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Galactic cosmic-rays

Greenland Ice Core Chronology 2005
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Gamma-ray burst

Greenland Ice core Project

The cosmic-ray events related to the discovery of rapid increases in radiocarbon content
measured in Japanese cedar trees by Miyake et al. (2012, 2013)
Million electronvolt

North Atlantic oscillation

North Greenland Ice core Project
Principal component analysis

Solar cosmic-rays

Solar energetic particles

Solar proton event

Solar proton event of 20" January 2005
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The cosmic-ray events around AD 775 and AD 993 - Assessing
their causes and possible effects on climate

FLORIAN MEKHALDI

Mekhaldi, F., 2014: The cosmic-ray events around AD 775 and AD 993 - Assessing their causes and possible
effects on climate. Dissertations in Geology at Lund University, No. 412, 41 pp. 45 hp (45 ECTS credits)

Abstract: Miyake et al. (2012, 2013) discovered rapid increases of "*C content in tree rings dated to AD 774/5 and
AD 992/3 which were attributed to unprecedented cosmic-ray events. These extreme particle events have no
counterparts in the instrumental and historical record and consequently praised great interest. Indeed, many studies
have tentatively associated the two events to solar proton events (SPE), supernovae, gamma-ray bursts (GRB) and
to a cometary event which all differ in terms of their energy spectrum. Furthermore, such outbursts of energetic
particles have the potential to deplete atmospheric ozone and impact atmospheric circulation and temperature. In
consequence, the aims of this project were twofold. The first and most emphasized was to assess the likelihood for
the different suggested causes. The second was to investigate the possible effects of the cosmic-ray events on
climate.

Cosmogenic radionuclides such as '’Be, '*C and **Cl arise from the nuclear cascade which is triggered when
cosmic-rays reach the atmosphere. These radio-isotopes are produced through different reaction pathways which
have different energy dependencies. This discriminant feature could consequently help to better constrain the
energy of the incident particles and thus the origin of the two events. Nevertheless, only '*C has been measured so
far at annual resolution. In that light, new annually-resolved '’Be was measured from the NGRIP ice core and used
in complement with available records of other radionuclides. An exhaustive and very highly-resolved dataset of
ions and element compounds from the NGRIP ice core in addition to 8'*O records from several Greenland ice cores
were utilized in order to investigate the potential effects on climate.

The results demonstrate that '’Be concentrations and flux from the NGRIP ice core also exhibit large
increases in relation to both events and similar to those reported in tree rings '*C content. This symmetric increase
in both radionuclides suggests solar proton events as a cause for both cosmic-ray events. Furthermore, the multiple
cosmogenic radionuclide records show that both events were measured around the globe in both hemispheres which
is also fully consistent with solar proton events. Calculations based on the different production yields of '°Be, '*C
and *°Cl indicate that the two probable SPEs were characterized by a hard spectrum and by unprecedented fluences.
As a matter of fact, it is found that the solar flare responsible for the larger of the two events (AD 774/5) was an
order of magnitude stronger than the hardest instrumental SPE. More startlingly, it was substantially more energetic
than the Carrington event of 1859 which is considered as the strongest reported historical solar flare. Coeval peaks
in Pb, Cd and Na ice core concentrations suggest an atmospheric circulation response timed with the larger of the
two events. The high Na concentrations are interpreted as increased vigor in marine air masses associated with
sustained storminess in the North Atlantic synchronous with the exceptional SPE. Finally, the new NGRIP '"Be
measurements from this study shed light on the existence of an unexpected early offset in the Greenland Ice Core
Chronology 2005 (GICCO0S5) time scale. Lags of 4 years at AD 993 and of 7 years at AD 775 in GICCOS5 are
reported.
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Kosmisk stralnings handelsena runt ar 775 och ar 993 — Utvardera
orsaker och majliga effekter pa klimatet

FLORIAN MEKHALDI

Mekhaldi, F., 2014: Kosmisk stralnings hdndelsena runt ar 775 och &r 993 — Utvirdera orsaker och mdjliga effekter
pa klimatet. Examensarbeten i geologi vid Lunds universitet, Nr. 412, 41 sid. 45 hp (45 ECTS credits)

Sammanfattning: Miyake et al. (2012,2013) upptickte en snabb 6kning av "*C i triringar daterade till 774/5 och
992/3 vilket tillskrevs exceptionalla kosmik strélnings héndelser. Dessa extrema partikel hdndelser har inget
motstycke i instrumentala eller hstoriska arkiv och blev foljdaktigen mycket uppméarksammade. Manga studier har
forsot koppla samman dessa tva hiandelser med sol protonstormar (SPE), supernovor, gamma stralnings utbrott och
med att en komet passerat genom atmosféren, alla dessa skiljer sig ifrdga om energi spektrum. Vidare har sddana
utbrott av hdg energi partiklar potential att utarma atmosfériskt ozon och péverka atmosférens cirkulation och
temperature. Som konsekvens av detta har detta projekt tva mal. Det forsta och mest betonade maélet var att
bestdmma sannolikheten for de olika foreslagna orsakerna. Det andra var att utreda mdjliga effekter av kosmik
stralnings héndelser pa klimatet.

Kosmiska radionuklider som '"Be, "“C och *°Cl uppstir fran den nuclear cascade som startas av att
kosmiska strélar nar atmosféaren. Dessa radioaktiva isotoper produceras genom olika reaktions végar som har olika
energi behov. Detta diskriminerade sirdrag kan foljdaktigen anvindas for att ringa in energin pd moderpartiklarna
och dirigenom ursprunget till de tva hindelserna. Dock har endast '*C mitts med arlig uppldsning 4n sa linge. I
ljus av detta gjordes nya '°Be mitningar med en arlig upplosning pA NGRIP iskiirnan och anvindes tillsamans med
tillgénglig data Gver andra radionuklider. Ett uttémande och mycket hogupplost dataset for joner och grunddmnen
frin NGRIP iskdrnan sammt 'O arkiv fran flera Iskdrnor frin Gronland anvindes for att utreda den potentiella
effekten pa klimatet.

Resultaten demonstrerar att '’Be concentrationer och flode i NGRIP iskirnan ocksd uppvisar stora 6kningar i
relation till bida hiindelserna liknande de forandringar i '*C som pavisats i tréringar. Denna symetriska Gkningen i
bada radionukliderna indikerar att sol protonstormar var orsaken till bada kosmik stralnings hindelserna. Vidare
visar ett flertal arkiv dver kosmogeniska radionuklider att badda héndelserna uppmattes runt hela klotet i bada
hemisfirerna ocksa ir konsekvent med sol protonstormar. Berikningar baserade pa produktionen av '°Be, '*C och
36C1 indikerar att de tva troliga SPE karaktiriserades av ett hart spektrum och saknade motstycke avseende fluenser.
Faktum &r att solutbrottet som orsakade den stdrsta av de tva héndelserna (774/5) var en magnitud storre dn den
hardaste instrumentellt uppmita SPEn. Mer &veraskande hade den avsevért mycket hogre energi d4n Carrington
handelsen 1859 som anses vara den starkaste av de rapporterade historiska sol protonstormar. Sammtidiga toppar i
Pb, Cd och Na i iskdrnan indikerar en reaktion i den atmosfariska cirkulationen simultant med den storre av de tva
héndelserna. Den hoga Na koncentrationen tolkas som okad styrka i luftmassor associerad med okad stormighet
over norra atlanten sammtidigt med den exceptionella SPE. Slutligen, de nya '’Be métningarna i NGRIP iskirnan
frén denna studie pévisar existensen av en oforutsedd offset i the Greenland Ice Core Chronology 2005 (GICCO05)
tidskalan. Forseningar om fyra ar vid ar 993 och om sju ar vid ar 775 1 GICCOS5 pavisas.

Nyckelord : GICCO05, kosmisk stralning, kosmogeniska radionuklider, NGRIP, protonstorm, stormighet
Handledare: Raimund Muscheler
Bihandledare : Florian Adolphi
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1 Introduction

This project was motivated by the discovery of
two unprecedented signatures of rapid increase in A'*C
measured in Japanese cedar trees (fig. 1) dated to AD
774/5 and AD 992/3 (Miyake et al., 2012; 2013).
Cosmogenic radionuclides such as '"Be, '“C and **Cl
arise from the nuclear cascade which is triggered when
cosmic-rays penetrate in the atmosphere and interact
with nitrogen, oxygen and argon. On annual to
centennial time scales, the amount of cosmic-rays
reaching the atmosphere is chiefly dictated by the
intensity of the heliomagnetic field (Muscheler et al.,
2007) which acts as a shield. Hence the concentration
of radionuclides, as found in geological archives, is
not constant and oscillates through time. However, the
larger of the two mentioned rapid increases (AD
774/5) was characterized by a sharp enhancement in
"C content of 12%o over 1 year which is about 20
times larger than changes attributed to ordinary solar
modulation (Miyake et al., 2012). As a result, the AD
774/5 and AD 992/3 increases in radiocarbon
(thereafter M12 and M13 events respectively) were
linked to exceptional cosmic-ray events which have no
counterpart in the instrumental records. It should be
mentioned that increases in '’Be from the Antarctic ice
core Dome Fuji (Horiuchi et al., 2008) are also
discernible during these periods although only
measured at a resolution of 10-15 years.

The discovery of the exceptionally energetic
M12 and MI13 events has led to many studies
tentatively attributing them to several astrophysical
sources. Initially, Miyake et al. (2012) argued that
neither a supernova nor a solar flare could be
responsible because the energies required would be too
high. Subsequently, Melott & Thomas (2012) and
Usoskin et al. (2013) revisited the calculations of the
former authors and suggested that an extremely strong
solar proton event could in fact represent a possible
source for the rapid increases seen in '*C and '’Be.
Furthermore, Hambaryan & Neuhauser (2013) as well
as Pavlov et al. (2013) claimed that a gamma-ray burst
could also potentially explain the cosmic outbursts of
energetic particles around AD 775 and AD 993. More
recently, Liu et al. (2014) measured the M12 event in
coral skeletons and linked it to a coeval cometary
event.

Cosmogenic '"Be, '*C and *°Cl are produced in
the atmosphere through different reaction pathways.
Moreover, their individual production rate cross-
sections are differently sensitive to the energies of
incident particles. Owing to this, one could

A'C [%0]
I
o

theoretically deduce the energy spectrum and therefore
the causes of the two events. However, only '*C has
been used so far at annual resolution in order to
investigate the causes of the M12 and M13 events.

Besides the intriguing nature of these cosmic
events and the impact they would have on today’s
technological society they may also be climatically
relevant. Indeed, the fact that such outbursts of
energetic particles occurred in the vicinity of Earth
also raises the question of how did the atmosphere and
the climate system react to them. For instance, it has
been suggested that galactic cosmic-rays and solar
particles could play an important role in cloud
coverage (Svensmark & Friis-Christensen, 1997,
Tinsley, 2000; Voiculescu et al., 2006). Alternatively,
solar particles are known to cause ozone depletion in
the high latitudes of the stratosphere (eg. Jackman et
al., 1990; Seppala et al., 2004) which could potentially
lead to significant climate cooling (Melott & Thomas,
2012) and/or atmospheric circulation changes in the
troposphere.

Better assessing the origin of the M12 and M13
events is consequently of great importance for our
understanding of the dynamics of the sun and other
stars, for space weather forecasting and for space
engineering. It is also very interesting for investigating
how cosmic-rays and/or solar particles can impact
weather and climate. In consequence, the aims of this
study are twofold. First and most importantly, new and
annually-resolved 'Be was measured from the ice
core North Greenland Ice Core Project (NGRIP) and
complemented with other available cosmogenic
radionuclides records in order to assess the causes of
the M12 and M13 events. Second, the potential impact
of the two events on climate was investigated using a
very highly-resolved and extensive dataset of ions and
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Fig. 1. The rapid increases in A"*C seen during the M12
and M13 events. Modified from Miyake et al. (2013).



element compounds measured in NGRIP and provided
by McConnell et al. (unpublished). Additional climate
proxies from Greenland ice cores were also
considered.

2 Background

The scientific background of cosmic radiation
and subsequent cosmogenic radionuclides production,
transport and deposition and their interaction within
the atmosphere is crucial to the understanding of this
study. Herein is presented a comprehensive description
on cosmic rays and induced radionuclides as well as
on the suggested link between energetic particles and
atmospheric chemistry and thereby climate.

2.1 Cosmic-rays

Cosmic rays are mainly composed of hydrogen
nuclei (protons) and helium nuclei (a-particles)
stripped of their orbital electrons - respectively ~87%
and ~12% (Beer et al., 2012). The latter particles are
accelerated at velocities approaching the speed of light
and are continually bombarding Earth’s atmosphere
(Friedlander 1989). Our planet is, to some extent,
shielded from cosmic radiation by the geomagnetic
field and by the heliosphere (solar modulation). Both
vary in intensity through time and modulate the
amount of energetic particles reaching the atmosphere.
As such, periods of strong solar activity would result
in fewer particles reaching Earth and conversely (fig. 2
— upper panel).

Cosmic rays have arguably a wide energy
spectrum with the softer end (< 1 GeV) namely
explained by particles emanating from the Sun (Solar
Cosmic Rays-SCR) while particles irradiated from
beyond the Heliopause (Galactic Cosmic Rays-GCR)
make up the harder end of the spectrum (> 1GeV).
GCRs mainly originate from supernovae which occur
on average every 30-50 years (Beer et al., 2012).
Supernovae represent the violent core-collapse of
massive stars triggered by the lack of supply of nuclear
fuel (Schawinski et al., 2008). During the explosion,
heavy and rare elements are expelled while pulsars,
gamma-ray bursts (GRB) and even black holes can be
produced. Ejected material and interstellar shocked
material constitute supernovae remnants which are
bound by shock waves. These are believed to be the
source of acceleration of the energetic particles
constituting galactic cosmic rays (Koyama et al.,
1995).

However in this study, the unprecedented rapid-
increases in cosmic radiation yielded a radiocarbon
change about 20 times larger than attributed to
ordinary solar modulation (Miyake et al., 2012). This
suggests that the origin(s) of the M12 and M13 events
(AD 774/5 and AD 992/3 respectively) is different.
There are several candidates which could potentially

Modulation

Relative
production

Deposition

explain such a rapid increase: solar proton events
(SPE), short GRBs, relatively close SNs or dust from a
comet. These different astrophysical sources vary in
terms of their energy spectrum.

This diverging feature will be the key of this
study for assessing the origin of the rapid increase in
radionuclides as explained in the following sections.

2.2 Production of cosmogenic *C, '°Be
and *°Cl

When primary cosmic rays reach Earth and
come into contact with the atmosphere, a nuclear
cascade is triggered which eventually leads to
secondary particles (Masarik & Beer, 1999) such as
protons and neutrons. These energetic particles then
initiate spallation reactions of atmospheric nitrogen,
oxygen and argon - the principal constituents of the
atmosphere. These reactions eventually lead to the
formation of most cosmogenic radionuclides (Huggle
et al.,, 1996; Yim & Caron, 2006; Beer et al., 2012)
with the main reaction pathways detailed herein:

—
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Fig. 2. From cosmic rays to cosmogenic radionuclides. Upper
panel : solar and geomagnetic modulation of Galactic (GCR)
and Solar (SCR) Cosmic Rays. Yellow shading represents the
heliomagnetic  field, purple shading represents the
geomagnetic field. Middle panel : Relative production of
radionuclides in the atmosphere. Primary particles react into
secondary particles which through spallation of "N, '®O and
Ar creates the relevant radionuclides. Lower panel:
deposition processes of "*C, '°Be and **Cl and related proxies.



n+ "N - 14C+p
n+'""N — "“Be+2n+3p
p+'"N — "Be+n+4p
n+'°0 — "“Be+3n+4p
p+'"0 — ""Be+2n+5p
p+°Ar — **Cl+3n+2

Carbon-14 chiefly originates from the '*N-capture of
neutrons with the reaction emitting one proton.
Beryllium-10 results from the nuclear fission of both
"N and '°0 caused by secondary neutrons and protons.
This requires more energy which is why 'Be is less
abundant than "*C. As for chlorine-36, it is the heaviest
and rarest radionuclide of the three as it is mainly
formed by spallation of *’Ar which accounts for circa
1% of the atmosphere’s composition.

The production of cosmogenic radionuclides is
latitude and altitude-dependent. Indeed, most
production occurs at high latitudes where the
geomagnetic field and thus the shielding against
cosmic rays is the weakest. As for altitude,
radionuclides are mainly produced in the lower
stratosphere (65%; Beer et al., 2012) and upper
troposphere.

As the middle panel of fig. 2 and fig. 3 depict,
cosmogenic “C, '’Be and *°Cl are differently sensitive
to the energy of the incident cosmic rays (Webber et
al., 2007). Indeed, the production rates of
radionuclides induced from higher-energy GCRs tend
to vary proportionally as opposed to solar-induced
radionuclides production rates. Figure 3 accordingly
evidences that a shift in production pattern happens at
the beginning of the solar domain. This is strikingly
seen with the abrupt decrease in '’Be production and
the leveling of *°Cl which shows that the latter is the
more sensitive to lower-energy solar energetic
particles (SEPs). It should be mentioned that GCRs
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Fig. 3. Yield functions of "*C (Castagnoli & Lal, 1980), '°Be
and *Cl (Webber et al., 2007). Total production in the
atmosphere per incident cosmic ray proton as a function of
energy. White background represents the solar domain while
blue shading represents the galactic domain. Note the shift in
production pattern in the solar domain.
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make up for most of the radionuclides production on
Earth so that the yearly SCRs contribution can appear
seemingly negligible. Nevertheless, particularly large
solar storms could significantly increase the annual
production of **Cl as compared to '“C and '’Be and as
computed for the SEP events of 1960, 1972 and 1989
(Webber et al., 2007). Also worth noting in the light of
differences in production processes, is that '’Be is less
sensitive to solar modulation than '*C (Muscheler et
al., 2007). As a matter of fact, these authors mention
that a decrease in solar activity resulting in a 10%
increase in '’Be production would yield a '*C increase
of 13% (with current geomagnetic field configuration).

To summarize, the formation of cosmogenic
radionuclides involves complex nuclear cascades
triggered by cosmic rays-induced spallation reactions.
Nevertheless cosmogenic *C, '"Be and **Cl involve
different production processes with different target
nuclei (Beer et al., 2012). Hence the involved nuclides
have different sensitivities to varying-in-intensity
cosmic rays with Cl and, to a smaller extent, '*C
typically more sensitive than '°Be to lower-energy
solar particles. These relative differential production
yields of the three radionuclides can thus be used to
infer the energy level of incident cosmic rays at a
certain point in time.

2.3 Transport and deposition of
cosmogenic “C, “Be and *Cl

The three cosmogenic radionuclides used in
this study are the most commonly used in galactic and
solar irradiation reconstructions. As detailed in §2.2,
they vary greatly in terms of energy spectra and
production processes. Let us now consider how their
transport and deposition mechanisms further
differentiate them.

2.3.1 Carbon-14

Carbon-14 (T, = 5.73 ka) is the most abundant
of the three radionuclides. It also has the longest
atmospheric residence time (5 years) due to the carbon
cycle. Indeed, when 'C is formed, it can oxidize to
atmospheric CO, which is taken up by vegetation
through photosynthesis. Some of the resulting organic
matter eventually decays and oxidizes releasing back
CO; to the atmosphere although a small portion of it is
removed to the soils. Atmospheric “CO, can also be
dissolved in shallow ocean waters where a fraction of
oceanic carbon is eventually sequestered to deep ocean
waters under the form of CaCO; (Beer et al., 2012).
On geological time scales, some of it eventually
returns to the atmosphere through subduction and
volcanism. The atmospheric '*C concentration N,(z) is
consequently a function of not only the production rate
O(t) but also the decay ™ and the carbon cycle C(z) as
expressed in the following equation (after Beer et al.,
2012):



Table 1. Latitudinal deposition of '"Be relative to different atmospheric reservoirs and as a function of latitudinal production
(after Heikkild et al., 2009). Example : 58% of '°Be produced in the troposphere at 30°-60° N is deposited in sifu, 32% of it is
deposited at 0-30° N, 5% is deposited in the arctic, 4% at 0-30° S and finally 1% at 30°-60° S. Blue percentages represent in situ

deposition.
Deposition:
60°-90° S 30°-60° S 0-30° S 0-30°N 30°-60° N 60°-90° N

Production (fotal):

60°-90° S trop. (2.5%) 16% 65% 15% 4% 0% 0%
30°-60° S trop. (6.5%) 5% 58% 31% 6% 0% 0%
0-30° S trop. (8.5%) 1% 17% 58% 21% 3% 0%
0-30° N trop. (8.5%) 0% 3% 18% 62% 17% 0%
30°-60° N trop. (6.5%) 0% 1% 4% 32% 58% 5%
60°-90° N trop. (2.5%) 0% 0% 2% 15% 64% 19%
Stratospheric (65%) 2% 23% 24% 24% 25% 2%

t
N.(t) = f Q()e ¢ (v)dr M
0

Carbon-14 can be easily retrieved and accurately dated
in tree rings which makes it the most commonly used
proxy for solar activity reconstruction (Bard et al.,
1997; Usoskin et al., 2003; Muscheler et al., 2007).
However, it is important to emphasize that because of
its long residence time and complex cycle, '*C content
in tree rings does not represent the annual amount of
energetic particles reaching the atmosphere but rather
a merely damped (Bard et al., 1997) and time-shifted
signal of it. This needs to be accounted for using a
reversed carbon cycle model which essentially relies
on differential equations to describe the exchanges
between the different reservoirs and extract the '*C
production rate (Siegenthaler, 1983) cf. equation (1).
The nature of the carbon cycle also means that '*C
content in tree rings represents a well-mixed and
global signal. Furthermore, changes in measured
radiocarbon content retrieved in tree rings do not
necessarily reflect changes of the solar modulation or
the geomagnetic field but can also reflect changes in
the carbon cycle itself (Muscheler et al., 2005).

2.3.2 Beryllium-10

Beryllium-10 (T, = 1.387 Ma), on the other
hand is scavenged much more rapidly as it binds to
aerosols (Lal & Peters, 1967) and then combines with
water droplets which eventually precipitate down to
Earth’s surface (lower panel fig. 2). Such “wet
deposition” is the main removal process of
atmospheric '’Be although gravitational settling and
dry deposition dominates in desert regions such as
Antarctica. Logically, regions characterized by high
precipitation rates, namely the tropics and polar fronts,
will exhibit the highest wet deposition flux (Heikkild
& Smith., 2013) and fastest scavenging of atmospheric
"Be. Most '’Be is produced in the polar regions but is
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deposited in latitudes of 30-60°. Despite quick
scavenging, '"Be thus represents a more or less
hemispherical production signal though to a lesser
degree than that of "*C. As a matter of fact, Heikkila et
al. (2009; table 1) found that '°Be produced in the
stratosphere (65% of total production) is well mixed
and deposited throughout the globe except for the
polar regions. As for non-polar tropospheric '’Be, as
much as 58-62% is deposited in situ with the
remaining fraction distributed within the hemisphere
of origin. From the table, one can estimate the weight
of the different atmospheric reservoirs on the'’Be
content as archived in polar ice. As such, it is found
(Beer et al., 2012) that 60% of '"Be in Greenland is
initially produced in the stratosphere while 22% and
18% is produced in situ in the troposphere and at 30-
60°N respectively. For Antarctica, the numbers are
64%, 20% and 16%. Beryllium-10 produced in the
troposphere is very rapidly removed, within a few
weeks, and is consequently not as well-mixed as
stratospheric '’Be as illustrated in table 1 (Heikkili et
al., 2009). Another difference between '*C and '*Be is
that the latter has a less dampened signal than the
former and its concentration in annual archives is more
closely related to production rate due to its lower
residence time ie. 1-2 years (McHargue & Damon,
1991; Masarik & Beer, 1999). Nevertheless, 10Be also
has limitations as climate and more precisely
atmospheric circulation and precipitation are largely
involved in its transport and deposition. Accordingly,
'"Be concentration in ice is not only dictated by
incident cosmic rays but also by accumulation rates.
This can be easily compensated for by calculating the
"Be flux (Berggren et al., 2009). However, this simple
calculation only corrects for the accumulation effect
and does not consider other potential tempering.
Moreover, '°Be is traditionally extracted from ice
cores and sediments which have increasing chronology
uncertainties with depth/time. This can be very
problematic when comparing high resolution '*C and



""Be records as it is the case in this study.

2.3.3 Chlorine-36

Cholrine-36 (T, = 301 ka) is less known and
used than '"Be and "*C. This is partly due to the fact
that *°Cl has very low concentrations so that twice as
much ice is needed for AMS measurements than for
""Be. Its transport and deposition mechanisms have
consequently been prone to less studies. Once
produced from argon, *°Cl is transported and deposited
in two ways (Delmas et al., 2004). Similarly to '“Be,
*®CI can attach to aerosols and follow atmospheric
circulation pathways, chiefly as NaCl. Also and
supposedly more importantly, chlorine is present in the
atmosphere as gaseous HCl and Cl, where dry and wet
deposition would dominate. There still are no robust
35CI cycle reconstructions which have been attempted.
As a result, potential latitudinal dependencies in **Cl
deposition are still unknown. Nevertheless, Synal et al.
(1990) have used bomb-produced **Cl fallouts in order
to derive its residence time which they find at 2 years
and thus comparable to '°Be. To this day, it can only
be assumed that *°Cl as found in ice cores is
representative of the production rate. It should be
stressed, though, that H**Cl in ice cores is subject to
upward diffusion. Indeed, it is believed (Delmas et al.,
2004) that during snow metamorphism, a fraction of
gaseous HCI is released to the free atmosphere and
then deposited back to more modern layers. This
unexpected mobility of HCI in ice archives could
prove to be problematic for high resolution studies of
*6Cl and should be duly noted and taken into
consideration.

2.4 Cosmic rays-Climate link

As introduced, the rapid increases in cosmic-
rays which occurred at AD 774/5 and AD 992/3 may
also have a climatological aspect. Indeed it has been
suggested (Svensmark & Friis-Christensen, 1997) that
cosmic rays may indirectly force climate by increasing
cloud formation. In fact, Ney (1959) and Dickinson
(1975) already suggested decades ago the possibility
that ionization of cosmic rays in the atmosphere might
contribute to cloud nucleation in the vicinity of the
tropopause. Theoretically, a decrease of solar activity
would lead to a weakening of the shielding and thus an
increase of cosmic bombardment on the atmosphere
effectively increasing low cloud nucleation and
Earth’s albedo eventually resulting in a cooler climate.
Along those lines, Svensmark & Friis-Christensen
(1997) found a statistical correlation between cosmic
rays and cloud cover for the years 1984 to 1991.
Nevertheless, the latter results were regarded as poorly
significant (Jergensen & Hansen, 2000) due to the low
degree of freedom of the correlation (8 points — less
than one solar cycle) and due to the very poor
understanding of the physical mechanisms of cloud
formation. The correlation between cosmic rays and
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cloud condensation nuclei (CCN) is very intricate
because not only cloud cover can be considered but
also the microphysical properties of clouds such as
cloud droplet size, cloud water content and cloud
optical depth (Kristjansson et al., 2008). Nevertheless
the CR-CCN relationship remains an interesting and
attractive parameter of the sun-climate link. As a
matter of fact, the latter relationship motivated a
CERN-directed experiment Cosmics Leaving Outdoor
Droplets (CLOUD) aiming at better understanding the
potential effect of ionizing cosmic radiation on cloud
formation. Although the experiment is, to this day, still
ongoing it has been found that cosmic rays might in
fact substantially increase the nucleation rate of
sulphuric acid-ammonia particles (Kirkby et al., 2011).
It should be mentioned, though, that as important as
this finding is in relation to the potential link between
GCR and clouds, uncertainties concerning whether
those particles grow sufficiently to seed cloud droplets
leave the CR-CCN question open.

The AD 774/5 and AD 992/3 cosmic events
could be very interesting to the discussion since they
represent the largest outburst of cosmic rays measured
to this day. One could thus expect to see an imprint on
climate proxies at that time period assuming the CR-
CCN link genuine. Similarly, Wagner et al. (2001)
investigated the potential link between flux of '’Be and
3%Cl at Summit, Greenland with climate proxy data
such as 8'%0 and CH,. Interestingly, the authors found
no correlations between climate and CR-induced
radionuclides for the Laschamp event which was
marked by a minimum in the geomagnetic field at 36-
41.5 ka BP and thus a substantial increase in cosmic
rays penetrating Earth’s atmosphere casting doubts on
a possible link between cosmic rays and climate.

2.5 Solar proton events (SPE)

Since solar proton events are a possible source
for the M12 and M13 events and will be discussed in
length, a review of their characteristics is needed.
Solar proton events, sometimes referred to as solar
energetic particle events (when electrons and all
nuclides are considered) represent events where the
solar proton flux is generally elevated for a few days
(Jackman et al., 2005). Some of these particles are
accelerated by the sun with sufficient energy to
penetrate down to Earth’s atmosphere (Shea & Smart,
1990) especially at high latitudes where the
geomagnetic field (cutoff rigidities) is weaker.

The intensity of SPEs is typically described by
different means which can be somewhat confusing.
The most extreme events are often known as ground
level events (GLE) which are measured by neutron
monitors and defined as % above the pre-event
counting rate — such a detection method only captures
highly energetic particles. Less energetic solar
particles are measured by satellites such as the
Geostationary Operational Environmental Satellite
(GOES) which provides information on particles



ranging from ~1 to 100 MeV in energy. SPEs can also
be described by their specific proton fluence spectrum
which represents the amount of particles of different
energies (protons) per a surface area (typically cm™).
Two main solar spectra exist — soft and hard.
Typically, soft SPEs are characterized by high proton
fluxes at low energies (E < 30 MeV) while hard SPEs
are characterized by high proton fluxes at high
energies (E < 100 MeV). It is believed that soft and
hard SPEs originate from different areas in the solar
disk (Beer et al., 2012; Cliver et al., 2014).
Furthermore, it should be mentioned that it is common
practice to refer to the intensity of a SPE by its fluence
above 30 MeV ie. F (> 30 MeV) or F3.

Among notable SPEs measured during the
instrumental era, we can mention the event of
February 1956 which was the strongest and hardest
SPE with a GLE peak of 5,500% and a fluence F3y of
1.8x10° protons.cm™ (Webber et al., 2007). The
highest fluence F3, measured belongs to the soft SPE
of 1972 with 4x10° protons.cm™. The largest solar
flare, though, is considered to be the Carrington solar
flare event of September 1859. Since it occurred prior
to the “satellite era”, McCracken et al. (2001) used
nitrate concentrations archived in polar ice to deduce a
fluence > 30 MeV (F3) of ~1.9x10" which is about 5
times more than the SPE of 1972. The Carrington solar
flare event is, to this day, considered as the only one to
have had a Fj3, in the vicinity of 10" proton.cm'z.
Smart et al. (2006) noted that the absence of
significant increases in '°Be also archived in polar ice
indicates that the solar cosmic radiation produced in
the Carrington event had a soft spectrum ie.
fundamentally less proton fluences above 100 MeV
than above 10 MeV.

Such energetic particles events have the
potential to penetrate into and alter the chemistry of
the polar atmosphere. As such, many studies (eg.
Jackman et al., 1990; Seppild et al., 2004; Lopez-
Puertas et al., 2005) have reported enhancements of
nitric and hydrogen oxides and depletion of ozone
which can potentially affect surface air temperatures
(Callisto et al., 2013).

3 Methods & Dataset

In order to estimate the origin of the two
events, several records of ice core '"Be and **Cl as
well as tree rings '“C have been used. As for
investigating a potential impact on the atmosphere,
several proxy records found in ice cores have been
used. The resulting dataset (table 2) and analytical
methods are described in the following section.
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3.1 Available data

3.1.1 Cosmogenic radionuclides records

There exist two ice cores (GRIP and Dome
Fuji) for which '’Be and/or *°Cl have been measured
during the relevant periods (the 8" and 10™ centuries).
Beryllium-10 is available at quasi-biannual resolution
from the GRIP ice core (Muscheler et al., 2004;
Vonmoos et al., 2006) but many results are still
lacking engendering a very erratic record as evidenced
by fig. 4. In addition to '"Be, *°Cl is also available
though at lower resolution (fig. 4). Indeed, two
samples were combined as the lower concentration of
Cl in ice would otherwise not allow for reliable
measurements. Despite the lack of many samples and
the resolution of 5 years, this record is genuinely
important because of the sensitivity of the **CI
production rate to low energy particles. As for Dome
Fuji (fig. 4), the Antarctic record displays '‘Be
concentrations with unequidistant resolution ranging
from 10 to 15 years.

Regarding "*C, the IntCall3 calibration curve
(Reimer et al., 2013) represents a good continuous
record allowing one to investigate radiocarbon
fluctuations as well as solar activity throughout the
Holocene and beyond. The calibration curve utilizes
A"C measurements from tree rings. The smoothed
aspect of IntCall3 is not optimal to compare the
enrichment in '*C to its other radionuclide counterparts
which is why the annual to biannual A'“C
measurements of Miyake et al. (2012, 2013), displayed
in fig. 1, were used for the subsequent analysis.
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visualization. Dotted lines represent expected occurence of the
two cosmic events.



Table 2. Ice core and tree rings proxy records used and characteristics. Res.= Resolution, CFA=Continuous Flow Analysis data,
atm. circ.=atmospheric circulation.

Record Source Proxy (for) Time span Res. Investigator
[AD] [years]
IntCall3 tree rings "C (cosmic rays) <0-1950 1-10 Struiver et al., 1998
Reimer et al., 2013
Japanese Cedars tree rings C (cosmic rays) 770 — 800 1- Miyake et al., 2012
988 —1018 1-2 Miyake et al., 2013
Crete ice Greenland 8'%0 (climate) 554 - 1278 <0.1 Clausen et al., 1988
Dome Fuji ice Antarctica  '’Be (cosmic rays) 699 — 1876 10 -15 Horiuchi et al., 2008
Dye 3 ice Greenland 3'"0 (climate) <0-1872 1 Vinther et al., 2006
GRIP ice Greenland 30 (climate) 551-1979 1 Vinther et al., 2006
""Be (cosmic rays) <0 - 1645 2.5 Muscheler et al., 2004
Vonmoos et al., 2006
35CI (cosmic rays) <0 - 1645 Wagner et al., 2000
NGRIP ice Greenland 8'%0 (climate) 0—1995 1 Vinther et al., 2006
CFA (atm. circ.) 743 — 1002 <0.1 McConnell (pers.comm.)
""Be (cosmic rays) 765 — 792 This study
985 -1015 1 This study

-90 10

-80 ~70 —60 -50 —40 30 —20 10 0 , .
e 3.1.2 Glaciochemical data

To link such rapid increases in cosmic
radiation to climate, it is crucial to have very high
resolution climate records in geological archives.
Regrettably, very few annually resolved climate
proxies (eg. ice cores, tree rings, sediments and
chironomids in varves, speleothems) are available for
the relevant periods. Indeed, too few tree chronologies
exist to for a statistically thorough
reconstruction while annually laminated sediments and
speleothems are very scarce. As a result, this
paleoclimatic investigation is merely a Greenland
atmospheric reconstruction with several ice core
proxies used as detailed in table 2. There exist 4 ice
cores with annually resolved 80 data at the time
period of the 2 events: Dye 3, the Greenland Ice Core
Project (GRIP), Crete and NorthGRIP. As evidenced
in fig. 5, the spatial distribution of the latter ice cores
span across the whole of Greenland, on a N-S
perspective. This fact is important because it would
allow one to extract a regional signal (Vinther et al.,
2003).

allow

Latitude (degrees)

In addition, unpublished dust/gaseous

-40 =30

Longitude (degrees)

Fig. 5. Location of Greenland ice cores (modified from
NGRIP members., 2004; originally provided by S. Eckholm,
Danish Cadastre). Note the N-S geographical spread of
NGRIP, GRIP, Crete and Dye 3.
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impurities measurements from the NGRIP ice core
provided by McConnell et al. have been used in order
to estimate changes in atmospheric circulation
patterns. The extensive data have been extracted
utilizing continuous flow analysis (CFA). This method



consists in continuously melting sections of an ice core
supplying a sample water flow which is then analyzed
(Kaufmann et al., 2008). CFA allows for very high
resolution with lower risks of contamination bias as
only the inner part of ice core sections is analyzed. The
NGRIP record used herein consists of a multitude of
dissolved and particulate impurities as detailed in table
3.

Table 3. List of all impurities in the NGRIP CFA data
provided by McConnell et al. (pers. comm.).

Elements, chemical com- Symbol
pounds and ions

hydrogen peroxide H,0,
ammonium NH,"
nitric acid HNO;
5150 5130
black carbon bC
magnesium Mg
sulfur N
non-sea salt sulfur nssS
calcium ion Ca**
non-sea salt calcium nssCa
manganese Mn
sodium Na
rubidium Rb
strontium Sr
cadium Cd
lanthanum La
cerium Ce
thalium Tl
lead Pb

3.2 NorthGRIP "°Be

Figure 4 strikingly shows that the existing '’Be
and *°Cl ice core records are not optimal for this study
which requires continuous data at high resolution. This
motivated the acquisition of new and annually
resolved '’Be data obtained from the NGRIP ice core.

3.2.1 Ice sampling

The NGRIP ice core samples were retrieved
from the Centre for Ice and Climate in the Niels Bohr
Institute of the University of Copenhagen, Denmark.
The ice core was initially cut into 55cm segments (fig.
6-A) in situ at the coring site in Greenland. In order to
ensure high resolution measurements each bag was cut
with a band saw into 3 samples inside the freezer
which should correspond to annual resolution. The
resulting 57 ice samples were then transported to the
Beryllium-10 laboratory at the Geoscience Department
of Uppsala University, Sweden for preparation for
Accelerator Mass Spectrometry (AMS) measurements
of 'Be.
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3.2.2 Chemical for AMS

measurements

preparation

The chemical preparation of 10Be described
henceforth follows the same procedure than that of
Berggren (2009). To begin with, the ice samples of
100-170g were cleaned with deionized and distilled
water to eliminate potential contamination such as
drilling fluid and/or handling. Two solutions of 1 mL
0.103 ppmw pg/ml standard Beryllium (°Be-carrier)
and 4 mL 998.2-1019.9 ppmw pugCl/g (*°Cl-carrier)
were then precisely added to the ice using a digital
pipette. The *Be-carrier is needed in perspective of the
AMS measurements to estimate the '’Be/’Be ratio and
subsequently calculate the amount of '“Be present in
each sample. As for the **Cl-carrier, it was added in
regard of the same purpose. That is, of eventually
calculating the amount of *°Cl although this will be
measured in further studies and will thus not be
included herein. Introducing the carriers as early as
possible in the procedure is vital because, in case of
loss of material, the ratio would remain constant and
thus the AMS measurements unbiased. The next step
in the preparation was to melt the ice samples using a
microwave oven. This was done using short
increments of time so that the samples would not
warm excessively.

The melted samples were poured into drip
bags themselves linked to cation exchange columns
(Bio-Rad Poly-Prep® prefilled chromatography cation
columns AG 50W-X8 resin 100-200 mesh hydrogen
form 0.8x4 cm), via silicon tubes (fig. 6-B), which are
aimed at capturing the *Be and '°Be from the water.
The residual water was then directed to anion
exchange columns (manually filled with Bio-Rad
AG® 4x4 resin 100-200 mesh free base form) in order
to retain *°Cl and its related carrier, *Cl. As depicted
in fig. 6-B, the samples were combined by two for the
Cl columns to ensure the feasibility of AMS
measurements as concentration in ice of the latter
isotopes is even lower than that of berylluim. It should
be mentioned that several blanks consisting of circa
150g of distilled and deionized water were processed
in the same manner which would ultimately allow for
an estimation of the background noise.

The beryllium resins were subsequently
eluted (fig. 6-C) by mounting open quartz tubes on top
of the columns and pouring in 25mL of 4 M HCI. The
resulting fluid, the eluate, consists of the acid and the
beryllium isotopes. 12 mL of ammonia (NH;) was then
added to the eluate in order to raise the pH between 6
and 12 and thus obtain a basic solution so that
beryllium hydroxide would form. The samples, placed
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Fig. 6. Panel depicting the different stages of the '°Be sampling, preparation and measuring. A) A NGRIP bag before sampling at
annual resolution. B) '’Be extraction : 1. Drip bags with water samples - 2. Silicon tubes 3. Cation exchange columns for
Beryllium - 4. Combining 2 samples for *CI - 5. Anion exchange columns for **Cl. C) Elution of Be columns. D) Centrifuge used
to separate Be(OH), from HCI+NHj; and water. E) Furnace used to oxidize samples to BeO. F) Example of cathodes with pressed
*19Be0+Nb placed in AMS holders.
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in centrifuge tubes, were then left covered overnight to
maximize the precipitation of Be(OH),. The samples
were then centrifuged (fig. 6-D) at 5000 RPM for 20
minutes in order to separate the Be(OH), precipitate,
agglutinating as a translucent gel at the bottom of the
tubes, from the residual solution. The gel-like Be(OH),
was thereafter transferred to small centrifuge quartz
tubes into which distilled and deionized water was
added. After stirring thoroughly the water and the
precipitate, the quartz tubes were centrifuged — this
two-step cleaning procedure was repeated four times.
Eventually, the water was discarded and all that
remained was the Be(OH), gel.

The samples could subsequently be placed
and heated in a (ENTECH 1400W ETF 70/12-Spec)
furnace (fig. 6-E). During the first hours, the heat was
incrementally raised to 60°C to prevent boiling and
thus loss of beryllium. Then, the samples were
gradually heated to 150°C for 30 minutes and kept at
that temperature for 2 hours to make them utterly dry.
In order to form beryllium-oxide (BeO), the heat was
slowly (ie. over a span of 2 hours) raised to 850°C and
kept at this temperature for another 2 hours. The
temperature was then decreased gradually for the
samples to cool down to circa 100°C, at which point
they were placed into an exsiccator to prevent air
moisture to come into contact with them before the
pressing procedure.

Once the powder-like BeO had reached room
temperature, about 1 mg of niobium (Nb) was added to
the samples, in the quartz tubes, to facilitate AMS
measurements. The BeO-Nb mixture could then be
pressed into cathodes (fig, 6-F) in which another mg of
Nb was added before sealing them with an aluminum
wire.

It should be mentioned that every tool and
recipient used were thoroughly cleaned in particular
manner as detailed in fig. 7 which displays every step
of the chemical preparation.

3.3 Data treatment and analysis

3.3.1 Background level

The production of cosmogenic radionuclides
is strongly dictated by incident galactic cosmic rays
with other contributions such as solar protons and su-
pernovae-induced gamma-rays fairly negligible. Nev-
ertheless, it has been computed (Webber et al., 2007)
that particularly large SPEs can lead to noticeable en-
hancements in '°Be and **Cl yearly production. As a
matter of fact, these authors found 13 instrumental
SPEs in the last half century which are expected to
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Fig. 7. Flowchart for '’Be chemical preparation. The boxes
represent the different steps of the procedure. Blue text
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effect of preceding box.*Distilled and Deionized **Bio-Rad
Poly-Prep® prefilled chromatography cation columns AG
50W-X8 resin 100-200 mesh hydrogen form 0.8x4 cm)

have had an impact on '’Be and **Cl production rate.
In the case of the M12 and M13 events, though, the
paradigm is inverted with the peaking production ex-
pected to echo abnormal outbursts of solar protons or
gamma-rays rather than ordinary galactic cosmic rays
(Miyake et al., 2012). To approximately know how
many nuclides have been generated by the events and
thus the energy level of their origin, one must separate
both signals.

To do so, the production induced by galactic
cosmic rays must be estimated and subtracted from the
total amount of radionuclides in the records which
would give the baseline of the peaks. Cosmic rays are
modulated by solar activity and the geomagnetic field
as detailed in §2.2.

For '*C, IntCall3-based production rate curve
could appear as a candidate of choice to represent the
background level of radiocarbon prior to the events.
However, the dataset is influenced by the '“C spikes
themselves (fig. 8) resulting in an underestimation of
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Fig. 8. Example of two potential background levels of radiocarbon. *C production rate based on Intcall3 and Miyake et al.
(2012) data is in black with grey shading representing error margins. Procuction rate based on IntCall3 is represented in red. As
for the blue curve, it depicts a robust least-squares regression applied to the '*C production rate. Note that the main discrepency
between IntCall3 and the regression method appears at the M12 event.

solar activity and ergo an underestimation of '*C pro-
duction caused by the cosmic outbursts. In order to
obtain an undistorted and reliable '*C background lev-
el, a smoothing function robust against outliers was
applied to the 14C production rate based on IntCal 13
and Miyake et al. (2012; 2013) data. The function con-
sists of a local regression which assigns zero weight to
data outside six mean absolute deviations. As it can be
seen in fig. §, the main discrepancy arises from the
time period of the peak. One can observe that the
IntCal13 production rate (red curve) is forced towards
higher values around AD 774/5 as opposed to the ro-
bust local regression (blue curve) which rather repre-
sent the bulk behaviour of the neighbouring data of the
peak describing a small solar minimum. Another po-
tential choice for the '*C background would be to use
the mean pre-industrial production rate as did Usoskin
et al. (2013). Though, it should be mentioned that the
latter method could either over- or under-estimate the
peak amplitude if it would be occurring during a solar
maximum or minimum respectively.

In the light of those arguments, applying a
robust local least-squares smoothing to the '*C data
represents the most suitable and reliable estimation of
the background level of the latter radionuclide. Indeed,
this method presents the advantage of both represent-
ing a good averaged trend and of being robust against
outliers. The same logic has been applied to the **Cl
data.

As for ""Be, the scarce number of data points
(ie. 27 and 30) does not allow for a relevant local re-
gression to be applied. As a consequence, the back-
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ground level will be defined as the average value of
""Be prior to and following both events.

3.3.2 Deposition fluxes and production rates

Radionuclides archived in ice cores are
measured as concentrations expressed in atoms/gj.. SO
that more precipitation is expected to dilute
concentrations (Berggren et al., 2009). As a result,
'"Be and *°Cl fluxes were calculated as below:

_A*pice*c

5 2

where 4 is the accumulation rate in cm/year, p;.. is the
density of ice in g/lm’, C is the measured
concentrations in atoms/g and S is the number of
seconds in a year. As such, fluxes are expressed in
atoms/cm?/second. In addition, fluxes or production
rates are needed to have a quantitative appreciation of
the supplementary production caused by the cosmic
events.

As for AM™C, carbon cycle modeling was
needed to obtain the production rate record as
explained in §2.3. The model used was programmed in
MatLab Simulink (Muscheler, 2000) and is based on
the outcrop-diffusion model of Siegenthaler (1983).
Such models are not designed for the investigation of
abrupt and yearly changes in atmospheric carbon
content which is why several low pass filters have
been tested. The radiocarbon production rates were
calculated as normalized values. As a result, the values
were multiplied by 2.02 which is considered as the



global pre-industrial "*C production rate in atoms cm™
s (Masarik & Beer, 1999).

3.3.3 Yield functions and response functions

Since relative cosmogenic production is
directly depending on the energy of cosmic particles,
one can deduce the energy domain of a particular
event by comparing the relative production increases
of various radionuclides. To do so, the yield functions
of Webber et al. (2007) have been used. Yield
functions represent the total production of various
cosmogenic isotopes in the atmosphere per incident
particles as a function of energy (Webber et al., 2007)
as in fig. 3. These functions
mathematically obtained using the FLUKA code
(Fasso et al., 2001), which uses a Monte Carlo
calculation of atmospheric production of cosmogenic
radionuclides. The energy range of these functions
spans from 10MeV to 10GeV which perfectly suits
this study as it covers solar as well as galactic cosmic-
rays energy domain.

While the use of yield functions allows for an
estimation of the energy level of the events, it does not
provide a clear picture of the fluence of the events. To
this end, response functions have been used. These
functions are expressed as follow (Beer et al., 2012):

shown were

R(E,t) = J(E,t) «S(E) (3)
where J(E,?) is the differential spectrum of cosmic
radiation (eg. solar particles or gamma-rays) and S(E)
is the specific yield function. As a result, response
functions could help one to estimate the fluence of the
events given that production of radionuclides during
the M12 and M13 events are known and that the
energy spectrum is assumed.

3.3.4 Principal Component Analysis

The NorthGRIP CFA data provided by
McConnell et al. represents a remarkable window into
the Arctic atmospheric circulation and composition
throughout the M12 and M13 events at quasi-monthly
resolution. The rather extensive dataset is at the same
time hard to visually interpret owing to the many
variables and seasonal cycles. Most of these variables
are nevertheless driven by common forcing agents and
consequently display similar bulk behavior. For this
reason, principal component analysis (PCA) has been
applied to the data. PCA allows for generating a new
set of variables — the principal components - by
detecting linear dependencies between variables and
replacing groups of correlated variables by new
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uncorrelated variables (Trauth, 2007). The first
Principal component PC1 and associated first
eigenvector A; contain the most of the variance with
subsequent principal components and eigenvectors
characterized by decreasing explained variance.
(Trauth, 2007).

Furthermore, high resolution investigation of
high frequency climate data such as 'O can be very
difficult because of the possibility of bias from noise.
Such noise is commonly locally induced ie. wind abla-
tion or diffusion. As a result, PCA has also been ap-
plied in order to single out such noise and isolate a
common regional Greenland 8'*0 signal (Vinther et
al., 2003). Indeed the four ice cores used are very dis-
tant in location (fig. 5) providing a Northern signal
(NGRIP) a central signal (Crete and GRIP) and a
southern signal (Dye 3). The period chosen for the
3'%0 analysis was AD 553-1100, the lower limit being
the earliest common data. Furthermore, PCA has been
applied to 4 red noise series in order to estimate the
amount of noise in the PC1 and 8'*0 records.

3.3.5 Estimating significance with the Montecarlo
approach

Correlation coefficients can sometimes convey
a biased view on the relationship between two time
series because they do not consider the likelihood of a
match. For instance, if two smoothed series are
compared, they may appear seemingly well-correlated
though the level of significance would be low because
of the high probabilities of having such a match by
chance increase with increasing autocorrelation. In that
light, Montecarlo simulation has been performed on
every relevant correlation coefficient measured. To do
so, a red noise series was computed taking in
consideration the spectral properties and the
autoregressive characteristics of the time series
investigated eg. 8'°0. This was done iteratively 10,000
times. The derived series were then correlated to the
“cause series” (the annually-resolved '"Be or 'C
measurements in this study) in order to test the null
hypothesis and to estimate the significance of the
initial correlation coefficient.

3.3.6 Wavelet analysis

The analysis of the 3'°0 time series was also
complemented by wavelet transforms as an additional
tool for significance testing. Indeed, time series
derived from climate proxies are often characterized
by intermittent oscillations and wavelet transforms are
commonly used to analyze such data which contain
non-stationary power at several frequencies



(Daubechies, 1990). In this study, the wavelet
transforms were used as a check, in order to assess
whether potential correlations between the M12 and
M13 events and the climate proxies depict causality or
are simply an artifact from an intermittent high
frequency oscillation.

4 Results

41 The events recorded in

radionuclide records

as

4.1.1 New NGRIP '°Be measurements

The new annually-resolved NGRIP '"Be data
from this study (fig. 9) span over the time periods AD
765-792 and AD 985-1015, based on the Greenland
Ice Core Chronology 2005 (GICCOS5; Vinther et al.,
2006). One can readily distinguish an excursion at AD
768-9 reaching concentrations of 4.72 10* atoms/g and
lasting 3-4 years. This consequently confirms the rapid
increase in A"C discovered by Miyake et al. (2012)
providing yet another independent record displaying
the related event. Furthermore, this proves the global
aspect of the M12 event (AD 774/5) as it is recorded in
ice '’Be in both the Arctic (NGRIP) and likely the

Antarctic (Dome Fuji; fig. 4). Intriguingly the spike, as
recorded in the new NGRIP 'Be data, is shown to
occur 7 years earlier than expected which is discussed
in §54. As for the M13 event (AD 992/3), '"Be
concentrations do not exhibit a proportionally
comparable spike to its 8" century counterpart though
one can observe two excursions at AD 988.5-989.5
and AD 1000.

The measured '“Be flux nevertheless gives
clues as to which excursion is related to the proposed
late-10™ century event. Indeed and as depicted in fig.
9, '"Be flux shows higher values for the AD 988.5-
985.5 spike and inversely lower values for the AD
1000 spike. Furthermore, the latter excursion is
composed of only 1 data point as opposed to the
former which could advocate for it simply being noise,
perhaps induced by weather (Muscheler & Beer,
2006). This implies that the M13 event is recorded
earlier than expected in the NGRIP ice core too,
though with a shift of 4-5 years. The occurrence of an
excursion also confirms the existence and the likely
global aspect of the M13 event. The two mentioned
excursions apart, the '’Be flux shows to correlate well
with 'Be concentrations with the values ranging
within errors.
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Fig. 9. Upper panel: Measured NGRIP '’Be concentration. Shading represent error margins. Lower panel: Comparison between
measured '’Be concentration and calculated '°Be flux. Note the break in the timescale between AD 796—984 placed to ease
visualization
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4.1.2 "C production rate

Figure 10 displays the modeled production rate
for radiocarbon during the M12 event based on the
AMC from Miyake et al. (2012). It exhibits that
lowpass-filtered records with a cutoff frequency of
both 1/5 years™ and 1/1 years™ are altogether similar.
The main discrepancy is observed at the time period of
the AD 774/5 peak. As a matter of fact, the 1/1-year
curve is better constrained in time and its peak is
higher in amplitude albeit featuring oscillations prior
to and following it. On the other hand, the 1/5-years
curve is expectedly smoother which results in the peak
being damped in amplitude and less constrained in
time although it does not feature strong oscillations. It
should be mentioned that both curves are equally
correlated to the NGRIP '’Be data with r°=0.86. In this
study, the production surplus associated with the two
events, M12 and M13, is a key variable. With this in
mind, the lowpass-filtered series with a cutoff
frequency of 1/1 year' is regarded as better suited
because it is better constrained in time, has a more
realistic peak amplitude as the input data is not
smoothed and because its drawback, the
oscillations, are of no real impact.

only

4.1.3 Production surplus

The M12 event (AD 774/5) - Having defined the
background levels of each radionuclide records, one
can compare the amplitude and aspect of their
signature increases. Both the NGRIP '’Be flux and the
modeled '*C production rate show that the M12 event-
related peak is constrained within 3 years (fig. 11a).
With such an increase of 3 years in production-
deposition and a background level calculated at 1.54
atoms.cm™s™, it is found that "*C production induced
by the M12 event increased by a factor of 3.98 spread
over 3 years. As for '’Be flux, the background level
was estimated at 0.0102 atoms.cm™s™’. As a result, it is
found that '°Be production increased similarly to '‘C
with a factor of 3.25 also spread over 3 years. The
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NGRIP '“Be flux interestingly features a somewhat
sinusoidal variation with a frequency of about 1/11
years which is in accordance with solar modulation
related to the 11-years cycle. A sine wave function of
such frequency is plotted in fig. 11a in order to better
illustrate this phenomenon which also shows that the
event possibly occurred during the low phase of a solar
11-years cycle. Finally, the background level of **Cl
was placed at 0.0017 atoms.cm™s”. Estimating the
production surplus Cl is somewhat more
complicated because of the poor resolution of the
GRIP record. Moreover, one can see (fig. 11a) that the
peak as recorded in Greenland ice cores (AD 767-769)
is split into two 5-years samples in the GRIP *°Cl
record thus further dampening the amplitude. With
concern for thoroughness, a minimal and maximal
peak has been estimated with the mean value
displayed in the figure. The minimal value of 0.0035
atoms.cm™”s” is based on the assumption that the
background level is better represented by the inferred
solar modulation, which is shown in fig. 11a, and by
only considering the higher peak ie. AD 769-774.
Conversely, the maximal value of 0.0055 atoms.cm™s"
" is based on the initially estimated background level
and by considering both peaks ie. AD 764-769 and
769-774. By doing so, it is found that **Cl increased by
a factor of 5.12 £ 1.75 spread over 3 years during the
M12 event.

The M13 event (AD 992/3) — The M13 event
yielded substantially shorter peaks in radionuclides
production constrained within two years as evidenced
in fig. 11b. The production surplus in radiocarbon
caused by the event is found to be of a factor of 1.87
as compared to a calculated background level (§3.3.1)
of 1.63 atoms.cm™s”'. With a background level of
0.0102 atoms.cm™s”, the '“Be flux shows
enhancement in production by a factor of 0.88. It is
also interesting noting that the '’Be record is noisier
than its 8™ century counterpart and does not display
any clear cycles. On the other hand, the chlorine-36
concentrations show a clearer and single 5-years peak
corresponding to the event. Nevertheless, the high
values in '°Be prior to and following the event cast
doubts on the assumed background level which would
directly affect the assumed 2-years peak responsible
for the **C1 M13 event sample high value. As a result,
realistic minimal and maximal peaks were once again
estimated and displayed in fig. 11b. The maximal
value of 0.0036 atoms.cm™s™ assumes that the 5-years
increase in *°Cl is fully caused by the 2-years peak and
that the remaining 3 years are composed of
concentrations averaging the background level. On the
other hand, the minimal value of 0.0029 atoms.cm™s™
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assumes that variations of *°Cl mimics those of '’Be
which, based on the NGRIP results, would mean that
the remaining 3 years are composed of concentrations
in fact 21% higher than the background level. As a
result, the production surplus in chlorine-36 is
assessed to a factor of 1.55 + 0.42 during the M13
event.

It is very interesting to note that the M13 event
has caused a 30% increase in radionuclides production
relative to that of the M12 event. That is with the
exception of '“C whose M13 event-related production
surplus equals 47% than that of M12. This confirms
that the AD 774/5 event was substantially more
energetic (Miyake et al., 2013) as it produced
substantially more '’Be, '*C and **Cl.

To summarize (table 4) the M12 event, and to a
lower extent the MI13 event, yielded considerable
enhancements in radionuclide production rates. As a
matter of fact, the new '°Be measurements indicate an
increase of 325% for the M12 event which is in
agreement with "*C. As for **Cl, it exhibits the largest
increases with production excess of about 512% and
155% for the M12 and M13 events, respectively.

4.2 Glaciochemical data during the
events
4.2.1 8"0 records

Principal component analysis (PCA) was

applied on the common time period of the four ice
cores spanning through a total of 1,320 years ie. AD
553-1872. The eigenvalues of Dye 3, Crete, GRIP and
NGRIP on the different principal components are
given in table 5. The table furthermore shows that each
ice core contributes with the same sign to the first
principal component (PC1) which confirms the

Table 4. Parameters of both the M12 (AD 774/5) and the M13
events (AD 992/3) as recorded in multiple radionuclide
records and as seen in fig. 11.

“Cprod. 'Be flux %C flux
rate

(em-*s™") (em-s7!) (em-*s7")
M12 event:
Background level 1.54 0.0091 0.0017
Production surplus 6.13 0.0297 0.0086+0.003
Surplus factor: 3.98 3.25 5.12+1.75
M13:
Background level 1.63 0.0102 0.0018
Production surplus 3.04 0.009 0.0028+0.0007
Surplus factor: 1.87 0.88 1.55+0.42

regional aspect of the derived signal as plotted in fig.
12 (Vinther et al., 2003). The explained variance of
PCI is equal to 41.26%. In other terms, nearly half of
the 8'%0 variance in the four ice cores is regionally
represented. PCA was also carried out on four noise
series sharing the same spectral characteristics as the
four 8" records used with a PC1 explained variance
found to only reach 27.64%. This advocates for PC1 to
not only being composed of noise (Vinther et al,
2003).

Figure 12 depicts the derived PC1 in addition
to the four 5'°0 records during AD 700-1100. It allows
one to visually assess that both events are not
associated with any particularly outstanding excursion
in 3'°0. Although, it should be mentioned that the AD
774/5 event (AD 767-9 as seen in ice cores from
Greenland) does correspond with an increase in PCl
3'%0 exceeding the standard deviation of 1.35. This is
nevertheless not a significant result given that the
record encompasses 205 such positive excursions
which accounts for 15.5% of PC1 time series. One can
also observe that a noticeable depletion in &80
reaching 1.76 occurs in Dye 3 ice core during the M12
event. This, in contrast, is more significant as only
5.98% of the whole 1,320 years record features at least
as low 8'*0 values. None of the three other ice cores
show visually striking characteristics during neither
the M 12 nor the M 13 events.

While there are a priori no proportional
responses of 80 to the cosmogenic radionuclides
spikes, this does not necessarily preclude that both
events had an impact on air temperature and/or on the
transport and fractionation of oxygen isotopes. As
such, Pearson correlations between '°Be from NGRIP
and 8"*0 from the four ice cores as well as the derived
PC1 are displayed with associated significances in
table 6 . In accordance with what can be visually

Table 5. Principal Components weights of the 4 ice cores in
addition to the explained variance of each components. Dye 3
represents Southern Greenland, Crete and NGRIP represent

Central Greenland while NGRIP represents Northen
Greenland.
PCl1 PC2 PC3 PC4

Dye 3 0.1681 -0.2084 0.9470 0.8457
Crete 0.4210 -0.3278 0.0116 0.8457
GRIP 0.7233 -0.3690 -0.3030 -0.4989
NGRIP 0.52 10 0.8444 0.1058 0.0664
Variance  41.26%  23.79% 18.18% 16.77%
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Fig. 12. PCIl and related 80 time series. Dashed lines
represent standard deviations (+/-) ie. the gap between both
lines represent 20. Green shaded area represents the time
period corresponding to the M12 and the MI13 events
considering the GICCO05 time scale offset.

established from fig. 12, only Dye 3 exhibits
interesting relations to M12 at AD 767-69. Indeed,
Dye 3 80 is nearly half anti-correlated to NGRIP
""Be with 98% significance (ie. p<0.02). Pedro et al.
(2006) proposed that an anticorrelation exists between
"Be and 6'°0. Indeed, these authors argue that '’Be
can be scavenged by warm air masses with water
vapor enriched in '*O as opposed to colder air masses
with water vapor depleted in '8O. This leads to a
potential for confounding solar modulation with
climatic modulation (Pedro et al., 2006). In order to
untangle this link, correlation coefficients were also
calculated for the same time period but excluding the
""Be spike. The value of only -0.22 shows that the
event is still potentially largely responsible for the half
anti-correlation.

Interestingly, GRIP and NGRIP 3'*0 portray
positive correlations to NGRIP '’Be, albeit this is of

24

Table 6. Pearson correlations to NGRIP '°Be of the four ice
cores 3'%0 for both the M12 and M13 events (time frames are
AD 765-792 and AD 985-1015). p-values calculated with Mon-
tecarlo simulations show the significance of the relevant r*
values. Correlations with the '°Be peaks removed are also
present. Numbers in the brackets mean that a lag of such years
had to be accounted for in order to yield better correlations.

Dye3 Crete  GRIP NGRIP PC1
M12 event:
12 (lag yrs) -0.48  0.03 0.22 0.23 (1) 0.09
p (lag yrs) <0.02 <0.16  <0.17 (1) -
2 (w/o peak)  -0.22 - - -
M13 event:
12 (lag yrs) 035 -0.09 -04(1) -0.24 -0.25 (1)
p (lag yrs) <0.03 <0.02 <0.13 <0.13
12 (W/o peak) 0.35 -0.29 - -

low importance considering the poor significance. The
fact that Dye 3 exhibits such different results and
behavior is not surprising and is expressed by its little
weight on the first principal component (table 5). This
can be explained by the location of Dye 3, as depicted
in fig. 5, which is the southernmost as well as closest
to the sea and most separated ice core of the four.

Even though the correlation between Dye 3
3'%0 and NGRIP ""Be is well significant, it is possible
that high frequency cycles forced by climate
oscillations such as the North Atlantic Oscillation
(NAO) or forced by solar activity would occur. This
would likely to not be expressed in the red noise series
used to test the correlation significances. To
investigate this possibility and with concern for
robustness, a continuous wavelet transform (CWT) for
the time period AD 700-900 was applied to the Dye 3
3'""0 signal and is shown in fig. 14. The wavelet
analysis (Grinsted et al., 2004) emphasizes that
significant ~11-years and a ~22-26-years cycle occur
stochastically throughout the record. As a matter of
fact, the drop in 3'*0 associated with M12 proves to be
timed with the onset of such an 11-years cycle. This
phenomenon casts doubts on the role of the event on
3'%0 variance in Dye 3 at AD 767-69 as it is likely to
be induced by a normal climate oscillation.
Intriguingly, the negative excursions in 3'O related to
the 11-years cycle in the CWT during the period AD
760-785 matches well the solar modulation inferred by
the NGRIP '’Be data (fig. 11a).

As for the M13 event, Dye 3 shows contrarily a
positive correlation to NGRIP '’Be albeit all of it can
be explained without the peak (table 4). A significant
correlation also exists between NGRIP §'*0 and '’Be
given a 1 year lag. Nevertheless, most of it can also be
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Fig. 13. Continuous flow analysis (CFA) time series from NGRIP for AD 744-1003. The values are in ppb apart from H,0,, NH,
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380 time series. The framed period correspond to the M12
event..

explained without the '’Be peak. Both correlation
coefficients are consequently regarded as irrelevant in
regards of a potential effect of the M13 event.

In sum, despite interesting correlations there
does not seem to be any relevant and significant link
between 3'°0 in Greenland ice cores and both the M12
and M13 events.

4.2.2 CFA data

In addition, continuous flow analysis (CFA)
data from NGRIP was used. The fact that both these
data and '°Be come from the same archive allows for
excellent time control. The raw dataset is presented in
fig. 13. At first glance, one can see that sporadic
outliers are present at AD 768 such as sodium, lead
and cadmium and at AD 770 such as magnesium and
sulfur. The most striking feature of the figure certainly

is the spike in lead which is out of proportion during
the M12 event and to a lesser extent the one in
cadmium. It is also interesting to note that most
impurities have a strong seasonal signal which renders
many yearly oscillations with the timing of peaks and
troughs differing from elements to elements.

It is evident that many microparticles have
similar bulk behavior and thus record the same
forcing. Owing to this, PCA was used on annually
averaged concentrations. The analysis was carried out
on the whole period covered by the data ie. AD 744-
1,003 and only elements and ions were used,
excluding chemical compounds. Figure 15 shows the 4
first eigenvectors from the PCA plotted against each
other which allow for visually extracting patterns in
groupings of the elements (Boutron & Martin, 1980).
As such, 4 groups of highly inter-correlated elements
are derived with group 1 composed of all the trace
elements: Mn, Rb, Sr, Cd, La, Ce, Tl and Pb; group 2
composed of: both S and nssS; group 3 composed of
both Ca and nssCa in addition to Mg; and finally
group 4 composed of only Na.

The clear clustering in elements strongly
suggests that several air masses of different sources
are responsible for the variance seen in the CFA data
(fig. 14). Indeed, it has already been established that
trace elements (group 1) as archived in ice cores
originate from crustal and/or anthropogenic sources
(Candelone et al., 1995; Boutron et al., 1995).
Volcanic eruptions can also release important amounts
of such elements in the atmosphere (Herron et al.,
1977; Matsumoto & Hinkley, 2001). As for group 2,
background levels of sulfate are usually associated
with biogenic production while volcanic eruptions
often cause sporadic outliers (Mayewski et al., 1993).
Group 3 and 4 are characteristically interconnected
throughout the record and are well correlated though
elements constituting group 3 are associated with
continental dust while Na is a known sea spray marker
(Twickler & Whitlow, 1995).
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Fig. 15. First four eigenvectors (Avy, Avy, Avz and Av,) plotted against each other. Four clustering pattern emerges. Group 1 (in
purple) is composed of all trace elements; group 2 (in yellow) is composed of S and nssS; group 3 (in green) is composed of Ca,
nssCa and Mg; group 4 (in blue) is composed of Na. The eigenvectors account for 83, 11.05, 3.97 and 1.70% of the (normalized)
explained variance, respectively.
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Fig. 16 Sub-annual and annually averaged time series of Na,
Cd and Pb during the M12 event. The colors are in relation
with the groups from fig. 15. Pearson correlations were
calculated between the annually averaged time series of the 3
elements and the NGRIP '°Be data during the period AD 765-
792. The green shading emphasizes the time period of
occurence of the M12 event.

In sum, the variance of the CFA data is
consistent with known sources and can thus be used to
infer past changes in atmospheric circulation. There
are three elements which feature outliers during the
M12 event which are Na, Pb and Cd and are displayed
as normalized annually weighted concentrations with
correlation coefficients to '°Be in fig. 16. These results
demonstrate that sporadic events in Na, Pb and Cd are
significantly correlated to '’Be production related to
the MI12 event. Put more broadly, a sudden
strengthening in source and/or transport of marine and
anthropogenic and/or continental air masses is
recorded in NGRIP at AD 768 and is significantly
correlated, both in timing and probability, with the
M12 event. However, no noticeable patterns arise from
the CFA data during the M13 event.
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5 Discussion

5.1 Assessing the causes of the events

The signatures of cosmic-ray increase of AD
774/5 and AD 992/3 have been attributed to many
astrophysical sources, some more exotic than others. It
should be recalled that while Melott & Thomas (2012)
and Usoskin et al. (2013) argued for a solar origin,
Hambaryan & Neuhauser (2013) and Pavlov et al.
(2013) rather advocated for the events having been
caused by a short gamma-ray burst (GRB). More
recently, Liu et al (2014) suggested that a comet
colliding with Earth’s atmosphere could be responsible
for the enhanced production seen in "“C. Most of these
studies rely on a numerical approach with models of
nuclear cross sections such as the GEANT4 toolkit
(Agostinelli et al., 2000) in order to explain the
puzzling M12 event. The nuclear cascade leading to
radiocarbon production can be triggered by different
primary particles (eg. protons and photons) with
similar energy levels (fig. 18-19) which may be why
the discussion concerning the M12 event, and to a
lesser extent the M13 event, still remains an open
question. To resolve this issue, a more practical and
experimental approach was attempted by using
multiple cosmogenic radionuclide records including
the new annually resolved NGRIP '°Be measurements
from this study. This is considered to provide a better
constraint on the causes of the events as shown further
in this section. Emphasis will be on the larger of
events ie. M12.

5.1.1 A comet?

Liu et al. (2014) reported a large increase in
radiocarbon around AD 773 in coral skeletons from
the South China Sea which they attribute to a comet
which collided with Earth’s atmosphere on the 17" of
January 773. Indeed, comets are exposed to cosmic
radiation and can thus be expected to have higher
C/’C ratios than Earth’s atmosphere (Liu et al.,
2014) because of the lack of the geomagnetic field.
However, their main argumentation is the timing
between the '“C spikes and the cometary event
reported in the Old Tang Dynasty Book at AD 773.
This approach lacks quantitative and qualitative
information of the resulting production excess in '*C.
In that light, Usoskin & Kovaltsov (2014) calculated
that such a comet would have had to be as large as at
least 100 km in diameter to account for the measured
radiocarbon increase. As pointed out by the latter
authors, this would obviously have had enormous
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geological and biological repercussions which could
not have gone unnoticed. In addition, dust rain from a
comet loaded with radionuclides would have, at most,
been localized to only one hemisphere (Jull et al.,
2014). However, excursions related to the M12 event
have now been reported around the globe in both
hemispheres (fig. 17). The comet hypothesis can
consequently be discarded.

5.1.2 A supernova?

A supernova origin was one of the early
explanations as it could theoretically produce large
amounts of '“C and '"Be. For instance, cosmic-rays
such as (photons) would generate
atmospheric neutrons through photonuclear reactions
(Zhou et al., 2013) which in turn would lead to the
production of 'C through the reaction '“N(n,p)'*C
(read 1 neutron + 1 "N atom gives 1 proton + 1 'C
atom). However, Miyake et al. (2012) calculated that
the supernova would have had to be as close as < 2
kpc considering typical gamma-ray energies released
by supernovae ie. 3 x 10°" erg. They also note that a
supernova would have resulted in a very bright (in
radio and X-rays) remnant which should be readily
observable. Even though supernovae could in principle
produce substantial amounts of radiocarbon, such a
scenario has never been recorded, in particular for
SN1006 and SN1054 (Miyake et al., 2012). In
accordance, a supernova origin is considered as not
responsible for the M12 and M13 events (Miyake et
al., 2012; Usoskin et al, 2013; Hambaryan &

gamma-rays
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Neuhauser, 2013, Zhou et al., 2013).

5.1.3 A short gamma-ray burst?

One of the main suggestion for a potential
source of the M12 event, and widely relayed by the
media, is a short-duration (<2 s) gamma-ray burst
which was first proposed by Hambaryan & Neuhauser
(2013). Such GRBs emit harder photons than their
counterparts with longer duration and most likely
result from the merger of compact binary systems such
as neutron stars and black holes (Nakar, 2007).
Hambaryan & Neuhauser (2013) found that the
production of "C and '"Be as seen in Dome Fuji for
the M12 event is consistent with the energetics and the
typical spectrum of such short GRBs. In addition, they
conjecture that the astrophysical source must have
been at least 1-4 kpc far and consequently situated in
our galaxy. For comparisons, the center of the Milky
Way is more than 8 kpc away from Earth which
corresponds to 26,000 light-years. The higher bound of
4 kpc is the maximum distance to yield such an
increase in radiocarbon. The lower bound of 1 kpc is
explained by the fact that any GRB too close to Earth
would have resulted in severe atmospheric ionization
leading to ozone depletion of a lethal level. Indeed, a
typical GRB can release as much energy in a few
seconds than the sun in its entire lifetime (Zhou et al.,
2013).

However, Hambaryan & Neuhauser (2013)
utilized the 'C production rate as calculated by
Miyake et al. (2012) who used an inappropriate carbon



cycle model (Melott & Thomas, 2012). As a result,
their "*C production excess (6 x 10° atoms.cm?) is
overestimated by a factor of 4.6 as compared to
Usoskin et al. (2013; 1.3 x 10* atoms.cm?). When
compared to the '*C production surplus of this study
(fig. 11a), the overestimation is of a factor of 4 when
the one-year spike is considered (1.5 x 10® atoms.cm?)
and of 3 when the 3 years-total increase is considered
(2 x 10® atoms.cm®). Moreover, they used the '"Be
measurements from the Dome Fuji ice core which has
unsuitable resolution. Hambaryan & Neuhauser (2013)
also mistakenly used the mean resolution of the record
(10 years) while the resolution at the time period of the
event is 15 years.

More recently, Pavlov et al. (2013) also argued
for the possibility of a short-hard GRB as the source of
the M12 event using a revised '*C production rate.
Their approach was to predict the production of
different radionuclides by modeling the photonuclear
reactions of primary gamma-rays with atmospheric
atoms using yield functions by photons as depicted in
fig. 18. By doing so, they show that high energy
gamma-rays (E > 10MeV) do not produce measurable
excess of '"Be in the atmosphere. According to the
authors, this is due to the fact that the energy range of
the secondary neutrons is below the '"Be spallation
threshold ie. E < 20 MeV. Another feature of the
production of radionuclides induced by short-hard
GRBs is that secondary neutrons of an energy of ~I1
MeV can produce chlorine-36 through the *°Ar(n,p)
35C1 channel reaction whose threshold is at ~0.5 MeV.
This typical feature constitute the ‘isotopic footprint’®
of GRBs (Pavlov et al.,, 2013) with considerable
production of *Cl and 'C and none of '’Be.
Nevertheless, the authors point out that GRB-induced
radiation must produce strong ionization in the
atmosphere which would yield large amounts of NOy
in the stratosphere and which are a catalyst of ozone
depletion. They then conjecture that such ozone
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Fig. 18. Yield functions for 'C (black), '"Be (blue) and *°Cl
(green) by y-rays. Modified from Pavlov et al., 2013.
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depletion would lead to a rise of the tropopause
facilitating and accelerating stratosphere-troposphere
exchanges. This would thus lead, still according to
Pavlov et al. (2013), to a sustained injection of
stratospheric air into the troposphere resulting in an
additional supply of radionuclides. Beryllium-10
deposition rate could consequently rise despite the
production remaining constant. They further
conjecture that the Arctic would be less prone to this
phenomenon which would result in a bi-polar
asymmetry in '"Be ice concentrations. Put more
simply, Pavlov et al. (2013) show that a typical short
GRB signature on radionuclide records would be a
measurable excess of '*C and *°Cl and of potentially
Antarctic '’Be.

However, the new NGRIP ice core
measurements from this study clearly exhibit a large
production excess in '"Be (fig. 11a) similar to that of
radiocarbon. This result strongly advocates against the
possibility of a short GRB to be the origin of the M12
(and M13) event based on Pavlov et al. (2013)
calculations. Furthermore, when averaged to the
resolution of Dome Fuji, it is found that the mean
production was similar in the Arctic and the Antarctic
ie. +22%. This lack of bi-polar asymmetry also speaks
against a short GRB. As shown in fig. 17, the M12
event was admittedly global in aspect. With this in
mind, it is hard to attribute it to a GRB as they are
believed to represent rather narrow beams (Zhou et al.,
2013) and that gamma-rays (photons) are undisturbed
by magnetic fields. Therefore, it is to be expected that
such an event would only affect one hemisphere. A
short gamma-ray burst is consequently inconsistent
with the NGRIP '"Be measurements, the bi-polar
symmetry in '°Be and the global aspect of the event.

5.1.4 A solar proton event?

Based on literature and all available
cosmogenic radionuclide records, a comet, a
supernova and a short gamma-ray burst have been
discredited as a potential source of the M12 (and M13)
event. Let us now consider the remaining suggestion —
a solar proton event.

Although it is an omnipresent source of cosmic
rays, a solar source has been prematurely discarded by
Miyake et al. (2012) and Hambaryan & Neuhauser
(2013) in consequence of their overestimated '*C
production rate. Subsequently, Melott & Thomas
(2012) and Usoskin et al. (2013) revisited the energy
needed from a solar flare and showed that a
remarkably strong, though possible, SPE could have
yielded such a radiocarbon spike. Usoskin et al. (2013)



also surveyed historical observations of aurora borealis
from oriental and occidental chronicles at low
latitudes. They report that sightings hint towards
increased levels of solar activity around AD 775 but
also AD 765-7 and AD 786 which denotes an 11-years
periodicity.

While the global aspect of the event (fig. 17)
strongly casts doubts on a short GRB origin, it is very
well consistent with a solar flare. Indeed the incident
protons, as opposed to photons, would be affected by
the geomagnetic field and consequently be
redistributed to both magnetic poles where the low
cutoff rigidities allow for more protons to reach
Earth’s atmosphere. Then, the different reactions
detailed in §2.2 would lead to the production of the
different radionuclides which would be mixed, to
some extent, hemispherically by stratospheric winds as
well detailed for '"Be by Heikkila et al. (2009).
Furthermore, the energy range of solar protons (E ~
0,1 — 1,000 MeV; Shea & Smart, 1990) is within the
threshold of '"Be, '*C and *°Cl production (fig. 19).
This is in agreement with the clear measured excess of
the three radionuclides. When the yield functions of
the production of cosmogenic '’Be, '*C and **Cl by
solar protons are normalized to be compared (fig. 19),
one can readily visualize that *°Cl is relatively more
affected by such particles. This is again supported by
the results from this study which showed that the
production excess of chlorine-36 caused by the M12
event was increased by the largest factor (table R1).
The increased production of both **Cl and '’Be is a
typical aspect of strong SPEs as computed by Webber
et al. (2007) and as opposed to the ‘isotopic
footprint’ (Pavlov et al., 2013) of short GRBs.

In the light of available data, of the newly
measured NGRIP '"Be as well as of the global aspect
of both events, a solar proton event is the only
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Fig. 19. Normalized yield functions (§3.3.3) for "*C (black),
%Be (blue), *°Cl (green) by protons.
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suggested astrophysical source for the M12 and M13
events which is fully consistent. The fact that there are
two events with the same relative production patterns
also strongly supports a solar origin in probabilistic
terms considering that the other suggested causes are
expected to occur more rarely.

5.2 Parameters of the solar proton events

The fact that a solar flare (M12 event) most
likely left such a distinct imprint on '’Be concentration
polar ice is puzzling because that would imply that it
must have been remarkably strong. Indeed, '’Be has
already been tentatively used in order to unravel strong
solar proton events passed the instrumental record
without yielding much positive results (eg. Usoskin et
al., 2006). As a matter of fact, even the biggest
historical ground level enhancement (GLE; term
explained in §2.5) ever recorded and associated to the
SPE of February 1956 did not lead to any substantial
excess in '’Be flux. Estimating the parameters and
energetics of the associated solar events could
consequently be very interesting in regards of our
understanding of the solar dynamo.

5.2.1 The energy spectrum

Several studies have attempted to estimate a
possible fluence (term explained in §2.5) for the M12
event (Thomas et al., 2013; Usoskin & Kovaltsov,
2012; Usoskin et al., 2013) with results varying as
much as 2 orders of magnitude ie. F > 30 MeV (F;) =
3x 10" to 1.2 x 10" protons.cm™ The discrepancy in
estimating the fluence is partly due to the fact that
production yields of cosmogenic nuclides, such as
radiocarbon, are dependent on the spectrum of a SPE.
As such, there are no typical solar events. Therefore, a
hard SPE with F3y smaller than a very soft SPE may
yield the same cosmogenic production. For instance,
the computed '’Be and *°Cl productions of historical
SPEs from 1940 to 2005 (fig. 20) of Webber et al.,
(2007) indicate that the SPE of August 1972 (SPE72),
which is considered as very soft, produced as much
'“Be than the SPE of January 2005 (SPE05) which is
considered as hard. However, SPE72 was
characterized by a remarkable F;, of 4 x 10°
protons.cm™ — over an order of magnitude stronger
than SPEOS.

Webber et al. (2007) have listed different F,
values and associated relative computed production of
""Be and **Cl for different historical events. They show
by doing so that the hardest recorded SPE (Feb. 1956)
with F3=1.8 x 10° protons,cm'2 yielded 5 times more
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Fig. 20. Event-integrated spectra for 10 conspicuous historical solar proton events with associated relative '“Be:**Cl production
ratios. Shaded areas represent the specific peak response energies. Modified from Beer et al. (2012), originally from Webber et al.

(2007).

"°Be than its softer counterpart (SPE72) which has a a
fluence > 30 MeV (F;) twice as large. For 3C1, the
pattern is inverted. This very well exemplifies that
radionuclides have fundamentally different peak
response energies (Beer et al., 2012). As a result, this
discriminant characteristic can be used to our
advantage in order to estimate the correct spectrum by
comparing the relative '’Be:*°Cl ratio of the two events
to historical SPEs.

Figure 20 shows different integral spectra of
some major instrumental SPEs and associated
computed '“Be:*°Cl ratios derived from Webber et al.,
(2007). One can see that the ratios are genuinely
different for the different spectra with two groups
arising. The hard SPEs (1956, 2005) exhibit ratios
lower than 1:2 while the soft SPEs (1959, 1969,1972,
2001, 2003) have ratios typically greater than 1:3 (fig.
20). The relative '“Be:**Cl ratios for the M12 and M13
events are of 1:1.6 (+0.5) and of 1:1.8 (x0.5).
Regrettably, the poorly resolved **Cl measurements do
not allow for an accurate estimation of the ratios and
thus of the induced spectra. Even so, it can be said that
both events relatively produced less than 2.5 times
more °°Cl than '"Be, regardless of the different
assumptions, which puts both events in the hard
spectrum category of solar proton events. The SPE
which resulted in the most similar relative '°Be:*°Cl
ratio is the one from January 2005 with F3= 2 x 10°
protons.cm’2 .

It should be noted that a hard spectrum
strengthens the SPE theory because it rules out the
inexplicably high and hazardous F;, estimates of
Thomas et al. (2013) which were based on the very
soft SPE of 1972.
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5.2.2 The fluence

Having a reliable estimate of the energy spectra
in addition to knowing the '’Be flux excess induced by
both events, one can theoretically deduce the fluence
of the associated SPEs. Webber et al., (2007)
computed that the '"Be deposition rate induced by
SPE05 was 0.0033 and 0.0005 cm™s” assuming no
latitudinal mixing and global mixing prior to
scavenging respectively. Considering energies of
incident protons from SPEs, most production would
take place in the stratosphere and thus the Ilatter
scenario is the closest to the reality (Beer et al., 2012).
With a measured flux of 0.0297 atoms.cm™.s”, the
""Be production excess caused by the M12 event is
therefore a multiple of 60 of SPE0S (X(s=60). As for
the M13 event, the measured flux of 0.009 cm>s™”
gives X(5=18. By simply applying the Xos multiples to
the spectrum of SPEOQS, it is found that the F;, values
of the M12 and M13 events are ~1.2 x 10" protons.cm
2 and ~3.6 x 10° protons.cm™ respectively. Usoskin et
al. (2013) utilized a similar technique albeit assuming
a spectrum as per SPE56 and using radiocarbon.

It has to be stressed, though, that 'Be fluxes
merely represent a deposition rate affected by transport
and deposition mechanisms rather than a production
rate. As evidenced by fig. 21, the distribution of '°Be
deposition flux around the globe is fundamentally
bound to precipitation rates so that tropical latitudes
will experience the most part of the '’Be deposition
and conversely for high latitudes (Heikkild et al.,
2013). This phenomenon was not taken into
consideration in Webber et al. (2007) computations.
The '“Be-based Fj, values should therefore be
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Fig. 21. Deposition flux of '°Be (atoms.m™s™), modelled with the ECHAMS5-HAM general circulation model, averaged over
1986-1990 (left) and the precipitation rate (mm.day™"). From Heikkila et al. (2013).

considered as a lower bound or a conservative
estimate.

As a check, the modeled '*C production rates
were taken in consideration using an alternative
technique — response functions (§3.3.3). Using the
specific yield function of radiocarbon and the
differential energy spectrum of SPEOS (Mewaldt et al.,
2005), a multiple X¢s of 110 and of 52 is needed to
explain the production yield of the M12 (2 x 10°
atoms.cm™) and M13 (9.4 x 107 atoms.cm™) events
respectively. With these multiples, the fluences above
30 MeV (Fs) are found to be of 2.2 x 10" protons.cm™
2 and Fs, = 10" protons.cm™ for the M12 and M13
SPEs respectively.

5.2.3 Implications

The estimation of possible fluence spectra
depicted in fig. 22 involves many assumptions and
uncertainties such as the true °°Cl concentration,
reliable production rates for '’Be, *°Cl and to a lesser
extent "*C and the choice of the spectral fit to name a
few. Nevertheless, the following can be said with a
good level of confidence. The solar proton event
related to the M12 event at AD 774/5 was stronger
than any historical solar flare, including the Carrington
event. With fluences > 30 MeV of ~1.2 - 2.2 x 10"
and ~3.6 - 10 x 10° protons.cm?, the M12 and M13
events were by up to an order of magnitude more
energetic than the so far assumed strongest hard SPE
(Feb. 1956; fig. 22). Solar proton events most likely
need to be characterized by a hard spectrum and to
have Fj, values at least in the vicinity of 10"
proton.cm™in order to leave an imprint on polar ice
""Be concentrations, considering that neither the
Carrington event nor the M13 event yielded prominent
'“Be spikes. Beryllium-10 is consequently not an ideal
detection method for unraveling paleo-solar events. By
the same token albeit there is a small enhancement of
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HNO; in the NGRIP CFA data for the M12 event (fig.
13), it is not as conspicuous as one would expect
(McCracken et al., 2001; 2004) which confirms doubts
on the reliability of nitrate as a SPE marker in ice
cores (Wolff et al., 2012). According to the available
data, chlorine-36 stands out as the best detection
method of past solar proton events owing to its energy
peak response of ~30 MeV.

Both inferred SPEs were remarkably strong
albeit not that strong that it would have depleted ozone
to hazardous levels as it has been suggested (Miyake et
al.,, 2012; Melott & Thomas, 2012; Thomas et al.,
2013; Cliver et al., 2014). Furhermore, it should be
mentioned that very energetic super flares have been
observed in solar-type stars (Nogami et al., 2014)
which further strengthens the SPE hypothesis.
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Fig. 22. Possible event-integrated fluence spectra for the M12
(green shading) and M13 (blue shading) events related solar
flares. The spectra of SPE56 (dashed red line) and of SPE05
(red line) are also plotted as a reference.



5.3 Potential effects on atmospheric
chemistry and circulation

5.3.1 Data interpretation

Three elements are characterized by distinct
extremes (fig. 13) in NGRIP ice concentrations coeval
with the M12 event which are lead (Pb), cadmium
(Cd) and sodium (Na). Lead and cadmium are non-
ferrous heavy metals which are usually linked to
anthropogenic emissions (Candelone et al.,, 1995;
Boutron et al, 1995) and/or volcanic eruptions
(Herron et al., 1977; Matsumoto & Hinkley, 2001). In
this case, it is unlikely that a volcanic eruption is
responsible for the sporadic increase in Pb and Cd
because of the lack of a sulfur (S) spike in the CFA
time series (fig. 13). Indeed, individual peaks in ice
core sulfates are commonly used as a tracer of
explosive eruptions (Matsumoto & Hinkley, 2001). A
possible example of volcanic-induced enrichment in
heavy metals is evidenced at AD 933 (fig. 13) where a
S-spike is markedly timed with annual
enhancement of Cd and Ti. Atmospheric pollution
therefore stands out as a more likely cause to explain
the sporadic Pb and Cd spikes which would not be
unheard of for the pre-industrial era (Martinez-
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Cortizas et al., 2002; Kylander et al., 2005). However
the timing, the magnitude and the statistically
significant correlation of the two heavy metals to 10Be
suggest a link with the exceptional solar proton event.
As far as investigated, there are no mentions of such a
linkage in the literature and both heavy metals are not
considered as indicative of climate variability so that
discussing causality is somewhat conjecture. A
possible scenario would be that the SPE induced
changes in atmospheric circulation patterns leading to
more air masses enriched in Cd and Pb to come across
northern-central Greenland. The source of such air
masses could potentially be isotopically identified and
therefore give insights into the possible atmospheric
circulation shift that happened at the time period of the
M12 event. Such a technique has allowed Rosman et
al. (1997) to link a depression in the 206Pb/207Pb
ratio to intensive mining in southern Spain some 2,000
years ago. Of course, a coincidental timing between
atmospheric pollution and the M12 SPE cannot be
excluded.

As the spike, it
strengthening of marine air masses (Twickler &
Whitlow, 1995) which would indicate more prevalent
storminess and by vigorous
atmospheric circulation. As a matter of fact, Dawson
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Fig. 23. Computed nssCa:Mg ratio and measured Na conentration (annually averaged) time series from the NGRIP ice core show
a recurring, although not ubiquitous, pattern of low extremes of Ca:Mg coeval with high extremes of Na. Dashed lines represent

the strandard deviation. Red shading represents the M12 event while green shadings represent other time periods with similar
patterns.
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et al. (2003; 2007) linked high Na extremes in ice
cores from Greenland to instrumental records and
historical information of storminess. In addition,
Meeker & Mayewski (2002) found that Na from the
GISP2 ice core in central Greenland is partly
correlated to the Icelandic low which is a component
of the definition of the North Atlantic Oscillation
(NAO), together with the Azores high. These results
tend to suggest that an increase in sea-level pressure
gradient in the North Atlantic (NAO+) associated with
increased storminess is synchronous with, and possibly
caused by, the solar proton event related to the M12
event.

Interestingly, the nssCa:Mg ratio as plotted in
fig. 23 also exhibits a striking (negative) outlier at AD
768 (GICCO5 timescale). Data on Ca and Mg dust
sources is limited (Twickler & Whitlow, 1995) which
renders the interpretation complicated. Nevertheless, it
is worth mentioning that a reccuring, although not
ubiquitous, pattern arise between negative extremes (-
lo) in Ca:Mg and positive extremes (+1c) in Na.
Indeed, fig. 23 shows that about half of the Na
excursions are corresponding to lows in the Ca:Mg
ratio. This consistency argues for the Na and Ca:Mg
extremes occurring during the M12 event to mirror a
particular atmospheric circulation change
northern-central Greenland, most likely linked to
increased storminess. It can be argued that the
decrease in the Ca:Mg could be explained by the fact
that the Mg data encompasses both sea salt and non-
sea salt components. As a result, more vigorous
marine air masses would automatically reduce the
ratio, although the Mg time series (fig. 13) does not
exhibit any striking excursions. Alternatively, the low
Ca:Mg values could indicate a different dust source.

The CFA data consequently shows that
increased marine air masses vigor associated with
sustained storminess (Dawson et al., 2003: 2007) and a
deepening of the Icelandic low (Meeker & Mayewski,
2002) as well as increased air masses of enriched non-
volcanic Pb and Cd are synchronous with the M12
solar proton event. However, it has to be recalled that
correlation does not mean causality so that a
coincidental timing between the CFA spikes and the
M12 event cannot be excluded.

over

5.3.2 Possible mechanisms

The mechanisms involving solar forcing on
climate are considered as very poorly understood.
Nevertheless, a number of studies have demonstrated
that SPEs largely impact and control ozone levels in
Polar Regions. For instance, Lopez-Puertas et al.
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(2005) investigated the SPEs of October-November
and reported arctic enhancements of nitric oxides
(NOx) and hydrogen oxides (HOx) with associated
ozone (O3) depletion of 30-40% in the upper
stratosphere. In addition, they noted unusually large
auroral activity during the whole subsequent winter.
Similarly, Seppild et al., (2004) found increases of
NOx of several hundreds percent and depletion of O3
of tens percent for several months for the same SPE.
Jackman et al. (1990) reported stratospheric effects on
NOx caused by the soft SPE of August 1972 which
lasted for a year. All these studies show unequivocal
evidence that solar proton events have a considerable
influence on stratospheric chemistry. The question
though, is whether this influence extends to the
troposphere and how.

In that light, Veretenenko & Thejll (2005;
2007) reported a lowering of pressure levels in the
troposphere accompanied with an increase of cyclonic
prevalence near the south-east coast of Greenland
synchronous with solar proton events. They invoke the
advection of cold air and changes in temperature
gradient in the region perhaps induced by variations of
upper cloudiness induced by solar particles as a cause.
Indeed, Veretenenko et al., (2009) that
temperature gradients in the arctic frontal zone near
the south-east coast of Greenland reveal strong ~10
and ~22 year periodicities which they believe to be
related to solar activity cycles. According to the
authors, the possible chain of reactions involved
behind this solar activity-storminess link could be as
follows. Incident energetic particles would result in
temperature changes perhaps due to radiative forcing
of upper cloudiness which would strengthen the
temperature contrast in the arctic frontal zone which
would in turn affect the intensity of cyclogenesis.

The hypothesis that SPEs can intensify cyclone
regeneration, i.e. deepening of existing low pressure
systems, agrees well with the Na spike from the CFA
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data and represents an attractive explanation.
Nevertheless, it should be stressed that the involved
mechanisms (Veretenenko et al, 2009) are

fundamentally speculative and exceed the scope of this
study. Furthermore, the lack of indicators of
storminess or strengthening of marine air masses
during the M13 event somewhat casts doubts on the
systematic efficiency of SPEs to increase cyclogenesis.

More recently, Callisto et al, (2013)
investigated the influence of a major SPE similar to
the Carrington event by means of climate models. The
authors reported statistically significant effects on
NOx, HOx, O3 depletion, temperature and zonal wind.
According to them, their calculations show that a



decrease in polar stratospheric ozone and temperatures
would result in acceleration of zonal winds and
changes in surface air temperature. As a matter of fact,
Callisto et al., (2013) suggest that a warming of up to 7
K could be experienced in Eastern Europe and Russia.

To summarize, three genuinely conspicuous
outliers in Na, Pb and Cd ice concentrations are
synchronous with an exceptional SPE associated with
the M12 event. While little can be inferred from the
two heavy metals, Na is well-established as a proxy
for marine air masses prevalence and for storminess
(Meeker & Mayewski, 2002; Dawson et al., 2003;
2007). A SPE-North Atlantic storminess link has
already been invoked by Veretenenko & Thejll (2004;
2005; 2007) which sheds light on the potential of solar
energetic particles to influence polar atmospheric
chemistry and circulation. This is very interesting
because solar forcing on climate is
associated with feedback and amplifying mechanisms
paced by the varying total solar irradiance. Should the
SPE-storminess link be genuine, this could provide an
additional aspect to solar forcing especially that strong
solar proton events occur majoritarely during the high
phase of the 11-yr cycle.

commonly

5.4 Early offset in the Greenland Ice Core
Chronology 2005 time scale

To end with, it should be mentioned that
another genuinely interesting feature of the two events
resides in their time of occurrence based on the
Greenland Ice Core Chronology 2005 (GICCO0S5). As
the results from the annually-resolved NGRIP 'Be
measurements show (fig.11a-b), there is an offset
between the GICCO05 and tree ring time scales with the
former lagging the latter by 4 and 7 years for the M13
and M12 events respectively. That is, the cosmic-ray
events are recorded in GICCO5 at AD 989 instead of
AD 993 and at AD 768 instead of AD 775. It has to be
stressed that the offset is unequivocal considering that
several '*C records from tree rings and '"Be records
from ice cores were measured in independent archives
and yielded the same results.

Such an early and large offset is unexpected
and startling because the maximum counting error at
that time period is considered to be of only 1 year
(Vinther et al., 2006). The chronology of the last 2,000
years is based on detailed &0 data, ions
chromatography and electric conductivity
measurements (Vinther et al.,, 2006) with several
volcanic eruptions used as tie-points between the
different ice cores. Obviously, there are unforeseen

35

issues when dealing with such data which are
otherwise expected to exhibit rather clear seasonal and
annual cycles. In that light, an effort is currently under
way in order to solve this early offset using a new and
promising automated layer detection algorithm
(Winstrup et al., 2012).

In consequence, the two events shed light on
the potential of cosmogenic radionuclides to be
utilized as a geochronological tool. Indeed, not only
can they be used to compare and synchronize different
long-term time scales (eg. Muscheler et al., 2014) but
short-term cosmic ray events could also be used as
additional tie-points between different ice cores or
archives. Such signatures of rapid increase of cosmic-
rays, and thus radionuclide production rates, present
the advantage of yielding a global signal and of being
more straight-forward in terms of interpretation as
opposed to volcanic eruptions. Indeed, Coulter et al.
(2012) showed that volcanic products in Greenland
resulting in the acid signals vary both in space and in
time. Cosmic-ray events thus represent valuable and
additional isochrones for synchronizing Greenland ice
cores but also for synchronizing records from
Greenland and Antarctica. The latter fact is genuinely
important considering that this would allow better
investigations of the bipolar seesaw. More generally,
the common signal of cosmic ray flux around the
world provides the opportunity to synchronize
different archives (Muscheler et al., 2014) such as
sediments with "*C and '“Be, speleothems with e,
corals with '“C and ice cores with '"Be and *°Cl.
Cosmogenic radionuclides are thus of great interest for
investigating spatial leads and lags in past climate
changes.

6 Conclusions

. New annually-resolved 'Be measurements
from the NGRIP ice core confirm the global
and extremely energetic aspect of the AD 774/5
and AD 992/3 cosmic-ray events with increases
of 325% and 88% respectively.

. The new '’Be measurements also shed light on
an unexpectedly early offset in the GICCO05
time scale with a lag of 4 years at AD 993
(1,007 years b2k) and of 7 years at AD 775
(1,225 years b2k).

. The cosmogenic radionuclide records show
full consistency with solar proton events as the
cause for the AD 774/5 and AD 992/3 events.



. In the same way, the global aspect of the events
in addition to the conspicuous '°Be peaks are in
disagreement with short gamma-ray bursts as
an origin.

. Using relative '°Be:*°Cl ratios, it is found that
the two solar proton events had a very hard
energy spectrum similar to that of the SPE of
January 2005.

. The estimated fluences (>30 MeV) for the SPEs
of AD 774/5 and AD 992/3 are of ~1.2-2.2 x
10" protons.cm® and of ~3.6-10 x 10’
protons.cm™ respectively.

. The largest of the two SPEs (AD 774/5) is
therefore characterized by a fluence (>30 MeV)
an order of magnitude higher than the strongest
instrumental hard SPE of February 1956.

. The estimated fluence in addition to the '"Be
spike shows that the SPE of AD 774/5 was
substantially stronger than the Carrington event
of 1859 which is considered as the strongest
reported historical solar flare.

. Peaks in Na, Pb and Cd concentrations in the
NGRIP ice core provide evidence for
atmospheric circulation responses synchronous
with the SPE of AD 774/5.

. The increase in Na is interpreted as an
increased vigor in marine air masses associated
with increased storminess in the North Atlantic
coeval with the SPE of AD 774/5. This is in
agreement with a suggestion that solar proton
events may induce a regeneration of cyclones in
this region.
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