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Abstract

We compare the near-Sun and near-Earth manifestations of solar eruptions that
occurred during November 1994 to June 1998. We compared white-light coronal
mass ejections, metric type II radio bursts, and extreme ultraviolet wave
transients (near the Sun) with interplanetary (IP) signatures such as
decameter-hectometric type II bursts, kilometric type II bursts, IP ejecta, and
IP shocks. We did a two-way correlation study to (1) look for counterparts of
metric type II bursts that occurred close to the central meridian and (2) look for
solar counterparts of IP shocks and IP ejecta. We used data from Wind and
Solar and Heliospheric Observatory missions along with metric radio burst data
from ground-based solar observatories. Analysis shows that (1) most (93%) of
the metric type II bursts did not have IP signatures, (2) most (80%) of the IP
events (IP ejecta and shocks) did not have metric counterparts, and (3) a
significant fraction (26%) of IP shocks were detected in situ without drivers. In
all these cases the drivers (the coronal mass ejections) were ejected transverse to
the Sun-Earth line, suggesting that the shocks have a much larger extent than
the drivers. Shocks originating from both limbs of the Sun arrived at Earth,
contradicting earlier claims that shocks from the west limb do not reach Earth.
These shocks also had good type II radio burst association. We provide an
explanation for the observed relation between metric, decameter-hectometric,
and kilometric type IT bursts based on the fast mode magnetosonic speed profile
in the solar atmosphere.



1. Introduction

Solar eruptions are violent activities that
dump huge amounts of energy into the in-
ner heliosphere in the form of coronal mass
ejections (CMEs), flares, prominence erup-
tions, energetic particles, and shock waves.
Of these, shock waves are of particular in-
terest because they produce radio emission
at various distances from the Sun starting
from the inner corona to the orbit of Earth
and beyond. Shocks also accelerate solar en-
ergetic particles and produce storm sudden
commencement at Earth. Close to Earth,
shocks can be detected in situ by spacecraft in
the solar wind. The shocks at 1 AU are almost
always associated with fast CMEs [Sheeley et
al., 1985; Cane et al., 1987]. However, the
association between shocks and CMEs is not
so clear near the Sun. Although CME events
have been well studied in the near-Sun and
near-Earth domains, very few works deal with
the relation between the two domains [Gopal-
swamy et al.,1998; Reiner and Kaiser, 1999].
In this paper we explore the relation between
what we know in these two domains using a
set of well-observed solar eruptive events.

One of the current issues in the study of
solar eruptions is that there is minimal over-
lap between coronal and interplanetary (IP)
shock populations [Gopalswamy et al.,1998 ;
Cliver et al., 1999]. Even though both popu-
lations are of solar origin, the coronal popu-
lation does not seem to result in the IP pop-
ulation. To understand the relation between
coronal and IP shocks, we need to consider
events from all positions in the Sun-Earth
connected space: type II bursts, CMEs, IP
ejecta, and IP shocks detected in situ. For-
tunately, we have a large array of space- and
ground-based instruments which gather data
on all these phenomena so we can better re-
late the near-Sun and near-Earth manifesta-
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tions of solar eruptions. In a previous at-
tempt, Gopalswamy et al. [1998] (hereinafter
referred to as paper 1) started with metric
type II bursts and looked for (1) their conti-
nuity in the decameter-hectometric (DH) win-
dow newly opened by the Wind/WAVES ex-
periment [Bougeret et al., 1995], and (2) IP
shocks detected in situ. They also performed
a reverse correlation by searching for metric
type II bursts 1-5 days prior to the detection
of TP shocks. Both searches ended in a nega-
tive result, on the basis of which it was con-
cluded that the shocks responsible for metric
type II bursts and the IP shocks are of inde-
pendent origin. No radio burst occurred in
the outer corona (the DH spectral domain)
during the study period considered in paper
1. Since then, a large number of type II bursts
have been observed in the DH domain [Gopal-
swamy et al., 1999a; 2000b; Kaiser et al.,
1998; Reiner and Kaiser, 1999] and IP shocks
have been detected in situ, so we can revisit
the issue with a much larger data set.

Since the launch of Wind in November
1994, the WAVES experiment detected 70
events until June 1998 which represent shock
waves and/or mass motions far away from
the Sun. This data set represents an im-
portant source to identify disturbances leav-
ing the Sun (which are important for space
weather applications). Twenty-seven of these
70 events produced radio signatures in the
previously unexplored frequency regime (1-
14 MHz) which serve as a bridge to under-
stand the evolution of metric radio phenom-
ena as they propagate into the IP medium.
There were 51 kilometric type II bursts, due
to shocks propagating far into the IP medium,
close to Earth. Most of the WAVES events
were type II bursts, and in a very small num-
ber of cases type IV bursts were also observed.
We make use of these radio bursts in probing



the relationship between near-Sun and near-
Earth manifestations of solar eruptions.

2. Data Selection

Our study period starts from the launch
of Wind spacecraft in November 1994 and
ends in the middle of June 1998 when the So-
lar and Heliospheric Observatory (SOHO) be-
came temporarily disabled. Combining SOHO
and Wind data has proved to be a powerful
means of studying the origin and interplane-
tary propagation of solar disturbances. The
data set used in this study consists of the fol-
lowing four major components:

The first is metric, DH, and kilometric type
IT radio bursts. We collected all the metric
type II bursts reported in the Solar Geophys-
ical Data for our study period. These bursts
were observed by ground-based radio tele-
scopes at various observatories from around
the world. There were in all 137 type II
bursts. The ground-based instruments cover
a frequency range of ~18-2000 MHz. The DH
and kilometric type II bursts were recorded by
the WAVES experiment on board the Wind
spacecraft. The WAVES experiment consists
of two receivers, RAD1 (20-1040 kHz) and
RAD2 (1.075-13.825 MHz), that detect kilo-
metric and DH radio emissions, respectively.
The RAD2 spectral domain is just below the
metric domain and hence bridges the long-
existing gap between the kilometric and met-
ric domains.

The second component is white-light CMEs.

SOHO mission’s Large-Angle and Spectro-
metric Coronagraph (LASCO) [Brueckner et
al., 1995] detects CMEs in the range 1.1-30
R, using its three telescopes, named C1 (1.1-
3 R,), C2 (1.5-6 R), and C3 (3.5-30 R,).
The LASCO began recording CMEs in Jan-
uary 1996 and has accumulated more than
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800 CMEs until June 1998. Out of these, 638
CMEs had good measurements of properties
such as speed, position angle (PA), and width
[St. Cyr et al., 2000]. The CMEs constitute
one of the primary near-Sun manifestations
of solar eruptions, others being flares, promi-
nence eruptions, and metric type II bursts.

The third component is IP events. On
the basis of data from the Wind spacecraft’s
Solar Wind Experiment (SWE) [Ogilvie et
al., 1995] and Magnetic Fields Investigation
(MFI) [Lepping et al., 1995], a catalog of IP
events is maintained by the Science Planning
and Operations Facility (SPOF) of the In-
ternational Solar-Terrestrial Physics (ISTP)
group at the NASA Goddard Space Flight
Center [Acunia et al., 1995]. The SPOF cat-
alog consists of all significant IP signatures.
We searched for IP events of solar origin such
as magnetic clouds (MCs), other ejecta (E),
and IP shocks. The main difference between
MCs and Es is that the former have a flux-
rope magnetic field structure [e.g., Burlaga et
al., 1981]. In the present paper, IP ejecta
refers to all ejecta, irrespective of their mag-
netic structure. We identified 49 IP events
during the study period, 46 of which had IP
shocks preceding them. There were 37 IP
ejecta (29 MCs and 8 Es) and 13 isolated
IP shocks with no associated IP ejecta. IP
shocks preceded 27 MCs and all but one of
the Es. This represents a large population of
IP shocks compared with only three in the
study period of paper 1.

The fourth component is flares. We used
temporal, positional, and brightness informa-
tion of flares associated with the radio bursts
from the Solar Geophysical Data. We also
used EUV images from SOHO’s extreme ul-
traviolet imaging telescope (EIT) [Delabou-
diniere et al., 1995] to verify the flare location
and transient activity near the solar surface.



The EIT data are also used to discriminate
between frontside and backside CME events
observed by LASCO. A typical EIT event
consists of one or more of the following signa-
tures: an EIT wave, an EUV dimming, and
posteruption arcade formation [Thompson et
al., 1998; Gopalswamy and Thompson, 2000,
and references therein|. The images used in
this study have a cadence of ~15 min ob-
tained in the 195-A band, which corresponds
to a coronal temperature of ~1.5 MK.

3. Analysis and Results

Our analysis consists of the following three
parts: (1) We start from metric type II bursts
that occur on the solar disk and search for
counterparts in the IP medium such as DH
type II bursts, kilometric type II bursts, and
IP ejecta observed in situ. (2) We start from
the cataloged IP events and search for metric,
DH, and kilometric type II bursts. (3) We
start from DH type II bursts and search for
metric type II bursts (near the Sun) and kilo-
metric type II bursts and in situ IP events.
For steps 2 and 3 we relaxed the constraint
that metric type II bursts must be disk events.
In this analysis we assume that the maximum
time taken by a solar disturbance to reach 1
AU to be ~5 days and we assume the mini-
mum time to be ~1 day.

3.1. Metric Type II Bursts, CMEs,
and IP Events

Out of the 137 metric type II bursts, we
selected those events that occurred close to
the Sun center (central meridian distance <
60°) because these are expected to be associ-
ated with Earth directed disturbances. Coro-
nal shocks responsible for the metric type II
bursts on the disk are likely to be detected
as the IP shocks if the two populations are
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the same. The simplest thing to do is to see
whether IP shocks were detected at 1 AU 1-5
days after the metric type II burst. We give
primary importance to in situ shocks because,
radio emission in the IP medium has to satisfy
other constraints such as electron acceleration
by the shocks, production of plasma waves by
the energetic electrons, and the conversion of
plasma waves into electromagnetic radiation
detected as type II bursts.

We found 44 metric type II bursts that can
be regarded as disk events (see Table 1). In
columns 2, 3 and 4, we have listed the date,
starting frequency (fs), in megahertz, and the
onset time, respectively, for each of the type
IT bursts. In columns 5-8, we have listed the
starting and ending times, heliographic loca-
tion, NOAA active region number, and the
X-ray/optical importance of the associated
flare. When there is no optical flare reported,
we have given just the X-ray importance. If
a LASCO CME is associated with a metric
type II burst, we have listed the CME speed
in column 9, with an additional letter H if it
was a halo CME. Halo CMEs first detected
by Howard et al. [1982] appear to surround
the occulting disk because they propagate to-
ward or away from Earth. CMEs with widths
exceeding ~120° are listed as halo CMEs. If
there was no reported CME, we have marked
N, for no in column 9, while ND (no data)
and DG (data gap) denote lack of data. In
column 10, we have stated whether there was
an associated DH type II burst (Y for yes; N
for no); a question mark is added for those
cases in which the association is fortuitous.
Month/day in column 11 identifies the kilo-
metric type II burst within the expected time
window (1-5 days) following the metric type
IT burst, while N denotes that there was no
kilometric type II burst. In column 12, infor-
mation on the associated IP ejecta is listed:



N means no IP ejecta; MC means magnetic
cloud; E means ejecta without flux rope struc-
ture; and S means IP shock; when an IP event
was found within 1-5 days after the metric
type II burst, we have listed the month and
day of the event. For example, MC/S 5/15
means a magnetic cloud with IP shock was
detected in situ on May 15, 1997, following
the metric type II burst of May 12, 1997. En-
tries with a question mark do not have an ac-
tual association with the metric type II bursts
(see later).

3.2. Metric Type 11 Bursts and Flares

All the type II bursts were associated with
active region flares, except for the May 19,
1998, event, which was a purely filament erup-
tion event but had a weak GOES flare. The
GOES flare listed in the Solar Geophysical
Data was from the southwest quadrant, while
the filament eruption was from the northwest
quadrant. The filament eruption was associ-
ated with a CME. This also is the only event
in which the flare started after the type II on-
set. In all other cases the type II burst onset
followed the GOES flare onset by at least a
few minutes (compare columns 4 and 5 in Ta-
ble 1). In all the cases the flares were from
identified active regions (see Table 1). We can
also see that the metric type II bursts origi-
nated from 26 different active regions, sug-
gesting that some active regions are prolific
producers of metric type IT bursts. The X-
ray importance of flares ranged from B to X,
while the optical importance also had the full
range from subflares to 3B. Thus the intimate
relationship between flares and type II bursts
is confirmed, although the nature of the rela-
tionship is still not clear.
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3.3. Metric Type II Bursts and CMEs

The SOHO mission had data coverage only
for 32 metric type II bursts listed in Table
1. Out of the 32 metric type II bursts, 21
(66%) were associated with CMEs detected
by SOHO coronagraphs. Since these are disk
events, it is somewhat difficult to detect the
associated CMEs by coronagraphs. However,
most of these metric type II bursts were as-
sociated with EIT waves. Cliver et al. [1999]
concluded that almost all the metric type II
bursts during the Solwind period were in-
deed associated with CMEs, supporting ear-
lier conclusions by Munro et al., [1979] and
Gosling et al., [1976]. Details of the asso-
ciation between white-light CMEs and met-
ric type II bursts during our study period
is reported elsewhere (E. W. Cliver et al.,
manuscript in preparation, 2000).

The close association between metric type
IT bursts and white-light CMEs is taken to
suggest that CMEs are fast enough to drive
coronal shocks. In Figure 1 we have shown
the speed distribution for three populations
of LASCO CMEs: all CMEs with measurable
speeds (Figure la), CMEs associated with
metric type II bursts (Figure 1b), and CMEs
associated with metric type II bursts that oc-
curred close to the limb (Ha flare longitudes
> 60°) (Figure 1c). There is virtually no dif-
ference between the populations in Figures 1b
and lc, while they substantially differ from
the population in Figure la. This definitely
suggests that the CMEs with type II bursts
are slightly faster as a class. In the past,
CMEs with type II bursts were found to have
speeds exceeding 400-550 km s™' [see, e.g.,
Gosling et al., 1976]. The present data (Fig-
ure 1) show that a large number (13/26 or
50%) of CMEs with type II bursts have speeds
<500 km s~ t. Moreover, the speeds of CMEs
with type II bursts had a lower cutoff of ~250



km s~!, which is considerably lower than 400

km s~! obtained by Gosling et al. [1976]. Our
low-speed cutoff is accurate because we have
considered limb events separately for which
the CME speed measurement is free from pro-
jection effects.

Most of the type II bursts without CMEs,
however, were associated with EI'T wave tran-
sients. It is now known that almost all of the
metric type II bursts are associated with EIT
waves [Klassen et al., 2000]. At least half of
these EIT waves associated with the CME-
less type II bursts were “brow waves,” which
may be the shock waves responsible for type
IT bursts [Gopalswamy et al., 2000c; Gopal-
swamy and Thompson, 2000]. The brows are
typically located to the equatorial side of the
associated active regions. Figure 2 shows an
example of the brow wave that occurred on
November 3, 1997, at 0912 UT (event 32 in
Table 1). Clearly, the outermost structure
from the eruptive region is a brow wave. We
see that the brow wave is located outside the
active region (toward the equator) at the time
of the metric type II burst.

We also note that the metric type II bursts
with no associated CMEs had also no associ-
ated DH or kilometric type II bursts. (There
was a kilometric type II burst for event 39
in Table 1, but the association is fortuitous
because the kilometric type II was actually
associated with event 40.)

3.4. Metric Type II Bursts and IP
Events

The last three columns in Table 1 show
all the possible associations of metric type
IT bursts with IP signatures: DH type II
bursts, kilometric type II bursts, and in situ
IP events. The DH type II bursts are not ex-
actly interplanetary, but outer coronal; they
serve as the earliest indication that the dis-
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turbance from the solar eruption is moving
beyond ~2 R, from the Sun. We now discuss
the association of metric type II bursts with
each one of these signatures.

3.4.1. DH type II bursts. We note
that only eight out of the 44 metric type II
bursts (18%) were associated with DH type
IT bursts. The last two metric type II bursts
(events 43 and 44 in Table 1) had DH type II
bursts in the appropriate time window, but
they are known to be associated with other
eruptions that did not produce metric type II
bursts [Gopalswamy et al., 2000b]. Even in
those cases with DH and metric type II as-
sociation, the relationship can be quite com-
plex [Kaiser et al., 1998; Gopalswamy et al.,
1999a; Reiner and Kaiser, 1999; Reiner et al.,
this issue].

3.4.2. Kilometric type II bursts. There
were 11 kilometric type II bursts in the appro-
priate time windows following the metric type
IT bursts (Table 1, column 11). However, the
number of kilometric type II bursts that oc-
curred during the study period is much larger
(51). A vast majority of them did not have
associated metric type II bursts. Therefore,
at least in some of the 11 cases, the associ-
ation may be fortuitous. Since we have not
completed identifying the solar sources of all
the 51 kilometric type II bursts, we cannot
say how many of the 11 kilometric type II
bursts within the expected time windows of
metric type Il bursts are fortuitous. What
we can definitely say is that the upper limit
for the fraction of metric type II bursts associ-
ated with kilometric type II bursts is ~25%.
This is much smaller than the 70% associa-
tion found between kilometric type II bursts
and metric type II bursts by Cane and Stone
[1984]. We shall discuss this discrepancy in a
later section.



3.5. Metric Type II Bursts and IP
Events

In Table 1 we see that there were only
eight different IP ejecta within the anticipated
time windows of nine different metric type II
bursts. This is a small overlap considering
the large number of IP ejecta (37) and metric
type II bursts (44) detected during the study
period. This in itself is a poor association.
When we made careful matching of the metric
and the in situ events, we found that about
half of the associations were fortuitous. We
discuss these events individually so we can as-
sess the actual extent of positive association
between metric and IP events.

3.5.1. February 8, 1995, MC. This
MC was in the appropriate time window of
the February 4, 1995, metric type II burst.
There were a few disappearing solar filaments
(DSF's) associated with this MC. Since DSF's
are usually associated with CMEs, it is dif-
ficult to unambiguously associate the metric
type II burst with the MC. The SOHO ob-
servations began only in January 1996, so no
CME data are available for this event.

3.5.2. October 10, 1997, MC. This
MC occurred 33 hours after the metric type
IT burst on October 9 at 1158 UT. Near the
Sun the metric type II burst was associated
with a CME which had a speed of only 233
km s~'. It is highly unlikely that such a slow
CME was able to reach 1 AU in 33 hours. The
October 10 MC was indeed associated with
the October 6, 1997, halo CME from 54°S,
46°E with no associated metric type II burst
[Gopalswamy et al., 2000a].

3.5.3. November 7, 1997, MC. This
MC has five potential matches from the met-
ric domain (three on November 3, 1997, and
two on November 4, 1997: events 31-35 in
Table 1). At least three of these metric
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type II bursts were associated with white-
light CMEs, and two of them had associated
DH type II bursts (the November 3, 1997,
event at 0437 UT and the November 4, 1997,
event at 0558 UT). Unless the November 7
MC is due to a combination of all these CMEs
and type II bursts, the November 4 halo CME
seems to be the likely solar source of this MC
[Gopalswamy et al., 2000a]. Then the correct
metric type II burst to be associated with the
MC is the one on November 4 at 0558 UT
(event 34 in Table 1).

3.5.4. May 2, 1998, MC. This is one
of the few MCs that did not have an associ-
ated IP shock. There were two possible met-
ric type II bursts on April 29, 1998 (events 39
and 40 in Table 1), in the expected time win-
dow of this MC. The first one, at 0831 UT,
did not have an associated CME, while the
second one, at 1622 UT, was associated with
a halo CME. The MC seems to have origi-
nated from this halo CME, so the appropriate
metric type II is the one on April 29 at 1622
UT. The May 4, 1998, IP ejecta (E) is also
within the time window of these metric type
IT bursts but is known to be associated with
the halo CME of May 2, 1998, which had no
associated metric type II burst [Gopalswamy
et al., 2000a].

3.5.5. June 24, 1998, MC. This was
another MC without a shock at 1 AU and
was in the time window of the metric type II
events 43 and 44. The solar source seems to
be the interconnecting loop CME of June 21,
1998, with no metric type II burst.

Thus only four out of the 44 type II bursts
(9%) seem to have a positive association with
IP ejecta. These are the metric type II bursts
on April 7, May 12, and November 4 (at 0558
UT) in 1997 and on April 29 (at 1622 UT) in
1998. All the four events consisted of large-
scale halo CME events. Moreover, all the



events except the one on April 29, 1998, had
DH and kilometric type II events. These re-
sults suggest that the metric type II bursts
are poor indicators of IP signatures at least
for the 3-year period (November 1994 to June
1998) considered in this work, consistent with
our previous conclusions in paper 1. From Ta-
ble 1 we also see that these four “end-to-end”
events were associated with only weak flares:
Three of them were C-class flares, while only
one was M-class. On the other hand, we see
many metric type II bursts associated with
M-class flares but not followed by IP ejecta.
The soft X-ray flare durations of the end-to-
end events ranged only from 10 to 53 min.
The optical flares associated with the end-to-
end events seem to have a higher importance:
3N, 2B, and 3B for the April 7, 1997, Novem-
ber 4, 1997, and April 29, 1998 events, re-
spectively; no classification was reported for
the May 12, 1997, event.

3.6. IP Events and All Metric Type 11
Bursts

In the previous sections we considered only
disk type II bursts, which constitute only
about a third of all metric type II bursts in
the study period. We now perform a reverse
search for possible metric type II associations
within 5 days prior to the IP events. We have
listed all the IP events detected by Wind in
Table 2. In columns 2 and 3 we list the date
and onset time of each IP event, with its type
(MC, E, and S) given in column 3. The speed
of the IP event at 1 AU is given in column 4.
In columns 5-7 the possible associations with
metric, DH, and kilometric type II bursts are
noted (N for no, Y for yes). If there was a
metric type II burst within the appropriate
time window, we have indicated the month
and day of the burst in column 5. If the asso-
ciation is fortuitous, we have added an aster-
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isk in column 5 and included a discussion in
the text as to why we think the association is
not positive. In column 8, we have listed the
solar source of the IP event. We specifically
looked for CMEs. When no CME observa-
tions were made, we searched for DSFs. Halo
CMEs are marked as HCME. The month, day,
and UT times of the solar source are also
given in column 8. In column 9 we have listed
the latitude and longitude of the location of
eruption. In the last column we have listed
the CME speed if available; DG and ND de-
note data gap and no data, respectively. A
question mark in columns 8 and 9 indicates
the associations are less confident.

Note that 46 out of 49 IP events (94%) had
shocks, so it is appropriate to look for metric
type II bursts if these shocks were a continu-
ation of coronal shocks. In looking for metric
type II bursts associated with IP shocks, we
relaxed the criterion that the type II bursts
should be within a central meridian distance
of 60°. Thus we are considering all the 137
metric type II bursts and 49 IP events dur-
ing our study period. Note that the IP events
include 12 isolated shock events without ob-
vious drivers behind them. These shocks ap-
pear isolated or “driverless” because they are
produced by limb CMEs; the spacecraft inter-
cepts only a flank of the CME-driven shocks.

When we searched for metric type II bursts
1-5 days before the onset of the IP events, we
found only six new associations, in addition
to the four associations found in Table 1. All
of these new associations between metric type
IT bursts and IP events are for isolated shock
cases. There were a few additional cases in
which the association between metric type II
bursts and IP events seems to be chance co-
incidence. These cases are discussed below.

3.6.1. September 21, 1997, MC. The
only metric type II burst within the appro-



priate time window of this MC is the one on
September 17, 1997, at 1144 UT, associated
with an M flare at 21°N, 82°W and a LASCO
CME at the appropriate position angle. It is
unlikely that such a limb CME would be de-
tected as an ejecta in situ at 1 AU. Instead,
the MC seems to be due to a halo CME on
September 17, 1997, at 2028 UT from 30°N,
10°W (see Table 2).

3.6.2. October 1, 1997 MC. Three
metric type II bursts were within the time
window of this MC: the September 26, 1997,
burst at 1454 UT (slightly more than 5 days
before the MC; it originated from behind the
east limb, but no obvious white-light CME
was detected), the September 28, 1997, burst
at 0803 UT (behind the east limb; CME was
at PA ~70°), and the September 28, 1997,
burst at 1419 UT (behind the east limb; CME
was at PA ~90°). As we argued before, limb
and backside events are unlikely to be de-
tected as ejecta near Earth. The MC in ques-
tion was most likely associated with the 0108
UT halo CME and DSF on September 28,
1997, from 22°N, 5°E.

3.6.3. October 10 1997, MC. Two
metric type II bursts could be found in the
appropriate time window of this MC. The
first one was on October 7, 1997, at 1249 UT
from behind the west limb and was associ-
ated with a fast (speed, 1300 km s~!) CME
at PA ~240°. This limb CME could not have
caused the October 10 MC. The second one
was on October 9, 1997, at 1158 UT associ-
ated with a slow (speed, 233 km s™!) CME at
PA ~78° the location of the eruption seems
to be 24°N, 36°E. It is unlikely that such a
slow eruption reaches 1 AU in 23 hours. The
MC was in fact associated with the October
6, 1997, halo CME at 1528 UT.

3.6.4. January 24, 1998, S. The Jan-
uary 19, 1998, metric type II burst at 0658
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UT is in the appropriate time window of this
shock. However, the metric type II burst
was associated with a CME at 0733 UT (PA
~290°; speed, 358 km s™!) originating from
behind the northwest limb. The shock is more
likely due to the halo CME with DSF origi-
nating from the southern polar crown region
(57°S, 19°E) on January 21, 1998, at 0637
UT. The IP ejecta from this halo event is
likely to have missed the spacecraft because

of its deeply southern location on the solar
disk.

3.6.5. January 28, 1998, S. Two met-
ric type II bursts were in the right time win-
dow of this shock: The first one was on Jan-
uary 25, 1998, at 2135 UT from 22°N, 53°E,
associated with a fast (speed ~773 km s7!)
CME at PA ~80°. The second one was on
January 26, 1998, at 2227 UT from 15°S,
55°W associated with a CME at PA ~260°
(speed, ~446 km s~'). Although it is diffi-
cult to rule out the association between the
type II bursts and the IP shock, the partial
halo CME on January 25, 1998, at 1526 UT
(from 25°N, 27°E) which had a WAVES type
IT burst (but no metric type II burst) seems
to be the likely source for this shock.

3.6.6. May 2, 1998, MC. There were
two metric type II bursts on April 29, 1998,
that were temporally associated with this
MC. The first one at 0813 UT did not have
a CME event, but an EUV transient was de-
tected at 0805 UT. The second one at 1622
UT (18°S, 20°E), associated with a fast CME
(speed, 1016 km s™!) at 1658 UT seems to be
positively related to this MC. Another met-
ric type II burst on May 1, 1998, at 0726 UT
(associated with a CME at PA ~57° moving
with a speed of ~503 km s™!), was in the right
time window but behind the east limb. It is
unlikely that behind the limb event would re-
sult in an IP ejecta near Earth.



3.6.7. May 4, 1998, MC. The May 1,
1998, metric type II burst discussed above is
in the correct time window, but the position is
not appropriate. The May 2, 1998, halo CME
at 1406 UT seems to be the solar source for
this MC. This halo CME was not associated
with a metric type II burst but produced com-
plex, multiple episodes of a DH type II burst
as detected by Wind/WAVES.

3.6.8. May 15, 1998, S. The type II
burst at 0324 UT on May 14, 1998 (west
limb event, CME at PA ~265°, speed, ~373
km s7!), is too close in time; the transit time
would be only 34 hours. For a limb CME like
this, the projection effect is minimal so the
measured plane of the sky speed (373 km s™1)
is expected to be close to the space speed.
Such a CME would take about 4 days to reach
1 AU [Gopalswamy et al., 2000a]. The CME-
driven shock itself would arrive ~0.5 days be-
fore the CME. Thus the expected transit time
of 3.5 days is too large compared with the
34-hour time difference between the IP shock
and metric type II burst. The correct solar
event associated with the MC in question is
therefore not the type II associated eruption,
but the May 11, 1998, CME at 2155 UT with
DSF close to the west limb. No metric type II
burst, but a DH type II burst, was associated
with this CME.

Thus the total number of positive associ-
ations between metric type II bursts and IP
events is 10 out of 49 (20%). In all the cases
with positive association, however, a large-
scale CME was involved. A large-scale CME
seems to be an essential requirement for a
metric type II burst to be associated with an
IP event. One may conclude that only shocks
driven by large-scale CMEs (wider and faster)
propagate all the way to 1 AU after originat-
ing from near the Sun.
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3.7. Starting With DH Type II Bursts

The DH burst sources are typically located
between the kilometric and metric domains.
We start with the list of DH type II bursts
and search for the metric counterparts on the
one hand and kilometric and IP events on the
other. The DH type II bursts in the spec-
tral range 1-14 MHz could still be considered
as near-Sun manifestations, because the helio-
centric distances to the source regions of these
bursts seem to be 2-4 R, [Reiner and Kaiser,
1999]. There were in all 27 events in the DH
domain during our study period (see Table 3).
All but one of them were type II bursts. The
May 3, 1998, event, a type IV burst, was the
exception. We have listed the dates and on-
set, times of the DH bursts in column 2, while
their association with metric and kilometric
type II bursts is indicated in columns 3 and
4 (N for no; Y for yes). CMEs (columns 5-7)
and flares (columns 8-10) associated with the
DH type II bursts are also listed. In the last
column we have listed the associated IP event
(S, MC, or E). Gopalswamy et al. [2000b]
studied 25 of these events and determined the
characteristics of solar eruptions that resulted
in DH type II bursts. Here we discuss only
the metric and IP consequences of the DH
type II bursts. Table 3 contains two addi-
tional events not given by Gopalswamy et al.
[2000b]. These two events were found retroac-
tively (the 2153 UT event on September 23,
1997, and the 0115 UT event on June 22,
1998). Both of these events occurred close
to the limb, and the IP ejecta were not de-
tected. However, an IP shock associated with
the June 22, 1998, event was detected in situ
on June 25, 1998, and is listed in Table 2.

From the solar sources identified and listed
in column 8 of Table 3, we can see that the
DH type II events are evenly split between
limb (13) and disk (14) events. As before,



we regard an event to be a disk event if the
central meridian distance of the associated so-
lar source is <60°. The single type IV burst
on May 3, 1998, is a disk event. Out of the
14 disk events, seven (50%) had IP signa-
tures and only eight (62%) had metric type
IT bursts. Out of the 13 limb DH type II
bursts, similar fractions were associated with
metric type II bursts (9/13, or ~69%) and IP
events (7/13, or ~54%). The limb DH type
IT bursts seem to have a slightly better as-
sociation with metric type II bursts, but the
sample is not large enough to make a strong
case. The fraction of kilometric type II bursts
associated with DH type II bursts is also sim-
ilar for the limb (7/13, or ~54%) and disk
(7/14, or 50%) events. If we exclude the type
IV event, then all associations are evenly split
between the limb and disk cases.

Thus, out of the 27 DH events, 14 (52%)
had 1-AU counterparts. Only four of these
1-AU counterparts were IP ejecta, and the
remaining 10 were “driverless shocks.” This
means even some disk eruptions produced
only a shock signature near Earth. We can
identify these disk eruptions in Table 3 as the
CMEs on January 21, 1998 (57°S, 19°E), Jan-
uary 25, 1998 (24°N, 27°E) and April 27, 1998
(16°S, 50°E). The average distances from the
disk center of those solar eruptions that re-
sult in IP ejecta were found to be 28° (lon-
gitude) and 17° (latitude) [Gopalswamy et
al., 2000a] (see also Bravo and Blanco-Cano
[1998], who found an average central merid-
ian distance of ~30°). Note that the Jan-
uary 21, 1998, event occurred too far to the
south to be intercepted by the spacecraft.
The April 27, 1998, event had a longitude of
50°E and hence can be regarded as a limb
event [Gopalswamy et al., 1999a). The Jan-
uary 25, 1998, event was relatively close to
the disk center, but it was a filament erup-
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tion event; the preeruption filament was quiet
extended toward the east limb and the associ-
ated CME appeared mostly over the east limb
[Gopalswamy et al., 1999b]. Another interest-
ing point is that roughly the same number of
these “driverless” shocks originated from the
east and west limbs, in contradiction to Cane
[1985], who concluded that “shocks originat-
ing on the west limb do not reach the earth.”

Interestingly, all the 10 metric type II bursts
that had IP association (see Tables 1 and
2) belonged to this subset of 14 DH type
IT bursts with IP signatures. The four DH
type Il bursts without metric type II bursts
started only in the RAD2 spectral domain
(<14 MHz). Thus the association between
type II bursts and IP events increases from
10/49 (20%) to 14/49 (29%) when we include
those starting in the outer corona. When kilo-
metric type Il bursts are included, then the
association between IP events with any one
kind (metric, DH, or kilometric) of type II
bursts increases further.

We must point out that only 14 of the
27 DH type II bursts were associated with
kilometric type II bursts, while there were
51 kilometric type II bursts observed dur-
ing the study period. The identification of
the solar sources of all the kilometric type II
bursts is beyond the scope of this paper. It is
likely that many of the white-light CMEs that
did not produce metric or DH type II bursts
might start driving shocks far into the IP
medium and produce kilometric radio bursts.
An additional possibility is that kilometric
type II bursts may be due to backside events
such that the IP ejecta and shocks do not
reach the spacecraft while the electromagnetic
radiation does [Gopalswamy et al., 2000b)].

From Table 3 we can see that nearly half of
the WAVES/DH type II events did not have
IP signatures. This again could be a com-



bination of the two possibilities: (1) Some
DH type II bursts are similar to metric type
IT bursts except that they occur at slightly
larger heliocentric distances, and (2) shock
flanks from limb CMEs are not extended
enough to be intercepted by the spacecraft.

3.8. Summary of Observational
Results

We started with observations that imply
shocks in each of the three domains of the
Sun-Earth space (the inner corona (from met-
ric type II bursts), the middle corona (from
DH type II bursts) and near Earth (from in
situ observations)) and looked for counter-
parts in the other domains. We found the
following:

1. Only a small fraction (9%) of metric
type II bursts on the solar disk (central merid-
ian distance < 60°) were associated with IP
shocks. A slightly larger fraction of metric
type II bursts were associated with DH type
IT bursts (18%) and kilometric type II bursts
(25%, the upper limit).

2. Conversely, only a small fraction of
IP shocks (20%) were associated with met-
ric type II bursts even after relaxing the con-
straint on the central meridian distance. Note
that there were 137 metric type 11 bursts in all
and 46 IP shocks during the observing period,
yet only 10 events had positive association be-
tween the two domains. The association be-
tween IP shocks and type II bursts increases
slightly to 29% when DH type II bursts are
included.

3. In virtually every case that had metric
type II and IP event association, a large-scale
(width > 120°) CME was involved.

4. A significant number of type II bursts
originated in the DH and kilometric domains
with no metric counterparts.
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5. About half (50%) of the limb type II
bursts were associated with slow CMEs (<500
km s~ !). However, the speeds of limb CMEs
associated with type II bursts had a lower cut-
off at ~250 km s 1.

6. We could not identify a white-light
CME for a significant fraction (34%) of the
disk type II bursts. However, an EIT tran-
sient was observed in all these cases. No other
IP signature DH or kilometric type II burst,
IP ejecta, or IP shock was detected for these
CME-less metric type II bursts.

4. An Explanation for the
Observed Relationship Between
Coronal and IP Shocks

The observed poor correlation between coro-
nal and IP shocks may be attributed to the
nature of the shock driver, the characteris-
tics of the ambient medium through which
the shock propagates, or a combination of
the two. In paper 1, this issue was consid-
ered mainly from the point of view of shock
drivers [see, e.g., paper 1; Cliver et al., 1999].
In this section we present an alternative ex-
planation based on the Alfven speed profile
in the corona and in the IP medium. From in
situ observations, we know that the Alfven
speed is very low compared with the solar
wind speed, so the solar wind speed is the pri-
mary characteristic speed in deciding shock
formation.

In the equatorial low corona (<2 R;), un-
der solar minimum conditions, the solar wind
is not fully formed. The relevant characteris-
tic speed is therefore the Alfven speed (or the
magnetosonic speed). Typical Alfven speed
at the coronal base for a magnetic field of 1
G and a density of ~5 x 108 cm™2 is ~175
km s~! while the sound speed (Vs) is about
110 km s !. Since Vi? = V4?2 + Vi?, we



get the fast mode magnetosonic speed (V) as
~207 km s~!. On the other hand, the Alfven
speed in active regions is much higher in the
low corona. For example, for a 100-G field
(typical of flaring regions) and a density of
~3 x 10° cm~3, V4 ~4000 km s~!. Therefore
one needs a very large amplitude disturbance
to form a shock above active regions, whereas
considerably weaker disturbances can drive
shocks in the quiet regions. As the distur-
bance associated with an energy release moves
away from the active region, it will produce
shocks wherever the speed of the disturbance
exceeds the local V. It is therefore likely that
the shocks first form at locations transverse to
the radial direction because the disturbance
is likely to find Vg there rather than directly
above the active region (of course, this de-
pends on how the density and magnetic fields
fall off above the active region).

4.1. Radial Profile of the Fast Mode
Speed

In order to get the Vg profile in the corona,
we need the V4 and Vg profiles. For the coro-
nal region of interest, we take Vs to be con-
stant with distance (110 km s™! for a 1.5-MK
corona). To get the V4 profile, we need the
density (n) and magnetic field (B) variations
with radial distance. Recently, Mann et al.,
[1999a] computed an Alfven speed profile to
explain the relationship between EIT waves
and metric type IT bursts. We perform a sim-
ilar computation, except for a density model
that is consistent with the starting frequen-
cies of metric type II bursts listed in Table
1. We also consider the V4 profile above flar-
ing active regions, in addition to the quiet re-
gions, because both regions may be relevant,
depending on the place of origin, speed, and
extent of the driving disturbances. For active
regions, we use the Saito density model (Saito
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et al., 1977),

n(r) = 10® x (0.0136r 21 +1.68r 513, (1)

with a multiplicative factor of 10 to normalize
the density to be ~3 x 10° cm™ at the base
of the active region corona. Here r is the ra-
dial distance from the Sun center, in units of
solar radii. For the magnetic field above ac-
tive regions, we use the distribution of Dulk
and McLean [1978]:

B=05x(r—1)""° (2)

which gives a magnetic field of ~177 G at the
base of the active region corona. For the quiet
corona, we use 3x Saito model which gives a
density of 5 x 108 cm™2 at the coronal base
near the equator as obtained by Fludra et al.,
[1999]. The 3x Saito model is very similar to
the model by Leblanc et al. [1998] which is
valid for the entire Sun-Earth distance. Since
our starting point for metric type II bursts is
near the Sun, we have to normalize the den-
sity close to the coronal base, rather than at 1
AU, so we use the former. Within the region
of interest (<10 Ry), the models differ very lit-
tle. The density model of Mann et al. [1999b]
could also be used, but it differs significantly
at distances <2 R,;. We obtain the quiet Sun
magnetic field profile based on magnetic flux
conservation (r?B(r) = const):

B(r) =22 x r2, (3)

which gives ~5 nT (107° G) at 1 AU, typi-
cal of the quiet values measured by the Wind
spacecraft. This relation also gives B = 2.2
G at r=1, as expected for quiet Sun fields.
Combining the magnetic field and density
profiles, we obtained V4 and hence the Vg
profile plotted in Figure 3a. For the active
region case, Vp starts with a few thousand
kilometers per second at the coronal base



and attains the quiet Sun value at ~1.4 R,
and then rapidly falls below the quiet Sun
value. This roughly corresponds to the met-
ric corona where the active region blends with
the background streamer belt [Lantos et al.,
1987]. For the quiet corona, Vr starts with a
low value of ~230 km s~! close to the base,
increases up to ~540 km s! at 3.5 R,, and
then slowly decreases. The peak of the Vg
curve depends on the actual density and mag-
netic field values, but the shape of the curve
remains the same. For example, Mann et al.
[1999a] obtained a peak value of ~800 km s *
at ~4 R,.

4.2. Implications of the Vy Profile

We can divide the solar corona into three
regions as marked in Figure 3a.

4.2.1. Region 1 (inner corona).. This
region is close the surface (<1.4 R;), where
the active region (AR) plays a dominant role.
In this region, Vp is low only in the quiet re-
gions (adjacent to AR). Radially above the
AR, Vp is very high. Thus disturbances ex-
ceeding a speed of ~230 km s~! may be super-
Alfvenic and produce fast mode shocks in
the quiet corona surrounding active regions.
This might explain the nonradial location of
high-frequency type II bursts [see, e.g., Gopal-
swamy et al., 2000c].

4.2.2. Region 2 (middle corona)..
For distances >1.4 R, but less than ~3 Rj,
AR magnetic fields do not play a strong role,
so shocks can form anywhere above the active
region. In region 2, Vi sharply rises (both
above and outside of active regions), so it
becomes progressively more difficult to form
shocks. Thus shocks in region 1 may easily
become MHD waves in region 2 and dissipate.
Only shocks with speed >Vg,q, can travel be-
yond region 2. The lifetime of a shock thus
critically depends on its initial speed. An-
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other factor, of course, is the lifetime of the
driver.

4.2.3. Region 3 (outer corona and be-
yond).. In the region to the right of Ve,e,
in Figure 3a where the heliocentric distances
are >~3 R,, Vr decreases from its peak;
shock formation once again becomes easier in
region 3 because of the lower Alfven speed. At
still larger distances the solar wind flow speed
gains significance and eventually becomes the
dominant characteristic speed [see, e.g., Shee-
ley et al., 1997].

To give an example, a disturbance mov-
ing with a speed of 400 km s~! in region
2 may drive a shock only until it reaches a
height of ~2 R,. At this height the distur-
bance ceases to drive a shock. If the driver
is a CME, it can again set up a new shock
when it reaches a distance of ~6 R, where
Vr falls to 400 km s~'. The SOHO/EIT in-
strument has detected a number of transients
(EIT waves) [Thompson et al., 1998] with
speeds in the range 100-500 km s~! in the
low corona [Klassen et al., 2000]. Note that
some of these EIT transients have speeds high
enough to be regarded as fast mode shocks
in region 1. Consistent with this conclusion,
simultaneous imaging observations in radio
and EUV have shown that the metric type
IT burst is spatially coincident with the EIT
wave [Gopalswamy et al., 2000c]. When these
disturbances continue to propagate outward,
they face higher and higher Alfven speed, so
whenever their speed equals local Vg, they
cease to be shocks. Mann et al. [1999a] have
interpreted the EIT waves as fast mode waves
in the preshock stage of coronal shocks re-
sponsible for type II bursts.

In Figure 3b we have compared the plasma
frequency profiles (from equation (1)) corre-
sponding to the quiet region (dash-dotted)
and active region (dashed curve) corona with



the Vr profile. Note that most of the starting
frequencies listed in Table 1 correspond to dis-
tances <1.75R,. Since Vy sharply increases in
this region, many shocks might weaken and
die off in this region. This is also the region
where most metric type II bursts seem to die
off. Note that the WAVES/RAD2 spectral
range (14-1 MHz) roughly starts in region 3
at ~3R,, close to the peak of the Vg pro-
file. Therefore only disturbances with speeds
exceeding V. can produce DH type II
bursts. However, at larger distances, slightly
slower disturbances can drive shocks. CMEs
are the main solar disturbances observed by
coronagraphs at coronal heights correspond-
ing to DH type II bursts. Gopalswamy et
al. [2000b] found that all the DH type II
bursts were associated with CMEs and that
the CMEs were faster and wider than the av-
erage. The Vi profile provides a natural ex-
planation for those type II bursts that start
in the DH domain without a metric coun-
terpart. In these cases the responsible CME
starts off slow and accelerates to attain super-
Alfvenic speed only at distances correspond-
ing to the DH domain. Examples of this pop-
ulation of type II bursts were discussed earlier
in section 3.7. Faster CMEs ensure that the
shocks are super-Alfvenic, while wider CMEs
increase the chance of finding some coronal
region where the CMEs are super-Alfvenic. If
CMEs are fast enough at low enough heights,
they can also drive shocks in region 2. The
May 19, 1998, CME in Table 1 is a good ex-
ample which produced metric and DH type II
bursts.

In summary, the Vp profile in Figure 3a can
explain most of the observed characteristics
of metric, DH and kilometric type II bursts:
(1) It is easy to produce metric type II bursts
in the inner corona because Vg is very low.
Only a small number of such shocks can con-
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tinue beyond ~3R;. (2) A long-lived driver,
such as a CME, has more opportunity to pro-
duce a type II burst because it goes through a
low Vg region especially in the outer corona.
This means they can set up a shock anywhere
in the corona so long as they move at super-
Alfvenic speeds. (3) CMEs with intermediate
speeds can drive shocks in the metric domain,
lose the shock in the regions of V.., and
again set up a shock in the outer corona. (4)
Accelerating, low-speed CMEs may produce
shocks in the DH and kilometric domains even
though they do not drive shocks in the metric
domain. (5) Blast waves and shocks driven
by short-lived drivers have less chance to go
beyond the metric domain, unless their initial
speed exceeds Vamaz-

While deriving the Vg profile, we had as-
sumed that quantities vary smoothly with
radial distance. In the real corona and IP
medium, inhomogeneities of various scales are
present which may have significant effect on
the shocks. For example, local density en-
hancements may strengthen a section of a
weak shock that passes through the inhomo-
geneity. This is consistent with the patchiness
often observed in the dynamic spectra of type
IT bursts.

5. Discussion

5.1. Comparison With Past Results

We considered a large number of IP events
detected near Earth during a 44-month pe-
riod from November 1994 to June 1998 and
their counterparts at various subregions be-
tween the Sun and Earth. The number of IP
ejecta (49) is large enough to be compared
with many of the past studies involving IP
ejecta. We note that most of the IP ejecta
in our list were driving shocks: 33/36 (92%).
If we consider MCs alone, the percentage is



similar: 27/29 (93%). Thus the fraction of IP
ejecta driving shocks is much larger than in
previous reports. Klein and Burlaga [1982] re-
ported that only 30% of magnetic clouds iden-
tified during the period 1967-1978 were driv-
ing shocks. Much higher percentages of MCs
observed during 1978-1982 were found to be
driving shocks in two later studies (80% in the
study of Zhang and Burlaga [1988] and 70%
in that of Marsden et al. [1987]). The per-
centage of association in our study is closest
to but significantly larger than that of Zhang
and Burlaga [1988].

The only study to our knowledge that con-
sidered the association between IP ejecta and
metric type II bursts is by Wilson and Hildner
[1984]. These authors found that six out of
nine MCs with shocks (67%) had metric type
IT association. In our case, only 4/36 IP ejecta
(11%) were associated with metric type II
bursts, despite a wider window of longitudes
used by us (60° versus 49°). If we consider
only those ejecta and MCs driving shocks at
1 AU, the percentage (12%) is still nowhere
near what Wilson and Hildner [1984] found.
In fact, one of the MCs in our list associated
with a metric type II burst was not driving a
shock at 1 AU (event 43 in Table 2). If we
consider MCs alone, only two were associated
with metric type II bursts (2/26, or ~8%).
When we include all the IP events (assuming
that the drivers of isolated shocks were CMEs
but were not intercepted by Wind), their as-
sociation with metric type II bursts (irrespec-
tive of the event longitude) improves slightly
(10/49, or ~20%). This again is not consis-
tent with what Wilson and Hildner [1984] ob-
tained. Thus the results of Wilson and Hild-
ner [1984] seems to be due to an insufficient
sample size.

Robinson et al. [1984] found that only a
small fraction (16/240, or ~6.7%) of met-
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ric type II bursts observed by the Culgo-
ora radiospectrograph were followed by kilo-
metric type II bursts for a 40-month period
from September 1978 to December 1981. We
find essentially the same result (10/137, or
~T7.3%), except that we compared shocks de-
tected in situ with metric type II bursts.
Since kilometric type II bursts are closely re-
lated to IP shocks detected in situ, the re-
sults are consistent. Robinson et al. [1984]
examined the characteristics of the solar erup-
tions that resulted in metric type II bursts fol-
lowed by kilometric type II bursts. They con-
cluded that the IP type II bursts were associ-
ated with strong flare phenomenon, intense
continuum radiation, metric type II bursts
of low starting frequency, and herringbone
structures. Our results mostly agree with
Robinson et al.’s, [1984] result, except for X-
ray importance and duration. Four of our
end-to-end events had X-ray flare duration
less than 30 min. The starting frequencies
of metric type II bursts were also larger in
our case: The lowest was 55 MHz, and most
of the starting frequencies were in the normal
range (60-250 MHz).

Cane and Stone [1984] used an expanded
the list of Robinson et al. [1984] to include
metric type II bursts from other observato-
ries and found that ~70% of the IP shocks
were preceded by metric type II bursts. This
certainly contradicts our findings. However,
the comparison may not be meaningful be-
cause Cane and Stone [1984] did not use an
exhaustive list of IP shocks (or kilometric
type II bursts). In fact, their data selec-
tion was based on a subset of kilometric type
IT bursts that “has been restricted to those
events which drift through the data at a rate
consistent with known shock velocities....”



5.2. Metric Type II Bursts, CMEs,
and Flares

The high degree of association between
metric type II bursts, CMEs, and flares con-
tinues to be a puzzle [Robinson et al., 1984;
Cane, 1984; Cane and Stone, 1984; Sheeley et
al., 1985]. In the low corona it is not clear
whether CMEs drive a shock or contribute in
some way to shock formation (by providing
higher-density medium or causing reconnec-
tion).

Even though LASCO is much more sen-
sitive than previous coronagraphs, it did not

detect CMEs during a significant fraction (11/32,

or ~34%) of disk metric type II bursts. Note
that there were no IP events (DH type II,
kilometric type II, or IP events, except for
a kilometric type II which may be fortuitous)
that were associated with CME-less type II
bursts. While there is no doubt that almost
all of the DH type II bursts are due to CMEs,
the lack of CMEs in about a third of the met-
ric type II bursts continues to pose a problem
for the hypothesis that fast CMEs constitute
the sole driver of all shocks [see also Kahler
et al., 1984]. Observability is a good explana-
tion because we considered only disk events
(central meridian distance < 23°). Only by
studying a set of limb type II bursts without
CMEs can one decide whether type II bursts
occur without CMEs. We must point out that
some of the CME-less type II bursts occurred
when an earlier CME was in progress. It is
not clear how this would affect the observ-
ability of the associated CME.

Presence of a fast CME has been suggested
as the primary requirement for the occurrence
of a metric type II burst, and not the low
Alfven speed in the flaring region [Cliver et
al., 1999]. The definition of fast CMEs is not
very clear, especially with reference to Figure
1 where we can see that half of the type II as-
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sociated limb CMEs have speeds less than 500
km s~!: Is this fast relative to coronal Alfven
speed or to solar wind speed? From Figure
lc we see that limb CMEs with metric type
II bursts have a lower cutoff of ~250 km s™!,
which is larger than the minimum value of
the fast mode speed in the corona (see Fig-
ure 3a). This means that if the CMEs were
to drive the shocks, they need to have speeds
~250 km s7! very close to the surface (<1.4
Ry).

As we saw in Figure 3a, one has to con-
sider the Alfven speed not only in the flar-
ing region, but also outside, where the con-
dition for shock formation is favorable espe-
cially for type II bursts of high starting fre-
quency. In Table 1 the maximum starting fre-
quency is 350 MHz (the September 25, 1997,
event), corresponding to a local plasma den-
sity of ~1.5%10% cm™3. Such high-frequency
type II bursts are not uncommon [see, e.g.,
Vrsnak et al., 1995], but the corresponding
plasma densities exist only in active regions,
close to the flare site. For a 10x Saito model
and a magnetic field distribution given by (2),
the Alfven speed exceeds 6000 km s~ . Thus
the shock has to form at the periphery of the
active region where the Alfven speed is rela-
tively low. Note that the plasma frequency
at the quiet coronal base is ~200 MHz, so the
350-MHz plasma level has to be in the ac-
tive region. An estimate of shock speed for
this type II burst was made by Klassen et al.
[2000] to be ~1000 km s'. The associated
flare occurred from AR 8088 at S28E04, but
no CME was reported. The SOHO/EIT de-
tected a brow type wave at ~1156 UT while
the type II bursts started at 1146.9 UT, close
to the peak of a hard X-ray flare at 1146.1
UT. It is unclear at present if a CME could
be moving with such a high speed almost at
the coronal base. If CMEs are responsible for



such high-frequency type II bursts, they have
to start out with very small volume close to
the coronal base. Dere et al. [1997] have re-
ported on such a CME, but it was not associ-
ated with a CME. On the other hand, CMEs
involving transequatorial loops are of large
scale inherently. It is now possible to mea-
sure CME speeds close to the solar surface
using SOHO/LASCO C1 and EIT data, and
fast CMEs were found to accelerate similarly
to the slow ones, but at much lower coronal
heights [Gopalswamy and Thompson, 2000).
Therefore it should be possible to decide if
the CMEs have speeds exceeding Vr. How-
ever, we cannot say whether CMEs are the
sole source of all metric type II bursts, espe-
cially because of other sources of mass motion
close to the flare site such as chromospheric
evaporation, hot X-ray plasmoids, and recon-
nection jets. Speeds of many of these objects
can easily exceed the local Alfven speed in
the periphery of active regions [Gopalswamy,
et al., 1997].

5.3. Implications to Shock Forecasting

Although there are numerical models be-
ing used to predict the arrival of shocks at
1 AU based on metric type II bursts and
flares, the present study as well as paper 1
have shown that the correspondence between
IP and coronal shocks (inferred from met-
ric type II bursts), is extremely poor. Even
if we consider DH type II bursts as the ex-
treme case of the low-starting frequency met-
ric type II bursts, we see that only 14/46
shocks could be accounted for this way. This
is still only 30% of all the IP shocks. Thus,
starting with metric type II bursts (or coro-
nal shocks) it is extremely difficult to predict
the IP shocks. Numerical models have been
developed to predict the arrival of IP shocks
with input from metric type II burst obser-
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vations. The “shock-time-of-arrival” (STOA)
model is one such, claimed to be able to “pre-
dict the approximate location and time of ar-
rival of the IPS disturbances” [Ananthakrish-
nan et al., 1999]. Validity of this model has
been questioned in paper 1 and by Kadinsky-
Cade et al. [1998]. The poor association be-
tween metric type II bursts on the disk and

IP shocks detected in situ is not supportive of
the STOA model.

6. Conclusions

We compared 137 metric type II bursts
and 49 IP events over a period of 44 months
from November 1994 to June 1998. Imposing
the constraint that the near-Sun and near-
Earth manifestations should be within 5 days,
only 10 events overlapped. If we include type
IT bursts in the decameter-hectometric do-
main, the association slightly improved to 14
events. The small fraction of metric type II
bursts that did have IP association invari-
ably involved large-scale (halo) CMEs. Cou-
pled with the fact that most of the IP events
were associated with large-scale CMEs (halo
or partial halo), we conclude that the large-
scale CME is the primary near-Sun activity
that significantly disturbs the solar wind [see
also Gosling, 1993]. The poor correlation be-
tween metric type II bursts and IP shocks sug-
gests that numerical models based on metric
type II bursts to predict the shock arrival time
at 1 AU are questionable, as we pointed out
in paper 1.

A significant number (12/46, or ~26%) of
isolated IP shocks (without drivers) were de-
tected. In all these cases, limb CMEs (ejected
transverse to the Sun-Earth line) were found
near the Sun, suggesting that the IP shocks
had much larger extent than the drivers. The
white-light CMEs associated with these iso-



lated shocks were also of large width: Most of
them were halo or partial halo events. Erup-
tions from both the limbs produced shock sig-
natures at Earth, contradicting an earlier con-
clusion by Cane [1985] that west limb erup-
tions do not result in shocks at Earth. The
“driverless” shocks also had better type II ra-
dio burst association: 50% with metric type IT
bursts and 92% with DH type IT bursts. This
is a significant result, but the sample size is
small. We need more isolated shocks to con-
firm this result.

Since almost all DH and kilometric type II
bursts as well as in situ detected shocks are
associated with CMEs, it is tempting to con-
clude that the metric type II bursts are also
associated with CMEs. However, we continue
to see that a third of the metric type II bursts
are not associated with CMEs. Furthermore,
the type II bursts without CMEs were not fol-
lowed by type II bursts in the DH or kilomet-
ric domains; they were not followed by any IP
events either.

The Alfven (or magnetosonic) speed profile
in the corona and its latitudinal dependence
may play a crucial role in understanding the
relation between coronal and IP shocks. There
is a distinct possibility that the same driver
can cause different shocks at different dis-
tances from the Sun depending on the radial
profiles of Alfven and CME speeds. However,
this does not rule out other possible drivers
close to the Sun where it seems to be very
easy to drive shocks.
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Figure 1. Histogram of coronal mass ejection (CME) speeds for (a) all CMEs, (b) all CMEs with
metric type II bursts and (c) for CMEs associated with limb type IT bursts.
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Ell dQ8e@0:12 UT

Figure 2. (top) An extreme-ultraviolet imaging telescope image at 0912 UT and (bottom) its
difference with a preevent image at 0848 UT (at right) showing a “brow wave” on November 3,
1997. An arrow points to the brow in the undifferenced image.
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Figure 3. (a) Speed profile of the fast magnetosonic mode in the quiet Sun (solid line) and
active region (dashed line) coronas. Three regions 1, 2, and 3 are marked where the conditions
for shock formation are different. Solar wind speed profile from Sheeley et al. [1997] (dash-dotted
line) is added for comparison. (b) Speed profile of the fast mode in the quiet corona (solid line)
along with plasma frequency (f,) profiles for 10x (dashed line) and 3x (dash-dotted line) Saito
models corresponding to the quiet and active region coronas, respectively. The plasma frequency
corresponding to the upper edge (14 MHz) of the WAVES/RAD2 receiver is marked.



Table 1. List of Metric Type II Bursts from Longitude < 60°

No. Date Type 11 GOES Location AR Flare CME IP Event
fs UT time importance speed® DH km Ejecta

1 Nov 27, 1994 70 1628 1611-1619 S16W26 7811 C2.2/1N ND N N N

2 Dec 14,1994 100 0547 0541-0554 S10W07 7815 M1.5/1N ND N N N

3 Dec19,1994 180 0439 0436-0454 NOOE49 7817 C4.1/1M ND N 12/23 N

4  Feb 02, 1995 90 1309 1255-1328 S14E35 7834 C7.4/SB ND N N N

5 Feb 03,1995 130 0155 0138-0214 S14E32 7834 M4.3/2B ND N N N

6 Feb 04, 1995 75 1547 1542-1639 S16E09 7834 M2.6/2B ND N N MC/S 02/08?

7 Feb 20, 1995 45 0328 0313-0342 NI10E31 7844 M1.1/1N ND N N N

8 Feb 21, 1995 50 0740 0720-0801 N14E15 7844 C3.2/SN ND N N N

9 Mar 18, 1995 60 1922 1920-1943 S16E16 7854 B5.4/SF ND N N N
10  Mar 29, 1995 46 0654 0648-0700 S13E07 7858 C1.6/SF ND N 4/1 N
11 Oct 13,1995 245 0504 0501-0516 S11E43 7912 M4.8/1F ND N N N
12 Jul 09,1996 220 0911 0503-0548 S11W30 7978 C3.8/SF 426 N N N
13 Apr 01, 1997 85 0503 0456-0526  S26E22 8026 C4.0/SB 374 N N N
14  Apr 01, 1997 95 0801 0752-0804 S25E20 8026 C2.2/SF N N N N
15  Apr 01, 1997 80 1031 1023-1038 S25E20 8026 C2.1 N N N N
16 Apr 01, 1997 135 1349 1342-1408 S25E16 8026 M1.0/1B 296 Y N N
17 Apr 02, 1997 50 0527 0524-0537 S25E05 8026 C1.3/SF 338 N N N
18 Apr 02, 1997 65 0938 0920-0933 S24E07 8026 B6.8/SF N N N N
19 Apr 07,1997 125 1358 1350-1419 S30E19 8027 C6.8/3N 830H Y 4/7 E/S 04/11
20 Apr 15,1997 125 1415 1400-1426 S23E11 8032 C1.0 N N N N
21 May 12, 1997 60 0454 0442-0526 N21W08 8038 C1.3 306H Y 5/14 MC/S 5/15
22 May 21, 1997 70 2010 2003-2027 NO5W12 8040 M1.3/SF 303 N 5/21 N
23 Jul 25, 1997 70 2024 2005-2230 N16Wb54 8065 C4.0/SF 632 N N N
24  Sep 12, 1997 76 1605 1603-1611 N23W18 8084 B5.0/SF DG N N N
25  Sep 24, 1997 60 0249 0243-0252 S31E19 8088 M5.9/1B N N N N
26 Sep 24,1997 225 1103 1057-1110 S28E18 8088 M3.0/SF 350 N N N
27  Sep 24, 1997 70 1834 1824-1845 S29E15 8088 C8.3/1N N N N N
28 Sep 25,1997 350 1147 1140-1155  S27E02 8088 C7.2/1N N N N N
29  Oct 09, 1997 45 1158 1147-1218 N24E35 8092 B9.2/SF 233 N N MC/S 10/10?
30 Oct 11, 1997 80 0850 0842-0911 N22E14 8092 B4.8/SF 320 N N N
31 Nov 03,1997 130 0437 0432-0449 S20W13 8100 C8.6/SB 297 Y 11/3  MC/S 11/07?
32 Nov 03,1997 125 0908 0903-0910 S20W15 8100 M1.4/1B N N N MC/S 11/07?
33 Nov 03,1997 100 1026 1018-1034 S20W15 8100 M4.2 366 Y N MC/S 11/07?
34 Nov 04, 1997 60 0558 0552-0602 S14W33 8100 C2.1/2B 830H Y 11/5 MC/S 11/07
35 Nov 04, 1997 50 1126 1124-1151 N22E14 8103 C1.0/SF N N N MC/S 11/07?
36 Jan 27, 1998 95 2215  2212-2245 N12E20 8144 B2.0 N N N N
37 Apr 02,1998 179 1617 1611-1737 S23E23 8190 C1.8/SF 333 N 4/3 N
38  Apr 27, 1998 30 0908 0855-0938 S16E50 8210 X1.0/2B 1631 Y 4/28 N
39  Apr 29, 1998 70 0831 0745-0827 S17E23 8210 Cl1.7/1F N N 5/1 MC 05/027
40 Apr 29, 1998 50 1622 1606-1659 S18E20 8210 M6.8/3B 1016H N 5/1 MC 05/02
41 May 06, 1998 80 2339 2327-0002 N28W36 8214 M2.5/SF 216 N 5/7 N
42  May 19, 1998 80 0951 1010-1018 N29W46 - B7.9 796 N N Y
43  Jun 20, 1998 135 1421 1412-1444 N13W23 8243 C4.0/1N 286 Y? N MC 6/247
44 Jun 22, 1998 45 0436 0427-0501 N16W46 8243 C2.9/SF 204 Y? N MC 6/247

ND = no data; DG = data gap; fs = starting frequency in MHz; AR = active region; MC = magnetic cloud; km =
kilometric
akm s~ !



Table 2. IP Signatures (Magnetic Clouds, Ejecta and Shocks)

No. Date (hr) Object  Speed Radio burst Solar Location CME
(km/s) m DH km source speed
1 02/08/9503 MC/S 410 *2/4 Many DSFs ; ND
2 03/04/95 11 MC/S 443 N 02/28-00:11 DSF S09E36  ND
3 04/06/95 07 MC/S 334 N 04/04-22:02 DSF S15W24  ND
4 05/13/9511 MC/S 331 N 05/11-13:25 DSF N10E36  ND
5 08/22/9522 MC/S 360 N 08/18-11:52 DSF N30W04 ND
6 10/18/9519 MC/S 404 N 10/16-17:10 DSF S08W08 ND
7 10/22/95 21 S 440 10/20 10/20-05:54 XCME S09W55  ND
8 12/16/95 05 MC/S 396 N 12/15-19:44? DSF S02W15  ND
9 05/27/9615 MC/S 370 N 05/22,23? DSF - DG
10 07/01/96 17 MC/S 355 N - - DG
11 08/07/96 13 MC/S 344 N 08/05-07:50 DSF S07W38 DG
12 12/24/96 03 MC/S 355 N 12/19-16:30 HCME S13W10 332
13 01/10/97 05 MC/S 436 N 01/06-15:10 HCME SI8E06 211
14 02/10/97 03 MC/S 470 N 02/07-00:30 DSF,HCME  S20W45 804
15 04/11/97 05 E/S 460 04/07 04/07-14:27 DSF,HCME  S30E19 830
16 04/21/97 15 MC/S 360 N 04/16-07:35 DSF,.HCME  S22E04 247
17 05/15/97 09 MC/S 450 05/12 05/12-06:30 DSF,HCME  N23W07 306
18 06/08/97 22 MC/S 370 N 06/05-22:55 DSF,CME S35W17 417
19 06/19/97 06 E/S 350 N 06/15-12:27 DSF N17TW12 -
20 07/15/97 06 MC/S 360 N 07/11-01:30 CME? ? -
21 08/03/97 14 MC/S 445 N 07/30-19:32 DSF,CME ~ N45E21 530
22 09/03/97 07 E/S 410 N 08/30-01:30 DSF,HCME N30E17 427
23 09/18/97 00 MC/S 320 N 09/13-11:33 CME? N28E60 418

24 09/21/97 22 MC/S 425 09/17

25 10/01/97 16 MC/S 450 *09/26,28
26 10/10/97 23 MC/S 396 *10/07,09
27 11/07/97 22 MC/S 415  *(6) 11/34

09/17-20:28 DSF,HCME N30W10 487
09/28-01:08 DSF,HCME  N22E05 355
10/06-15:28 DSF,HCME  S54E46 523

11/04-06:10 HCME S14W33 830

KRR ZKR 22222222} 2K 222222222} 2<222222222222272
Z2RKZRKHRKHRHRRKZ22KK 22222} 2K ZKZK 2222222 2222222222~<72

28 11/09/97 10 S 400 11/6 11/06-12:10 CME S18W63 1560
29 11/22/97 14  E/S 490 N 11/19-12:27 HCME - 206
30 11/30/97 07 S 450 11/27 11/27-13:56 CME N16E63 434
31 12/10/97 19 E 400 N 12/06 10:27 DSF,HCME N47W13 665
32 12/30/97 08  E/S 350 N 12/26-02:31 DSF,HCME  S24E14? 347
33 01/07/98 03 MC/S 375 N 01/02-23:28 DSF,HCME ~N47W03 446
34 01/08/98 14 MC/S 355 N 01/03-09:42 DSF,CME? - 978
35 01/24/98 04 S 400 *01/19 01/21-06:37 DSF,HCME ~ S57E19 374
36 01/28/98 15 S 410 *01/25,26 01/25-15:26 DSF,HCME ~ N24E27 562
37 01/31/98 15 S 450 *01/26,27 01/28-14:56 CME W90 408
38 02/04/98 04 MC/S 320 N 02/02? DSF N29E15 -

39 02/18/98 08  S/E 440 N 02/14 07:00 DSF,HCME - 275
40 03/04/98 14 MC/S 360 N 02/28-12:48 HCME S24W01 155
41 04/23/98 17 S 400 04/20 04/20-10:07 HCME S43W90 1638
42 04/30/98 08 S 390 04/27 04/27-08:56 HCME S16E50 1631
43 05/02/98 12 MC 515 4/29 04/29-16:58 HCME S18E20 1016
44 05/04/98 12  E/S 650  04/29,05/01 05/02-14:06 HCME S15W15 1044
45 05/15/98 13 S 350 *05/14 05/11-21:55 HCME W90 877
46 05/29/98 15 S 670 N 05/27-13:45 HCME ~ NI19W66 957
47 06/13/98 19 S 390 06/11 06/11-10:28 HCME E90 1312
48 06/24/98 12 MC 463 *06,/20,22 06/21-05:35 HCME ~ N16W38 307
49 06/25/98 16 S 460 *06,/20,22 06/21-18:16 CME W90 822

DSF = dissapearing filament; CME = coronal mass ejection; HCME = halo CME; XCME - from X-ray observations.
*see text



Table 3. List of DH Type II Bursts

SNo  Date/time Type 11 CME Flare P
Metric km Time © Speed Width Loc. Onset Imp. Event
1 970401 14:00 Y N 15:18 296 67 S25E16 13:43 M -
2 970407 14:30 Y Y 14:27 830 halo S30E19 13:50 C S/MC
3 970512 05:15 Y Y 06:30 273 halo N21W08  04:42 C S/MC
4 970923 21:53 N N 22:02 760 170 S29E30 21:27 C -
5 971103 05:15 Y Y  05:28 369 90 S20W13  04:32 C -
6 971103 10:30 Y N 11:11 420 195 S20W15 10:18 M -
7 971104 06:00 Y Y 06:10 830 halo S14W33  05:52 X S/MC
8 971106 12:20 Y Y 12:10 1561 155 S18W63 11:49 X S
9 971127 13:30 Y N 13:56 434 82 N16E63 12:59 X S
10 971212 22:45 N N 00:26 7 166 64 N25Wb52  22:05 B -
11 980121 10:40 N Y  06:37 296 halo S57E19 07:34 B S
12 980125 15:12 N Y 15:26 481 halo N24E27 14:29 C S
13 980329 03:15 Y N  03:48 1361 halo back 02:44 (6] -
14 980420 10:25 Y Y 10:07 1631 264 S43W90  09:38 M S
15 980423 06:00 Y Y  04:20 1222 halo S19E90  05:35 X -
16 980427 09:25 Y Y  08:56 1221 halo S16E50 08:55 X S
17 980502 14:10 N N 14:06 1039 halo S15W15  13:31 X S/E
18 980503 22:30 N N 22:02 705 240 S13W34  21:15 M -
19 980506 08:25 Y N  08:29 1053 185 S11W65  07:10 M
20 980509 03:35 Y Y 0335 1763 143 S11W90  03:04 M -
21 980511 21:40 N Y 21:55 611 270 N29W90  21:28 (0] S
22 980519 10:00 Y N 10:27 672 115 N29W46  09:26 - -
23 9805627 13:30 N N 13:45 677 238 N19W66  13:18 C S
24 980611 10:15 Y Y 10:28 1159 156 S21E80 09:57 M S
25 980616 18:20 Y Y 18:27 1245 252 S17TW90  18:03 M -
26 980620 21:10 N N 18:20 1038 halo back 20:54 C -
27 980622 07:15 N N 18:15¢ 822 94 N37TW80 - -

O = occulted event; S = shock; MC = magnetic cloud; E = ejecta
*UT time corresponding to first sighting in C2 Coronagraph.
*+next day.

@previous day.






