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Abstract—A database joining the available information about proton enhancements near the Earth and their
possible solar sources is organized on the basis of proton measurements of the GOES and IMP-8 satellites, the
data of neutron monitors, and GOES X-ray measurements. One thousand one hundred and forty-four proton
events with energy > 10 MeV have been selected in the period from 1975 to 2003. More than a half of these
events can be reliably related to X-ray solar flares. A statistical analysis shows the probability of observing solar
protons near the Earth and their maximum flux value to be strongly dependent on the importance of a flare and
its heliolongitude. Proton events are recorded after all suitably located (western) flares with X-ray importance
> X5. The heliolongitude of a flare predetermines the character of the time profile of proton events in many
respects. The relationship of proton events with the other characteristics of flares is established. The flares asso-
ciated with proton enhancements are characterized by longer duration, slower rise to the X-ray maximum,
smaller temperature, and larger length of the X-ray loops.

1. INTRODUCTION

Long ago first observers noticed the relation
between proton events and solar flares. This relation is
quite obvious for ground-level enhancements of solar
cosmic rays [1, 2] which are usually observed simulta-
neously with very strong flares or immediately after
them. In those cases, when no evident data about a
strong flare on the visible part of the Sun are available,
there is convincing indirect evidence that such a flare
took place behind the solar limb. Proton enhancements
and solar flares used to be observed and discussed
together. This was the case for many years before the
famous paper Solar flare myth by J. Gosling [3] and the
works by D. Reames (for example, [4]), and this is still
the case after these publications. One can see this ten-
dency in some papers (for example, [5—7]) and, which
is more important, in everyday practice.

At the moment we understand that coronal mass
ejections (CME), and coronal and interplanetary shock
waves can have a substantial effect on acceleration of
charged particles, and they can be even more important
for the conditions of escape and propagation of these
particles [8—14]. The characteristics of a proton
enhancement observed near the Earth and on the
ground, and even the very possibility of such an obser-
vation, can be determined by the properties of ejections
and shock waves [15-19]. However, our recognition of
the role played by CME should not prevent us from
studying the links between proton events and flares, and
the importance of such studies should not be underesti-
mated.

Even those researchers who deny the flares' involve-
ment in acceleration processes cannot but admit that the
relation of flare characteristics to the properties of pro-
ton events does exist and can be used for predictions of
radiation danger. For those who believe (as we do) that
acceleration of charged particles is a part of flare mech-
anism the joint analysis of characteristics of solar flares
and proton events is natural and logical.

Investigations of this type were undertaken many
times. For example, Van Hollebeke et al. [20] have
found 125 proton events in the data of IMP-4 and
IMP-5 and have studied their correlation with solar
flares. Theoretically, any sporadic manifestations of
solar activity can be useful for probabilistic models of
proton enhancements [21-23, etc.], but generally they
are based precisely on the characteristics of flares. One
can only say welcome to the complex approach that
was demonstrated by creation of the database
http://cdaw.gsfc.nasa.gov/LWS/data/event_list.html
which had joined a variety of data for the periods of
proton enhancements. Unfortunately, such an approach
is fully applicable only to the last solar cycle and to a
limited number of events.

We believe that X-ray flares can be used as a best
basis for long-term studies and comparison with a large
number of proton events. Sufficiently long (already
29 years) and homogeneous series of data almost with-
out gaps are available for them. These data include
qualitative characteristics of various types, and this
facilitates classification procedures. X-ray observations
are less dependent on flare longitudes than optical
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observations, and they allow one to detect close events
behind the limb. The last circumstance is very impor-
tant for us, since frequently such events are a source of
proton enhancements. The main drawback of X-ray
observations are as follows: no data are available before
1975, and up to the recent time (until GOES-12 epoch)
it was impossible to localize an event on the Sun. The
use of optical observations together with X-ray data, as
it is done by the GOES group, allows one to eliminate
this last drawback.

In this paper we make an attempt to isolate all pro-
ton enhancements in the last three cycles of solar activ-
ity (1975-2003), to find the most probable solar
sources of these enhancements, to join the characteris-
tics of proton enhancements and solar flares associated
with them in a single database, and to carry out the sta-
tistical analysis using a larger body of data than that
used in our earlier studies [24-32].

2. DATA
Protons

We use the integral fluxes of protons measured
onboard IMP-8 and a series of GOES satellites
(from GOES-5 to GOES-12). The IMP-8 data for
energies >10, > 30, and > 60 MeV are taken from
the OMNI database (http://nssdc.gsfc.nasa.gov/omni-
web/ow.html). The fluxes of protons and nuclei with
energy >106 MeV were supplemented to them
(http://ulysses.sr.unh.edu/WWW/Simpson/imp8.html).
As for GOES data, we mainly used integral channels for
protons with energies >10, >30, >50, >60, and
>100 MeV (http://spidr.ngdc.noaa.gov/spidr/). The pro-
tons of lower energies are subject to strong influence of
interplanetary disturbances, and variations of their fluxes
have poorer correlations with solar events.

The IMP-8 data were represented by mean hourly
values, while for GOES measurements we used differ-
ent time resolutions from 1 min up to an hour. Half-
hour averaging was usually taken for numerical esti-
mates. The difference in time resolution had no essen-
tial effect on the results, since the typical characteristic
time of enhancement development significantly
exceeds one hour even for protons with energies
>100 MeV, and to determine the exact time of proton
enhancement commencement was not our aim. There
are other differences between the IMP-8 and GOES
data, but as we made ourselves certain, they should not
prevent us from using these data and getting the reliable
results.

For the earlier period (1975-1986) we used only the
IMP-8 data, and for the period after 2002 only the data
of GOES satellites were at our disposal. Even in 1987—
2001, when all measurements were available, due to the
gaps in data we had sometimes to use the measurements
of a single spacecraft. In those cases, when there were
all types of measurements, the agreement between
them was usually reasonable.
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Solar Observations

We use the database of X-ray flares created in IZMI-
RAN on the basis of observations and catalogs of
GOES, which was already used as a tool for several
investigations [33-34]. In addition, we have widely
used the catalogs of optical flares, in some cases cor-
recting and refining optical references made by the
GOES group. The information about flares was supple-
mented by the data on radio bursts and observations of
CME made by the SMM [35] and SOHO (http://lasco-
www.nrl.navy.mil/cmelist.html) missions.

In order to estimate possible influence of interplan-
etary disturbances on the proton fluxes measured near
the Earth we use the catalogs of storms with sudden
commencements (SSC) (which coincide with arrivals
of interplanetary shock waves to the Earth) and the
database of solar wind disturbances [36].

3. SELECTION OF PROTON EVENTS
AND THEIR SOLAR SOURCES

Selection of Events

We endeavored to select all proton enhancements
which were discernible in observations of protons with
energies > 10 and > 100 MeV and could be associated
with acceleration processes on the Sun. When compil-
ing a catalog of solar proton events (SPEs) we had in
mind that our main task was to study the relationships
between SPEs and their solar sources; therefore, we
tried to separate the effects from different sources. In
this respect our catalog is distinct from the NOAA cat-
alog [37, 38], where the entire period, in which the flux
of protons > 10 MeV persisted to be higher than the
threshold of 10 pfu, was considered as a single event,
independent of the number of possible solar (and inter-
planetary) sources. We defined our proton event as an
effect associated with a single source. Such an
approach was also used earlier in papers [20, 39—42]. It
makes the selection of events more difficult and less
accessible to formalization. The difference in formation
of the catalogs is demonstrated by Fig. 1 with well-
known events of October 1989.

In this period one can easily select at least four pro-
ton events marked in Fig. 1 by arrows (three of them are
accompanied by large ground-level enhancements).
However, since beginning from October 19 to the end
of month the flux of > 10 MeV protons did not drop
below 10 pfu, this entire period is a single proton event
for the NOAA catalog.

The maximum increase above the background of the
proton flux averaged over 15-60 min was used as a
main quantitative characteristic of the enhancement
value. The use of fluences for such investigations is less
convenient, since no fluence is measured directly, and
to calculate it for separate events is difficult in some
cases. Under quiet conditions one can isolate suffi-
ciently reliably the enhancements with amplitudes of
0.1 pfu, thus reducing the threshold accepted by the
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Fig. 1. An example of a series of proton events associated with the active region 5747.
X-ray and proton measurements of GOES-7 and 15-min data of the Oulu neutron monitor are presented.

NOAA catalog by a factor of 100. In the cases when
proton enhancements follow one after another their iso-
lation becomes considerably more different, and some-
times it is impossible altogether. First of all this is valid
for the smallest enhancements, but there are cases when
on the decline phase of giant proton events it is difficult
to isolate a new enhancement even with a value of 100
pfu. For example, it is not easy matter to decide whether
proton event was associated with the flare M8.7/2N on
October 25, 1989 because of a high background (about
1000 pfu) of protons from the preceding event.

Modulation effects in cosmic rays (due to shock
waves and other disturbances of the solar wind) also
prevent one from isolating proton events reliably. In
some cases two (more rarely, three) maximums are
observed in a single event. This occurs more frequently
for protons > 10 MeV, and considerably less frequent
such events are for > 100 MeV (one example gives the
event on October 19, 1989 in Fig. 1). If two maximums
were well pronounced, the second one being larger in
its value than the first one, we included both these val-
ues in our database, while only the first maximum value
was used in the analysis.

For the most part we analyzed in this paper the
enhancements for protons > 10 MeV and > 100 MeV,
as well as ground-level enhancements (GLEs). If an
enhancement selected from the IMP-8 data was dis-
cernible in the channel > 106 MeV, we considered that
this enhancement took place also for > 100 MeV pro-
tons. The amplitude of this enhancement was deter-
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mined by interpolation between the channels > 60 and
> 106 MeV. The amplitudes of ground-level enhance-
ments were not used in the analysis.

Reference to Solar Sources

Our aim was to produce a catalog of solar sources of
accelerated protons rather than mere catalog of proton
events. Therefore, the reference of a proton enhance-
ment to a certain solar event (we sought for it primarily
among solar flares) was important and in many respects
crucial part of our study. It is this part of such investiga-
tions that often leads to doubts and debates. We have
also not avoided some problems, though they turned
out to be even less numerous than one could expect. In
most cases one could find a flare immediately before
the proton enhancement, and this flare was clearly dis-
tinguishable among other flares of the period, which
made our choice sufficiently simple. Rather often this
choice was difficult because of the presence of two or
more almost equivalent candidates for the role of asso-
ciated flare. The cases when no real candidates were
found upon the first glance on the situation were no less
frequent. Mainly, these were the cases when the source
of accelerated particles was located behind the western
limb of the Sun. Sometimes, we have observed direct
evidence of this fact: ejections of solar mass on the
invisible side of the Sun, limb processes, and radio
bursts not associated with any visible activity. As a rule,
before such events the active region went behind the



168

Heliolongitude, deg

50F . °

|

BELOV et al.

| | |
1980 1985

1 1 1
1990 1995 2000  Years

Fig. 2. The Maunder’s butterfly diagrams for all X-ray flares identified with H,, flares (gray circles) and for flares associated with

proton enhancements (empty circles).

limb, which had already generated considerable bursts
and become a source of other proton enhancements. In
some cases we had all grounds to believe that a small
X-ray flare without optical reference is only the upper
part of a considerably stronger behind-the-limb flare.
Though in this case the optical flare was not observed,
we were able to localize it reliably enough. It is clear
that there were events when no reasons for localization
of sources were found, and one could only suspect their
behind-the-limb origin.

We fully aware that it was impossible to avoid errors
while referencing the events. In order to express quan-
titatively the quality of reference, i.e., the degree of our
confidence in it, we assigned to each event the index of
quality g, with five grades. Index 5 means that we are
sure in our reference, index 4 corresponds to some
doubts in it, index 3 stands for serious doubts, index
2 means that the reference is very doubtful, while at
index 1 we are almost sure that it is wrong. In what fol-
lows we use the events with g, =5 or 4 in all types of
comparison. All others are used only at some cases,
when characteristics of solar flares are not very impor-
tant.

4. DATABASE

We have selected and included in our catalog 1144
proton (> 10 MeV) enhancements for approximately 28
years. This is a sufficiently large number. It is less than
the number of Forbush effects and magnetic storms at
the same period, but only by a factor of 2-3. It is possi-

ble that some of the smallest SPEs included in our data-
base will not be confirmed in the future. On the other
side, the probability of addition of new events which
turned out to be missed due to various reasons is no
less. One should not forget gaps and interruptions in
data series, as well as objective difficulties in selecting
the proton enhancements. In some cases a considerable
modulation of the cosmic ray background could pre-
vent an event from being selected, in other cases the
enhancements from differing sources turned out to be
so close in time that it was impossible to separate them.
Notice that such a number of proton enhancements
approximately corresponds to the number of flares with
importance =M4 (1152 in the period under consider-
ation). Among the selected events 547 were also
accompanied by enhancements of protons > 100 MeV
(with a flux of > 0.02 pfu), and 38 events were accom-
panied by proton ground-level enhancements (GLEs).

We have succeeded in referencing more than a half
of 617 selected proton events to certain flares with suf-
ficient reliability (g, = 4-5), more exactly, a source of
protons was localized in space and time for these events.
These flares are shown by empty circles in Fig. 2 against
the background of all X-ray flares in 1975-2003. One
can see that proton events are inherent in virtually all
phases of the solar cycle. They are frequently associ-
ated both with high-latitude active region of the cycle
beginning and with low-latitude groups of sunspots on
the decline phase of solar activity.

COSMIC RESEARCH  Vol. 43

No. 3 2005



PROTON EVENTS AND X-RAY FLARES IN THE LAST THREE SOLAR CYCLES

The number of events for which localization failed
or was made without certainty (g, < 3) is 151. A part of
references with index 3 or, possibly, even 4 should be
added to this number. However, it is not to be supposed
that all events without reference or at least their major
part are not associated with flares. A certain fraction of
flares was missed due to gaps in observations, a more
significant part of flares turned out to be accessible for
proton observations and inaccessible for observations
in all other radiations, since these flares occurred on the
invisible side of the Sun sufficiently far from the limb.
The fraction of such flares should be no less than 20%.
It must be also taken into account that sometimes no
reference is possible because appropriate flares are too
abundant rather than absent: it is difficult to choose
between several candidates.

Generally, rapidly developing enhancements with a
sharp commencement can be referenced more easily
than gradual events with a slow development. Every-
body who studied GLEs can recall that usually for the
strongest proton events their reference to a solar source
is no problem.

Proton Events and Active Regions

Rather often proton events are observed in series,
when a single active region generates several proton
events one after another. For example, in November
1989 the group of sunspots 5793 occurred to be associ-
ated with proton events nine times in a week. Surpris-
ingly, in none of them were detected protons with
energy > 100 MeV. More frequently serial proton flares
were accompanied by acceleration to high energies. For
example, in May 1990 the group 6063 gave five proton
flares, all of them with protons > 100 MeV, and four out
of five were accompanied by GLEs (the only exception
was the eastern E38 flare, the first in the series). The
group 6659 in June 1991 also gave five enhancements
for the energy > 100 MeV in five proton flares. Finally,
six proton enhancements were associated in April
2001 with the group 9415, five of them with energies
> 100 MeV and two with GLEs. The only exception (no
particles with the energy > 100 MeV) again was the first
and most eastern (E31) flare. Apparently, the recent
active region 10486 turned out to be still more produc-
tive (three GLEs and no less than ten proton enhance-
ments in the end of October — beginning of November
2003 which so far are not included in our database).

There is an impression that the capability to gener-
ate accelerated particles is inherent for active regions to
a variable degree. Some of them can accelerate parti-
cles to ultra-relativistic energies and repeatedly demon-
strate this, while others are capable to accelerate only
up to energies of tens of MeV.

One can find large groups of sunspots without pro-
duction of accelerated particle, but usually they are also
not productive with respect to strong flares. Quite rarely
the region with serial strong flares turns out to be unre-
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Fig. 3. Intensity distributions of proton enhancements for
energies > 10 MeV and > 100 MeV. Straight lines corre-
spond to power law fits of weighted data.

lated to proton events, for example, the group of sun-
spots 5047 in June 1988.

5. GENERAL CHARACTERISTICS OF PROTON
EVENTS AND THEIR RELATION TO INTENSITY
AND LONGITUDE OF FLARES

Let us first discuss some properties of proton events
and the relationship between X-ray and proton charac-
teristics which do not depend on identification of solar
sources.

Distribution of Proton Enhancements
in Their Flux Value

We have found the function of differential distribu-
tion of all proton events in their flux value in the form
Y(I) = dN(I)/dI, where dN is the number of events with
the flux value within the limits between I and I + dI
(Fig. 3).

This distribution is sufficiently well approximated
by a power law function with indices 1.37 + 0.03 and
1.47 £ 0.06 for energies > 10 and > 100 MeV, respec-
tively. Various indices of this dependence were
obtained in earlier papers [14, 42—47] with smaller sta-
tistics, within the limits 1.15 to 1.5. We can see that the
agreement with the power law function do exist, and in
a wider range of fluxes (107'-5 x 10° pfu) than it has
been possible to obtain previously.

Time Dependence

We have calculated a correlation between the
monthly mean number of flares with importance >M1,
>M2, ..., and so on up to 2X3 and the number of all
proton enhancements. The correlation coefficient p
turned out to be maximal for flares M5, and it is equal
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Fig. 4. Time variations of monthly mean monthly numbers of flares with importance M4 and solar proton events (> 10 MeV) in

the period 1975-2003.

to 0.743. The value of corresponding coefficient for
correlation with the sunspot number is substantially
less (p = 0.65). The similarity in the behavior of the
numbers of major (=M5) flares and proton events is
well seen in Fig. 4.

For year averaged values the correlation coefficients
are higher [32]. The best linear correlation (with coeffi-
cient p =0.933) takes place here for 2M4 flares (Fig. 5).
One can see that the linear regression is sufficiently
good only for periods with a large number of flares. In
reality, the following power law function Ngpg = (0.79

0.07) Nows™ > better fits the data (p = 0.947).

Thus, the study of the long-term time behavior
shows that the number of X-ray flares with importance
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Fig. 5. The relationship of year averaged numbers of solar
proton events and X-ray flares with importance >M4 in the
period 1976-2002. The straight line corresponds to linear
regression.

>M4-MS5 can be used as an index of solar activity that
determines the proton productivity of the Sun [30, 32].

Averaged Behavior of Proton Fluxes after Flares

Using the method of superposed epoch analysis we
have averaged the time profiles of proton fluxes mea-
sured onboard the IMP-8 (Fig. 6) for several samples of
flares. The hour of the beginning of the X-ray flare was
taken as a zero hour. Events were selected according to
flare characteristics. The only restriction was imposed
on cosmic ray data: no gaps in data series. The upper
panel presents 42 averaged periods of western (WO0—
W90) flares 2M5. Immediately after these flares a rapid
growth of the proton flux begins, up to =400 pfu and
=80 pfu for energies >10 MeV and > 100 MeV, respec-
tively. For the middle panel of the figure we have cho-
sen also western but much weaker flares in the range
C1-M1 (939 events). Here the effect is much less pro-
nounced: variations of the averaged flux become
observable only in three hours after a flare, and they do
not exceed 10 pfu and 1.5 pfu for energies > 10 MeV
and > 100 MeV, respectively. The third sample (the bot-
tom panel) consists of 19 strong (=M5) eastern flares
(EO—-E70). There are no clear variations in the averaged
flux behavior for energies > 100 MeV, while the flux of
> 10 MeV protons increases gradually and rather insig-
nificantly (by less than 2 pfu).

Notice that in all samples the selected enhancements
develop on a substantially increased proton background
created by preceding proton events. The fact that strong
flares and proton enhancements occur in series is a seri-
ous problem when the method of superposed epoch
analysis is used and such plots are constructed. It is
because of this that we cannot use the periods with gaps
(even short) in the proton data.
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Fig. 6. Time characteristics of the fluxes of protons with
energy >10 MeV and > 100 MeV averaged by the super-
posed epoch method after X-ray flares of various types.

Thus, we see that the averaged increase of the proton
flux after an arbitrary strong flare is very large and con-
siderably exceeds the threshold of a radiation storm of
the second class according to classification of
NOAA/SEC. The effect after weak and/or eastern flares
is substantially (at least by a factor of 10) less.

Intensity and Heliolongitude of Associated Flares

The figures presented above show the characteristics
of a proton event to be dependent both on intensity and
on heliolongitude of its solar source. The heliolongi-
tude dependence is well known for GLEs (for example,
[48]), but it also exists for lower energies, in particular,
for > 10 MeV protons [16, 30, 49]. We see in Fig. 7 that
proton events (determined here for the energy > 10 MeV)
are rare for the most eastern flares, and they are com-
pletely absent in the left lower corner of the figure. On
the contrary, for sufficiently strong western flares the
accompanying protons are a standard situation. For the
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Fig. 7. Power and longitude distributions of the flares of
importance M5 with protons (solid circles) and without
protons (empty circles).

strongest flares this can be applied to central flares too,
since all >X7 flares with heliolongitude from E45 to the
western limb and further are accompanied by proton
enhancements.

Flare Intensity and the Probability of a Proton Event

Here and in the further analysis we use the data
about associated flares for those 617 events whose ref-
erence seems to be sufficiently reliable for us. We have
calculated the fraction of flares related to proton
enhancements for the flares with an X-ray importance
exceeding a given threshold (Fig. 8). Only western and
central (more western than E20) flares were used.

An arbitrary X-ray flare has small chances (< 0.4%)
to be accompanied by protons. Though, it is worthwhile
to note that the true probability most likely would
appear higher, if we were able to increase the number
of reliable identifications. The fraction of proton flares
becomes substantial beginning from the interval C3—
M1. Every fourth flare with importance =M3 gives pro-
tons (and, if one does not take care of reference quality,
even every third flare). Beginning from flares >X1, the
probability of ground-level enhancements becomes sig-
nificant. All eight suitably located flares with importance
>X10 were accompanied by proton enhancements not
only for energies > 10 MeV, but for > 100 MeV as well,
and most of them turned out to be GLEs. Only for two
of these eight flares the maximum flux of protons with
energies > 10 MeV was lower than 100 pfu (the mini-
mum value equaled 30 pfu), in all other cases it was
about 1000 pfu or > 1000 pfu.

Additional analysis shows that all 14 flares >X6.5
with more western location than E20 gave a large
amount of protons (=30 pfu), nine of them were accom-
panied by GLEs. If one goes from the strongest flares to
weaker flares, the first exception appears at the level of
X6.2. It is the eastern (N16EQ9) flare on December 13,
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Fig. 8. The probability to detect proton events of different
types versus the power of associated X-ray flares.

2001. Among 24 flares with importance >X5 all but
four flares were proton flares. There are grounds to
believe that in these few exceptional events protons
were accelerated, but did not reach the Earth due to var-
ious reasons.

Flare Intensity and SPE Values

We divided all flares according to their maximum
intensity in logarithmically equal intervals, and the
mean value of proton enhancement was calculated for
each interval (Fig. 9). In this case, no previous filtering
was made for flares, and we used all flares together
(proton and non-proton flares, western, eastern, and
flares without optical reference). Nevertheless, aver-
aged fluxes of protons turned out to be sufficiently high.
After any flare with importance of about M5 we
observed, on the average, a radiation storm, and a radi-
ation storm of the second class (according to NOAA
classification) after a flare >X1.

Let us consider now similar relationship only for the
proton flares which are reliably identified. In order to
reduce the possible influence of heliolongitude of a
source (which will be discussed below), we took for
Fig. 10 only flares in a relatively narrow interval of lon-
gitudes W15-W75. In the first approximation the inten-
sity of an X-ray flare is related to the values of associated
proton enhancement by power law functions. We
obtained for these functions /,(>10 MeV) = (4.8 £1.3) X

1077, and 1,(>100 MeV) = (2.6 + 1.1) x

1061)16'19J‘r0'22 , Where the X-ray flux I, and proton flux /,
are measured in W/m? and pfu, respectively.

Heliolongitude Dependence

Figure 11 presents the longitude distribution of pro-
ton flares, the number of which was calculated for each
15-degree interval of heliolongitudes and for three

Proton flux, pfu
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0.1F
0.01F
1 1 1 1
1077 10°° 1073 107 1073

X-ray flare intensity, W/m?

Fig. 9. The mean intensity of a proton enhancement which
can be observed after an arbitrary flare of a given power.

energy ranges. All well referenced proton events were
used for the energy > 10 MeV, all GLEs and all events
with a flux of > 0.1 pfu for the energy > 100 MeV were
taken. In the most western interval all behind-the-limb
sources are collected. For the majority of these events
(they turned out to be rather numerous) heliolongitude
was unknown. We assumed for this interval that the
number of events n(¢) decreases linearly with longi-
tude from the maximum value at 90° W (equal to the
number of events in the interval W75-W90) down to
zero at the limiting longitude @,. The longitude ¢, was

defined so that the integral j;pgn (@)do would be equal

to the total number of behind-the-limb proton sources.

The dependence of the number of events on the heli-
olongitude of sources is observed in all energy ranges.
For ground-level proton enhancements the longitude
E30 is limiting, not a single more eastern GLE source

Proton flux, pfu
1000k ¢ >10 MeV
e >100 MeV

100+

10

1+

0.1

1 1
10+ 1073
X-ray flare intensity, W/m?>

1 1
10°° 1073

Fig. 10. The intensity of a proton enhancement versus the
power of an associated X-ray flare. Straight lines corre-
spond to power law fits.
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Fig. 11. Heliolongitude distribution of the flares associated
with proton events of various types.
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Fig. 13. Distribution of time delays of the maximum of pro-
ton (> 10 MeV) enhancement relative to the time of onset of
an associated X-ray flare.

was observed. In the ranges > 100 MeV and > 10 MeV
such sources were repeatedly observed, but the longi-
tude E30 is singular for them too. The numbers of
sources to the east and to the west of this boundary are
essentially different. The interval of longitudes E30-
W120 contains the bulk of all proton flares (97% for
GLEs, 96% for > 100 MeV, and 94% for > 10 MeV).
Inside this interval of longitudes the changes of n(¢) are
not so large, though its values are higher for longitudes
W30-W105 than for more eastern longitudes. This is
especially clearly seen for GLEs, though it is appar-
ently not by chance that the maximum of n(¢@) distribu-
tion for > 10 MeV is located in the interval W45-W60,
i.e., exactly at the place from which the field line of the
interplanetary magnetic field connecting the Sun and
the Earth goes out in the quiet solar wind. If one takes
into account the real scatter of the solar wind velocities,
this line can go out from a wide range of longitudes
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Fig. 12. Heliolongitude distribution of the fraction of proton
flares among the flares with X-ray importance M8—X3.
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Fig. 14. Time delay of the maximum of a proton enhance-
ment versus the longitude of an associated flare.

W25-W75, which covers the largest part of the range of
longitudes of the solar proton sources contributing to
Fig. 9. Naturally, protons can be transferred to the ter-
restrial field lines from adjacent longitude intervals,
especially from the more western ones.

Let us try to estimate the dependence of the proba-
bility of a proton event on the source heliolongitude. In
order to reduce the flare intensity effect, we take not all
flares, but only those in the range M8—X3, and for each
30-degree interval we calculate, what fraction of these
flares was accompanied by proton enhancements
(Fig. 12). After a western flare we have much more con-
siderable chances to detect protons near the Earth. This
is valid both for relativistic and for relatively low-
energy (> 10 MeV) protons, however, in the latter case
the longitude distribution of sources is much wider than
for GLEs.
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Table

Flare characteristic Flares associated with proton events Flares > M6 without protons
Number 409 162
Power, W m™2 (1.16 £0.11) x 107 (1.16 £ 0.06) x 10~
Duration, min 80+4 57+4
Duration of the phase of growth, min 21514 150£1.9
Heliolongitude, deg 375115 20.7+2.4
Difference A\ of the Earth and flare, deg 17504 19.4+0.7
Temperature, 10° K 17.7+0.4 19.9+0.3
Loop length, 103 km 37.9+£2.0 229+1.4
Impulsiveness, 10° W m™2 min™! 13.7x1.7 19.2+2.2

The Delay of a Proton Enhancement
with Respect to a Flare

Figure 13 presents the distribution of the time ¢, of
delay of the proton enhancement (> 10 MeV) maxi-
mum relative to the flare instant.

The main maximum of this distribution is observed
at a delay of 3—4 h, but other groups of events with sub-
stantially longer times of delay are also seen. The wide
distribution of ¢, is caused primarily by different heli-
olongitude location of solar sources, as is demonstrated
by Fig. 14 for which the values of 7|, were averaged
over different longitude intervals.

Protons from the zone W60-W90 arrive first. Here,
the longitude W105 is assigned arbitrarily to all behind-
the-limb flares, and they have approximately the same
delay as in the zone WO-W60. The rapid increase of
delay is observed for eastern flares when one goes from
the central meridian. For almost a half (48.3%) of east-
ern flares the delay exceeded 20 h, while for all western
flares (W0-W90) the fraction of such delays was < 8%.
But even among the proton enhancements associated
with the most suitable longitudes there is a small part of
events with long delays.

Let us consider the heliolongitude zone W35-W85
corresponding to the shortest averaged time of delay.
We exclude the events with gaps in proton data near the
maximum. Among the remaining 72 events in this zone
only five events had delays of > 16 h. In addition to the
longitude of a source, its heliolatitude A could also
influence the time delay. More exactly, the effect should
depend on the difference between latitudes of the
source and the Earth (Ag), i.e., on the quantity AA =
abs(A — Ag). Indeed, all five events with long delays in
this longitude zone corresponded to AL >20°. Not a
single long delay was observed in 38 events with AA <
20°. Apparently, in most cases (at least for western
flares) it may be said that the time delay of the maxi-
mum flux corresponds to a certain effective diffusion
coefficient that characterizes propagation of particles
from the Sun to the Earth. In the case of small time ¢,
this diffusion proceeds preferentially along the field,

while in case of large time delays the role played by dif-
fusion across the filed is considerable. In those rare
cases when neither longitude nor latitude distances of a
source can explain long delays, it is appropriate to
hypothesize some unusual interplanetary conditions
near the Earth or between the Earth and the Sun.

6. DEPENDENCE OF PROTON EVENTS
ON OTHER CHARACTERISTICS OF FLARES

We have already established that the stronger flare
the higher probability for it to be a proton flare, and
almost all sufficiently strong flares are proton flares. In
addition, the probability and time behavior of a proton
enhancement strongly depend on the source longitude.
Let us now examine other characteristics of X-ray
flares. Some of them (for example, the flare duration drx
and the duration of the growth phase of X-ray flux) are
given in catalogs of the GOES group. The maximum
temperature and the length of X-ray loops were calcu-
lated for a great number of events (about 1500) in
papers [27, 28]. We have also calculated for each flare
its impulsiveness (maximum power of X-ray emission
divided by the growth phase duration), the characteris-
tic introduced in [50]. The group of proton flares
included 409 reliably identified flares in the range of
longitudes from E20 to W90. Their mean importance
turned out to be 2X1.2. As a control group we take the
flares in the same longitude belt and of approximately
the same intensity, but unrelated to proton enhance-
ments. Such flares turned out to be flares 2M6. The
mean characteristics of the basic and control groups are
given in Table.

It is obvious that the distinctions between flares with
and without protons are essential, and they are far
beyond the limits of statistical errors. We see that pro-
ton flares are longer and reach their maximums in
longer time. They are less impulsive, less remote from
our field line both in longitude and latitude, and they
have considerably longer and colder X-ray loops.
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Flare Duration and the Probability of a Proton Event

On the average, a proton flare has the duration dy of
1 h 19 min, which is by 40% longer than an average
flare in the control non-proton group. In order to see
more clearly the relationship between a proton event
probability and the X-ray flare duration, we restricted
ourselves to the flares with heliolatitudes between E20
and W90, dividing them in three groups with different
intensity (< M6, from M6 to X3, and >X3). Inside each
of these groups we calculated the fraction of proton
flares among the flares with varying duration: <30 min,
31-60 min, 61-90 min, and > 90 min. The results
(mean probabilities with statistical errors) are presented
in Fig. 15.

For the group of the weakest flares the statistical
error turned out to be small (it is less than the points'
sizes in the figure). In this group (< M6) and in the
group (M6-X3) one can clearly trace the dependence
on the flare duration: the probability of a proton event
quickly increases with increasing duration. This depen-
dence is especially strong for the group of the weakest
flares, where the probability increases almost by a fac-
tor of 20. On the contrary, for the strongest flares (>X3)
the probability (not given in the figure) turned out to be
high in all intervals of dfx and at the first glance to be
independent of it. Admittedly, one should make here a
couple of remarks. First, for this (least numerous)
group of flares the statistical accuracy is not sufficient;
and, second, the strong flares often last much longer
than the formally determined time dty (the time of drop
down to 1/4 of maximum).

Temperature and the Length of X-Ray Loop.

In order to understand better the relationship
between the probability of a proton enhancement with
a flare temperature 7,, and the X-ray loop length L, we
considered the same groups of flares (< M6, from M6
to X3, and =X3 for longitudes E20-W90), as in the pre-
vious paragraph. Since the quantities 7, and L do not
almost correlate with each other [28], one can assume
them to be independent parameters and study the rela-
tionship with them simultaneously. The group >X3
happened to include only 24 events with calculated val-
ues of T, and L. Since almost all of them were proton
events, we did not study the group in detail. Two other
groups with less powerful flares we divided into sub-
groups in accordance with the values of 7, and L so that
each group would include approximately equal num-
bers of flares. For the flares from M6 to X3 we isolated
9 subgroups, while the flares < M6 with which much
lower number of proton events was associated were
divided in 4 subgroups.

One can see in Fig. 16 how the probability of proton
events depends on temperature and the loop length. For
both groups and all ranges of temperature the fraction
of proton flares increases with increasing length of an
X-ray loop. Each of 21 flares >M6 in the interval E20—
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Fig. 15. The fraction of proton (> 10 MeV) flares among the
flares of various powers versus the X-ray flare duration.
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Fig. 16. The probability of proton events after flares with
different maximum temperatures and the X-ray loop
lengths. The size of circles corresponds to the fraction of
proton flares among all flares with given properties.

W90 with a loop length of > 60000 km was accompa-
nied by a proton enhancement. The situation with the
temperature dependence is more complicated (at least
in the group M6-X3). Here, both the highest and the
lowest probabilities of proton events are associated
with low temperatures of flares. At the temperature
<17 x 10° K and the loop length < 19000 km it is only
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12%, while for the temperature > 21 x 10° K and the
loop length > 28000 km it equals 100% (all 13 flares in
this subgroup turned out to be proton flares). At the
same time, if the loops are sufficiently long and the
flares are sufficiently strong, the fraction of proton
events is large even for high temperatures.

Gamma-Flares and Proton Enhancements

The solar flares in which gamma rays are observed
together with X-ray emission are especially important
for studying the proton events. In these cases we have a
direct proof that protons accelerated to considerably
high energies were present on the Sun. There is no
necessity to substantiate the proton character of such
flares, and one can immediately pass to comparison of
their features with characteristics of proton events.
Unfortunately, the measurements of gamma-rays were
carried out only for a small number of flares. There are
only 67 events with gamma-ray lines in our database
[51], 37 of them were accompanied by proton enhance-
ments. If one does not consider the most eastern flares,
then, according to near-Earth observations, 26 out of 37
flares in the longitude range E20-W90 turned out to be
proton flares, and in 6 more cases protons were observed,
but we were not sure to associate them with precisely
these flares. Only in 5 cases there were no protons near
the Earth. We compared mean characteristics of these
five events with characteristics of 26 proton gamma-ray
flares and found them to be substantially inferior in
intensity (1.7 £ 0.6 versus 4.0 £ 0.9 X 10* W m) and
still more inferior in duration (42 * 9 min instead of
125 + 25 min). In addition, they had mainly more east-
ern position, being located around the central meridian.
The greatest surprise is the flare X3.5/3B, the strongest
among these 5 flares. Having occurred on August 14,
1989, it was accompanied by significant emission in
gamma-ray lines, in addition, it had a favorable location
at W60. It well may be that the absence of protons in
this case is caused by two interplanetary shock waves
which reached the Earth in first six hours after the flare.
These shock waves and subsequent amplification of the
IMF strength up to 32 nT could shield the Earth from
the proton source. In all 16 cases, when the flux in
gamma-ray lines exceeded 10 photons cm™2s™!, pro-
tons were observed near the Earth after gamma-flares.

Effect of Interplanetary Propagation

So far we almost did not touch the issues concerning
the escape of particles into the interplanetary space and
their propagation there. This was the case not because
these issues were considered as having small impor-
tance. On the contrary, we are sure that the peculiarities
of interplanetary propagation of solar particles have a
substantial effect on proton flux observed near the Earth
and sometimes even can make such observations
impossible. Interplanetary propagation of solar parti-
cles in connection with characteristics of near-Earth
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proton events is a vast topic, and it requires a separate
comprehensive consideration. Here we restrict our-
selves to only one example. Let us take sufficiently
strong western flares (M6, W0-W75). Immediately
after such flares (within the next 10 h) in 17 cases the
shock waves arrived at the Earth (naturally, related to
some preceding flares rather than to these events). Only
for two of these 17 events (<12%) proton enhancements
were detected near the Earth with a maximum delayed
by less than 10 h after the flare. In 234 events, when no
shock waves arrived at the Earth in the next 15 h after
flares, proton enhancements rapidly reaching their
maximums were recorded 67 times (about 29%). One
can assume that interplanetary shock waves (and, more
generally, any IMF disturbances) moving to the Earth at
the same time when accelerated charged particles prop-
agate from the Sun prevent proton events from rapid
developing, and sometimes (as we could see in the
example of a gamma-ray flare in August 1989) they
even impede the very detection of events. It is clear that
the effect of the interplanetary medium state on charac-
teristics of proton enhancements is much more diverse
than it follows from the example given above, but in
any case this effect makes serious troubles when study-
ing the relationship between proton events and param-
eters of their solar sources. We believe that the major
part of difficulties with which we encountered in this
work could be caused by interplanetary factors and the
problem of particle propagation.

7. CONCLUSIONS

We have succeeded in isolating > 1100 protons
enhancements observed near the Earth (and sometimes
on the Earth) for 28 years of X-ray observations of the
Sun. These experimental data form a firm basis for
studying possible relationships between proton events
and solar flares. Even the simplest analysis shows that
such relationships can be easily found both on the long-
term scale for time-averaged characteristics and
between separate events (solar and near-terrestrial).

There is a sufficiently close correlation between
monthly and yearly averaged numbers of proton events
and major (>M5) flares. In the fluxes of protons with
energies > 10 MeV and > 100 MeV averaged by the
superposed epoch method after strong flares one
observes a substantial increase whose features essen-
tially depend on the importance of an X-ray flare and its
location on the Sun.

The most part of isolated proton events can be asso-
ciated with particular X-ray flares. The analysis of such
associated events shows that the probability of a proton
event and its intensity strongly depend on the flare
power and its heliolongitude. In the first place the dura-
tion and the time profile shape of a proton enhancement
are longitude-dependent. We have found no facts con-
tradicting to the hypothesis that acceleration of protons
takes place at the same place and at the same time as the
X-ray flare.

No. 3
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If one succeeds in some way to exclude the strong
influence of power and heliolongitude, it is seen that the
features of proton events are also related to other char-
acteristics of X-ray flares. The probability of a proton
event increases significantly with increasing duration
of flares, which is especially true for the flares of rela-
tively small importance. Proton enhancements are more
probable after flares with lesser impulsiveness in which
the X-ray maximum is reached later. A relationship
emerges between the probability of a proton enhance-
ment and temperature and the length of flares' X-ray
loops. Other things being equal, protons appear more
frequently after relatively cold flares with a large length
of X-ray loops. There exist certain combinations of
characteristics of a flare at which it is necessarily
accompanied by a proton enhancement.

We believe that the regularities found above can be
used for construction of prognostic models allowing
one to calculate the probability of a proton event, its
delay, and expected proton flux on the basis of observed
characteristics of X-ray flares.
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