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Abstract. An analysis is presented of solar X-ray flares associ-
ated with coronal mass ejections through the period 1986-1987.
The nature of the flares apparently associated with mass ejection
is explored. In particular the relationships between flare duration
and intensity and the association with mass ejection are investi-
gated. We believe that this study tackles the flare-CME analysis
in a way that is uniquely unbiased. Past studies of a similar na-
ture are discussed and a criticism of their approach is given.
In particular, the author believes that the continual bias toward
the so-called Long Duration Events and the brightest flares is
misleading. The analysis supports the view that the flare and
CME are signatures of the same magnetic “disease”, that is,
they represent the responses in different parts of the magnetic
struture, to a particular activity; they do not drive one another
but are closely related. The present statistical analysis allows a
chance association to be given for a mass ejection event when
an X-ray flare is observed. The use of such information in the
prediction of geomagnetic activity generated when mass ejecta
interact with the Earth is discussed.
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1. Introduction

A coronal mass ejection (CME) involves a significant restruc-
turing of the solar corona as a large-scale eruption carries up
to 10'3 kg of material into interplanetary space. The nature and
evolution of such eruptions has been the subject of many re-
views, notably, in recent years, Hundhausen (1988, 1993a), Har-
rison (1991), Kahler (1992) and Dryer (1994). The study of the
onset or launch of CMEs has been the subject of much debate
since their discovery a little over 20 years ago.

CME activity has been associated with active features on
the Sun, such as prominences and flares, and is a clear source of
interplanetary clouds. Thus, an understanding of the processes
involved in the launch of CMEs is not only of interest for the
study of coronal structure and evolution, but has relevance also
for the study of other solar active features, the nature of the
heliosphere and also for the prediction of geomagnetic activity,
generated when ejecta interact with the Earth.

In the corona, a CME is detected by observing photospheric
light which is Thomson scattered off free electrons which are
concentrated in the magnetic features of the CME. Due to the
relative brightness of the solar disc itself, which is some six
orders of magnitude brighter than the coronal features, one must
obscure the disc to monitor the corona in order to look for CME
activity. Further, due to the level of scattered light in the Earth’s
atmosphere, most coronal observations of this kind are made
using coronagraphs from orbiting spacecraft.

Two features of this observing technique have served to
complicate our investigations of CME onsets. First, due to the
Thomson scattering process, a CME is best observed in the plane
of the sky. Events out of the plane of the sky suffer a significant
drop in intensity with increasing angle from the solar limb (e.g.
Fisher & Munro 1984; Hundhausen 1993b). Thus, the best ob-
served events have sources which are on or near the solar limb
and we must contend with severe foreshortening and the fact that
many features associated with the CME onset may be obscured
by the Sun’s limb. Second, since we must occult the Sun’s disc,
which necessarily results in obscuration of the lowest portions
of the corona as well, some back-projections are necessary, in
space and time, to investigate the onset location and time.

Several workers have presented careful analyses of indi-
vidual CME events which have clearly linked coronal and, for
example, chromospheric activity at the time of CME onsets, and
these must put boundaries on the range of possible CME onset
models. As far back as 1979, it was realised that there was an
association between flare activity and mass ejections (Munro
et al. 1979). However, the association has turned out to be so
complex that, to this day, the exact relationship is still hotly
debated.

Many studies of the CME-flare relationship have been made.
These include the CME-X-ray flare studies due to Sheeley et al.
(1983), Harrison (1986), Harrison & Sime (1989, 1992), Kahler
et al. (1989), Harrison et al. (1990), St Cyr & Webb (1991) and
Hundhausen (1993a). It has become clear that there is a very
significant association between the flare process and the CME
onset. This must provide clear requirements for any CME-onset
model, or, indeed, any flare model. However, models which
encompass both phenomena are rare. This is primarily because
the precise relationship between the CME and flare is not at all
clear.
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Let ug attempt to summarise, briefly, the salient features of
earlier CME-X-ray flare studies:

1. There is an association between CME onsets and flare ac-
tivity,

2. Flares and CMEs do not appear to occur on a one to one
basis,

3. For apparently associated events, the relative timing of the
flare-onset and the CME-onset is variable — the onsets can
be co-incident or either onset can lead the other by up to
many tens of minutes,

4. The characteristics of CME-associated flares (brightness,
duration, size etc...) appear to have no relationship to the
characteristics of the associated CME (velocity, size etc...),

5. The relative location of a CME and an associated flare is
variable — the flare can be anywhere in the vicinity of the
CME,

6. The CME generally originates from a much larger source
structure than the flare.

In addition, there is a further association which has been pub-
lished but requires clarification and, indeed, confirmation. This
is the apparent association between CME onsets and flare soft
X-ray precursors reported for some data-sets (Simnett & Harri-
son 1985; Harrison et al. 1985).

So, what do we require now in order to progress in the mod-
elling of CME-onsets and associated activity? It is the author’s
opinion that progress is positively hindered by unfortunate bias
in many published analyses. For example, despite clear demon-
strations of CME events which cannot be the coronal response
to flare-blasts (e.g. Harrison 1986; Hundhausen 1993a), there is
still a belief within portions of the solar physics community that
this can be the case (see discussion in Harrison & Sime 1989).
On another front, specific flare-types are often selected for stud-
ies of CME associations, such as bright flares (e.g. Kahler et al.
1989) or the so-called Long Duration Events (e.g. Sheeley et
al. 1975; Kahler et al. 1977; Webb & Hundhausen 1987). This
is particularly true for almost all CME-flare statistical studies.
Such selection can often mask the true relationship of two phe-
nomena.

It is time, in the author’s opinion, that a clear, unbiased
statistical study was performed, in order to strengthen our un-
derstanding of the CME-flare relationship. Such a study may
bring out the same results as earlier statistical work, but at least
a clear demonstration will have been made. This is the purpose
of this work. Thus, in this study we present a statistical analy-
sis of CME and flare activity for the years 1986 and 1987, and
take steps to ensure that no bias is introduced through event
selection. We choose the 1986~7 period, which is near to solar
minimum, to minimize chance associations. In addition to the
statistical report, we discuss the results of past studies, highlight
any failings of these studies and discuss their findings in relation
to those of the present work.

2. The data

For the CME data, we make use of the Solar Maximum Mission
(SMM) Coronagraph data-set (courtesy of A.J. Hundhausen,
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High Altitude Observatory). These data are summarized in
Burkepile & St Cyr (1993). We listed 151 CMEs for the 2 year
period and for each event, noted the year of observation, the time
of first observation, the projected onset (assuming a zero altitude
onset, on the limb, with no acceleration), the centre of the CME
(position angle — given anti-clockwise from solar north), the
CME span and the outward propagating velocity of the CME.
We reject CMEs with measured speeds of ascent slower than
50kms~! in recognition of the difficulties in identifying the
onset times of such events (see later). All data used are taken
from Burkepile & St Cyr (1993) except for the projected onset
time which was supplied by A.J. Hundhausen (private commu-
nication).

For the flare data, we use 1-8 A X-ray observations from the
GOES satellite series-and Ha information from ground based
observatories. The latter are listed in Solar Geophysical Data
(SGD; US Dept of Commerce) and are only used in this study
to obtain information on flare locations. The GOES profiles are
for integrated-Sun. The profiles and event lists, taken from the
profiles, are given in SGD.

In order to associate the flare and CME events we require the
time of flare onset and the flare location. To study the properties
of the CME-associated flares, we require also the duration and
the maximum X-ray flux. The SGD event lists can be misleading
since events are often defined by the crossing of thresholds rather
than absolute changes, and listed intensities are given without
background subtraction. For this reason we have examined the
entire 1986—7 GOES X-ray profile and produced our own event
list. Of course, the identification of an event is somewhat sub-
jective; one has to use selection criteria which are unlikely to
influence the results of the study being performed. For exam-
ple, the selection of flares which exceed a specified intensity or
duration could place a clear bias on the results. A flare is, of
course, characterised by a brightening in X-rays, so one would
define the onset as the time that the X-ray profile first assumes a
positive slope and the peak intensity as the maximum intensity
achieved minus the pre-flare background intensity. Specifically,
we have chosen the following selection criteria, and stress that
they do not influence the results of our study:

(a) An event is identified if the X-ray intensity curve shows a
positive slope, equivalent to a half decade increase in inten-
sity per hour (in W ~2 hr~!), for more than 5 minutes.

(b) The flare onset time is the time of the first clear positive
increase of this slope.

(c) The peak flux is noted and the approximate background level
prior to the event is subtracted.

(d) The definition of the end time, required for the duration
calculation, is more tricky due to event superposition, to
background level changes etc... Thus, we define the end of
the event as the point where the intensity falls to within 20%
of the pre-event intensity, or the X-ray profile has become
flat over an extended period of time.

In the analysis, we define the flare rise-time as the time
between the flare onset and peak times, as defined above, and

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995A%26A...304..585H

rIYO5AZA T 3037 T585H!

R.A. Harrison:

The nature of solar flares associated with coronal mass ejection

587

All Flares CME Associaoted Flares CME Associated Flares
600
500 (a) (b) | (c) 1
g 400 3
€ 300 g
2 2
200
100
0 R N = . Ind L .
0 5 10 15 20 o] 5 10 15 20 0 5 10 15 20
Duration (Hours) Duration (Hours) Duration (Hours)
All Flares CME Associated Flares CME Associated Flares
150 15 8
(d) (e) o (f) |
% 100 E 5 10 ] 5
o el o
€ € € 4
2 2 2
50+ 5F 1 2
0 0 [ 0

-7

-6 -5 -4 -3
Log Peak Intensity (Wm~2)

-2

-7

-6 -5 -4 -3
Log Peck Intensity (Wm-2)

-6 -5 -4 -3
Log Peak Intensity (Wm—2)

-2 -7 -2

Fig. 1a—f. The distribution of flare durations for a the 674 X-ray flares in the study, b the 72 X-ray flares which fall within the CME onset
windows for the temporal analysis, and ¢ the 25 X-ray flares which fall within the CME onset windows for the temporal and spatial analysis.
The distribution of peak intensities for d the 674 X-ray flares in the study, e the 72 X-ray flares which fall within the CME onset windows for
the temporal analysis, and f the 25 X-ray flares which fall within the CME onset windows for the temporal and spatial analysis
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Fig. 2a—f. The distribution of fall times for a the 674 X-ray flares in the study, b the 72 X-ray flares which fall within the CME onset windows for
the temporal analysis, and ¢ the 25 X-ray flares which fall within the CME onset windows for the temporal and spatial analysis. The distribution
of rise times for d the 674 X-ray flares in the study, e the 72 X-ray flares which fall within the CME onset windows for the temporal analysis,
and f the 25 X-ray flares which fall within the CME onset windows for the temporal and spatial analysis

the flare fall-time is the time between the peak and the event
end time as defined above.
The first of the selection criteria was used to identify 674 X-
-ray flares for the 19867 period. The distribution of durations
and intensities for these are given in Figs. 1a and 1d, and the
distributions of the rise and fall times are shown in Figs. 2a and
2d. '

3. A temporal analysis

Let us examine first the data-sets purely on the basis of a tempo-
ral association. The logical approach is to define a time window

which includes the onset of the CME and look for associated
flare activity within that window. One could define the win-
dow as being centred on the projected onset time of the CME.
However, the projection assumes (i) zero acceleration below the
coronagraph occulting disc, (ii) a zero altitude onset, and (iii) a
source structure located at the limb. We know that CMEs often
experience acceleration. Thus, for the slower CMEs the onset
window may be located some time after the actual onset of the
CME - but we have countered this by only including CMEs
with velocities of ascent above 50km s~'. However, for CMEs
which are well out of the plane of the sky, the actual onset may
be prior to the projected onset as the source region is well onto
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the disc. This is arelatively small effect. For example, fora CME
source region some 30° out of the plane of the sky, this would
produce a projected onset some 7, 3.5, 2 and 1.6 minutes earlier
than the limb-projected onset, for speeds of 100, 200, 350 and
450kms~!, respectively. The average CME velocity of ascent
is about 350kms~!. Finally, the source structures most likely
extend well into the corona so the projected onset should not go
to a zero altitude, making our projected onsets earlier than the
actual onsets.

Another approach is to accept that (i) since we have elim-
inated the slowest CMEs, (ii) since the out of the plane of the
sky effect is relatively small, and (iii) since the source struc-
tures undoubtedly have some initial altitude which is probably
quite large, we should open an onset window centred on the
point of first observation of the CME. This will, of course be
above 1.5 solar radii from Sun centre for this study. To assess
the value of such a scheme, we note that if the CME did in fact
start from zero altitude and if the first observation was made at
1.5 solar radii, the offset of the window centre from the CME
onset would be 58, 29 and 17 minutes for speeds of 100, 200
and 350kms~!, respectively. In view of the fact that we will be
opening windows of duration several hours, it seems perfectly
reasonable to centre the window on the time of the first CME
observation.

From previous studies, it is clear that a window of size
+ N hours on either side of the first CME observation, where
N is of order a few hours or less, is quite reasonable. However,
there is little evidence to suggest precisely what value of N one
should choose. So, for this temporal study, we choose N = 2.
At a time of solar minimum, i.e. the period of this study, the
definition of such a window should have very little influence on
the final results. However, it is clear that larger windows will
introduce more chance associations and smaller windows may
omit real associations.

In opening a £2 hour “onset” window on either side of
the time of first observation of each CME we find that in the
period from 1 January 1986 to 31 December 1987, during which
674 X-ray flares and 151 CMEs were detected, some 72 flares
fall within the CME onset windows. Due to some co-incidence
associations, i.e. some windows contain two flares, this reduces
to 61 CME:s with a flare in the onset window, as defined.

Given a random situation, over a 2 year period, with the
same number of CMEs and flares, one would expect to find
(151 CMEs x 4 hours x 674 flares / 365 days x 2 years X
24 hours) = 23.2 flare events in the CME onset windows, i.e. we
see a factor of 3.1 more events than expected. This suggests a
very high degree of association between the flare events and the
CME onsets.

Suppose that for every CME there is a flare and vice versa.
Let us assume that the 674 flares are distributed evenly over
the visible disc of the Sun and that there is the same number
of flares on the far side of the Sun. Assuming that CMEs can
only be observed within £40° of the limbs, we may expect to
see 599 CMEs, and would expect to see associations with 300
flares of the 674. We see, in fact, 155 CMEs, with apparent
associations with 72 flares. There may be significant sensitivity
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effects, i.e. CME or X-ray flare events which are not detected
by current instrumentation, as well as problems in defining and
identifying flares and CMEs, but thus far in this study we must
state that many flares do not appear to have an association with
an observed CME.

The +2 hour window ensures that events associated with
CME onsets for CME speeds down to about 49 kms~! are cov-
ered. This assumes that the onset is from a zero altitude, that
there is no net acceleration/deceleration prior to the first ob-
servation, and that the first observation is made at an altitude
of 0.5Rg. Given that CME speeds are commonly a few hun-
dredkms~!, though they are observed in the range a few tens
of kms~! to ~ 2000kms~!, and that the majority of CMEs
are observed to emerge from behind the occulting disc of the
SMM coronagraph, the onsets for the majority of CMEs would
be contained within the windows as defined. Thus, the statistical
associations given above can be trusted.

So, what is special, if anything, about the flares which appear
to be associated with the CME onsets?

The average duration of the 674 flare events is 1.14 hours.
This compares to an average of 3.01 hours for the 72 flares found
in the CME onset windows — a factor of 2.6 longer. The precise
distributions of durations are shown in Figs. 1a and 1b. Both
show a Poisson-like curve with similar peaks at the shortest du-
rations and a fall-off toward greater durations. These are sugges-
tive of single-event type distributions; we do not see structure in
the curves due to different classes of flare, such as long duration
events. The only clear difference between the two curves is that
the CME-associated curve falls off much more slowly. Despite
the low numbers, this enhanced tail is significant in comparison
to the full X-ray flare data-set.

These results show that a CME can be associated with an X-
ray flare of any duration. Indeed, 61% of the CME-associated
flares have durations of less than 2 hours. However, a longer
duration flare has a greater chance of having an associated CME.
If we simply divide the numbers given in Figs. 1a and 1b, there
appears to be a 6.4% chance of a flare of duration about 1 hour
having an observed CME association, whereas there appears
to be a 50% chance of a flare of duration 6 hours having an
observed CME association.

The peak 1-8 A flux at 1AU for the full-flare data-set is
2.310~°W m~2 whilst the peak flux for the CME-associated
flares is 6.3 10~ W m™2, a factor of 2.7 greater. The distribu-
tions of peak fluxes are shown in Figs. 1d and le. The GOES
fluxes are commonly classified in terms of B, C, M and X
etc... events, where these represent intensities of 10~7 W m™2,
10°Wm™2, 107 Wm™2, 10~*W m™2, respectively. Each
decade is split into ten divisions, thus giving classifications such
as C1, M3, X5 etc... The full-flare distribution shows a wide
spread, peaking at about C1 with a steep fall-off and little above
the M1 level. Although the CME-associated flares show a simi-
lar spread, indicating that a CME-associated flare can be of any
intensity, the structure is different, with two isolated peaks at
C1 and M1. These appear to be statistically significant.

The rise times for the full-flare data-set average at
0.27 hours, and the fall-time is 0.87 hours, showing the tradi-
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Table 1. Tabulated random and actual flare-CME associations for different flare classes

Flare class No.in 1986/7 No. expected in No. actually detected Ratio of
CME windows at random in CME windows (% of total)  observed to expected
B 337 11.6 23 (6.8%) 1.98
C 251 8.7 38 (15.1%) 4.37
M 38 1.3 9 (23.7%) 6.92
X 1 0.03 1 ?
5 4 b 20
c
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Fig. 3. a The relative timing between the projected onset of the CME to the onset of the associated flare, for the events of the temporal analysis
which are within the CME onset windows as defined. See text for discussion. b A similar display to the first panel assuming a projected CME
onset to a semi-circular loop-top, rather than the limb, the loop size being defined by the measured separation of the footpoints of the CME. ¢

The distribution of onset altitudes assuming a semi-circular geometry as discussed in the text

tional flare profile of shorter rise than decay. For the CME-
related flares, the rise-time average is a factor of 1.8 longer, and,
more significantly, the fall-time is a factor of 3.1 longer. Thus,
the CME-related flares show significantly longer fall-times in
relation to the rise-times, i.e. the profiles are less symmetrical
than the full-flare data-set average. The distributions of fall-
times and rise-times are shown in Fig. 2, and these clearly show,
again, a single-event type distribution with Poisson-like curves
in all cases, i.e. a CME-related flare can be associated with any
value of fall- and rise-time.

Let us examine the chances for flare CME associations as
a function of flare classification. For each class of flare (i.e. B,
C, M and X), assume a random situation. Thus, if we detect P
flares, for a total window duration of 151x4 hours in 2 years,
we would expect 0.034 P flares to occur within the windows.
For each class, we calculate the expected occurrence and these
are compared to the actual occurrence in Table 1.

Based on the numbers in Table 1, we can state that the data
suggest the following:

(a) There is a 6.8% chance of detecting a CME in association
with a B-class flare,

(b) There is a 15.1% chance of detecting a CME in association
with a C-class flare,

(c) There is a 23.7% chance of detecting a CME in association
with an M- class flare.

For the X-class events, the 1 event during the period under study
was found within a CME-onset window.

Figure 3a shows the relative timing between the projected
onset of the CME to the onset of the associated flare, for those
events where a flare has been detected in the CME-onset win-
dows as defined. Alas, projected onset times were not available
for all of the CMEs, so the plot contains only 30 events. In other

words, of the total set of 151 CMEs, we had 61 with flares in the
CME onset windows, as defined, and of those 61 CMEs, only
30 have projected onset times. The projected onset is the ap-
parent onset assuming no acceleration behind the coronagraph
occulting disc, with a zero altitude onset on the limb. This is,
of course, an extremely rough guide to the onset time since a
significant acceleration phase might occur and the altitude of
onset may be at a very significant height. Nevertheless it gives
a useful view of the situation.

In Fig. 3a, positive values are those where the flare appar-
ently starts prior to the projected CME-onset and negative val-
ues are those for which the CME onset apparently leads the flare
onset. The units are in minutes. A zero value suggests that the
flare and CME onsets are co-incident. In fact, we find a wide
peak, of width at half maximum of about 80 minutes, peaking
at the O to +10 minute bin. Immediate inspection suggests that
CME and flare onsets are closely associated but that they may
occur anywhere within a few tens of minutes with respect to one
another.

If there is significant acceleration during the early stages
of the CME, our back-projection is in error and the entire dis-
tribution would shift to the left with respect to the axis — the
CME-leads-flare scenario would dominate. Given a non-zero
altitude onset, the curve would shift to the right — toward the
flare-leads-CME scenario.

One quick method for examining this further is to take into
account the size of each CME. We know the footpoint separa-
tions of the CMEs from the listings and, if we assume a circular
geometry, we can simply project the CME to the top of the
assumed semi-circular loop rather than to the limb. This gives
the distribution of Fig.3b, with the onset altitudes of Fig. 3c.
Such altitudes are consistent with the discussion of Hundhausen
(1993a). However, still we have not considered acceleration,
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Table 2. A comparison of results for various onset windows
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Window duration  No. of flares in  Enhancement  Ratio of flare Ratio of flare peak
(hours) CME windows rel. torandom durations (CME/all) intensities (CME/all)
+1 40 3.4 29 39

+2 72 3.1 2.6 2.7

+3 94 2.7 2.5 24

there are 10 events where the CME onset appears to lead the
flare without acceleration being considered and the distribution
still shows a spread of +100 minutes. We must conclude that the
data support the view that the CME and flare onset are closely
associated but that they can occur at any time within several
tens of minutes of one another. Thus, the flare in the general
case does not drive the CME and vice versa.

Finally, in this analysis, we examine briefly the effects of
using different windows, to convince ourselves that the 2 hour
window was reasonable. Table 2 shows several of the parame-
ters given in the text above compared to identical analyses with
1 and 3 hour windows. They indicate quite clearly that the 2
hour window can be taken as representative.

4. A temporal and spatial analysis

Now we examine the properties of the same data-set using events
for which we can make both temporal and spatial associations.
Remember that for the two-year period there were 151 recorded
CME:s and 674 X-ray flares. To provide spatial associations we
require information on the flare location, which is not avail-
able through the GOES X-ray data alone. Thus, for each of the
674 flare events any Ha flare co-incidences have been sought.
These associations were done by direct comparisons of the X-
ray flare list derived as described above, with the Ha “grouped”
flare listings in SGD. It is believed that of the 674 X-ray flares,
for 414 we can make very good Ha associations, and thus de-
rive information on location. It should be noted that the X-ray
emission from a flare commonly extends well into the corona,
whilst the Ho emission is basically chromospheric. Thus, for
many near-limb flares one may record an X-ray event with no
accompanying Ha counterpart — we would not expect a 100%
association.

This time, let us open a +-3hour window on either side of the
first observation of a CME. As demonstrated in the last section,
such awindow is reasonable. Since the counting statistics will be
lower in this portion of the study, a slightly larger window may
be useful in that it may encompass some more related events
which were omitted in the last section. However, varying the
window in this manner will not influence the result.

Let us demand that, for an acceptable association, the flare
must lie within 50° of the limb, in longitude and that the flare
must be within a latitude range defined by a 20° degree margin
on either side of the CME-span. We use a longitude of 50°
since this is the value at which the CME brightness has fallen
by 50%, according to Fisher & Munro (1984). A more recent

study by Hundhausen (1993b) suggests that a more rapid fall-
off with angle is more appropriate, perhaps falling to 50% by
about 35-40° for an average sized CME. However, since we
do not wish to pre-suppose that any CME-associated flare lies
under the CME, we will continue with the 50° figure.

Only 188 of the flares lay within 50° of the limb, thus reduc-
ing the pool for associated flares still further. We find that 25 of
the 188 flares fall within the defined windows of the 151 CMEs.
Conversely, some 21 CME windows encompassed one or more
flare. Given a random situation, we would have expected (151
CMEs x 6hours x 188 flares / 365 days x 2 years x 24 hours
x 2 limbs) = 4.86 CME associated flares. (The final factor of
2 in the calculation is to cater for the fact that we are cover-
ing two limbs and we are assuming an equal chance of flares
on the east and western limbs.) This figure is an overestimate
since we have made no allowance for the latitude demands for
an acceptable association in this random figure. Even so, we
find an “expected” association which is a factor of 5.1 less than
that which we see. Thus, with the spatial element, as well as the
temporal element considered, the association between the flare
and the CME-onset described in the last section is enhanced
considerably.

So, again, what is special, if anything, about the flares which
appear to be associated with the CME onsets in this spatial and
temporal analysis?

The average duration of the full list of 674 flares was
1.14 hours. This compares to an average of 2.77 hours for the
25 CME-associated flares in this portion of the study. This is a
factor of 2.4 longer. This compares favourably with the results
of the last section. The precise distribution of durations for the
25 events is shown in Fig. lc. As before, the only clear differ-
ence between this curve and the curve for the full-flare data-set
is that the CME-associated curve falls off much more slowly.
Despite the very low numbers, this enhanced tail is significant
in comparison to the full X-ray flare data-set. These results con-
firm the fact that CMEs are associated with the full range of
flare durations, but that there is an enhanced association with
longer duration events.

The peak 1-8 A flux at 1AU for the full-flare data-set is
2.310~®W m~? whilst the peak flux for the CME-associated
flares of the current analysis is 5.1 10~ W m ™2, a factor of 2.2
greater. Again, this is in keeping with the results of the last sec-
tion. The distribution of peak fluxes is shown in Fig. 1f. We are
now seeing a clear peak at the M1 level, with a gradual increase
with flux to a cut-off to higher fluxes. This is in contrast to the
full-flare curve which peaks as much lower fluxes. The tempo-
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ral study showed a hybrid of the two curves (Fig. 1e) suggesting
that the spatial information was crucial in highlighting the “real”
association for this particular feature.

For the CME-related flares, in this portion of the analysis,
the average rise time is a factor of 1.5 longer, and the fall-time
is a factor of 2.7 longer than the full-flare data-set. These are
consistent with the results of the last section, and it confirms
that the CME-related flares show significantly longer fall-times
in relation to the rise time, i.e. the profiles are less symmetrical
than the full-flare data-set. The distributions of fall-times and
rise-times are shown in Fig. 2.

Since we have spatial information, we now discuss the asso-
ciation between the CME-span and the flare location. Figure 4
shows plots of the ratio of the distance of the flare from the near-
est CME footpoint to the CME span, versus the (a) flare duration
and (b) peak X-ray flux. A value of the ratio of 0.0 is where a
flare lies at the footpoint of its associated CME. A value of 0.5
would be where the flare lies under the core of the CME-span.
A negative value is where the flare lies outside the CME-span.
Data are shown for the 25 events discussed above. Some 84% lie
within the CME span; 46% fall in the range 0.0-0.25, and 38%
lie in the range 0.25-0.5. Thus, the flare can occur anywhere in
the vicinity of the CME-span, but with a preference to be within
it — there is no evidence for a preferred site. This is in keeping
with the conclusions of recent studies (e.g. Harrison et al 1990;
Harrison 1991; Kahler et al. 1989).

Figure 4 also indicates, quite clearly, that there is no rela-
tionship between the flare-site, with respect to the CME-span,
and the flare parameters of duration and intensity. This could
be considered to be a surprising result since a flare situated un-
der the leg of a CME could apparently occupy a quite different
magnetic configuration to a flare situated under the centre of the
CME span and one might expect the two to be quite different.

lies outside the CME-span

5. Conclusions from the preceding analysis

The following points can be concluded from the above analyses:

1. There is a very strong association between flare and CME-
onsets. Some 11% of all the flares studied were associated with
CME-onsets and 40% of the CMEs studied had associated flare
activity . The latter result is 3 times the expected association due
to random chance. The association is enhanced even further, to
a factor of over 5, when both spatial and temporal associations
are considered.

2. Although there may be significant sensitivity effects
which we cannot take into account here, as well as problems
in defining and identifying flares and CMEs, for the present we
must state that many flares do not have an association with an
observed CME.

3. CME onsets are associated with flares of any duration.
Some 6.4%, 25% and 50% of all flares of durations ~ 1hr, ~
3 hr and ~ 6 hr, respectively, are associated with CME-onsets.
Thus, the longer the duration of the flare, the greater the chance
that it is related to a CME. However, 60% of CME-associated
flares have durations of under 2 hours; there is no evidence for
a unique class of long duration flare event which is associated
with CMEs.

4. The peak intensities for CME-related flares can be of any
value, but tend to be greater (on average a factor of between 2 and
3 larger) than for the average flare. Whereas the distribution of
flare intensities peaks at about the C1 level, for the CME-related
flares, the peak shifts toward the M1 level.

5. The CME-related flares show significantly enhanced ra-
tios of fall-times to rise times when compared to the full-flare
data-set, i.e. the profile of a CME-related flare is, on average,
less symmetrical than for the average flare. However, a CME-
related flare can have any fall- and rise-time value.
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6. In our temporal study, for the B, C and M-class flare
events, the number of events associated with a CME are factors
of 2.0, 4.4 and 6.9 greater than that expected from a random
situation. This translates to a 6.8%, 15.1% and 23.7% chance
of a CME observation in association with the observation of a
B, C and M-class flare event, respectively. The association of
CMEs, particularly with C and M-class events is striking.

7. The data support the view that the CME and flare onset
are closely associated but that they can occur at anytime within
several tens of minutes of one another, and that the CME onset
altitude lies in the range 0 to 0.5R®.

8. The site of a CME-associated flare tends to lie within the
CME-span but may lie anywhere in the vicinity of the CME-
span. There is no relationship between the site with respect to
the CME-span and the nature of the flare, in terms of intensity
and duration.

9. Finally, the above conclusions strongly support the view
that the flare does not drive the CME-onset and vice versa.

6. The long duration event

We now discuss the so-called Long Duration Event and compare
previously published studies on these events with the results of
the current study.

The so-called long duration or decay event (LDE) has been
linked to eruptive activity on the Sun for many years. However
there has never been a universally accepted definition of such
a class of event and there has never been a demonstration that
such a unique class of event actually exists. Thus the studies
of LDEs in association with CMEs are, at best, misleading. To
understand the problem fully, we trace the history of the LDE.

Some years ago, Kreplin et al. (1962) detected an X-ray
event of duration 6 hours which occurred at about the time of an
eruptive prominence on the solar limb. The X-ray observation
was made from an integrated-Sun device. Thus, no positional
information is known about the X-ray emission. The X-ray event
may well have been associated with the eruption, but it could
not be confirmed.

Some 13 years later, Sheeley et al. (1975) published an
examination of the soft X-ray profiles of the Skylab mission
(1973/4). Using the full-Sun Solrad 9 1-8 A data, they exam-
ined 19 events of duration over 4.5 hours, the arbitrary duration
limit set to extract events of the type seen by Kreplin et al.
Of the 19 events, 16 were detected during the operation period
of the High Altitude Observatory’s coronagraph on Skylab. Of
those 16, 7 were co-incident in time with reported prominence
eruptions, 7 were co-incident in time with CME activity (there
were other possible associations) and as many were associated
in time with Ha flares.

Kahler (1977) examined the Solrad 9 1-8 A X-ray data for
the Skylab era. He chose to examine events for which the e-
folding time was 0.87 hours or greater (a factor of 10 decrease in
2 hours or more). Again, a totally arbitrary definition was being
used for event selection, designed to extract the longer duration
X-ray events. Although the Solrad data were integrated-Sun,
by simultaneously examining Skylab X-ray data and Ho data,
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Kahler concluded that these long lived events were associated
preferentially with old active regions, and were arcade structures
similar to those observed in the Skylab SO54 X-ray images and
reported by Webb et al. (1976). These long duration events were
shown to be related to prominence eruptions and CMEs.

Pallavicini et al. (1977) also addressed the LDE question.
They used Solrad 9 data to identify any flare-like brightenings
in X-rays during the Skylab period. Having linked the Solrad
9 events to Ha and Skylab S054 brightenings in order to study
locations and sizes, they extracted the limb events, of which
they had 43. A plot of duration versus altitude-achieved for
these 43 events was used as a basis for defining two distinct
types of X-ray event. Most events were clustered in the 4-100
minute duration interval, with altitudes of about 10*km. Six
events appeared in an apparentlly distinct group with durations
of 200-500 minutes and altitudes of 3—10 10* km. Pallavicini et
al. associated all six events with CMEs seen by the High Altitude
Observatory coronagraph on Skylab. Only 2 of the remaining,
shorter duration events were associated with CMEs. No error
bars were shown on the altitude versus duration plot. Since no
accurate determination of the location of an event could be made
to within say, at best, +5° of the limb, this would introduce an
error of several thousand km in the altitude estimate.

Sheeley et al. (1983) studied the association between CMEs
and X-ray events for the 1979-81 period, using the Naval Re-
search Laboratory’s Solwind coronagraph aboard P-78-1 and
the GOES 1-8 A flux. Although no positional information was
available for the X-ray data, based on relative timing alone,
Sheeley et al. found a monotonic increase of the probability of
CME association with X-ray event duration. Also, they showed
that the X-ray durations (they did not consider durations of less
than 30 minutes) displayed a continuous distribution, peaking
at about 4 hours. Such a continuous distribution is not consis-
tent with the interpretion that there are distinct classes of X-ray
event. In other words Sheeley et al. indicated that an X-ray event
could be associated with a CME, but that the longer the dura-
tion, the better the chance of the association, and that there is
no distinct class of LDE, merely the tail of a single-event type
X-ray distribution.

More recently, Webb & Hundhausen (1987) performed a
statistical study of events associated with CMEs seen by the
High Altitude Observatory’s coronagraph on the Solar Maxi-
mum Mission, for the 1980 period of operation. They addressed
also the question of the LDE. They defined an LDE as being an
X-ray event with an e-folding decay time of over 12 minutes and
demonstrating a good association with CME activity. However,
the average X-ray peak intensity, the average CME speed and
the average CME latitude were shown to be similar for both the
short duration and LDE events of their data-set. No justification
was given for the LDE definition.

Kahler et al. (1989) considered, also, the relationship be-
tween X-ray flare duration and CME-onset association. Whilst
they did not set a minimum duration limit, they chose to ex-
amine only X-ray flares of intensity greater than M1. For these
bright flares they showed that a CME could be associated with
a flare of any duration.
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Finally, St.Cyr & Webb (1991) studied active solar features
in association with the CME observations made between 1984
and 1986. They showed that 34% of their CME-onsets were
associated with X-ray flares (their Table III). This compares to
our finding of 40% of the CME-onset windows containing X-ray
flares. Whilst the majority of their report is well balanced and
thorough (though they do not state how the X-ray flares were
identified and selected, how their onset times and intensities
were recorded), they do resort to a brief LDE analysis, using the
same definition as Webb & Hundhausen (1987) and conclude
that “most of the X-ray events that were associated with mass
ejections were LDEs”.

The studies mentioned above are just a few of the studies
involving LDEs, yet they can be considered to be representa-
tive. Let us summarise the principal problems of these LDE
analyses: (i) They are based on several arbitrary and different
definitions of LDE. (ii) Most rely on the association of CME
and prominence activity with integrated-Sun X-ray data. This
has inherent problems in locating the X-ray site and in the over-
lapping of remote X-ray enhancements. (iii) Most of the studies
are influenced by earlier discussion of LDEs to the extent that
filters are introduced to exclude the more frequent shorter du-
ration flares. For example, Sheeley et al. (1975) introduced a
filter which would have thrown away 96% of the flares in our
study above, and would have excluded 76% of the flares which
we find to be CME-associated. This filter had no physical basis.

Similarly, Sheeley et al. (1983) used a filter which would
have excluded 28% of the X-ray events in our study and 19%
of those events which we associated with CME onsets. Also,
Kahler et al. (1989) chose to examine flares of intensity M1 and
above. This represents only 5% of our flare data-set and would
rule out 86% of the flares which the present study showed to
be associated with CME-onsets. Again, these selections had no
physical basis. The author belives that we cannot understand the
physics of mass ejection or flare activity by masking significant
portions of the data? Filters of this kind cannot be justified.

Let us consider a few more specific points from the stud-
ies discussed. Pallavicini et al. (1977) showed weak evidence
to suggest different classes of X-ray burst, based on duration
and size. Why is it that statistical studies of X-ray flare param-
eters have never revealed such classes? Studies by Culhane &
Phillips (1970), Drake (1971), Sheeley et al. (1975) and Pearce
& Harrison (1988), as well as the present work, show distri-
butions of flare durations. None show any evidence to support
the view that there are different flare classes dependent on du-
ration. Sheeley et al. (1975) selected LDEs which subsequently
showed an equal association with Ha flares, CMEs and promi-
nence eruptions, yet no-one is seriously stating that all Ho flares
must be accompanied by LDEs! The logic is the same.

The LDE discussion has caused great confusion and it is
hoped that the present study can serve to put things into a better
perspective. Clearly there is a lesson to be learned in that we
must not blindly build in assumptions about classes of activ-
ity and artificially justify their existence by the use of biased
analyses. Having said that, many of the findings of the present
study are consistent with results from some of the LDE studies
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mentioned, yet the analysis is clearly less biased. Let us drop
the LDE terminology and talk about flare-related and non-flare-
related CMEs without building in a bias toward a particular
feature of the flare activity. Indeed, as mentioned above, 60%
of all CME-related flares have durations of less than 2 hours.

7. Discussion

What can we conclude from the present study and the discus-
sion above? First, we must recognise the intimate relationship
between the flare and the CME, and build models accordingly.
Flare models must cater for the CME, and vice versa. The dis-
tributions of flare characteristics for CME-related events which
have been presented in this paper must be considered when the
range of possible consequences of a flare-CME model are dis-
cussed. For example, such a model must be able to locate flare
activity anywhere under the CME-span, must be able to cater
for a flare of any duration and intensity, and must be able to cater
for non-coincident flare and CME onset times. These sorts of
complexities and asymmetries are rarely discussed by the mod-
ellers. It is the author’s opinion, that the results are consistent
with the view that the flare and CME are both symptoms of the
same magnetic “disease”. That is, they are both driven by the
same magnetic activity, e.g. shear or reconnection within the
magnetic structure, and that they simply reflect the responses
in different magnetic environments within the structure. In this
way, they clearly do not drive one another, and their charater-
istics will be dependent on their own magnetic features rather
than on one another, i.e. there is no basis for suggesting that a
fast CME is more likely to be seen in association with a bright
flare. A suggested approach, including a basic model which may
cater for the requirements discussed above, has been presented
by Harrison (1991). It involves the evolution of an asymmetrical
hierarchy of magnetic loops which are consistent with active re-
gion loops, inter-active regions loops and flare loops, responding
initially to shear in the active region.

In this final portion of the current paper, the aspect of the
flare-CME relationship which we would like to concentrate on
is that of event prediction. Most detected CMEs are near to
the plane of the sky. Thus, they have little effect on the helio-
sphere in the vicinity of the Earth. However, a CME represents
a very significant ejection of matter — up to 10'3 kg of matter
can be dumped into the solar wind, travelling at speeds of up
to 2000km s~!. This results in a huge magnetic “disturbance”
passing through the solar system and it is most likely the in-
teraction of such a feature with the Earth’s magnetosphere that
drives much geomagnetic activity. Of course, the degree of the
geomagnetic effect will depend on a number of things such as
the magnetic field direction, the density and speed. However,
it is of interest to predict the arrival of CME:s at the Earth. If
we cannot view CME:s in the corona, which are directed at the
Earth, then we must infer their onsets using proxy data. There-
fore, given the CME-X-ray flare relationships given above, it
is suggested that flare data can be used to predict geomagnetic
activity, even though it is not directly related to such activity.
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In the present study, we identified 151 CME events. When
attempting to associate CME-onsets with flare-onsets and lo-
cations, we found 25 flares within our CME-onset windows as
defined above. Since we may expect, maybe, 50% of the “sur-
face” associations of CMEs to be behind the limb, this suggests
that there was a flare in association with 33% of CMEs. Thus,
if we can define a region on the Sun where CME eruptions are
likely to interact with the Earth, for example, within 20° lon-
gitude and latitude of central meridian, we may infer that 33%
of the flares which occur within that region will be associated
with a CME which is likely to interact with the Earth’s magne-
tosphere.

So, how do we decide which 33% are the best CME candi-
dates? Well, we have shown that about 7%, 15% and 24% of B,
C and M class X-ray flares are associated with observed CMEs.
We stress that this means some 86% of the CMEs will be asso-
ciated with C-class flares or less — this fact alone demonstrates a
significant departure from current geomagnetic prediction tech-
niques through monitoring flare activity. Also, we have shown
that longer duration events show a greater chance of CME as-
sociation — for example, 6%, 25% and 50% for durations of
about 1, 3 and 6hours, respectively. Finally, we showed that
flares with more asymmetrical profiles had a greater chance of
CME association. Thus, to refine our geomagnetic prediction
capabilities, it is suggested that a concerted effort be made to
construct an algorithm which caters for all of these probabili-
ties for a portion of the Sun’s disc where eruptions are likely to
interact with the Earth.
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