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Abstract We have analyzed a set of 147 metric Type II radio bursts observed by Culgoora
radio spectrograph from November 1997 to December 2006. These events were divided into
two sets: The first subset contains Type II events that started during the impulsive phase of
the associated solar flares and the second subset contains those starting during the decaying
phase of flares. Our main aim is to differentiate the metric Type Ils, flares and coronal mass
ejections (CMEs) of these two subsets. It is found that while Type II burst characteristics
of both subsets are very similar, there are significant differences between flare and CME
properties for these two subsets. Considering all analyzed relationships between the charac-
teristics of Type Ils, flares and CME:s in these two Type II subsets, we conclude that most of
the coronal shocks causing metric Type II bursts are driven by CMEs, but that a fraction of
events are probably ignited by solar flares.
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1. Introduction

Many years of research have demonstrated that large, non-recurrent geomagnetic storms,
shock-wave disturbances in the corona and solar wind, and energetic particle events in in-
terplanetary space often occur in close association with coronal mass ejections (CMEs) and
large solar flares. These two phenomena are the most energetic explosive processes in the
solar system, having a direct effect on the Earth’s magnetosphere and atmosphere. So, the
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study of flares, CMEs, and the associated shock waves is the one of the most important
subjects in the solar-activity research.

The CME/flare associated shock waves, revealed by the Type II solar radio bursts, have
been studied by solar astronomers for more than 50 years. Utilizing the dynamic spectra
of solar radio emission, Wild and McCready (1950) first revealed the existence of slowly-
drifting bursts, which they denoted as Type II radio bursts. The characteristics of Type II
bursts are summarized in Nelson and Melrose (1985), Mann, Classen, and Aurass (1995),
Aurass (1997), and Gopalswamy (2000). The Type II emission is interpreted as the radio
signature of a collisionless magnetohydrodynamic shock wave propagating throughout the
solar corona (Uchida, 1960).

The shock waves can be caused either by flares or CMEs (Smerd, Sheridan, and Stewart,
1975; Gopalswamy et al., 1998; Cliver, 1999; Vrsnak and Cliver, 2008). In order to un-
derstand the association of Type IIs with flares and CMEs, many investigations have been
recently made on solar eruptive events (see, e.g., Reiner et al., 2001; Gopalswamy et al.
2001a, 2001b). It is generally accepted that the interplanetary Type IIs are driven by CMEs
(decameter-hectometic and kilometric Type IIs). On the other hand, the source of coronal
Type IIs (metric range) is still under debate. For example, VrS$nak et al. (1995) and Shan-
mugaraju et al. (2003) showed that the occurrence of most of metric Type IIs are closely
temporally related to the peak time of flares. Recently, Shanmugaraju et al. (2005) and Sub-
ramanian and Ebenezer (2006) investigated a number of multiple (mostly doublet) Type Ils.
They suggest that the source of the first-component Type II may be generated by flare or by
CME, whereas the second-component Type II may be caused by CME front and/or flank.
So, to resolve this controversy, the sources of coronal shock have to be further investigated
(Vrs$nak and Cliver, 2008).

In this paper we considered a relatively large sample of 147 Type II events observed
between January 1997 and December 2006. Our main goal is to study properties of flares
and CMEs associated with these events, aiming to get an insight into the characteristics
of flare/CME events causing coronal shocks. Out of many Type II events reported during
the period 1997 — 2006 in the Solar Geophysical Data (ftp://ftp.ngdc.noaa.gov/STP/SOLAR_
DATA/SOLAR_RADIO/SPECTRAL) by the Culgoora Observatory, we have selected a sample
of 147 Type II radio bursts on the basis of the following criteria:

i) the starting time, ending time, starting frequency and ending frequency should be cer-
tain;
i) the starting frequency must be below 500 MHz;
iii) all the Type II events should have both fundamental and harmonic signatures;
iv) the location of the related flare must be identified.

The criteria i) —iii) are used to select clear events in which the properties of Type IIs can
be determined. For example, in cases where the starting frequency is higher than 500 MHz
and in cases where only fundamental/harmonic exists, the identification of starting value
is not certain. Since the second harmonic of the Type II burst is generally more intense
than the fundamental, and the ending frequency of the fundamental band is often below
the ionospheric cut-off frequency, we only considered events for which both fundamental
and harmonic emissions were observed. In addition, most of the Type II bursts occur within
30-300 MHz (Nelson and Melrose, 1985) and we have considered an upper limit to the
starting frequency as 500 MHz. The associated flares and CMEs were identified on the
basis of temporal relationship, i.e., by using a time window of +/— 30 minutes for flares
and a time window of 60 minutes before the first detection of CMEs by the LASCO-C2
(http://cdaw.gsfc.nasa.gov) (Brueckner et al., 1995).
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Table 1 Properties of Type II radio bursts.

Groups Starting frequency Shock speed Bandwidth Duration  Drift rate
(MHz) (kms™ 1 ) (MHz) (minutes) (MHz s1 )

Group 1 Average 175 871 126 10 0.25

(88 events) (Median) (175) (800) (112) (10) (0.19)
Standard deviation 76.41 421 73.68 5.83 0.19

Group IT Average 175 698 108 9 0.28

(59 events) (Median) (160) (650) (90) ) (0.16)
Standard deviation 85.96 236 71.5 5.32 0.30

We have classified these 147 events into two groups: Group I, representing the events
where the onset of Type II must be within the associated flare’s impulsive phase (88 events);
Group II, representing Type IIs that started during the associated flare’s decaying phase (59
events). Note that none of the considered Type II bursts started during the flare precursor
phase.

2. Results
2.1. Type II Bursts

The duration (7y), drift rate, bandwidth, starting frequency (F;), ending frequency (Fe),
and the related shock speed (estimated using Newkirk’s density model, Newkirk, 1961) are
examined and their distributions are presented in Figure 1a—f, respectively. As seen in these
plots, there is no difference between Group I and Group II Type IIs.

A summary of the average and median values of the Type II burst properties are given
in Table 1. Inspecting Table 1, one finds that there are practically no differences in starting
frequencies, durations, and drift rates of Type IIs of Group I and II. The difference of mean
bandwidths is of very low statistical significance, P = 85%. The only statistically significant
difference (P > 99%) is found for shock speeds.

Finally, we correlated the basic properties of Type IlIs: starting frequency and drift rate,
starting frequency and shock speed, starting frequency and duration of Type IIs, to establish
empirical relationships between these parameters. The results are presented in Figure 2,
showing that there are no significant differences between Group I and Group II Type IIs. In
both Groups the only statistically significant correlation (P > 99%) is found between the
drift rate and the starting frequency.

2.2. Properties of the Associated Flares

Next, we have studied properties of soft X-ray flares associated with the two classes of Type
IIs; their distributions are shown in Figure 3. The statistical properties are summarized in
Table 2. It can be seen that there are significant differences between the flare distributions for
the two classes. For example, the Group I events are associated with flares of significantly
longer durations, rise times, and decay times (P > 99%).

Furthermore, Group I flares are, on average, stronger, since more M-class flares are found
in Group I than in Group II, where there are more C-class flares (Figure 3b).
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Figure 1 (a) Distribution of Type II duration in Group I and Group II. (b) Distribution of Type II drift rate
in Group I and Group II. (c) Distribution of Type II bandwidth in Group I and Group II. (d) Distribution of
Type 1I starting frequency in Group I and Group II. (e) Distribution of Type II ending frequency in Group I
and Group II. (f) Distribution of Type II shock speed in Group I and Group II.

In Figure 4 the distribution of delays between Type II and flare start are shown. In both
the classes, the delay is the same on average. The delay time between Type II start and flare
peak time are shown in Figure 5. In the left panel delay times (Type II start—flare peak)
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Figure 1 (Continued)

Table 2 Properties of solar flares.

Groups Type I Type II Flarerise  Flare Flare
onset time — onset time — time decay duration
flare onset flare peak (minutes)  time (minutes)
time (minutes)  time (minutes) (minutes)

Group I Average 11 —-7.8 19 16 36

(88 events)  (Median) 9) (—6) (16) (14) (33)

Standard deviation 7.5 8.4 11.5 10.99 20.2

Group II Average 12 2.6 10 10 20

(59 events)  (Median) (10) (1) ®) ®) 17

Standard deviation 7.0 3.6 7.7 8.5 13.5

are negative, because Type IIs in this group of Type II bursts, by selection, occur before
the flare peak time. Analogously, all delays are positive in the right panel. For Group I the
distribution peaks at the —5 minutes bin and in Group II most of events are found in the
range from O to +5 minutes.

Next, we studied the correlations between the properties of Type II bursts and the proper-
ties of flares. The results are shown in Figures 6a and 6b. For example, the strong correlation
(P > 99%) between the flare rise time and the delay of the Type II onset after the flare be-
ginning is clear from Figure 6a. A weak anti-correlation between the flare rise time and
starting frequency of Type II bursts is seen in Figure 6b. The power-law fits in Figure 6b
are characterized by the statistical significances P > 96% and P > 99% for Group I and
Group II, respectively. A similar anti-correlation was found by VrS$nak (2001). Note that
both groups of Type II exhibit similar relations with flare rise time.
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Figure 2 Correlation between (a) starting frequency and drift rate of Type IIs; (b) starting frequency and
shock speed of Type IIs; (c) Type II duration and starting frequency in Groups I and II (left and right columns,
respectively).

2.3. Association with CMEs

For 77 events out of 88 Group I Type 1I bursts, there are associated CMEs (no CME reports
for 11 cases due to SOHO data gaps) and 45 events out of 59 Group II Type II bursts (no
CME reports for 14 cases). The average CME speed was 806 kms~! for Group I sample,
in contrast to 536 kms~! for Group II sample. The distribution of time differences between
the start of Group I Type II and Group II Type II bursts and the onset of CMEs are shown
in Figure 7. The onset time of CME:s at one solar radius was determined using the constant-
speed back-extrapolation method and listed in the online LASCO catalog. For Group I Type
II bursts, the distribution of time differences between the Type II start and the CME onset
peaks at +10 min. For the Group II Type Ils, the distribution peaks at 420 min.
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Figure 3 Distribution of (a) soft X-ray flare durations; (b) soft X-ray peak-fluxes; (c) soft X-ray flare rise
times; (d) soft X-ray flare decay times in Groups I and II (left and right column, respectively).
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Figure 4 Delays of the Type II burst onset after the flare onset in Group I and Group II.
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Figure 5 Delays of the Type II burst onset after the flare peak in Group I and Group II.
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Figure 6 (a) Correlation between flare rise times and the delay of the Type II onset after the flare onset for

Group I and Group II. (b) Correlation between flare rise times and the Type II starting frequencies in Group
I and Group II.

This difference does not seem to be a significant one due to the following. The CME on-
set time is the most basic parameter to investigate the relation between flares and CMEs. In
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Figure 7 Delay of Type II start after the CME onset in Group I and Group I.
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Figure 8 Distribution of CME speeds associated with Group I and Group II.

physical sense, the onset time of a CME should be defined as the beginning of the accelera-
tion phase (see, e.g., VrSnak et al., 2007, and references therein). However, the onset time de-
fined in this manner is difficult to measure since CMEs originate below the LASCO C2 field
of view (FOV). It can be estimated only if there are low-coronal signatures of the CME, e.g.,
expanding EUV structures, or eruptive prominences. Unfortunately, such data are not avail-
able for most of the CMEs. Thus, in statistical studies the CME onset is most often estimated
by the linear back-extrapolation of the CME trajectory measured in the LASCO C2 and C3
FOV to the solar surface. Such a method obviously has a serious drawback since it does not
take into account the effect of the CME acceleration (see, e.g., Harrison and Sime, 1989;
Harrison et al., 1990). This can lead to an erroneous estimate of the onset time, especially
in the case of gradual CMEs whose acceleration is prolonged into the LASCO C2 and C3
FOVs. However, the situation is much better in the case of fast CMEs, such as those con-
sidered in our analysis. In such events the acceleration phase is usually short, which reduces
the errors. Furthermore, there are two effects that compensate each other. The presence of
the acceleration phase implies that the back-extrapolated onset time should be delayed with
respect to the real start of the acceleration phase. On the other hand, CMEs are launched
from R > 1, i.e., the erupting structure is characterized by some initial height, which com-
pensates the previously mentioned delay. Interplay of these two effects reduces the error of
the back-extrapolated onset time, so that for fast CMEs it is typically within 10 min (see
Figure 4 in MariCic et al., 2004, or Figure 2 in Vr$nak et al., 2007).

Figure 8 shows the distribution of the CME velocities. For CMEs associated with Group
I Type IIs, the speeds of CMEs vary from 250 to 2000 km s~!. The mean value is 806 km s ™!
with standard deviation 571 kms~!. We have found that the CME speed is weakly corre-
lated (R = 0.35; P > 99%) with the estimated shock speed of Class I Type IIs (Figure 9, left
panel). For CMEs associated with Group II Type IIs the CME speeds vary from 250 km s~!
to 1000 kms~!. Compared to CMEs associated with Group I, the mean velocity is signif-
icantly lower for Group II (536 kms~' with standard deviation 234 kms~') and most of
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Figure 10 Distribution of CME widths in Group I and Group II.

these CMEs have speeds lower than 900 kms~!. For this Group I, in contrast to Group I,
the CME velocities are not correlated at all with the estimated shock speed (Figure 9, right
panel). Note that also Type II burst shocks are faster in Group I than in Group II (P > 99%;
see Table 1).

Most of the CMEs from our sample decelerate, with mean acceleration around —10 ms™
for both Group I and Group II samples. This is similar to the value of —5 ms~2, found by
Lara et al. (2003), who also considered CMEs associated with metric Type II radio bursts.
The CME widths associated with metric Type II bursts are found in the range between 50
and 360 degrees (Figure 10). In particular, 26% of Group I events were halo CMEs (360
degree width), in contrast to Group II sample, where we find only 7% of halo CMEs.

2

3. Discussion and Conclusion

Though the two classes of Type IIs appear at different phases of their associated flares,
the physical properties of both Type II classes tend to be very similar. For example,
both have starting frequencies ~ 150—-200 MHz, duration ~ 10— 15 min, and drift rate
~0.1-0.3 MHzs!. There are only small differences in estimated shock speeds (800 and
700 kms~!) and bandwidths (126 and 108 MHz).

On the other hand, there are significant differences in the associated soft X-ray flares and
CMEs of Group I and II. For example, the rise time, decay time, and duration of Group I
flares are longer and the peak flux is higher than in the case of Group II. That is, while
Group I Type IIs are associated with longer-duration and stronger flares, Group II Type IIs
are associated with shorter-duration and weaker flares. So, given the similarity of Type IIs of
both classes, it can be concluded that the appearance of shock during or after the impulsive
phase is simply a matter of probability, since in the case of longer impulsive phase (i.e.,
longer rise time) it is more probable that the shock will appear within the flare rise.
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This further implies that characteristics of shocks causing Type II bursts do not depend
much on the overall properties of the associated flares. The only relevant flare parameter is
the flare rise time, which determines the time delay of the Type II after the flare onset (Fig-
ure 6a) and to a certain degree its starting frequency (Figure 6b). This means that Type II
bursts associated with more impulsive flares have shorter delays and higher starting frequen-
cies, i.e. the shock is formed sooner and at lower heights (see also VrSnak, 2001 and Vr$nak,
Magdaleni¢, and Aurass, 2001). Note that such a relationship is consistent with the relation-
ship between the acceleration phase of the source-region expansion and the time/distance
needed for the shock formation (Vr$nak and Lulic, 2000 and Zic e al., 2008).

Similar to flares, CMEs of both classes of Type IIs show significant differences. For
example, the range of velocities and the mean speed are larger for Group I CMEs, and they
are of larger widths on average.

In addition, the distribution of delays between the start of Type IIs and onsets of CMEs
in Group I peaks at ~ 10 min (Figure 7, left panel), whereas in Group II, the distribution
shows maximum at ~ 20 min (Figure 7, right panel). Given that Group II CMEs are slower,
this would imply that the shock-formation time depends on the CME speed, which directly
relates shocks to CMEs (for the relation between the driver speed and the time/distance of
the shock formation see Zic et al., 2008). Since a faster CME implies also a shorter shock-
formation time, the shock-formation height (i.e., the Type II starting frequency) should be
similar to that of slower CME and longer shock-formation time. This is compatible also
with the fact that the shock-formation time is correlated with the duration of the flare im-
pulsive phase (Figure 6a), since the CME acceleration phase is usually synchronized with
the flare impulsive phase (Zhang et al., 2001; Shanmugaraju et al., 2003; MariCi¢ et al.,
2004, 2007; Temmer et al., 2008; for the relationship between the driver acceleration and
the time/distance of the shock formation see Zic et al., 2008). In this respect, we note that
Group I Type IIs are somewhat faster than Group II Type Ils, consistent with higher CME
speeds in Group I sample. However, lack of clear correlation between the CME speed and
the shock speed (Figure 9) implies that at least a fraction of Type II burst shocks are caused
by flares, degrading the CME-speed/shock-speed correlation, while not affecting the rela-
tionship between the flare rise time and the shock-formation time and starting frequency.
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