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[1] We develop a database of 110 gradual solar energetic particle (SEP) events, over
the period 1967–2006, providing estimates of event onset, duration, fluence, and peak
flux for protons of energy E > 60 MeV. The database is established mainly from the
energetic proton flux data distributed in the OMNI 2 data set; however, we also utilize the
McMurdo neutron monitor and the energetic proton flux from GOES missions. To aid
the development of the gradual SEP database, we establish a method with which the
homogeneity of the energetic proton flux record is improved. A comparison between
other SEP databases and the database developed here is presented which discusses the
different algorithms used to define an event. Furthermore, we investigate the variation
of gradual SEP occurrence and fluence with solar cycle phase, sunspot number (SSN), and
interplanetary magnetic field intensity (Bmag) over solar cycles 20–23. We find that the
occurrence and fluence of SEP events vary with the solar cycle phase. Correspondingly,
we find a positive correlation between SEP occurrence and solar activity as determined by
SSN and Bmag, while the mean fluence in individual events decreases with the same
measures of solar activity. Therefore, although the number of events decreases when solar
activity is low, the events that do occur at such times have higher fluence. Thus, large
events such as the “Carrington flare” may be more likely at lower levels of solar activity.
These results are discussed in the context of other similar investigations.
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1. Introduction

[2] Solar energetic particle (SEP) events are a particular
hazard in the near‐Earth space environment. A typical event
consists of an enhancement to the flux of energetic particles
in the keV to GeV energy range, which can be orders of
magnitude in amplitude and persists over a time scale of
hours to days. The particle population of an event at Earth is
dependent on the location of the particle acceleration within
the heliosphere, which occurs in both the solar corona and
interplanetary space. Consequently the majority of SEPs are
protons, although there are an appreciable fraction of
heavier nuclei too [Reames, 1998]. The particle acceleration
broadly falls into two categories; particles accelerated at the
site of a solar flare in the solar corona, or particles accel-
erated on a shock wave propagating through the solar
corona or interplanetary space: generally speaking, these
give two classes of SEP events; impulsive SEP events and
gradual SEP events, respectively.
[3] In impulsive events particles are accelerated stochas-

tically via resonant wave interactions in a localized region
at the footprint of a solar flare [Reames, 1999] and in
reconnecting current sheets above flaring loops [Zharkova
and Gordovskyy, 2004]. Energized particles may then

stream out to 1 AU on open field lines connected to this
region, typically spanning 20° of solar longitude [Reames,
2002]. On the other hand, gradual events are driven by
acceleration at shocks ahead of both coronal mass ejections
(CMEs) and corotating interaction regions (CIRs): these
may extend over 100° of solar longitude and can propagate
out past 1 AU. In this instance energetic particles may be
observed either remotely, by being magnetically connected
to the shock front, or directly by passing through the
propagating shock wave.
[4] An SEP event may consist of both impulsive and

gradual components, but it is found that of the two classes
gradual events have a longer time scale (days) and larger
peak fluxes [Kallenrode, 2003]. Therefore gradual SEP
events generally produce a higher fluence (the time integral
of flux) than impulsive events. Large fluences of energetic
charged particles are an important consideration in the
design of any space‐bound technology [Gubby and Evans,
2002] and are a severe radiation hazard to astronauts
[Townsend et al., 1991]. This is particularly the case for any
missions which necessitate leaving the radiation protection
of the Earth’s magnetosphere. This shield is, however, only
partial and so despite the protection of the Earth’s magne-
tosphere, SEPs can penetrate the Earth’s atmosphere, and
can contribute significantly to the radiation dose received by
passengers aboard high‐altitude aircraft [Dyer et al., 2003;
Mertens et al., 2010] as well as for astronauts in low Earth
orbit. This has motivated the inclusion of SEP events into
atmospheric radiation models [Dyer et al., 2009].
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[5] SEP events also have geophysical interactions. The
generation of odd nitrogen (NOy) by SEPs, in the meso-
sphere and stratosphere [Mlynczak et al., 2003], leads to the
dissociation of ozone in the stratosphere, as discussed by
Jackman et al. [2009]. This perturbation to stratospheric
ozone is strongest near the poles (where geomagnetic
shielding of SEPs is weakest) and can last for months. It is
not yet understood if energetic charged particle precipitation
has any further ramifications on Earth’s weather and climate,
however some research suggests it may have an appreciable
effect in the polar troposphere [Seppälä et al., 2009].
[6] SEP events are observed in a variety of ways. Direct

observation is achieved both in space and in the atmosphere.
Energetic particle detectors aboard space craft have been
recording the near‐Earth energetic particle flux for different
energy and mass ranges since the mid 1960’s. Alongside
this, high‐altitude balloon flights carrying Geiger tubes have
also recorded SEP activity in the atmosphere since 1957
[Bazilevskaya et al., 2010]. Furthermore, since the work of
Forbush [1946] we know that sufficiently large enough SEP
events cause nuclear reactions in the upper atmosphere,
giving enhancements to the flux of neutrons measured by
ground‐based neutron monitors (these are called ground
level enhancements, GLEs). The NOy generated in the
middle atmosphere by SEP events also precipitates down
into polar ice. Hence, polar ice cores yield a list of historic
SEP events [Shea et al., 1998; Shea and Smart, 2004],
although these events must be particularly large to detec-
tably perturb the background nitrate level in the ice sheets.
[7] This paper aims to utilize the direct observations of

SEP events in space, by a variety of missions, to establish a
reliable and homogenous database of gradual SEP events to
aid further investigation of the phenomenon and its effects.
Section 2 describes the data sources used and the analysis of
the energetic proton flux, while section 2.2 describes the
specific algorithm developed to extract gradual SEP events
from the energetic particle flux. A comparison of the data-
base of gradual SEPs developed here with other databases of
SEP events (defined using different criteria) formed from
direct observations is also presented. Section 3 analyzes the
variation in occurrence and fluence of SEP events over solar
cycles 20 to 23 and, in particular, the variation with respect
to the solar cycle phase, sunspot number and near‐Earth
interplanetary magnetic field (IMF) magnitude (Bmag). A
discussion of our results, and how they compare with similar
research, is included in section 4.

2. Data and Analysis

2.1. Intercalibration of Different Data Sources

[8] The OMNI 2 data set, provided by the Space Physics
Data Facility (SPDF) of NASA’s Goddard Space Flight

Center, is a valuable resource for the investigation of solar
energetic particles. Included in the data set are energetic
proton flux measurements at hourly resolution which extend
from 1967 up to the present day. Over this period, multiple
spacecraft have been used to compile the composite ener-
getic proton flux data set. Table 1 summarizes the spacecraft
used and the periods over which they contributed to the
OMNI 2 data set. The data set and supporting documenta-
tion can be found on the OMNIWeb Web site (http://om-
niweb.gsfc.nasa.gov/ow.html). Note that the OMNI 2 data
set used here was downloaded on 1 December 2010 and
contains recent improvements, including the removal of
some spurious spikes.
[9] The energetic proton flux is given in six integral

energy bands, which are for energies (E) exceeding
thresholds of 1, 2, 4, 10, 30 and 60 MeV. The hourly mean
proton flux for E > 60 MeV, provided by the OMNI 2 data
composite, is displayed in Figure 1. It is apparent from
Figure 1 that the character of the data occasionally changes
abruptly. These jumps are frequently coincident with
changes in the instrumentation used.
[10] For a statistical investigation of gradual SEP events,

and to automate event detection, it is important that the data
set be as homogenous as possible. Although the OMNI 2
record is already very useful for the investigation of gradual
SEP events, changes in character of the data mean it may
potentially be improved upon for long‐term studies. In
addition, due to tracking limitations and other factors, there
are frequent gaps in the data series, particularly between
1983 and 1995 [Finch and Lockwood, 2007]. Most of these
data gaps, but not all, are shorter than the typical gradual
SEP duration of a few days.
[11] Data contributed to the proton flux record from the

IMP craft are measured in a geocentric orbit of approxi-
mately 30 Earth radii. The majority of this orbit is outside
the magnetosphere in the solar wind, however approxi-
mately 35% of the 12.5 day orbit was spent crossing the
magnetotail. Due to the energies (>60 MeV) of the particles
being studied and the large orbital radius of the satellite, we
consider these measurements as taken outside effective
magnetospheric shielding. However, the data provided by
GOES 11 are measured in geostationary orbit which is,
except for very rare dayside observations during events of
exceptionally high solar wind dynamic pressure, inside the
magnetosphere. Due to the fragmented coverage provided
by IMP 8 after late 2001, data from GOES 11 becomes
increasingly common in the data set until by the beginning
of 2006 this satellite is the sole data contributor. The dif-
ferent locations of IMP 8 and GOES 11 craft mean that the
data sequences have fundamental differences as well as
similarities. Because of this, analysis of the flux record is
here split in two sections. Initially the data contributed by
IMP craft up to 2001 is processed, and subsequently the
period containing both IMP 8 and GOES 11 data after 2001
is handled.
[12] It is assumed that long‐term variation in the back-

ground proton flux in the IMP data (seen between SEP
events) is due to solar wind modulation of the local galactic
cosmic ray spectrum (GCR). Neutron monitors (NMs) on
Earth’s surface indirectly measure the solar wind modula-
tion of the local GCR spectrum by detecting neutrons gen-
erated when cosmic rays hit the atmosphere. We here

Table 1. Spacecraft Contributing to the (>60 MeV) Proton Flux
Record in OMNI 2

Mission Start End

IMP 4 30 May 1967 3 May 1969
IMP 5 21 Jun 1969 24 Dec 1972
IMP 7 2 Oct 1972 31 Oct 1978
IMP 8 26 Oct 1973 1 Jan 2006
GOES 11 1 Jan 2006 1 Jan 2007
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employ the McMurdo Neutron monitor, because it is a
homogenous and continuous record over the entire OMNI 2
proton flux record. The McMurdo NM is maintained by the
Bartol Research Institute, and the data is available at http://
neutronm.bartol.udel.edu/. Furthermore, this NM is at a high
latitude such that the particle rigidity cutoff is set by the
atmosphere, rather than the geomagnetic field, and is lower
than for lower‐latitude NM stations, at near 1 GV. Although
this corresponds to an energy threshold about 16 times
larger than that of the OMNI 2 60 MeV threshold, this is
closer than for the lower‐latitude neutron monitors. We here
use 54 day medians of the proton flux (h f i) to define the
background because the fraction of samples within SEP
events is small. The scatterplot of the 54 day medians of the
OMNI 2 proton flux against the corresponding values for
the McMurdo NM count rate, shown in Figure 2, reveals
three distributions. These distributions have been identified
with three intervals in the data set which we here term A, B
and C. A is the IMP 4/5 era, B is the period from the
commencement of IMP 7 to 1991, and C is from 1991
until 2001. The data for these three intervals are shown in
Figure 2a by different symbols: all three give linear varia-
tions but the behavior is far from the same in all three. To
test if these distributions are a feature of the proton flux or
the McMurdo NM record, the analysis was repeated with the
NM records from Thule, Newark and the South Pole, all
also maintained by the Bartol Research Institute. For each
station the proton flux revealed the three distinct distribu-
tions. A linear regression (least squares) was performed
between the median proton flux and median NM count for
each interval, these are displayed in Figure 2a as dashed,
dot‐dashed, and dotted lines for A, B and C, respectively.
To homogenize the data set, each distribution was linearly
transformed (i.e., adjusted in gradient and offset) so that the
relationship between the distributions and the NM count
was the overall mean of the regressions. The result of this
is shown in Figure 2b. A linear interpolation with time was
performed to fill any data gaps. The correcting coefficients
Gj (gradient) and Cj (offset) are different for intervals A, B
and C. In Figure 3, the periods beneath the dark, medium

and light grey bars show the proton flux after these
homogenizing corrections have been applied.
[13] There are two reasons why the above method cannot

be applied to the OMNI 2 proton flux for the period 2001–
2007. First the assumption that the background trend of the
proton flux is only due to solar wind modulation of the local
GCR spectrum is invalid for a geostationary satellite like
GOES. Furthermore, the remaining IMP 8 data is too frag-
mented for the previous method to work robustly and it
would still leave large data gaps to be filled. Instead, we
here estimate the near‐Earth heliospheric proton flux from
the GOES data (made available by NOAA at http://www.
ngdc.noaa.gov/stp/satellite/goes/dataaccess.html), and the
McMurdo NM.
[14] This is done in two stages; the GCR background and

solar proton event fluxes are estimated separately and then
combined. The background is estimated by taking the
McMurdo NM count and multiplying it by the mean of the
regressions previously used to homogenize the IMP data. To
estimate the solar proton flux in events, a relationship is
established between the IMP and GOES data sets.
[15] The intended use of the final homogenized proton

flux record is the determination of a database of observed
gradual SEP events, with accurate calculation of event
properties. Therefore it is important to consider how best to
estimate the solar proton flux in these events. Due to the
logarithmic nature of the variations in the proton flux during
SEP events, calculations of properties such as event fluence
have a stronger dependence on the event peak than on its
onset and decline. To separate SEPs from background GCR
protons we need to set a threshold flux. For the IMP and
GOES data sets we initially tried thresholds of 2 cm−2 sr−1

s−1 and 0.3 cm−2 sr−1 s−1, respectively. All proton flux above
these thresholds was assumed to be of solar origin. Over the
period 1998–2001, a linear regression was performed on the
logarithms of the solar proton flux. It was discovered that
the population of data points was skewed so heavily toward
lower flux values that the resulting relationship did not
capture the maxima of events well. This was improved upon
with a modest increase in the thresholds to 20 cm−2 sr−1 s−1

Figure 1. The hourly means of energetic proton flux (>60 MeV) as provided by the OMNI 2 data set.
Data begins in May 1967, and we have employed the series up until January 2007.
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and 5 cm−2 sr−1 s−1 (for IMP 8 and GOES 11, respectively)
the resulting power law takes the form fi = 4.84 fg0.786, where
fi and fg are the simultaneous fluxes observed in interplan-
etary space and at geostationary orbit, respectively. Figure 4
displays a scatterplot of the data and the regressions for the
different thresholds. The regression for the higher pair of
thresholds (solid line) has been extrapolated to lower flux
values, and in this region it is considered an adequate
approximation to the regression for the lower pair of
thresholds. On the other hand, the regression for the lower
threshold (dashed line) is considerable in error, considering
this is a log‐log plot, for the large fluxes within SEP events.
The higher threshold regression is therefore the more
appropriate to the SEP study and is used here as it is a good
approximation to the fit for lower thresholds at lower fluxes.
[16] This relationship is then used to include GOES

data from the 2001 to 2007 period. All flux values above
the 0.3 cm−2 sr−1 s−1 threshold are transformed using the
power law into an estimate for the near‐Earth solar proton
flux. These are added to the estimate for the GCR back-
ground, and the data is interpolated to fill any resulting data

gaps. The full data sequence derived this way is shown in
Figure 3.
[17] In working with energetic proton flux data from both

OMNI 2 and GOES it becomes apparent that there are
occasionally errors in the OMNI 2 proton flux time series.
At these points large proton fluxes are recorded for which no
source can be identified and they are therefore considered
spurious. When processing the energetic proton flux we do
not attempt to suppress these errors, but note their existence.
Our justification for this is that our procedure to homogenize
the proton flux data is robust to their effect, and our event
detection algorithm, outlined in section 2.2, explicitly
excludes them from being identified as a gradual SEP event.

2.2. Event Identification

[18] Here the goal is to develop a simple algorithm to
identify gradual SEP events in the homogenized data set.
We employ a flux threshold and minimum duration as cri-
teria to identify events that are large yet longer lived than
impulsive events. Event onset and decline occurs at the
crossing and recrossing of the flux threshold, and the event
duration is the time between onset and decline. It is assumed

Figure 2. (a) Scatterplot of the 54 day medians of the proton flux, h f i, against the 54 day medians of the
neutron monitor count rate over the period 1967–2001. Crosses, circles, and diamonds denote periods A,
B, and C, as described in text, and the dashed, dot‐dashed, and dotted lines are the respective linear regres-
sions for these data subsets. (b) The distribution of median flux values after homogenization (see text for
details) for all three periods identified above. Gj and Cj are the gradient and offset coefficients for the three
regressions on periods A, B, and C, while hfji is the 54 day median proton flux for those intervals. hGi and
hCi are the means of the regression coefficients Gj and Cj.
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the homogenized proton flux record has three sources,
GCRs, impulsive SEPs and gradual SEPs. If we set a suitably
high threshold that excludes the GCR‐associated proton
fluxes, it defines “events” when this threshold is exceeded.
These events may have three sources: impulsive SEPs and
gradual SEPs and what may be termed false positives. The
false positives have two origins. One source is the data spikes
discussed in section 2.1. Additionally, variability in the
proton flux can result in multiple crossings of the flux
threshold during the onset and decline of a gradual or
impulsive SEP event. False positives typically last for 1 h,
but may persist for several hours. Impulsive and gradual
SEPs have different characteristic time scales; typical time
scales for gradual and impulsive events is of the order of days
and hours, respectively [Kallenrode, 2003; Reames, 1999].
[19] Due to the different characteristic time scales of these

three classes of event, we have investigated to see if gradual
SEPs may be differentiated from impulsive SEPs and false
positives by means of the event duration. The variation of
the number of events as a function of duration was calcu-
lated for three flux thresholds. The duration of each event
was calculated and these were counted in 3 h wide bins from
1 to 150 h. Figure 5 presents these distributions for flux
thresholds of 1,2 and 3 cm−2 sr−1 s−1 marked by squares,
circles, and triangles, respectively. We observe that, up to a
duration of 50 h, the 1 cm−2 sr−1 s−1 threshold most often
contains more events than the 2 and 3 cm−2 sr−1 s−1 thresh-
olds . However, for the 2 and 3 cm−2 sr−1 s−1 thresholds, the
number of events at each duration are in much closer
agreement, particularly for durations exceeding 24 h.
[20] The event criteria should balance maximizing the

number of identified gradual SEPs, while minimizing the
inclusion of false positives and impulsive SEPs. The criteria
chosen to identify gradual SEPs are a flux threshold of
2 cm−2 sr−1 s−1 and a minimum duration of 24 h. A mini-
mum duration of 24 h will exclude all false positives, which
do not persist longer than a few hours, and will also remove

the large majority of impulsive SEPs. Although it is possible
that a very small number of impulsive events may persist for
long enough to be recorded as a gradual event, we expect
this contamination to be small. A further condition adopted
is that there must be greater than 50% data coverage during
the event, to limit the effect that interpolation may have on

Figure 4. Comparison of the simultaneous SEP flux obser-
vations made inside and outside the Earth’s magnetosphere
(fg and fi, respectively). The grey crosses mark flux measure-
ments above the thresholds of 2 and 0.3 cm−2 sr−1 s−1 for
OMNI and GOES, respectively, while the squares mark
the same data above thresholds of 20 and 5 cm−2 sr−1 s−1.
The solid black line is a linear regression on the logarithm
of the fluxes above the higher pair of thresholds, and the
dashed line is the same but for the lower pair of thresholds.
At lower fluxes the regressions are very similar but drift
apart at higher fluxes.

Figure 3. The data set shown in Figure 1, periods A, B, and C, respectively. The horizontal dashed line
marks the 2 cm−2 sr−1 s−1 threshold used in the homogenization of the 2001–2006 period of proton flux
and in the automated event detection. The grey line shows the homogenized proton flux, and the thick
black line is the McMurdo NM count, multiplied by the mean of regressions used to homogenize the three
IMP flux periods.
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the calculation of event properties. Figure 6 shows two
events identified using these criteria; Figure 6a is an event
with complete coverage, while Figure 6b shows an event
which has just over 50% coverage. Data gaps have been
filled using a straight line fit to the existing data. Interpo-
lated values are marked by crosses whereas observed fluxes
identified to be in a gradual SEP event by the above criteria
are shaded grey. The horizontal dashed lines give the 2 cm−2

sr−1 s−1 threshold. Figure 6b is a “worst case” in that the
largest data gap is early in the event which means that
the onset time, peak flux and fluence are poorly defined by
the polynomial fit. In particular, fluence may be under-
estimated if there were larger fluxes during the initial data
gap than the peak values observed immediately after that
data gap. On the other hand, the data clearly reveal that a
gradual SEP event was present and it is more useful to
record an event, albeit potentially underestimated in fluence,
than not. For events with <50% it becomes increasingly
unclear if an event is present, or if more than one is present,
or if it/they are impulsive rather than gradual in nature.
[21] However these conditions are not enough to separate

out overlapping sequences of activity, where successive
events are sufficiently close together in time that the flux
level does not drop back down below the event threshold
between them. These sequences are identified manually, and
the minimum between the two events is used to separate
them. Given that the minimum may be hard to define for two
events that are very close together, this procedure does
introduce some subjectivity and uncertainty into the esti-
mation of the event onsets, durations and total proton flu-
ences. After a sequence of activity is identified and separated
the data coverage of each event is recalculated, and the event
(s) are discarded if they fall below the 50% coverage crite-
rion. This detection algorithm produces a database of 110
events over the era 1967–2007, which can be obtained via
the supplementary material provided online.1

2.3. Comparison With Other SEP Databases

[22] A number of other databases of SEP events have been
produced. It is beneficial to establish the differences and
similarities between the different databases, and the merit of
the homogenous, gradual SEP database generated by the
procedure described in sections 2.1 and 2.2. Here we will
draw comparisons between some of the most frequently
used SEP databases compiled from spacecraft measure-
ments, and also a terrestrial record of SEP events.
[23] NOAA have produced a list of “Solar Proton Events

Affecting the Earth Environment”, which utilizes data from
the GOES missions over the period January 1976 to
December 2009. The algorithm used to extract events from
this flux record is as follows. The 5 min average integral
proton flux (>10 MeV), must be higher than 10 cm−2 sr−1

s−1 for 3 consecutive data points (i.e., 15 min) to trigger
the start of an event. A return to less than or equal to the
10 cm−2 sr−1 s−1 event threshold marks the end of an event.
Consequently this algorithm is well suited to detecting, but
not resolving, both the short impulsive and longer‐lived
gradual SEP events, but may not necessarily resolve over-
lapping events in a sequence (note that this is not a criticism
of the NOAA event detection algorithm as it was not
designed for that purpose). Furthermore, the NOAA docu-
mentation is clear that, as of yet, there has been no attempt

Figure 6. (a) An SEP event with complete data coverage.
(b) An SEP event with just above the minimum data cover-
age requirement of 50%, having 56% coverage. In both
cases, values exceeding the event threshold are shown by
crosses. The grey shading denotes where values were
observed, and crosses without shading have been interpo-
lated using a linear interpolation.

Figure 5. The variation in the number of events as a func-
tion of event duration for three flux thresholds of 1, 2, and
3 cm−2 sr−1 s−1, marked by circles, squares, and triangles,
respectively. The data points on the far right of the plot
are for all events of duration greater than or equal to 150 h.

1Auxiliary materials are available at ftp://ftp.agu.org/apend/ja/
2010JA016133.
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to cross normalize the data sets from the variety of instru-
ments that have contributed to the database.
[24] Rosenqvist et al. [2005] used the methodology that

Feynman et al. [2002] introduced when establishing an SEP
database for the JPL91 model of SEP fluence: they created
an updated list of SEP events over the period January 1974
to May 2002. The data set used was a composite formed
from IMP 8 and GOES integral proton flux records (E >
10 MeV). Significant preprocessing is applied to the data
sets, which is described in full in their paper. The event
criteria are that a sequence of activity begins when the daily
average proton flux rises above 1 cm−2 sr−1 s−1 and ends
when the daily average proton flux falls below this threshold
for 2 concurrent days. Furthermore, an event must have a
minimum fluence of 107 cm−2. This detection algorithm has
more similarities to our method than does the NOAA
algorithm. The main differences are that our method is
designed to exclude impulsive SEPs, whereas the Rosenq-
vist et al. procedure could more readily permit impulsive
SEPs to be recorded as an event. Additionally, like the
NOAA methodology, the algorithm of Rosenqvist et al.
does not separate out overlapping events in a sequence of
activity.
[25] A database of SEP events that detectably penetrate

Earth’s atmosphere was recently published by Bazilevskaya
et al. [2010]. Although supported by spacecraft measure-
ments, most of the data were obtained from high‐altitude
balloon measurements of energetic proton flux at mid and
polar latitudes. This record extends over the period 1957–
2008. The advantage of this database is that it gives a largely
independent measure of geoeffective SEPs, useful for
determining the relevance of our own database for studying
the terrestrial effects of SEPs. A problem with this database
is that there is large, unavoidable, error associated with
estimating the total fluence of an event. Enhancements in the
energetic particle flux can only be reliably detected at very
high altitudes, and there is a limit on the number of balloons
which may be launched during a long‐lived event. This
restricts the data coverage of an event, making fluence
estimates difficult. In addition, data on events are lost if the
event starts prior to a routine flight reaching the required
altitude. Nonetheless, it is an excellent record of the
occurrence of events detectable in the atmosphere and spans
the greatest period of time, covering the entire duration of
our own database.
[26] These databases are all formed from time series at

different temporal resolutions, and as such they all provide
different information about the timing of events. The NOAA
database provides information on the timing of the event
onset and maximum activity, whereas the Rosenqvist et al.
[2005] database states the days an event begins and ends.
The Bazilevskaya et al. [2010] database provides the day an
event begins and the times of observation. This means we
cannot consistently compare all aspects of our database to
the other three. To compare our database against the NOAA

database, we analyzed the onset of events, associating
events that occur within ±2 days. To compare our database
to the Rosenqvist et al. database, we associate events when
the maxima of an event in our database occurs within a start
and end time of an event in Rosenqvist et al.’s list, within a
±1 day window. Finally, to compare our database against
the Bazilevskaya et al. database we compared onset dates
with a ±2 day window. The results are displayed in Table 2.
[27] Considering the differences in the event detection

algorithms this is an encouraging result. The review of
impulsive and gradual SEPs by Kallenrode [2003] shows
that the rate of impulsive SEPs (some 10 year−1) is com-
parable to the rate of gradual SEPs (≈10 year−1). Recalling
that both the NOAA and Rosenqvist et al. [2005] databases
should be able to resolve impulsive events, which we have
tried to exclude, it is reasonable that in the overlap between
our databases both NOAA and Rosenqvist et al. contain
roughly twice as many events as does our survey. There is a
similar number of events in the overlapping period of the
Bazilevskaya et al. [2010] database and our database. Fur-
thermore, there is a high level of positive association
between events when we compare onset dates between the
databases. This agreement between our database and ter-
restrial observations of SEPs suggests that our database
might be particularly suitable for studying the geophysical
effects of SEPs.

3. Solar Cycle Variation of SEP Events for Cycles
20–23

[28] As an application of the database of gradual SEP
events presented here, the distribution of SEP occurrence
and fluence over the solar cycles 20–23 (C20–C23) was
investigated. Displayed in Figure 7 are the SEP occurrence
and fluence distributions as a function of the solar cycle
phase. To determine the solar cycle phase, the Bartels
rotation period mean of the sunspot number (SSN) is cal-
culated, followed by the 15 point moving average (with
equal weightings). Minima in this smoothed Bartels period
mean SSN record are taken to mark the 0/2p phase points in
each cycle. The phase at a time t, between the zero phase
points at times t0 and ti, with ti > t0, is � = ([t − t0]/[ti − t0]) ×
2p. This calculation is similar to the method presented by
Lockwood and Owens [2003]. The solar cycle phase is
divided into 12 equal width bins. For each phase bin of each
solar cycle, the total number of SEPs (Nsep) and total fluence
(F) in those Nsep events and mean sunspot number (hSSNi)
is calculated. In Figure 7, the black lines mark the total
occurrence and the diamonds mark the total fluence for each
phase bin, the grey histogram displays solar activity as
determined by hSSNi. The infrequent, stochastic nature of
SEP events is apparent in each of the single solar cycle
variations, with large fluctuations around the variation of
SSN over the cycle. However, a composite of all observa-
tions over C20–C23 was produced, which spans almost 4

Table 2. Comparison of the SEP Databases

NOAA Rosenqvist et al. [2005] Bazilevskaya et al. [2010] This Survey

Period of overlap with this survey 1976–2006 1974–2002 1967–2006 1967–2006
Total number of SEPs in survey during overlap 225 199 92 112
Number of coincident SEPs with this survey 82 87 84 112
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complete solar cycles. In doing this, it is necessary to con-
sider the phase sampling distribution. The lack of observa-
tions at the beginning of C20 and end of C23 means that the
sampling of the extremes of the composite phase range is
reduced. Therefore, the occurrence and fluence distributions
are divided by the phase sampling distribution (i.e., the
occurrence frequency (Wsep) and fluence rate (Y) with phase
are computed), and then both are normalized. This has a
relatively small effect on the distributions, as the phase
sampling is essentially a constant function which tails off
slowly at the extremes of phase. The result is a small sup-
pression of the main body of the occurrence and fluence
distributions and an enhancement of the tails of the dis-
tributions. Figure 8 displays this data, with the format being
the same as each panel of Figure 7. Both the occurrence
frequency and fluence rate show a variation more similar to
that in SSN when averaged over all 4 cycles. This variation
is discussed further in section 4.3.
[29] To investigate this further, the variation of SEP

occurrence and fluence with both SSN and the interplane-
tary magnetic field magnitude (IMF) at 1 AU (Bmag) was
calculated. For the interval of our SEP database, means over
each Bartels rotation period (TB) were determined for SSN
(hSSNiB) and Bmag (hBmagiB). It is necessary to average over
solar longitudes as SEPs are guided along IMF field lines
which means source regions are often at different longitudes
to Earth (where they are detected). The Bartels period time
scale is chosen as it is just longer than the largest time scale
that might be expected for an event, but is short enough to
better capture the variability in heliospheric conditions,
which can start to be averaged out on longer time scales, for
example annual resolution. Both hSSNiB and hBmagiB were

separated into 8 quantiles and for each quantile the SEP
occurrence (Nsep) and logarithm of total fluence (log10[F])
were calculated (as it is approximately normally distributed,
as discussed by Rosenqvist et al. [2005]). The event
occurrence frequency Wsep and log10[F] rate is then esti-
mated, by dividing the Nsep and log10[F] by the duration

Figure 8. Variation of SEP occurrence and fluence over
solar cycles 20–23. The format is the same as each panel
of Figure 7; however, a complete number of cycles have
not been sampled, and hence, the occurrence and fluence
distributions are divided by the phase sampling distribution.
Wsep(�) and Y(�) are the occurrence frequency and fluence
rate as a function of the solar cycle phase �. The plotted
distributions are normalized.

Figure 7. The variation of SEP occurrence and fluence with solar cycle phase for solar cycles 20, 21, 22,
and 23. The histograms show the mean SSN for each phase bin, while the solid black line plots the SEP
occurrence (Nsep), and diamonds mark the total SEP fluence (F). The vertical dashed lines in the first and
last plots mark the beginning and end, respectively, of the energetic proton flux record.
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spanned by each quantile DTB. A total of 536 Bartels per-
iods were sampled over the SEP database, which means
each of the 8 quantiles contained 67 Bartels periods, so that
DTB = 67TB. Last the mean of the logarithm of the fluence
in an individual event was also calculated, log10[F] / Nsep.
[30] Spearmans’ rank correlation was calculated for each

of the Wsep, log10[F] rate and log10[F] / Nsep versus hSSNiB
or hBmagiB combinations. The correlation coefficient (rs)
gives information on the degree to which we might expect a
monotonic relationship to exist between two variables,
without going so far as to assume a linear relationship. The
probability that this value of rs would be obtained when the
true correlation was zero was calculated with an exact
(permutation) test. Under the null hypothesis that the true
value of rs is zero, all possible orderings of the data are
equally probable. The sampling distribution of rs under the
null hypothesis may therefore be established directly, by
calculating rs for every ordering of the data. Comparing the
observed value of rs, to the sampling distribution of rs under
the null hypothesis allows us to determine the probability
that the observed value of rs is a result of chance. It was

found that all the calculated correlations have a <5% chance
of being an artefact of statistical noise. These values are
summarized in Table 3. Displayed in Figure 9 (top) are the
plots of occurrence frequency against hSSNiB and hBmagiB.
The solid diamondsmark the occurrence frequency (Nsep/DTB)
at the mean of each quantile, while the vertical dashed lines
mark the quantile edges. The error bars in the occurrence
frequencies are ±1 standard deviation. The grey dashed line
is a linear regression between the parameters and occurrence
frequency. The coefficients of the linear regression are
included in Table 3. Figure 9 (middle) shows the same
analysis for the fluence rate (log10[F]/DTB) and Figure 9
(bottom) for the fluence per event (log10[F]/Nsep). The
similarity between the behavior in the right and left columns
in Figure 9 is not surprising as SSN and Bmag show solar
cycle variations that have many similarities [Hapgood et al.,
1991]. There is a relationship, which is close to linear,
between SEP occurrence frequencies and log10[F] rates and
solar activity, as determined from hSSNiB and hBmagiB.
Furthermore, log10[F]/Nsep decreases with increasing solar
activity, which can also be fitted with a linear relationship.

Figure 9. Plots of mean values (diamonds) with error bars of ±s (where s is the standard deviation) in
eight quantiles which divide the 536 Bartels rotation periods studied equally, giving 67 in each. The
vertical dashed lines mark the edges of the eight quantiles, and the thick dashed lines are linear regres-
sions against the scattered points. (left) Mean SSN over the Bartels rotation hSSNiB along the horizontal
axis. (right) The Bartels interval means of the IMF magnitude hBmagiB. The vertical axes show (top) the
mean occurrence frequency per Bartels interval (TB = 27 days in duration) where Nsep is the number of
events in the quantile and DTB is the total interval (DTB = 67TB); (middle) the log‐fluence rate (log10[F]/
DTB); and (bottom) the log‐fluence per event (log10[F]/Nsep).
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The dependence of occurrence frequency on both SSN and
Bmag is greater than the corresponding value for log10[F]/
Nsep, so the net effect is that the log10[F] rate increases with
increasing solar activity.

4. Discussion

4.1. Implications for Current Engineering Models

[31] These results are in agreement with a study by
Nymmik [2007], who used SEP databases produced by
Rosenqvist et al. [2005] and Mottl [2005] to investigate the
variation of SEP occurrence frequency with smoothed
monthly mean SSN. The Rosenqvist et al. database is the one
described previously, and the database produced by Mottl
extracts both impulsive and gradual events and separates out
sequences of overlapping activity. Nymmik performed a
linear regression on the logarithm of SEP occurrence fre-
quency and logarithm of smoothed monthly mean SSN for
each database. This resulted in power laws describing the
observed relationship between SEP occurrence frequency
and monthly mean SSN for the Rosenqvist et al. and Mottl
databases, the exponents of which were 0.95 and 0.99,
respectively. Nymmik concluded that, within the limits of
experimental error, a linear relationship exists between SEP
occurrence frequency and solar activity.
[32] It is therefore a sensible to ask if this could have any

ramifications for the improvement of SEP fluence models.
Current engineering models of SEP fluence, such as the JPL‐
91 model produced by Feynman et al. [1993] and updated by
Feynman et al. [2002] and Rosenqvist et al. [2005], are
designed to estimate the expected fluence of SEP protons in a
1 AU orbit for different mission durations. The methodology
was to develop parametric models of the occurrence and
fluence of SEP events, and to use a Monte Carlo simulation
to estimate the expected SEP fluence for a given mission
duration and confidence level.
[33] In constructing this estimate it was established that the

fluences of SEP events, integrated over a mission, for the
database of SEPs available at the time, were most accurately
parameterized by the lognormal distribution. Furthermore,
although it was recognized in the original model that the
occurrence of SEPs appears to cluster in time, to aid the
calculation the occurrence of SEPs was approximated to be a
Poisson process. Additionally the occurrence of SEPs was
approximated to have a stationary occurrence probability
for 7 years around solar maximum, and to have negligible
occurrence probability for the remaining 4 years of an 11 year
solar cycle.
[34] Our results from investigating the occurrence of SEPs

as a function of the solar cycle phase, which are in agree-

ment with previous work by Nymmik [2007], show a clear
solar cycle variation of SEP occurrence. Furthermore, a
study by Jiggens and Gabriel [2009] has also shown that
there may be more accurate parameterizations of SEP
occurrence than the Poisson distribution. We suggest that
with the advantage of over 14 years of extra observations, it
may be possible to develop a model of SEP fluence with
improved parameterizations of SEP occurrence and fluence.
Additionally it could be of benefit to couple this model with
a measure of solar activity, which may describe variation in
the parameterizations over the solar cycle phase.

4.2. The Variation of SEP Events With Heliospheric
Conditions

[35] Here we aim to draw conclusions on the variation of
SEP events with heliospheric conditions, placing these
conclusions in the context of other works that have analyzed
this phenomenon. Specifically we compare our results with
studies by McCracken et al. [2004] and Kahler [2009], who
separately investigated the variation of large fluence SEP
events with heliospheric conditions. Here we describe these
studies as relating to large fluence SEP events as both
McCracken et al. [2004] and Kahler [2009] use a database
of events established by McCracken et al. [2001] from the
analysis of odd nitrogen (NOy) deposits into polar ice, also
complemented by satellite measurements. There is great
variation in the quantity of nitrates in a thickness of the ice
core. Impulsive depositions of nitrates precipitated down
from the atmosphere (or even produced directly in the ice in
a GLE) must be very large to perturb the “background”
variation enough that they may be resolved. It is only SEP
events from the high fluence tail of the SEP fluence distri-
bution which may cause these detectable variations in the
nitrate quantity.
[36] Using a reconstruction of the IMF magnitude at 1 AU

derived from SSN, McCracken et al. [2004] derived an
inverse relationship between an estimate for the probability
of a large fluence SEP event, conditional on there being a
coronal mass ejection (CME) (for solar cycles numbers −4
to 21), and the inferred IMF magnitude averaged over two
solar cycles. The Bmag was estimated from the model of
Solanki et al. [2000] which extrapolates the reconstruction
of open solar flux by Lockwood et al. [1999]. This research
went further, to establish that the observed relationship
appeared to follow an inverse square law, and to construct a
qualitative hypothesis to explain the observations. The
hypothesis was that, for a constant distribution of CME
propagation speeds (VCME), a lower IMF magnitude corre-
sponds to a lower Alfvén speed (VA), which increases the
flux of SEPs generated by the interplanetary shock forming

Table 3. Regression Coefficients and Statistics of SEP Variation With Heliospheric Parametersa

x − y Regression Coefficients (a, b) rs p‐Value

SSN − Wsep 0.0027 TB
−1, 0.0116 TB

−1 0.970 0.0006
SSN − log10[F]/DTB 0.0001 log10[F]TB

−1, 0.1084 log10[F]TB
−1 0.881 0.0072

SSN − log10[F]/Nsep −0.0135 log10[F], 2.0004 log10[F] −0.976 0.0004
Bmag − Wsep 0.1525 TB

−1 nT−1, −0.8229 TB
−1 0.970 0.0006

Bmag − log10[F]/DTB 0.0070 log10[F]TB
−1 nT−1, 0.0699 log10[F]TB

−1 0.833 0.0154
Bmag − log10[F]/Nsep −0.6484 log10[F]nT

−1, 5.5701 log10[F] −0.976 0.004

aHere x and y are the parameters correlated, the linear regression is of the form y = ax + b, the correlation coefficient is rs, and p is the probability that
the correlation was found by chance.
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ahead of the CME, (VCME > VA). Furthermore, the efficiency
of the particle acceleration is increased, as the enhancement
of the event front Alfvén Mach number (MA = Vcme/VA) has
a corresponding enhancement of the shock compression
ratio, as described in the comprehensive review of shock
acceleration by Jones and Ellison [1991].
[37] This hypothesis was also investigated by Kahler

[2009], who compared both the fluence and occurrence
frequency of the large fluence SEP events, with annual
means of the IMF magnitude, reconstructed from cosmo-
genic isotopes. In this case, no relationship was found
between the annual mean IMF and the fluence of an event,
but a negative correlation was found between the occurrence
frequency and IMF magnitude, which was stated as statis-
tically significant.
[38] The results of our investigation do not fully support

either of these findings. We have observed a positive cor-
relation between both the occurrence frequency and fluence
rate of gradual SEP events and the magnitude of the IMF at
1 AU, on a time scale of a Bartels period. However, we have
also calculated that the mean fluence of individual events
increases with decreasing IMF. One possible explanation
suggested here is that we are observing a competition
between the production rate of shock forming CMEs in the
heliosphere, and the efficiency of particle acceleration upon
these shocks. In this instance, it could well be the case that
the probability of strong shock production and the efficiency
of shock acceleration decreases with increasing solar activ-
ity, but that overall this is more than compensated for by the
rate of CMEs, which increases with increasing solar activity
[Webb and Howard, 1994; Owens et al., 2011]. This picture
is consistent with our results, in that we see a net increase in
the occurrence and fluence of gradual SEP events with
increasing solar activity, but the mean fluence per event
decreases with increasing solar activity.
[39] However, differences between our results and those

of McCracken et al. [2004] and Kahler [2009] may also
arise due to sampling different fluence regimes of gradual
SEP events. For example, in the period 1955–1998 only 7
events have met the minimum fluence threshold of 1 × 109

cm−2 to qualify as a large fluence SEP event in McCracken
et al.’s and Kahler’s studies [Shea et al., 1998], of which
only 2 are between 1967 and 1998 and feature in our
database. Therefore the large fluence SEP events analyzed
by McCracken et al. fall into the high fluence tail of the SEP
event fluence distribution, and this tail may follow markedly
different behaviors to the bulk of the distribution. Our
studies are sampling different regimes of the SEP fluence
distribution and it cannot be excluded that the discrepancies
between our results are due to an evolution in the behavior
of SEP events with the event magnitude. Unfortunately this
is not something that can be readily tested due to the scarcity
of such large SEP events in the modern era, compared to the
number detected in the historic ice core data.

4.3. Evolution of SEP Events With the Solar Cycle
Phase

[40] Figure 7 demonstrates that the stochastic nature of
SEP occurrence (and in particular large fluence events)
causes considerable variation in SEP behavior from one
solar cycle to the next. However, patterns begin to come
clear when all the data are averaged together, as shown in

Figure 8. This plot shows that both SEP occurrence and
fluence rate follow the waveform of sunspot number closely.
[41] Two main sources of gradual SEPs are expected:

coronal mass ejections (CMEs) and corotating interaction
regions (CIRs) (see, for example, Gopalswamy et al. [2002]
and Richardson [2004], respectively). CME occurrence rate
follows the sunspot cycle quite closely [Webb and Howard,
1994; Owens et al., 2011], whereas CIRs interact with Earth
much more frequently in the declining phase of the solar
cycle when low‐latitude extensions to polar coronal holes
and isolated low‐latitude coronal holes form. We note also
that although CMEs may readily form shocks within 1AU
[Mann et al., 2003], CIRs most often do not form shocks
until they have propagated out further than approximately
2 AU [Desai et al., 1998]. Thus Figure 8 suggests a dom-
inant role of CMEs in both event frequency and fluence rate.
Note that although occurrence and fluence become low at
solar minimum they do not consistently fall to zero, con-
sistent with the observation that CME rates did not fall to
zero, even in the recent low solar minimum [Owens et al.,
2011].
[42] However, close inspection of Figure 8 reveals a small

second peak in the declining phase of the cycle in event
occurrence and a considerable peak in the fluence rate. This
implies that although CIR‐driven events may be relatively
rare in our database, those that are included are of relatively
high fluence. In a follow‐on study we will separate events
that are clearly CIR related from the CME ones and compare
their occurrence and properties.

5. Summary

[43] This paper has presented a method by which the
homogeneity of the OMNI 2 energetic particle flux record
(E > 60 MeV) may be improved. This was done with the
aim of aiding further investigation of SEP events, in par-
ticular gradual (interplanetary shock driven) SEP events.
The method employed was facilitated by use of the
McMurdo neutron monitor, a long homogenous data series
from which the background GCR flux may be inferred; a
signal which is also present in the OMNI 2 energetic particle
flux record. However, due to insufficient data coverage in
the original OMNI 2 record, it was also necessary to con-
struct an estimate for the near‐Earth interplanetary energetic
proton flux for the period from 2001 to 2007. To do this, the
energetic particle flux is assumed to consist of two sources,
GCRs from outside the heliosphere, and SEPs originating
in the solar atmosphere and inner heliosphere. These two
sources were estimated separately, again using the
McMurdo neutron monitor but also the GOES energetic
proton flux measurements provided by NOAA. The sources
are then added together and joined with the homogenized
OMNI 2 data. The reconstruction of events from the GOES
data was done in a manner designed to ensure the event
fluences were reproduced as accurately as possible.
[44] With the processed energetic proton flux record, a

database of gradual SEP events was established. The
emphasis of the database was to try and resolve each gradual
SEP event, including overlapping events in a sequence of
activity, and from this to estimate the fluence of each event.
The event detection criteria differ slightly to many employed
in engineering models of SEP events, where usually inte-
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grated dose matters and so there is no rationale for only
resolving sequences of activity into individual events, neither
is there a need to make the distinction between impulsive
and gradual SEPs. However, for a physical study of the SEP
events, it is necessary to resolve and separate these two
classes of event because the particles within them are
accelerated by different physical mechanisms.
[45] The database of gradual SEP events developed in this

paper was compared with the NOAA and Rosenqvist et al.
[2005] SEP databases, used in engineering models of SEP
fluence. It was also compared with a terrestrial record of
SEP events, recorded by high‐altitude balloon measure-
ments of energetic particle flux. Considering the differences
in the criteria used to form the different SEP databases, there
was good agreement between SEP events included in our
database and both the NOAA and Rosenqvist et al. database.
However, there was particularly good agreement between
our database and the terrestrial record of SEP events. This
suggests our database may be suitable for studying the
geophysical effects of gradual SEP events, for example
effects on the atmosphere, on low‐altitude satellites and on
passengers in high‐altitude aircraft.
[46] Section 4 looked at two applications of the newly

developed database. The variation of SEP occurrence and
fluence over the solar cycles 20 to 23 was considered, and a
composite of the sampled solar cycles was formed. It was
observed that SEP occurrence frequency is variable over the
solar cycle. This suggests improvements can be made to
SEP fluence models that approximate SEP occurrence as a
Poisson process. It also suggested that there may be a
relationship between solar activity as determined by SSN,
and both SEP occurrence and fluence. Indeed, when this
was investigated more directly by calculating the occurrence
frequency and fluence rate as a function of Bartels period
mean SSN, a linear relationship was found. This result is in
accord with previous work by Nymmik [2007].
[47] Furthermore the variations of SEP occurrence fre-

quency, fluence rate and the mean event fluence with the
Bartels period means of the interplanetary magnetic field
magnitude at 1 AU were calculated. We observed a positive
correlation between the SEP occurrence frequency and flu-
ence rate, and a negative correlation for the mean event
fluence, as a function of the Bartels period mean IMF. These
relationships were described by linear functions. It was
suggested that our observations correspond to a competition
between the production of strong shocks in the heliosphere,
and the efficiency of particle acceleration upon these shocks.
However, there are discrepancies between our results and
similar studies by McCracken et al. [2004] and Kahler
[2009]. Kahler found no relationship between the magni-
tude of large fluence SEP events and the IMF magnitude,
and a negative correlation between the occurrence of large
fluence SEP events and the IMF magnitude, on an annual
time scale. This being the case, we note that although both
studies investigate gradual SEP events, we sample different
regions of the SEP fluence distribution, which may be a
source of this discrepancy.
[48] Clearly gradual SEP events are a variable and

important component of the near Earth space environment.
The relatively scarce data afforded by the low occurrence
frequency of events means that with each and every new
event there can be something new to be learned about this

phenomena. However, alongside developing greater under-
standing about SEP events themselves, it is important to
further establish how these events interact with the Earth
system. It is hoped that the database of gradual SEP events
presented here will aid future investigations of gradual SEP
events and their geophysical interactions.
[49] We have provided evidence that at lower interplan-

etary field strengths there are fewer gradual SEP events, but
the fluence within one event is higher on average. This is
significant as recent studies indicate that the data set com-
piled here is within a grand solar maximum that is expected
to end soon [Abreu et al., 2008; Lockwood et al., 2009].
Indeed, Lockwood [2010] has estimated that there is an 8%
chance of a fall to Maunder minimum conditions in the next
50 years. Extrapolation of our results into such conditions
with low SSN and low Bmag indicates that the near‐Earth
space environment will become more hazardous with fewer
but larger SEP events.
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