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Abstract. Strong interplanetary disturbances may affect cos-variations of several orders simultaneously. Therefore, direct
mic ray protons tremendously with energies less than 1 GeVcomparison of data sets obtained by NMs and patrticle detec-
increasing their intensity by hundreds of percents, but theytors aboard satellites may clarify some physical limits of the
are not so effective for protons of higher energies. This en-modulation processes in the heliosphere.

ergy limit is crucial to understand processes of cosmic ray A passage of interplanetary shock is associated with two
propagation and acceleration in the heliosphere. The Fordistinct effects in CR, one is the Forbush decrease observed
bush pre-increase and the effect of shock-associated particlésy ground-based detectors and the other is the enhancement
observed on 20 October 1989 illustrate the problem. This isof lower energy CR in the interplanetary space. The last ef-
a rare event, when the energies of shock-associated particldsct is often attributed to particle acceleration by interplane-
measured by the GOES-7 satellite spread continuously to theary shocks and researchers refer to such increases as shock-
neutron monitor energies. The Forbush pre-increase could baccelerated particles. However, an ability of interplanetary
attributed to a single reflection of galactic cosmic rays from shocks to accelerate protons for energies more than several
the magnetic wall observed at 12:00 UT. It had a very hardMeV has not been proved yet (Lim et al., 1995; Kallenrode,
spectrum with maximum energy of modulation more than 1997). In addition, CR patrticles can be simply trapped near
10 GeV. The spectrum of shock-associated particles was sothe shock. | think that it would be more accurate to call them
and their maximum energy was less than 1 GeV. The problenthe shock-associated particles.

of shock acceleration versus trapping is discussed for the 20 \Many Forbush decreases have a precursory increase,
October 1989 event. It is argued that the shock-associateghich is observed several hours before the shock arrives ,
particles were accelerated near the flare site and then propgyt only in rare cases do the energies of corresponding shock
gated to the Earth inside the trap between two magnetic wallgssociated particles appear to be continuum from spacecraft

at12:00UT and 17:00 UT. to NM energies. A reflection of galactic cosmic rays from
Key words. Interplanetary physics (cosmic rays; energetic the magnetic wall, which may be separated from the shock,
particles; interplanetary magnetic fields) is generally considered as a possible model of the Forbush

precursory increase. Cane (2000) proposed that both effects
might be caused by the shock acceleration in such rare cases.

1 Introduction The solar activity in the NOAA active region 5747 on
18-19 October 1989, including the parent solar flare (25S

The proton energy of about 1 GeV corresponds to the uppeP9 E) of the ground level enhancement (GLE) of 19 Oc-
energy limit of satellite detectors and the lower energies oftober 1989 (the 43rd such event ever recorded, see the
cosmic rays (CR) accessible by the neutron monitor (NM)GLE database on http//helios.izmiran.rssi.ru/cosray/main.
network. Knowing details of modulation processes in this htm), caused large disturbances in the interplanetary space
energy range, where the scale of modulation processes mand the subsequent geomagnetic storm on 20 October 1989
differ tremendously, is very important to understand mech-(SSC 09:16 UT). The cutoff rigidity of cosmic rays changed
anisms of particle propagation and acceleration in the hedramatically at that time (Struminsky, 1992; Struminsky and
liosphere. Several percents are characteristic for CR varialal, 2001). Klein et al. (1999) reviewed neutral and charge

tions observed by NMs, but satellite detectors might registefarticle emissions of the 19 October solar flare and provided

) evidences of prolonged energy release and particle accelera-
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The increase of shock-associated particles was detectegl ;o 1 characteristics of NM stations
by all energy channels of the GOES-7 proton detector on
the background of the GLE 43 decreasing phase, with the Staon Long. RO No Type
maximum intensities even higher than those on 19 October Gﬁ,’
1989 during its main phase (a factor of 20 and 2 for the
8.7-14.5 and 110-500 MeV proton channels, respectively).
The shock-associated particles were observed well after SSC
(the first shock) and before the second discontinuity, which
is visible in solar wind data at17:00 UT. The Forbush pre-
cursory increase of 1-2% is clearly seen in data of low-
latitude NMs before SSC. Apparently, cosmic ray variations2 Data and methods
of solar and geomagnetic origin masked the precursory in-
crease and the effect of shock-associated particles in data g# this work, the precursory increase and the effect of shock-
high- and middle-latitude NMs. Corresponding plots of cos- associated particles observed on 20 October 1989 are studied
mic ray variations registered by NMs are easily available onysing data obtained by different space and ground-based de-
http//helios.izmiran.rssi.ru/cosray/main.htm. The purpose oftectors. The method of data processing was used by Stru-
this work is to investigate the effects of the shock-associategninsky (2001) to separate CR variations of different ori-
particles and the precursory increase on 20 October 1988in. All necessary data were downloaded from the SPIDR
in data from the Apatity and Moscow NMs using indepen- database (http//spidr.ngdc.noaa.gov) and the home page of
dent data sets obtained by space and ground based detectofise Moscow NM.
In order to estimate the precursory increase for mid-latitude Taple 1 shows some characteristics of NM stations used in
NMs the solar and geomagnetic CR variations should be renjs stydy. Longitudes of these stations are nearly equal and
moved from the total CR variations. The NM response to theihey |ook in the same direction in the equatorial plane, so the
shock-associated particles can be estimated using the samgects of the CR anisotropy are negligible. The count rate
technique as for solar cosmic ray variations, accounting forayeraged for eleven hours before the GLE onset on 19 Octo-
changes in the geomagnetic cutoff. ber 1989, withNy taken as a reference level. Valuesnf

The SMM coronagraph was not operating before 16:30 UThormalized to 18NM64 differ by about 1.15%. Apparently,
on 19 October, thereby leaving a large ambiguity in the iden-this is @ maximum value of possible geomagnetic variations
tification of possible sources of the two interplanetary distur-1n Moscow.
bances. In earlier papers (Bazilevskaya et al., 1994; Bavas- In the general case, the NM count rate in some particular
sano et al., 1994), the first shock was associated with théime moment is proportional to
energetic 19 October solar event, so the second discontinuity
should be attributed to the prolonged energy release during
the decay phase of the flare. Note, that Cliver et al. (1990)NV ~ [ g(E,x)J(E)dE, Q)
first mentioned the second discontinuity and favored its asso- ;.
ciation with the 19 October solar event. Cane and Richard- ’
son (1995) incorporated data of the 9-22 MeV proton inten-whereg (E, x) — the NM sensitivity to primary cosmic rays,
sity from the IMP-8 satellite, considering its enhancement j(E) — the differential energy CR spectrurfi, — the cur-
at~17:00 UT as evidence of shock acceleration and, thererent effective cutoff energy. In this study, the NM sensitiv-
fore, the existence of the second shock. They suggested thity below 2000 MeV is assumed to be equalg@E, x) =
the second shock was more energetic than the first and so §.25 - 10-9E317 and above this energy it ig(E,x) =
is more likely to have been associated with the energetic 19.0219- E115, Values of the NM sensitivity above 3 GV
October solar event. In this case, in their opinion, anotherare well known (see Clem and Dorman, 2000 and references
solar event on 18-19 October should be responsible for theherein). Belov and Struminsky (1997) estimated the NM
first shock, but they did not find an obvious, unique associ-sensitivity for lower rigidities from GLE data.
ation between the shock and a particular solar event. More- The effective cutoff energyg., in Moscow was estimated
over, the nature of the shock-associated enhancement on 38y each hour on 20 October 1989 by the method of Fluck-
October is not so obvious. iger et al. (1986), using the modifiedss index. The mod-

Bazilevskaya et al. (1994) argued that the shock-ified Ds_t in_dex accounts for only the effects of the magne-
associated protons were apparently trapped in the region wittPSPheric ring current and, therefore, should describe more
a very small propagation mean free path: 0.02 AU behind properly changes in the cutoff rigidities (Struminsky anq Lal,
the first shock. Another scenario for the shock-associated001). The reference NM count rate should be proportional
particles is proposed in this article. The solar wind data
clearly show two magnetic walls, where solar protons accel-
erated near the flare site later might be trapped between thed¥o ~ [ g(E, x)Jo(E)dE, ()
walls with a propagation mean free path<0.1 AU. EO

APTY 33.33 047 5924 18NM64
MOSC 37.32 2.43 7809 24NM64
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Fig. 1. Proton flux within 84—200 and
4- Wi i 110-500 MeV energy bands measured
. Vﬁv&;g‘v,v,v.v,vyy B © by the GOES-7 detector; a power law
04 A-AAAAA %ﬁﬂof‘ieiiiiii 4 ° index of the proton differential energy
_' v v - ; spectrum deduced from the above data;
.. i V\ i estimated values of the maximum en-
-8 ny» N ergy of solar protons and the effective
T T T T T T T T T T cutoff energy in Moscow; registered to-
0 5 10 15 20 25 tal (open down triangles) and estimated

solar (black up triangles) CR variations
for the Moscow NM.

hours, after 00:00 UT, 20 October 1989

WhereEf? is an effective cutoff energy during geomagnetic Assuming the spectrum of solar protons in a form of power
quite periods andp(E) is the differential energy spectrum law function within the interval of 84—500 MeV, one can esti-
of primary cosmic rays. mate its power law index and normalizing constant from the
The undisturbed spectrum of primary CR in a power observed ratio of channel count rates (Belov et al., 1995). If
law form Jo(E) = 2.1 - 1PE—27(cm?-ssrMeV)~1 above  the observed enhancement is really caused by this population
1650 MeV and a constant-2L0~>(cn?-ssrMeV) 1 below  of particles, then by varyingmax for a given time moment it
1650 MeV provides a reasonable difference of 1.25% be-s possible to obtain the desired coincidence of 0.1% between
tween reference count rates calculated for the Moscow andhe observed and expected values of solar CR variations. If

Apatity NMs. the derived spectruJ (E)so beginning from some energy
The solar cosmic ray variations can be expressed by arF is less than (1 - Jo(E), then it is assumed that the spec-
integral trum is too soft and cannot result in the observed variations,

S0 Emax = E. The NM response to the shock-associated
Emax particles can be estimated using the same technique. An es-
8§ Ngol ~ / g(E, x)8Jsol(E)dE , 3) timate for the geomagnetic variations is
Ee E?
wheresJ(E)sol is a spectrum of solar protons aifthax is 8 Ngeo ~ /g(E, x)Jo(E)dE . (4)

their maximum energy. Hourly average uncorrected data
from two integral channels of the GOES-7 proton detec-
tor were used to evaluate the spectrum of solar and shock- Since E. would likely be within a range of allowed and

associated protons. These channels measured integral protéorbidden trajectories called the cosmic ray peneumbra, the
flux within 84-200 MeV and 110-500 MeV energy bands. integral (4) provides the upper limit of possible geomagnetic

c
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variations. The effect of penumbra should be consideredf the atmospheric cutoff were observed between 13:00-
carefully to obtain a better accuracy of geomagnetic varia-19:00 UT in the stratosphere above Moscow (Struminsky,
tions. 1992).

By removing the solar and geomagnetic CR variations The shock wave on 20 October 1989 was one of the
from the total CR variations, a value of the precursory in- strongest in the 22nd solar cycle, considering its effects on
crease for mid- and high-latitude NMs can be estimated. ~ cosmic rays and the magnetosphere, so the obtained value
of 1GeV may provide the upper energy limit of the shock
acceleration at a distance of 1 AU in the heliosphere.

However, the shock-associated particles arrived well after
SSC and looked like they were trapped between two mag-
netic barriers. These barriers correspond to maximums of the

Figure 1 from top to bottom illustrates the step-by-step cal-B - V parameterBy - Vi = 22.7nt- 631km/s at 13:00UT
culations of the Forbush precursory increase in Moscow@"dB2 - V2 =22.9nt- 785km/s at 18:00 UT. Adlsta’nce be-
The power law index (second panel) was estimated from tvvee_n the magnetic walls was0.09 AU at the Earth’s or.blt.
the ratio of integral proton fluxes within 84-200 MeV and @d it should be greater near the Sun. Apparently, this is a
110-500 MeV energy bands (first panel) that were measurefdial dimension of the magnetic trap and a mean free path
aboard GOES-7. The integral (3) was calculated within lim- ©f Particles inside the trap in this direction.

its of E. and Enax (third panel).

By varying the maximum energy of solar protofigax, a
reasonable coincidence between the observed (total) CR varirne nature of the shock-associated particles on 20 October
ations and the calculated solar CR variations for the Moscow ggg s not clear. The main question is, were these particles
NM is achieved during the isotropic phase of the 19 October,ccelerated near the flare site and then injected into the trap
1989 GLE (fourth panels). However, there is a visible dis- o ere they accelerated by the shock from thermal energies?
crepancy of about 2% from 05:00 UT until about 12:00UT, | the case of the classical shock acceleration, the spec-
i.e. the spectrum deduced from the GOES data appeared ipym of shock accelerated particles should become harder, if
be too soft to explain the observed variations. This discrep spock wave is approaching the observer, but the opposite is

ancy coinpides in time with the precursory increase observe_qjrue for 20 October 1989 (Fig. 1, second panel). However, it
by low-latitude NMs and should be caused by the same variyoy|d not be so for a shock-like acceleration in a compress-
ations of CR with very hard spectruiV (E)int. The pre-  jng trap.

cursory increase lasted from05:00 UT until ~12:00 UT, Let us discuss possibility of particle acceleration between
so galactic cosmic rays penetrated easily the first shock anghe converging magnetic barriers. An average relative in-
were scattered effectively by the magnetic barrier behind thg,regse of particle energy as a result of one acceleration act
shock. This implies that the propagation mean free path OQscattering from front and rear barriers) would be

CR protons downstream of the barrier wa8.1 AU. 4V,

. . B=1+_
3.2 Shock-associated increase 3

and a number of possible acceleration acts is

Figure 2 shows the modulation paramegir V, where B
is the total IMF magnetic field strength and is the solar k=T-c/%=1920,
wind velocity; the GOES-7 proton data are in linear scalewhereT ~ 24 hours is a propagation time of the magnetic
and the interplanetary variations are deduced for the Apatitytrap to Earth. The initial energy of the particles might in-
and Moscow NMs. The - V parameter plays a crucial role crease by a factor f* = 3.68 inside the trap on its way to
in theoretical models of Forbush decreases (Wibberenz et althe Earth. The energy of protons should be at least of several
1998) It is clear from Fig. 1 that CR variations estimated hundred MeV in order to increase their spectrum up to 1 GeV
from the GOES data are greater than the variations observedear the Earth.
in Moscow after 12:00 UT. This time represents a real on- Therefore, the shock-associated protons should be accel-
set of the Forbush decrease in Moscow (Fig. 2, fourth panel)erated primarily near the Sun, possibly along with the GLE
The increase in shock-associated particles started at about thpgotons, and then they should be injected into the trap. The
same time and coincided with the first maximum of theV proton spectrum in the trap was softer than in the GLE main
parameter. Cosmic ray variations in Apatity show the similar phase, because the trap was not effective for energies of sev-
behavior (Fig. 2, third panel). eral hundred MeV. Note that this interplanetary structure ef-

The spectrum of shock-associated particles deduced fronfected simultaneously only 1-2% of galactic cosmic rays.
GOES data was very soft (Fig. 1, second panel). The max- Lario and Decker (2002) reached a similar conclusion in-
imum energy of these particles was less than 1GeV andlependently that the high-energy proton population observed
they resulted in the statistically significant enhancement inaround the shock passage is not a locally shock-accelerated
Moscow only due to changes in the geomagnetic cutoffpopulation, but rather a population confined and channeled
(Fig. 1, third panel). Note that protons with approx. energy by a complex magnetic field structure.

3 Results and discussion

3.1 Precursory increase

3.3 Acceleration versus trapping

=1+6.8-10%,
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4 Summary sory increase and the shock-associated enhancements were

clearly separated in time and, therefore, they should be at-
The Forbush effect on 20 October 1989 was observed on th&ibuted to different populations of CR.
background of the 19 October 1989 GLE during the large The Forbush pre-increase was caused by a single reflection
geomagnetic storm. Effects of solar and geomagnetic variaof galactic cosmic rays from the shock. The shock-associated
tions were eliminated from total CR variations of the Apatity particles were trapped between two magnetic walls. These
and Moscow NMs in order to estimate the Forbush precur-particles were accelerated close to the Sun; their initial en-
sory increase and the shock-associated enhancement on 3@yy might increase by a factor of four only on the way to
October 1989. Different data sets of ground and space bornggrth.
detectors were used in this procedure.
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