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1. INTRODUCTION

Ground level enhancements of solar cosmic rays
(GLEs) are the largest and most studied proton
enhancements. These enhancements constitute a
small (<5%) part of proton events but are much more
attractive. Numerous scientific publications are
devoted to almost each GLE, and many of these events
are considered at special meetings and, sometimes,
conferences. Studying particles accelerated on the
Sun began with analyzing ground level enhancements
and was based only on the data of ground cosmic ray
detectors during the first two decades [Dorman and
Miroshnichenko, 1965].

Among all phenomena of solar—terrestrial physics,
only GLEs have serial numbers. These enhancements
were counted from February 28, 1942, when ionized
chambers registered GLE 1 [Smart and Shea, 1991],
to the recent event (December 13, 2006, event 70; see,
e.g., [Plainaki et al., 2008]). On average, one such
event per year was registered. However, we should take
into account that solar cosmic rays (CRs) were unreli-
ably registered with ground detectors before the Inter-
national Geophysical Year (IGY), when the global
network of neutron monitors was created, and only the
largest ground level enhancements could be in the first
part of the list of these events. Only five GLEs were
registered during the first 15 years; however, we can
hardly doubt that many events, which would subse-
quently be registered as GLEs, were omitted in cycles
17 and 18. It is quite possible that the weakest
enhancements in cycle 19 were also omitted.

Neutron monitors were created in order to study
CR variations, and we should note that the largest vari-
ations in the neutron monitor data are observed during
solar CR GLEs. These variations are sometimes two
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orders of magnitude as large as the greatest Forbush
decreases and the 11-year modulation.

American scientists M. Shea and D. Smart have the
largest number and the highest level of the works
among numerous researchers of solar CR GLEs.
Under the guidance of these researchers, data of many
GLEs were standardized and collected [Gentile et al.,
1990]. This database was given to the Australian Ant-
arctic Data Center and has been supported and devel-
oped by Australian scientists [http://data.aad.gov.au/
aadc/gle]. Unfortunately, one managed to collect and
put into this database far from all ground-based obser-
vations of solar CRs. This is especially true with
respect to early events.

Many works devoted to GLEs include an analysis
of individual (usually large) events. Thus, several tens
of the recent works have been devoted to GLE of Jan-
uary 20, 2005 (see, e.g., [Belov et al., 2006; Vashenyuk
et al., 2006; Plainaki et al., 2007; Grechnev et al.,
2008; McCraken et al., 2008; Perez-Peraza et al.,
2008]). The works where many such events are gener-
alized and compared have appeared much less fre-
quently (see, e.g., [Shea and Smart, 1990; Mirosh-
nichenko, 2001; Vashenyuk et al., 2006]). GLEs were
included in the early catalogs of proton events [Bazi-
levskaya et al., 1986, 1990; Sladkova et al., 1998]; the
most recent of them, in the (http://cdaw.gsfc.
nasa.gov/meetings/lwscdaw2009/LWS_CDAW_GLE
data.html) catalog [Gopalswamy et al., 2008]. How-
ever, GLEs substantially differ from other proton
enhancements at least methodically, and it is difficult
to reflect the specificity of these enhancements in the
general catalog of proton events. The recent work
[Cliver, 2006] includes the catalog of GLEs for 1979—
2005. This catalog continues the catalog of earlier
GLEs observed in 1942—1978 [Cliver et al., 1982].
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The aim of the present work is to generalize the
ground-based observations of solar CRs in the last
three solar cycles (1976—2007) in the form of a GLE
catalog, which continues and specifies data published
previously. In our catalog special attention is paid to
the characteristics of solar events related to GLEs.

2. DATA

The results presented below were mostly achieved
using the database of X-ray flares and proton events
[Belov et al., 2005]. This database combines the X-ray
flares (1—8 A) that have been observed on the GOES
satellites beginning from autumn of 1975, which is
responsible for the period including the considered
events.

The first GLE that fell in the catalog (the event of
April 30, 1976) belongs to cycle 20 both formally
(according to time) and essentially (in relation to solar
activity). However, this event was observed only
2 months earlier than the minimum in the smoothed
sunspot numbers. The last event in the catalog
(December 13, 2006) was also the last GLE in cycle
23. Therefore, we actually consider the events in three
complete solar cycles. We analyzed 44 GLEs, includ-
ing almost two thirds of all such events registered.

Cosmic rays have mainly been detected with
ground neutron monitors during the operation of
GOES satellites. For the last decades, it has been con-
sidered that GLE of solar CRs is a proton event that is
reliably identified in the data of at least one neutron
monitor. Since July of 1957, when the global network
of neutron monitors appeared, this network has made
it possible to monitor solar proton events. The quality
of this monitoring depends on the number of CR sta-
tions that operated during a specific period and on the
character of these stations. This quality changes in
time, but these changes have been insignificant for the
last 50 years. This means that the numbered GLEs
would be registered at any time during these 50 years.
The capability to observe solar CRs most strongly
depends on the presence of high-latitude stations in
the global network (such Antarctic stations as Vostok
and South Pole). Vostok (3488 m above sea level; geo-
graphic coordinates 78.5° S, 106.8° E) episodically
operated in the soviet epoch. In 1990 this station
ceased to operate and had no time to demonstrate its
unique potential. South Pole (2820 m; 90° S) contin-
uously operated from February 1977 to November
2005, when it was closed for technical reasons. Pre-
cisely South Pole usually registered the largest
increases caused by solar CRs. We should acknowl-
edge that the closing of this station (temporary, as we
would like to hope) resulted in the less effective oper-
ation of the global network of neutron monitors as an
instrument used to detect and study solar proton
events. For example, such an event as GLE of January
17, 2005, would not be registered on the ground in the
near future.
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Some of the cataloged events were registered not
only with neutron monitors but also with detectors
sensitive to higher CR energies (muon detectors, ion-
ization chambers). This is observed very rarely during
very large events, the greatest of which can be GLE 42
of September 29, 1989. During most events, an
enhancement is not registered not only with muon
detectors but also with many (as a rule, low-latitude)
neutron monitors. In the present work, we used only
the data of neutron monitors among the ground-based
CR observations. Our catalog includes the last GLEs
numbered from 27 to 70. GLEs with the same num-
bers are presented in the database of solar CR GLEs
(http://data.aad.gov.au/aadc/gle) and in other cata-
logs (see, e.g., [Cliver, 2006]). The catalog can be con-
sidered complete because the periods of possible
GLEs were thoroughly verified and discussed by many
experienced researchers who could not omit any con-
siderable enhancement.

At the same time, we should remember that
ground-based observations of solar CRs are affected
by many factors (interplanetary conditions, geomag-
netic disturbances, inhomogeneous distribution of
ground detectors over the globe, etc.). If these factors
were combined in another way, our catalog could be
different. Some events could escape notice; on the
contrary, other events would be added to the catalog.
Thus, even a catalog of such large and rare events as
solar CR GLEs can include random elements. How-
ever, this is true only for the smallest events included in
this catalog.

3. DESCRIPTION OF THE CATALOG

The GLE number and date of beginning (year,
month, and day) are given in the first two columns of
Table 1. The characteristics of a flare associated with
GLE are presented in the next three columns: the X-
ray and optical importance, the time of the X-ray flare
beginning and maximum, and the flare coordinates
(heliolatitude and heliolongitude). The flare charac-
teristics are present not always. During one of the ear-
liest events (September 24, 1977), X-ray observations
were absent (moreover, the flare was far behind the
limb); therefore, the time of the flare beginning was
absent, and the time of the maximum is presented
conditionally according to the time of beginning of a
type II radio burst. In this case (as well as in the cases
of other flares that occurred behind the limb) the flare
coordinates were estimated rather than were taken
from observations. Usually, this estimation is rather
simple because an active region generates many pow-
erful flares before it disappears behind the western
limb, and several proton enhancements are often
related to these flares. This makes it possible to include
an assumed flare into this sunspot group and to esti-
mate the flare position before GLE. The event of Feb-
ruary 16, 1984, is most complex in this respect. Kane
et al. [1992] justified the assumption that this event is
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related to sunspot group 4408 that left the disk on Feb-
ruary 13. When this active region crossed the disk, it
generated two M flares and several C flares but was not
related to any proton event. However, before this
region left the disk, it complicated its magnetic struc-
ture to the delta configuration, became more active,
and generated the most significant flares (on February
10 and 11). If this region continued developing behind
the disk, this could create conditions for a large proton
event. We accepted this assumption, according to
which the associated flare occurred at a longitude of
W125—130 and is the most distant western flare in our
catalog. However, we should take into account that it
is problematic to localize a solar source for this event,
and several researchers (see, e.g., [Debrunner et al.,
1985]) assumed that this source was localized closer to
the disk. The X-ray measurements were incomplete
for two early events (November 22, 1977, and May 7,
1978); therefore, it was impossible to establish the time
of the X-ray flux maximum.

The next two columns present the data on the
active regions with the flares associated with GLE,
obtained from the USAF-MWL catalog (ftp://
ftp.ngdc.noaa.gov.STP.SOLAR DATA/SUNSPOT_R
EGIONS/USAF_MWL). Since many flares related
to GLE occurred near or behind the limb, it is difficult
or impossible to determine the active region area at a
flare instant. Therefore, Table 1 includes the maximal
sunspot area for this group rather than rather than the
active region (AR) area at a flare instant.

Table 1 also presents the maximal count rate
growth (A,,,,) with the period and station where this
growth was the largest. To comparatively analyze dif-
ferent GLEs, it is important to have any characteristic
reflecting an enhancement value. The value of the
maximal count rate growth could seemingly be such a
characteristic; however, this is true only with substan-
tial reservations. First of all, we have no complete data
on many GLEs. Specifically, that is why Oulu (Fin-
land) many times appears in Table 1 as a station with
the maximal enhancement. This is a high-latitude sta-
tion, and the sensitivity of this station to solar CRs is
not higher than that of other similar stations. However,
the registrations of all GLEs at this station were col-
lected and are adequately presented in our table and in
the Internet (http://cosmicrays.oulu.fi/GLE.html).
Other stations could be referred to more frequently if
the members of these stations followed the positive
experience of the Finnish colleagues. In this case the
maximal GLEs for some stations would be slightly
larger than the presented values. The problem of data
incompleteness is not among the grand problems that
make it difficult to use the A,,, value as one of the
main GLE characteristics and can be solved. Two
other problems (time variations in the network of
ground detectors and differences in the conditions of
observing different GLEs) are more serious, and it is
impossible to solve them completely. Both these prob-
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lems are related to considerable differences in the
capabilities of individual neutron monitors to register
solar CRs. Variations in galactic CRs are usually
observed at all neutron monitors and differ by a factor
of not more than several unities from one another; at
the same time, such differences often reach several
orders of magnitude for highly anisotropic solar CRs
with a much softer energy spectrum. One altogether
fails to detect any effect in many GLEs using low-lat-
itude neutron monitors, and the largest enhancements
should simultaneously be registered with high-latitude
and high-altitude neutron monitors. Thus, the net-
work observational capabilities are in many respects
explained by the presence of high-latitude detectors.
For example, if South Pole station operated in
December 2006, the A,,,, value would most probably
be larger for this event. On the contrary, without South
Pole values, the maximal GLE 69 value in January
2005 would be smaller and GLE 68 would altogether
be unnoticed. The A, value depends on the season
and times of a day when a certain enhancement is reg-
istered because the CR detectors are inhomoge-
neously distributed over the globe. The point is that the
maximal enhancement is as a rule registered at the
beginning of an event, when a narrow intense beam of
high-energy particles approaches the Earth (see, e.g.,
[Shea and Smart, 1990; Smart and Shea, 2003; Belov
et al., 2005a; Vashenyuk et al., 2006]). Such a beam is
observed only for a short time (sometimes, for several
minutes), and the location of the most sensitive neu-
tron monitors relative to this beam at that time is of
prime importance. If a beam fall in the zone located
far from asymptotic directions of these monitors, the
A, value will be substantially smaller. On the con-
trary, this value will increase if a beam falls on such a
station as South Pole. Thus, the values of the maximal
enhancements (A,,,) observed on the ground cannot
exactly reflect not only the number of charged parti-
cles accelerated to high energies on the Sun but also
the number of such particles that reached the Earth
during different events. A decrease in the correlation
between ground-based and satellite measurements of
solar proton events has the same causes.

The last columns of Table 1 presents the maximal
increases in the integral fluxes of protons with energies
of >10 and >100 MeV, measured on the IMP-8 and
GOES satellites [Belov et al., 2005b].

4. TIME DISTRIBUTIONS OF GLES

Figure 1 shows how all registered GLEs of solar
CRs are distributed in time.

We can see that the time distribution of the GLE
instants is complex, mainly random, and varies from
cycle to cycle. GLEs are observed in all solar cycle
phases [Shea and Smart, 1990], including the mini-
mum phase, but are less frequent at minimums than
during other periods. The longest gaps in GLE obser-
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Fig. 1. Average monthly sunspot numbers in the last seven solar cycles and the instants of all known GLEs of solar CRs.

vations fall on solar activity minimums: 5 years and
4 days in 1992—1997 and exactly 5.5 years during the
period from February 16, 1984, to August 16, 1989.
For comparison, we indicate that the shortest period
between individual GLEs (about 35 h) corresponds to
the events of October 28 and 29, 2003. Figure 1 dem-
onstrates that the GLE instants fall on the periods of
local short-term maximums of the sunspot number.
The point is that GLEs of solar CRs are among the
manifestations of large solar activity bursts, when the
number of sunspots inevitably increases. Table 2 pre-
sents the data on the GLE distribution between the last
three solar cycles.

In Table 2 the logarithms were used to average the
X-ray power for flares in the E85—W85 range of visible
longitudes.

The number of GLEs varies slightly from cycle to
cycle [Shea and Smart, 1985]. This becomes even
more evident if we recall that ten and 13 GLEs were
registered in cycles 19 and 20, respectively. The
impression can originate that the number of GLEs
increases in the course of time since these events were
minimal and maximal in the earliest (19) and latest

Table 2. Certain characteristics of solar CR GLEs in cy-
cles21-23

GLE aver- | Flare average
GLE
Cycle Years number |28€ number, power,
% 1074 W m™2
21 1976—1985 12 15+6 1.0£04
22 1986—1995 15 28+ 10 6.6+t1.4
23 1996—2007 16 28 £13 39+1.0
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(23) cycles, respectively. However, it is important to
remember that the possibilities of observing weak
GLEs were much higher in cycle 23 than in cycle 19.
Taking this circumstance into account, we can rather
confidently speak that the number of GLEs varies
slightly from cycle to cycle. On the other hand, it is
clear that this conclusion can only be applied to several
studied cycles, and variations in the number of GLEs
can substantially increase in the future.

Table 2 indicates that the average number of GLEs
(the A, value averaged over all events in a cycle) also
insignificantly varies from cycle to cycle. The average
importance of an X-ray flare associated with GLE
demonstrates more significant variations.

5. RELATION OF GLES TO ENHANCEMENTS
OF LOWER-ENERGY PROTONS

We compare the events when solar CRs were regis-
tered on the ground and with satellite detectors (IMP-
8 and GOES).

In spite of the cataloged causes, disturbing the rela-
tion between satellite and ground level enhancements,
and differences in the energy dependence of solar CR
fluxes in different events, the correlation between the
flux of protons with an energy higher than 100 MeV
(J100) and the maximal GLE value (A,,,,) is rather high
(Fig. 2) and corresponds to the power dependence

Jioo = €Ay, Where o =0.64+0.09, and c=2.22+0.14

(the correlation coefficient is 0.74). Note that similar
calculations for the integral flux of protons with an
energy of >10 MeV give a much lower correlation with
A, (the correlation coefficient is 0.42).

No. 1 2010
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The lowest (5.3 pfu) flux of protons with an energy
of >100 MeV, when GLE was observed, was registered
on May 28, 1990. However, the events with much
higher J,,, fluxes but without GLEs were also regis-
tered: nine times GLEs were not registered on the
ground in the cases when the J), flux was higher than
10 pfu. The largest of these proton events occurred in
the last solar cycle on November 8, 2000, when the flux
of protons with an energy of >100 MeV reached
451 pfu. The J;,, flux was even higher only three times
during the last decades, and GLE was large in all these
cases (on September 29, 1989; July 14, 2000; and Jan-
uary 20, 2005).

The absence of GLE at high J,, fluxes can appar-
ently be explained by the combination of specific fea-
tures of a solar accelerator in these cases with specific
conditions of solar CR propagation. Note that the
anomalous events (J,o, > 10 pfu, no GLE) included
many events with distant solar sources (eastern,
behind-the-limb, or near-limb). The events, during
which the effectiveness of solar acceleration in the
100—1000 MeV nucleon~! range of energies is suppos-
edly abruptly decreases, are also registered.

Table 3 makes it possible to compare the average
characteristics of two classes of powerful proton events
(GLEs and proton enhancements in the cases when
the integral of protons with energies of >100 MeV was
higher than 2 pfu according to the satellite data but
GLE was not registered) as well as the average charac-
teristics of X-ray flares related to these two classes of
proton events. We can see that differences in the dura-
tion, latitude, and even power between the associated
flares are not very large. Differences in the average
longitudes of these flares are larger. This does not inev-
itably follow a real difference in the average longitude
of the acceleration region. To a greater extent, this is
related to the fact that the longitudinal distribution of
the flares associated with J},, > 2 pfu but not with GLE
is much wider than the distribution of GLE-flares and
extends almost to the eastern limb. Probably, this dis-
tribution also widens westward (to large distances from
the western limb). Since we have to map out behind-
the-limb regions (and this is true almost for western
behind-the-limb flares), the average longitudes shift

log (Z;00)
3

log (GLE max)

Fig. 2. Interrelation between the maximal integral fluxes of
protons with an energy of >100 MeV and the maximal
increases in the neutron monitor count rates during the
same events in 1976—2006. A straight line corresponds to
the power law regression dependence.

eastward, and this shift is evidently smaller for GLE-
flares.

A difference in the energy spectra between the con-
sidered groups of powerful events is apparently the
largest [Bazilevskaya and Sladkova, 2003; Osokin
et al., 2007]. The average index y presented in Table 2
was obtained on the assumption that the integral spec-
trum of protons in the 10—100 MeV range is power-
law. It is clear that events with harder (on average)
energy spectral of accelerated particles, observed near
the Earth, become ground level proton enhancements.
The causes of such a spectrum hardening are less evi-
dent. It is unclear whether the spectrum of particles is
especially hard already in the acceleration zone during
such events or enrichment in high energies results
from particle propagation from the Sun to the Earth.

6. STATISTICAL RELATIONS BETWEEN GLES
AND SOLAR X-RAY FLARES

Figure 3 makes it possible to observe a similarity in
the time variations in the annual numbers of powerful
(=2X1) X-ray flares (Ny) and ground-level proton

Table 3. Average characteristics of GLE-related flares and flares related to large proton enhancements outside the ground

Duration, min Latitudinal
Characteristic of Num- | Flare power. Flare he- | difference
proton events and b p 5 flare liolongi- |betweenthe| J;,, pfu | Jig, pfu Y
. er Wm
associated flares flare growth |tude, deg|Earth and a
phase flare, AL°
GLE-related flares 36 (3.2J_r04.16) 9%6+19| 28+5 | 43+5 185+1.8 |640+190| 50+ 11 [1.11+0.07
x 10~
Flares related to 32 (2.0%£0.5) | 123£21| 25+4 18+10 | 18.6+1.4 |240+100|6.1£1.3|1.60£0.09
Jyo0 > 2 pfu rather x 107
thanto GLE
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Fig. 3. Variations in the annual numbers of powerful (>X1) X-ray flares and solar CR GLEs in 1976—2007.

enhancements (N;). Indeed, the year with the record
number (59) of >X1 flares (1989) also included the
record number of GLEs (7). On the other hand, none
GLE was registered during nine years with less than
three >X1 flares.

The linear regression relationship (N; = 0.34 +
0.073N,) exists between the discussed numbers (the
correlation coefficient is 0.685). This relationship
means that one GLE corresponds to ~14 >X1 flares.

According to the annual data, the number of GLEs
evidently closely correlates with the number of power-
ful (=X1) X-ray flares than with that of sunspots (the
correlation coefficient is 0.51). At the same time, we
can note that the relation between N; and Ny is not
always evident. This relation was most evidently dis-
turbed in 1980, when GLEs were absent but 21 >X1
flares were observed. However, this year was the only
exception among 13 most flare-active years, when the
number of >X1 flares was larger than 13. GLEs were
observed in the remaining 12 such years.

The above empirical regression equation can be
used to roughly estimate the number of anticipated
GLEs during rather long periods, for which we can
predict the numbers of flares. This equation can also
be used to estimate the number of flares in the previous
years. For example, regular X-ray observations were
not performed in cycle 20, but we know that 13 GLEs
were registered in 1966—1976. Proceeding from the
same equation, we can estimate that 140 £ 30 >X1
flares should have been observed in cycle 20.

7. GLES AND SOLAR FLARE POWER

It is difficult to doubt about the statistical relation
between flares and ground level proton enhancements,
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but it is unclear whether this relation is simultaneously
physical. Are all GLEs related to flares? If this is the
case, it is unclear whether these flares should be large.
We try to answer all these questions. Thirty eight of
44 considered GLE events are related to major (>M5)
X-ray flares. Only one of these flares had a power lower
than X1 (the M7.1 flare of December 26, 2001); i.e.,
the relation to major flares exists and is a rule for the
evident majority of GLEs. We discuss the remaining
six events. Flares were altogether not observed in two
of them (September 24, 1977, and February 16, 1984).
The remaining flares had powers from C2 to M1. In
four cases of six (excluding both events without flares),
we have every reason to believe that the source of
accelerated particles was on the hidden side of the
Sun. This phenomenon is rather frequent for proton
enhancements, especially for GLEs. Seven of 44 dis-
cussed GLEs are related to sources behind the western
limb. In these cases we do not observe a flare or observe
only the highest part of this flare (i.e., the observed
flare power is substantially lower). In four problematic
events, the longitude of associated behind-the-limb
flares was estimated based on the indirect data and var-
ies from ~W95 to ~W120. It is clear that the C9.7 flare
with an estimated longitude of W120 should be the
manifestation of a giant >X1 flare. For al other
behind-the-limb sources, a true power of associated
flares should also be substantially higher than the visi-
ble power. Thus, four discussed behind-the-limb
sources of particles should be related to rather power-
ful flares, and these are those exceptions that confirm
the rule.

Thus, we have only two events independent of
major flares: GLEs of August 21, 1979 (C6.0/1B
N15W38 flare) and May 10, 1981 (M1.3/2B NO1W75
flare). To all appearance, these two events should be
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considered as real exceptions to the rule, relating
GLEs to major flares, and this caused a special
detailed study [Cliver, 2006]. We should note that
small GLEs with maximal neutron monitor increases
of 6 and 3% were registered after these two relatively
weak but properly located flares.

The overwhelming majority of the GLE-flares on
the visible part of the solar disk have a power of X1 and
higher. Only three of 36 such flares had importance M,
and only one flare discussed above was even weaker
(C6). The contribution of GLE-flares generally
increases with increasing X-ray power. We consider
(Fig. 4) the probability of observing ground level pro-
ton enhancement after flares with different powers in
the soft (1—8 A) X-ray range, which were registered in
the favorable longitudinal zone W0—W80 [Belov et al.,
2008]. To construct Fig. 4, we divided all X-ray flares
observed in 1976—2007 into groups in accordance with
the X-ray importance (C3—C9.9, M1-M2.9, M3—
M9.9, X1-X2.9, X3-X9.9, and >X10) and subse-
quently found the contribution of GLE-associated
flares for each group. The contribution of GLE-flares
is almost zero for three weakest groups of flares in
Fig. 4. Although each such group included one GLE,
the total number of flares with such a power is suffi-
ciently large (4943, 1482, and 467), and we consider
that the GLE probability is negligible. This probability
increases only in going to X flares: ten GLEs corre-
spond to 146 flares already in the X1—X2.9 group, and
one in three X3—X9.9 flares in the group of 38 events
becomes a GLE-associated flare. Finally, three of four
most powerful (=X10) flares were related to GLEs. We
can conclude that GLEs can sometimes be related to
flares of medium importance, although ground level
proton enhancements are usually related to powerful
X-ray flares.

Approximately the same can be spoken about the
relation of GLEs to ARs (sunspot groups). Forty four
of the considered GLEs are only related to 32 sunspot
groups because the series of GLE-flares, including
from two to four events (May 1990), is sometimes
observed in one AR. Large groups predominate among
these 32 ARs: the areas of 14 groups are 1000—
2400 millionths of a solar hemisphere (msh), and only
two groups has areas <300 msh. The smallest sunspot
group was AR 1926 in August 1981: the weakest GLE-
flare occurred precisely in this group.

8. LONGITUDINAL AND LATITUDINAL
DISTRIBUTION OF ASSOCIATED
SOLAR FLARES

Speaking about the distribution of GLE-flares over
the solar surface, we should first of all emphasize that
GLEs are much closer related to solar sources in con-
trast to proton enhancements as a whole. We have
information about almost all flares associated with
ground level proton enhancements, and the flare—
enhancement relation is reliably determined almost
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Fig. 4. Observation probability of a ground level proton
enhancement after different-power flares in the soft (1—
8 A) X-ray range, observed in the favorable longitudinal
zone (W0—W80).

always. Flares in the X-ray and optical ranges were
observed in 37 of 44 events. This relation is almost
indisputable even when direct observations of such
flares were absent and only indirect data on these flares
are available. Moreover, in these cases we have data
(although less accurate) on the flare time and position.
We can almost unconditionally state that all seven
GLE-flares, not related to the optical range, occurred
behind the western limb. These flares almost always
continued the series of proton and even GLE-associ-
ated flares, previously observed in the same AR. Such
a situation was in September 1977, when GLE 29
(occurred on September 24) was the fourth proton
enhancement and the second GLE in AR 889. The
famous event (GLE 42) in September 1989 was the
fourth proton event in AR 5698, although the first
three events were weak. On November 2, 1992, GLE
54 occurred two days after another large proton
enhancement related to the same active region (AR
7321). In April 2001 GLEs 60 and 61 were related to
AR 9415; this AR approached and was far behind the
western limb during the first and second enhance-
ments, respectively Four more earlier proton
enhancements with smaller magnitudes were also
related to the same AR. The series of four GLEs in
May 1990 was most impressive. The first two events
(May 21 and 24) were related to visible flares; the last
two events (May 26 and 28), to invisible behind-the-
limb flares; however, all these flares were in the same
active region (AR 6063). Two more small proton
enhancements were apparently related to the eastern
and central flares that occurred on May 15 and 18 in
the same AR. Thus, six of seven optically nonidenti-
fied GLEs entered into the series of rather powerful
proton flares. GLE 39 (observed on February 16,
1984) was the only exception and, simultaneously, the
most problematic event.
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Fig. 5. Heliolongitudinal distribution of the sunspot num-
bers in 1975—2007, related to GLEs and proton enhance-
ments with the maximal proton flux (>10 pfu) for particles
with an energy of >10 MeV.

Six (i.e., two thirds) of nine >X10 flares, located
west of longitude E20, are related to GLE. The
remaining three flares are also proton. One of them is
the weakest flare (X10.1) among the selected events;
however, two other flares are most powerful (X20 and
X28). The last two flares occurred relatively recently
(on April 2, 2001, and November 4, 2003) near the
western limb (longitudes W82 and W83) and were
accompanied by rather large GLEs for an energy of
>100 MeV (7.9 and 1.3 pfu, respectively). This longi-
tudinal zone can in no way be considered unfavorable
since many weaker GLE-flares with close or more
western longitudes occurred there. The absence (or at
least deficit) of high-energy particles near the Earth
during these events can be explained by two classes of
causes. First, these flares show possibly some proper-
ties related to a decreased effectiveness of the solar
accelerator. Indeed, the duration of these flares is evi-
dently shorter than the average duration of proton
flares apart from GLE flares. Second, special condi-
tions of the interplanetary particle propagation, hin-
dering the appearance of higher-energy particles near
the Earth, could be during and after these flares. The
combination of two classes of causes is also possible.
Somehow or other, we should take into account that
not all most powerful flares, located in the most favor-
able longitudinal zone, are accompanied by GLEs.

We can distinguish the narrower region (/> X11,
longitude E10—W80), which includes only four flares;
however, all these flares are related to GLEs. It is inter-
esting to trace this relation for further flares with the
same characteristics. Most probably, exceptions will
also appear in this zone in the course of time.

Figure 5 shows the distribution of GLE-flares and
flares associated with proton enhancements in the case
when the flux of protons with energies higher than
10 MeV reached 10 pfu. When we constructed Fig. 5,
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we considered that nonlocalized or unreliably local-
ized events are western behind-limb ones and assumed
that the frequency of these events linearly decreases
with increasing distance behind the limb. One can see
that GLE-flares occupy a rather wide longitudinal
zone (from E30 to W130); however, this zone is never-
theless narrower than the zone without GLE sources.
In addition, only four GLE-flares were observed east
of the central meridian, and only one flare occurred
east of E20 (S18E30; October 12, 1981). Sources of
GLEs are absent east of E30 and west of W130, and the
density of these sources is maximal in the longitudinal
zone between W50 and W90. The longitudinal distri-
bution of GLE-flares is pronouncedly narrower than
the distribution of weaker proton enhancements [Shea
and Smart, 1996; Bazilevskaya and Sladkova, 1986;
Belov et al., 2005; Belov, 2008]. More than 70% of all
GLE-flares and less than a half of the flares related to
usual (>10 MeV, 10 pfu) proton enhancements are
located in the W15—W90 zone.

We also note that all GLE-flares with a relatively
low X-ray power (<X1) occurred in the western zone
part (from W38 to W75) where the IMF lines extend-
ing toward the Earth originate.

GLE-flares are almost equally distributed between
the Sun’s Southern and Northern hemispheres
(Fig. 6). Twenty three of 44 such flares occurred north
of the equator; the remaining flares, south of the equa-
tor. The range of heliolatitudes of GLE-flares is rather
wide: from S30 to N35. The highest-latitude GLE-
flares (the flares of September 23, 1978; May 21, 1990;
and August 24, 1998) and the lowest-latitude flare,
registered on May 10, 1981, at a latitude of NO3,
belong to the Northern Hemisphere. It is interesting
that 12 comparatively high-latitude GLE-flares (with
a latitude >20°) occurred in the Northern Hemi-
sphere, and only five flares were registered in the
Southern Hemisphere (all flares occurred in cycle 22).
For each event, we calculated a difference in the flare
and the Earth heliolatitudes AG = abs(6y — Op), which
varied from 1° in the event of September 19, 1979 to
37° in the event of May 21, 1991. The average impor-
tance of seven X-ray GLE-flares in the visible part of
the Sun, which were most distant (A6 > 30°) from the
Earth along latitude, was X7.7, and this indicator was
much lower (X2.1) for 18 flares located at the smallest
latitudinal distances from the Earth (A6 < 10°). It is
indicative that the weakest GLE-flares discussed above
(C6 and M2) were located at distances of 8° and 7°
from the Earth, respectively. This makes it possible to
assume that flares, located at smaller heliolatitudinal
distances from the Earth, can more probably become
GLE-flares than flares of the same power located at
larger distances from the Earth. The same assumption
holds true for a longitudinal difference (see [Belov
et al., 2008]). It is worse noting that all GLE-flares
close in latitude (AB < 14°) had not the highest powers
during the considered period; the X4.5 flare had the
highest X-ray importance in this group. At a higher
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Fig. 6. Heliolatitudes and observation instants of all XM 1 X-ray flares (open circles) and flares related to solar CR GLEs (dia-

monds).

power of solar flares, we could possibly observe larger
GLEs of solar CRs.

9. CONCLUSIONS

Solar CR GLE:s are rare but not single phenomena.
They appear during almost all most powerful bursts of
solar activity and are one of the most striking manifes-
tations of sporadic solar activity. GLEs always appear
together with other sporadic phenomena (abrupt
increases in the solar radiation at all observed frequen-
cies from the radio range to gamma rays, shock waves,
phenomena of reconnection and dissipation in the
solar magnetic field, etc.). In the present work we con-
centrated on a comparison of GLEs with X-ray flares
not because we are sure that GLEs are physically
closely related to X-ray flares or soft X rays better
reflect the operation of the solar accelerator than other
sporadic solar phenomena. Most probably, this is not
the case; however, the advantage of X-ray flares con-
sists in that precisely these flares (among all phenom-
ena accompanying solar acceleration) give the most
complete and statistically reliable data for a long
period. Unfortunately, many gaps are present in the
data on radio bursts and, especially, solar matter ejec-
tions. We can assume that, having complete data, we
would realize that CMEs (as well as flares) are related
to each GLE and, possibly, each proton enhancement
observed near the Earth. Moreover, relations (at least
statistical) should exist between characteristics of pro-
ton enhancements and CMEs. CMEs were registered
for 14 of 15 GLEs, during which the SOHO/LASCO
observations were performed, and the fastest CMEs
with an average velocity about 1800 km/s near the Sun
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proved to be related to GLEs not accidentally
[Gopalswamy et al., 2005].

Solar CR GLEs are part of proton (and not only
proton) enhancements observed near the Earth at
lower energies. Characteristics of GLEs correlate well
with those of proton events registered with the satellite
equipment, especially with the highest-energy chan-
nels of this equipment. The relation of high-energy
satellite enhancements and GLEs to solar sources
manifests itself in a similar way. We have no reason for
assuming that ground level events can be explained by
some special acceleration mechanisms or unusual
conditions, which make acceleration processes quali-
tatively different from a usual operation of the solar
accelerator during these events.

Substantial differences are certainly present, but
they are quantitative and are mainly caused by the fact
that GLEs are the highest-energy events among solar
CR enhancements. That is why proton enhancements
begin earlier and proceed faster than other types of
enhancements. That is why these ground level events
are to a lesser degree affected by the interplanetary
medium and are more closely related to an accelera-
tion zone. We assume that a rather narrow heliolongi-
tudinal distribution of GLE-related flares and their
better correspondence to a longitudinal zone, from
which IMF lines extend toward the Earth, indicate
that the zone of effective solar acceleration is substan-
tially restricted. Grechnev et al. [2008] analyzed many
various observations performed on January 20, 2005,
and indicated that the main and most effective part of
the acceleration processes during this event was very
limited in time and was localized in a small area of the
Sun in the zone of a flare. It is quite possible that such
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a localization and substantial limitation in time and
space is the common property of all solar events with
acceleration to energies of several GeV nucleon™'.
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