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Abstract. Using a new reconstruction of the solar pro- induced ionization (CRII) in the lower atmosphere is well
ton energy spectra for Ground Level Enhancement (GLE)known and can be properly modelled using Monte-Carlo nu-
events, based on fits to measurements from ground-based anaerical models (see a review gazilevskaya et al2008.
satellite-borne instruments covering a wide energy range, w&he upper atmosphere (above a few ¢fgim affected mostly
guantitatively evaluate the possible ionization effects in theby solar electromagnetic radiation and by lower energy parti-
low and middle atmosphere for 58 out of the 66 GLE eventscles of magnetospheric origin, which is also quite well mod-
recorded by the world-wide neutron monitor network since elled using straightforward analytical ionization models.
1956. The ionization computations are based on the numer- The GCR energy spectrum changes on different time
ical 3D CRAC:CRII model. A table of the ionization effect scales, with the most apparent being a 11-year solar cycle,
caused by the GLE events at different atmospheric heights igo that GCR flux is higher around solar minima. While the
provided. It is shown that the direct ionization effect is neg- intensity of high energy GCR (above several tens of GeV)
ligible or even negative, due to the accompanying Forbushs rather stable, the lower energy part of the spectrum may
decreases, in all low- and mid-latitude regions. The ioniza-change quite a bit — the difference in 100 MeV particles flux
tion effect is important only in the polar atmosphere, where itcan be an order of magnitude or more between the periods
can be dramatic in the middle and upper atmosphere (abovef solar minima and maxima. This variation is caused by
30km) during major GLE events. the related changes in the heliospheric properties, such as
polarity, strength and turbulence level of the interplanetary
magnetic field, density and speed of solar wind, which are
1 Introduction ultimately drive_n by the soIa}r surf{;\cg magnetic activity. This
cyclic change in the GCR intensity is broadly called helio-

Cosmic rays form an important source of ionization of the SPheric modulation of cosmic rays and reaches 25% mag-
Earth’s atmosphere and the main source of the ionization iflitude between maximum and minimum, as recorded by a
the troposphere and stratosphere. Most important for ionizaground-based polar neutron monitor (NM). The correspond-
tion in the troposphere-stratosphere are galactic cosmic ray&d variations in CRII are also cyclic but their magnitude de-
(GCR) that possess high energies and produce a complicatd£nds on the altitude and locatidde(zilevskaya et 812008.
cascade of secondary particles in the atmosphere, leading fgn the other hand, solar-heliospheric transient phenomena,
permanent ionization of the ambient air. While the net en-Such as coronal mass ejections (CME), interplanetary shocks,
ergy brought by cosmic rays is small and the resulting jon-corotating interaction regions, magnetic clouds may lead to
ization rate is not high, GCR can affect physical and chemi-Strong but relatively short suppressions of the GCR intensity

cal properties of the atmosphere. The process of cosmic rajear Earth. Such suppressions are called Forbush decreases
(Cane 2000 which can be as strong as 25-30% in a po-

lar NM count rate. The suppression itself develops quickly
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In addition to the permanently operating ionization pro- other events we briefly summarize the results. The result is
cess due to GCR, there are additional instantaneous atmgtimarily oriented to the atmospheric community and can be
spheric effects during relatively short periods of SEP (so-applied for evaluation of the middle atmosphere response to
lar energetic particle) events, potentially affecting the Earth’sstrong SEP events.
environment fliroshnichenko2008 Vainio et al, 2009. A
typical SEP event is characterized by enhanced (sometimes . o
by many orders of magnitude) flux of low energy¥00 2 C0smic Ray Induced lonization

MeV for protons) SEPs, which may last for several daysNucleonic—muon—electromagnetic cascades initiated by ener-

(e.g.,Cane et a].1988 Reames et 311996 Lario and Sim- . . ; : o
getic cosmic rays in the Earth’s atmosphere lead to ionization
nett 2004 Klecker et al, 2006§. Because of low energy, . : : .
L : of the ambient air at different altitudes. Generally the CRII
such SEPs are not able to initiate atmospheric cascades and

r number of ion pairs pr in one gram of the ambi-
are stopped due to ionization losses; their ionization effectate( umber of ion pairs produced in one gram of the amb

is limited to the upper polar atmosphere. This is usuallyggai'; ?srrseesce%rtlgzj aatsa;og”l\(;e‘Bnar(zeii(\j/:i;a;rr;(:sarl)gce)gg.éldpth
modelled using analytical approximation of direct ionization P y '

(e.g.,Vitt and Jackman1996. There are numerous studies .
of the effects caused by magnetospheric and solar energetic;, P, t) = Z/ Si(T,t)-Y;(h,T)dT, (1)
particles but they are usually limited to the upper atmosphere T T
above 30 km (e.gJackman et al2008 2009 Damiani et al,
2008 Seprala et al, 2008. However, there is a special class where the summation is performed over differett species
of SEP events, called Ground Level Enhancement (GLE)of primary CR (protonsy-particles, heavier nucleiy; (i, T)
events, which are characterized by higher energy of solais the ionization yield function (the number of ion pairs pro-
particles that can extend up tel1-10 GeV (e.g.Duggal duced at the atmospheric degittin the atmosphere by the
1979 Stoker 1994. These energies are high enough to in- unit flux of CR particles of the-th type with kinetic energy
duce cascades of secondary particles in the atmosphere, jugl, S;(T,?) is the differential energy spectrum (in units of
as GCRs do. Accordingly, an increase of the nucleonic com{cm? sr GeV s} 1) of galactic cosmic rays or solar energetic
ponent of the cascade can be measured at the ground levphrticles. The integration is performed abd&eg, which is
by NMs, which is a standard tool to record cosmic-ray in- the kinetic energy of a particle gfth type, corresponding
tensities. Therefore, the ionizing atmospheric effect of GLEto the local vertical geomagnetic cutoff rigidit§., which
events is expected to be noticeable in the lower atmospherés the minimum rigidity (momentum per unit charge) that a
Phenomenological studies performed for the extremely largeharged particle must possess to overcome the shielding ef-
GLE event of 20 January 2005 suggest that an increase dfect of the geomagnetic field and reach the given location
ionization due to a severe SEP event is be significant in th§Cooke et al. 1991) in Earth’s atmosphere. The value of
polar low and middle atmospher&lifonova et al, 2008. P, varies from zero (in polar regions) to 15 GV at equato-
However, to the best of our knowledge, to date there haveial regions. Full details of the CRII computations by the
been no proper systematic computations of lower atmospher€RAC:CRII model, used here, are givenlgoskin and Ko-
ionization effects caused by GLE events. Estimates based ovaltsov (200§ and Usoskin et al.(2010. This model has
analytical or truncated numerical models of the atmospherideen validated by comparisons with balloon-borne observa-
ionization that neglect development of the atmospheric castions Bazilevskaya et al2008 and with other models (e.g.,
cade lead to potentially large errors in the lower-atmosphereJsoskin et al.2009 Velinov et al, 2009 Atri et al., 2010.
ionization Usoskin et al.2010. Note that CRII at a given location and time depends on three
Here we straightforwardly compute, using the Monte- variables: altitudé: via the integrand yield functiok (avail-
Carlo CRAC:CRII model soskin and Kovaltsqv2006 able in the tabular form itJsoskin and Kovaltsog2006);
Usoskin et al. 2004 2010, ionization of lower and mid-  Usoskin et al(2010), geographical location via the geomag-
dle atmosphere during 58 out of the 66 GLE events of thenetic cutoff rigidity P. (integration limits), and time via the
last five solar cycles, using new reconstructions of the energyntegrand GCR spectrurfi. Since these three variables are
spectra of SEP proton3ylka and Dietrich 2009. (The re-  mutually independent, they can be separated in order to solve
maining GLE events were too small or had too little data for
spectral analysis.) We note that GLE events often occur on e | _
the background Forbush decrease, that can overcompensaigPth; Which is the amount of matter (air) overburden above a given
the ionization enhancement due to SEPs, leading to the negf—omt in the atmosphere. The top of the atmosphere is 0%/and

. heric eff . duced ionizati he mean sea-level correspondsite: 1033 g/cn?. This concept is
ative net atmospheric effect (i.e., reduced ionization), Con'naturally related to the development of the cascade and to the ion-

trary to ngive elxpfecta.ltions. Here we systematically e\’.aluat%ation. The atmospheric depthin [g/cn?] is linearly related to the
the combined ionization effect of both GCR and SEP in thestatic barometric pressugein mb (or hPa) ag = 1.0195 p. Con-

low and middle atmosphere. We discuss in full detail the ion-version to atmospheric height is not straightforward and depends on
ization effect of the GLE event of 20 January 2005, and forthe exact vertical density profile.

IHere we operate with the concept of residual atmospheric
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the problem numerically in an efficient way. The GCR spec- Let us express rigidity® in GV and kinetic energy” in
trum is often approximated in the framework of the force- GeV. Then the integral omnidirectional event-integrated flu-
field approach by fitting the measured data from the world-ence (in protons/cf) of SEP is represented using the Band
wide NM network (sedJsoskin et al(2009 for full details). function:

In this framework, the GCR spectrum is parameterized via

a single time-variable parameter, called the modulation po-/ (> R)=Jo- R™7*exp(—R/Ro),  for R<(y2—y1Ro. (2)
tential¢. The GCR-induced ionization rate was computed in

this way for each of the days with GLE events analyzed here/ (> R) = Jo-A- R, for R > (y2—y1)Ro,

and also for the entire solar cycle 23 (1996—2008).

In order to compute the SEP-induced ion production dur-
ing GLE events one needs to know the event-l_ntegrated eny _ [(yz_yl)RO](yz—yl) exp(yL—12), 3)
ergy spectrum of SEPs. Here we use event-integrated so-
lar proton spectra derived by the method describefylka R = vV T2+2To-T
and Dietrich(2009; Tylka et al.(2011). The method begins
by extracting the solar proton spectrum above 1 GV rigidity
(430 MeV kinetic energy) from the world-wide NM network
using the NM yield function ofClem and Dormar{2000.

where

To = 0.938 GeV is the proton’s rest-mass energy. These
equations correspond to the event-integrated differential
spectrum in kinetic energy (in protons/(&sr GeV)):

Since a NM is sensitive to particles with energy above a few_ 1 _ (y1Ro+ R)(T + To)

. i S=-—Jo- R "exp(—R/Ro) ~———5———", for R<(y2—y1)Ro, (4
hundred MeV/nuc, it cannot provide data to reconstruct a 47 ° X R/ R R%Ro or k==, (4)
lower energy part of the energy spectrum.  Accordingly, T+T
satellite measurements were used in combination with NM-§ = _— J5. A .y, R 72 5 0, for R > (y2—y1) Ro.
based results. For GLEs prior to 1973, proton fluences below R
100 MeV were taken from various catalogu&sng, 1974 This function includes four parametetis, Ro, y1 andys,

Reedy 1977 Feynman and Gabriel990, based on mea- \yhich were fitted from the data.

surements from riometers and a few early satellites. Since |, this study we negleck-particles and heavier species
1973, the record of space-based solar proton measuremenys SEP, since their contribution is mincFy(ka et al, 1999

has been essentially continuous. For events between 1978)|ka et al, 2006. However, heavier species were consid-
and 1986, the primary data source was the IMP8 satellitegreq jn full extent when calculating CRII from GCR where
which delivered proton measurements from three mdepenthey play a role Webber and Higbie2003 Usoskin and
dent instruments that together covered the energy range qfqyaitsoy 200§. Since we are interested in the event-
about 10-400 MeV. Having multiple instruments allowed integrated effect, we also average over the initial SEP
for extensive cross-checks, including identification of unre- anisotropy, which is typically large only for a comparatively

liable ghannels and corrections for dead-time effects. Aftershort period of time in SEP events (e Blainaki et al.2007).
1986, integral proton fluences frosil0 MeV to>100 MeV

were provided by various GOES satellites. Careful compar-

isons between simultaneous IMP8 and GOES proton mea3 SEP event of 20 January 2005

surementskeynman et a] 2000 has shown good agreement

in the channels used in these GLE studies. For the 20 Januaiy this section we discuss in detail the ionization effect of the
2005 and 13 December 2006 GLEs, additional proton meaGLE event of 20 January 2005. This event was the second
surements from SAMPEX and/or STEREO were also usedstrongest ever observed by the ground-based NMs with an
The validity of the analysis is confirmed by comparing the increase exceeding 20-fold in 5-min data (54-fold in 1-min
NM and satellite fluence measurements at nearly overlappinglata) of the South Pole NMVewaldt 2006 Plainaki et al.
energies Tylka and Dietrich2009 and by comparison with 2007, Belov et al, 2010. It was characterized by a short-
previously published studies of individual GLEs. Together lasting anisotropic component with a very hard spectrum fol-
the NM and satellite fluences are represented as an integrédwed by prolonged isotropic emission of SEPs with a softer
spectrum in rigidity. This combined integral spectrum is gen-spectrum flcCracken et a).2008. The first anisotropic in-
erally well fit to the Band functional forrBand et al.1993, jection led to a strong but very short ionization pulse only
with point-to-point residuals on the order ofl0% at satel- in the South polar region but the event-integrated atmo-
lite energies and 0f~30% at NM energies, which are rele- spheric ionization was fairly symmetric in both polar regions
vant for the low and middle atmosphere. The Band function(Butikofer et al, 2008.

smoothly rolls one power-law into another, keeping both the The time profile of the polar Oulu NM count rate is shown
function and its first derivative continuous. This Band func- in Fig. 1. Note that the relatively quiet first period, before
tion is a convenient starting point for atmospheric-ionization 17 January 2005, was followed by a strong 15% Forbush de-
and other radiation-effect calculations, since it can be readilycrease caused by an interplanetary disturbaRapgioannou
transformed into a differential spectrum in kinetic energy. et al, 2010. The GLE of 20 January 2005 occurred at the
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Fig. 1. Time profile of Oulu NM hourly averaged count rate for 10
January 2005H(ttp://cosmicrays.oulu)fi The dotted line represents ' ' : ' ' '
the averaged monthly count rate for the month. : (B)

early recovery phase of the Forbush decrease when the back- E
ground suppression of the NM count rate was about 10%.
During the following two days, an additional suppression of

the CR intensity occurred, making the overall time profile

even more complicated.

Atmospheric effects of this event have been studied by
different groups (e.gButikofer et al, 2008 Damiani et al.
2008 Sepala et al, 2008 Mishev et al, 2010, but they 1000 : : : : : :
were mostly concentrated on the upper polar atmosphere, 10 10° 10 10° 10° 100 10° 10°
discussed only the peak effect and neglected GCR variability. CRII (g sec)™
Here we are focused on the event-integrated ionization effect
in the lower and middle atmosphere, with full consideration rig. 2. Input proton spectra and the resulting atmospheric ionization
of the combined GCR+SEP variability. for the event of 20 January 20084) Differential fluence of solar

The energy spectrum and intensity of cosmic rays variedprotons from the 20 January 2005 event and the daily fluence of
quite a bit from day to day in January 2005. Figdeeshows  GCR protons for the day of 20 January 2005, including the effect
the SEP event-integrated spectrum computed usingdfEq. of the Forbush decrease (dotted line). The dashed curve depicts
along with the GCR proton fluence for the day of 20 Jan-the average GCR proton fluence fo_r January 2QB5.‘!’he vertical
uary 2005 (including the effect of the Forbush decrease). Thé)roflle of the daily averaged_ CRIl in the polar region from GCR
value of the modulation potential, computed from the NM Si?]tted C;(r)‘(’)%) and SEP (solid curve) separately, for the day of 20
network data using the approach &fpskin et al. 2005 uary '

Usoskin et al.2017), for that day ispq = 1188 MV. The av-

erage GCR intensity for the whole month of January 2005

corresponded to the value ¢f=788 MV. The correspond- tons with energy above 100 MeV and for ionization at the
ing average daily GCR proton fluence for January 2005 isatmospheric depths larger than 100 gfcthat are consid-
also shown for comparison. One can see that for the day oéred here; however, this assumption may lead to somewhat
20 January SEPs heavily dominated below 1 GeV, but the efoverestimated SEP ionization effect in the upper atmosphere
fects quickly decreased with energy. On the other hand, théor strongest SEP events, e.g., GLE #42 (29 September
reduction of GCR fluence due to the Forbush decrease wa$989) and #69 (20 January 2005). For GLEs like 19 Oc-
significant in this energy range. Therefore, the CRII duringtober 1989 (#43) and 4 November 2001 (#62), with a strong
January 2005 was an interplay between an enhancement dsecondary particle increase associated with the CME-driven
to SEPs and the reduction due to the Forbush decrease.  shock’s arrival at Earth, this secondary increase was not in-

In order to study the ionization effect in full detail, we cluded in the ionization calculations. Consequently, effects
computed the daily averaged CRII rate in the polar regionin the upper atmosphere (at depths with less than 103)/cm
separately from SEPs and GCRs (R2h), using daily spec- are beyond the scope of this study. As one can see, e.g.
tra shown in Fig.2a. In all cases we assumed that the in Fig. 2b, the SEP-induced ionization is significant above
major ionization effect occurred within the 24 h following & ~ 200 g/cn? (about 12km altitude), but is subtle in the
the onset of GLE. This assumption is valid for solar pro- troposphere {~500g/cn?, or 5.5km altitude). However,

1001 ; ]

Depth (g/c
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Fig. 3. The relative ionization effeaf (see text for definition) of 08
GLE 20 January 2005 as function of the geomagnetic cutoff rigidity o
P and atmospheric depth The region of suppressio’(<0.99)
effect is hatched, while the solid curve bounds enhancentent ( Pc (GV) 0 ~ .
1.01) effect. E;ay of Jan. 2005
(B) h=500 g/cm® January 2005
these ionization rates quickly become smaller with decreas- 3 | 16
ing geomagnetic latitude. The SEP ionization effect vanishes R N
already at geomagnetic latitude of abouf §&, ~ 2 GV), S A S 3 Cooo
even in the upper atmosphere. 1.4
Let us now define the absoluteand relativer CRIl effect | Ldi77
(at fixed altitudez and locationP,) of a SEP event as follows:
1.2
1 1
C(h,PJ:W, c=(C—1)-100% 5)
1.0
wherelsgpandigcr are daily CRII production rates by SEP
and GCR separately for the very day of event, &hdis the 15
0.8

averaged daily CRII for the whole month.

A 2-D (altitude vs. geomagnetic latitude) chart of the thus
defined effecC is shown in Fig3 for the event of 20 January
2005. The effect is a reduction (i.€.< 1) in the major part Pc (GV)
of the atmosphere because of the Forbush decrease of GCR.

Less energetic SEPs are effectively rejected from lower alti-

tudes and latitudes because of the atmosphere and geomalgig. 4. The relative ionizatiorC (normalized to the average ioniza-
netic cutoffs. Note that the overall effect is small in equato- tion rate in January, 2005) as function of time and locatigy) or
rial regions, being only a few percent. The increaGe-(1)  two atmospheric depths, 200 g/éifpanelA) and 500 g/crf (panel
is observed only in the polar upper atmosphdre< 2 GV, B).

h <700 g/cn?).

In order to illustrate this, we have plotted in Fghe com-
puted temporal variability of CRII (as the ionization effégt
during the month of January 2005 at two atmospheric depth
roughly corresponding to the tropopaugde={ 200 g/cn?)

0 > Day of Jan. 2005

able to compensate the effect of the Forbush decrease only
in the high-latitude region witlP, < 2 GV. Note that the en-
Shancement of the daily ionization due to GLE was subtle in
X . the polar troposphere but significant in the stratosphere and
and middle tropospheré ¢ 500 g/cn®), as a function of the higher. Therefore, even for such a severe GLE, the ioniza-

local geomagnetic cutoff.. One can see the main feature tion effect was negative and small in the major part of the
a flattish profile before 17 January and after 25 January with 9 10 p

a fractured dip during 17-24 January. The fracture (Seemgtmosphere and positive only in the middle and upper polar
ing increase) above 5 GV cutoff in the middle of the dip was atmosphere.
caused not by the GLE itself, but rather by the complicated

CR intensity time profile (Figl), when the recovery phase

of the Forbush decrease was interrupted by another suppres-

sion during 21-22 January. We note that the GLE per se was
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4 Results for other GLES 1000

Here we summarize the results for all the GLE events for the 800 - _
last five solar cycles (1956—2006), for which it is possible to
evaluate the SEP spectrum. We note that each GLE has an 600 o
official number given by the International cosmic ray com- =
munity (Shea et a).1987, and presently there are 70 GLE < 00
events recorded since 1942 (dutp://data.aad.gov.au/aadc/ S 400- :
gle)). GLE events #1 through 4 were recorded by ion cham- °©

bers before the NM era and no spectrum parametrization is 200 |

possible. Thus, one analysis starts with GLE # 5 (1956-Feb- ° © o 0
23) which was the strongest among all and covers the whole o
range until GLE # 70 (2006-Dec-13). However, GLE # 6, 14, 0;) o — 2(I)OQ o 465

15, 18, 20, 33, and 34 were not considered, since they were
too weak in NM count ratesDuggal 1979 Stoker 1994

Belov et al, 2010, to support reliable spectrum reconstruc-
tion. A weak GLE # 16 and stronger GLE #17 occurred on strength (NM increase) — see Taldlalong with the best fit regres-

the same day and were merged together. sion line. The two strongest GLE events #5 (23 February 1956) and
The events analyzed are listed in Talildogether with 69 (20 January 2005), whose NM increases are larger that these by
the estimated effects at different altitudes in the polar at-more than an order of magnitude, are not included into the plot.
mosphere. Here we show the mean daily ionization due to
SEPs only at the day of the GLE at two atmospheric depths,
100 g/cn? (~ 16 km altitude) and 300 g/ctn(~ 9km), de-  softer spectrum and lower intensity, as was in the case of the
noted asl1gg and I3gg, respectively. We also show the rela- event of 20 January 2005. Thus, the use of the formal GLE
tive ionization effectc (Eq. 5) at four atmospheric levels of strength as a proxy for the possible ionization effect in the
100, 300, 500 and 700 g/éneorresponding to about 16 km, polar atmosphere may be misleading.
9km, 5.5km, and 3km altitudes, respectively. The Table is A strong correlation > 0.97) exists between the SEP-
sorted according to the SEP-induced ionization in the lowerinduced ionization/1p0 and the relative ionization effect
stratospheréigo. c100 in the stratosphere, even if the seven strongest events
(I100> 5-10*g~1s™1) are removed. There is no correla-
tion between GLE strength and ionization in the lower tro-
5 Discussion and conclusions posphere — the overall correlation betweggg and the ef-
fect in the low troposphere;qgg is strong enoughr(= 0.8)
One can see from Tablé that the extreme event (the butitis totally defined by the strongest events. Removal of
strongest GLE with a 90-fold increase at Leeds NM) of 23 the seven strong events leads to a formally negative correla-
February 1956 led (in the framework of the available data ontion »r = —0.25+£0.12. This indicates that the ionization of
SEP event-integrated spectrum) to a 33-fold increase of théhe troposphere is defined not by the additional SEP flux but
daily ionization rate in the stratosphere and to a tripling in therather by the variability of the GCR flux, in particular by the
lower troposphere. On the other hand, the second stronge$torbush decrease. The range of variations of the daily GCR-
GLE event (a 54-fold increase at South Pole NM) of 20 Jan-induced ionization rate, within a month, varies betwee?
uary 2005 is only number 7 in the strength of stratosphericand 10%—25 and 7%—20 and 5%, and -15 and 4% for the
ionization effect. As the strength of GLE we consider hereatmospheric depths of 100, 300, 500 and 700 §/aespec-
the maximum increase of count rate among all ground-basetively. Accordingly, the ionization of the lower troposphere
NMs in the world network (see Tabl®. The formal cor- during a day of GLE is largely defined (except for a few ex-
relation between the GLE strength and the stratospheric eftremely strong events) mostly by the GCR background.
fect c100 in Table1 is » =0.83+0.05, but it is totally de- As an example of interplay between GCR- and SEP-
fined by the two severe GLE events #5 and 69. Howeverinduced variability of CRII, we show on Fig.temporal pro-
the other 56 points depict wider scatter and poorer correlafile of the ionization rate in the polar region at two atmo-
tion » =0.53+0.11 (see Fig5). Although this correlationis  spheric depths, 100 and 300 g&rduring the solar cycle 23.
statistically significant, the strength of the GLE event is not aA few spikes correspond to the GLE events (as denoted at
particularly reliable indicator of the overall ionization effect the top panel), while the long-term variation is due to GCR
of the event. This result is not unexpected, in that the peakmodulation. The effect of SEP, visible fat= 100 g/cn?, di-
count rate of a polar NM during GLE event is often caused byminished already at 300 g/é&m with only the event of 20
a highly anisotropic short impulsive phase of the event withJanuary 2005 producing a small observable increase. This
a hard spectrum, while the main isotropic phase may have & in general agreement with some earlier case studies, e.g.,

NM increase (%)

Fig. 5. Scatter plot of the relative CRII effeetgg vs. the GLE
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Table 1. Computed ionization effect of GLE events, ordered according to their ionization &ffgt 100 g/cn. The official GLE number,
the date, and the strength (maximum increase in % of NM count rate Bugggal (1979; Belov et al.(2010) of the events are given in
the first three columns. Daily mean ionization due to SEP only at 100 and 308 gtomspheric depths is given in1@y sy as koo and
1300, respectively. Relative CRII effeetin % (Eq.5) at different depth& is shown in columns #6-9). All the values are given for the polar
atmosphere.

Date GLENo. NM increasq 100 1300 ‘ Ci00 C300 Cs00 C700
23 Feb 1956 5 9000 681 44.1 | 3370 680 365 196
12 Nov 1960 10 100 135 7.26 940 140 67 31
29 Sep 1989 42 404 84.7 5.81 653 125 64 34
15 Nov 1960 11 150 71.8 3.8 476 58 22 7
24 Oct 1989 45 162 60 3.47 479 67 30 12
19 Oct 1989 43 92 59.9 3.16 448 68 31 14
20 Jan 2005 69 5400 51.8 2.92 285 35 13 3
17 Jul 1959 7 5| 25.6 1.48 179 9 -5 -9
14 Jul 2000 59 59 23.8 1.36 168 20 5 0
15 Apr 2001 60 237| 20.4 1.16 130 16 6 1
22 Oct 1989 44 193 19.7 1.13 140 9 -3 -6
01 Sep 1971 23 14 17.1  0.892 86 16 9 5
04 Aug 1972 24 15| 13.4 0.751 68 10 2 1
28 Jan 1967 16+17 20 13 0.761 68 12 6 3
29 Oct 2003 66 35 12.8 0.71 53 -11 -14 -13
13 Dec 2006 70 92 10.2 0.588 40 4 1 -4
18 Jul 1961 13 24/ 997 0.575 61 7 2 0
28 Oct 2003 65 47 9.67 0.557 57 8 2 0
16 Aug 1989 41 24| 8.69 0.504 58 6 1 -4
11 Jun 1991 51 12 8.63 0.527 7% -1 -6 -7
15 Jun 1991 52 42 7.75 0.442 62 -5 -9 -9
6 Nov 1997 55 19| 7.11  0.426 33 7 4 2
24 May 1990 48 52| 5.59 0.352 44 5 1 0
22 Nov 1977 30 55| 5.28 0.311 23 4 2 1
24 Jan 1971 22 29 5.12 0.287 23 1 -1 -
7 Aug 1972 25 8| 496 0.281 6 -3 -4 -3
30 Mar 1969 21 5| 4.83 0.337 32 8 5 1
23 Sep 1978 32 13 479 0.281 27 7 4 3
21 May 1990 47 24| 423 0.296 31 2 0o -1
20 Nov 1960 12 7] 4.2 0.255 21 -1 -2 =2
24 Sep 1977 29 11 4.06 0.24 12 -1 -2 =2
26 May 1990 49 13| 3.66 0.208 28 2 0o -1
8 Dec 1982 38 56| 3.62 0.231 38 12 8 5
2 Nov 1992 54 6.5 3.57 0.206 16 1 0 -1
4 Nov 2001 62 8/ 3.32 0.191 28 8 5 3
12 Oct 1981 36 18 3.04 0.186 22 4 2 1
18 Apr 2001 61 26| 2.82 0.175 20 4 2 1
3 Sep 1960 9 4 276 0.163 18 3 1 0
4 May 1960 8 175| 2.71  0.201 16 2 0 0
18 Nov 1968 19 13| 2.56 0.142 17 2 1 0
28 May 1990 50 6| 2.3 0.144 16 o -1 -1
17 Jan 2005 68 3.5 229 0.133 16 4 2 1
2 Nov 2003 67 39| 222 0.122 -5 -13 -12 -9
26 Dec 2001 63 13 1.89 0.103 15 4 3 2
7 May 1978 31 214] 1.65 0.128 o -4 -3 -3
16 Feb 1984 39 212 1.53 0.0949 11 3 2 1
26 Nov 1982 37 6| 1.32 0.084 10 2 1 0
24 Aug 2002 64 14/ 1.29 0.0714 9 2 1 0
30 Apr 1976 27 4/ 1.21 0.0677 7 2 1 1
19 Sep 1977 28 3 119 0.063 5 0 0 0
2 May 1998 56 7/ 1.08 0.0592f -6 -7 -6 -4
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Table 1. Continued.

Date GLE No. NM increasq 1100 I300 ‘ C100 €300 ©Cs00 C700
25 Jun 1992 53 7 1 0.0562 6 1 0 0
25 Jul 1989 40 8 0.988 0.0527| 13 5 4 3
24 Aug 1998 58 4/ 0.889 0.0549] -2 -3 -3 -2
15 Nov 1989 46 12| 0.756 0.0438 6 0 0 0

29 Apr 1973 26 3| 0.649 0.0442 5 2 1 1
10 May 1981 35 3| 0.562 0.0317] 11 5 4 3
6 May 1998 57 4| 0.243 0.0131, -5 -4 -3 -2
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