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Abstract We present the results of analyses of the ground level enhancements (GLEs) of cosmic ray

(CR) events of 29 September 1989; 15 April 2001 and 20 January 2005. This involve examination

of hourly raw CR counts of an array of neutron monitors (NMs) spread across different geographi-

cal latitudes and longitudes. Using awk script and computer codes implemented in R-software, the

pressure corrected raw data plots of the NMs were grouped into low-, mid-, and, high-latitudes. The

results show both similarities and differences in the structural patterns of the GLE signals. In an

attempt to explain why the CR count during the decay phase of GLEs is always higher than the

count before peak, we interpreted all counts prior to the peak as coming from direct solar neutrons

and those in the decay phase including the peak as coming from secondary CR neutrons generated

by the interactions of primary CRs with the atoms and molecules in the atmosphere. We identified

NMs that detected these primary neutrons and found that they are close in longitudes. Previous au-

thors seemingly identified these two species as impulsive and gradual events. Although there are a

number of unexplained manifestations of GLE signals, some of the results suggest that geomagnetic

rigidity effectively determines the intensity of CRs at low- and mid-latitudes. Its impact is apparently

insignificant in high-latitude regions. Nevertheless, the results presented should be validated before

making any firm statements. Principally, the contributions of the ever-present and intractable CR

diurnal anisotropies to GLE signals should be accounted for in future work.
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1 INTRODUCTION

Sharp or sudden increase in the intensity of cosmic rays (CRs) known as ground level enhancement (GLE) (e.g.

Badruddin & Kumar 2015; Firoz et al. 2010) arises from solar energetic particles (SEPs) with energies greater

than 500MeV (Yu et al. 2015). Reports from several authors have shown that the intensity of these relativistic

particles is affected by a number of factors. A number of researchers (e.g. Belov 2009; Tezari et al. 2016a) indicate

http://arxiv.org/abs/2208.12572v1
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that GLEs frequently happened in association with Forbush decreases (FDs). This is expected as the two events

mostly occur at the period of high solar activities. Though FDs and GLEs are interesting counterparts in the CR

flux variations, a review of the available literature on the CR intensity variability shows that scientists investigating

FDs have made significant advancements while those analyzing GLEs have recorded comparatively less progress.

While both manual and automated detection of GLEs remains a challenge in the field, for example, timing and

amplitude estimations of FD events have been successfully automated (see Okike 2020a; Okike & Alhassan 2022;

Alhassan et al. 2022b, and the references therein). While GLE event simultaneity has yet to be tested in detail,

Forbush event global simultaneity have been the focus of several publications (Oh et al. 2008; Oh & Yi 2009;

Okike & Collier 2011; Oh & Yi 2012; Lee et al. 2015). Location-dependent properties (e.g. rigidity, CR diurnal

anisotropy, latitude, and longitude effects) of FDs have also been well investigated (e.g. Tezari et al. 2016a; Okike

& Umahi 2019b; Okike 2019b) while there is a paucity of such detailed analyses for GLE phenomena. Using

several NM stations, the current work seeks to examine the intensity variations of GLE events at different points at

Earth.

Except for the primary neutrons, the geomagnetic field acts on the particles to limit the number that arrive on

the surface of the earth in what is called geomagnetic cut-off rigidity (Rc) (e.g. Smart et al. 1991; Blanco et al.

2013). At any location on the surface of the earth, a SEP cannot arrive there if its rigidity does not exceed the Rc

value of that location. It is known that Rc increases from the polar regions up to the equator where it is maximum.

By implication, more of the SEPs arrive at the polar regions since the rigidity of the earth is low in these regions.

On the other hand, few SEPs arrive at the equator because of the same reason. Smart & Shea (2001) studied five

years interval of vertical cut-off rigidities for several CR stations from 1955 to 1995. Their results show that the

Rc values at any location is a changing variable (see also Rosen & Seunarine 2019). They noted that there were

significant changes of Rc in Latin America, South Africa, and near the coast of North America. The works of

Wozniak et al. (2018) and Rosen & Seunarine (2019) suggest that computation of Rc is directly linked to the

asymptotic direction of approach of the SEPs.

The trajectories through which CRs arrive from space can determine the intensity of CRs measured by NM.

For each NM, this direction of arrival must be within a solid angle in the celestial sphere called asymptotic cone

of acceptance (Tezari et al. 2016b). The Tsyganenko96 model (see Tsyganenko 1989; Plainaki et al. 2008, for

example) used in the determination of the asymptotic cone of acceptance of NMs show that there are contributions

made by external magnetospheric sources and also geomagnetic activity index (Kp index). The large differences

in the variation of NM count rates at the time of GLEs are usually attributed to several other factors. Rather than

blaming Rc, Bieber et al. (2013), for example, attributed the empirical differences in the magnitude of the peak

intensities of GLEs at different locations of the Earth to atmospheric absorption, and thus, concluded that the

observed significant differences in the NMs’ count rates can be the result of anisotropy of CR particles. Therefore,

to understand the reasons for the differences in the intensity of CRs recorded by NMs at close latitudes, one has to

look beyond the geomagnetic cutoff rigidity.

A number of investigators (see Okike & Collier 2011; Butikofer 2018; Okike & Umahi 2019b; Okike & Nwuzor

2020, for example) observed that two or more NMs at close latitudes and longitudes could also have differing

intensities because of the differences in their altitudes, NM sensitivities, temperature, detector type, spurious mod-

ulations, North-South anisotropy, snow, relative humidity, local wind speed and instrumental variations. Basically,

air mass (and by extension, pressure) above a NM affects its count rates. The authors pointed out that besides

pressure, NMs at high altitudes suffer disturbances from wind than others. This is most likely the reason why such
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NMs record lower intensity compared to their counterparts at the same latitude and longitude. The above number of

competing factors makes the analysis of CR intensity variation (e.g. GLEs and Forbush decreases (FDs)) an inter-

esting subject with numerous submissions (Simpson 1954; Lockwood & Webber 1969; Stroker 1994; Belov 2009;

Usoskin et al. 2011a; Belov et al. 2018; Miroshnichenko 2018; Okike 2019b; Okike & Umahi 2019a; Okike 2019a)

and many unexploited possibilities (see Okike & Alhassan 2021; Okike 2021; Okike et al. 2021b,a; Alhassan et al.

2021, 2022a,b; Okike & Alhassan 2022).

While some investigators (e.g Tezari et al. 2016a; Tezari & Mavromichalaki 2016; Okike 2020a) employed a

somewhat complicated method to demonstrate the implications of these spectacular phenomena (FDs and GLEs)

on the latitudinal and longitudinal dependence of the amplitude of CR diurnal anisotropy, several others graphically

presented the differences in the time-intensity profiles of GLEs at different locations of the Earth using NM CR

count rates. Figure 1 of both Miroshnichenko et al. (2000) and McCracken et al. (2008), for example, respectively

show the variability patterns of the GLE event of 29 September 1989 and that of 22 October 1989 using raw CR

hourly data from two stations (McMurdo (MCMD) and Thule (THUL). Figure 1 of McCracken et al. (2008) shows

that MCMD observes the largest CR flux increase for the event of 22 October 1989 whereas the GLE event of 29

September registers a relatively smaller increase at MCMD station. A pattern of variation, similar to the result of

McCracken et al. (2008) is also presented in diagram 1 of Bieber et al. (2013) for the GLE event of 20 January

2005. It is interesting to note here that THUL which records a very large increase for the event of 29 September

only sees a very small increase for the event of 20 January 2005. These differences in the flux variations of the same

events at different points at Earth are indications that GLEs might also be of different diversities (Miroshnichenko

2018); a reported characteristics of FDs (Belov 2008). Rather than employing data from a few CR stations as is

often the case in the literature, a detailed investigation of GLE manifestations requires analyses of GLEs events

using data from an array of NM stations distributed around the Earth globe.

.

In this article, we present a detailed study of the GLE events of 29 September 1989, 15 April 2001 and 20

January 2005. Asvestari et al. (2017) report that GLEs are labeled following the event of 23 February 1956. This

GLE happened first and was named GLE number 5 (apparently, there is no GLE number 1, 2, 3, or 4). Table 1 of

Usoskin et al. (2011a) clearly shows that other GLEs are recorded/labeled sequentially GLE numbers 7, 8, 10, and

so on. The GLE event of 29 September, 1989, 15 April 2001 and 20 January 2005 are respectively labeled GLE

number 42, 60 and 69 (see also McCracken et al. 2012). Table 1 contains the full names and the short names of the

locations of the neutron monitors (NMs) used. Their latitudes and longitudes (in degrees) are in their respective

plots. In this work, the short names are used as the name of the NMs.

2 DATA SOURCE AND REDUCTION TOOLS

Hourly data was sourced from the World-Wide Neutron Monitor Network http://cro.izmiran.ru/

common/links.htm hosted by the Pushkov Institute of Terrestrial Magnetism, Ionosphere, and Radio Wave

Propagation, Russian Academy of Sciences (IZMIRAN). The data contains pressure corrected daily, hourly and

sometimes minute CR count data. Neutron monitor stations with a complete set of data covering a wide range of

geomagnetic latitudes and longitudes were selected to enable one assess all the overall picture of the GLEs on earth

for each event and possibly reflect peculiar responses of the monitors due to their locations.

Data from twenty-seven, twenty-two, and twenty-eight neutron monitors were analyzed for GLEs 42, 60 and

69 respectively. One hundred and twenty hours of observation were considered for GLEs 42 and 69 while seventy
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Table 1: Full names of the place where the neutron monitors are located and their short names.

NMFN NMSN

1 ALMAATAB AATB

2 APATITY APTY

3 BEIJING BJNG

4 CALGARY CALG

5 CAPE SHMIDT CAPS

6 CLIMAX CLMX

7 DEEP RIVER DPRV

8 FORT SMITH FSMT

9 GOOSEBAY GSBY

10 HERMANUS HRMS

11 INUVIK INVK

12 IRKUTSK IRKT

13 IRKUTSK 2 IRK2

14 IRKUTSK 3 IRK3

15 JUNGFRAUJOCH JUN1

16 JUNGFRAUJOCH 2 JUNG

17 KERGUELEN KERG

18 KIEL KIEL

19 KINGSTON KGSN

20 LOMNICKY STIT LMKS

21 MAGADAN MGDN

22 MAWSON MWSN

23 MCMURDO MCMD

24 MEXICO CITY MXCO

25 NAIN NAIN

26 NEWARK NWRK

27 NORILSK NRLK

28 NOVOSIBIRSK NVBK

29 OULU OULU

30 POTCHEFSTROOM PTFM

31 ROME ROME

32 SANAE SNAE

33 SOUTH POLE SOPO

34 TBILISI TBLS

35 TERRE ADELIE TERA

36 THULE THUL

37 TIXIE BAY TXBY

38 TSUMEB TSMB

39 YAKUTSK YKTK

hours of observation were analyzed in the GLE 60 making it possible to assess the GCR counts prior to and after

each GLE event.

Using awk programming, codes were written to transform the data from the website to data frames that can

be read in R software package. Scripts implemented in R software environment were used first to plot the hourly

CR counts for each station and for each event. Subsequent scripts implemented in the same R package plotted NM

counts in groups based on their latitudes.



Analysis of GLE events of September 29, 1989; April 15, 2001 and January 20, 2005 5

3 RESULTS AND METHOD OF ANALYSIS

3.1 RESULTS

Figures 1 to 14 are the graphical results of this investigation. We employed an analytical method in the investi-

gation. In doing so, we plotted the hourly CR count of each monitor with a complete set of data for each of the

events under study. For the 29 September 1989 event (GLE 42), we grouped the NMs under six sections to include

hourly CR ray counts at high-latitudes in the Northern hemisphere (latitude 60.50
◦ - 90.00◦), upper mid-latitude

in the Northern hemisphere (latitude 50.00
◦ - 60.00◦), lower mid-latitude in the Northern hemisphere (latitude

31.00
◦ - 49.90◦), low latitude (−30.00

◦ - 30.00◦), mid-latitude in the Southern hemisphere (latitude −31.00
◦ -

59.90
◦) and high latitude in the Southern hemisphere (latitude −60.50

◦ - 90.00◦). Since there were more NMs in

the mid-latitude Northern hemisphere we split them as mentioned above for better assessment.

The April, 15th 2001 event (GLE 60) was divided into four sub divisions: hourly CR counts at high latitudes

in the Northern hemisphere (latitude 60.00
◦ - 90.00◦), mid-latitude in the Northern hemisphere (latitude 31.00

◦

- 60.00◦), mid-latitude in the Southern hemisphere (latitude −31.00
◦ - 59.90◦) and high latitude Southern hemi-

sphere (latitude −60.50
◦ - 90.00◦).

Similar to GLE 60, the January 20, 2005 event (GLE 69) was equally grouped into hourly CR counts at high

latitudes in the Northern hemisphere (latitude 60.00
◦ - 90.00◦), mid-latitude in the Northern hemisphere (latitude

31.00
◦ - 60.00◦), mid-latitude in the Southern hemisphere (latitude −31.00

◦ - 59.90◦) and high latitude in the

Southern hemisphere (latitude −60.50
◦ - 90.00◦). These two last events did not have NM record of GLE in the low

latitudes. This most probably is because they were weaker events when compared to GLE 42 and the Rc is very

high in this range of latitude.

The analysis after making group plots as pointed out above was to find out how the onset of the GLE started;

specifically, one needed to know if there was an FD prior to the GLE in all the NMs or just some in any of the

latitude groupings. The pattern of the CR counts was to be identified in terms of those having an instant rise to

peak count before the decay and those who may have had two or more steps rise to the peak.

The analysis was also intended to find out if there is a trend in the background GCR count with respect to the

Rc values at the location of the NMs. In addition, to find out what trend is there in the total count of the NMs with

respect to not only the Rc values but also their longitudes and altitudes.

For our results and analysis, we used the latitudes, longitudes and vertical cut-off rigidities in table 1 of Smart

& Shea (2001): values for the 1990 were used in GLE 42 while the 1995 values were used in the GLEs 60 and 69

events. This is done with the hope that in the absence of the actual values at the time of these events, there was no

significant variation in their values for each NM.

4 DISCUSSION

4.0.1 Figure 1 Graph of the GLE 42 hourly CR count at high latitudes (60.50◦ - 90.00◦) in the Northern

hemisphere.

Figure 1 is a combined plot of data from INVK, THUL, CAPS, OULU, APTY, MGDN and TXBY. All the NMs in

this group had the same onset phase. CAPS, THUL and MGDN are more closely related in having the same pattern

of counting in all their phases. Their longitudes are also closer besides being in the same high latitude. They all

had two steps to peak count which occurred in all of them at 12:00 UT.



6 R.E. Ugwoke & A.A. Ubachukwu & J.O. Urama & O. Okike & J. Alhassan & A.E. Chukwude

It is our understanding that solar neutrons arrive undeflected by magnetic field both in the sun and on the earth.

For this reason, hourly data will show them as the rising counts that may take two or more steps before the peak.

It is possible that minute-by-minute data will show both their rising and decay (see Derbrunner et al. (1993)). The

rest of what we have as the decay are secondary neutrons generated by the interaction of the primary protons with

the atmosphere.

We also have APTY, OULU, and TXBY exhibiting the same pattern of counting in all their phases. They all

had three-step rise to peak count and are found within the first quadrant of longitude. Having three steps imply

that they had more of direct solar neutrons than their counterpart in this latitude range. INVK looks more like this

group except that its count before the peak is more spaced than others. All the four NMs had their peaks at 13:00

UT.

MGDN with the highest Rc recorded more counts than others. It also has the highest altitude (220m) and

therefore should not have recorded more counts than those with zero altitudes (such as CAPS and OULU). Only the

asymptotic cone of the NM can possibly account for this higher count it recorded. This is in line with (Bieber et al.

2004) and Rosen & Seunarine (2019), which show that at the polar region, Rc is no longer the major determinant

of the intensity of CRs as the asymptotic cone of the NMs.

INVK is the next to record highest count of CR after MGDN. Apart from THUL, it actually had the least R

and is also closer to MGDN in longitude. CAPS has the next highest count after INVK.

The plot did not show that the GLE started at the recovery phase of an FD as pointed out in (e.g. Usoskin et al.

2011b; Badruddin & Kumar 2015). In all the monitors too the recovery phase (in this case decay count) got back

to the normal GCR the following day.

4.0.2 Figure 2 Graph of the GLE 42 hourly CR count at upper mid-latitudes (50.00◦ - 60.00◦) in the Northern

hemisphere.

In this group are IRK2, IRK3, IRKT, KIEL, CALG, NVBK and GSBY with respective altitudes as 2000m, 3000m,

433m, 1008m, 1128, 163m, and 46m. The only common feature of the counting of CRs by these NMs is their

similar onset that began with minute increase in CR counts. This implies that they all recorded only fewer solar

neutron counts at the onset. IRK2, KIEL and NVBK had their peaks by 13:00 UT while IRK3, IRKT and GSBY

had theirs by 12:00 UT. There is no trend to determine why it is so. The pre-peak count recorded by CALG, NVBK,

AND KIEL is an indication that they all had solar neutron counts just before counts due to solar proton generated

secondary neutrons.

Outside the initial small count of solar neutrons, IRKT, IRK2 and IRK3 did not record any more solar neutrons;

instead, their peaks and the rest of their decay phase are solar proton-generated neutrons. This group had closer

values of geomagnetic cut-off rigidities, latitudes and longitudes. The former group also shared closer values of

cut-off rigidities than the others. The only one with an odd peak is GSBY whose cut-off rigidity is quite different.

In terms of total count up to the peak, CALG is the highest followed by NVBK and GSBY. If geomagnetic

cut-off rigidity is the only reason for this, GSBY should have had more counts than CALG, however, CALG had

counts about more than twice GSBY. The altitude is not equally the reason as the altitude of CALG (1128m) is

much more than that of GSBY (46m). Higher altitude results in less count due to atmospheric (wind and snow)

effects.
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INVK: Lat=68.35, Lon=226.28, R=0.01GV
THUL: Lat=76.50, Lon=291.30, R=0.00GV
CAPS: Lat=68.92, Lon=180.53, R=0.51GV
OULU: Lat=65.05, Lon=25.47, R=0.76GV
APTY: Lat=67.55, Lon=33.33, R=0.56GV
MGDN: Lat=60.12, Lon=151.02, R=2.01GV
TXBY: Lat=71.58 , Lon=128.92, R=0.44GV

HIGH LATITUDE NORTHERN HEMISPHERE(GLE42)

Fig. 1: Graph of the GLE 42 hourly CR count at high latitudes in the Northern hemisphere.

The very large increase observed by CALG for this event suggests a number of possibilities. It is most likely

the longitude of CALG that led to its higher count. Though they are not in the high latitudes where it has been

suggested in Bieber et al. (2004) that Rc is not effective in determining the intensity of NMs, it appears the same

rule may apply at this range of latitude. This comparatively large increase may also be a pointer to sensitivity or

high detection efficiency of the station (Okike & Nwuzor 2020). The significantly larger increase may be specific

to this event, and thus, an indication that the same GLE events may appear in different forms at different locations

(Belov 2008; Okike & Collier 2011).

4.0.3 Figure 3 Graph of the GLE 42 hourly CR count at lower mid-latitudes (31.00◦ - 49.90◦) in the Northern

hemisphere.

All the NMs in this group had a common pattern at the onset (a small rise in the CR count). This initial rise may

be from solar neutrons. JUN1 and JUNG are identical in all their phases. They are however more closely related

to BJNG and TBLS in their pattern at the onset, peaks and decay phases. This is most likely due to their Rc which

are close in range to the other two. The four of them had a simultaneous peak at 12:00 UT which can be attributed

to their close longitude apart from their close latitudes.

NWRK and DPRV are more related than others but the pre-peak count in DPRV is closer to the peak count

than in NWRK where they are widely separated. This pre-peak count suggests the second arrival of groups of

solar neutrons in the NMs. In comparison with those in Figure 2, their longitude is also close to that of CALG and
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IRK2: Lat=52.37, Lon=100.55, R=3.48GV
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IRKT: Lat=52.47, Lon=104.03, R=3.51GV
KIEL: Lat=54.33, Lon=10.13, R=2.37GV
CALG: Lat=51.08, Lon=245.87, R=1.07GV
NVBK: Lat=54.80, Lon=83.00, R=2.74GV
GSBY: Lat=53.27, Lon=299.60, R=0.71GV

MID LATITUDE NORTHERN HEMISPHERE (B)

Fig. 2: Graph of the GLE 42 hourly CR count at upper mid-latitudes in the Northern hemisphere.

GSBY equally had such pre-peak counts. NWRK and DPRV had peaks at 13:00 UT probably due to closeness in

their longitude. DPRV with the least Rc had the highest count as expected. The peak counts and decay may arise

from solar proton generated secondary neutrons. The primary protons interact with the atoms and gasses in the

atmosphere to generate the secondary neutrons (e.g. Martirosyan et al. 2002; McCracken et al. 2012; Butikofer

2018).

BJNG equally had the least count as its Rc is the highest. Thus unlike what we had in Figures 1 and 2, in this

range of latitude, Rc may play a significant role in the intensity recorded by NMs. It is not understood why NWRK

with a low value of Rc had a low count. Being closer to the equator like BJNG should have been enough reason for

such count but its low Rc calls to question if there was an error in the computation of Rc by Smart & Shea (2001).

4.0.4 Figure 4 Graph of the GLE 42 hourly CR count at mid-latitudes (31.00◦ - 60.00◦) in the Southern

hemisphere.

KERG and HRMS both of which are in this group had similar onset that began with a small rise in CR count.

HRMS peaked from this initial rise while KERG had a pre-peak count. This implies that their onset began with

a few groups of a direct solar neutrons being recorded but only KERG had a second group of the same neutrons

arriving at its location.

On average, the background GCR count of KERG was much higher than that of HRMS. KERG having a

greater number of total counts is consistent with its geomagnetic cut of rigidity being lower than that of HRMS.
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TBLS: Lat=41.72, Lon=44.80, R=6.59GV
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NWRK: Lat=39.68, Lon=284.25, R=2.13GV
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MID LATITUDE NORTHERN HEMISPHERE (A)

Fig. 3: Graph of the GLE 42 hourly CR count at lower mid-latitudes in the Northern hemisphere.

Their altitudes could not have played any significant role in this difference in their CR count since their altitudes

are relatively the same (33m for KERG and 26m for HRMS).

HRMS had its peak at 12:00 UT while KERG had its own at 13:00 UT. Their decay pattern was equally similar

though their quasi-exponential decay began after the first drop in the CR count.

4.0.5 Figure 5 Graph of the GLE 42 hourly CR count at high latitudes (60.50◦ - 90.00◦) in the Southern

hemisphere.

In this group are SNAE, TERA and MCMD NMs. TERA had the least background GCR counts, followed by SNAE

and then MCMD and this pattern correspond to their latitudinal positions (and subsequently their geomagnetic cut-

off rigidities).

All of them had a similar patterns of CR counts in their onset, peak (14:00 UT for all of them) and decay phase.

They all had three steps to their peak count which may not be visible in the group plot. Their onset began with a

small increase in CR counts followed by the other steps. It also suggests that before the peak there were all of the

arrival of a direct solar neutron in three batches; the first being much smaller than the others. Figure 5 also suggests

that the greater the longitude, the more the groups of the solar neutrons recorded.

Their decay phase was quasi-exponential decay. All these related features could be because they share close

values of latitude, longitude as well as altitudes ( SNAE=52m, TERA=32m, MCMD=48m).
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HRMS: Lat=−34.42, Lon=19.22, R=4.44GV
KERG: Lat=−49.35, Lon=70.25, R=1.14GV

MID LATITUDE SOUTHERN HEMISPHERE (GLE42)

Fig. 4: Graph of the GLE 42 hourly CR count at mid-latitudes in the Southern hemisphere.

Their differences lie in the background GCR count, at the onset, the total number of counts and the number

of counts between each step. The background GCR count of TERA is on average 4,000 counts per hour and that

of SNAE was about 6,000 counts per hour. MCMD which had the highest count has a background GCR count of

about 8,000 counts per hour.

4.0.6 Figure 6 Graph of the GLE 42 hourly CR count at low latitudes in the Northern hemisphere.

In this group are PTFM and TSMB. The geomagnetic cut-off rigidity is usually high in this region (Latitude range

−30
◦ to 30

◦). Consequently, The NMs here usually record little count in CRs. The background GCR count by

PTFM was as low as about 2,000 counts per hour on average and the total counts did not exceed 2,000 counts.

TSMB (Altitude=1240m) which was closer to the equator where the geomagnetic cut-off rigidity should be the

highest had a greater background GCR count and total count than PTFM (1351m) . This can only be accounted for

by their Altitudes as the atmospheric cut off is usually higher at greater Altitudes.

While PTFM had its peak at 12:00, TSMB had its peak at 13:00 UT. This difference in the peak time may be

due to the difference in their longitude. Both of them had initial onset at 10:00 UT that began with a small rise in

CR count before rising to the peak count. There was not a clear FD prior to the GLE as shown in the plot. Their

decay phase was a similar quasi-exponential drop in the CR count. There is nothing to suggest that they had a

double peak.
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Fig. 5: Graph of the GLE 42 hourly CR count at high latitudes in the Southern hemisphere.

4.0.7 Figure 7 Graph of the GLE 60 hourly CR count at high latitudes (60.50◦ - 90.00◦) in the Northern

hemisphere.

All the NMs in this group had similar onset basically because they were in the same range of latitude (60◦ - 90◦)

and similar quasi-exponential decay. They however differed in their peaks. Their onset suggests that GLE started

at the recovery phase of a minor FD. They may have recorded solar neutron counts at their onset.

MGDN whose background GCR is supposed to be the least because of its high Rc occupies the third position

and also recorded the highest count. THUL is the least in terms of the background GCR yet its total CR count is

the next highest. Whereas the Rc value of THUL could be responsible for its high CR count, it is likely that the

direction of viewing of MGDN or other factors led to its high CR count.

MGDN, OULU and THUL had an instant rise to the peak while NRLK, APTY, TXBY and CAPS had pre-peak

counts. This implies that the first three in this group did not record any CR due to the direct solar neutron. They

had their peaks earlier at 14:00 UT. The pre-peak counts of NRLk, APTY and CAPS are indications that they had

recorded the arrival of the solar neutrons in their locations. This event has been listed in Yu et al. (2015) among

those that had direct solar neutron associated with it. The direction of viewing of these NMs may have made it

possible for them to view the solar neutrons. Derbrunner et al. (1993) have showed a similar situation in the May

24, 1990, CR event where only NMs in North America was said to be the only NMs that observed the direct solar

neutrons. This gives credence to direction of viewing affecting the observation of NMs. The NMs also had their

peaks at 15:00 UT. In all of them, the R values did not follow the order of magnitude of their latitude and so their
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Fig. 6: Graph of the GLE 42 hourly CR count at low latitudes.

background GCR did not equally follow the order of the Rc values. In this region too, MGDN with longitude

151.02
◦ has the greatest count and this is neither because of its altitude nor because of its Rc value.

4.0.8 Figure 8 Graph of the GLE 60 hourly CR count at mid-latitudes (31.00◦ - 60.00◦) in the Northern

hemisphere.

NMs in this group include CALG, NVBK, IRKT, NAIN, JUNG, KIEL, IRK2, JUN1, and LMKS. Only NAIN and

NVBK showed outstanding GLE and this has to do with the Rc values being lower than that of others. Others had

high values of R which by implication means that the earth’s magnetic field restricts CRs more at their locations.

KIEL whose Rc is comparable to that of NVBK did not record as much increase in CR count as NVBK possibly

because of its direction of viewing (longitude). The first two with the highest CR counts (CALG and NAIN) had

higher values of longitude.

NAIN with Rc = 0.45 is seen to have a lesser background GCR than NVBK with R= 2.69. This suggests that

the number of CR particles available from the source also determines the CR count and not just the Rc. This does

not mean that there may not be other reasons for such anisotropy in the GCRs.
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Fig. 7: Graph of the GLE 60 hourly CR count at high latitudes in the Northern hemisphere.

4.0.9 Figure 9 Graph of the GLE 60 hourly CR count at mid-latitudes (31.00◦ - 60.00◦) in the Southern

hemisphere.

Here are three NMs without any common feature in their CR counts. KGSN had an instant rise to the peak and

recorded the highest count probably because of its direction of viewing or due to several other factors. KGSN may

not record direct neutron from the sun. Its decay is just like that of KERG which is quasi-exponential. Its peak

occurred at 14:00 UT.

KERG was almost like KGSN except that it had a pre-peak count and had its peak at 15:00 UT. It could have

direct solar neutrons recorded as pre-peak count. KERG with a lower value of Rc should have had a higher count

but in this case, it did not. HRMS had the least count because of its high value of Rc. It also had its peak at 14:00

UT. Its initial phase was marked by series of rising and falling CR counts until it made a jump to peak count. This

initial phase of rising and falling in CR counts might be due to the arrival of the solar neutrons in the NM. Its

decay was not quasi-exponential like others. The latitude of HRMS appears to mark the boundary where the NMs

stopped having a clear GLE. This is because all the NMs under study that are in this region (latitude −30
◦ - 30◦)

recorded irregular CR counts that could not be justifiably said to be GLE.
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Fig. 8: Graph of the GLE 60 hourly CR count at mid-latitudes in the Northern hemisphere.

4.0.10 Figure 10 Graph of the GLE 60 hourly CR count at high latitudes (60.50◦ - 90.00◦) in the Southern

hemisphere.

SOPO, SNAE and MWSN are in this group. They all had similar onset and peak phases characterized by an instant

rise in the peak count. The absence of any count before the peak is an indication that the lower nature of the

magnitude of this event did not support much of direct solar neutrons. They also show that there was an FD whose

recovery was part of the commencements of the enhancement. Their peaks simultaneously occurred at 14:00 UT.

The recovery phase (or decay) never reverted to the initial background GCR rather it became higher. It appears that

the final decay phase (or recovery phase) after GLE marks the beginning of the change in Rc as seen in Smart &

Shea (2001).

SNAE had the highest count. This could not have been from its latitude or Rc but rather from its direction

of viewing, longitude other factors. Apparently, it appears that at the poles, high values of longitude (and or the

asymptotic direction) played a dominant role in determining the NM with the highest count. This has been seen in

GLE42 where MGDN had the highest count possibly for the same reason.



Analysis of GLE events of September 29, 1989; April 15, 2001 and January 20, 2005 15

10:00 12:00 14:00 16:00 18:00 20:00

40
00

60
00

80
00

10
00

0
12

00
0

14
00

0
16

00
0

hour

co
un

t p
er

 h
ou

r

HRMS: Lat=−34.42, Lon=19.22, R=4.45GV
KERG: Lat=−49.35, Lon=70.25, R=1.14GV
KGSN: Lat=−42.99 , Lon=147.29, R=1.82GV

MID LATTITUDE SOUTHERN HEMISPHERE (GLE60)

Fig. 9: Graph of the GLE 60 hourly CR count at mid-latitudes in the Southern hemisphere.

4.0.11 Figure 11 Graph of the GLE 69 hourly CR count at high latitudes (60.50◦ - 90.00◦ in the Northern

hemisphere.

In this group are three sub-groups: those that had an instant rise to peak count (such as MGDN, INVK,CAPS, and

THUL), those that had a small rise in the CR count before the peak count (such as APTY, OULU, and YKTK) and

NRLK which had a pre-peak count. Those that had instant rise to peak did not witness the arrival of direct solar

neutrons in their locations. The second group had a record of a small number of group direct solar neutrons. NRLK

also recorded this solar neutron arrival but the quantity in this case is much more in it than is in the second group.

Though GLE 69 has not been specifically listed among GLEs associated with direct solar neutrons but studies

made of most of the events that had direct solar neutrons associated with them shared some peculiar properties

with GLE 69.

In McCracken et al. (2012), it is seen that GLE69 had the short-lived component also called High energy impul-

sive ground level enhancement (HEIGLE). The HEIGLE lasted 20 minutes. The prompt or short-lived component

of GLE 60 already known to be associated with direct solar neutron also lasted 14 minutes (Muraki et al. 2008).

Also, according to Chupp et al. (1987), the first increase of the June 3, 1982 event associated with direct solar

neutron event did not last more than 20 minutes. Similarly, direct solar neutrons were said to be responsible for

the prompt component (first increase) of the May 24, 1990 CR event (Derbrunner et al. 1993). Only NMs at North

America were said to have observed the solar neutron part of the May 24, 1990 event. GLE 69 with all these similar

properties should not be an exception to having direct solar neutrons.
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Fig. 10: Graph of the GLE 60 hourly CR count at high latitudes in the Southern hemisphere.

In NRLK there was an instant rise to a high value before the peak count. None of them manifested evidence

of FD being at its recovery phase when the enhancement began. Their background GCRs appear to be relatively

constant or flat. All the NMs had their peak count at 07:00 UT and each decay was quasi exponential. In all of

them, the decay never returned to the earlier background GRC counts instead it is as if a new average background

GCR count has been established.

Because of the simultaneity of their peak count, it is not easy to determine from the plot the order of the total

count. APTY, however, had the highest count even though its Rc value was not the least. THUL had the least count

notwithstanding that its Rc value shows that no CR is cut-off by the geomagnetic field where it is located. Its

direction of viewing or other factors could be responsible.

4.0.12 Figure 12 Graph of the GLE 69 hourly CR count at mid-latitudes (31.00◦ - 60.00◦) in the Northern

hemisphere.

All the NMs in this group showed an FD prior to the onset of the GLE. Except for NVBK, they all had another

count before the peak which was a small rise in CR count at the point where the FD recovery phase terminated.

This implies that all of them except NVBK had a count of a small number of solar neutrons. The order of the

average background GCR was not based on the Rc values of the NMs.

Only CLMX had peak count at 06:00 UT while the rest had theirs at 07:00 UT. Not all of them had quasi

exponential decay like CALG.
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Fig. 11: Graph of the GLE 69 hourly CR count at high latitudes in the Northern hemisphere.

CALG had the highest count even more than NAIN with the least Rc value. This is most likely due to its

direction of viewing. NAIN with the least Rc had the next total count. It is clear that its longitude is also close to

that of CALG. However NAIN at longitude −61.68
◦ is closer to longitude 0

◦ than CALG at longitude 245.87
◦

(−114.13
◦). The next, CLMX and KIEL, were affected by their high Rc values. Those with the highest Rc value

appears not to have had meaningful enhancements. These are JUN1, LMKS, IRK3 and IRK2. They were all

characterized by a series of rising and falling CR counts until when they had a little increase followed by a decay

that was not completed before another increase.

The plot for NMs at lower latitudes (−30
◦ to 30

◦) were not included because they had irregular counts that

could not be called GLE.

4.0.13 Figure 13 Graph of the GLE 69 hourly CR count at mid-latitudes (31.00◦ - 60.00◦) in the Southern

hemisphere.

In all the three NMs in this group, the onset, the peak and the decay pattern were similar. They all appeared to have

had an FD whose recovery phase marked the beginning of the GLE. After the FD recovery phase, there was first

a small rise in CR count before a jump to the peak count. The small rise in the CR count is from the direct solar

neutrons that arrived first because they suffered no deflection by the geomagnetic field.

HRMS recorded a very small rise in CR count not only because it was closer to the equator but its Rc value was

equally high. It, therefore, had a series of rising and falling CR counts before the GLE occurred. It did not fully
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Fig. 12: Graph of the GLE 69 hourly CR count at mid-latitudes in the Northern hemisphere.

decay to the background GCR before rising again. In the three of them, the order of the background GCR count

was according to their Rc values where greater Rc values correspond to lesser GCR counts. KGSN, however had

more counts than KERG and this is not because of its altitudes but rather because of its longitude (147.29◦) that

exposed it to favourable direction of viewing. Previous cases in this study (GLE42 and GLE60) where at a given

range of latitude NM with a high Rc value recorded more counts also show that the atmospheric cut-off due to

higher altitude did not cause the NM to have lesser count. Only in situations where two or more NMs with close

values of latitude, longitude and Rc did atmospheric cut-off (due to higher altitude) manifest. Three of the NMs

had their peaks at 07:00 UT.

4.0.14 Figure 14 Graph of the GLE 69 hourly CR count at high latitudes (60.50◦ - 90.00◦)in the Southern

hemisphere.

In this group, SOPO and TERA showed no sign of prior FD before the GLE onset. They both had an instant rise

to peak count. SNAE and MWSN showed there was an FD prior to the GLE. They equally had a small rise in CR

count before a rapid rise to the peak count. SOPO and TERA also had a close resemblance in their decay just as

SNAE and MWSN looked similar in their decay pattern.
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Fig. 13: Graph of the GLE 69 hourly CR count at mid-latitudes in the Southern hemisphere.

4.0.15 Figure 15: Graph of Concurrent Forbush Decrease with GLE 69

In Figure 15, we see a special case of conspicuous Forbush decrease at the time other monitors were recording

enhancement in CR counts. The NMs involved are FSMT, MCMD and TXBY. Papaioannou et al. (2010) analyzed a

series of complex CR events that occurred between 17 January 2005 and 23 January 2005 using solar, interplanetary

and, ground-based CR data. They reported that within the period, the Sunspot activities which generated a series

of X and M flares with associated halos of CMEs gave rise to concurrent FDs and the GLE recorded on 20 January

2005. We see that in MCMD, when the FD was about to recover, there was another depression before it finally

recovered and had enhancement from this recovery phase. This shows that the structure that formed the FD may

not be one but are too close. The passage of the first was about to be completed before the second arrived.

Since there is at least one station (CAPS) within this range of latitudes, longitudes and altitudes that did not

observe such FD, it is likely that they could not see the FD because of their asymptotic cone of acceptance. They

were able to see enhancement after the FD. In all the three, both FD and GLE were conspicuous even though the

latter was not as much as in the rest of the stations so far considered. They equally did not show any record of

counting direct solar neutrons.

5 SUMMARY

The detailed analyses of GLEs presented in the current work suggest that numerous factors affect CR measurements

at the Earth. The general speculation that Rc, latitude and longitude do play a dominant role may be true as
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Fig. 14: Graph of the GLE 69 hourly CR count at High latitudes in the Southern hemisphere.

indicated by some of the presented results. Nonetheless, the differences in the manifestations and forms of GLEs

at the stations examined underscore the need for the physics community to seek more inquiry into the causes of

the phenomena. Indeed, some of the observed significant differences in the time-intensity profiles of GLEs at the

different points at Earth make it hard to draw a firm conclusion regarding the properties of the three GLEs under

study.

The difficulties in the analysis, interpretation and understanding of GLEs cast a strong question mark on the

current traditional method of using raw CR data in the study of the phenomena. A large volume of publications

(Barouch & Burlaga 1975; Cane et al. 1996; Cane & Richardson 2003; Bieber et al. 2013) submit that diurnal

anisotropy contaminate CR measurements at Earth. Belov (2008) and Okike (2021) found that the amplitude of

CR diurnal anisotropy could even be larger than those of FDs or GLEs in some cases. It is desirable to untangle the

effects of CR anisotropy before comparing the intensity profile of the events at different NM stations. This is be-

cause CR diurnal anisotropy could vary appreciably across the Earth and thus, influence their profiles significantly.

One of the major flaws of the current work and other existing submissions on GLE characteristics is the use of raw

or unprocessed (Okike 2020a) CR data.

Before reaching a firm conclusion on the manifestations of GLEs and the factors that determine their char-

acteristics at different latitudes and longitudes, an attempt should be made to validate the results presented here.

We would pursue such a line of research in future work. The Fast Fourier Transformation method, recently de-

veloped by Okike (2020a) and implemented in various applications (e.g. Okike 2020b; Alhassan et al. 2022a),
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Fig. 15: Graph of Concurrent Forbush Decrease with GLE 69

would be used in future work to remove the effects of CR diurnal anisotropies on GLEs before comparing their

structure at different NMs. Such investigation would not only be novel but also interesting. This is because some

recent publications have empirically demonstrated that there are significant differences between time-intensity

profiles/variations of raw and Fourier transformed CR data.
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