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Abstract

Metric type Il radio bursts are usually early indicators of CME-driven shocks and other space
weather phenomena in the solar corona. This paper presents a detailed investigation of the spectral
properties of band splitting type Il radio bursts and their association with sunspot number. Using
type Il radio bursts in a frequency range [20MHz —200MHz] observed by CALLISTO from 2010
to 2017, it was discovered that the analyzed type Il shock height, magnetic field strength,
CME/shock speed, and Alfvén speed synchronize with the trajectory of the solar cycle 24. Also,
the study revealed that the onset of the declining phase of solar cycle 24 has the highest electron
density. The analysis ascertained that the frequency of type Il bursts depicts a bimodal distribution
during the study period, with peaks in 2012 and 2015. Further, a good correlation (with correlation
factor R = 0.87) was obtained between the estimated CME/shock speeds from the dynamic spectra
and the associated CME speeds from SOHO/LASCO. Moreover, the study confirmed a significant
correlation (R= ~0.8) between the absolute drift rates and the plasma frequency. Additionally, the
study explored that ~60% of the type Il radio bursts considered in this study emanated from the
western longitudes. Hence, these findings emphasize that the temporal dynamics of the physical
conditions of band splitting type Il radio are essential parameters in space weather monitoring and
forecasting.
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1. Introduction.

Solar Radio Bursts (SRBs) are generally classified into five categories, namely [type I, type
I, type 11, type 1V, and type V] based on their wavelengths [metric (m), deca-hectometric (DH),
and kilometric (km) in the case of type Il], spectra features, and associated space weather
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phenomena (Ramesh et al., 2013; Ratcliffe et al., 2014; Mercier et al., 2015; Carley et al., 2017;
Kumari et al., 2020). Type Il radio bursts produce slowly drifting, long-lasting dynamic spectra
and are often associated with shocks advancing with super- Alfvénic speeds ahead of a coronal
mass ejection (CME) in the solar corona. They are noted to be plasma emissions that are closely
related to solar eruptive events in the solar corona (Cliver et al., 2005; Temmer et al., 2010;
Grechnev et al., 2011; Vasanth et al., 2011; Schmidt et al., 2014; Kumari et al., 2017a). The
availability of the Solar Heliospheric Observatory (SOHO) at the beginning of the solar cycle 23
has made it possible to ascertain the relationship between type Il radio bursts and CMEs
(Gopalswamy et al., 1998; Kumari et al., 2017b; Morosan et al., 2020; Majumdar et al., 2021).

Earlier studies pointed out that band splitting in type Il radio bursts results from simultaneous
radio emissions downstream and upstream of the shock (Tidman, 1965; Mann et al., 1995;
Hariharan et al., 2014). According to Rankine—Hugoniot equation, the difference in frequencies
between the two split bands (density jump), which correlates with the shock compression ratio,
can be expressed to estimate the Alfvén Mach number (Smerd et al., 1975; Vr$nak et al., 2001b).
The CME heliospheric height at the type Il onset time indicates the height at which the CME
becomes super- Alfvénic to trigger a fast mode magneto-hydrodynamic (MHD) shock
(Gopalswamy et al., 2013). Vasanth et al., (2014) also confirmed that type Il radio bursts with
band splitting are crucial in estimating the coronal magnetic field strength. The magnetic field
significantly influences coronal heating, particle acceleration, and the generation of solar eruptive
structures such as prominences and CMEs in the solar corona. Some other studies (see Cho et al.,
2013) pointed out that CME-driven shocks can explain the source of type Il radio bursts in the
lower corona. It is widely recognized that type Il radio bursts in the metric and deca-hectometric
wavelengths associated with CMEs/ interplanetary coronal mass ejections (ICMEs) can be
deployed as substitutes to examine the near-Sun kinematics and dynamics of CMEs and can serve
as an indicator for geomagnetic storms (Mujiber et al., 2012; Vasanth and Umapathy, 2013;
Shanmugaraju et al., 2017; Umubhire et al., 2021b).

In practice, the linear and quadratic fitting of the height-time data points gives the average
speed and acceleration in the coronagraph/SDO field of view (FOV). Gopalswamy et al., (2013)
provided that the type Il height and the shock height at their respective onset times could be used
as a proxy in studying the height-time profile of associated CMEs. Gopalswamy et al., (2012)
derived the coronal magnetic field for June 13, 2010, type Il burst in a 1.5 to 1.3 G range over a
heliospheric distance of 1.3-1.5 Rs and concluded that EUV imagers coupled with radio dynamic
spectra can be used as coronal magnetometers. Zimovets and Sadykov (2015) analyzed the spatial
properties of February 16, 2011, type Il radio burst from three different ground stations, including
the Compound Astronomical Low frequency Low cost Instrument for Spectroscopy and
Transportable Observatory (CALLISTO). The study concluded that the different emission tracks
of the type Il radio burst can be consequences of a single CME with different parts propagating
through regions with different physical conditions, i.e., electron densities and geometries.

It is worth mentioning that spectral features of type Il bursts can exhibit varying degrees of
complexity. Such complexities in the harmonic or fundamental bands can be due to CME-CME
interaction in the lower corona (see Lata Soni et al., 2021). This activity further alters the
kinematics and magnetic field structures of other CME-associated events (Zhou and Feng, 2021).
Recently, Umubhire et al., (2021b) statistically analyzed the properties of 51 high frequency type 11
bursts from CALLISTO spectrometer between 2010 and 2019 to explore the trends and emergence
of the high frequency type Il bursts. Conclusions from the study confirmed previous results that
type Il radio bursts are associated with wide and fast CMEs near the solar disk.
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Since type Il radio bursts originating from shocks observed in the solar corona and
interplanetary medium (IPM) can give clues to space weather monitoring and forecasting; the
present study aimed to statistically analyze the behavior of spectral properties of band splitting
type Il solar radio bursts and their relation with sunspot number in solar cycle 24. It is worth
knowing that earlier studies already validated the CALLISTO spectrometer's capacity to provide
real-time radio bursts data. Hence, it is justified to deploy and study only type Il burst with split in
frequency bands from ground stations within the e-CALLISTO network to assess the temporal
variability of the physical conditions of these events during solar cycle 24. Parameters such as
shock height, drift rate, bandwidth, Mach number, density jump, Alfvén speed, shock speed,
magnetic field, and electron density were analytically extracted from the dynamic spectra to
ascertain their relation with CMEs, sunspot number, and solar flares.

This article is structured as follows. Section 2 describes observations of solar radio data, CME,
and solar flare events. Presented in section 3 are the analytical methods that were applied to extract
the shock parameters from the type Il radio bursts. The results and discussions are covered in
section 4. The summary and conclusions of the study are provided in section 5.

2. Event observations and review.

2.1 Type Il radio bursts.

The study implements statistical analyses of 20 type Il radio bursts with band splitting sourced
from the e-CALLISTO Spectrometer Network® to investigate their behavior with sunspot number,
CMEs, and solar flares. CALLISTO is designed to observe solar radio transient emissions daily in
a frequency range of 10 MHz - 870 MHz. Its frequency range can explore the solar corona in a
heliospheric range of 1-3 Rs (solar radii). A detailed account of the CALLISTO spectrometer is
presented by Benz et al., (2005, 2009); Pohjolainen et al., (2007); Zucca et al., (2012); Sasikumar
Raja et al., (2018). The sample of events was observed for seven years (2010-2017) in solar cycle
24. The first step was a concurrent review of the National Oceanic and Atmospheric
Administration (NOAA) solar and geophysical daily reports? and the data table presented by
Umuhire et al., (2021b). The link to the quick views® of the radio bursts station catalog was
followed to manually download FITS files of the selected radio bursts within the frequency range
20 MHz - 200 MHz based on the following criteria; 1) The type Il radio burst should have band
splitting in either the harmonic, fundamental, or both. 2) Assume band splitting in cases where
there are complexities in type Il structures. 3) The type Il must be associated with CME and/or
solar flare events. It is worth noting that the occurrence rate of type Il bursts with splits in
frequency bands is generally very low compared to their single-band counterparts. Fig.1 shows the
geographical locations of seven CALLISTO ground stations within the e- CALLISTO network
that collectively detected the solar radio bursts utilized in this present study.

The left panel of Fig.2 shows a dynamic spectrum of a low starting frequency type Il sourced
from DARO CALLISTO station-Germany in the e-CALLISTO network®. The event occurred on
May 2, 2013, between 05:06 UT and 05:22 UT (see Nedal et al., 2019; Lata Soni et al., 2021). It
was denoised by removing the background to mitigate radio frequency interferences (RFIs) to

* http://www.e-callisto.org/

2 ftp://ftp.ngdc.noaa.gov/STP/swpc_products/

3 http://soleil.i4ds.ch/solarradio/callistoQuicklooks/
4http://soleil.i4ds.ch/solarradio/gkl/2013/05/02/DARO_20130502_050001_58.fit.gz.png
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enhance the spectrum. The burst showed band splitting in the fundamental band. However, the
harmonic band is relatively not clear. The type Il radio burst is associated with CME having a
mean linear speed of 671 km/s. There was also a preceding group of type Il associated with M1.1
flare located at N1OW25. The solar flare commenced at 04:58 UT and ended at 05:30 UT.

Similarly, the radio dynamic spectrum in Fig.2 (right panel) was observed by the OOTY
CALLISTO station-India®. The event occurred on June 13, 2010, between 05:30 UT and 05:45
UT. It was also recorded by the Hiraiso Radio Spectrograph®. The fundamental and harmonic
components of the radio burst are relatively visible. Thus, the fundamental component is less
noticeable than the harmonic component. The band splitting in the harmonic band indicates that
emission originates behind and ahead of the shock (see Smerd et al., 1975; Vrsnak et al., 2001b;
Cho et al., 2007; Hariharan et al., 2014). Its associated CME has an average speed of 320 km/s.
The type Il radio burst is also associated with M1.0 solar flare located at S23W75. The peak time
of the solar flare is 05:39 UT.

LLISTO stations accessed for the band-splitting

pe |l radio bursts data
¢ 3 B . w5,
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Fig. 1. Map showing ground stations within the e-CALLISTO network that detected the band splitting type Il radio bursts
considered in this study. Greenland station is located at Kangerlussuaq, Greenland, and operates at 10- 105 MHz. DARO is located
at Hamminkeln, Germany, and works in 20- 80 MHz. GAURI and OOTY are stationed at Gauribidanur and Ooty, Tamil Nadu,
India, working between 45- 410 MHz and 45- 445 MHz, respectively. BLENSW station is in Bleien, Switzerland, and functions at
150- 870 MHz. The BIR station is located at Birr Castle, Ireland, and operates within 20- 90 MHz. ROSWELL-NM spectrometer
is stationed in New Mexico, USA and the working frequency range is 20- 90 MHz.

Shttp://soleil.i4ds.ch/solarradio/gkl/2010/06/13/00TY_20100613_053001_58.fit.gz.png
6 https://sunbase.nict.go.jp/solar/denpa/hirasDB/Events/2010/2010061305.jpg
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Fig. 2. (left) Radio dynamic spectrum observed from DARO-Germany at 05:06 UT on May 05, 2013. The harmonic band is barely
visible whiles the fundamental band dominates, with band splitting having patches in the lower frequency band. There was a
preceding group of type 111 between 05:02 UT and 05:05 UT. (Right) Type Il radio dynamic spectrum was observed from OOTY -
India on Jun 13, 2010, at 05:30 UT. The fundamental band is barely visible, and the harmonic band is the dominant feature with
band splitting. The event was associated with M1.0 solar flare located at S23W?75.
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Fig. 3. GOES X-ray light curve for solar flare categorization for CME associated solar flares. (Left) represents the CME associated
solar flare taken at the peak time (05:12 UT) on May 02, 2013. (Right) represents the solar flare classification curve window taken
on June 13, 2010, at 05:30 UT. The vertical lines in both windows show the eruption times from AIA images of the associated
CMEs that co-related with the peaks of the associated flares.

Fig.3 shows the solar flare classifications by the GEOS X-ray light curves for the two radio
events under review. The upper and lower curves in the GOES soft X-ray plot are given by 1-8 A
and 0.4-5 A channels, respectively. In each case, the peak of the curves denotes the flare classes
and their corresponding peak times. The vertical lines represent the eruption times of the associated
CMEs that are nearly co-related with the peaks of the associated flares.



2.2 CME and solar flare observations.

An extensive survey was conducted by utilizing the Coordinated Data Analysis Workshop
(CDAW)’ online CME database and the Heliospheric Event Registry® simultaneously to check
whether the type Il radio bursts were associated with CMEs and solar flares. The linear speed and
the estimated time of the associated CMEs were obtained from the SOHO/LASCO CME catalog’®.
The catalog also directs the Geostationary Operational Environmental Satellite (GOES) to monitor
the flare proprieties for CMEs that correspond to the designated type Il bursts under review. Hence,
the peak times, locations, and the classes of the associated flares were compiled.

3. Method.

3.1. Estimating the physical properties of type 11 radio bursts.

Type Il radio bursts are generated by propagating shocks that form electron beams, causing
the emission of Langmuir waves. This process is based on the plasma emissions around
fundamental and harmonic frequencies. The relationship between the plasma frequency f, (MHz)

and electron density n(cm™3) in the expression below was used to ascertain information about the
plasma density at which the emission occurs (see Smerd et al., 1975).

f, =9 %x103Vn (1)

One possible explanation is that the frequency drift towards lower frequencies indicates a decrease
in the magnitude of electron density. This variation reiterates that solar radio burst drivers are
progressing towards higher heights and lower densities in the solar atmosphere. The region ahead
(upstream) and behind (downstream) the shock emission have relative magnitudes in terms of their
respective frequencies (fi, f2) and electron densities (n1, n2). This implies that the relative
instantaneous bandwidth (BDW) of the emission lines can be computed as (see Vrsnak et al.,
2001b),

Af _ fo-fi n;
W=75="3 \E @)

Applying the instantaneous bandwidth (BDW) equation, the density jump (X) across the shock
can be estimated as (see Vr'snak et al., 2001b),

X=2

= (BDW + 1)? 3)
nq

Assuming a shock is perpendicular to the magnetic field and plasma g — 0, then the density jJump
equation coupled with the simplified Rankine-Hugonoit equation can be used to estimate the
Alfvén Mach number (M),

7 https://cdaw.gsfc.nasa.gov/
8 https://www.Imsal.com/isolsearch
9 https://cdaw.gsfc.nasa.gov/CME_list/
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. /x<x+5)
My = 2(4—X) (4)
Fig.4 (a) shows a comparison between density jump and Mach number as functions of shock

height. The drift rate was estimated to explore the CME-driven shock temporal evolution of the
type Il bursts under consideration using the equation,

Af[MHz] _ f—f1
D[MHz/s] = Aty (5)
where D is the drift rate, f; , f, are the starting and ending frequencies, respectively and t;, t, are
the corresponding times. The above equation is related to the shock speed and the density gradient
in the solar corona (Gopalswamy, 2011). The graphical representation of the drift rate and the
shock speed against time is shown in Fig.4 (b). The drift rate of the fundamental band, the emission
frequency, and the Newkirk electron density model (Newkirk, 1961) were applied to estimate the
height of the radio source of the type Il emissions and the shock speed. The height-time profile of
the lower-frequency band (f,rg) and the upper-frequency band (fyzg) is presented in Fig.4 (c).
The estimated CME/shock speed (Vs) together with the Alfvén Mach number was utilized to
estimate the Alfvén speed (Va) using the relation,

Vallem/s] = 1 (6)

The coronal magnetic field strength (B) in Gauss was determined from equation 7 using Va and
emission frequency of the lower-frequency band (f;zg) (see Vasanth et al., 2014). Fig.4 (d) shows
a graphical illustration of the magnetic field strength (B) and drift rates versus shock height.

B[G] = 5.1 X 107> (fy.rp) (Va) (7

The standard error (SE) expressed in equation 8 was utilized as a metric for assessing the accuracy
of the extracted parameters.
g

Where ¢ and n,,, represent the standard deviation and number of measurements, respectively. Note:
In this section, the estimated properties of the type Il radio burst event that occurred on Oct 25,
2013, at 13:30 UT were presented to illustrate the shock parameters graphically as a proxy for all
the bursts under consideration.
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Fig. 4. Shock parameters extracted from type Il radio burst observed on Oct 25, 2013, at 13:30 UT. (a) shows the plots of density
jump and Mach number as functions of shock height (Rs). (b) represents plots of drift rates and CME/shock speed as functions of
time. (c) illustrates the height-time profiles for the lower-frequency band (LFB) and upper-frequency band (UFB). (d) compares
the behavior between drift rates and magnetic field as functions of shock height. The error bars were generated from the standard
errors as metrics for evaluating the uncertainties.

4. Results and discussions.

4.1 Statistical results.

After a thorough survey of type Il bursts with band splitting as described in section 2 of this
study, it is noteworthy to reiterate that all the 20 type Il radio bursts analyzed are associated with
CMEs and solar flares. This is consistent with prior research by Gopalswamy et al., (2012, 2013),
who concluded that CME-driven shocks could trigger type Il radio bursts in the lower corona.
Table 1 lists band splitting type Il radio bursts and the associated CMEs/ solar flares from 2010-
2017. Columns 1-11 in Table 1 list the type Il parameters in the following sequence; date, time,
lower frequency (FL), upper frequency (Fu), shock height (R), bandwidth (BDW), CME/shock

8
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speed (Vs), Alfvén speed (Va), Mach Number (Ma), density jump (X) and magnetic field strength
(B). Columns 12-13 list the CME time and average speed from SOHO/LASCO. The flare peak
time, location, and class are listed in columns 14-16. The last column (17) contains the weighted
factor (WFk) regarding criteria 2, where 1 denotes 100% band splitting either in the fundamental or
harmonic bands and 2 indicates events with complex frequency band structures with unclear band
splitting. The yearly comparison between the average CME speeds from SOHO/LASCO and the
estimated CME/shock speeds from the dynamic spectra is presented in Fig.5 (a). The black and
grey bars represent the average CME/shock speeds from the type Il radio bursts and CME average
speeds from SOHO/LASCO, respectively. It can be deduced from the plot that the average linear
speeds of the CMEs are slightly greater than CME/shock speeds estimated from the dynamic
spectra in 2012, 2013, 2014, and a drastic margin in 2017, whiles the remaining years also have
the reverse. However, this indicates that years with relatively low CME/shock speeds might have
associated CMEs reaching their peak speeds before the start of the type Il bursts, whereas the
opposite indicates consistency with shock formation.

Fig.5 (b) shows the relationship between CME mean linear speeds within LASCO FOV and
the average CME/shock speeds estimated from the dynamic spectra. The correlated coefficient (R)
recorded was ~0.87 and ~0.93 after excluding the single extreme data point in red. The high
correlation coefficient value is very significant and emphasizes that in the absence of white-light
data, the speed estimated from radio data can also be deployed as a proxy for disc events to assess
the initial kinematics and dynamics of a CME in the lower corona (see Kumari et al., 2017a, 2019;
Umuhire et al., 2021a, 2021b). Fig.5 (c) shows a good correlation (R = 0.75) between the CME
average linear speeds from SOHO/LASCO and the mean Alfvén speeds. Similarly, Fig.5 (d)
presents a good correlation (R = 0.79) between the average drift rates and the mean plasma
frequencies. Both results are significant, and the latter reiterates that the drift rates of metric type
Il bursts depend on the emission frequencies suggesting that type 1l radio bursts in the lower and
middle corona (1-3 Rs) are excited by CMEs ahead and behind the shocks (see Vrsnak et al., 2002;
Gopalswamy et al., 2008). This result also showed good consistency with that obtained by
Umuhire et al., (2021a), who analyzed 128 type Il radio bursts with emphasis on 40 high-frequency
type Il bursts and found that the correlation coefficient between 88 low-frequency type Il bursts
and their drift rates stood at 0.74. Note that the large scatter in plots (c and d) is due to data values
corresponding to different days within the solar cycle 24 and the daily variability in electron
densities.



Table 1: Properties of band splitting type 1l radio bursts, CMEs, and solar flares.

Date 2Time" 3FL “Fuy °R(Rs)/ °BDW Vs 8Va ‘Ma 10X UB(G) PTimeME  Bveye  ¥TimeSt  BLoc 1Class  YWe
(dd/mm/yy)  (UT) (MHz) (MHz)  4xN (km/s)  (km/s) (Um (Km/s) (UT) (deg)
13/06/10 5:30:01 39.9 54.9 2.1 0.38 354 203 178 191 0.59 5:30:05 310 5:39:00 S23W75  M1.0

08/03/11 3:45:00 18.6 29.6 2.55 0.59 793 305 263 256 0.29 4:12:05 732 3:45:00 S21W72  M1/5

01/10/11 9:45:00 115.9 135.9 1.72 0.17 493 382 129 137 267 9:36:07 448 9:59:00 NO9W04 M1.2
03/06/12 17:59:49 954 160.4 1.84 0.68 558 185 3.09 283 153 18:12:05 605 17:55:00 N16E38 M3.3

13/0113 8:29:58 89.8 112.8 1.88 0.25 528 362 146 158 21 8:48:05 696 8:23:00 S20E89 B4.1
02/05/13 5:00:01 53.8 88.8 1.76 0.65 571 202 294 274 0.56 5:24:05 671 5:10:00 N10W25 M1.1

25/10/13 13:30:00 59.6 80.6 2.29 0.37 806 449 176 189 1.83 15:12:09 1081 13:37:00 NO6W24 C2.3
08/11/13 4:14:59 85 135 1.52 0.6 526 201 256 253 086 3:24:07 497 4:26:00 S13E13 X1.1

07/12/13 7:16:54 27.4 47.4 2.34 0.74 1083 316 3.87 3.06 047 7:36:05 1085 7:29:00 S16w48  M1.2
08/01/14 3:45:01 43.6 56.6 2.82 0.3 555 355 157 169 1.03 4:12:05 643 3:47:00 N11w88 M3.6

20/02/14 7:29:58 441 62.1 2 0.41 954 557 185 198 1.28 8:00:07 948 7:56:00 S15W75  M3.0
22/08/14 10:15:00 115.2 154.2 1.45 0.34 196 119 167 1.8 0.71 10:00:05 217 10:27:00 N11E01  C2.2

05/11/14 9:44:57 32.4 42.4 3.38 0.31 400 252 159 172 055 10:00:05 386 9:47:00 N20E68 M7.9
11/03/15 16:15:00 82.9 102.9 1.94 0.24 247 175 143 154 0.53 17:00:05 240 16:22:00 S17W21  X2.1

01/06/15 13:30:00 147.9 181.9 13 0.23 787 345 141 151 2.68 13:48:05 748 13:30:00 NO6W17 C1l.4
22/08/15 6:45:00 82.7 121.7 1.6 0.47 527 252 206 217 1.04 7:12:04 547 6:49:00 S14E09 M1.2
02/05/16 8:30:00 106.8 143.8 177 0.35 175 106 1.7 183 08 9:12:09 262 8:42:00 N21E33  C3.5

10/07/16 1:00:00 92.6 137.6 1.4 0.49 547 251 213 222 116 1:25:44 368 0:59:00 N12E67 C8.6
02/09/17 15:39:58  59.7 83.7 1.79 0.4 636 349 184 197 1.07 15:48:05 705 15:37:00  N14E45 c2.7
06/09/17 12:00:00  66.6 97.6 2.12 0.46 900 453 204 215 23 12:24:05 1571 12:02:00 S09W34  X9.3

2Time' = type Il onset time, *Time®™E = CME Time from SOHO/LASCO, “TimeSF = solar flare peak time, **Loc = location of solar flare

3F., = average lower frequency, *Fu = average upper frequency (either fundamental or harmonic)

°R = estimated shock height (solar radii), ®BDW = Bandwidth, "Vs = estimated CME/shock speed from type Il radio bursts, 8V = Alfvén speed

9Ma = Mach number, 1°X = density jump, *B = magnetic field strength, *VVcme = CME speed from SOHO/LASCO

"We = weighted factor where 1 denotes 100% certainty that band splitting is present either in the fundamental or harmonic band and 2 denotes uncertainty of band

splitting due to complexities in the structures of those type Il bursts.
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Fig. 5. (a) Comparison between the yearly variability of average shock speeds estimated from the band splitting type Il bursts
observed by several ground stations within the e-CALLISTO network from 2010 to 2017 and the associated CME linear speeds
observed in SOHO/LASCO represented in black and grey, respectively. (b) The correlation between the SOHO/LASCO CME
linear speed and the estimated CME/shock speeds (mean). (c) Relationship between the CME linear speed and average Alfvén
speed estimated from the dynamic spectra. (d) The correlation between absolute mean drift rate and mean plasma frequency. The
correlation coefficients are 0.87, 0.75, 0.79 respectively. However, the correlation coefficient obtained in plot b improves to ~0.93
after excluding the outlier.

A comparison between the estimated CME/shock speeds and the shock heights with the source
longitudes and latitudes (i.e., solar flare locations) is presented in Fig.6. It can be inferred from
Fig.6 (a) that the majority of the flare-associated type Il radio bursts within the southern and
northern hemispheres have CME/shock speeds between 200 km/s and 800 km/s. Only two type |1
events have extreme shock speeds (>1000km/s). The red and blue colors represent the southern
and northern hemispheres, respectively. One plausible justification for these findings is that the
increase in variability of type Il CME/shock speeds within the northern and southern hemispheres
can be due to the increase in coronal holes within these regions before the onset of high speed solar
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wind during the solar cycle 24 (see Nakagawa et al., 2019). Fig.6 (b) illustrates the variation of the
estimated CME/shock speed of the type Il radio bursts with the heliographic longitudes. It is
noticeable that more type Il bursts emanate from western longitudes with much higher CME/shock
speeds and variability than type Il bursts originating from the eastern longitudes. The red and blue
colors indicate the eastern and western longitudes, respectively. This result established that the
type Il associated CMEs within the western longitudes have enough speeds to drive a shock. Also,
a more significant number of type Il radio bursts within the region are due to shock waves
influencing the directivity of type Il radio bursts (see Ramesh et al., 2013; Gopalswamy et al.,
2016; Mahender et al., 2020). The result also suggests that type Il solar radio bursts originating
from the western longitudes may generate significant Solar Energetic Particle (SEP) fluxes.
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Fig. 6. Relationship between CME/shock speeds and shock heights of type I radio bursts with heliographic latitudes and longitudes.
Panel (a) shows the variation of type Il shock speed with heliographic latitudes, and panel b shows type Il shock speed with
heliographic longitudes. Similarly, panel (c) shows the variation of type 1l shock heights with heliographic latitudes, and panel d
shows type 1l shock heights with heliographic latitudes. The reference line (magenta) shows the maximum heliospheric distance
(~3) according to the Newkirk coronal density model.

Equivalently, Fig.6 (c and d) illustrates the variation of average shock heights of the type Il
radio bursts with the heliographic latitudes and longitudes of the associated solar flares. Most of
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the analyzed type Il bursts are found to be within the acceptable heliospheric height range (1-3
Rs). It must be emphasized that these results are not entirely different from the preceding analyses
on the shock speed longitudinal-latitudinal variability. However, one type Il event with a shock
formation height greater than 3 Rs was observed. This can be explained that the shock might have
been sparked at CME flanks or experienced flare-blast waves (see Shanmugaraju et al., 2017).
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Fig. 7. Yearly distribution of (a) Lower frequency (b) Upper frequency (c) Electron density (d) Density jump estimated from type
11 dynamic spectra using coronal Equations 1, 3, and the 4-fold Newkirk electron density model.

Fig.7 presents the yearly distribution of the average lower-frequency, average upper-
frequency, electron density, and density jump estimated from the radio dynamic spectra. It is
observed that the distribution in Fig.7 (a) is roughly bimodal, with mean and median values of
75.35 MHz and 66.20 MHz, respectively. Band splitting type Il events observed in 2010 and 2017
have occurred at relatively low frequencies, while events in 2015 have the highest frequencies.
This yearly frequency variation is a significant signature indicating that the analyzed type Il radio
bursts can be correlated with solar cycle 24. Similarly, the annual variation of the upper frequency
given in Fig.7 (b) depicts nearly the same variations of lower frequencies in panel a. The mean and
median values are 106.64 MHz and 91.80 MHz, respectively. These values show a degree of
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consistency with results obtained by Gopalswamy et al., (2013), who analyzed 32 metric type Il
bursts and found that the mean and median starting frequencies are 102 MHz and 85 MHz,
respectively. The yearly variation of the coronal electron density is presented in Fig.7 (c). There
was a gradual increase in electron density from 2010 to 2014 and an abrupt increase in 2015, with
a steady decline from 2016 to 2017. The mean and median are 5.22 x 10’ Ne/cm® and
3.16 x 10’ Ne/cm3. This variation is significant to examine the near-Sun coronal dynamics in
solar cycle 24. Panel (d) of Fig.7 shows the yearly distribution of the density jump. The peak of
the density variation was recorded in 2012. The distribution is quite symmetrical, with a mean and
median of 2.10 and 1.99, respectively.

In an attempt to answer questions relating to the physical conditions of type Il radio bursts
during solar cycle 24, a different dimension was considered to analyze the variability and the
synchronization of the spectral properties of type Il bursts with sunspot number. These analyses
presented in Fig.8 are comparatively different from previous works by some authors who
attempted to analyze the occurrence rate (number) of solar radio bursts, primarily type 111 radio
bursts (Lobzin et al., 2011; Huang et al., 2018; Mahender et al. 2020; Ndacyayisenga et al., 2020;
Morosan et al., 2021). For instance, Ndacyayisenga et al., (2020) analyzed the occurrence rate of
12971 type 11l bursts spanning 2010 to 2017. It is evident from their study that the yearly
distribution of the number of type Il bursts strongly correlates with sunspot number during solar
cycle 24.

However, Fig.8 of this current study presents the association between the yearly variability of
the type 1l shock heights, average magnetic field, mean Alfvén speed, average CME/shock speed,
and the revised version of the sunspots number (magenta curve)'® (Clette et al., 2016). In Fig. 8
(@), it can be visually deduced that the shock heights of the type Il bursts correlate with the monthly
averaged smoothed sunspot number by following the major peak (2014) of the sunspot number
that occurred during the solar cycle 24. Thus, the shock heights of the type Il bursts roughly
synchronize with solar cycle 24 variations. The distribution is quite symmetrical, with mean and
median values of 1.97 and 1.86, respectively. Fig.8 (b) shows the annual magnetic field strength
variations with sunspot number. It can be inferred that the magnetic field strength of the type II
bursts significantly correlates with the monthly averaged smoothed sunspot number by tracking
the trajectory of the ascending and declining phases of solar cycle 24, with the minor peak
coinciding with the magnetic field strength in 2012. Contrary, the magnetic field strength in 2014
did not synchronize with the major peak of the solar cycle 24. One possible explanation is that at
higher radial distances (Rs), the magnetic field lines are open (low magnetic field strength), and
such type Il events occurring in the outer solar corona have lower drift rates and lower frequencies.
The average and median of the magnetic field are 1.0 G and 0.8 G, respectively. This result is in
good agreement with the ranges reported in previous studies (see Gopalswamy et al., 2012; Cunha-
Silva et al., 2014; Vasanth et al., 2014; Kishore et al., 2016; Lata Soni et al., 2021).

10 https://wwwhbis.sidc.be/silso/datafiles
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(km/s), (d) shock speed (km/s)] and their association with solar activity. The magenta curve represents the monthly averaged
sunspot number.

In Fig.8 (c), it is observed that the Alfvén speed also followed the trajectories of the ascending
and declining phases, with the maximum speed synchronizing with the major peak of the solar
cycle 24. 1t is important to note that type 11 radio bursts recorded in 2012 and 2016 have relatively
lower Alfvén speeds. The mean and median of Alfvén speed are 247 km/s and 232 km/s,
respectively and were found to be within the Alfvén speed range reported by (Vr$nak et al., 2001a;
Gopalswamy et al., 2012). The shock speed variations with sunspot number are presented in Fig.8
(d). Inference from the plot indicates that the shock speed significantly correlates with the sunspot
number by roughly tracing the path of the solar cycle 24 during the ascending and declining phases.
The mean and median of the CME/shock speeds estimated from the low-frequency type Il radio
bursts provided by CALLISTO ground stations are 582 km/s and 551 km/s, respectively. It is
noteworthy that this result is consistent with previous studies conducted by Ramesh et al., (2010);
Cunha-Silva et al., (2014), who analyzed type Il radio bursts sourced from CALLISTO (Brazil)
and Gauribidanur radioheliograph (GRH, India) stations and reported that the CME/shock speeds
are in the range of 452-1389 km/s and 487-974 km/s respectively.

5. Summary and conclusion.
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This study conducted detailed investigations into the spectral properties of 20 low-frequency
type Il radio bursts with band splitting and their association with CMEs, solar flares, and sunspot
number. The type 11 events were sourced from seven CALLISTO spectrometers during solar cycle
24 (2010 -2017). The list of events was based on the selection criteria stated in section 2.

Statistical analysis was conducted to explore the temporal variability between the estimated
CME/shock speeds and the averaged CME speeds from the SOHO/LASCO FOV. It was observed
that estimated CME/shock speeds from the dynamic spectra were higher than CME speeds from
the SOHO/LASCO database in some years within the solar cycle 24, whiles the remaining years
hold the reverse. This confirms previous studies that years with relatively low CME/shock speeds
might have CMEs reaching their peak speed before the onset of the type Il bursts, whiles the
opposite is true for type 11 bursts originating ahead of the CMEs. Also, the estimated CME/speeds
from the dynamic spectra were compared with the associated CME speeds from SOHO/LASCO
FOV to assess and validate the performance of the coronal density model deployed in this study.
After neglecting the outlier, the correlation coefficient (R= 0.87) improved to 0.93.

The Alfvén speeds from the radio dynamic spectra and CME speeds from SOHO/LASO FOV
showed a significant correlation of R = 0.75, and that between the absolute drift rates and plasma
frequencies was 0.79. The latter suggests that type Il solar radio bursts during solar cycle 24 are
excited by CMEs ahead and behind the shocks. It is worth mentioning that most flare-associated
type Il bursts originate within the northwest region and have average CME/shock speeds between
200 km/s and 800 km/s. Furthermore, the studies revealed that the number of solar flare-associated
type 1l radio bursts from the eastern longitudes is relatively lesser than those from the western
longitudes. It is noteworthy that since the variability of the type Il bursts at the flare sites is
relatively uniform, this indicates that the type Il radio bursts are non-directive (see Singh et al.,
2019).

Finally, the study assessed the temporal variability of the estimated shock parameters from
the dynamic spectra and observed that; (1) the lower and upper frequency of all type Il events
exhibited a bimodal distribution during solar cycle 24; (2) the electron density is lowest at the start
of the cycle (i.e., 2010) and peaks at the beginning of the declining phase of solar cycle 24 (i.e.,
2015); (3) the peak of the density jump recorded in 2012 synchronizes with the minor peak of the
solar cycle 24. Additionally, the study ascertained that the temporal distribution of the shock
heights, magnetic field strengths, CME/shock speeds, and Alfvén speeds estimated using the
coronal density model correlates with the trajectory of the solar cycle 24. The present study
emphasizes the uniqueness of band splitting type Il solar radio bursts and their spectral properties
as potential signatures in monitoring and predicting space weather hazards. The study further
demonstrates the significance of deploying more CALLISTO ground stations for space weather
monitoring and forecasting.
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