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The Role of Interplanetary Shocks in the Longitude Distribution 
of Solar Energetic Particles 
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Laboratory for Hi•th Ener•ty Astrophysics, NASA Goddard Space Fli•tht Center, Greenbelt, Maryland 

A study of solar proton events with well-identified sources has been carried out using data from 
Goddard particle experiments on IMPs 4, 5, 7, and 8 and ISEE 3. The experiments cover the energy 
range from about 1 to 300 MeV. The 235 events of our study represent approximately 70% of all 
increases above 10 -3 particles crn -2 sr- • s- • MeV- • at energies )20 MeV detected in a 19.7-year 
period commencing mid-May 1967. It is shown that intensity-time profiles of solar proton events display 
an organization with respect to heliolongitude. Whilst it has been known for many years that the profile 
of a proton event depends on the longitude of the solar event relative to the observer, we suggest that the 
major controlling agent is the existence of an interplanetary (IP) shock. Furthermore, we explain the 
change in shape as a function of heliolongitude within the framework of a recently derived model for the 
large-scale structure of IP shocks. In particular, the long delay to maximum intensity for far eastern 
events (a property previously ascribed to coronal processes) and the overall extended duration can be 
accounted for by IP shock acceleration and continued magnetic connection to the shock even after it has 
propagated beyond 1 AU. 

1. INTRODUCTION 

Extensive studies of solar energetic particles have been 
undertaken in the past. Two studies which have dealt with a 
large sample of events are those of Reinhard and Wibberenz 
[1974] and of Van Hollebeke et al. [1975]. The results of these 
and other studies have been interpreted to imply that particles 
propagate promptly when the source region is magnetically 
well connected to the observer. The solar longitude extent of 
the "fast propagation region" is usually in the range W10 ø to 
W90 ø but can extend from E30 ø to W140 ø. For prompt events 
the observed intensity profiles are often smooth and have a 
form (see Figure la) that can be modelled [e.g., Parker, 1963] 
using diffusive transport theory. Note, however, that questions 
have been raised as to the ability of diffusive transport theory 
alone to explain these profiles. The short durations of events 
associated with impulsive flares suggest that the longer dura- 
tions of "normal" proton events result from sustained injection 
of particles, in addition to diffusion [Cane et al., 1986; Reames 
and Stone, 1986]. Likewise, consideration of data for individ- 
ual events has led workers to invoke extended injections [Wib- 
berenz et al., 1976; Beeck et al., 1987]. 

The intensity profiles of solar proton events take different 
forms, with the most pronounced intensity changes being as- 
sociated with interplanetary (IP) shocks, particularly at ener- 
gies below 20 MeV. The low-energy particle enhancements 
associated with IP shocks are called Energetic Storm Particle 
(ESP) events [Bryant et al., 1962]. The name arose because of 
the early recognition that IP shocks were responsible for rapid 
onsets of geomagnetic storms. The schematic intensity-time 
profile of Figure lb shows a pronounced intensity peak at the 
passage of a shock which is superposed on the decay phase of 
a "normal diffusion" event, i.e., one with a profile like Figure 
la. Profiles of the form in Figure lb are, in fact, rare. Never- 
theless, many researchers think that the effects of IP shocks 
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can be ignored when the particle intensities do not show an 
obvious enhancement at shock passage. 

At low energies, less than a few hundred keV, particle en- 
hancements are clearly associated with IP shocks. Consider- 
able progress has been made recently in understanding the 
characteristics of ion acceleration at these energies. The low- 
energy ion experiment on ISEE 3 [Sanderson et al., 1981] has 
provided a wealth of information about ion intensities and 
anisotropies in association with the shocks which have simul- 
taneously been observed with plasma and magnetic field ex- 
periments. Lee's [1983] theory for diffusive acceleration has 
been extensively tested [Kennel et al., 1986] on a single event 
and found to predict many of the observed properties. How- 
ever, the theory applies at energies below about 200 keV, and 
essentially all the recent work on shock acceleration has con- 
centrated on the energy range of less than a few hundred keV. 

Nevertheless, shock-associated enhancements are observed 
even at energies as high as 100 MeV, as we illustrate in this 
paper. We show that IP shocks play a crucial role in supply- 
ing particles to regions not magnetically connected to the 
source region. Most solar proton events are composed of a 
solar component, with its origins in the solar corona, and an 
interplanetary component, associated with an IP shock. Such 
an idea has previously been suggested by Evenson et al. [1982] 
on the basis of an analysis of two events. We argue that the 
interplanetary component is more important than most re- 
searchers have previously recognized. An initial report of our 
work has been presented [Cane et al., 1987]. 

The separation of solar proton intensity profiles into two 
components is not as straightforward as suggested by Figure 
lb. We suggest that the relative contribution of the two com- 
ponents is a function of (1) the heliolongitude of the source 
region, (2) the strength of the associated shock, and (3) the 
energy of the observations. In general, these factors result in 
characteristic profiles for different longitude ranges and differ- 
ent energies. 

Few attempts have been made to model particle intensity 
profiles including prompt solar particles and the effects of 
shocks. The recent work of Lee and Ryan [1986] and the 
earlier work of Scholer and Morrill [1975] concentrated on 
modelling the effect of the shock as a function of shock speed 
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Fig. ]. Idealized schematic illustration of proton intensities mea- 
sured at 1 AU following a western flare when a shock (a) is not and 
(h) is observed at Earth. 

and of the interplanetary mean free path. The change in shock 
characteristics as a function of the field line connection of the 

observer to the shock has not been considered theoretically. 
We argue that this is very important, and in this paper we 
show that the variation of particle intensity profiles can be 
understood in terms of the large-scale structure of IP shocks. 

2. DATA ANALYSIS 

The study commenced by assembling a list of all proton 
events with intensity above 3 x 10-3 particles cm -2 sr-x s- x 
MeV -x in the energy range 9-23 MeV for the period mid- 
May 1967 to the end of 1985. The source of data was God- 
dard Space Flight Center experiments on IMPs 4, 5, 7, and 8 
and ISEE 3. The particle list for the study was the same as 
that used by Cane r1988-j, and a more detailed description of 
the source identifications can be found there. The source 

identifications for the majority of the particle events which 
occurred during this time period have been published pre- 
viously (for the period 1967-1972, see Van Ho!!ebeke et al. 
[1975-J, for the period mid-1973-1979, see Kahler [1982-J, and 
for the period mid-1978-1982 see Cane et al. [1986]. We 
began, however, by making flare associations without refer- 
ence to these previous studies. The associations derived were 
essentially the same as those arrived at by earlier workers. The 
major difference was that a number of events with less confi- 
dent associations and some of the smaller events from the Van 

Hollebeke et al. [1975] compilation were not included. 
The final list comprises 235 proton events with well- 

identified sources. For 80% there were reported soft X ray, H 
•, and metric radio phenomena occurring close in time to the 
onset of the particles. In the Cane [1988] paper the particle 
events were used to generate a list of flare-associated inter- 
planetary shocks. The important information obtained was 
the time the shock reached the earth, based on the sudden 

commencement (SC) of a geomagnetic storm, and the size of 
the SC. These properties are important for the present study. 
Cane [1988] has shown that the size of an SC is a good 
estimate of the strength (as given by the compression ratio) of 
the associated shock. 

The distribution of the 235 events as a function of heli- 

olongitude is shown in Figure 2. The cross-hatched histogram 

shows the events followed by IP shocks detected at earth as 
evidenced by an SC. This comprises the vast majority of 
events from eastern regions. Based on studies of the associ- 
ations between soft X ray flares, IP shocks, and energetic pro- 
tons [Cane, 1985, 1988 and references therein] it is probable 
that all the associated solar events from the far east resulted in 

IP shocks but some did not extend as far as the earth. A 

number of far eastern events for which shocks were not detect- 

ed at Earth were associated with IP shocks as evidenced by IP 
type II emission [Cane, 1985]. The presence of shocks in 
nearly all poorly connected events is obviously a crucial 
factor. We now proceed to illustrate how the presence of 
shocks affects the observed intensity profiles. Our contention 
is that the various forms displayed by energetic solar proton 
events fall into a pattern if they are organized according to the 
heliolongitude of the source and consideration is taken of the 
presence and strength of associated IP shocks. Our deductions 
are based on an analysis of many events viewed from one 
location (the Earth) and are supported by observations of 
single events viewed from more than one location. 

Figure 3 shows five events from well-connected source re- 
gions. At energies above 20 MeV these events have smooth 
profiles and have the form often described as being "diffusive," 
i.e., can be modelled using simple diffusive transport theory. 
Three of the events are associated with interplanetary shocks 
whose times of passage are indicated by dashed lines. The 
times of H • flare maxima are indicated by solid lines. The 
shock of April 26, 1981, was the strongest, with an estimated 
compression ratio (ratio of downstream to upstream density) 
of 3.1. The shocks of November 25, 1977, and July 23, 1981, 
were weaker and have estimated strengths of 2.3 and 2.0, re- 
spectively. These shocks could be responsible for the extended 
duration of enhanced intensities at low energies, but there is 
only a small effect near shock passage. Note that the model 
(which excluded IP shock acceleration) fitted to the November 
1977 event by Beeck et al. [1987] did not describe the late 
phase of the event very well. 

Figure 4 shows three more well-connected events and one 
that is not. The events of September 7, 1978, and November 
26, 1982, were not associated with shocks at Earth and have 
smooth profiles. The events of April 3, 1979, and November 
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Fig. 2. Distribution with respect to heliolongitude of the 235 
events which form the basis of this study. The cross-hatched histo- 
gram represents the events associated with shocks detected at Earth. 
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Fig. 3. Proton intensities observed at IMP 8 for four energy ranges, 1.8-2.3 (stars), 9-11 (open circles), 24-28 (open 
squares), and 63-81 (solid circles) MeV. Times of associated flares and their far western longitudes are indicated. Shock 
passages at Earth are indicated with dashed lines. The events are ordered, going from west to east, according to the 
longitudes of their sources. 

22, 1982, are two of the few events which show an enhance- 

ment at shock passage superimposed on the decay phase of a 
"normal" event. Both these shocks were relatively strong, with 
estimated compression ratios of 2.3 and > 3.5, respectively. 

The shocks originating between W10 ø and E45 ø are usually 

the strongest [Cane, 1988]. Sources from this region generate 
the highest shock-associated intensities, as may be seen in 
Figures 5 and 6. Note that in Figure 6 (bottom) one can 
imagine that at energies below 80 MeV the profile might well 
be the superposition of a solar and a shock component, with 
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Fig. 4. Same as Figure 3 for western longitudes. 

the solar component having the shape exhibited at the highest 
energies. 

The January 3, 1978, November 12, 1978, and April 5, 1979, 
shocks (Figures 5 (bottom), 5 (center), and 4 (bottom), respec- 
tively) have been documented as being followed by drivers 
rBurlaga et al., 1981; Bame et al., 1981; Gosling et al., 1987]. 
For these events a drop in intensity occurs when the space- 

craft encounters the shock driver. This has previously been 
noted for the January 1978 event by Richter et al. [1981] and 
for other events at lower energies [e.g., Sanderson et al., 1983]. 
Similarly, the profile in Figure 5 (top) suggests the presence of 
a driver. 

The profiles in Figure 7 bear little resemblance to those in 
the earlier figures except for the above 80-MeV profile for the 
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Fig. 5. Same as Figure 3 for longitudes near central meridian. 

September 7, 1977, event. For far eastern events, peak inten- 
sities occur many days after the flare, frequently after the 
shock has passed (e.g., the February 1984 event in Figure 7 
(center)). The December 1982 event (Figure 6 (center)) also 
peaked after the shock. For some far eastern events the shock 
does not extend as far as the Earth, but there is good evidence 
that the shocks exist. 

In summary, then, the profiles change in appearance as a 
function of longitude. Events from further west than about 

W20 ø have relatively smooth profiles with a single maximum 
early in the event. The majority of these events are not associ- 
ated with shocks. Those that are generally show little effect at 
shock passage. If the shock is strong, there can be enhance- 
ments at shock passage, but they are generally restricted to 
energies below 50 MeV. 

For events originating within about 30 ø of central meridian 
the shock effects at energies below 20 MeV can be dramatic. 
After a large enhancement at shock passage (sometimes satu- 



9560 CANE ET AL.' INTERPLANETARY SHOCKS AND SOLAR ENERGETIC PARTICLES 

103 

101 

10-1 

10-3 

81 OCT 12 

I I I [ I [ [ [ , ] [ I I [ [ [ [ I I [ [ [ I[[1111 I [ [ [ I [ I II111[[ I1111 

'] ...... ]' •,• l[•"'V', [ [ [ [ ] [ 

v,:..•.• , .?, [.o o ',.Cd', .,?,,,,,,,,,,, : 
_ • [ 

[ '' '• "'' 
I .. 

- I 
E31ø 

I 
[I ...... I .... ,,,11,,1,,,,I,,,,,,,1,,,,,,,11,,1,,,I ....... I,,,,,,,I,,, 

13 14 15 16 17 18 19 20 

o 

o 

103 

101 

10-1 

10-3 

82 DEC 25 26 27 28 29 30 31 83 JAN 1 2 

78 JUL 11 12 13 14 15 16 17 18 19 

Fig. 6. Same as Figure 3 for eastern longitudes. 

rating the detectors at energies near 1 MeV) the low-energy 
intensities often plummet by an order of magnitude or more. 

Further east the events become very drawn out, with the 
east limb events lasting for more than 6 days at least up to 40 
MeV and sometimes to even higher energies. For most of 
these events the highest intensities occur after the shock has 
passed. 

We have performed a statistical analysis to illustrate that 
these properties are common to the majority of events. We 
summarized the complete list of events by recording peak in- 
tensities and time delays to peak intensities for each of six 
energy bands (three for IMPs 4 and 5). The delays were rela- 
tive to the times of maximum H •z emission of the associated 

flares. The energy bands were 1-2, 9-24, 24 43, 43-81, 93-121, 
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and 121-327 MeV. Note that for this procedure, obvious 
shock effects (i.e., enhancements at shock passage) were includ- 
ed. We considered "an event" to include the whole period of 
enhanced intensity, even if it lasted many days, provided there 
was no obvious new solar injection of particles. (No peak was 
recorded if there was any confusion because of multiple 
events.) In some cases the peak results from solar particles, in 

other cases, from IP particles, and much of the time is a 
combination. Previously, researchers [e.g., Sarris et al., 1984] 
have attempted to separate the solar and IP components, but 
we believe that it is not possible using intensity profiles alone. 
In future studies we intend to use composition and anisotropy 
data. Our procedure avoids a priori assumptions about the 
relative contributions of the components. We investigate the 
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Fig. 8. Delays to peak intensities measured in hours for three 
different energy ranges (1-2, 43-81, and 93-121 MeV) as a function of 
the heliolongitudes of the associated flares. The open circles corre- 
spond to events which were not associated with shocks detected at 
Earth. The sizes of the solid circles are a measure of the strengths of 
the associated shocks. 

relative contributions of solar and IP particles as a function of 
heliolongitude in a general way rather than for specific events. 

Figure 8 shows delays as a function of heliolongitude for the 
energy ranges 1-2 MeV, 43-81 MeV, and 93-121 MeV. Open 
circles are used for events without associated shocks. For 

events associated with shocks the size of the circle is a mea- 

sure of the shock strength which is based on the magnitude of 
the SC [see Cane, 1988]. 

Plots of delays as a function of heliolongitude formed the 
basis for the concept of "coronal propagation" [Reinhard and 
Wibberenz, 1974]. It was assumed that the long delays to 
maximum intensity for eastern events measured the time taken 
for the particles to diffuse across the solar disk, and the pres- 
ence of IP shocks was not considered. 

In Figure 9 we show the delays referenced to the shock 
passage. For the 9- to 23- and 43- to 81-MeV events we calcu- 
late the fractional time difference between the peak intensity 
and the shock passage for those events associated with a 
shock detected at Earth. The time difference is negative, zero, 
or positive if the particles peak after, at, or before shock pas- 
sage. The time differences are normalized with respect to the 
shock transit time. Events which peak near the flare time have 

a difference close to 1. In the figure the size of the circles is a 
measure of the shock strength. The figures show that the 
delays are ordered with respect to heliolongitude and shock 
strength. Many events further east than about E30 ø peak after 
the shock has passed. The contribution of the IP shock com- 
ponent to the peak flux decreases the further west the source 
region and is less pronounced at the higher energy. However, 
if the shock is sufficiently strong, the intensities peak at the 
shock even at the higher energy, as may be seen in Figure 9 
(bottom). 

Figures 10 and 11 show how peak intensities vary as a 
function of heliolongitude and energy. The energy band for 
each figure is indicated. Note that for some 1- to 2-MeV 
events near central meridian the values are only approximate, 
as the detector saturates at intensities above about 104 parti- 
cles cm-2 sr-' s-' MeV-'. In the figures the solid circles are 
for events associated with IP shocks. with the strength of the 
shock indicated by the size of the circle. Open circles are used 
for events without associated shocks. Note that these events 

originate mainly in western regions and that the distribution 

O3 
Z 
LU 
!-- 
Z 

,< 

Z 

O 
Z 

,< 
Z 
o 

o 
,< 

0.80 

0.60 

0.40 

0.20 

LM 
Q9 -0.20 

• -0.40 

0 
o 

•Z 0.80 
0.60 

0.40 

0.20 

-0.20 

-0.40 

ß 

ß 
ß 

ß 

ß 

ß ß ß 
ß 

: ß ;o. e 
ß 

ß 

_ 

-80 -60 -40 -20 

ß ß 

,I,,,I,,,I,,,I,,, 

-80 -60 -40 -20 

0ß ß ß ' ee 
_ 

ß 
ß 

ß ß ß 

ß . 

ß 

ß- 
ß e - 

ß ß 

9-23 MeV 
. 

,,,I,,,I,,,I,,,I, 

20 40 60 80 

43-81 MeV 
ß 

,,•1•,1,,,I,,,I, 

0 20 40 60 80 

LONGITUDE 

Fig. 9. Normalized time difference between the peak intensities 
and the passages of associated shocks as a function of the heli- 
olongitudes of the associated flares. (For each event the time differ- 
ence has been divided by the time for the associated shock to transit 
from the Sun to the Earth. Events which peak at the shock have a 
difference of 0, whereas events that peak soon after the flare have a 
difference of almost 1.) The sizes of the circles are a measure of the 
strengths of the associated shocks. 
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Fig. 10. Energy bands from I to 43 MeV. 
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LONGITUDE 

Energy bands from 43 to 327 MeV. 

Figures 10 and 11. Peak intensities, in six energy bands, as a function of the source regions. The open circles 
correspond to events which were not associated with shocks detected at Earth. The sizes of the filled circles are a measure 
of the strength of the associated shocks. 

of their intensities provides some estimate of the decrease in 
amplitude of solar particles as a function of longitude. 

It might be expected that individual large events would 
show longitudinal variations not unlike the upper envelopes (•f 
the intensities. In general, the highest intensities should be 
seen when the observer is well connected to the flare site. For 

particularly strong shocks it is possible that an observer to the 
west may see intensities associated with the shock which are 
higher than solar particle intensities seen by the well- 
connected observer. In fact, there is an example of this oc- 
currence. In April of 1969 there were five widely spaced space- 
craft all at about 1 AU from the sun. On April 10 there was a 
flare on the east limb, as viewed from Earth, which was associ- 
ated with a huge interplanetary shock detected at each of the 
spacecraft [Pinter, 1977]. Thus the shock extended over 180 ø 
in longitude. Particle data at 8-45 MeV have been presented 
by Reinhard and Wibberenz [1974] and Reinhard et al. [1986], 
and it may be seen in their figures (Figure 10 and 1, respec- 
tively) that the highest intensities were seen by the spacecraft 
for which the flare was at E60 ø. The peak intensity, which was 
delayed, was almost an order of magnitude higher than that 
seen by the spacecraft which were well connected. Similarly, 

other single events viewed from different locations show the 
behavior we predict based on the single location analysis. 
Figure 12 shows sketches based on the observations presented 
by McKibben [1972]. Note that the increase on July 8 for the 
spacecraft viewing at E89 ø is seen by us as being part of the 
July 6 event. McKibben [1972] viewed it as another flare 
event but comments on the difficulty with this association. 

Figure 13 shows an event observed by our experiments on 
IMP 8 and Helios 1 and 2 during March 1979, At this time 
the Helios 1 and 2 spacecraft were at about 0.9 AU and ap- 
proximately 70 ø and 30 ø, respectively, to the east of the Earth- 
Sun line. Times of shock passages at the Helios spacecraft 
were obtained from the listing presented by Volkmer and Neu- 
bauer [1985]. Note that a subset of the March 1979 particle 
data (at a lower energy) was presented by McGuire et al. 
[1983]. In that paper, no consideration was taken of the pres- 
ence of IP shocks. From a preliminary study of the data used 
by McGuire et al. and consideration of other multiple space- 
craft studies we find that the events observed at widely sepa- 
rated spacecraft are associated with IP shocks. 

Figure 14 shows the variation of the spectral index as a 
function of heliolongitude, assuming a power law for the in- 
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Fig. 12. Two events in June/July 1968 detected by three space- 
craft (Pioneers 6 and 7 and IMP 4), all near 1 AU but at different 
elongations. The profiles are sketches of 15- to 18.7-MeV data pre- 
sented by McKibben [1972]. (a) A flare on June 9 occurred at W08 ø 
relative to Earth and IMP 4. Relative to P 6 the flare was located at 

El0?. Relative to P 7 it was located at W76 ø. Shown are the P 6 and 

IMP 4 profiles. The P 7 profile was similar to the IMP 4 profile but 
had a smaller peak intensity. (b) A flare on July 6 occurred at E89 ø. 
The IMP 4 profile looks like ones shown in Figure 7. For P 6 the 
flare was located at El7 ø, and the profile is similar to Figure 5a. For 
P 7 the flare was at W 114 ø. The profile was similar to the P 6 one but 
had lower intensity after July 8. 

tensities between the two energy bands 23-43 and 43-81 MeV. 
Figure 14 should be compared with Figure 10 of Van Holle- 
beke et al. [1975]. One sees the same general features, namely. 
that most of the western and far eastern events have values in 

the range - 2 to -4 and the majority of the steeper events 
originate near central meridian. By referring to Figure 14 one 
sees that the events with steeper spectra correspond to those 
with strong shocks. From the earliest studies it was known 
that ESP or delayed events had steep spectra [Daftowe, 1972]. 
Note that the spectral index is a measure of the relative contri- 
butions of the solar and IP particles. The steep spectrum 
means that at low energies there are a lot of locally acceler- 
ated particles. 

3. DISCUSSION 

The shape of a particle increase is, to a large extent, deter- 
mined by the longitude of the solar event relative to the obser- 
ver and, in particular, to the presence and the strength of an 
associated shock. We believe that the presence of an interplan- 
etary shock determines whether a far eastern event will be 
seen at all. These assertions are based Dr, imarily on the study 
of a large sample of individual events detected at Earth but 
are supported by observations of isolated events from space- 
craft at different locations. 

Assuming that high-energy particles are accelerated by 
shocks, one can explain the characteristics of events as a func- 
tion of hellolongitude in terms of the large-scale structure of 
IP shocks. The schematic presented in a recent paper by Cane 
[1988] is shown in Figure 15. The most important point to 
note is the change in shock strength as a function of hell- 
olongitude. The highest compression occurs in a region near 
the nose of the shock but centered about 15 ø toward the west- 

ern flank. Another important point is the presence of the ejec- 
ted coronal material, the shock driver. There have been sev- 

eral different phenomena identified as shock drivers, one of 
which is the bidirectional streaming of low-energy protons 
[e.g., Marsden et al., 1987; Sanderson et al., 1983]. 

In order to relate the observed particle profiles to the large- 
scale structure of interplanetary shocks we consider the conse- 
quences of intercepting a shock at positions indicated by A, B, 
C, and D in Figure 15. In the figure we show 20-MeV profiles 
of actual events which are representative of events from the 
appropriate heliolongitudes. The profiles should be compared 
with those detected by different spacecraft for the same event 
as presented in Figure 13. Note that a shock originating in a 
western region will be intercepted on its eastern flank. It is 
easiest to understand the profiles if one considers the shock to 
be stationary and the spacecraft to be moving. For each ef- 
fective path of a spacecraft we would expect the following: 

Path A 

Path A encounters the nose of the shock where the com- 

pression is greatest. At the energy shown, the overall peak of 
the event results from particles accelerated in the solar corona. 
The IP shock-accelerated particles are relatively weak in com- 
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Fig. 13. Intensities detected at IMP 8 and Helios 1 and 2 during 
March 1979. The Helios spacecraft were located at about 0.9 AU and 
at about 70':' and 30 ø east of the Earth-Sun line. There was a flare on 
March ! at E58 ø relative to Earth. The locations relative to the Helios 

spacecraft are listed on the figure. Shock passages at the spacecraft 
are indicated by dashed lines. The energy band for the Helios space- 
craft was 20-30 MeV. For the IMP 8 data we show the energy band 
24-29 MeV. 
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MeV. Open circles are for events not associated with shocks detected 
at Earth. Note that the steep spectra occur near central meridian for 
the strongest shocks. 

parison. They maximize in the compressed region behind the 
shock. Subsequently, the intensities drop rapidly as the space- 
craft enters the driver gas. As the spacecraft leaves the driver, 
the intensities increase briefly before beginning a slow decline. 

Path B 

Path B encounters the shock in a,region of high compres- 
sion but does not encounter the driver. Behind the shock the 

spacecraft remains connected to the region of high compres- 
sion for a long time. Consequently, the spacecraft resides in 
magnetic intensity tubes between the sun and the shock that 
have been filled with particles accelerated for several days. The 
profile is dominated by shock-accelerated particles. 

Path C 

If the shock is very energetic, this path will detect a profile 
much like that of B, although more drawn out. The spacecraft 
will remain connected to the shock for a longer time. In addi- 
tion, the western flank travels a little more slowly than the 
nose of the shock. For a less energetic shock the highest inten- 
sities will occur well behind the shock. In some cases the 

spacecraft will not detect the shock. 

Path D 

For this path the shock is encountered in a region where 
shocks are usually weak. The particle profile is dominated by 
solar particles which travel directly to the spacecraft at the 
onset of the solar event. After passing through the shock the 
spacecraft becomes more poorly connected to the shock. 

With Figure 15 we primarily address the shape of the inten- 
sity profiles, but the relative intensities are approximately 
what one might expect (cfi Figure 13). At energies above 20 
MeV one expects that the highest intensities will be due to 
prompt solar particles, i.e., path D will see the highest inten- 
sities. At energies below about 10 MeV the shock-accelerated 
particles have higher intensities than the solar particles. At 
these energies the particles do not travel away from the shock 
as easily as do higher-energy particles. The highest intensities 
occur where the shock is strongest and are thus seen at these 
energies for path A. 

In Figure 15 we show that at 20 MeV, path B has the 
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highest shock-associated intensities. Figure 11 shows that 
events near E30 ø have higher peak intensities than those 
nearer central meridian. From the delays we find that a switch 
to higher intensities occurs when the events switch to peaking 
behind the shock. It seems possible that the "hole" near cen- 
tral meridian seen in Figure 11 is a real effect and results from 
the absence of postshock particles after the spacecraft enters 
the driver and becomes disconnected from the shock. 

We have provided evidence that IP shocks are associated 
with the majority of high-energy, high-intensity proton events 
and that these shocks play a dominant role in determining the 
intensity time structure of an event. We now address the 
mechanism by which the shocks accelerate particles. Crucial 
to arguments about the mechanism is the geometry of the 
shocks, i.e., the angle between the shock normal and the up- 
stream magnetic field. Are the shocks parallel, oblique, or per- 
pendicular? This question was addressed by Cane [1988], and 
it was concluded (see Figure 15) that for the most part the 
shock surfaces would form oblique shocks. Perpendicular 
shocks are unlikely to be involved. In some previous studies of 
ESP events •e.g., Sarris et al., 1984; Sarris et al., 1985] the 
large-scale shock structure sketched by Hundhausen •1972] 
was assumed. In this picture the shock is tightly coupled to 
the driver, and consequently, the western flanks of shocks 
would be expected to be perpendicular. However, Cane [1988] 
has presented data which suggest that for the most energetic 
shocks, which are the ones which generate ESP events, the 
Hundhausen picture is not correct. 

Perpendicular shocks might exist on the extreme western 
flanks, detected for east limb flares, but it seems likely that for 
east limb events the particles are probably accelerated at the 
part of the shock where it is oblique. That the shocks are not 
perpendicular as measured in situ has been established for 
some of the events of our study. A number of the class A and 
B events discussed by van Nes et al. [1984] are the low-energy 
counterparts of events of our study. The normals of the associ- 
ated shocks had median values of 47 ø and 66 ø . None of the 

van Nes et al. class C events are common to our study. The 
shocks associated with this class had a medium shock normal 

of 75 ø . Thus, given the choices usually discussed in the litera- 
ture, i.e., shock drift versus diffusive, the most likely mecha- 
nism is diffusive acceleration. This mechanism has been shown 

to operate at low energies [van Nes et al., 1984]. Further 
support for a diffusive acceleration process is the observation 
that the shock effects are more apparent as shock compres- 
sions increase. 

The question of particle acceleration and propagation in the 
corona is best addressed by high time resolution data ob- 
tained in the first few hours of event onsets where IP shock 

effects are minimal. From the present study it is clear that 
studies ['e.g., Reinhard and Wibberenz, 1974] based on the very 
long delays to maximum intensity for eastern events do not 
provide information about processes in the corona. Such data 
sets (and also those of Van Hollebeke et al [1975]) are domi- 
nated by IP shock effects. 

4. CONCLUSIONS 

Proton increases have well-defined forms dependent on the 
location of the source relative to the observer and the presence 
and strength of associated interplanetary shocks. This consist- 
ency of behavior arises because of the dominant role of inter- 
planetary shocks and has been illustrated with many examples 
of intensity-time profiles and a statistical analysis of several 

hundred events occurring over almost two solar cycles. The 
assertion that proton increases have this predictable behavior 
is supported by multiple spacecraft observations. 

Solar particle events are composed of a solar component 
and often a shock component. Coronal processes are not dis- 
cussed in this paper except to show that coronal processes are 
not responsible for the long delays to maximum intensity in 
eastern events. 

Knowledge of the large-scale structure of interplanetary 
shocks has enabled us to explain the change in shock effects as 
a function of longitude and energy. Shocks are strongest when 
observed along the radial from the source region. Thus the 
highest shock-associated intensities are generally observed 
from central meridian flares. For shocks detected on their 

western flanks the highest intensities generally occur when the 
shock is beyond the observer, since there is then a connection 
to the nose of the shock. Shocks detected on their eastern 

flanks are usually weak and produce small effects. 
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