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Abstract

In this study we compare the mean annual sunspot numbers for the six most recent
solar cycles (19 to 24) with the number of solar energetic proton events occurring in those
years. Though most of the individual cycles exhibit quite strong correlations, when they are
combined into a generic solar cycle the result is very significant (p = 0.98). For cycles 21
to 24 (when spacecraft observations have been regularly available), we also investigate the
variation in the source location of the solar energetic proton events in relation to four peak
flux thresholds in orders of magnitude from >10 to >10000 pfu, For helio-latitudes within
+40° (the range within which active regions usually occur) there is negligible variation in the
helio-longitude of the source regardless of the peak flux threshold. However, the effect on the

helio-longitude of varying the peak flux threshold is very significant: the higher the threshold



the closer is the median source longitude to 0°, the variation being almost uniform from >10
pfu (32°W) to >10000 pfu (2°W). Finally, of the 10 events in cycles 19 to 24 with peak flux
>10000 pfu, all occurred between years 4 and 8 after solar minimum, all were the result of
M- or X-class flares with associated halo CMEs and shock fronts, and the three most intense
events (>40000 pfu) were all related to X-class flares which occurred in the longitude range
10-28°E. These results support and extend previous work by the cited authors, and have

implications for solar-terrestrial relations and the effects of space weather within geospace.

1 Introduction

Sunspots are temporary phenomena on the photosphere of the Sun that are caused by intense
magnetic activity which inhibits convection, forming areas of reduced surface temperature. They
usually appear as pairs, with one sunspot having the opposite magnetic pole to the other.
Although they have temperatures of ~3000-4500 K, the contrast with the surrounding material
at 5780 K leaves them clearly visible as dark spots, the luminous intensity of a heated black
body (closely approximated by the photosphere) being a function of temperature to the fourth
power. Sunspots expand and contract as they move across the surface of the Sun and can be
as small in diameter as 16 km and as large as 160,000 km. They may also travel at proper
motions of a few hundred metres per second when they first emerge on to the solar photosphere.
Manifesting intense magnetic activity, sunspots host secondary phenomena such as coronal loops,
prominences and reconnection events, initiated by re-structuring of the local magnetic field (van
Speybroeck et al., 1970). Solar flares and coronal mass ejections (CMEs), the result of such
reconnection events, originate in magnetically active regions around sunspot groups, and are
the primary source of solar energetic protons (Gabriel et al., 1990).

The sunspot number (Section 2.1), the index most commonly used to estimate solar activity,

has a mean periodicity of about 11 years, with a maximum variation of between 8 and 15 years



since observations first began in 1749. This solar activity cycle has an asymmetric form, the
average rise to maximum taking 4.8 years compared with 6.2 years for the fall to minimum. The
latitudinal variation of sunspots correlates with the sunspot number: sunspots usually occur
between latitudes 40°N and 40°S and migrate from high to low latitudes as the solar cycle
progresses, resulting in the butterfly diagram (Ivanov, 2018). Indeed, in our data, the source of
only 1 SEP event in 233 has been identified beyond these latitude limits.

In this study we focus on the 6 most recent solar cycles (19 to 24), during which we compare
the mean annual sunspot number with the number of solar energetic proton (SEP) events occur-
ring in each of those years. For cycles 21 to 24, we also consider how the source location of SEP
events on the solar disc varies with respect to their peak flux threshold, in orders of magnitude
from >10 to >10000 pfu (particle flux units, cm~2.s7L.sr™!). The implications for space weather
are also considered, particularly with regard to the 10 events with peak flux >10000 pfu which
have occurred during the 6 cycles.

(Throughout this paper, all references to pfu assume >10 MeV protons.)

2 Data provision

The internet sites for the two data providers below are listed in the Acknowledgements.

2.1 Sunspot numbers

The sunspot number (SSN) is a commonly used index of solar activity. The daily SSN was
first introduced in 1848 by the Swiss astronomer Johann Rudolph Wolf. His method, which is
still used today, counts the total number of spots visible on the face of the Sun and the number
of groups into which they cluster, because neither quantity alone is satisfactory for measuring

sunspot activity.



The relative SSN is an index of the activity of the entire visible disk of the Sun. It is
determined each day without reference to preceding days, and is defined as R = K(10g + s),
where ¢ is the number of sunspot groups and s is the total number of distinct spots. The scale
factor K (usually less than unity) depends on the observer and is intended to normalise the
conversion to the scale originated by Wolf (Cliver et al., 2013).

The provisional daily Zurich relative SSNs (R,) were originally based upon observations made
at Zurich and its two branch stations in Arosa and Locarno, Switzerland. Beginning January
1 1981, this system was replaced by the provisional international SSN (R;) based on a statis-
tical treatment of the data originating from more than twenty-five observing stations. These
stations constitute an international network, with Locarno as the reference station, to guarantee
continuity with the earlier Zurich system. The definitive international SSNs are evaluated by
a similar method based on a network of observing stations selected for their high number of
observations, their continuity during the whole year, and an existing series of observations for
past years. Also taken into account is the stability of the monthly factor (K) with reference to
the Locarno station. Each SSN monthly average is simply the mean of the daily values.

Over the years many sunspot number data sets have been provided by various observatories.
The current accepted standard is the Sunspot Index and Long-term Solar Observations (SILSO)
catalogue from the Royal Observatory of Belgium, Brussels, and in our study we have used the
monthly mean total sunspot number from this catalogue. On July 1st, 2015, a new improved
version was published that includes several corrections of past inhomogeneities in the time series
(Clette et al., 2014; Clette and Lefevre, 2016a; Clette et al., 2016b; Clette et al., 2016c). Most
significant is the removal of the Zurich scale factor (0.6), thus increasing the entire time series
by a factor 1/0.6, to the level of modern sunspot counts. This scale change, when combined

with the recalibration, leads to an average increase of about 45% of the most recent part of the



series, after 1947 (the period applicable to this study).

The start and end of each solar activity cycle are defined by the minima in the monthly
average sunspot numbers. The start and end dates of solar cycles 19 to 24, and the duration
in months and years (whole and part) of each cycle, are given in Table 1. The cycles vary in

duration from 121 months (cycle 22) to 146 months (cycle 23).

Cycle | Start End | Months | Years | SEP source | No. of SEPs p
19 | May 54 | Oct 64 126 11 [1] 65 0.79
20 | Nov 64 | Jun 76 140 12 [1] 72 0.79
21 Jul 76 | Sep 86 123 11 2], [1] 58, 81 0.55, 0.58
22 Oct 86 | Oct 96 121 11 2] 73 0.94
23 | Nov 96 | Dec 08 146 13 2], [3] 92, 103 0.86, 0.80
24 | Jan 08 | Dec 19 | 132 11 2] 36 0.73

Total 396, 430

Table 1: Solar cycles 19 to 24: start and end date, duration in months and years (whole or
part), sources of event SEP data ([1] Shea and Smart, 1990. [2] Space Weather Prediction
Centre. [3] Cane et al., 2006), number of SEP events, and correlation coefficient between

the mean annual SSN and the annual number of SEP events.

2.2 Solar energetic proton events

”Solar cosmic rays” were first detected by Forbush in 1942 using Compton Bennett meters
(Forbush, 1946), which are ionization chambers (the energies associated with these particles
being in the GeV range). By the late 1950s ground-based measurements in the >10 MeV range

became possible using riometers (Little and Leinbach, 1959), and most of the solar particle flux



and fluence data available from the 19th solar cycle were derived from such measurements, in
the polar regions. Although spacecraft measurements of SEP events were made towards the end
of solar cycle 19, it was not until cycle 20 that these measurements became routine.

For our investigation of the SEP events in cycles 19 to 24 we have used three sources: [1]
Shea and Smart, 1990 (January 1955 to May 1986, covering cycles 19 to 21); [2] the Space
Weather Prediction Centre (SWPC) SEP catalogue (April 1976 to date, covering cycles 21 to
24); [3] Cane et al., 2006 (November 1997 to September 2005, covering most of cycle 23). (We
were unable to identify any peer-reviewed SEP event lists for cycles 22 or 24.)

Shea & Smart (1990) admit that it was not possible to compile a completely homogeneous
list of solar proton events for cycles 19 and 20, primarily because of the different measurement
techniques used prior to 1976 (both ground- and space-based). Nevertheless, they state that
their list is as homogeneous as possible. In their list, Shea & Smart do not include solar source
locations, and only list >10 MeV fluxes from May 1967, an event from this date only being
included if particles of this energy measured a flux of >10 pfu.

Since the start of cycle 21 in 1976 the NOAA SWPC has maintained a standardised catalogue
of SEP events. The proton fluxes are integral 5-minute averages for energies >10 MeV measured

by the GOES series of spacecraft at geosynchronous orbit. The parameters for each event include:

1. the start and peak UTC of each particle event, and the peak flux;

2. details of any associated CMEs (available from SOHO since 1996);

3. details of the source flare and associated active region (UT of flare maximum, flare classi-

fication, source location (helio-latitude and -longitude), and active region number).

(For reasons of brevity, latitude and longitude will subsequently be used instead of helio-latitude

and helio-longitude.) The head of the SWPC has advised that the curator of the SEP event



catalogue regularly collaborates with staff at the NASA Space Radiation Analysis Group to
ensure the fidelity of the event data (private communication).

The SWPC defines the start of a SEP event to be marked by the first of 3 consecutive data
points at >10 MeV with fluxes >10 pfu, and the end of the event to be the last data point
with flux >10 pfu. This definition allows multiple proton flares and/or interplanetary shocks to
be included within a single event, and differs somewhat from the Shea and Smart criterion for
commencement of each event (this will have implications below). (The SWPC issue a point of
caution: ”Different detectors aboard different GOES spacecraft have taken the data since 1976.
These proton data were processed using various algorithms. To date no attempt has been made
to cross-normalize the resulting proton fluxes”.)

Because of the different approaches used to identify individual SEP events in the three
sources, particularly the starting criteria, there are inevitable inconsistencies between the number
of events in some years of cycles 21 and 23. For example, in cycle 21 Shea and Smart identify 81
events, whereas there are only 58 in the SWPC catalogue. Inspection of the two sources reveals
that this discrepancy results from the fact that the SWPC marks the start of an event by 3
consecutive data points >10 MeV with fluxes >10 pfu, whereas Shea and Smart do not impose
this 3-point restriction. Consequently, Shea and Smart include 15 events not listed by SWPC
and 11 that are components of those in the SWPC list. Conversely, 3 events included by SWPC
are not listed by Shea and Smart.

There are also discrepancies between the SEP events from November 1997 to September 2005
listed by Cane et al. (2006) and those in the SWPC catalogue for the same period (numbering
101 and 90, respectively). (This period excludes the 2 events from December 2006 at the end
of cycle 23.) Four of the events listed by Cane et al. are not in the SWPC catalogue, 7 are

components of those in the SWPC events, and 3 are included by the SWPC but not by Cane



et al. In addition, 5 events listed by Cane et al. replace two in the SWPC catalogue in 2005
(January 16 and July 14). Of particular note are the 3 events which replace the one on July 14
listed by the SWPC (the ambiguous nature of this activity is detailed specifically in a footnote).
Of those events common to both lists, only 11 (less than 5%) differ in source location, and
only 2 (less than 1%) differ in peak flux intensity, and it will be shown that the effect of these
differences on the overall results is not significant.

For SEP events in solar cycles 19 and 20 (137 events), in this study we have used the list
provided by Shea & Smart (1990), and for cycles 21 to 24 we have used the SWPC catalogue
because it is the only single source covering this whole period (this choice will subsequently be
referred to as selection 1). (There are precedents in the peer-reviewed literature for using this
catalogue, such as Cheng et al., 2014, Le et al., 2014 and Le et al., 2021.) However, because of the
inconsistencies detailed above, throughout the analysis we have tested the effect of using Shea
and Smart (1990) for cycle 21 and Cane et al (2006) for cycle 23 (this choice will subsequently
be referred to as selection 2). It will be shown that the results from selections 1 and 2 are very
similar, thus demonstrating that the outcome is robust.

Throughout the paper, various groups of SEP events are selected from the three sources using
different criteria. For clarification, a table summarising these selections and sample numbers is

provided in the Appendix.

3 Comparison of annual sunspot numbers and proton events in

cycles 19 to 24.

The total number of SEP events recorded during solar cycles 19 to 24 (Table 1) are 396
(selection 1) and 430 (selection 2). Figure 1 shows a comparison between the number of SEP

events per year (from selection 1) and the mean annual SSN for each of the 6 solar cycles,



measured in years from sunspot minimum. (The red dotted lines, discussed in Section 5.1,
indicate >10000 pfu events.) Though the overall intensity of solar activity changes from cycle to
cycle, in most cases the variations in the two quantities are not dissimilar. The linear Pearson
correlation coefficients are given in Table 1 (column 8), cycle 22 having the highest coefficient
(0.94) and cycle 21 the lowest (0.55 for selection 2). Evidently the two quantities are in general
quite well correlated, though the efficacy of predicting one quantity from another will clearly
vary from cycle to cycle (Shea and Smart, 1990). It is also shown in Table 1 that, for each of
cycles 21 and 23, the correlations for the two alternative selections are quite similar.

The effect of superposing the selection 1 data from the 6 cycles is shown in Figure 2. There
are 69 samples, one for each year (whole or part) of each solar cycle (Table 1), and they give
quite a strong linear Pearson correlation (p = 0.74). The annual number of SEP events (p) is
related to the mean annual sunspot number (s) according to the central regression line equation
for a least-squares fit:

p = 0.080s — 1.416 (1)

These data are heteroskedastic, so the Theil-Sen estimator (Theil, 1950) is probably more
reliable than the least-squares fit because it uses medians, which are much less sensitive to

outliers. The central Theil-Sen regression line equation for selection 1 is:
p = 0.076s — 0.985 (2)

The Theil-Sen estimator is associated with the Kendall tau rank correlation (Sen, 1968), which
gives a coefficient of 0.64 (0.1 less than the Pearson value). The detailed statistics for the Theil-
Sen fit are given in Table 2, for both SEP event selections. The correlation coefficients for the
two selections are very similar, differing by only 0.01.

Cycle 23 is of the longest duration (146 months), so a generic cycle is necessarily of duration

13 years (whole or part). When the data for the 6 cycles are combined over this generic cycle
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Figure 1: A comparison of mean annual sunspot number and annual number of proton events

(selection 1) for solar cycles 19 to 24. The red dotted lines indicate the occurrence of SEP events

with peak flux >10000 pfu. (p = linear Pearson correlation coefficient.)
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Figure 2: Superposition of results in Figure 1 over solar cycles 19 to 24 (selection 1): least-square
fit (dotted); Theil-Sen fit (dashed). (p = correlation coefficient. p = annual number of SEPs. s

= mean annual sunspot number.)

by summing corresponding years from solar minimum, it appears that there is a very strong
relation between the sum of the mean annual sunspot number (S) and the the sum of the annual
number of proton events (P) (Figure 3a, showing selection 1). The corresponding scatter plot is
shown in Figure 3b, in which the indices adjacent to each data point indicate years after solar
minimum, and the correlation (p = 0.97) is very significant.

The sum of the annual number of SEP events (selection 1) is related to the sum of the mean
annual sunspot number (S) according to the central regression line equation for the least-squares

fit:

P =0.0635 + 0.618 (3)

The detailed statistics are given in Table 3, for both SEP event selections. As in Table 2, the
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Quantity Selection 1 Selection 2
XonY s = 10.60p + 25.84 | s = 10.50p + 26.34
L 3.64 3.43
U 6.60 6.41
Y on X p = 0.057s 4+ 0.468 | p = 0.060s + 0.256
L 0.000 0.000
U 0.022 0.025
central line p = 0.076s — 0.985 | p = 0.078s — 1.127

number of samples 69

p 0.64 0.65

Table 2: Theil-Sen regression results for Figure 2, for both SEP event selections. (p =
Kendall tau rank correlation coefficient. p = annual number of SEPs. s = mean annual

sunspot number. L, U = lower and upper 95% confidence intervals for gradient.)

results for the two selections are very similar, the correlation coefficients differing by only 0.01

(selection 2 being 0.98).

4 Solar source of SEP events in cycles 21 to 24.

The SWPC has maintained a catalogue of SEP events since 1975 (to date, covering cycles
21 to 24). The following results are based on this catalogue (selection 1) because the Shea and
Smart (1990) list for cycle 21 does not provide solar source locations. In addition, the results
for selection 2 (in which the events from November 1997 to September 2005 are replaced by the

list provided by Cane et al., 2006) will also be shown (in brackets), where applicable.
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Quantity Selection 1 Selection 2

XonY S =1547P — 226 | S = 15.06P — 24.65
1o uncertainties 1.07 (m), 42.56 (¢) | 0.79 (m), 33.44 (c)

Standard error 98.81 75.59

Y on X P =0.0615 + 1.382 | P = 0.064S5 + 2.555
1o uncertainties | 0.004 (m), 2.65 (¢) | 0.003 (m), 2.10 (c)

Standard error 6.23 4.95

central line P =0.0635 + 0.618 | P = 0.0655 + 2.096

number of samples 13

p 0.97 0.98

Table 3: Regression results for Figure 3b. (p = linear Pearson correlation coefficient. m =
gradient, ¢ = intercept. P = sum of the annual number of SEPs. S = sum of the mean

annual sunspot number.)

Of the 259(293) SEP events in selection 1(2), 30(47) have no listed location on the solar
disc. The remaining 229(246) events range in longitude from -90° (W limb, to the right when
viewed from Earth) to +90° (E limb), and in latitude from 34°N to 43°S (only one sample lying
beyond 4+40°, at 43°S). (For the purposes of this analysis, the few longitude estimates beyond
each limb (e.g. 120°W) are assumed to be 90° E or W, the precise longitude being uncertain.
Tests show that this approximation has no effect on the medians, and an insignificant effect on
the quartiles.)

Figure 4a shows a histogram, for selection 1, of the longitudes of the 228 >10 pfu SEP events
within +40° latitude; the detailed statistics for all latitude ranges and flux thresholds, for both

selections, are given in Table 4. Events in the western hemisphere are clearly dominant (median

14



29(33)°W, with quartiles 16(16)°E and 65(65)°W), which is to be expected because the IMF
forms an Archimedian spiral (Parker, 1958) rooted at the photosphere, and the Sun rotates from
E to W (see Discussion).

Restricting the population in Figure 4a to higher-flux events (panels b, ¢ and d, with peak
flux thresholds >100, >1000, >10000 pfu, respectively) results in a gradual shift in the median
longitude of the source towards 0° (named the helio-meridian for our purposes). For >100 pfu
(panel b) the median shifts E by 6(10)° to 23(23)°W, and for >1000 pfu (panel ¢) the median
shifts E by a further 16(12)° to 7(11)°W. However, as the threshold increases, there is little
change in the quartiles overall. For >10000 pfu (panel d) the median shifts E by further 5(9)°
to 2(2)°W (quartiles for sample size 9 should be treated with caution).

The effect on the median longitudes of decreasing the latitude range from +40° to £[30,20,10]°
is illustrated in Figure 5, and it is clear that both data selections give similar results. (Sample
sizes <9 are insufficient to provide representative results.)

The median longitudes are all in the western hemisphere (in compliance with the direction of
the Parker spiral, see Discussion). Reducing the latitude range from +40° to +10° has negligible
effect on the longitudes, irrespective of the peak flux threshold, suggesting that variations in
the source latitude do not significantly affect the ability of the proton flux to interact with
geospace along the Parker spiral (Le at al., 2021). However, as the peak flux threshold increases
from >10 to >10000 pfu, the mean of the median longitudes moves progressively eastward from
W32(33)° to W19(20)°, W6(10)° and W2(2)° (demonstrating a progressive shift towards the
helio-meridian with increasing flux).

There is no significant difference in the overall distribution of the medians and quartiles
between data selections 1 and 2 (panels a and b in Figure 5, and Table 4). Tests also show that

the use of three flux ranges (for a given peak flux P pfu: 10 > P < 100; 100 > P < 1000; 1000
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Population | No. of samples | Easterly quartile | Median | Westerly quartile
—40° < latitude < +40°
>10 pfu 228(245) 16(16)E 29(33)W 65(65)W
>100 pfu 105(114) 11(1HE 23(23)W 67(65)W
>1000 pfu 38(40) 15(15)E 7(11)W 69(61)W
>10000 pfu 9(9) 10(10)E 2(2)W 18(18)W
—30° < latitude < +30°
>10 pfu 213(220) 16(16)E 29(29)W 64(62)W
>100 pfu 96(105) 12(11)E 17(171)W 65(64)W
>1000 pfu 34(36) 15(15)E 5(7)W 70(61)W
>10000 pfu 9(9) 10(10)E) 2(2)W 18(18)W
—20° < latitude < +20°
>10 pfu 167(172) 16(15)E 31(31)W 65(62)W
>100 pfu 70(77) 15(12)E 17(23)W 65(63)W
>1000 pfu 21(23) 15(15)E 5(11)W 70(70)W
>10000 pfu 6(6) insufficient samples
—10° < latitude < +10°
>10 pfu 64(64) 12(12)E 37(37)W 76(67)W
>100 pfu 26(30) 24(24)E 17(17)W 67(67)W
>1000 pfu 7(7) insufficient samples
>10000 pfu 3(3) insufficient samples

Table 4: Statistics for the longitude (degrees) of SEP events for solar cycles 21 to 24, for both
selections (with selection 2 shown in brackets). Medians and quartiles for sample sizes < 9 are
not included. (pfu = particle flux units (cm=2.s7L.st=!). W(est) is the right-hand hemisphere

when viewed from Earth.)
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> P < 10000) gave results that were generally similar to those for thresholds (P > 10000 being

the same for both).

5 Discussion

Active regions in the vicinity of sunspot groups are the origin of the vast majority of solar
flares and CMEs, which are in turn the source of SEP events. It is therefore not surprising that
the annual correlation between SSNs and the occurrence of SEP events is significant in most
cases. For strong SEP events (those with flux >1000 pfu) observed in the period 1976-2018,
Le at al. (2021) report that 78% occurred from 2 years before to 3 years after solar maximum.
Furthermore, we have demonstrated that when the data from solar cycles 19 to 24 are combined
into a single generic cycle the strength of the correlation is remarkable, emphasising the long-
term relation between the number of SEP events likely to be incident at the magnetopause and
the average annual SSN. Shea and Smart (1995), in a similar comparison for cycles 19 to 21,
found a less convincing relation than in this study (which includes, in addition, cycles 22 to 24).

The particles which constitute the solar wind emanate radially from the Sun as it rotates,
but the frozen-in magnetic field is rooted at the photosphere. Therefore, any given IMF line
represents the locus of all the particles originating at a single point on the solar surface, forming
an Archimedean spiral (Parker, 1958). In polar co-ordinates (r,6), the curve can be described
by the equation r = a + bf, where a represents the solar rotation rate and b the bulk speed
(effectively, the speed in the Sun-Earth direction). For example, b = 250 (km/s) gives a typical
field line with the angle between the spiral and the Sun-Earth radial at 1 AU being ~45°, which
is indeed the angle confirmed by observations at L1 during periods when the slow solar wind is
dominant.

Because the Sun rotates from E to W (left to right when viewed from the Earth), the resultant
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direction of curvature of the IMF means that events originating in the western hemisphere of
the Sun are more likely to be detected within geospace than those from the east. Indeed, our
results support this principle of E-W asymmetry: out of a total of 41(43) strong SEP events
(>1000 pfu), 25(27) (61%(63%)) originated in the W hemisphere and 16(16) (40%) in the E,
in agreement with Le at al. (2021). Using SOHO energetic proton observations from 1996 to
2016 in the energy range 17-22 MeV, Miteva (2019) identified 499 SEP events of known solar
origin, of which 74% originated in the W and 26% in the E, demonstrating more pronounced
asymmetry.

Not so obvious, however, is the variation in the peak flux relative to the longitude (that is, the
higher the flux, the closer is the source location to the helio-meridian, a clear result of this study,
and supported by others). Based on the >1000 pfu SEP events in the SWPC catalogue, Le at al.
(2021) report that the source longitude moves towards the helio-meridian as the flux threshold
increases. Chen et al. (2014), also using the SWPC catalogue, conclude that all the SEP events
with peak flux >10000 pfu originated from source regions between 30°E and 75°W, and those
with >20000 pfu between 30°E and 20°W, in close agreement with our results. Shea and Smart
(1996) also report that solar proton events with high fluences are primarily associated with
solar activity near the helio-meridian, and that interplanetary shocks re-accelerate the already
enhanced solar proton flux to higher energies than were originally present. These conclusions
are based on a sample of 7 >10 MeV high-fluence proton events from 1955 to 1993 and are in
general agreement with our result from 233 measurements of peak flux made by the GOES series
of satellites during cycles 21 to 24.

Cane et al. (1988) identified 235 proton events with intensity above 3 x 1072 particles
em 2.5 Lsr L. MeV~! in the energy range 9-23 MeV for the period from mid-May 1967 to the

end of 1985, from observations by the IMPs 4, 5, 7, 8 and ISEE 3 spacecraft, all with well-
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defined sources. For these events, it was found that with increasing western longitude there was
greater likelihood of detecting an event. However, for the subset of 117 shock-associated events,
the distribution clearly moved to the east, with a median close to the helio-meridian. Shocks
were found to be strongest when observed along the radial from the source region, leading to
the conclusion that the highest fluxes are generally observed from sources closer to the helio-

meridian. These conclusions by Cane et al. (1988) are also in close agreement with our results.

5.1 Implications for space weather and solar-terrestrial relations

In this field, the prediction of particle events (particularly those with the highest flux) is
the ultimate aim, in relation to both (1) long-term strategy with respect to the solar activity
cycle, and (2) short-notice warnings to give time for evasive action, following the detection of
an event (either from the electromagnetic signature from the solar source, or from the particles
themselves). Case 1 applies mainly to the planning of manned deep-space missions, avoiding
periods when there is a maximum probability of high-flux events which could be catastrophic
to the health of the crew. Case 2 is important for (a) manned space missions (either in deep-
space or in low-Earth orbit, when the crew require time to take evasive action, such as by
entering a protective enclosure), (b) the prevention of damage to satellites (by re-tasking) and
ground-based systems (large-scale conductors, such as power grids and pipelines, affected by
the resultant magnetic storms), and (c) the health of air crew on high-altitude, high-latitude
flights (to give sufficient time for re-scheduling and re-routing). In this paper, section 3 is more
applicable to case (1), and Section 4 to case (2).

By combining all 6 solar cycles, in Section 3 (case 1) it has been demonstrated that SEP
events are more likely to occur around solar maximum than solar minimum. This has been

reported in previous studies (e.g. Shea and Smart, 1990), but not for cycles 19 to 24 combined,
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and this result is striking (Figure 3 and Table 3). Of the 10 high-flux events (>10000 pfu), there
were none in cycles 19, 21 and 24, and most (6) occurred in cycle 23 (red dotted lines in Figure
1, Table 5). Furthermore, 2 occurred in year 4 after solar minimum, 3 in year 5, 2 in year 6, 1 in
year 7, and 2 in year 8 (Cheng et al., 2014). It is evident that the optimum time to schedule a
deep-space mission is during solar minimum, when it is less likely that the crew will experience
a high-flux SEP event. The 9 Apollo lunar missions (8, 10, 11-17) all took place from December
1968 to December 1972, between years 5 and 9 of cycle 20, through solar maximum. At the
time, less was known about the source, timing and transmission of these high-energy particle
fluxes. In fact, the SEP event on August 4 1972 (with a peak flux of >70000 pfu, by far the
highest flux recorded in cycles 19 to 24) occurred between Apollo missions 16 (in April) and 17
(in December). If this event had been coincident with either of these missions the consequences
could well have been fatal, particularly when the crews were on the lunar surface. The above
factors will presumably have implications for the planning of future deep-space missions, such
as to the Moon and Mars.

In Section 4 (case 2), we are concerned with the location of the source of SEP events, not their
timing in relation to solar cycle activity. Of particular concern to space weather are high-flux
(and by statistical implication, high-energy) events (Le at al., 2014), which we have demonstrated
are most likely to be associated with CMEs originating close to the helio-meridian, and which
are usually related to shocks (Cane et al., 1988). A high-flux particle event detected at L1 gives
no more than about 40 minutes warning before it reaches the magnetopause, insufficient time for
evasive action to be taken by astronauts or for technology to be re-tasked. (With the advent of
new observing platforms nearer to the Sun, such as the Energetic Particle Detector aboard the
Solar Orbiter (Rodrguez-Pacheco et al., 2020), this warning time will be considerably extended.

However, such an orbit precludes continuous observations of SEP events headed toward Earth
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Cycle | Year in cycle | Date of peak flux | Peak flux (pfu) | Flare (X-ray) | Location | Citation
19 None
Knipp et al. (2018)
20 8 Aug 4 1972 >70000 X20 ~N10E20
Ohshio et al. (1974)
21 None
4 Oct 20 1989 40000 X13 S27E10 | Lario and Decker (2002)
22 5 Mar 24 1991 43000 X9 S26E28 | Smart and Shea (1993)
8 Feb 21 1994 10000 M4 N0O9WO02 | Kahler et al. (1998)
4 Jul 15 2000 24000 X5 N22WO07
5 Nov 09 2000 14800 M7 NO5WT77
5 Sep 25 2001 12900 X2 S16E23
23 Cane et al (2006)
6 Nov 06 2001 31700 X1 NO6W18
6 Nov 24 2001 18900 M9 S15W34
7 Oct 29 2003 29500 X17 S16E08
24 None

Table 5: SEP events with peak flux>10000 pfu. (All 10 events involved halo CMEs accompanied

by shocks)

unless Solar Orbiter happens to be near the Sun-Earth line.)

However, the electromagnetic signature of the source of a proton event is observed almost

instantaneously (in about 8.3 minutes). All of the 10 events in cycles 19 to 24 with peak flux

>10000 pfu were associated with halo CMEs accompanied by shocks, 3 with M-class flares and

7 with X-class (Table 5, with citations given). The three most intense events (>40000 pfu) were

all related to X-class flares which occurred in the longitude range 10-28°E. All but one of the

flares occurred between 28°E and 34°W (the exception being the event on November 9 2000,
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an M7 flare at 77°W). From this evidence (necessarily based on a small number of samples),
if a flare associated with an active region event is M4 or above, and the source longitude lies
between 28°E and 34°W, the particle flux is likely to be the result of a CME shock-front, the
effects of which could have very serious consequences within geospace (Cohen, 2006). However,
depending on the velocity of the ejecta, the proton flux takes about 1 to 2 days to reach the

magnetopause, which gives sufficient time for evasive action to be taken.

6 Summary

The quantitative results in this summary apply to SEP event selection 1, but in qualitative

terms there is negligible distinction between selections 1 and 2.

1. When solar cycles 19 to 24 are superposed (69 samples, 1 per year of each solar cycle), the
mean annual sunspot number (s) and the annual number of SEP events (p) are reasonably
well correlated (Kendall tau rank correlation, p = 0.64) with Theil-Sen estimator p =

0.076s — 0.985.

2. When cycles 19 to 24 are combined to give a generic solar cycle (13 samples, 1 per year),
the sum of the mean annual sunspot number (S) and the sum of the annual number of
SEP events (P) are very strongly correlated (Pearson linear correlation, p = 0.99) with

least-squares fit P = 0.0635 + 0.618.

3. For SEP event sources with a given peak flux threshold, the helio-longitude is almost

constant within+40° helio-latitude.

4. However, with increasing flux threshold the median helio-longitude of the source migrates
eastward towards 0° (specifically, from 32°W for >10 pfu, 19°W for >100 pfu, 6°W for

>1000 pfu, and 2°W for >10000 pfu).
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5. Of the 10 events in cycles 19 to 24 with peak flux >10000 pfu, all occurred between years 4
and 8 after solar minimum, all were the result of M- or X-class flares with associated halo
CMEs and shock fronts, and the three most intense events (>40000 pfu) were all related

to X-class flares which occurred in the longitude range 10-28°E.

6. These results support and extend previous work by the cited authors, and have implications
for the long-term planning of manned deep-space missions, solar-terrestrial relations and

the effects of space weather within geospace.
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SEP event group

No. of samples

Section, Table, Figure

1 | Cycles 19 and 20 (Shea & Smart, 1990)
2 | Cycles 19 to 24

3 | Cycles 21 to 24

4 | Cycles 21 to 24 (no known source location and/or flux)

5 | Cycles 21 to 24 (known source location and flux)

6 | Cycles 21 to 24 (—40° > latitude > +40°)

7 | Cycles 21 to 24 (—40° < latitude < +40°)

137
396 (430)
259 (293)
30 (47)
229 (246)
1(1)

228 (245)

2-1
3—4
5—6

$2.2, T1
S3, T1
S4.1, T1
S4.1
S4.1
S4.1

S4.1, T4, F4, F5

Table 6: Selection criteria for the SEP events (S = section. T = table. F = figure).
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