeke €=1.68+0.16 u R*=0.93, £ =1.64+0.19, COOTBETCTBEHHO).
OO0OHapyXeHa TakXKe KOppeJsiust MexXIy CKOpOCThIO apelicha yacToThl BeruieckoB DH
tuna Il u npoctpaHcTBeHHOI cKopocThio CME B cobbiTHsIX, cBsizdaHHBIX ¢ NIC.
OTCyTCTBYE TaKOUW KOPPENSIIUU JIs1 COOBITUIM, CBsI3aHHBIX ¢ 1C, moaTBepXaaeT, 4To
CKOPOCTU YAApHBIX BOJH M3MEHWIMCh Bo B3aumoneiictBusix CME-CME. [dns
COOBITUIA UICTOYHWKOB, PAclONOXKEHHbBIX Ha 3aMaje, CpeaHss MMMKOBasi UHTEHCUBHOCTD
SEP B coOblTusaX, cBsi3aHHBIX ¢ IC, B yeThlpe pa3a OoJibllle, YEM B COOBITHSIX,
cBs3aHHbIX ¢ NIC. Mo cpegHUM BpeMEHHBIM 3aIepKKaM MEXIy HauyajaoM COOBITUIA
SEP u navanom paguoscruieckoB m, DH tumna II u DH Ttuna 11l caenan BeiBOI,
yto ycrieHue yactull B coobitusix SEP, cszannbix ¢ NIC, npousoliio paHblie,
yeM B coObiTusix SEP, cBasannbix ¢ IC. Pasnuna mexay coobitusmMu NIC un
coobiTusimu IC B cpelHUX 3HAUCHUSX MTapaMeTpoB BcrieckoB Tuma 11 u tumna 111
CTaTUCTMYECKM He3HauumMa.

KoiroueBble cnoBa: cobvimus coaHeuHvix kocmuueckux ayuei (SEP): paduocpomkue
KBM: conneunvie ecnvuuku: paduoscnaecku m- u DH muna II:
paduoscnaecku DH muna 111
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