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ABSTRACT

Arguments in favor of the flare acceleration and subsequent trapping of high-energy particles as an alternative for their interplanetary shock acceleration are considered using neutron monitor and satellite data obtained during solar energetic and storm particle events of 14 July and 8 November 2000, 4 November 2001. It is shown that the simple diffusion model of particle propagation in the interplanetary space approximates quite well the time profiles of the proton intensity measured within the 84-200 MeV energy band by the GOES-10 detector during the first 15-20 hours of the events. Important, a multiple injection from the source into the interplanetary space during several hours after the X-ray onset should be considered. This assumption is ad hoc and justified only by prolonged solar gamma-emission from pion-decay registered by EGRET and COMTEL aboard CGRO on 11 and 15 June 1991. The onsets of the injection episodes correlate with manifestations of the post-flare activity visible in soft X-ray time profiles. The number of protons with energy >100 MeV in the source for different time moments was estimated by using the model. Effects of propagating coronal mass ejection (CME) can explain the discrepancy between measured and model proton intensities obtained for late phases of the events (about one day since the X-ray onset). A product of the total interplanetary magnetic (IMF) field and the solar wind velocity was used as a parameter of cosmic ray modulation and a proxy for moving IMF structures. The propagating CME’s cause the Forbush decreases of the galactic cosmic rays, but their influence on intensity of the >100 MeV solar protons might be different depending on local characteristics of the solar wind. Analogues of the Forbush pre-increase and decrease for solar cosmic rays were observed on 15 June 2000 (two Forbush decreases on 9-10 November 2000), but a unique IMF structure filled by <500 MeV protons passed near the Earth on 6 November 2001. 
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1. Introduction

After 60 years of solar cosmic ray studies it seems that all possible scenarios of their acceleration, storage, release and propagation have been discussed or, at least, declared (see Dorman & Miroshnichenko, 1968; Reames, 1999; Rayn et al., 2000; Kallenrode, 2002 and references therein). Characteristics of solar proton fluxes deduced from the solar gamma-ray observations and those observed at low (~10 MeV), middle (~100 MeV) and high (~1000 MeV) energies in the interplanetary space possibly show different features of the same phenomenon - the solar proton event, but we still do not have strong evidence in favor of one scenario in the whole energy range. 

Using the data for lower energy range the current paradigm of solar energetic particle (SEP) events was formulated (see Reames, 1999 and references therein). During large "gradual" events the CME driven shock traveling through the high corona may accelerate, store, and release charged particles thereby providing necessary acceleration rate, chemical and ionization state abundance. It is believed that populations of interacting and interplanetary particles are different and processes of acceleration, storage and release in the middle and low corona do not contribute significantly to particle fluxes observed in the interplanetary space. Because crucial experimental data supporting this picture for higher energies are not available, Ryan et al. (2000) have suggested using Occam's razor, any model that describes the behavior of lower energy particles in space should be extended gracefully to higher energies to explain ground level enhancements (GLE) of solar cosmic rays. Detailed numerical simulations of Rice & Zank (2000) showed that a strong CME-driven shock starting at ~0.05 AU may accelerate protons to the neutron monitor (NM) energies.

However, there are plenty of data, mainly from the higher energy range of proton spectrum and radio observations of the Sun, supporting another view on the problem that acceleration processes in the low and middle corona may supply both interacting and interplanetary particles (Akimov et al., 1996; Laitinen et al, 2000; Klein et al., 2001). The SoHO observations of several events in 1997 suggest that potentialities of CME's to produce energetic particles in the interplanetary medium crucially depend on the previous evolution of the explosion below ~2Rsol (Torsti et al., 1998). In these cases the CME bow shock is not the main accelerator of the high-energy protons, but the CME opening closed magnetic flux in various regions of the corona may create conditions for particle release and transport from the acceleration site and for possible particle acceleration during the post eruptive phase. So, the same principle of Occam's razor would lead to other acceleration sites, mechanisms and propagation processes for low energy particles. Therefore, a role that the shock acceleration plays in the heliosphere might be refined soon (Kocharov, 2002).  
Possibly, a key to the problem would be found studying middle energies of SEP. At present we have a little knowledge of how the solar proton spectrum behaves at 100-1000 MeV, because an effective energy range of high latitude neutron monitors only marginally overlaps with the highest energies measured aboard spacecraft’s.  Rare cases of GLE’s enhancements accompanied by storm particle events, when the energies of shock-associated particles spread continuously to the NM energies, allow quantitatively comparing NM and satellite data and studying shock wave effects on galactic and solar cosmic rays.

Recently Lario and Decker (2002) and Struminsky (2002) re-examinated the famous storm particle event of 20 October 1989 and concluded that the high-energy proton population had been observed around the shock passage was a population confined and channeled by a complex magnetic field structure rather than a locally shock-accelerated population. In this regard it would be interesting to consider the most powerful recent solar proton and storm particle events occurred on 14 July 2000, 8 November 2000 and 4 November 2001. The events of 14 July 2000 and 4 November 2001 were accompanied by GLE’s observed by the NM network, but the 8 November 2000 event was not. Table 1 presents some characteristics of their parent solar flares. 

The purpose of this work is to show that time profiles of ~100 MeV proton intensity measured during main phases of these giant gradual events are consistent with a simple model of the diffusion propagation assuming prolonged and multiple injection of solar protons into the interplanetary space. The prolonged solar gamma-emission from (0-decay registered by EGRET and COMTEL aboard CGRO on 11 and 15 June 1991 (see Ryan, 2000 and references therein) show that high-energy protons may exist near the Sun during several hours since the flare onset. The discrepancy between measured and model proton intensities obtained for late phases (about one day after the X-ray onset) might be explained in terms of SEP modulation.   
2. Data and Methods

The interplanetary part of the transport is described by a simple diffusion model with an effective radial diffusion coefficient 
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, where ( is a mean free path and V is a particle velocity.   The solution to the diffusion equation in a case of three-dimensional isotropic diffusion for instant particle injection from a source is well known (Parker, 1963).  A particle density in a time moment 
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from the source (normalized to a total number of particles in the source) is given by an expression 
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In a case of prolonged injection with time profile 
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determines a particle density in a time moment  
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 at a distance 
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 from the source.

Theoretical and experimental values of proton mean free path in the interplanetary space agrees with each other in the considered energy range of about 100 MeV and are within interval of 0.08-0.3 AU (Bieber et al., 1994). In this work the mean free path was assumed to be 0.11 AU for three considered events.  As mentioned by Dorman & Miroshnichenko (1968) a physical meaning of ( is not so clear in a frame of the simple diffusion model, but the condition (=const for different events means a conservation of interplanetary magnetic field properties.                                                                           

An estimate of isotropic CR flux in the interplanetary space is
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 Necessary injection time profiles 
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for the considered events were obtained by demanding that an approximating curve should be within errors of one-minute GOES data, at least, for the first 15-20 hours since the X-ray onset. A time step was equal to 5 minutes in numerical calculations, i.e. observed time profiles are considered as a superposition of instant injections occurred each five minutes. An injection with constant rate was assumed at each stage and changed step-wise from one stage to another. 

The method of Struminsky (2002) allows quantitatively comparing NM and satellite data, in particular, studying shock wave effects on galactic and solar cosmic rays. Employing data of the upper energy channels of the GOES proton detector and plasma parameters of the solar wind cosmic ray variations of geomagnetic, solar and interplanetary origin were separated for the Apatity and Moscow NM’s. Important points of the procedure are: 1) the effective cutoff energy in Moscow is estimated for each hour basing on hourly values of the Dst index, solar wind velocity and density (Struminsky and Lal, 2001) and the atmospheric cutoff is assumed in Apatity; 2) the NM sensitivity for rigidities below 3 GV is proportional to ~E 3.1 (Belov and Struminsky, 1997). 

A power law spectrum derived from the observed ratio of 84-200 and 110-500 MeV channel count rates (Belov et al., 1995) is assumed as a first approximation of solar proton spectrum to calculate a NM response to solar protons. In some cases this spectrum leads to unreasonably large variations of NM count rate, i.e. the spectrum should be much softer for NM energies. Therefore, a problem of spectrum knee (sewing of lower and higher energy parts of the spectrum) appears in the interval of 200-500 MeV. Because it is impossible to derive a precise position of the spectrum knee on the energy axis from data of integral detectors, the obtained steeper spectra of solar protons have been normalized to proton intensity at 200 MeV measured by GOES. Protons of 200-500 MeV contribute about 10% to integral intensity within the 110-500 MeV energy band in the case of very steep spectra, which seems as a reasonable accuracy.

All necessary particle data were down loaded from the SPIDR database (http//spidr.ngdc.noaa.gov) and the home page of the Moscow NM (http//helios.izmiran.rssi.ru/cosray/main.htm). Solar wind proton density and velocity obtained by the SoHO proton monitor (hhtp://umtof.umd.edu/pm/crn/) and data of the ACE magnetometer (http//spidr.ngdc.noaa.gov) were used in this study. A product of the total interplanetary magnetic (IMF) field – B and the solar wind velocity – V was employed as a proxy of IMF disturbances. The B(V parameter plays a crucial role in theoretical models of Forbush decreases (Wiberrenz et al, 1998; Cane, 2000) and its application for storm particle events is relevant (Struminsky, 2002). 

3. Results and Discussion

3.1 Main phase of the solar proton events

The simple diffusion model of particle propagation in the interplanetary space approximates rather well time profiles of the proton intensity measured within the 84-200 MeV energy band by the GOES-10 detector during the first 15-20 hours of the events (Fig. 1a-c). The discrepancy between measured and model proton intensities obtained for late phases of the events (about one day since the X-ray onset) will be discussed in the next section. 

Table 2 presents model time profiles of the proton injection: onsets of the injection episodes, their duration and relative intensity. The onsets of the injection episodes correlate with manifestations of the post-flare activity visible in soft X-ray time profiles (Fig. 2). Episodes of instant and intense injection are followed by prolonged and relatively weak release of solar protons into the interplanetary space during all the considered events. The obtained source functions provide a lower limit of Np(E >100 MeV) in the source at different time moments.

Let us compare our findings for the 14 July 2000 event with results of some previous studies. Bieber et al. (2002) used the Reid-Axford profile as a source function (injection time profile) and mean free paths varying from 0.1-0.27 AU to fit NM data. The onset and time-scale of their source function correspond to the first injection episode considered in this work. However, two additional episodes of proton release should be incorporated to fit the time profile of 84-200 MeV protons. We need prolonged injection with 15 times less intensity of two hors duration and the second instant injection after about four hours since the X-ray onset. A peak of the soft X-ray intensity is a reason to consider the second instant injection on the Sun, but not the shock wave effects (SSC 15:07 UT, 14 July 2000) on SCR.

Klein et al., (2001) summarized X-ray, EUV, optical, radio and neutron monitor observations and concluded that the main phase of energy conversion in the low corona had a maximum near 10:18 UT. The gamma detectors on Yohkoh observed the 14 July 2000 flare beginning from ~10:20 UT and till ~10:40 UT (Share et al., 2001). So, the relativistic solar protons and, at least, 43% of >100 MeV protons were accelerated in time of the observed gamma-ray emission. However, the proton spectrum deduced from the Yohkoh gamma-ray data and energy content of accelerated ions inconsistent with those in the interplanetary space. Besides, the Yohkoh results for 14 July 2000 look extremely in comparison with other solar gamma-ray observations by SMM and CGRO (Ramaty et al., 1993; Rank et al., 2001). An instrument problem is a trivial reason.  Another possibility is that a target density has been low. According to Klein et al. (2001) protons were accelerated at heights between 0.1 –1 of the solar radius above the photosphere, and not in the flaring active region. 
Beginning about 13UT on 14 July the Yohkoh detectors observed gamma-ray lines and continuum, which were attributed to SEP interactions in the Earth’s atmosphere. According to our estimates about 20% of accelerated protons with >100 MeV were close to the Sun at that time, so the observed gamma-emission might be partly of the solar origin. The problem needs additional investigations, but it would be difficult to set significant limits on low-level gamma-ray emission using Yohkoh (Share, 2003).
Figure 3a-b shows time profiles of the Moscow and Apatity NM's and the power law indexes deduced from GOES and NM data. Patterns for the events of 14 July 2000 and 4 November 2001 are similar in many respects (see also Fig. 4). The solar proton spectra for NM energies describe a difference between CR variations observed in Apatity and Moscow and its power law index practically does not vary in time. Contrary the lower energy part of the spectrum becomes softer continuously and its power law index approaches values characteristic for higher energies. The knee energy might be considered as a maximum energy of particle trapping in the corona. If its value declines in time, then a softer spectrum would be observed in the interplanetary space.  Interesting, the spectral slope deduced from GOES data for the 8 November 2000 event, which is not a GLE event, behave as the high-energy part of the spectra for GLE events (Fig. 3a-b, 4).  Figure 5 shows total fluencies measured within the 84-200 MeV energy band by the GOES-10 satellite during the considered events. The final fluencies are within a factor of two, but they have been accumulated in different ways.

 Rank et al. (2001) have stated that several events of June 1991 are homologous, because they have similar spectra and nearly equal number of interacting protons. The events of 14 July 2000, 8 November 2000 and 4 November 2001 have similar spectra and nearly equal number of interplanetary protons, they are different by maximum energy, release and propagation conditions of SEP, so they are homologous and ideas discussed for the 14 July 2000 event should be applicable for two others. It is really surprising that three events spread over 18 months have showed such characteristics. 

3.2 Storm particle enhancements and associated Forbush decreases

The model time profiles of proton intensities (Fig. 1a-c) correspond to particle propagation in the undisturbed interplanetary space. The discrepancy between measured and model proton intensities obtained for late phases (about one day after the X-ray onset) might be considered as variations of solar proton flux caused by IMF disturbances.  
Figure 6 show pure galactic cosmic ray (GCR) variations of the interplanetary origin evaluated for the Apatity and Moscow NM’s, an estimated value of the geomagnetic variations in Moscow and the B(V parameter. If geomagnetic and solar CR variations are eliminated for the 14 July 2000 event (Fig. 6a), then the Forbush decrease on 14 July (15:07 UT) and the pre-increase of the next large decrease on 15 July become visible. The Forbush pre-increase (Fig. 6a) coincides in time with enhancement of storm particles event (Fig. 1a), both are observed before arriving of the shock wave. Analogues of the Forbush pre-increase and decrease for solar cosmic rays were observed on June 15, 2000 with corresponding variations of +150% and –93%. However, in a case of the 4 November 2001 event the precursory increase (Fig. 6b) and the maximum of storm particle event  (Figs. 1c) are clearly separated in time. Solar proton flux variations of >3300% observed on November 6 exceed by more than one order characteristic values of interplanetary variations, but they are consistent with values of solar variations. A unique IMF structure, which may contain solar protons with energies between 10 and 500 MeV during several days, has passed near the Earth on  6 November 2001. 

Time profiles of Moscow and Apatity NM's coincides with each other within errors for Forbush decreases on 15 July 2000 and 6 November 2001, implying that protons with energy less than 1600 MeV couldn't enter the region behind the shock across magnetic field lines, but the proton intensities measured by GOES at that time were well above the background. 
Therefore, observed protons with energy <1600 MeV should be of another origin and be injected into the trap along the magnetic field. This is a key argument against the diffusive shock acceleration by the interplanetary shock during the considered events.

In a case of weak interplanetary disturbances of 8-10 November 2000 Forbush decreases have not been observed by the NM network, but the discrepancy between measured and model proton intensities corresponds to the Forbush decreases of 69% and 91% for >100 MeV solar protons (Fig. 1b). The Forbush decreases on 15 July 2000 and 6 November 2001 were caused by a shock and ejecta, but only a shock was responsible for the Forbush decreases on July 14 and 9-10 November 2000.

4. Concluding Remarks

The observations and modeling presented above provide evidences for proton acceleration protons up to some maximum energy Emax1, which is a characteristic of particular event, during tens of minutes rather low in the corona. Dunphy et al. (1999) discussing properties of the June 1991 events have underlined that given the commonness of extended phase emission, models, which do not depend on unusual or special conditions at the flare site, should be favored. In both impulsive and gradual flares, the particles that interact at the Sun and produce gamma rays are essentially always accelerated by the same mechanism that operates in impulsive flares, probably stochastic acceleration though gyroresonant wave particle interaction (Ramaty & Mandzhavidze, 2000).

Protons with energy less than other characteristic energy Emax2 <Emax1 (corresponding rigidity in a case of ions) appeared to be imbedded in some magnetic field structure. Observations of prolonged gamma-ray emission provided evidences for existence of high-energy protons during hours after the flare maximum (see Ryan, 2000 and references therein). The trap is semi-transparent below Emax2, so protons are continuously released from the trap into open interplanetary magnetic field lines and propagate diffusely in the undisturbed IMF. A value of Emax2 declines in time providing softening of the spectrum observed in the interplanetary space. 

Magnetic topology of impulsive and gradual SEP's suggested by Reames (2002) does not contradict to the proposed scenario. According to Ramaty et al. (1993) protons observed in the interplanetary space have a spectrum harder than particles interacting in the solar atmosphere producing gamma-rays, the ratio of the numbers of interplanetary to interacting particles can be smaller or larger than unity. Really, protons with primary spectrum interact with the solar atmosphere, but protons with energy below Emax2 are not released freely into the interplanetary space. These trapped particles were considered arbitrary as interplanetary shock accelerated and not related to gamma-ray production on the Sun. 

The obtained injection profiles of protons might be considered as imagine sources on the Sun, which correspond to the shock acceleration in the interplanetary space. However, a possibility of several acceleration episodes with intensities differing by orders by one interplanetary shock seems very unlikely. In both solar and interplanetary structures, which are responsible for the prolonged release, the acceleration is possible and we need to justify real effects of the shock acceleration in the heliosphere. 

The current uncertainty between particle mean free paths derived from fits of a transport equation on observed particle profiles and derived from the analysis of magnetic field fluctuations (see Droge, 2000 and references therein) and a necessity to account effects of adiabatic deceleration and convection (Kallenrode, 2001) make difficult spreading of the consider model to lower energies of protons. Bieber et al. (1994) noted that the true rigidity dependence would rather obscure if fitting mean free paths a possible extended injection at the sun is neglected. As proven in this work the injection of >100 MeV protons may extend for hours and even longer injections are possible for protons with less energy. 

Typical fittings of the NM solar variations (for example, Bieber et al., 2002) do not consider real values of proton fluxes observed by satellites and a possible knee of the proton spectrum for high and middle latitudes NM’s. However, this may lead to great misinterpretation of GLE and Forbush decrease data, if effects of anisotropy are investigated. A lower energy part of the spectrum (less than the knee energy) may contribute considerably to a count rate of particular NM.

Recent observations of the chemical abundance in gradual events (Tylka et al., 1999; Reames et al., 2001) have showed that it is varied from "impulsive" to "gradual" and the effect disappeared at higher energies. High A/Q spices should escape from the acceleration site preferentially through well-connected flux tube and do not penetrate the CME body. Ng et al., (1999) described such a behavior in terms of the rigidity-dependent escape of the ions through proton-excited waves. Properties of high A/Q spices continuously transform from those of the acceleration site to of the solar wind, i.e. behave as protons with energy upper the knee and the same mechanism should govern these processes. 

5. Summary

· The time profiles of ~100 MeV proton intensity measured during main phase of the14 July and 8 November 2000, 4 November 2001 events are consistent with the diffusion propagation assuming prolonged and multiple injection of solar protons into the interplanetary space.
· The prolonged solar gamma-emission from (0-decay registered by EGRET and COMTEL aboard CGRO on 11 and 15 June 1991 show that high-energy protons may exist near the Sun during hours since the flare onset. The onsets of the proposed injection episodes correlate with manifestations of the post-flare activity visible in soft X-ray time profiles.
· The obtained injection profiles of protons might be considered as imagine sources on the Sun, which correspond to the shock acceleration in the interplanetary space. However, a possibility of several acceleration episodes with intensities differing by orders by one interplanetary shock seems very unlikely.
·  The most attractive explanation is that the interplanetary solar protons simply leaked out from the trapping region at the Sun after their acceleration low in the corona. However, a possibility of prolonged continuous acceleration during the post-eruptive phase may not be totally ruled out.
· Spectra of solar protons have a knee between 110-500 MeV during the GLE phase of the 14 July and 4 November 2001 events. The knee energy might be considered as a maximum energy of trapping for flare accelerated protons.
· The propagating CME’s affect similarly on intensity of the galactic cosmic rays causing the Forbush-decreases, but their influence on intensity of the solar protons >100 MeV might be different depending on local characteristics of the solar wind. 

· Analogues of the Forbush pre-increase and decrease for solar cosmic rays were observed on June 15, 2000 (two Forbush decreases on November 9-10, 2000), but a unique IMF structure filled by protons of <500 MeV energy passed near the Earth on November 6, 2001. 
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Table1 Characteristics of parent X-ray events and optical flares

	Date
	X-ray
	Onset
	Max
	Imp.
	Location

	14 Jul 2000
	X5.7
	10:03
	10:24
	3B
	N22W07

	8 Nov 2000
	M7.4
	22:42
	23:38
	3F
	N10W77

	4 Nov 2001
	X1.0
	16:03
	16:20
	3B
	N06W18


Table 2. Model time profiles of the >100 MeV proton injection from the solar source. 

	X-ray onset, UT
	CME*
	Protons

	
	Onset,

min
	Arrival,

min
	Onset,

min
	Duration,

min
	
[image: image11.wmf])
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	14 Jul 2000

10:03
	51
	1694
	0
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	20

10
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100

5
	1
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1

4800
	-
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-
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	5.6(1032

	37

	8 Nov 2000

22:42
	24
	1879
	0

40
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150

155

275
	40

10

100

5

120

475
	1

4000

10

4000

280

60
	-

33

1

16

27

23
	6.6(1032
	64

	4 Nov 2001

16:03
	32
	1997
	0

20

30

170

175

375

385

615
	20

10

140

5

200

10

230

50
	1

800

5

600

10

500

1

40
	-

38

3

14

10

24

1

10
	1.1(1032
	37


* The onset and arrival time of CME’s are adopted from Gopalswamy, N., et al., (2002).

FIGURE CAPTIONS

Fig. 1. Upper panel – the total magnetic field strength (nT) multiplied by the solar wind velocity (km/s). Lower panel - proton flux (hourly averaged beginning from the X-ray onset) within 84-200 MeV energy band measured by the GOES-10 proton detector (open squares) and its fitting by the simple diffusion model with prolonged injection (line), up black triangles mark arrivals of the shock waves discussed in the text. 

Fig. 2. Time profiles of GOES X-ray, up black triangles mark onsets of the injection episodes (see Table 2).

Fig.3. Hourly average variations of the Apatity (up black triangles) and Moscow NMs (down open triangles) and power law indexes of the proton differential energy spectrum deduced from GOES-10 (open circles) and NM data (black circles).

Fig. 4. Power law indexes of the proton differential energy spectrum deduced from data of 84-200 and 110-500 MeV proton channels for events of 14 July 2000 (open up triangles), 8 November 2000 (black down triangles), 4 November 2001 (crosses). The same signs mark arrivals of corresponding shock waves.

Fig. 5. Proton fluence measured within 84-200 MeV energy band by the GOES-10 detector beginning from the X-ray onset of 14 July 2000 (open up triangles), 8 November 2000 (black down triangles) and 4 November 2001(crosses) solar flares. The same signs mark arrivals of corresponding shock waves.

Fig. 6. Variations of interplanetary origin estimated for the Apatity (black squares) and Moscow (open squares) NM’s and the total magnetic field strength (nT) multiplied by the solar wind velocity (km/s). The dashed line shows geomagnetic variations estimated for the Moscow NM.
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Fig. 1a.
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Fig. 1b.
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Fig. 1c.
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Fig. 3a
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Fig. 3b.
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Fig. 6a.
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