
  

Solar Energetic Proton Events  
and Soft X-ray Flares 

  
Abstract—We have compiled a new catalogue of large [J(> 10 

MeV) ≥ 10 pfu] solar energetic proton (SEP) events by using 
particle and X-ray data from the GOES satellite series. The 
catalogue covers the 20-year period from 1986 to 2005.  Multiple 
events were separated to optimize the list. For each SEP event, 
we looked for a possible associated solar source and assigned an 
index of its reliability. Clear flare-associated SEP events were 
analyzed according to size, location, and impulsivity of the X-ray 
flare. We also examined all the ≥ M 5.0 soft X-ray bursts 
associated with a Hα flare for the same period and studied the 
cross relation between the two data sets. In particular, the e-
folding decay time and the heliographic longitude of the flares 
were used as indicators of the likelihood of observing large SEP 
events at the Earth. 
 

Index Terms— Solar flares; solar particle; space weather; 
space climate.  
 

I. INTRODUCTION 
The Sun generates transient fluxes of nonthermal particles 

in interplanetary space, ranging from suprathermal to 
relativistic energies. In particular, solar energetic protons 
(SEPs) have been routinely detected by satellites since the 
descending phase of the 19th cycle and, before that time, only 
very major proton events were identified at the Earth (ground 
level enhancements). It is believed that the most powerful 
sources of SEP fluxes observed at 1 AU are flares and shock 
waves driven by fast coronal mass ejections (CMEs).  
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Flares are known to provide efficient particle acceleration, 
as inferred from gamma ray, hard X-ray and microwave 
observations (see the reviews by [1] and [2]).  

CME driven shock waves are thought to accelerate 
electrons and ions within a large volume of the corona and 
interplanetary space and for long intervals of time in the 
largest SEP events (see [3] and references therein). Statistical 
relationships have been found between SEP intensities and 
CME speeds in the plane of the sky [4]-[7], as well as between 
intensities of escaping electrons and (with more scatter) 
protons and the soft X-ray peak flux of the associated flare 
[7]. The latter association suggests a relationship between the 
escaping SEPs and the small-scale energy release in the 
flaring active region, well behind the site of the CME shock 
generation. The discovery that fast, but narrow, CMEs may be 
associated with impulsive SEP events [5], and that in these 
events protons at energies up to several tens of MeV (that 
promptly escape to 1 AU) are accelerated behind the CME 
front and its presumed shock [8], further complicates a picture 
that once was believed to provide a clear distinction between 
flare-accelerated small impulsive SEP events and CME shock-
accelerated large gradual ones [3].  

Energetic particle observations mostly identified two 
populations also in terms of their abundances, ionization 
states, and time and longitude distributions. Nevertheless a 
more complex scenario was illustrated by reference [9]. 

All strong SEP events associated with fast CMEs are also 
accompanied by flares and particle acceleration elsewhere 
than at the CME-driven shock. Reference [10] found the 
absence of any conspicuous SEP associated with radio silent 
CMEs (i.e. without any signature of particle acceleration 
related to a flare). This could indicate that CME is the key to 
particle escape, rather than or in addition to particle 
acceleration.  

Even if CME shock waves can have a substantial effect on 
the charged particle acceleration and on the escape condition 
and propagation, a close link between flares and the SEP 
properties does exist and it can often be used for space 
weather. Indeed, SEPs are the source of the most severe space 
weather disturbances affecting spacecraft satellite operations, 
navigation systems and humans in space. Much research has 
been devoted to their early detection, looking for signatures of 
SEP acceleration and other possible precursors on the Sun. 
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Several catalogues of SEP events have been created (e.g. 

[11]-[19]) and their data have been analyzed within the 
framework of particle acceleration at or near the Sun and in 
the space weather forecast. In general, when SEPs were 
associated to a solar source the Big Flare Syndrome approach 
[20] was used, by taking the largest flare near the particle 
onset. Nevertheless, in some cases the individuation of the 
parent flare is doubtful and subjective. Moreover, the 
available SEP lists have been compiled by using different 
criteria for the proton flux thresholds and the time covered is 
often different. It follows that some inconsistencies are 
present among the different catalogues. At the present time, 
the most widely used SEP list is the NOAA one where a 
threshold of 10 pfu [1pfu=pr / (cm2 s sr)] for proton fluxes is 
assumed at energies E > 10 MeV, measured on GOES series. 
The start of a proton event is defined as the first of 3 
consecutive data points with fluxes greater than or equal to 10 
pfu. The end of an event is the last time the flux was greater 
than or equal to 10 pfu. This definition allows multiple proton 
flares and/or interplanetary shock proton increases to occur 
within one proton event. Hence, the catalogue does not 
resolve individual proton events. Flare associations are given, 
but data on individual CMEs are not used to fully characterize 
each event. 

 
The relationship between charged particle emission and 

different characteristics of the solar flare electromagnetic 
radiation has been extensively studied in the past. Solar X ray 
flares associated to SEP events were found to have in general 
higher peak fluxes and longer decay times [21]. 
The peak intensity, the duration and longitude of flare-
associated soft-X ray emission were found to be important 
parameters that can be used also to order several properties of 
solar energetic particle observed in space, as e/p ratio, electron 
spectral type and the ratio of trapped to escaping protons [22] 
and to estimate the probability of SEP events [13], [22], [23]. 
Another critical parameter for observing SEP events at the 
Earth’s location is the heliographic longitude of the associated 
flare (e.g. [12], [24], [18]). This work present a new updated 
catalogue of SEP events for the time interval 1986-2005 
where each event is resolved and associated to a possible solar 
source with a given reliability. We describe the procedures for 
identifying the parent flare of an event and summarize the 
properties of 166 events in which the location of the initiating 
flare could be established. Statistical properties of SEP events 
as well as some properties of the associated solar flares are 
discussed. In the first section, we characterize X-ray flares by 
comparing X-ray data with Hα records and briefly remind the 
definition of the flare e-folding time.  

In the second section, we present the criteria used to 
compile SEP list and their association to X-ray flares, also 
assigning an index of reliability for the association. It follows 
the results of a preliminary statistical analysis in which clear 
flare-associated SEP were analyzed according to the size, 
location and impulsivity of the flare. 
 

II. ≥ M 5.0 X –RAY LIST 
As a first step, we associated x-ray bursts of class ≥ M 5.0   

to Hα flares by considering timing, size and location of the   
Hα measurements. A comprehensive list of soft X-ray bursts 
was prepared for the period 1986-2005. We selected 511 
bursts from the 1-8 Ǻ X-ray data of the GOES satellite series 
(available at URL: http://spidr.ngdc.noaa.gov/spidr/index.jsp) 
by imposing the following constraints: 

 
1)  the peak time of the x-ray burst was within the start of 
the H-alpha flare and the maximum of the Hα flare plus 15 
minutes; 
 
2)  the Hα counterpart was considered to be among the 
brightest ones recorded (when bright flares were present we 
did not consider sub flares: SB, SN, SF and when only sub 
flares were present, we considered only SB flares).  
 

In order to compute the flare location, we took into account 
repeated longitude measurements associated also with fainter 
Hα flares (still excluding all sub flares: SB, SN, SF).  If 60% 
or more of the ground stations reported the same exact 
longitude, regardless of brightness, that was the location we 
recorded for our list. If less than 60% of the ground stations 
agreed on a flare longitude, the mean longitude was taken for 
flares within 7o of each other and used for statistical 
computations. Actually we took into account also a few 
behind the limb X-ray bursts ≥ M 5.0 without an Hα flare and 
attribute the location by following the evolution of the active 
region supposed to be its source.  

We also characterized the duration of each flare by means 
of the e-folding decay time parameter explained as follows. 
Reference [22] separated x-ray events into two classes, 
gradual and impulsive, by considering the duration 1-8 Å 
emission. The discriminating parameter is the full time 
interval over which the flare decreases to 1/10 of its maximum 
intensity (we will refer to this time interval as FW1/10): 
events are defined as gradual when FW1/10 > 1 hour, and as 
impulsive when FW1/10 ≤ 1 hour.  

Reference [14] showed that the same distinction can be 
made by considering the e-folding decay time (τ) defined as 
the time interval where the peak intensity decreases at a factor 
of 1/e: events where τ > 10 minutes (≤ 10 minutes) correspond 
to gradual (impulsive) x-ray events.  

Examples of gradual and impulsive flares according to both 
the parameters may be seen in the upper and lower panel of 
Fig. 1, respectively.  

We computed τ and FW1/10 for all ≥ M 5.0 x-ray events 
(associated to Hα flare as in the previous section) and checked 
that the two parameters were consistent. Fig. 2 shows a 
correlation between τ and FW1/10: the FW1/10 average value 
(blue line) was computed over 10 minute bins of the τ values 
and it resulted to be less than 60 min only for 0<τ≤ 10 min. As 
the two indicators give the same information, we preferred the 
e-folding time method, because for forecasting purposes, it 
has the benefit of allowing a rapid determination of the basic 



  

flare time. Moreover, the FW1/10 can be meaningless when 
the level at 1/10 of peak intensity falls down in the 
background.  

Two considerations affecting the determination of τ should 
be mentioned. For behind the limb flares, it is possible that the 
more impulsive sources of the X-ray emission were partially 
blocked because of the flare location and these events would 
then appear to be more gradual. The second consideration 
concerns events for which the 1-8 Å detector was saturated; 
for these events the τ value obtained represents an upper limit 
because that saturation effects tend to make τ larger.  

A histogram of the τ values is given in Fig. 3. Note that the 
distribution is not bimodal. 

 
Fig. 1 – Example of impulsive (lower 
(upper panel)  X-ray bursts illustrating the 
folding time (τ) and the full width at 1/10 
(FW1/10). 
 

 
Fig. 2 – Correlation between the computed full width at 1/10 
value of the peak intensity (FW1/10) and the e-folding time 
for >M 5.0 X-ray flares. The blue line represents the FW1/10 
average value over 10 minute bins of the τ values. 
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Fig. 3 – A histogram of τ values for X-ray flares for the period 
1986 – 2005. 
 

Nevertheless, τ=10 minutes may serve as a useful dividing 
point of soft X-ray burst decay time to identify flares with a 
significant solar particle potential. During the investigated 
period, 45 % flares turned to be impulsive and the 55% 
gradual, according to the τ parameter. Moreover, both 
impulsive and gradual X-ray flares were quite evenly 
distributed in heliographic longitude. 



  

III. SEP EVENTS AND FLARE ASSOCIATION 
We compiled a catalog of SEP events by selecting all 

proton enhancements that satisfied the following criteria (see 
[17] and [19] for comparison): 
1) a proton flux >10 pfu (current NOAA forecast threshold) 

at energies > 10 MeV. In particular, we considered the 
greatest measurements among the GOES records. 

2) We also required a proton flux >10 pfu for at least one 
hour to define the proton enhancement as a SEP event. 

We characterized 166 SEP events over the 20-year period 
and for each of them we made an association to a possible 
solar source. Wind/WAVES radio data (http://www-
lep.gsfc.nasa.gov/waves/waves.html) were also considered. 

In making flare associations, we aimed to separate the 
proton enhancements from different solar flares to the best of 
our ability. In particular multiple events were separated. In 
this respect, our catalogue is different from the NOAA 
catalogue where the entire period over which the proton flux 
persisted to be higher than 10 pfu was considered as a single 
event, independently of the number of possible solar sources. 
Instead we define a proton event as an effect associated with a 
single source. The reference to a solar event was a crucial part 
of our study as it often leads to doubts and debates. We 
usually took the largest flare near the SEP start time (the big 
flare syndrome as in the past) and also considered metric type 
II data. 

 

 
 

 
The main peculiarity of our list is the assignation of an 

index of reliability for the SEP-flare association (also called 
association confidence: AC=1, 2, 3, 4, 5) to indicate how well 
one flare produced a SEP event. 

 
AC=1: clear association, within 24 hours from x-ray peak 
time to the time that the proton flux reaches 10 pfu;  

 
AC=2: clear association, with more than 24 hour delay from 
X-ray peak time to onset time of the proton event; 

 
AC=3: unclear association (within 24 hours from x-ray 
peak time to onset time of the proton event), but the flare 
mostly likely contributed to SEP 

 
AC=4: unclear association (with the time difference > 24 
hours) but the flare mostly likely contributed to SEP; 
 
AC=5: unclear association, where the background proton 
flux was already > 10 pfu and continue to peak. 
 
The clear association arises when a flare is found 

immediately before the proton event and is well distinguished 
from the other flares according to timing, importance and flare 
location. 

 

 
 

Fig. 4 – SEP event (lower panel) associated to an X-ray flare (upper panel) with association confidence AC=1. The
black dashed line indicates the time of the flare peak intensity, green dashed line indicate the SEP onset time and the
red one refers to the time of the SEP peak intensity. 



  

Examples of a clear association with a time difference 
(between the flare peak time and the onset of the SEP event) < 
24 hours (AC=1) and > 24 hours (AC=2) are given in Fig. 4 
and Fig. 5, respectively. We identified 140 good associations 
(i.e. a quality of 1 or 2) out of 166 total SEP events. In 
particular, 90 SEPs were well associated to ≥ M 5.0 X-ray 
flares of the list described in section II (out of 122 SEPs). 
Rather often the association is less obvious because of the 
presence of two or more equivalent candidates for the role of 
associated flare. In proton events with long rise and/or decay 
profiles, it is often difficult to distinguish between fresh 
injections of particles and interplanetary modulation of 
previously accelerated protons. In some cases real candidates 
are absent as when the source of accelerated particles was 
located behind the western limb of the Sun. In fact, 
sometimes, coronal mass ejections on the backside of the sun, 
limb processes, and radio bursts were present without any 
visible solar activity. Hence, even a small X flare without 
optical reference can be the source of a SEP event, as it is the 
upper part of a considerably stronger behind the limb flare. In 
some cases a reliable localization is possible, while in other 
cases one can only suspect their backside origin. For several 
SEP events there was no association with an optical flare, but 
the presence of either an intense X-ray, a radio bursts or both 
suggested a possible association with a flare site located 
behind the limb. The heliographic longitude of the parent flare 
could be estimated only if the suspected region happened to 
give large flare in the previous or next solar rotation. An 
example of unclear association is given in the panel of Fig. 6: 

the M 5.0 X-ray flare on 27 July 2005 at 05:01(peak time) was 
associated (AC=3) to the SEP event that reaches its maximum 
at 13:30 on the 29 July 2005 because no other candidates were 
present, but the proton increase seems to begin before the flare 
peak time. A typical association with AC=4 is illustrated in 
the lower panel of Fig, 6. The SEP event with a maximum 
flux at 00:30 on the 12 April 1989 has a time delay ≥ 24 hours 
from the peak intensity time of the flare X 3.5 flare on 9 April 
1989. But the association (AC=4) is quite doubtful because of 
the presence of a smaller flare on the 11 April that may have 
contributed to the proton increase. Finally, Fig. 7 shows the 
case of a proton increase when the background level was 
already above the 10 pfu threshold and the contributor flare is 
doubtful (AC=5). 
It is worthwhile to note that in the SEP list we took into 
account for the associations some of the X ray bursts that were 
not included in the previous section's analysis, such as the 
ones of class less than M 5.0, those lacking an Hα counterpart 
or those not satisfying our criteria on timing and so on. The 
unassociated SEP events were only 3 (out of 166); they may 
be delayed components of already listed SEP events or may 
represent the modulation of fluxes of previously accelerated 
protons. The new database contains also the onset time of the 
SEP events for flux of 10 MeV protons ≥ 10 pfu, the 
maximum hourly value of particle intensity for Ep > 10 MeV 
and their fluence. Moreover, start, peak time, duration and 
integrated flux for the parent soft X-ray flares, importance and 
heliographic coordinates of the Hα flares are included. 
 

 Fig. 5 – As in Fig. 4 for an association confidence AC=2 



  

 
 

 
 

 

 
 Fig. 6 – As in Fig. 4 for an association confidence AC=3 (upper panel) and AC=4 (lower panel). 



  

 
 

IV. FLARE PROPERTIES AND SEP OCCURRENCE 
The characteristics of a proton event depend on the intensity 
and the heliographic longitude of its solar source (e.g. [12], 
[24], [12]). Figure 8 shows the SEP occurrence (green line) 
against the longitude location of their associated flares for 30° 
longitude intervals. We considered only SEPs with a clear 
associated flare (i.e AC=1, 2). It is apparent that a greater 
number of events occurred in the western hemisphere, as 
expected, from the configuration of the interplanetary 
magnetic field. Moreover, the relationship between the flare 
time profiles and the occurrence of a SEP event is 
investigated. In particular, we separated impulsive and gradual 
flares according to their e-folding times as explained in 
section II. Figure 8 also displays the SEP occurrence 
associated to impulsive (cross hatched region) flare vs. 
longitude. Only few SEPs are associated to impulsive eastern 
flares and it is interesting to note that impulsive flares with 
heliographic longitude < -30° never produce a SEP event 
observable at the Earth’s location. Fig. 10 illustrates the SEP 
occurrence with a time delay from the peak intensity time of 
the associated flare (AC=2, cross hatched area): 80 % of SEP 
events with a flare associated longitude < -30° reach the Earth 
after at least 24 hours from the X-ray intensity peak time. 
Solar particle events are generally described and classified by 
their size or integrated fluence. We also studied the 
distribution of SEP peak intensity (Fig. 10) and their fluencies 
(Fig. 11) vs. heliographic longitude, both for impulsive and 
gradual flares. 

 
 
 

Fig. 7 – As in Fig. 4 for an association confidence AC=5. 

 
 

 
Fig. 8 – SEP occurrence vs. flare heliographic longitude. 
Crosshatched area refers to impulsive flares. (τ ≤ 10 min).  
 
 



  

The fluence for each event was determined by integrating 
the intensity time profile over the time interval of the 
active episode (i.e. from the time when the  

 

 
Fig. 9 - SEP occurrence vs. heliographic longitude of the 
associated flare. Cross hatched area refers to SEPs delayed of 
at least 24 hours from the peak intensity time of the flare. 
 
 

 
Fig. 10 – SEP peak intensity vs heliographic longitude of the 
associated flare. Blue (pink) diamonds refer to impulsive 
(gradual) flares. 

proton flux reaches the 10 pfu threshold until the end of the 
proton increase above the threshold in case of single events). 
Fig. 10 and Fig. 11 show that large SEP events with peak 
intensity > 103 pfu and fluence > 104 pr cm-2sr-1 can only be 
produced from solar sources located at longitude ≥ -30°, 
independently of the flare duration. Moreover, fluencies of 
SEP events associated to impulsive flares (violet diamonds in 
Fig. 11) are generally below 104 pr cm-2sr-1. Hence we can 
assess that impulsive flares may cause very intense events, but 
never long lasting in time. 
 
 

V. PROBABILITY OF A SEP EVENT 
The probability of observing SEP events strongly depends on 
the importance of the associated flare. Reference [18] found 
that the correlation coefficient between the monthly mean 
number of flares and all proton enhancements maximizes for 
flares of class ≥ M 5.0. We studied the intersection between 
the ≥ M 5.0 flare list described in section II and our proton 
SEP catalogue (as explained in section III). We obtained that: 
 
1) 18 % (90/511) of ≥ M 5 flares produce a proton event with 
AC= 1 or 2; 
 
2) 6 %  (32/511) of ≥ M 5 flares produce a proton event with 
AC = 3 or 4; 
 
 
 
 

Fig. 11 – SEP fluence vs heliographic longitude of the 
associated flare. Violet (green) diamonds refer to impulsive 
(gradual) flares. 
 



  

3) 10 % (50/511) of cases may contribute when the proton 
background is above 10 pfu (AC = 5). 
 

Restricting the analysis only to clear associations (AC=1 
and AC=2), we distinguished the associated flare according to 
its e-folding time. SEP events associated to gradual flares 
resulted more probable (27 %, third line in Table I) than the 
impulsive flare associated ones (only 6 %). This result 
confirms the usefulness of the e-folding time in space weather 
forecast; it allows a quick determination of the probability that 
an intense soft X-ray burst will be followed by a major proton 
event. Moreover, considering the heliographic longitude of the 
associate flare we found a probability of 25 % that SEP events 
may be due to west located flares (25 %, last column in Table 
I). Of course this result arises from the existence of an 
heliolongitude preferred connection region in the range 20°-
80° (e.g. [12], [15]), that corresponds to those times when the 
IMF line connects the flare site and the observer and appears 
to be symmetric about the average position of this field line. 
But the combined use of both the flare parameters (e-folding 
time and heliographic longitude) gives more information 
about the flare capability to produce a SEP event recordable at 
the Earth. In fact, we found that the likelihood of observing  
SEP events at the Earth’s orbit is 36 % for western gradual 
associated flares, that is double the probability of a generic ≥ 
M 5.0 flare. 

 
 

TABLE I 
PROBABILITY OF ≥ M 5.0X-RAY  FLARE TO GIVE A SEP EVENT 

 

 GRADUAL 
FLARES 

IMPULSIVE 
FLARE 

ALL 
FLARES 

East 18 % 0.9 % 10 % 
West 36 % 11 % 25 % 
Full disk 27 % 6 % 18 % 

 

VI. CONCLUSION 
Our results are in good agreement with past studies in 

confirming the importance of the flare parameters 
(heliographic longitude, peak intensity and duration) as 
indicators of the  capability of a flare to produce a SEP event. 
In particular, we found that: 

 
1) impulsive ≥ M 5.0 flares can give rise to SEPs (6 % 
probability), especially in the western hemisphere (11 %), 
that arrive to the Earth’s orbit within no more than 4 
hours;  

 
2) gradual ≥ M 5.0 X ray flares from the western 
hemisphere has the best likelihood  (36 %) to produce a  
large SEP event (Peak Intensity > 103 pfu and fluence > 
104 pr cm-2sr-1);  
 
3) a null probability that a proton event is produced by an 
impulsive flare located in the solar eastern hemisphere 

(longitude ≤-30°). At this location, gradual events are 
more probable (18%), but do not produce  large SEP and 
reach the Earth at least 5 hours later. 
 

The last finding supports the hypothesis that an 
interplanetary shock (usually associated to gradual events) is 
an almost necessary condition for the observation of protons 
from an eastern hemisphere flare [25] and that CME shock 
continues to accelerate particles during its transit from the Sun 
to the Earth [26].  

These preliminary results lead us to develop a forecasting  
model, based on the analyzed flare parameters, that will be 
available in the near future. 
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