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Abstract

We investigated the characteristics of coronal mass ejections (CMEs) associated
with long wavelength type II radio bursts in the near-Sun interplanetary
medium. Type II radio bursts in the decameter-hectometric (DH) wavelengths
indicate powerful MHD shocks leaving the inner solar corona and entering the
interplanetary medium. Almost all of these bursts are associated with wider-
and faster-than-average CMEs. A large fraction of these radio-rich CMEs were
found to decelerate in the coronagraph field of view, in contrast to the prevailing
view that most CMEs display either constant acceleration or constant speed. We
found a similar deceleration for the fast CMEs (speed > 900 km s™!) in general.
We suggest that the coronal drag could be responsible for the deceleration,
based on the result that the deceleration has a quadratic dependence on the
CME speed. About 60% of the fast CMEs were not associated with DH type II
bursts, suggesting that some additional condition needs to be satisfied to be
radio-rich. The average width (66°) of the radio-poor, fast CMEs is much
smaller than that (102°) of the radio-rich CMEs, suggesting that the CME width
pays an important role. The special characteristics of the radio-rich CMEs
suggest that the detection of DH radio bursts may provide a useful tool in
identifying the population of geoeffective CMEs.



1. Introduction

Radio observations in the 1-14 MHz fre-
quency band are now possible thanks to the
WAVES experiment [Bougeret et al., 1995]
onboard the Wind spacecraft [Acuna et al.,
1995]. This frequency band corresponds to
the Decameter-Hectometric (DH) wavelength
domain and bridges the gap between the tra-

ditional metric band accessible to ground based

radio telescopes and the kilometric band em-
ployed by spaceborne radio instruments. So-
lar radio phenomena observed in this band
are primarily the type III bursts (due to
electron beams leaving the Sun) and type
IT bursts (shocks propagating away from the
Sun) [Gopalswamy et al., 1998; Kaiser et al.,
1998; Reiner and Kaiser, 1999]. Occasion-
ally, type IV bursts from propagating ejecta
containing nonthermal particles are observed
[Leblanc et al., 2000]. Sometimes storms con-
sisting of a large number of type III bursts
in quick succession are also observed. There
is also a variant of type III bursts known as
shock-associated (SA) events, which seem to
be observed in association with DH type II
bursts [Cane, et al., 1981; Reiner et al., 2000;
Bougeret et al., 1998; Gopalswamy et al.,
2000b]. The DH radio observations have con-
firmed most of the current ideas on nonther-
mal radio bursts; in addition, they have pro-
vided new information towards a better un-
derstanding of coronal mass ejections (CMEs)
near the Sun [Gopalswamy et al., 2000b].

The DH radio emission originates roughly
in the outer corona and IP medium corre-
sponding to a heliocentric distance of about 2-
10 Rg where the electron density drops from
a few times 10° to below 10° cm™. The
DH band thus corresponds to a region in the
corona where the topology of the magnetic
field changes from closed to open field configu-
ration. The solar wind starts to pick up speed
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in this region of the low-latitude corona. Solar
ejecta that reach the heights corresponding to
the DH domain are likely to leave the Sun
forever. The kilometric domain, which corre-
sponds to the IP medium, begins at the long
wavelength end of the DH domain. It is well
known from the past observations that almost
all of the kilometric type II bursts (caused by
IP shocks) are associated with CMEs [Cane
et al. 1987]. This is expected because almost
all of the IP shocks are associated with CMEs
[Sheeley et al., 1985]. Since DH type II bursts
are also due to shocks, one might ask whether
these shocks are also driven by CMEs. Re-
cently, Gopalswamy et al. [2000b] studied a
small number of DH type II bursts and found
them to be associated with CMEs that were
faster and wider on the average. Since type II
bursts in the metric domain are not good indi-
cators of IP events [Gopalswamy et al., 1998;
2001], the DH type II burst might serve as
proxies for energetic CMEs, likely to be geo-
effective. Thus, observing DH type II bursts
is one way of identifying geoeffective CMEs
if they originate on the front side. For this,
we need to know if the CMEs associated with
the DH type II bursts have any special charac-
teristics as compared to CMEs in general. In
this paper, we perform a statistical analysis of
a large number of such radio-rich CMEs ob-
served by the Solar and Heliospheric Observa-
tory (SOHO) using its Large Angle and Spec-
trometric Coronagraph (LASCO) [Bruekner
et al., 1995]. Specifically, we study the speed,
width, and acceleration of CMEs associated
with DH type II bursts, and compare them
with those of all CMEs.

2. Data Selection

The WAVES experiment on board the Wind
spacecraft began observations in November
1994. Although there were several type II



bursts in the kilometric (< 1 MHz) domain
from the beginning, the DH (1-14 MHz) type
IT bursts started only in April 1997. The
SOHO observations began in January 1996.
Thus SOHO and Wind have overlapping ob-
servations for more than five years, from the
minimum to maximum of solar cycle 23. It
is important to note that the two spacecraft
probe roughly the same region of the solar
atmosphere. The type II radio bursts are
thought to be produced by shock-accelerated
electrons at the fundamental and harmonic
of the local plasma frequency. The DH spec-
tral domain corresponds to plasma frequen-

cies within the field of view of the SOHO/LASCO

coronagraphs. Thus, by measuring the helio-
centric distance of the white-light CME, it is
possible to infer the heliocentric distance of
the DH type II bursts originate. The primary
criterion we used to select the events is that
there must be a type II radio burst occurring
at any frequency between 14 and 1 MHz, irre-
spective of whether there is any burst in the
metric or kilometric domains. In all, there
were 138 distinct DH type II bursts during
the study period. A few of the events were
classified as type IV bursts, but the presence
of a type II burst could not be ruled out in
these cases, so we included them. There was
an extended data gap for about three months
(July-September 1998) when SOHO was tem-
porarily disabled. In addition to this major
data gap, there were occasional minor data
gaps. Since we are interested in the properties
of white-light CMEs associated with DH type
IT bursts, we dropped those type II bursts
which occurred during the SOHO data gaps
from our analysis. These considerations re-
sulted in a list of 103 DH type II bursts with
SOHO/LASCO observations. We were able
to identify a unique white-light CME for each
one of these DH type II bursts, except for two
events. The DH type II burst of November
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7, 1998 at 00:20 UT probably originated from
the northwest quadrant, from where a number
flares occurred on November 06. Although
there was a gradual C-level GOES flare, it
was not listed in the Solar Geophysical Data.
There were two west-limb CMEs in the ap-
propriate time window so the identification is
ambiguous. The other DH type II burst on
December 16, 2000 probably originated from
the backside and it was not possible to detect
the associated CME. For two other DH type
IT bursts, we were able to identify the cor-
responding white-light CMEs, but the solar
energetic particles from the preceding CMEs
(July 14, 2000 and November 8, 2000 events)
swamped the SOHO detectors and hence we
were not able to make useful measurements
on these CMEs. The remaining 101 DH type
IT bursts and the corresponding white-light
CMEs are listed in Table 1. For convenience,
we refer to these radio-rich CMEs as “DH
CMEs”.

Figure 1 shows the WAVES dynamic spec-
trum of the DH type II burst of October 25,
2000. The type II burst is the slanted streak
starting around 10:00 UT near 10 MHz and
drifting to lower frequencies. The intense ver-
tical feature is the type IIl-like burst (SA
event). The type IT burst has a weaker fun-
damental component, which is not as contin-
uous as the harmonic component. This is
common in limb events because the funda-
mental is usually absorbed by the overlying
corona. Figure 1(b) shows the correspond-
ing white-light CME at two instances. When
the type II radio emission is at 3 MHz, the
local plasma frequency is 1.5 MHz (because
of harmonic emission) and hence the electron
density is 2.8 x 10* cm™3. This density must
prevail at a heliocentric distance of about 10
R, because the white light CME is at this
distance around 11:42 UT. The shock front is



expected to be very close to the leading edge
of the CME. The radio emission continues to
lower frequencies beyond the field of view of
the LASCO coronagraph. There was no met-
ric type II burst associated with this event.
The CME was accelerating at a rate of 17
m s~2 and might have had a very small speed
in the inner corona (see the height-time plot
in Fig. 1c). The source region was a filament
eruption from N15 W75. It must be pointed
out that not all type II bursts are as spectac-
ular as the October 25, 2000 event.

Columns 2 and 3 of Table 1 give the date
and universal time (UT) of the DH type II
radio bursts. The time of first appearance
of the corresponding white-light CME in the
field of view of the LASCO/C2 coronagraph
is given in column 4 as the “CME time.” Note
that the actual lift-off time of the CME is ear-
lier than this time. The central position angle
(PA) of the CME is given in column 5. There
is no central position angle for halo CMEs,
so these are denoted by “Halo” in column
5. The position-angle extent of the CMEs
in the sky plane defines their width and is
listed in column 6. It is very difficult to re-
late the measured width to the physical size
of the CME. For example, the width of halo
CME:s is listed as 360° because the CME ap-
pears to surround the occulting disk of the
coronagraph [see, e.g., Howard et al., 1982].
In column 6, some of the entries are prefixed
with a > symbol. These CMEs have a bright
main part and a diffuse extended part, mak-
ing them appear as halo CMEs later on. The
diffuse part may be the white-light manifes-
tation of the CME-driven shock.

The speed is one of the primary character-
istics of a CME, which is obtained from the
height-time measurements. The speed was
obtained from both linear (constant speed)
and quadratic (constant acceleration) fits to
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the height-time measurements. The linear
fit gives the average speed (V7). From the
quadratic fit, we obtained the initial (V3;)
and final (V,y) speeds corresponding to the
times of first and last measurements within
the coronagraph field of view, respectively.
All the speeds correspond to the sky plane,
roughly at the central position angle of the
CME. No attempt was made to correct for
the projection effects. For halo CMEs the
measured speed corresponds to the position
angle of maximum speed. The three speeds
are listed in columns 7-8 in Table 1. The
acceleration (m s~2) of the CMEs, obtained
from the quadratic fit to the height-time mea-
surements, is listed in column 10. In the last
column, we have given the source location of
the CMEs. The source location is the heli-
ographic coordinates of the general region of
eruption. For example, S25E16 for event #
1 means that the eruption occurred at 25°S
and 16°E. In most cases, the location corre-
sponds to the position of the associated H-
alpha flare obtained from the Solar Geophys-
ical Data as listed in the NOAA web site. In
addition, we confirmed the source positions
using a number of different data sets: (1)
The daily movies of EUV images obtained
by the Extreme-ultraviolet Imaging Telescope
(EIT) [Delaboudiniere, 1995]; these movies
are made 195 A images obtained with a ca-
dence of ~ 12 min and help identify the erup-
tions as a dimming, arcade formation or fila-
ment/prominence eruption [see, e. g., Gopal-
swamy, 1999]. (2) The daily movies of full
disk X-ray images obtained by the soft X-
ray telescope (SXT) [Tsuneta et al., 1991] on
board the Yohkoh mission. These movies can
identify faint, large-scale post eruption ar-
cades over a large temperature range. When
only a post-eruption arcade is observed, the
eruption location is given as the geometrical
center of the arcade. (3) The daily movies



made from the microwave images obtained by
the Nobeyama radioheliograph [Nakajima, et
al. 1994] to identify the prominence or fila-
ment eruptions wherever possible. (4) Images
in the SOHO archive obtained by space and
ground based instruments were helpful in con-
firming the source locations of some events.

The source location is also used to decide
whether the associated CME is a disk or limb
event. In the preliminary study using a sub-
set of 27 DH radio bursts, Gopalswamy et
al. [2000b] found a positive correlation be-
tween central meridian distance of the solar
source and the associated CME speed sug-
gesting strong projection effects. In order to
obtain CME properties free from projection
effects, we also analyzed a subset of DH type
IT bursts associated with limb CMEs. When
the solar source of the CME is at a central
meridian distance (CMD) > 60° the type II
burst is considered as a limb event. The limb
events are denoted by an asterisk in Table 1.
Note that some of the limb events are listed
without the latitude (e.g., NE90 or W90).
This means the events occurred behind the
limb, but probably not too far. Typically
CMEs occurring within 30° from the limb are
considered as limb events. It is possible that
some of the limb events might have occurred
more than 30° behind the limb. Source re-
gions of backside halo events are listed as
“Backside” in column 11 of Table 1. There
were 39 limb events in all, 4 backside events
and the remaining were disk events. While
presenting the statistical properties, we con-
sider three populations of CMEs: (i) all DH
CMEs, (ii) limb DH CMEs (a subset of (i))
and (iii) the general population of CMEs.

3. Statistical Analysis and
Results

It is customary to characterize the white-
light CMEs using their speed, angular width
in the sky-plane, and the central position an-
gle. In this study we include the accelera-
tion of CMEs as an important property. The
speed is obtained by fitting a straight line or
a second order polynomial to the measured
height-time data points. For the purpose of
characterizing the speed of CMEs, we only
use the straight line fit. This means, for
CMEs with significant acceleration, the char-

acteristic speed is an average value within the
LASCO field of view.

3.1. Speed of DH CMEs

Figure 2 shows the distribution of the speeds
of the 101 DH CMEs listed in Table 1. The
speeds were in the range 241 to 2519 km s71,
with an average of 961 km s~ . This average is
about twice the average speed (487 km s™!) of
the nearly 3000 LASCO CMEs observed be-
tween January 1996 and December 2000 [St.
Cyr et al., 2000; Yashiro et al., 2001]. Most
of the DH CMEs had speeds greater than the
average speed of all CMEs. In fact only 17
events (~17%) had speeds less than this aver-
age value. For the limb-DH CMEs, the speed
range was 356 to 2221 km s~!, with an av-
erage of 1144 km s~!. The average value for
the limb events is larger because the speed
measurements have minimal projection effect.
This is clearly seen from the fact that the two
lowest speed bins disappeared for the limb
events. Note also that only four out of the 39
limb-DH CMEs (~10%) had speed less than
the average speed of all CMEs.



3.2. Width of DH CMEs

Table 1 shows that more than half of the
DH CMEs (53/101) were halo CMEs. Even
among the limb events, 17 were halo CMEs
(44%). This already points to the large size
of the DH CMEs or rapid expansion early on.
Excluding DH CMEs with width > 200° as
halo events, we found that the remaining 45
DH CMEs had widths in the range 25° to
190°, with an average value of 102°. This
is again much larger than the average width
(58°) of all non-halo LASCO CMEs. The
width of non-halo limb-DH events had an av-
erage of 112°. Figure 3 shows the distribution
of DH-CME widths. Note that more than
95% of the DH CMEs had widths exceeding
the average width of all CMEs. Combined
with the fact that most of the DH CMEs are
faster than average, we infer that they are
more energetic.

There is also a weak correlation between
the width and speed of the DH CMEs. Fig-
ure 4 shows the speed-width scatter plots for
all DH events (top) and limb events (bottom).
Since we do not know the actual width of halo
CMEs, we restricted to events with width <
200°. While the limb events show a weak cor-
relation (correlation coefficient r = 0.56), the
correlation is somewhat poorer (r = 0.44) for
all DH CMEs considered as a class.

3.3. Acceleration of DH CMEs

It is generally believed that CMEs either
accelerate or have constant speed within the
coronagraphic field of view [MacQueen and
Fisher, 1983; Sheeley et al., 1999]. Sheeley et
al. [1999] measured the speeds of slow and
fast halo CMEs and came to the same con-
clusion. They found that fast CMEs, when
observed broadside, invariably moved with
constant speed, while fast halos decelerated.
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Since halo events in the LASCO/C3 field of
view are expected to be located much farther
than they appear [see Michels et al., 1997],
Sheeley et al.’s result implies that the fast
halos decelerate at distances beyond 30 Rj.
However, decelerations were found even for
broadside (limb) events in individual cases
[Wood et al., 1999]. Figure 5 shows three
distinct height-time profiles chosen from the
list of DH CMEs in Table 1. Straight-line fit
(constant-speed) is definitely not possible for
all of them. Quadratic fit (constant accelera-
tion or deceleration) is better suited for cases
(a) and (c), while straight-line fit seems to be
reasonable for case (b). We determined the
acceleration of the DH CMEs by fitting a sec-
ond order polynomial to the height-time mea-
surements obtained from C2 and C3 images.
The distribution of accelerations is shown in
Figure 6. We restricted to events with the
number of data points > 4 so that the derived
acceleration is reliable (see Table 1). A sur-
prising result is that there is a clear tendency
for a majority (60%) of the DH CMEs to slow
down within the C3 field of view (30 Rg).
There is an extended tail on the deceleration
side of the distribution for both limb and non-
limb of DH CMEs. In fact the average accel-
eration of limb CMEs is -11.3 m s 2, com-
pared to an average of -6.4 m s2 for all the
DH CMEs. These results are in contradiction
to the traditional view that CMEs show con-
stant acceleration or constant speed. While
there are many events in the central bin (-5
to 5 m s72), which may correspond to con-
stant speed, half of the limb DH events have

deceleration < - 15 m s~ 2.

3.4. Relationship between CME speed
and deceleration

The propelling force of the CMEs is proba-
bly still active in the coronagraph field of view



for the accelerating events, while it might
have weakened considerably for the deceler-
ating events. In order to study the rela-
tionship between acceleration and speed, we
considered the population of decelerating DH
CMEs. Table 1 shows that there were 61 de-
celerating events. As before, we considered
only those CMEs for which there were at least
four measurements. Figure 7 is a scatter plot
of the acceleration and speed. The accelera-
tion is clearly anticorrelated with the speed,
suggesting that faster events decelerate more.
The correlation coefficient is - 0.76 for all DH
CMEs and -0.83 for limb-DH CMEs. We have
also shown the linear and quadratic fits to the
data points. The quadratic fit seems to rep-
resent the data better.

The deceleration of the CMEs can be ex-
plained if we consider all the forces acting on
the CMEs: The propelling force, gravity, and
drag [see, e.g., Chen, 1997]. The propelling
force is the sum of all outward forces. The
coronal drag (Fy) is given by,

Fy= CdpA(sz - VCME)|sz - VC’ME|7 (1)

where (' is the drag coefficient, p is the am-
bient coronal density, A is the characteristic
surface area of the CME, V,, is the solar wind
speed, and Vg is the CME speed. MHD
simulations suggest that the drag coefficient
Cy is of order unity [see, e.g., Cargill et al.,
1996]. Since we are dealing with fast CMEs,
Viw < Vome and the drag is always a retard-
ing force for fast CMEs. In the inner corona,
the solar wind is still accelerating, so the drag
force is approximately quadratic in the CME
speed, in agreement with our observations.
Wider CMEs present a larger surface area and
hence are subject to more drag force.

If the above explanation for the CME de-
celeration is correct, then all fast CMEs must
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decelerate. To see this, we determined the
acceleration of all fast CMEs (Vopye > 900
km s7!) that occurred during January 1996
to December 2000. We chose 900 km s™! be-
cause it is close to the average speed of the
DH CMEs (see, Fig. 2). There were 262 fast
CMEs in all. The resulting distribution of ac-
celeration is shown at the bottom of Figure 6
along with that for the DH CMEs. There is
a clear skew of the distribution towards the
negative side of the acceleration and the peak
of the distribution is around -20 m s—2. Thus,
we conclude that the DH CMEs show signif-
icant deceleration primarily because they are
faster and wider than average, and hence in-
teract strongly with the coronal medium.

4. Discussion and Conclusions

The primary finding of this study is that
the CMEs associated with DH events are
faster and wider on the average, confirming
the preliminary results of Gopalswamy et al.
[2000b]. This in turn implies that CMEs ca-
pable of driving shocks in the IP medium
are very energetic. We note that only about
40% of the fast (Voprr > 900 km s ') are
associated with DH type II bursts; the re-
maining 60% are radio-poor. Production of
type II bursts depends on additional factors
such as the conditions for shock formation,
the ability of the shock to accelerate nonther-
mal electrons and so on. A quick look at the
population of fast radio-poor CMEs revealed
that they are not as wide as the radio-rich
events. Figure 8 is a histogram of the widths
of the radio-poor CMEs (as before, we ex-
cluded CMEs with widths > 200°). Note that
there is a huge population of narrow CMEs in
the distribution. The average width (66°) of
the radio-poor CMEs is much smaller than
that (102°) of the radio-rich CMEs. Thus the
width of the CMEs seems to be an impor-



tant factor in deciding whether a fast CME
is capable of producing long-wavelength ra-
dio emission. We are investigating the ra-
dio dynamic spectra corresponding to the fast
CMEs without DH type II bursts and the re-
sults will be published elsewhere. The second
result is the tendency for the wider DH CMEs
to be faster. In addition, we found a sur-
prising result that the DH CMEs show a pro-
nounced deceleration within the LASCO/C3
field of view. This result may have impor-
tant implications to understand the evolution
of CMEs in the IP medium by the combined
action of propelling and retarding forces. The
drag force of the ambient corona acting on the
CMEs is significant near the Sun because of
the high density and low solar wind speed.

The fact that all the DH type II bursts
are associated with CMEs implies that CMEs
drive powerful IP shocks in the IP medium.
Sheeley et al. [1985] had investigated the
properties of white-light CMEs associated with
IP shocks. The CMEs in Sheeley et al. [1985]
were observed by the Solwind Coronagraph
on board the P78-1 satellite while the associ-
ated IP shocks were detected in situ by the
Helios-1 spacecraft. The data used in that
study were obtained when the two spacecraft
were in quadrature so the projection effects
were minimal. It is therefore instructive to
compare our results from the limb events with
those of Sheeley et al. [1985]. The speed and
width of the shock-associated CMEs obtained
by Sheeley et al. were above-average, as in
our case. For non-halo events, they found an
average width of 88°, slightly lower than our
average for non-halo limb events. Similarly
the average speed of Sheeley et al. was 749
km s~! compare to our 1144 km s~!. The
difference in the average speeds can be ex-
plained by the fact that some CMEs continue
to accelerate and produce shocks in the IP
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medium without producing type II bursts in
the DH domain; these CMEs would not have
been included in our study. The large number
of kilometric type II bursts without metric or
DH type II bursts observed by Wind/WAVES
[Gopalswamy et al. 2001] support this expla-
nation. In the list published in Sheeley et
al. [1985], 20 shocks were followed by pis-
tons. For this population, the CME-shock as-
sociation is expected to be unambiguous. For
these 20 events, the average width of the asso-
ciated CMEs is 96°, much closer to our result.
Speed measurements were available only for
15 of the 20 events, yielding an average CME
speed of 944 km s~ !, again closer to our result.

Our result on the deceleration of fast CMEs,
however, does not agree with Sheeley et al.’s
result that “none of the fast ones decelerated
by a significant amount.” We have shown
that a major fraction of all fast CMEs (which
obviously include DH CMEs) decelerate. One
reason for this discrepancy may be the smaller
field of view (2.5 - 10 R;) of the Solwind
coronagraph (compared to LASCO’s 30 Ry),
which makes it difficult to measure decelera-
tion. Even with LASCO data, Sheeley et al.
[1999] concluded that impulsive CMEs, when
viewed broadside, appear to “move uniformly
across the 2-30 R, field of view with speeds
typically in excess of 750 km s=1.” They illus-
trated this point with only one example, the
April 14, 1998 event. However, there seems
to be a slight problem with their plot: they
had used only LASCO/C3 data and hence
missed the two initial points from LASCO/C2
data. When these two points are included,
the height-time data fit to a quadratic curve,
with a constant acceleration of ~28 m s™2 at
PA 58° and ~18 m s72 at PA 82°. Thus,
the range of heights over which the CME is
measured is an important factor in deciding
the acceleration [Gopalswamy and Thomp-



son, 2000].

To conclude, this study suggests that the
DH type II bursts are indicators of faster and
wider CMEs, thus providing a useful means
of identifying those solar eruptions that are
likely to reach 1 AU. To be geoeffective, the
CME has to first arrive at Earth and should
contain magnetic field with southward com-
ponent. Gopalswamy et al. [2000a] showed
that the CMEs which arrived at the Earth
originated from close to disk center (aver-
age distance in latitude and longitude of 17°
and 28°, respectively). Since the DH type
IT bursts originate from all longitudes on the
disk as well as from behind the limb, we need
to combine radio observations with those at
other wavelengths such as optical, X-ray, mi-
crowave or EUV to identify the location of
eruption. The limb DH type II events, on the
other hand, are useful in obtaining the actual
characteristics of CMEs, free from projection
effects.
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Figure 1. The October, 25, 2000 CME and the associated type DH II burst. The vertical feature
in the radio dynamic spectrum is the type III-like burst, also known as SA event. The continuous
slanted feature is the harmonic component of the type II burst, while the intermittent slanted
feature is the fundamental component. At the top LASCO images of the CME are shown at two
instances, one close to the onset of the type II burst (10:06 UT) and the other at 11:42 UT. The
corresponding times are also marked on the radio dynamic spectrum by the two vertical dashed
lines. The height-time plot of the CME are shown at the bottom. The diamonds represent the
measured height-time data. A quadratic fit to these data points is shown by the dotted line,
extrapolated to the time range of the type II burst.
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Figure 2. Histogram showing the speed distribution of all DH CMEs (top) and for the DH CMEs
originating from near the limb (bottom). The average speeds of all CMEs (487 km s™') and the
DH CMEs (961 km s~! for all DH CMEs and 1144 km s~ for limb DH CMEs) are indicated by
arrows.
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Figure 3. Histograms showing the distribution of DH-CME widths. As before we have shown the
distribution for all the DH CMEs (top) and for limb events (bottom). We have excluded the full
halo events (width > 200°) from the histograms. The average width of the general population of
CMEs (58°) and of the DH CMEs (102° for all and 112° for limb events) are indicated by arrows.
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Figure 4. The speed-width scatter plots for all DH events (top) and limb events (bottom). In
the bottom plot, a straight line fit to the data points is also shown. The correlation coefficients
(R) are also given on the plots. The speed used is the first order speed (V; in Table 1). As in Fig.
3, only those events with width < 200° are included.
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Figure 5. Three distinct height-time profiles found in our sample of events: (a) the accelerating
CME of June 21, 1998 at 18:15 UT, (b) the constant-speed CME of February 17, 2000 at 20:06
UT, and (c) the decelerating CME of May 11, 1998 at 21:55 UT. The solid lines are the fits to the
data points. On the X-axis, zero corresponds to the time when each CME reached a height of 2.5
R,. Properties of the CMEs are listed in Table 1.
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Figure 6. Histograms showing the distribution of accelerations for all DH CMEs (top), for
limb DH events (middle), and for all fast (speed > 900 km s™') CMEs (bottom). The range of
accelerations is restricted to £100 m s72. We have included only those events with at least 4

height-time measurements.
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Figure 7. Scatter plots showing the relation between acceleration and initial speed for all DH
CMEs (top) and limb events (bottom). We have included only those events with deceleration
(acceleration < 0), and have excluded the events that have only 3 data points. The correlation
coefficients (R) along with the linear (dotted line) and quadratic (solid curve) fits to the data
points are also shown.
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Figure 8. Histogram of the widths of the fast CMEs (speed > 900 km s=!) observed between
1996 and 2000. The average of the distribution is 66° as marked. The average width (102°) of

radio-rich CME:s is also marked for comparison. We excluded halo CMEs (width > 200°).



Table 1. Characteristics of CMEs associated with DH type II Bursts

20

Number Radio Date Time CME Time PA Width V1 V2; V2 Accel Location
1 1997/04/01  14:00 14:46 77 066 333 344 322 -0.9 S25E16
2 1997/04/07  14:30 14:27 Halo 360 858 859 856 -0.2 S30E19
3 1997/05/12  04:56 05:50 Halo 360 499 590 409 -114 N21WO08
4 1997/09/23  21:53 22:02 106 097 687 596 771 8.9 S28E23
5 1997/11/03  05:15 05:28 235 113 241 231 250 1.4 S20W13
6 1997/11/03  10:30 11:11 233 122 352 372 331 -1.5 S20W15
7 1997/11/04  06:00 06:10 Halo 360 789 983 582 -19.1 S14W33
8 1997/11/06 12:10 12:10 Halo 360 1514 1904 1113 -82.6 S18W63*
9 1997/11/27  13:30 11:55 91 088 356 442 271 -6.0 N16E63*
10 1997/12/12  22:45 22:27 281 064 270 260 280 0.6 N25W52
11 1998/01/25 15:03 15:26 Halo 360 570 543 598 2.8 N24E27
12 1998/03/29  03:05 03:48 Halo 360 1397 1416 1378 -4.9¢ SW90*
13 1998/04/20 10:25 10:07 Halo 360 1641 1865 1417 -49.0 S43W90*
14 1998/04/23  05:50 05:27 Halo 360 1596 2094 1104 -97.8 S19E90*
15 1998/04/27  09:20 08:56 Halo 360 1039 1120 951 -10.3 S16E50
16 1998/04/29 16:30 16:58 Halo 360 1074 1210 935 -17.7 S18E20
17 1998/05/02  14:25 14:06 Halo 360 979 1005 954 -5.6 S15W15
18 1998/05/03  22:10 22:02 Halo 360 669 678 659 -0.9 S13W34
19 1998/05/06  08:15 08:04 279 120 1042 989 1100 7.0 S11W65*
20 1998/05/09  03:35 03:35 Halo 360 1920 2642 1252 -166.9¢ S11W90*
21 1998/05/11  21:35 21:55 Halo 360 848 1100 569 -29.6 N32W90*
22 1998/05/19  10:00 10:02 286 096 785 838 729 -6.4 N29W46
23 1998/05/27  13:30 13:45 266 107 910 852 969 6.4 N19W66*
24 1998/06/11  10:15 10:28 96 130 1078 1111 1043 -5.7 NOSE90*
25 1998/06/16  18:20 18:27 283 179 1612 1940 1279 -82.3 S17W90*
26 1998/06/20 21:10 18:20 Halo 360 927 1039 799 -14.1 Backside
27 1998/06/22 07:15 18:15P 294 090 361 0 797 18.8 N25W90*
28 1998/11/02  14:00 13:18 104 >145 512 473 552 4.1 S25E48
29 1998/11/05  22:00 20:58 Halo 360 1124 929 1341 32.5% N22W18
30 1998/11/06  03:00 02:18 171 >132 428 386 466 10.0 Backside
31 1998/11/08  11:20 11:18 221 092 579 665 503 -7.2 S22W52
32 1998/11/24  02:30 02:30 Halo 360 1744 1941 1543 -50.0 S30W90*
33 1999/04/24 13:50 13:31 Halo 360 1495 1352 1640 37.1 Wo0*
34 1999/05/03  05:50 06:06 Halo 360 1584 1511 1658 15.8 N15E32
35 1999/05/27  10:55 11:06 Halo 360 1691 1849 1543  -33.5° Wo0*
36 1999/06/01  18:50 19:37 Halo 360 1772 1767 1777 1.8 NW90*
37 1999/06/04 07:05 07:26 288 >150 2221 2224 2217 -2.0¢ N17W69*
38 1999/06/11 11:45 11:26 Halo 360 1627 1632 1621 -1.1 N38E90*
39 1999/06/22 18:25 18:54 Halo 360 1133 1333 934 -24.7 N22E37
40 1999/06/23  05:50 06:06 Halo 360 450 579 329 -26.7 Backside
41 1999/06/29 19:20 18:54 Halo 360 438 404 472 2.5 S14E01
42 1999/07/05 03:10 02:54 284 190 670 456 898 20.8 SW90*
43 1999/08/28 18:25 18:26 120 >245 462 441 483 1.1 S26W14
44 1999/09/03  03:00 00:06 193 >087 628 586 669 10.3 S35W35




Table 1. (continued)
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Number Radio Date Time CME Time PA Width Vi1 V2; V2g Accel Location
45 1999/09/22 13:45 13:54 76 051 1025 1029 1022 -0.4 N17E39
46 1999/10/14  09:10 09:26 Halo 360 1250 1357 1136 -21.2 N11E32
47 1999/10/17  23:27 00:06™ 40 >087 247 269 223 -2.7 S20E00
48 1999/11/16  03:27 03:06 81 >098 636 756 510 -9.2 N17E38
49 1999/11/16  05:17 05:30 279 >114 721 517 931 19.8 N18W43
50 2000/01/18 17:31 17:54 Halo 360 759 712 812 5.2 S19E11
51 2000/01/28  20:20 20:12 Halo 360 1177 1226 1126 9.1 S31W17
52 2000/02/05 19:34 19:54 60 076 632 764 500 -9.7 N26E52
53 2000/02/08  09:05 09:30 Halo 360 1079 1270 874 -35.3 N25E26
54 2000/02/12  03:55 04:31 Halo 360 1107 1171 1047 -8.3 N26W23
55 2000/02/17  20:42 20:06 Halo 360 600 586 614 0.9 S29E07
56 2000/03/07 16:24 16:30 120 108 644 758 530 -10.8 S22E77*
57 2000/03/19  01:00 23:54P 106 >083 1532 1351 1723 37.5 E90*
58 2000/03/27  06:56 07:31 129 090 487 647 347 -9.3 SE90*
59 2000/04/04  15:45 16:32 Halo 360 1188 1142 1232 12.8 N16W66*
60 2000/04/09  23:15 00:30™ Halo 360 383 375 391 1.2 S14W01
61 2000/04/18  15:00 14:54 195 105 668 427 923 23.1 S50W30
62 2000/04/27  14:40 14:30 298 >138 1110 1185 1036 -10.9 N32W90*
63 2000/05/05  15:15 15:50 Halo 360 1594 2023 1213 -103.4 S15W90*
64 2000/05/07  21:15 20:50 245 >098 1781 2111 1466 -71.8 Backside
65 2000/05/15  16:45 16:26 257 >165 1212 1352 1065 -20.5 S24W6T*
66 2000/05/22  01:30 01:26 224 >110 737 803 665 -10.2 S20W46
67 2000/06/02  22:00 21:30 69 104 547 473 617 33.2 N16E60*
68 2000/06/06  15:20 15:54 Halo 360 1108 1130 1086 -4.4 N21E13
69 2000/06/10 17:15 17:08 Halo 360 1108 1246 971 -21.2 N22W38
70 2000/06/15  19:52 20:06 298 >116 1081 1174 980 -16.7  N20W65*
71 2000/06/17  03:00 03:28 298 133 857 722 1007 16.4 N22W72*
72 2000/06/19  01:19 21:307 8 049 459 294 646 12.1 N46ET7*
73 2000/06/23  14:40 14:54 293 >103 847 1037 624 -23.3  N26W72*
74 2000/07/10  22:00 21:50 67 >289 1352 1168 1538 35.0 N18E49
75 2000/07/11  04:15 04:50 254 025 345 435 252 -28.1 N13W39
76 2000/07/11  13:00 13:27 Halo 360 1078 1295 850 -42.9 N18E27
77 2000/07/12  20:05 20:30 281 101 820 856 789 -3.2 N17W65*
78 2000/07/14  10:30 10:54 347 360 1674 1815 1534 -96.1° N22WO07
79 2000/07/22 11:45 11:54 304 >105 1230 1283 1175 -124 N14W56
80 2000/09/12  12:00 11:54 Halo 360 1550 1265 1839 58.2 S12W18
81 2000/09/12  18:15 17:30 Halo 360 1053 1174 932 -17.3 NE9O*
82 2000/09/16  04:30 05:18 Halo 360 1232 1441 1042 -46.0 N14W07
83 2000/09/19  08:45 08:50 283 076 766 657 880 10.4 N14W46
84 2000/09/21  15:45 16:06 312 029 445 458 432 -1.7 NW90*
85 2000/09/25  02:20 02:50 Halo 360 587 691 475 -25.2 N17W15




Table 1. (continued)
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Number Radio Date Time CME Time PA Width Vi V2; V2g Accel Location
86 2000/10/16  07:10 07:27 Halo 360 1336 1281 1396 9.9 W90*
87 2000/10/25  09:30 08:26 Halo 360 770 605 948 17.4 W90*
88 2000/11/03 18:35 18:26 Halo 360 291 121 475 16.4 N02W02
89 2000/11/08  23:20 23:06 Halo 360 1345 1195 14838 106.4* NIOW7T*
90 2000/11/12  14:25 14:50 257 050 581 615 545 -5.5 SW90*
91 2000/11/18  20:40 13:54 74 120 553 332 781 16.2 N11E37
92 2000/11/23  08:16 06:06 Halo 360 492 400 595 9.2 S26W40
93 2000/11/23  21:00 20:30 124 >148 1198 1130 1271 12.2 S20E60*
94 2000/11/24  05:10 05:30 Halo 360 1074 1191 942 -18.3 N20WO05
95 2000/11/24  15:25 15:30 Halo 360 1245 1269 1219 -3.3 N22W07
96 2000/11/24  22:24 22:06 Halo 360 1005 1012 999 -0.8 N19W16
97 2000/11/25 01:25 01:31 Halo 360 2519 2528 2510  -5.0° NO7E50
98 2000/11/25 19:00 19:31 Halo 360 671 770 568 -10.8 N20W23
99 2000/11/25 19:55 21:30 345 059 388 161 635 12.4 N20W27
100 2000/11/26  07:35 06:30 286 >227 984 579 1409 54.4 S30W50
101 2000/11/26  17:00 17:06 Halo 360 980 935 1026 5.8 N18W38

PA - Position Angle measured clockwise from Solar North in degrees

V1— 1st order speed in km s~!, V2;,— 2nd order speed in km s~
V2;— 2nd order speed in km s™! at final measurement height.

P previous day

" next day

* limb event

1

at first measurement height,



