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Abstract Solar radio bursts are often early indicators of space weather events such as coro-
nal mass ejections (CMEs). In this study, we determined the properties of a sample of 40
high-starting-frequency (> 150 MHz) type II radio bursts and the characteristics of the as-
sociated CMEs such as width, location and speed during 2010-2016. The high starting fre-
quency implies shock formation closer to the solar surface, which has important ramifica-
tions for the analysis of particle acceleration near the Sun. We found the CME heliocentric
distances at the onset time of metric type II bursts range from 1.16 to 1.90 solar radii (Rs).
The study was also extended to 128 metric type II bursts to include lower-starting-frequency
events for further analysis. The projected CME heights range from 1.15 to 2.85 Rs. The
lower starting frequency correspond to shocks forming at larger heights. A weak correla-
tion was found between the type-II starting frequency and CME heights, which is consistent
with the density decline in the inner corona. The analysis confirmed a good correlation be-
tween the drift rate and the starting frequency of type Il bursts (correlation coefficient ~ 0.8).
Taking into account the radial variation of CMEs speeds from the inner corona to the inter-
planetary medium, we observed the deviations from the universal drift-rate spectrum of type
II bursts and confirmed the previous results relating type II bursts to CMEs.
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1. Introduction

Type Il radio bursts are slow-drifting and long-lasting radio emission produced by nonther-
mal electrons accelerated at shocks propagating through the solar corona and interplane-
tary medium (Nelson and Melrose, 1985; Mann, Classen, and Aurass, 1995; Zlotnik et al.,
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1998; Gopalswamy, 2000; Cliver et al., 2004; Schmidt, Cairns, and Lobzin, 2014). The
accelerated electrons generate Langmuir waves, which get converted into electromagnetic
radiation by the plasma emission mechanism first identified by Ginzburg and Zheleznyakov
(1958). Currently, there is a common understanding that type II radio bursts are produced
by shocks formed ahead of Coronal Mass Ejections (CMEs) moving with super-Alfvénic
speeds (Gopalswamy et al., 2001a, 2009a). The CME height at the time of the type II burst
onset indicates the height at which the CME becomes super-Alfvénic to drive a fast mode
magneto-hydrodynamic (MHD) shock (Gopalswamy et al., 2013). More research studies on
the comparison between type II bursts and CMEs became possible at the beginning of So-
lar Cycle 23, when CMEs could be observed using the Solar and Heliospheric Observatory
(SOHO) mission.

Cliver et al. (2004) found that the leading edge of the 1997 November 6 CME was at
1.3 Rs at the time of the associated type II onset. Gopalswamy et al. (2009a) found an
average CME height ~ 1.5 Rs using Solar Terrestrial Relations Observatory (STEREO)
CMEs and ~ 2.2 Rs using SOHO CME:s at the onset of metric type II bursts. The projection
effects were minimal as the type II burst originated from close to the limb. Gopalswamy
et al. (2012, 2013) showed that the 2010 June 13 type II burst occurred precisely when
the shock appeared in the Extreme Ultraviolet (EUV) images obtained by the Atmospheric
Imaging Assembly (AIA, Lemen et al. (2012)) on board the Solar Dynamics Observatory
(SDO). They found that the shock heights obtained were smaller than the ones obtained from
Gopalswamy et al. (2009a) using Coronagraph 1 (COR1) data. Gopalswamy et al. (2013)
analyzed 32 metric type II bursts in conjunction with the STEREO EUV and coronagraphic
observations to minimize the projection effects and significant extrapolation. They found
that the shock noses were located in the heliocentric distance range from 1.20 to 1.93 Rs.

The CME shock height at the type II onset can be measured in two different ways de-
pending on the source location. The leading edge method can be used for limb events and the
wave diameter method is applicable when the CME eruption occurs on the disk. More details
on the measurement of CME shock heights can be found in Gopalswamy et al. (2013).

One of the important physical parameters of type II bursts is the drift rate, which is the
rate at which the emission frequency changes with time. Previous studies established a uni-
versal relationship between the drift rate of type II bursts and the frequency of emission
(Vrsnak et al., 2001; Aguilar-Rodriguez et al., 2005; Gopalswamy, 2006a). They made a
log-log scale scatter plot of the drift rate (AA—{) and the emission frequency (f). The first set
consisted of type II bursts observed by Radio and Plasma Wave experiment on board Wind
spacecraft (WIND/WAVES, Bougeret et al., 1995) and International Sun-Earth Explorer-3
(ISEE-3) (Lengyel-Frey and Stone, 1989) in various spectral domains and the second data
set of metric-to-kilometric (m-to-km) events from Gopalswamy et al. (2005). By combin-
ing the two data sets with metric type II data from Mann et al. (1996), they found that at
higher frequencies the bursts have larger drift rates and the relation was applicable from
m to km domains. Hence, they got a power-law relationship of the form AA—{ ~ f€ where
the power-law index € ~ 2. The analysis made by Aguilar-Rodriguez et al. (2005) shows
that € increases from m (e ~ 1.4) to km (e ~ 2.3) domains, respectively. One can infer that
the variation is due to the changing shock speed. Close to the Sun (m domain) most CMEs
are likely to be accelerating, while they are decelerating in the interplanetary (IP) medium.
However, for purely km type IIs, the CMEs may be accelerating far into the IP medium
(Gopalswamy et al., 2004). But generally, it is known that CMEs and shocks decrease in
speed between the Sun and 1 AU (Gopalswamy, 2000) because of the drag force of the am-
bient medium acting on the CMEs (Gopalswamy et al., 2001b; Vrs$nak et al., 2001). The
CME shock speed increases with increase of the drift rate (AA—{) with the power law index
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(e). In contrast, it decreases with emission frequency due to local plasma density. From the
CME shock speed relation derived in Gopalswamy et al. (2013), we see that the shock speed
decreases with heliocentric distance.

In this study, 128 type II bursts are analyzed, with a special emphasis on the 40 high-
frequency bursts to check the drift—frequency relationship. Previous studies considered
events with lower starting frequencies (< 14 MHz), and upper starting frequency in metric
domain ~ 140 MHz. Here we investigate type II bursts with starting frequency > 150 MHz
to check whether the universal drift rate—frequency relationship extends to high frequencies.

This paper is organized as follows: Section 2 describes the type II radio data and
CME height-time measurements from the Large Angle and Spectrometric Coronagraphs
(LASCO) and STEREO/CORI1 and EUVI instruments. Several limb events in STEREO
view were observed as disk events by SDO/AIA, which were used for confirmation of the
STEREO measurements. The data processing methods are also discussed in this section.
In Section 3, we present the drift—frequency characteristics of all analyzed type II bursts in
comparison with those at high frequencies. This section also discusses CME evolution in
space and time. For method verification, the analyzed data are compared with previously
published data. Section 4 provides a summary and conclusions of the study.

2. Data and methods

The metric type II bursts considered in this study occurred during the period from 2010 to
2016, in the weakly active Solar Cycle 24. We checked the occurrence of type II burst as re-
ported on the website of the Space Weather Prediction Center (ftp://ftp.ngdc.noaa.gov/STP/
swpc_products/daily_reports/solar_event_reports/) and considered those which are having
spectral data obtained by different ground-based radio spectrographs. We obtained the fre-
quency range and their corresponding time directly using an online tool for measurement
via https://cdaw.gsfc.nasa.gov/meetings/2017_mekelle/00_all_type2.html. For each type II
burst, we identified the associated CME from STEREO and SOHO instruments that image in
the corona in EUV and/or white light. By combining coronagraph and EUV images, we were
able to track all CME sources to the solar surface. CME properties were obtained from the
SOHO/LASCO CME catalog (Yashiro et al., 2004; Gopalswamy et al., 2009b) available on-
line at: http://cdaw.gsfc.nasa.gov/. Figure 1 shows an example of a high-starting-frequency
type II burst observed by the Green Bank Solar Radio Bursts (GBSRB) spectrometer and its
associated CME observed by STEREO-B/EU VI instruments.

It is known that the drift rate of metric type II radio bursts is related to the speed of
the underlying shocks and the density gradient in the solar corona (see, e.g., Gopalswamy,
2011). Therefore, the drift rate AA—{ = % (where f2 is the type II starting frequency,
f1 is the ending frequency. t2 and tl are the corresponding times, respectively) at a given
frequency is related to the velocity (V) of the source (Mann and Klassen, 2005; Aguilar-
Rodriguez et al., 2005; Gopalswamy, 2006a) as follows:

2r 1 A f[MHz]

VIkm/sl= = S Mz A 11s)

ey

Here r is the shock height expressed in solar radii, Rs = 696 000 km and « is the exponent
describing density (n) variation over the radial distance (n ~ r~%).

For the burst in Figure 1, the fundamental starting frequency of the type II burst in
the dynamic spectrum was 420 MHz (f2) at 17:35:00 UT (t2). The ending frequency was
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Figure1 (a) A high-starting-frequency type II burst. The dynamic spectrum was obtained by the Green Bank
Solar Radio Burst Spectrometer (GBSRBS). The fundamental starting frequency was 420 MHz at 17:35:00
UT. The high starting frequency implies the radio source closer to the solar surface, hence the associated
CME originating in the lower corona. (b) STEREO-B/EUVI 195 A difference image shown by white arrow.
The time of the image in (b) is close to the starting time of the type II burst. STEREO-B was located at E94
at the time of the eruption.

60 MHz (f1) at 17:40:30 UT (t1). According to Equation 1, the corresponding drift rate is
—1.09 MHz/sec. The event was associated with a flare, which occurred at N20EO4 on the
solar disk (see Cho et al., 2013, for details). The associated CME was at N20W90 in the
STEREO-B EUVI field of view (FOV). The CME-driven shock was observed in EUV 64
seconds after the appearance of type II burst corresponding to a height of 1.22 Rs.

The relationship between the starting frequency of type II bursts in Solar Cycle 24 with
the corresponding CME shock height can be obtained using the procedure in Gopalswamy
etal. (2013).

2.1. Multispacecraft measurements of the CME speed and height

The spatial and temporal characteristics of the CMEs associated with type II bursts have
been analyzed previously using STEREO data (Gopalswamy et al., 2009a). The events hav-
ing a clear CME images available in the coronagraph or EUV near the type II onset are
considered for shock analysis. When the eruption is near the limb, the CME leading edge
was measured in coronagraph/EUV images nearest to the type II burst onset and the height
obtained was considered as the shock height as described in Gopalswamy et al. (2013). The
wave diameter method was used for CMEs that erupted on the solar disk. By fitting a circle
to the outer edge of the disturbance near the time of the type II onset, the shock height was
considered as the radius of the circle (Gopalswamy et al., 2013). The CME speeds were
obtained by a linear fitting of STEREO/COR1 or SOHO/LASCO height—time data.

3. Results and discussion
3.1. Statistical results

Type 1I, CME, and flare properties of each event in this study are compiled in Table 1.
The second column lists the date (yy:mm:dd format) and universal time (hh:mm:ss for-

@ Springer



27

Page 5 of 18

Properties of HF Type II Bursts and Their Relation. ..

(A%) SSMPIN I¥:Cl €0 9 1201 84 1419 861 00:00:€T 8%0°0— (972 ST:ES:TI 6110C10T ¥T
16D 1€40EN LSTT €51 611 90¥ ¥$T v6¥ 0LT 00:8T€T 1%0°0— S I1:€2:€C 8110C10C €T
70 TOMLIN 6%:1C (4 99 20¢ e8¢ LIS 09¢ 00:00:TC 0T0— ¥4 LSHSIT STITII0T 4
01D 69MITN 12:10 SH'l LS 09¢ 88S T19 LOS 00:62:10 0T0— 06 SI:LTT0 61TTT10T Ic
090 80d61S LT:LO 0S'T L6 08L vIL ISL 8¢St 00:LT:LO 20— 6 60:8T:L0 LTTIT10T 0T
[4%) 19MO0ZN 81:60 0S'T 79 088 0101 16 £X3 0€:6T:60 1€0— 8 LT:€T:60 #1T1T10T 61
87D STMIIN 8780 1 €0C ¥L6 €79 S'LLS 1347 0€:65:60 0T0— 08 S1:66:60 1001110 81
0'TIN 80d8ON 8781 €6'1 4! 1403 €5T 439 6£€ 96:01:61 €20°0— 4 ¥6:L0:61 0£60110T LT
LD TTMOIN L¥'Tl €T €L |82 0€T 86C - 00:00:€T 0€0°0— €¢ 6T:SS:TT 6T60110T 91
I'tX SIMVIN  0TTC 6¢€'1 09¢ T€01 vLL 9L8 GLS 60:07:CC or'0— 1€l 1€:61:2C 9060110T SI
y'sd CLMEIN LT%0 8¢'T [ L¥8 65S geg %34 80:0T:%0 0T0— 06 00:02:%0 8T80T10T ¥1
97D 90dLTS L¥:0T 06'T s¢ $384 9% SI¢ L9T $0:15:01 780°0— 19 61:0S:0T TTLOTTOT €l
87D 09481S 8%:01 6€'1 6 TI8 8¢ 18 88T 00:0T:TT 60°0— 08 LO:LO:TT 0ESOTTOT 4!
1'8d ISM6IN €220 'l STe €68 8L1 0SS SL 0€:0€:20 S0°0— YL 16:LT:20 11501102 I
0'TIN SPICIS 80:€T 8¢l S 89S ¥0S 9zs - SSiGTiET ST0— ¥4 6IT:LI:ET STEOTTOT 01
STIN TLATTS 9€:€0 o'l 092 OLET SoT1 9€01 TeL 01:+:€0 SE0— 08 00:+7:€0 80€0110T 6
20 SYHEIN ¥€:L0 611 4 8¢ 1L 089 - 60:0%:L0 LE0— €Il 11:0%:L0 8TTO110T 8
CTIN 8MITS 8%:00 0g'l 611 059 6L L£9 909 01:20:10 20— 9L 0€:20:10 8TI0T10T L
10 P8MYTS 00:CI 671 Ly €09 (132 9% 67€ 00:80:CT 890°0— (9% 9€:80:CT LTIOT10T 9
6'TIN 9TMOTS 60:61 91 LT 018 0011 TLL vLE 0€:ST:61 €0— 98 € 71:61 9101010 S
0LD FSMLIN 9€:60 861 09¢ 0€T1 (434! LETT soct 0€:65:60 €T0— 8¢ G€:7S:60 180010 ¥
0'TIN PEATIN SS:LT 9G'1 09¢ 80L SLT 6SS L8 00:80:8T €80°0— 98 0T:65:91 L0800T0T €
0'TIN EYMEIN 0€:00 T 611 €19 6L6 798 98% 80:85:00 Ly’ 0— 901 62:95:00 TT190010T 4
oLd LSMG6IN 96:7T 0SC 6L 0z8 91TI S00T 88Y 00:TT:€T 0T0— SL 8G:TT:€T 81€0010T I
sse[) 207 @€rn (s (3op) (s/uny) (s/ury) (s/uny) (s/uny) (L) (8/ZHN) (ZHIN) (@rn)

arepy arepy arepy 4 P Ia §da (2 2 HIND M\w s§ 11 2dAL NS

*SJUDISURI) JR[OS PIRIOOSSE AU YIm s1ajowered gy I1 2dAL, T d1qelL

pringer

N



A.C. Umuhire et al.

Page 6 of 18

27

Led OTHCIN Lyl 0T 4 61L S LS9 Ie 00:TS:+1 TITo- (2 YISl TO90EI0T 8
0T EPHEIN TSl - (4 - - - ol - 000~ LL 0T:8S:61 1€0€10C Lt
TEN  LSHTIN €K%0 9P 09¢ 89 8y €86 SPEL 01160 91'0— 88 1€:05:80 LISOETOT ~ 9F
TN 9TMOIN  8SH0 191 66 €811 w9y 59 1L9 1€:50:50 121°0— LL 8T'L0°60 TOSOEI0T  S¥
0vd  ISM8IS  9T6l  EL] 19 199 99 829 6£C 00:5€:61 880°0— 134 8S:6€161 6TPOEIOT ¥
YYD LEMSIS  01:0T  TLT 16 011 €8¢ S8 L6 0€:0T:0T 0800~ 134 £0:0T°0C 8TYOETOT  €F
0€d  €LMOTS  OI8T  (S'1 901 895 (U374 09 oy 00:€7:81 £90°0— (44 LY'€T:81 €TPOEI0T T
SON  TIHEON  S590  0S'T 09¢ 9601 L59 906 198 90:vTL0 810~ SL £71C0:L0 TTPOETOT Iy
- - - 8 Lt sor w9¢ £ve 901 LESTEL 6900~ ss 90:€TET 0LEOETOT O
780 SLH6ON  PEST ST IS 88L $s6L SorL gee 60:0v:S1 00€°0— 98 8S:6E:SI 9ITITIOL 6
0TN LyASTS  gleT 9Ll 6¢ 96¢ 0S¥ S - IS o= L8 9T:6TEC TITITIOL 8¢
LIN S8HA8IN  807CO  SLI 09¢ L6 Tss 6L $s8 601220 6010~ €9 611720 80TITIOT L€
9€d  O0THGON  ¥TH0 - - - - - - - 7800~ 18 I€:6T0 ST60TI0T  9€¢
96d  9LMSIN  €6TC LT 6L LSS 88¢C 08¢ 81 L0°00€T (44U 86 0£:65:CT ST60TI0T <€
01D Iecdasts  OLLL (871 £L9 s0$ 0vs - lggeLl S010— 1L 9€:1€:LT 1ELOTIOT  ¥E
- - - I8 861 0.8 L9¥ LvS 98 1€:50:00 $90°0— 9% 91:10:00 1€L0TI0T €€
LTN T9H81S  LILL 981 4l §06 81y 8LS £6€ 00:1€:L1 £60°0— 134 LS0ELT LTLOTIOT  TE
ST TYMLIS  $T01 €51 9 [483 SL9 99 81T 00:60:11 0S1°0— 9 LT:L0*TT 90L0T10T €3
€60 LOMSIS  9¢0T 00T (2 008 vLE 399 6T 00:8%:0T 00— Iy 01:87:0T €0L0TIOT 0O
$€D OTALIN - 1060 9€'T 06 929 €9 334 ISt ¥0:00:90 €0~ 06 ST:01:50 TOLOTIOT 6T
LD 1TM6IS  L0€0  TE'T 611 €L9 wl 454 €€ P1LYPIE0 £50°0— 06 P0:80°€0 8090CTI0T 8T
€€D  9LMPIN  0£TC  8L'1 SLl 89 €8¢ €19 0£9 0£:0€:TT 190°0— ve PO'EETT 1090CI0T LT
I'SW  9LMIIN  STI0 8¢ 09¢ 0zze 666 £0S1 T8S1 IE0E10 970~ SL 6V:€€110 LISOTIOT 9T
L€ €8ACIN  8EL0 IS 061 008 88 €19 vy 00:8%°L0 9600~ 97 11:8%:L0 ¥2hOTIOT ST
SSED 207 @y W @op)  (sunp) (s () () @ GzHN) ZHW @
arel] arel{ A 4 WPM Ha $a o 1A HND Y sy ImeddL NS

(‘ponuyuo)) 1 dlqelL

pringer

As



27

Page 7 of 18

Properties of HF Type II Bursts and Their Relation. ..

CLUN  T8MLIS 68T 00T 651 ses 989 029 €ls 00:85:81 1L1°0— 16 L0:65°81 TOOIYI0C  TL
'S ETMEIS  6£T0  SET 09 g6t 1€z LIt sie SOT:E0 60°0— 96 PSiSPiT0 8T60P10T 1L
TN EEAEIS 06T L€ el 0cs 06C LTy £ P0:91:€T 101°0— L8 £€0:91°€T €T60V10C 0L
$Lo €OHLIS €610 TL1 01 S0s |92 60S L8y 92:50:20 111°0— 6 1€:10:20 LO60YTOT 69
6'SN SLALOS  00:TL €571 09¢ <01 §9T 10L 1S TSIl 8€0°0— g 8€°CTTI $T8OYIOC 89
SIN I1901S  SSiLT €1 09¢ 48] 9 9¢L 68L 81:07:81 £90°0— 8¢ v1:81:81 1080V10T L9
- - A sLT vSL 16 €IL §59 00:02:02 9L0°0— €€ £F0€0T STSOPIOT 99
LTN SeAPIS  TE0 08T 09¢ 065 81T 8¥S ovL 87:65:€0 050°0— Sy TS:00:70 0TEOPIOT  S9
- POHLOS  8L:60  6€1 19 9Ly §s6¢ vLE (454 S0:TI:01 L10— 601 8€:9T:60 90€0VI0T 9
(%) €OHIIS  prPL 0Pl €8 £6L 616 £L9 99¢ 00:TS 1 €10~ L8 90:€SH1 ¥CTOPI0T €9
€€ 8eAPIS  SIE0 1671 09¢ S19 185 9L6 £66 LSSTE0 011°0— 99 S1TTE0 0TTOrI0T 29
S0 88ALIS 9780  0S'T 844 89€T Ivhe  S'e661 8801  S0:9€:80 LT0— s 8T:SE:80 9T10¥10C 19
9vd  9rmeTs  TIE0 91 9LT 0011 Lyll 6801 T00L  S0:9€:€0 €60~ <8 SP6IE0 TITIEIOT 09
TIN 6VMIIS L1009 09¢ 9Lzl L0l L801 $80I  00:LT'LO Pr0— STl STWTLO LOTIEIOT 65
01X  ¥IMOLS  ¥I:0L 951 09¢ 0201 1€S [43] ovL 8ET°0— L €0:ST0T 6ITIET0C 8¢
VTN gearls  SIl - 09¢ - - - 1y - SLT0— SEL STSTYILOIIEIOT LS
T8 YOMEIS  O¥H0  ITT 09¢ 6901 08¢$ 8L 8¢8 S0 SSE0— SEL SE9VPOTOIIEIOT 98
€20 SEMIS  OgEl  vEl - £68 8LE - - - 0€1°0— 8 £09€:€1 STO1E10T ¢SS
L1X €LA80S €50 SET 09¢ £68 L89 1.9 L8S 07180 Te0— 0Tl 91:00:80 STOIEIOT S
6TN SLALON  8¥T0 061 1zl [22) Tog €08 re 16:50:€0 £50°0— 19 6£:00:€0 STOIETOT €6
810 IVMIIS  01:60 - - - - - - - £90°0— (2 0T:61:60 910110 TS
SIN  €OIHITN  STLO  LET 09¢ 96 865 L6L 00Tl OI¥TiLO wo— 6 10:€1:L0 TT0T€10T IS
- - K90 Y 09¢ syl 8LII LIl 96 00:75:90 670~ OIL  00:00:L0 SO01EI0T  0S
094 SPHOIN  8¥i6l  SL'1 LST 199 £6¢ 444 vor 6£:05:61 S70°0— 6 8ELY61 6160€10C 6
SSELD 207 @y 6D (op) () (sunp) () (suny) @ GzHN)  (ZHW @
arel] arel{ A 4 WP Ta $a (4 1A D v sy mediL NS

(‘ponuyuo)) 1 dlqelL

pringer

N



A.C. Umuhire et al.

Page 8 of 18

27

SEW L8AVIN  €TLO  TTI 81 €201 SoI1 g1l 98T T0:9€:L0 €I SET STI9ELOYTTOLIOL 96
9TN TEMOTS  8IWT 9Tl L9 1s¢ §T9 $'69% - 00Tl 50— 9Ll STLTFIIITOIIOC  S6
TTX  LOMITS  8¥I0 8T 09¢ (454! 8+9 w8 699 00:7S:10 620~ IST  8FISI0SITOII0T 6
0'8SIN vOH0TS  9¢iLl  TTI 9LT 908 8LS LgS £LE ErSELT 60'1— 0Ty 00:SE:LI €1T0II0T €6
—  06H00N  9¢lT  9T'I 4l 0€s vy 6vS 69 syIT 9€°0— 00C  00:9¥:1T 11T0110T 26
€10 LSMTIN  8IF%0 0TI 97 L6S 66¢ 8¥S £9€ 607770 1€°0- 0L1  00:€TH0 1€TI010T 16
670 86H8IS  cTlTtl  ¥El 99 9g€ Sty (443 vz 80:91:C1 150~ 08T 00:SI:TI €0ITI0I0T 06
OTN  ¥8MSTS  0£:60  ITT €€ oy 187 8r¢ 0ze 80:8€:50 vE0— 95T 00:LESO €190010C 68
980  69IIN €500  9€'I 101 es £98 60 89¢ vriST10 T€0— w6 SO:10:10 01L0910C 88
010 SIM8IN IS0 - - - - - - PrE0— €01 9S'8S:009150910C L8
€10 T9MSON  It€l €81 el 8TL $9¢ €68 06¢ 00:€5:€1 180°0— L PEIESIE POSO9TI0T 98
LYW €9HCTS €700 9€'1 68 0€L Ley S8 0zs 00:9€:00 STro— IL 0£:9€:00 €2CISIOT <8
870 SLASIS €140 - 0L - - - 81¢C - S01°0— w6 EFTTH0 LI0ISIOC 8
€0 vodIzS  0TEl  T6'l €8 065 9L 9sy 681 00:ST:€1 610~ L8 6£:STEI 910ISI0T €8
S¥YD  YIMEIS  LI90  ¥§T 98 £€eL vLY 159 0LE 00:9€:90 $¥0°0— 144 01:0£:90 8T80ST0CT T8
- - - - 97 - - - 66C - 1£0°0— €L 20:8€:€1 10905102 18
L9d  O0SM6IN  II'€l  S¥e 8¢S 48] £6C 9zy Ls¢g 00:9€:¥1 9200~ 9% LTLTYI 81S0S10T 08
9D 0EMPIS  YTET  STT SLl 68 0v8 8LL 8L9 00:5€:€T 0600~ 44 EELEETTIVOSIOT 6L
1'zx (4= T SN A K1) B L 8€9 9ve 439 0ve 00:€T:91 vTT0— 9¢1  €IPTOLTIE0SIOT 8L
8'SN SPHSIS  9€: €T 9€'1 091 826 8¥C L001 - L09EET £01°0— €01 6S'IPIET60E0SI0T  LL
L'SN 6090TS  STWO S8 09¢ €65 L6€ €19 L8S 00:00:50 6200~ 8¢ £6THHO0 LITIVIOL 9L
81D 69MITS LSS0 - ol - - - res - 8900~ 6 8:60:90 SOTIYIOT  SL
6'LIN 89HOIN  8F60  8Y'I 81 609 (233 179 98¢ 00:€1:60 061°0— 8€1  8EEP60 SOTIVIOT  ¥L
OV 90M6IS  LELO 89T 96 rrol $09 LSL LL9 00:5S:L0 7500~ o 60:SSLO¥TOIPIOT €L
SSED 207 @y W @op)  (sunp) (s () () @ GzHN) ZHW @
arel] arel{ A 4 WPM Ha $a o 1A HND Y sy ImeddL NS

(‘ponuyuo)) 1 dlqelL

pringer

As



27

Page 9 of 18

Properties of HF Type II Bursts and Their Relation. ..

CLUN PEMOTS  TgTl 98T 09¢ 916 6ty 026 €0Tl  0£:sSTl Y70~ TSl SSECTIBIVOVIOL 0TI
0'TN 60arIS  pSi6l 1€l 19 §99 v0g 8L9 9L 60:85:61 €C0— 181 0861 91%0PI0T 611
OEN  ELMSIS  ¥TLO  €L1 09¢ 06L 9zs 989 816 1€:61L0 §T0— 0ST  OI:LY:LOOTTOPIOT  8II
7’80 [ars  srel 8¢l 80T 9ty 9y 00S 0g€e 00:LT:€E1 1€°0— SLL  SS9SEl 11T0vI0T  LII
€N ISMIIN  6£€0 0TI 801 L89 Lee (72 €79 60:81€0 970~ 0vT  SPiSS€080I0FI0OT 91l
ETN 8TAVIS  PEE0 €81 69 609 <9 LLE €LE 60:T€0 620~ 8¥I  1S:0¥'€0 LOI1E10T  SII
8'EN LgATIS  6€ €l 8T il Siy s0€ 8c¢ Lrg 9T9rEl €0~ 9LT  SEOPET 90ITEI0C  PII
LTN  TTM6IN  SI'80 LT 9r 008 ey 919 969 1€:0v:80 620 ST SE€6€:80 €110€10T €11
81X TSASIS €10 9T 9r K44 91¥ - 651 00:12:€0 T€0— LLT  OPILI'E0 €201TIOT  TIT
87D COMEIN  €€T1 SETT 09¢ (443 (439 91§ ser 90:1+:C1 SE0— W1 EIOEET €180T10T 1
91N 8LAPIS  €EW0  6V1 9r 00S 9zs vig 861 00:€v+0 80— 8Vl SIEPP09080CIOT 011
$'80 lgases  yTiLl o 981 or (439 S8 9SL - 00:STLI LEO— vSL BOLLTLI IELOTIOC 601
69W  YLMLIS €791 6L'] LS1 ges geel 9601 TLST 00:0€:91 LSO~ TSI SOIE91 80LOTIOL  80I
IIX  09MPIS  10°€C L€ 09¢ v6C1 98¢ 186 8T81  0€:0I€T 620~ 881 1€'60°€T 90L0TIOC  LOI
9V 6CMIIS  €0TT  LET 65 8t8 L811 SOt 95¢ 1€:01:C¢ $8°0— 6L1  9%'80:TT YOLOTIOC 901
TN VEMPIN  €€91  TET 09¢ LETT Xag $€s9 799 00:Tr:91 €0 81 €TEPI9IFOLOTIOT SOl
TN SOM6IS  vS61 8T €Ll 48] (44 0zs 6y 0€:50:0T 6£°0— S81 0€0:0T 9090T10T 01
£EW SEHIIN  8FiLL  SETT 081 069 999 0TL $09 00:€S:L1 170~ SSI - 10:00°81 €090T10T €01
PSX  LTALIN - TO00 LT 09¢ 0961 9v6 €101 ¥89T  €1:91:00 Sr0— IST  9T0T00 LOEOTIOT 201
LTX  ILMLIN  LELT ¥TT 09¢ 0011 868 £901 80ST 00181 vLO—  §'98T  OIIT:81 LTIOTIOT 101
€SN LOMPIN  SET10  8TT 09¢ 88 965 9 8L 209110 8€0— 6Vl 9SiSK109060110C 00T
69X 69MLIN  8FLO0 €81 09¢ ovel 1.8 616 0191 T€60:80 (4540 81 S0'€0'80 6080110C 66

CON  9EMGIN  I¥E0 8T 09¢ £9¢I 8SEl  SPELI Siel 0:7S:€0 681 6£C  TTTSEOPOSOIIOC 86

STN  PSMITS 61190 6L 09¢ vz 8¢ 8801 geTl  0€:ST90 LT0- IST S1:6T:90 LO9OIIOT L6

SSED 207 @y W @op)  (sunp) (s () () @ GzHN) ZHW @

arel] arel{ A 4 WPM Ha $a o 1A HND Y sy ImeddL NS

(‘ponuyuo)) 1 dlqelL

pringer

N



A.C. Umuhire et al.

Page 10 of 18

27

Tpe1 rejog = sy

owi) [esIQATU) = I

'sareuIpI009 drydeiSorfay arepy IejoS = 207

Jasuo I1 2dA1 e spyS1ay yooys gIND = 4

"Jasuo [ 2dA3 je peads IND a8eroay = Ila

‘e1)0ads orwreuAp woiy s1ojowered Suisn paaLep paads gND d9Feroay = Sda
‘TANE PU® TYOD/OTIHLS UM paads IND o3e1ony = za

"AOH ODSV'T urpim paads gD o5ereAy = A
*s1sanq 1 2d£3 jo Aouonbaiy Sunreig = $f

ORI YU = M|<<
STN SLMTIN SSiI 1 - 9 - - LE€ €8¢ - Sro— 6L1 SI:b0:TT #O11S10T 8C1
TIN 0THSIS 6£:90 061 09¢ TSL 869 1€8 LS 80:0$:90 620~ aa! 67:05:90 2T80S10T LTl
01N 9SMITS 61:CC - 011 - - - 018 - YE€0— Sl PEITEET LIEOSTOT 9C1
80 99H90S ¥$iTT - 43! - - 4874 LTg - ST0— €81 $$:65:2C 0€01+10C 4|
$'80 TEHLON - 8L - S09 76 YL - 9$i6GiET r0— SS1 9€:L0:00 TT8OY10T 74!
X 08HSTS 9¢:11 Se'l 481 €Tel 6ev YOL 6 0S:0¥:11 620~ $91 ¥TEF 1T 0190%10C €Tl
- - - 8¢l 09¢ (4431 09¢ €88 6601 10:12:20 ST0— SLT TI:1T:T0 60S0710C (44!
€IX 06MSTS LT:00  0€T 96C €68 861 6¥S 95t 1€:62:00 SI0— 081 [S:€2:00 STYOY10T ¥4
SSE[D 207 (L) () (3ap) (s/uny) (s/uny) (s/uny) (s/uny) (L) (S/ZHIN) (ZHN) (Ln)
are[y are[] are[] 4 WPIM Ha §da A IA HND M|w sJ 11 2dAY, NS

(‘panunuo)) 1 d1qelL,

pringer

As



Properties of HF Type II Bursts and Their Relation. .. Page 11 0of 18 27

mat). The starting frequencies (fs) of the type II bursts are given in column 3. The type
II bursts drift rate (AA—{) in the metric range obtained from the dynamic spectra available
at https://cdaw.gsfc.nasa.gov/meetings/2017_mekelle/00_all_type2.html are given in col-
umn 4. The CME time (hh:mm:ss format) is given in column 5. Columns 6 and 7 list the
CME average speed within the LASCO (v1) and the STEREO/CORI1 and EUVI (v2) FOVs,
respectively. They are obtained based on a linear fit to the height-time measurements in
the respective FOVs. SDO/AIA measurements were checked for confirmation. The aver-
age speeds of LASCO CME:s are listed in https://cdaw.gsfc.nasa.gov/CME_list/. Column 8
shows the shock speed (vpg) derived from the dynamic spectra. We used Equation 1 to esti-
mate the shock speeds, using o = 7.63 derived in this study. Column 9 lists the CME speeds
(vyy) at the first appearance of type II. One can get information regarding CME acceleration
or deceleration after the shock by comparing the CME average speeds (v2) and CME shock
speeds (v;;) at type I onset. The CME widths are listed in column 10 and their shock heights
(r) at type II onset are given in column 11. Columns 12, 13 and 14 show the flare occurrence
time, heliographic coordinates and the GOES soft X-ray flare classes, respectively.

3.2. Type II burst properties and CME characteristics

Figure 2(a) shows the distribution of the starting frequencies of type II bursts with mean
and median values 110 and 94 MHz, respectively. Our results are similar to previous results
obtained in Gopalswamy et al. (2013) for a smaller sample. Figure 2(b) shows the distri-
bution of the drift rate, which has a mean of 0.24 MHz/s and a median of 0.22 MHz/s.
The CME heights range from 1.15 to 2.85 Rs (see column 11 of Table 1). Figure 2(c)
shows the distribution of CME heights for the 117 type IIs in which the shock could be
observed. The obtained mean and median values are 1.59 and 1.49 Rs, respectively. For
the 37 events with high starting frequencies, the CME heights range from 1.16 to 1.90 Rs
(the shock was observed for 37 bursts out of 40). Their mean and median shock heights are
1.44 and 1.34 Rs, respectively. The mean shock height is reduced to 1.59 Rs by considering
all analyzed events, and this is consistent with previous results. Figure 3 shows the scatter
plot between the starting frequencies and CME radial distances for different data sets. By
considering the higher-starting-frequency bursts presented in Figure 3(a), the relationship
between the starting frequency with the CME radial distances can be fit with a power law
of the form f(r) = 175.028-~*3°1 4- 137.297, this implies that the plasma density varies
as 2092 which is consistent with previous studies (Newkirk, 1967; Saito, 1970; Leblanc,
Dulk, and Bougeret, 1998). For lower-starting-frequency bursts, the data could be fit with
F(r) =127.047r=2319 133,031 (Figure 3(b)). By comparing the two equations, we found
that the power-law index increases from higher to lower frequencies. By combining the two
data sets in Figure 3(c), the coronal density drops off steeply with the distance. Our result is
similar to the results obtained in Gopalswamy et al. (2013) and consistent with the power-
law index of ~ 6 derived from eclipse observations (Allen, 1947; Newkirk, 1967). Exclud-
ing the highest starting frequency burst in Figure 3(d), the correlation coefficient increases
to 0.53 and the coronal-density power-law exponent increases also. The obtained correla-
tion coefficients are significant, but not good because the data considered corresponds to
different days over 6 years period, hence the coronal densities are expected to be different.
In this study, the high-starting-frequency events are associated with shocks closer to the sur-
face. This may indicate propagation of the shock through a high-density magnetic structure
(Pohjolainen, Pomoell, and Vainio, 2008; Cho et al., 2013). The shock heights of CMEs
associated with low-frequency events are generally large, which confirms the results of the
previous study by Gopalswamy et al. (2013).
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Figure 2 (a) Starting frequencies of type II bursts. Here the starting frequencies of the fundamental mode
were considered for all analyzed events. The mean and median values are shown on the plot. (b) Type II
bursts drift rate. More events have low drift rate (>0.2). The mean of the drift rate is 0.24 MHz/s. (¢) CME
heights at the first appearance of type II bursts for all analyzed events. (d) Distribution of CME heights at the
time of type II burst for events having the starting frequency of the fundamental mode greater than or equal
to 150 MHz. The shock heights for high starting events are smaller and consistent with previous results.

Figure 4(a) shows a scatter plot between the drift rate (AA—{) and starting frequency (fs)
for the high-frequency type II bursts with an observed fundamental-harmonic (F—H) struc-
ture. The line in the scatter plot represents a power law of the form | AA—{ | ~ f11°. The
exponent € = 1.19 is smaller than 1.89, as obtained by considering starting frequencies
down to 18 MHz (Vrsnak et al., 2001). A similar analysis made by Aguilar-Rodriguez et al.
(2005) found € of 1.44. Gopalswamy et al. (2009a) combined 10 bursts with the 58 reported
by Mann et al. (1996) and found € of 1.27 with the starting frequencies ranging between
~ 220 and 40 MHz. Figure 4(b) presents the frequency—drift rate relationship for the 88
low-starting frequency bursts, for which the value of € increases to 1.49. For this case, the
frequencies range between 138 and 32 MHz. From the observations, the power-law index
increases from m to km frequency domains, which implies the decrease of plasma density
and speed. Combining the high- and low-starting-frequency type II bursts, we see that the
power-law index is higher than for high-starting-frequency events and ones lower than the

@ Springer



Properties of HF Type II Bursts and Their Relation. .. Page 13 0f 18 27

(a) ° 1604 (b)

4001  fit: a= 175.028, b= -4.501, c=137.297 fit:a = 127.047, b = -2.510, ¢ = 33.031
N # of events = 37 N 1401 \ey e # of events = 80
= 350 CC =0.44 = .: e CC=051
= < 120
2 e
g 300 g 100
o o
g o
Y— Y
01250 o 80 .
£ £
B 2
© c 60
a2, & o « .

° B 0% o o
[) 40 ()
150 M TR ) o . % i

10 12 14 16 18 20 1.001.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00

The CME radial distance (Rs) The CME radial distance (Rs)
(c d)
400 fit: a = 203.203, b = -2.909, c = 41.619
fit : a = 247.250, b = -3.815, c = 50.728 250 # of events = 116

L )

350 # of events = 117
CC=0.51

300 200

250

150
200

100

Starting frequency (MHz)
Starting frequency (MHz)

50 50

1.001.251.501.752.00 2.252.502.753.00  1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00
The CME radial distance (Rs) The CME radial distance (Rs)

Figure 3 (a) Scatter plot between CME heights and the high-starting-frequency type II burst with a pow-
er-law fit to the data. (b) Scatter plot between CME heights and type II starting frequency for low-starting-fre-
quency events. (¢) Scatter plot between CME heights and the starting frequency of type II for all events (i.e.,
combined data of low- and high-starting-frequency type II bursts). The correlation coefficient (CC) is 0.51.
Excluding the highest starting frequency (d), the correlation coefficient becomes 0.53.

low-starting-frequency events (see Figure 4(c,d)). Combining the 10 metric type II bursts
from Gopalswamy et al. (2009a) with the 128 metric type II analyzed in this study, the
power-law index becomes 1.33, which is consistent with the considered frequency range of
420 and 32 MHz. Current analysis thus confirms the existence of some deviations from the
universal relationship between starting frequency of type II and drift rate. The deviation hap-
pens because the shock speed changes within the corona and in the interplanetary medium
following the CME speed evolution.

3.3. Characteristics of CME average and shock speeds

The estimated average and median speeds of the CMEs within the STEREO/CORI1 and
EUVIFOV for all events are 705 and 645 km/s, respectively. The average and median speeds
derived from the dynamic spectra (602 and 525 km/s, respectively) are slightly smaller than
the corresponding CME speeds. From calculations, it was found that some type II bursts
originating near the solar disk center have low drift rates resulting in smaller speeds com-
pare to their corresponding speeds of the CME. Shock flank propagates with a slower speed
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Figure 4 (a) Scatter plot between the starting frequency f and the drift rate df/dt (absolute value) for the 40
high starting frequency metric type II burst, the scatter plot represent a power law of the form | df/dt |~ f€
with € = 1.19. (b) A similar plot for the 88 events with lower starting frequency, the power-law index (€)
increases to 1.49. The combined set of 128 type II bursts in Figure (c) gives € = 1.33. (d) The superposition
of 10 data points reported in Gopalswamy et al. (2009a) with 128 data points analyzed in this study. € remains
1.33.

than the CME leading edge, but the electron acceleration at the flanks might be more ef-
ficient because of the more perpendicular shock angle. For example, for the type II burst
that occurred on 2012 May 17, the estimated shock height was 1.58 Rs and its starting fre-
quency was 75 MHz, however, the drift was 0.26 MHz/s, which corresponds with a speed
of 999 km/s. Figure 5 depicts distributions of speeds v1, v2, vps and v;;. The average and
median CME speeds within the LASCO FOV (640 and 494 km/s, respectively) are close
to the average CME speeds found within the STEREO/COR1 and EUVI and average CME
speed derived using dynamic spectra. The speeds are larger than the general population of
CME:s (~ 480 km/s in Gopalswamy, 2006b). The average and median shock speeds at type
IT onset are higher (834 and 791 km/s, respectively) compared to the average speeds ob-
tained by linear fitting the height—time measurements in the STEREO and LASCO FOVs.
The high shock speed is consistent with the requirement that shocks are capable of acceler-
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Figure 5 (a) Distribution of CME speeds within the LASCO FOV. The average and median CME speeds in
the LASCO FOV are 640 and 494 km/s, respectively. (b) Distribution of CME speeds within the STEREO
FOV, the average and median CME speeds are 705 and 645 km/s, thus higher than the speed in the LASCO
FOV and consistent with the shock formation observed in the STEREO FOV. (¢) Distribution of CMEs speed
from the dynamic spectra, the observed average and median are 602 and 525 km/s. The average speed is
lower than the speeds in STEREO and LASCO and this may be due to a radio source towards the shock flank,
which propagates with a slower speed than the CME leading edge. (d) Distribution of CME speeds at type II
onset, the obtained shock speed is higher than the average speed within STEREO FOV, which confirms CME
acceleration after the appearance of shock.

ating particles. As shown in Figure 5, all the average speeds are greater than their median
speeds which implies that the major outliers are located in high end of the distribution.
Figure 6 is the scatter plot between the average CME speeds from STEREO data and the
speeds estimated from the dynamic spectra. The correlation coefficient is 0.76 for all events
and 0.77 by excluding the two outliers near v2 ~ 1500 km/s. The obtained correlation is sig-
nificant. The average width of CMEs in the LASCO FOV is 172°, which is greater than 46°
obtained in Gopalswamy (2006b). Since the width is proportional to the mass, this shows
that analyzed CMEs associated with type IIs are wide and more energetic. The obtained
hierarchical relationship between CME kinetic energy and the wavelength range over which
the type II bursts occur is consistent with previous results in Gopalswamy (2006a), Gopal-
swamy et al. (2009a). Generally, many events are associated with M and C class flares. For
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Figure 6 Scatter plot between speeds from STEREO data (v2) and the radio dynamic spectra (vpgs). The
correlation coefficient (cc) is 0.76. When we exclude the two outliers near v2 ~ 1500 km/s, cc = 0.77.

CMEs associated with high-frequency type II bursts, 33 out of 40 are associated with highly
energetic flares (M and X class flares), which is consistent with their speeds. Moreover, there
is a clear increase in speed between the inner and outer corona as measured in the STEREO
and LASCO FOVs, which shows that the CMEs accelerate at the appearance of the metric
type II burst. This has implications for the behavior of drift rate spectrum of type II bursts
(Gopalswamy et al., 2009a). For a few events, the shock speeds at the time of metric type II
bursts are smaller than the calculated average speeds within the STEREO/COR1 and EUVI
FOV, which shows that the CME reached the peak speed before the appearance of type II
bursts.

4. Summary

In this study, we used STEREO/COR1, EUVI and SDO/AIA images to identify CME shocks
close to the first appearance time of type II bursts and to minimize projection effects. We
determined CME heights using both the wave diameter and leading edge methods for 117 of
the 128 events for which the shock could be observed. The data period extends from 2010
until 2016, covering the period of SDO operation. Extrapolation was used for a few events
where the coronal images close to the onset time of the type Il were not available.

We found the CME shock nose to be in the heliocentric distance range from 1.15 to 2.85
Rs, with mean and median values of 1.59 and 1.49 Rs, respectively. The obtained results
are consistent with recent findings by Gopalswamy et al. (2013), who analyzed 32 metric
type II bursts and found the shock heights in the range 1.20 to 1.93 Rs. In the case of the
high-starting-frequency bursts, the shock was formed very near the solar surface between
1.16 to 1.90 Rs, with the mean and median values of 1.44 and 1.34 Rs, respectively. This
implies that solar energetic particles are accelerated very close to the coronal base. Making
use of type II bursts at different wavelengths, it was found that the power law between the
starting frequency and CME heights are consistent with the rapid decline of density in the
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inner corona. The density drops from lower corona to the interplanetary medium, in other
words the density increases with the increase of the type II emission frequency as it was
reported in Gopalswamy et al. (2009a).

We investigated how the high-frequency type II bursts behave with respect to the power-
law nature of the drift rate spectrum of type II radio bursts. The power-law exponent is
the smallest at the highest frequencies, consistent with the trend in the deviation from the
universal drift rate spectrum. Closer to the solar surface, where type II emission frequency
is high, the CME speed increases due to fast acceleration and starts to decrease in the IP
medium, which shows the relationship between these deviations from the universal drift rate
spectrum of type II bursts and CME speeds. The high-starting-frequency type II bursts have
high drift rates and are associated with fast CMEs, which is consistent with the CME driving
shock regardless of the spectral domain of type II bursts.
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