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Abstract. The hourly solar energetic particles (SEP) and interplanetary (IP) measurements for the three
considered-largest SEP events have been compared. The study determined the most relevant physical factors
which determine the largest SEP properties. The particle-intensity increases that are observed around the time
of the shock passage are composed not only of particles locally accelerated at the shock region by the strong
disturbances of the magnetic field, but also of particles previously accelerated by different mechanisms around
the shock. Following the IP shock passage, the solar plasma tended to be more dense, cooler and faster than at
the boundary regions of the shock. The rate of geomagnetic disturbances during 14-19 July 2000 was stronger
than the other events and included high changes. In contrast, the third event of 9 November 2000 was not shed
a ground level enhancement (GLE). Fast rise and long decay in particle intensities which may be originated
from different sources on the sun.

Keywords: Solar energetic particles; the ground level enhancements; the particle-acceleration in the
heliosphere; the interplanetary and solar parameters; the geomagnetic disturbances.

Introduction

It is now acceptable that large and most of the solar energetic particle (SEP) events are
associated with interplanetary (IP) shock driven out from the sun by coronal mass
gections [1, 2]. SEP events are typically classified into two distinct types. gradual and
impulsive events [3]. The acceleration of gradual SEP events is believed to take place at
a shock driven by a coronal mass gections (CMES) as it moves through the corona and
out into the solar wind (SW). The SW is assumed to provide the seed particles that are
accelerated, and later observed at 1 AU, which may be lasted for several days. In a
gradual event, a coronal mass gjection drives a shock wave through the corona and solar
wind, accelerating ambient material. Studies of [4] found that large complex active
regions can give rise to both types, whereas simple and magnetically weak regions are

19



20 S.S. Al-Thoyaib

preferentially linked to one type. An impulsive SEP events (which are generaly
associated with solar flares and its duration of a fraction of a day or less) are of less
intense, occur more frequently and enrich of heavy elements (Ne-Fe) and some rare
isotopes (*He). Solar particle isotopic composition varies greatly from event to event,
apparently due to mass fractionation during particle accel eration and/or transport.

The relationship between solar and geomagnetic activity parameters has been
investigated [5-7]. The results indicated that the geomagnetic activity had two discrete
components attributed to solar flare and corotating solar wind streams. Furthermore, the
geomagnetic activity index Kp is correlated well with the Bs V?, where Bs is the
southward component of the interplanetary magnetic field and V is the solar wind
velocity. Also, the yearly averages of the ring current geomagnetic activity index Dst
correlated with Bs V' during the solar cycle 20.

Our work is focused on the comparison of the tempora variations in the
interplanetary and geomagnetic parameters of the most largest SEP events occurred during
the maximum solar-cycle years. We compare the three largest high-energy peak flux
events (19-20 Oct. '89, 14 Jul. 2000, and 9 Nov. 2000) that are characterized by a quite
difference in the particle intensity-time profiles. Two of them (14 Jul. 2000 and 9 Nov.
2000) are temporally close and took place in a period of about 4 months. The intensity-rise
of 19 Oct. '89 was more gradual. The associated solar flare of the 19 Oct. '89 was
extremely large and its location near central meridian was optimum for protons from solar
neutron decay to be captured by the interplanetary magnetic field (IMF) lines connecting to
the earth [8].

By comparison of the time profiles of SEP intensities observed at the three events, we
discuss their implication to the mechanisms of particle propagation in the heliospheric
magnetic fields. We have used the hourly solar energetic particle (SEP) and interplanetary
and solar measurements (field magnitude B, solar wind ion density N, solar wind ion
temperature T and solar wind speed SWS) taken near earth, which were provided by the
National Space Science and Data Center [9]. Also, the hourly measurements of the ring
current geomagnetic activity index Dst and the 3-hour range of Ap index for the considered
events have been investigated. The relationship between the largest SEPs occurred
throughout the period 1973-2001, the interplanetary (IP) and geomagnetic disturbances,
has been examined. The selection of major SEPs has been discussed elsewhere [10, 11].
Detailed discussions of hourly IP and solar plasma observations according to interplanetary
medium factors were given elsewhere [11-15]. The study of the considered events can play
an important role in improving our understanding of the accel eration particle processes and
the source of interplanetary disturbances.

Table 1 lists the major solar proton events observed by IMP-8. The peak intensity
(based on 1-hour average) of >60 and 30 MeV protons for each event and the associated
solar flare as the source of the solar particles are shown. Flares are classified by their X-
ray flux; an X classflareisthe strongest type of flare.
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Table 1. Solar events giving rise to SEP events observed at earth

Date (d.m.y) Doy SEP Peak (cm® ster sec)™ Solar flare
>60 MeV  >30 MeV Location Bright/Emiss
19.10.89 292 1790 1910 S27E10 4B/X13
14.07.00 196 1200 2570 N22W07 3BIX5.7
9.11.00 313 1110 2100 N1OW77 3F/M7.4

Event of 19-20 October 1989

During the maximum of solar cycle 22 (1989-1991), there was an unprecedented
seguence of 13 cosmic-ray ground level enhancements (GLESs) that were detected by the
world-wide neutron monitor network. The 29 Sep.’89 event was the largest GLE in the
space since 1956 although the 19 Oct. '89 included highly relativistic particles with the
largest peaked-flux [16], and it is the first of three GLEs that were associated with the
same solar active region [17]. The considered event was associated with a major flare
located at heliographic coordinated 27°S, 10°E. In addition, the flare was notable for the
extremely large 2.2 MeV gammarray emission observed by the spacecraft which is
indicative of neutron production [8]. This solar flare accelerated protons up to energies
greater than 4.5 GeV. This event had been identified by [8] as possibly beginning with
protons resulting from the decay of solar neutrons. No CME was detected at the time of
the solar event [18], while others [19] proposed that the CME occurred at the time of the
flare as aresult of the arrival of gjecta material to earth on 21 October ' 89.

The particle intensity enhancements are thought to be the result of two distinct
processes; acceleration at the shock driven by a coronal mass gjection (CME) close to
the sun for the so-called gradual events and flare-acceleration in the lower corona for
impulsive events [20]. Figure 1 (ad) shows the near-earth SEP fluxes and local
interplanetary parameters (field magnitude B, solar wind speed SWS, and solar wind ion
density N) taken from the National Space Science Data Center [9]. In plot 1a we have
added the hourly-count rates of cosmic ray CR (shown as a step line) detected by the
south pole neutron monitor (SOP NM), corrected for pressure variations, for the whole
of 19th and 22nd October. Also shown in the upper graph are the times of solar flare and
the interplanetary (IP) shock occurrence, which are described by thin vertical arrow and
dash line, respectively. The triangle indicates the time of the sudden commencement
(SC) followed by a magnetic storm, at 0916 UT on 20 Oct. 2000. In fact, the proton
intensities with 60 MeV and greater at the time of SEP event are the highest observed
during the solar cycle 22 [10]. We notice a shock at 1650 UT on the 20th of Oct. '89
followed an extremely high flux (plot 1a). The solar flare accelerate particles to
sufficiently high energies to produce a sharp increase in the counting rates of cosmic
rays (polar ground-based detector). Then it decreases smoothly as a Forbush-decrease
type. The SC of magnetic storms did not produce any significant change when the
intensities of CR were already decreasing.
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Fig. 1. Observations for the 19-22 October, 1989 SEP event. From the top: = 60 MeV proton intensities
together with the cosmic ray intensities (CRI) observed at south pole neutron monitor (SOP NM);
magnetic field magnitude; solar wind speed and solar wind ion density. Arrow and dashed lines
identify the arrival of solar flare and IP shock. The triangle marks the sudden commencement
followed by the magnetic storm. The dotted lines mark the onsets of shock region.
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The SW magnetic field and plasma observations are available during the time of the
event 19-20 Oct. '89. The observations show large changes throughout the considered
event. We notice that the appearance of the SC of geomagnetic storms was associated
with a strong disturbances in the interplanetary parameters. There are two SW features of
interest around the time of event. The first is the region of enhanced magnetic field and
plasma density, bounded by a forward and reverse shock pair (marked by the dotted
vertical lines in plots 1b, 1c and 1d ) which lies at the leading edge of the high-speed
streams (at 0900 UT and 2400 UT on 20 Oct. '89). This bound is based on the presence
of stream interface midway between the |P shock [21]. The second noteworthy feature is
that, there are no remarkable changesin B, SWS and N just a few hours around the flare
occurrence, at the beginning of the event. No significant changes in solar and IP
parameters are observed as a reference of the flare occurrence. Plot 1b shows that the
field magnitude reflected a triple-peaked structure. At the forward-edge of the shock
(0900 UT on 20 Oct. '89), the B started to increase (from ~10 to 25 nT) in 3 hrs, and
then decreased to a lower value (5 nT at 1500 UT). The B magnitude increased again
forming a second peak at 1900 UT. The latter and the largest peak (~ 33 nT) was at the
beginning of 21st day of Oct. '89. The behavior of B during the range of 1P shock wave
shows consistent variations of 6-7 hours length.

With the passage of IP shock, the solar wind speed increased from 500 km/s to
900 km/s. The SW observations gradually increased, reaching a maximum of ~ 900 km/s
at 2400 UT on 20 Oct. '89. Such high speed streams tend the interplanetary magnetic
field lines to move closer to the sun-earth line. This means that these increases resulted
from particles acceleration at the shock front and persisted inside the IP shock region.
Therefore, the particle-intensity increases that observed around the time of the shock
passage (plot 1a) are composed not only of particles locally accelerated at the shock
region by the strong disturbances of the magnetic field, but also of particles previously
accelerated and that, by different mechanisms, remain around the shock. Furthermore,
we can see that the variation in ion density (plot 1d) formed a double-peaked (at 1200
and 1800 UT). The N measurements showed less pronounced at the passage of the
forward-region of the shock. Then, N increased rapidly from 5 to 32 n/cc in 3 hrsjust at
the shock onset, forming N-wave of 6-7-hour length each. Both B and N reached a high
value at 1200 UT and a minimum one at 1500 UT on 20 Oct. '89, when the high proton
intensities reached to a maximum fluxes. The accompanying energetic particle event
showed arather unique signature: relativistic protons started shortly to increase (with the
CRI) after the solar flare occurrence (at 1258 UT on 19 Oct. '89). High energy particles
appeared gradually later and followed by a remarkable pulse of particles, particularly
prominent at E > 60 MeV that is roughly bounded by the times of the 4B flare and the
shock at 1650 UT. The particle event originated in a flare at E 10°. As the active region
(or flare location) rotates to the western limb, it continues to produce large flares and
SEPs that lead to higher maximum fluxes. This highly SEP flux persisted few hours. The
subsequent maximum occurs at or dlightly before the IP shock arrival. The gradual
increases of particle intensities are consistent with diffusive transport, and it aso
indicates that there was a direct magnetic connection between earth and the CME shock.
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In addition, we find that the arrival of the IP shock did not produce a local variation in
the count rates of cosmic rays. The peaked energetic particles enhancement at 1500 UT
on 20 Oct. coincided with the simulations decreasein B and N observations.

So, we can say that SEPs typically have a slow rate of rise to maximum intensity
and a slow decay. Around the flare onset, the event of 19 Oct. '89 was not associated
with significant changes in the interplanetary parameters in comparison with the IP
shock onset. The passage of |P shock region reflected strong interplanetary disturbances
in space. The intensity-time profiles of the SEP event had two distinct features, the
shock’s efficiency for accelerating particles and the transport implications (or
mechanism of particles propagation) inside the shock region. The intensity time profiles
of the SEP are functions not only of the shock’s efficiency for accelerating particles, but
also of the transport conditions in the upstream and downstream regions of the shock.
The peak intensity of SEP is observed at the time before the arrival of 1P shock. Neither
SC of geomagnetic storms at 0916 UT on 20 Oct. 89 nor IP shock at 1650 UT produced
a significant variation when the intensities of CR were aready decreasing. Furthermore,
variations of 6-7 hrs are seen in the observations of field magnitude and solar wind
plasma density. Following the IP shock onset (1650 UT on 20 Oct. ’89), the solar plasma
seems to be more dense, cooler and faster and the field magnitude is stronger than at the
boundary regions of the shock. Similar picture has been recently observed south of the
heliospheric current sheet during the negative IMF polarity period [15].

Event of 14 July 2000

The GLE of 14 July 2000 (sometimes named Bastille Day) was caused by the
parent flare 3B/X5.7 with optical coordinates N22 WQ7. The flare really occupied an
extended area along the solar equator and the associated activity involved the whole
central area of the sun. The start of type Il radioburst, which roughly corresponds to the
time of relativistic proton acceleration [22], happened at 1012 UT with maximum values
between 1020 UT to 1025 UT, and ended at 1043 UT. According to X5.7-ray data, the
flare lasted from 1003 UT through 1043 UT with a peak at 1024 UT. This flare was the
second biggest flare in the current solar cycle (the 23rd) until April 2001, and the third
largest proton event above 10 MeV since 1976 [23]. On the other hand, the deepest
Forbush decreases in the 23rd solar cycle were registered during 13—17 Jul. 2000 [24,
25], implying a high activity level on the sun. However, the solar CRs emitted were not
high enough to register by NMs of high rigidities. This decrease was caused by the CME
associated with the Bastille Day. The coronal mass ejection associated to this flare was
even more outstanding than the flare itself. Numerous evidences of large scale eruption
on the sun happened [23].

The Badtille Day event had the highest flux recorded since the October 1989
event. The time-profile of density distribution of solar particles causing 14 Jul. 2000
GLE has various information about the dynamic structures of the interplanetary
magnetic field in the heliosphere. Figure 2a shows the proton fluxes and the CR
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Fig. 2. The intensity-time profiles of > 60 MeV proton fluxes with CRI, field magnitude, solar wind speed
and ion density during the period 14-19 July 2000. Dark arrow marks the arrival time of the
CME. Solar flare, SSC and IP shock are clearly shown.
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SOP NM (step line). The dark arrow represents the CME arrival time at 1054 UT [26],
while the triangles mark the times of sudden commencements (SSC). The IP shock
(dashed line) reached the earth orbit at 1415 UT, 15 July 2000. The transient speed of the
shock is of order 1500 km/s. The maximal enhancement at the neutron monitor was
reached quickly, and its time profiles were simple enough and not extended. This
indicates the most amount of arrivals at earth were hard particles, to be accelerated
before maximum of the soft X-ray emission (at 1024 UT). Note that the distributions of
arriving particles were anisotropic and of short duration during the onset-event; then it
tended to become isotropic during the declining phase of the event, when only low
energy protons remained [27]. On the other hand, SEP fluxes immediately started after
the parent flare SF. During the rising phase, about a few minutes after the event onset, a
CME and the SSC passed by. The event was produced by very fast CME, with initial
speed of ~ 1800 km/s. Maximum intensity was reached in less than 5 hrs and stayed
constant. The increase of SEP nearly persisted constant or continue to roughly decrease
at high energies for 20 hrs, forming a plateau of fluxes. Particles acceleration could be
observed up to some hundreds MeV/nucleon. With the passage of the shock (of high
order of speed) at 1415 UT on 15 Jul. 2000, the proton fluxes decreased fast for the next
12 hrs. In fact, we do not observe shape changes after the shock. At the beginning of the
16th day, intensities smoothly decreased (linearly) to the end of the period. Therefore,
we can say that the particles are not locally accelerated at the shock. Thus, the time
profile of the second largest event is not similar to that of October 1989. It is not a
function of the shock’s efficiency for accelerating particles. The acceleration seems
probably to be occurred in the lowest part of the solar corona. Enhancements of
energetic particles were immediately observed at the earth, their onset times consistent
with the velocity dispersion due to the streaming of particles along magnetic field lines
from the CME shock in the corona to the earth. Others [28] proposed that during the 14
Jul. 2000 GLE, the increase effect on the ground was caused by imposing of two
components of relativistic solar protons, fast and delayed one originated probably from
various sources on the sun.

Figure 2 (b-d) displays the magnetic field and SW parameters throughout the period
14-19 July 2000. The arrival of the shock at earth was associated with strong
interplanetary changes. The SW speeds started after the flare onset by 4 hrs. Over the
interval 1500-1900 UT of 14 July 00, the SW speeds were ranging between 600 km/s and
780 km/s, and decreased until mid of the next day. It started again to increase with the
passage of shock. Following the IP shock, the measurements of SW registered 1050
km/s. In plot 2a, we observed a sudden commencement at 1438 UT, 15 July 2000, when
a mean velocity of the shock was ~ 1500 km/s. The SWS was ~ 1000 km/s at 1500 UT,
15 July 2000, indicating the IP shock decelerated in its path in the inner heliosphere and
confirming that the shock’s efficiency was not an essential factor in proton intensity
profiles of such event. Thus, the timing of GLE and other characteristics of this event
lead to a conclusion that the majority of relativistic particles suppose to be accelerated
before the 1029 UT, during the first 10 minutes after the type Il radio bust started. The
complex structure of the magnetic field that formed in the front of the shock was acting
as abarrier to energetic particles which were unable to escape from the upstream region



Observation of the Interplanetary and Solar Parametersin ... 27

of shock. The SWS averages were not quantitatively similar on either side of the solar
flare or 1P shock.

On the other hand, the plasma densities (plot 2d) started to rise very rapidly after 4
hrs of the flare onset on that day. Strong increase in densities is observed (from 4 to 32
n/cc). The density fads back to pre-increase state within 7 hrs. During the plateau of the
particle fluxes, both particle density and speed showed two significant peaks (for
example, 32 n/cc and 24 n/cc in N). The latter peak nearly coincides with the IP shock
passage. In general, there are large interplanetary disturbances following the solar flare
and IP shock passage. The solar plasma are highly dense (6-8 times) and fast as a
reference of solar flare and shock arrivals.

Event of 9 November 2000

This event was associated with a parent flare 3F/M7. The flare occurred at 2304 UT
behind the west lime with optical coordinates N10 W77 and was accompanied by a fast
CME at 2306 UT (the velocity was ~ 2035 km/s). It is the second largest major SEP ever
occurred in 2000's (the event of 14 July is the first one). Plot 3a displays the time
development of SEP and CR intensities during 8-13 Nov. 2000. No significant effect in
CR count rates has been observed. High GLE was not necessarily a sequence of major
SEP event and it was not a condition for creating major SEP fluxes[10, 15, 29].

The SEP intensities started a rapid rise just at the flare and CME observations. In ~
3 hrs the intensity had reached their maximum level. Then, it decreased smoothly until
the arrival time of |P shock (at 0605 UT on 11 Nov. 2000). Generally, the shape of the
decay phase may be affected by interplanetary disturbances.

The field magnitude B (plot 3b) started to decrease pre-flare and CME onsets. The
decrease was extremely gradual. The depression in B started 13 hours before the solar
flare onset. Maximum depression (from 19 to 1 nT) happened during 4 hrs before the
onset. The behavior of B shows that there is a reduction in the interplanetary magnetic
field connection. After sufficient fluxes have been achieved around the beginning of the
CME and flare, the fields magnitude can be seen to increase steadily in a weak manner.
Unfortunately, the B observations are mist until the earlier hours of 11 Nov. 2000.
During the period 11-13 Nov. 2000, there is a small enhancement in B and it decreases
roughly in comparison with the fluxes behavior.

The measurements of SWS and N (plots 3c-d) were not registered at the flare
commencement. In the period between the late hrs of the 9th day and 11 Nov. 2000, the
SWS increases to 900 km/s and then decreased to the late hours of 10 Nov.. At the earlier
hours of 11 Nov., asmall changein SWS is observed (from 800 km/s to 920 km/s) and it
smoothly decreased to the end of our considered period. In contrast, the measurements of
N started around 10 n/cc. It increased to 20 n/cc in two hrs. From the mid-day of 10 Nov.
the particle density remained low ~ 2 n/cc.
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Fig. 3. The observations for 8-13 November 2000.
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It is interesting to note that the event was not associated with a GLE. Also, the
particles acceleration did not make by the IP shock. The IP shock was decelerated
strongly in its path to the earth. It moved in the interplanetary space with slowing
speed. To the best of our knowledge the reasons may be: (a) the suppression effect of
the proton intensities from the sun by the strong variation of solar magnetic fields, (b)
the deterioration of the proton acceleration efficiency during the sectorization-phase of
IMF, or (c) escaping particles in the inner heliosphere. However, this might be a result
of deterioration magnetic connection between earth and flare site, in contrast we
observed a different conditions in the Oct. ' 89 event. Although the 9 Nov. 2000 event
was not a GLE, its fluxes were extremely high. Furthermore, the passage of |IP shock
were not associated with large disturbances in interplanetary parameters.

The Geomagnetic Data During the Considered Events

The appearance of sudden commencements (SC) of geomagnetic storms is a
result of the interaction of the earth’s magnetosphere with the interplanetary shock
waves and discontinuities flowing over it. Some studies [5, 10, 15, 30] proposed that
the speed and plasma density of solar wind affect on the cyclic behavior of the
frequency of SC appearance, caused mainly by a number of solar flares. In this part of
the work, we investigate the Ap index which measures geomagnetic activity on a
global basis and the Dst index representing the ring current (which affects the
geomagnetic activity), during the considered events. Figure 4 shows the variations of
Dst ring current (left plots; 4a-c) and the Ap index of geomagnetic activity (right plots;
4d-f), during 19-22 October 1989, 14-19 July 2000, and 8-13 November 2000. The
timings of SC of geomagnetic storms are marked by triangles in left plots. Generally,
the geomagnetic indices reflected strong variations during the considered periods.
Plots 4a-c show that the observations of Dst index correlate well with the SC of
geomagnetic storm onsets, while there are no significant changes around the flare
occurrence. Just at the time SSC, the magnitudes of Dst index varied from 50 to 200
nT, 0 to 300 nT, and from -10 to 100 nT during the three events, respectively. The rate
of Dst changes that happened in 14-19 July 2000 was about two times larger than the
other events. Also, the Dst values during 8-13 Nov. 2000 show clearly that the IP
shock wave has no significant role.

On the other hand, plots 4d-f displayed nearly similar behaviors. The rate of
change in Ap index during the Bastille Day was about six times larger than observed
in 8-13 Nov. 2000 event and two times stronger than the event of 19-22 Oct. '89. In
general, the Bastille Day event had the stronger geomagnetic disturbances than the
other studied events.
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Conclusion

Hourly intensities of the three largest high-energy peak flux events 19 October
1989, 14 July 2000 and 9 November 2000 and their interplanetary, solar and
geomagnetic disturbances have been examined. We have used the hourly solar energetic
particles (SEP), cosmic ray intensities observed at south pole, the interplanetary
measurements (field magnitude B, solar wind ion density N, solar wind ion temperature
T and solar wind speed SWS), and the geomagnetic indices (the ring current geomagnetic
activity index Dst and the 3-hour range of Ap). These measurements provided by the
National Space Science and Data Center (NASA) and the Bartol Research Ingtitute,
University of Delaware, USA.

The 19-20 Oct. ' 89 event had the largest (> 60 MeV) proton intensities. The arrival
of mgjor flare at 1258 UT on 19 Oct. ' 89 was not associated with significant changes in
solar and IP measurements. Strong changesin B, SWS, T and N have been observed as a
result of the arrival of IP shock wave. The SEP increases resulted from particles
acceleration at the shock front and persisted inside the IP shock region. The particle-
intensity increases that observed around the time of the shock passage are composed not
only of particles locally accelerated at the shock region by the strong disturbances of the
magnetic field, but also of particles previously accelerated and that, by different
mechanisms, remain around the shock. The particles are locally accelerated by and
inside the shock region.

The event of 14 July 2000 is the third-largest proton fluxes (above 60 MeV) since
1973, and it has the highest flux since the first event in Oct. ' 89. The event was produced
by very fast CME. The time profile of 14 July 2000 fluxes was not similar to that
observed in 19-20 Oct. '89. The acceleration of fluxes was not a function of the IP
shock’ s efficiency. The velocity of IP shock has been decelerated in its path in the inner
heliosphere. The acceleration of the particles seems probably to have happened in the
lower part of the solar corona. The rate of geomagnetic disturbances during the 14-19
July 2000 was stronger than the other events and included high changes. The third
studied event of 9 November 2000 was accompanied by a fast CME. The event was not
produced a GLE. Fast rise and long decay in particle intensities which may be
originated from different sources on the sun. The IP shock was hardly deteriorated in its
path to the earth. However, the results indicate that there is a quite difference in IP and
geomagnetic disturbances and in turn the mechanism of particle accelerations between
the three events. The three events were not having similar pattern or behavior in SEP
fluxes and the interplanetary disturbances and the mechanisms of particle propagation in
heliosphere were quite different.
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